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Introduction: Tumor-treating fields (TTFs) are a specific local oncological treatment modality in glioblastoma multiforme WHO° IV (GBM). Their mechanism of action is based on the effect of electrical fields interfering with the mitotic activity of malignant cells. Prospective studies have demonstrated efficacy, but TTF benefits are still controversially discussed. This treatment was implemented in our center as the standard of care in January 2016. We thus discuss the current state of the art and our long-term experience in the routine application of TTF.

Methods: The data of 48 patients suffering from GBM and treated with TTF were assessed and compared with previously published studies. Up-to-date information from open sources was evaluated.

Results: A total of 31 males and 17 females harboring a GBM were treated with TTF, between January 2016 and August 2021, in our center. In 98% of cases, TTFs were started within 6 weeks after concomitant radiochemotherapy (Stupp protocol). Mean overall survival was 22.6 months (95% CI: 17.3–27.9). Current indications, benefits, and restrictions were evaluated. Future TTF opportunities and ongoing studies were reviewed.

Conclusion: TTFs are a feasible and routinely applicable specific oncological treatment option for glioblastoma multiforme WHO° IV. Further research is ongoing to extend the indications and the efficacy of TTF.
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INTRODUCTION

Glioma is the most frequent primary malignant tumor of the central nervous system (CNS) (1). High-grade glioma, especially glioblastoma multiforme WHO° IV (GBM), behaves aggressively with the corresponding unfavorable outcome and thus limited life expectancy (2). The established standardized treatment consists of a neurologically safe tumor resection (3–5), followed by adjuvant concomitant radiochemotherapy and six cycles of temozolomide (TMZ) monotherapy thereafter. This strategy is known as the Stupp protocol (6, 7). The disease, however, is considered incurable and there is a lack of efficient treatment options in the case of recurrent or progressive disease (8, 9).

Therefore, the demand for new approaches and targeted treatment options remains high. Although there is extensive research in this field, very few promising treatment options succeeded in the translation to clinical routine. One of them is the targeted application of tumor-treating fields (TTFs) (10). This method is based on the local effect of electric fields to interfere with the mitotic activity of the tumor. Proliferating cells are blocked in metaphase and anaphase as the formation of the mitotic spindle is disturbed, which results in slower cell replication or apoptosis (11–14).

TTFs are FDA- and EMA-approved for the treatment of adults with newly diagnosed GBM. In this case, TTFs are started within 6 weeks after the end of concomitant radiochemotherapy, ideally simultaneously with TMZ monotherapy (15, 16). Alternatively, TTF therapy can be an optional treatment in the case of recurrent GBM, overcoming the side effects of systemic second-line chemotherapeutics (17). Nevertheless, controversies considering TTF benefits are still conveyed (18).

Practically, four soft non-invasive adhesive electrode arrays are placed on the shaved head of the patient. The electric field is generated between the poles of the electrode arrays, which are supplied through a wire. The control device with pace-maker and the changeable accumulator is placed in a carry-on bag or backpack. Therapeutic success was seen when the device was worn for at least 18 h per day, with increasing benefits for every additional hour (15–17, 19). TTF therapy normally does not require an in-patient stay or additional oncological follow-ups. Technical assistance is provided by the service team of the manufacturer. Still, daily support by a person from the patient's household remains mandatory.

This kind of treatment in the case of GBM is incorporated in the international clinical guidelines (4, 20) and is implemented as a standard of care in our center since January 2016. During the following years, we gained practical know-how in TTF initiating, namely, informed consent, compliance, and follow-up. Thus, we aimed to discuss the current state of the art together with our long-term experience with the routine application of TTF. Moreover, we evaluated current indications, benefits, restrictions and also future TTF opportunities and ongoing studies.



MATERIALS AND METHODS

According to international guidelines (4, 20) and consequently internal standard operating procedures, all patients harboring a histologically proven new or recurrent glioblastoma WHO° IV since January 2016 were considered for TTF therapy. Neuropathological tumor assessment was performed in all cases according to the revised 4th WHO classification of CNS tumors (21). The TTF indication was individually confirmed by the multidisciplinary neuro-oncological tumor board. Regardless of TTF, elective clinical and MRI follow-ups were performed every 3 months, in which the general and neurological condition, compliance, potential side effects, and oncological status were checked. In the case of recurrent or progressive disease, the eligibility for TTF was discussed in the multidisciplinary neuro-oncological tumor board. If there were no beneficial options for oncological resection, targeted systemic, or radiotherapy, TTF could be offered in case of expected compliance. TTF therapy is accepted by the Austrian healthcare insurance and, after formal approval of the indication, treatment costs are covered.

We assessed all patients who received the entire neuro-oncological treatment (surgery, radiation therapy, and chemotherapy) from the TTF starting in January 2016 till August 2021 from the institutional database. Patients who received either one of recommended treatments in external institutions were excluded. Each case data, namely, epidemiological, clinical, neuropathological, and follow-up records, was collected in the institutional database. The evaluation of this information for the scientific purpose was approved by the ethics committee of the Medical University of Innsbruck (No.: 1402/2020). It was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.

All available publications and open-source data considering TTF application in high-grade gliomas were gathered and evaluated.



RESULTS

A total of 48 patients harboring a GBM treated with TTF were evaluated. Surgical intervention was performed in all cases, whereas gross neurologically safe resection was performed in 44 (92%) and biopsy in 4 (8%) patients. Among the patients, which were treated with TTF in our center, 31 (65%) were men and 17 (35%) were women with a median age of 57 years (interquartile range (IqR): 44–62), whereas 18 (38%) patients were older than 60 years and one was 16. The isocitrate dehydrogenase (IDH) status was routinely evaluated in 38 cases: IDH was mutated in 9 (23%) and remained wild-type in 30 (67%) tumors. In 22 (60%) patients, O(6)-methylguanine-DNA methyltransferase (MGMT) promoter was methylated and in 15 (40%) it stayed unmethylated. The Karnofsky performance index before surgery amounted to 80–100. Epileptic seizures before the surgery were reported in 13 patients. During TTF treatment, epileptic seizures were found in 6 patients, whereas in 2 cases a patient had them before the surgery and in 4 cases epilepsy developed de novo after it. TTFs were administered for the recurrent GBM in a single case only.

If the eligible patient agreed with the initiation of TTF, the service team arranged an appointment, which was usually held in our outpatient department. During this meeting, the technical and everyday aspects were discussed, and the patient and the assistant were trained to operate the device. The service team is available for technical questions around the clock. It was essential, that a person from the patient's household was ready to help in daily activities considering device management. As it is crucial, that the system is active for at least 75% of the time, the automatically generated compliance reports were sent to our center monthly. At the same time, no report concerning the interaction between a patient and the service team was usually available. Of course, any unplanned or urgent visit to our center remained possible.

The daily support was mostly provided by a partner (15/25, 60%), children (5/25, 20%), parents (3/25, 12%), siblings (1/25, 4%), or friends (1/25, 4%). No defined assistant was specified by 23 patients.

No TTF-associated serious adverse effects were reported during the median follow-up of 17 months (IqR: 11–23). No interruption of follow-ups or technical service, hence, TTF application, was noticed due to the COVID-19 pandemic, the associated lock-down, or due to limited access to healthcare facilities.

Mean overall survival inside our cohort according to Kaplan–Meier assessment was 22.6 months (95% CI: 17.3–27.9). IDH-status did not predict OS among patients with TTF therapy, which remained 25.7 months (95% CI: 14.0–37.4) in case of IDH mutation or 20.8 months (95% CI: 15.6–26.1) in case of IDH wild-type tumor, LogRank p = 0.549. At the same time, OS was significantly more favorable in the case of methylated MGMT promoter: 29.7 months (95% CI: 22.4–37.0) vs. 16.7 months (95% CI: 11.4–22.0), LogRank p = 0.002.



DISCUSSION


Current Status

Tumor-treating fields are an established option in case of recurrent or newly diagnosed GBM. Their practical and routine application is feasible, nevertheless, some points require attention.

In the PubMed database, 274 results were associated with the term “Tumor-Treating Fields,” showing a strong rise in recent years: 15 papers were published in 2015, 39 papers in 2019, and already 57 in 2021. Nevertheless, more than 80% of them are reviews, preclinical studies or are attributed to non-CNS tumors. Thus, even if TTF as a specific oncological option is widely discussed, the translational and applied experience remains limited.

Tumor-treating fields are the first treatment option in many years, that has shown successful results in GBM therapy (10). It is labeled as the fourth modality in cancer therapy among surgery, systemic pharmacological, and radiation therapy (22).

The EF-11 study from 2012 was performed on 237 patients (1:1 randomization). Even if it did not demonstrate the superiority of TTF compared to the local standard of care in the case of recurrent GBM, the safety and routine feasibility of TTF were proven (17). The pivotal EF-14 trial on 695 patients (2:1 randomization), which was published in 2015 and consistently actualized in 2017, showed a statistically significant overall survival benefit of 4.9 months for patients harboring newly diagnosed GBM. Moreover, 2- and 5-year survival was significantly more favorable in the TTF group compared to the control arm as well – 43 vs. 31% (p < 0.001) and 13 vs. 5% (p = 0.004), respectively (15, 16, 23). According to both studies, the TTF was approved for newly diagnosed and recurrent GBM by FDA and EMA and consequently included in the guidelines (4, 20). Our survival data are concordant to EF-14 published material with comparable overall survival of 22.6 vs. 20.9 months, whereas selection bias in the case of clinical routine could play a role. According to our data, MGMT promoter methylation provides significant additional survival benefits even within the TTF cohort.

In our center, TTF was only applied to a single patient with recurrent GBM. It is known that a prolonged period of time is necessary until TTF effects can be observed (24). In the case of recurrent GBM, the length of therapy remains short and usually consists only of several months, as was shown in the EF-11 and PriDE studies (17, 25).

There are practical advantages of TTF compared to other specific oncological treatment modalities with the noninvasiveness being a key point. Moreover, during hygienic procedures, sports, and MRI the device can be put off. More than one-third of the patient in our cohort were older than 60 years. The feasibility and safety of an elderly population were also shown in the subgroup analysis of the EF-14 study (26). Hence, TTFs are also feasible in the case of an aged population, even when the full dose of radiochemotherapy is not suggested. Another point is that TTF localized treatment allows it to be considered in settings where conventional cytotoxic chemotherapy may be contraindicated due to systemic complications and/or adverse events.

No clinically relevant TTF interaction with the radiotherapy field was found (27). Moreover, TTFs delay DNA damage repair following conventional photon-beam radiotherapy (28) and work as a sensitizer for proton-beam therapy (29). According to the literature, dexamethasone administration does also not interfere with TTF (30).

There were concerns that the COVID-19 pandemic could interfere with the TTF support (31). In our center, however, no interruption of the TTF service and follow-ups were observed.

Even if TTFs are permitted by FDA and EMA, their limitations and potential drawbacks remain intensely discussed. The approval EF-11 and EF-14 studies were open-labeled, thus, providing potential bias. On the other hand, there was no technical possibility to randomize by imitation of the working device, as the arrays cause a superficial warmth sensation. Another potential drawback is the lack of industry-independent validation trials, which, however, is the case for most (pharmaceutical) oncological treatment studies as well. In addition, EF-11 was criticized due to the heterogeneous previous treatment and control population.

We did not observe any severe adverse effects in the routine application of the TTF system. Only skin irritation was reported as a device-related side effect in the EF-11 and EF-14 studies. In 2% of cases, severe local skin damage was described. In the EF-14 trial for newly diagnosed GBM patients, where the treatment exposure was longer than that for recurrent disease, grades 1 and 2 skin reactions were reported in 43% of patients. Similar data were shown during a phase 4 study with 11.000 patients (32). Therefore, sensitivity to the conductive hydrogel, which is used as an adhesive agent for the electrodes, is mentioned as a limitation for starting the therapy. Recently, the prediction algorithm for skin irritation probability was presented. According to it, the variation of array positioning reduced the risk of skin irritation by about one-third (33). Moreover, practical suggestions for dermatological symptomatic treatment have been distributed (34).

We have mentioned that the daily help in routine maintenance of the device from the side of relatives or another assisting person is needed. Every 3-day shaving, application of adhesive electrodes, technical device management, and even contact with the service team is time-consuming. The favorable effect of TTF is magnified if the device is active for more than 18 h per day based on the post-hoc subgroup analysis of the EF-14 trial. Moreover, the survival benefit rises with each added hour (19). Thus, even if a patient showed a high-performance index like KPI 80–100 as in our series, external support remains essential. On the other hand, even if the daily life of patients might be affected by the TTF, two-thirds of them would decide in favor of the treatment (35). The quality of life and TTF acceptance remained high (36, 37). Moreover, the technical upgrade of the device like reduced weight and higher accumulator capacity solved some problems (38).

Another point is the limited data in the case of an implanted CSF shunt or pacemaker that can potentially interfere with TTF. Nevertheless, case reports and a retrospective study demonstrated a high likelihood of to use of TTF devices even in these patients (39, 40), but larger trials would be necessary.

The cost-effectiveness was discussed, as monthly costs of about 20.000e are to be considered (35, 41, 42) and the high price was thought to limit the access to this treatment option (41). Nevertheless, the insurances in the United States and several European countries do cover the routine application of TTF, preventing costs for patients.

Thus, the TTF therapy is nowadays advisable for all patients harboring GBM, including frailty ones, when demanding high-dose radiochemotherapy could not be applied. The efficacy of dexamethasone or radiotherapy is not negatively interfered with. Nevertheless, the external support from relatives and compliance stays crucial. There are also other restrictions like cranial or active implants. Skin irritation does not look to be an inevitable restriction. The summary of positive and negative points considering the TTF application is provided in Table 1.


Table 1. Applied advances and limitations of TTF therapy nowadays.
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Future Clinical Opportunities

Research regarding further applications of TTF is ongoing. The TRIDENT (EF-32, NCT04471844) study was recently initiated to demonstrate the potential benefits of TTF starting parallel to concomitant radiochemotherapy in the case of newly diagnosed GBM. The feasibility and safety were checked on 10 patients during a phase 1 study (43). The results of an analogous 1:1 randomized phase 2 study (NCT03869242) on 60 patients with an estimated completion date is December 2021 have not been published yet.

The combined treatment option of TTF and bevacizumab (BEV) in the case of recurrent GBM was suggested already in 2014 (44). Nevertheless, the study evaluating concomitant TTF with BEV and hypofractionated stereotactic radiotherapy was abandoned due to poor recruiting in 2019 (NCT01925573). On the other hand, there are reports that BEV with concomitant TTF is applied in an off-label fashion. In one retrospective study, all 48 patients received BEV as monotherapy or in combination with other systemic chemotherapeutics concomitant to TTF. However, due to the lack of a control arm, which would include BEV cases without TTF therapy, no conclusion regarding a potential co-influence of TTF and BEV is possible (45).

According to the guidelines, the treatment strategy in the case of anaplastic glioma is often similar to glioblastoma (4, 20). Nevertheless, the data considering TTF application for anaplastic glioma are limited. Due to the high clinical demand, a respective study is currently ongoing (46).

No sufficient data are available for pediatric cases. According to a case series of 4 patients under 16 (2 of them with GBM) 53–92% compliance without severe adverse effects was described (47). In another publication, the partial response was shown in 5 pediatric high-grade glioma cases (48). Large trials on a pediatric population are ongoing (49).

There is a single spinal glioma case, in which TTF was applied for primary thoracolumbar anaplastic astrocytoma. After decompression surgery and adjuvant chemoradiotherapy, one adhesive array was placed above the tumor projection on the back and another below it. According to the virtual modeling, this way of application provided sufficient TTF power density at the target site (50).

An enhancing effect of TTF after skull remodeling surgery was described. For superficial tumors, removal of a standard craniotomy bone flap increased the electrical field strength by up to 70% (51). A phase 1 safety study on 15 patients with recurrent GBM confirmed the safety of this approach (52) and a phase 2 study was announced (53).

The exact molecular pathways of the TTF effect remain unclear (54). Multiple studies here are ongoing. On the other hand, there is encouraging preclinical data considering increased synergistic efficacy of checkpoint inhibitor anti-PD-1 therapy when combined with TTF. It was demonstrated that the volume of two tumor models declined and the number of cancer-infiltration immune cells raised when TTF was added to the anti-PD-1 therapy (55). Similar results were shown in another study of non-small cell lung cancer (NSCLC), where the concomitant TTF and checkpoint inhibitor treatment led to a decrease in the tumor volume (56).

Tumor-treating field (TTF) application is being investigated also for other solid cancers: the LUNAR trial for lung cancer, HEPANOVA for hepatocellular cancer, INNOVATE-3 for ovarian cancer, PANOVA-3 for pancreatic cancer, and METIS for brain metastasis (57). According to the results of the STELLAR study, a specific device modification is approved by FDA for adult patients harboring unresectable, advanced, and malignant pleural mesothelioma together with standard chemotherapy (58).




CONCLUSION

Tumor-treating fields are a feasible and routinely applicable specific oncological treatment option in the case of glioblastoma multiforme WHO° IV. As TTF provides additional overall survival, this option should be presented and advised to all GBM patients. Nevertheless, practical restrictions stay relevant, which limit the usage of this modality like insufficient external assistance. Additional work is necessary and is intensely ongoing to extend the indications and the efficacy of TTF and to reduce restrictions.
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