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Abstract

Background: Neuromodulation is a rapidly developing field with growing interest in its
application in neuro-oncology, particularly since the publication of the EF-14 trial which
demonstrated a survival benefit conferred by tumour treating fields (TTF) in patients with
glioblastoma. In addition, the emerging field of cancer neuroscience has postulated the role
of neural–tumour communication in tumour aetiology, which is theoretically targetable
by neuromodulation strategies. This scoping review therefore aims to comprehensively
evaluate current or future applications of neuromodulation in managing patients with
brain tumours, encompassing preclinical and clinical studies. Methods: The MEDLINE
database was queried for all relevant articles from inception to 1 December 2024. A
synthesis of findings was performed, broadly categorised to preclinical and clinical research.
Findings: The database search returned 3296 results, from which 187 full-text articles
were further assessed. A total of 79 studies met the inclusion and exclusion criteria and
were included. The results from preclinical studies (n = 18) were stratified according to
modality which included electrical therapy, electroporation, electromagnetic field (EMF)
and deep brain stimulation (DBS). Similarly, clinical studies (n = 61) were classified to
preoperative modalities such as transcranial magnetic stimulation (TMS) and transcranial
direct stimulation (tDCS), and postoperative modalities such as TMS, TTF, EMF and spinal
cord stimulation (SCS). Interpretation: The application of neuromodulation as adjunctive
therapy in the context of neuro-oncology is an emerging field, with encouraging results
in various modalities across a wide range of applications from surgical planning and
functional rehabilitation, to its therapeutic potential. Further research is urgently needed to
harness the potential of neuromodulation in improving patient outcomes.
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1. Introduction
Brain and central nervous system tumours remain a major cause of morbidity and

mortality [1]. Glioblastoma (GBM), the most aggressive primary brain cancer, has a poor
prognosis with inevitable recurrence [2]. Exploring novel treatments, from personalised
immunotherapy to neuromodulation, is crucial [3,4]. Neuromodulation, a rapidly evolv-
ing field, uses implantable or non-invasive technologies to modulate neural activity via
electrical, electromagnetic, or chemical methods [5]. Its role in neuro-oncology grew after
the EF-14 trial, which showed improved survival in GBM patients receiving electrical field
therapy with temozolomide [6,7].

Research into neuromodulation for brain tumours suggests mechanisms including
mitotic suppression, apoptosis upregulation, and increased reactive oxygen species toxi-
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city [8–10]. Cancer neuroscience theories highlight neural–tumour interactions—via glu-
tamatergic transmission, neuroligin-3, and neurotransmitter receptors—suggesting a role
for neuromodulation in tumorigenesis [11–14]. Early-stage studies on other modalities
such as electromagnetic fields and SCS have reported a promising outlook [15,16]. Be-
yond treatment, neuromodulation also aids in surgical planning. Transcranial magnetic
stimulation (TMS) enhances preoperative mapping of the eloquent cortex and subcortical
pathways [17], while preoperative electrical stimulation induces cortical plasticity and
functional reorganisation, aiding eloquent cortex resection [18,19]. Similar techniques
support recovery after surgery, stroke, and head trauma [20,21]. Emerging evidence links
neuronal activity to non-CNS tumour growth, expanding neuromodulation’s potential
applications [22,23]. Indeed, there may be other types of brain tumours that can also benefit
from neuromodulation.

This scoping review assesses the literature on neuromodulation in neuro-oncology as
an adjunct to existing therapies, covering both preclinical and clinical settings, to evaluate
its current and future roles in managing brain tumours.

2. Methods
This scoping review was conducted in accordance with the PRISMA Extension for

Scoping Reviews (PRISMA-ScR) guidelines (Supplementary File S1).

2.1. Protocol and Registration

A review protocol was developed prior to study commencement to guide the objec-
tives, eligibility criteria, search strategy, and methodological approach. The protocol was
not prospectively registered. As this study was conducted as a scoping review, formal
registration was not mandatory; however, a predefined methodological framework was
established before study initiation to enhance methodological rigour, transparency, and
consistency throughout the review process. The absence of prospective registration is
acknowledged as a limitation, as it may reduce external verification of protocol adherence
and introduce the potential for reporting bias.

2.2. Eligibility Criteria

This review examined the application of neuromodulation in neuro-oncology. For
the purposes of this review, neuromodulation was defined as any intervention that di-
rectly or indirectly modifies central nervous system (CNS) activity through electrical or
electromagnetic stimulation.

The review adopted a broad conceptual definition of neuromodulation to include both
invasive and non-invasive modalities capable of altering neuronal excitability, tumour mi-
croenvironment signalling, or tumour cell proliferation through bioelectrical mechanisms.

Eligible interventions included, but were not limited to:

• Deep brain stimulation (DBS).
• Vagus nerve stimulation (VNS).
• Spinal cord stimulation (SCS).
• Occipital nerve stimulation.
• Transcranial magnetic stimulation (TMS).
• Transcranial direct current stimulation (tDCS).
• Tumour treating fields (TTF).
• Pulsed radiofrequency therapies.
• Other electrical or electromagnetic field-based interventions applied in a neuro-

oncological context, including peripheral nerve stimulation.

Studies were included if they:
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• Investigated primary or metastatic brain tumours.
• Included adult or paediatric populations.
• Used in vitro or in vivo experimental models.
• Examined therapeutic, mechanistic, or safety outcomes.

Eligible study designs included:

• Randomised controlled trials.
• Non-randomised interventional studies.
• Cohort studies.
• Case series.
• Preclinical Experimental Research.

Exclusion criteria:

• Editorials, commentaries, review articles, and case reports.
• Studies focused solely on device engineering or technical development without bio-

logical or clinical outcomes.
• Non-English publications.

2.3. Information Sources and Search Strategy

A systematic search was conducted to identify studies examining neuromodulation
in neuro-oncology. MEDLINE (via Ovid) was searched from database inception to 1
December 2024, with no date restrictions applied. To ensure comprehensive coverage,
additional searches were performed in EMBASE, Web of Science, Scopus, and Cochrane
CENTRAL. Clinical trial registries, including ClinicalTrials.gov and the WHO Interna-
tional Clinical Trials Registry Platform (ICTRP), were also consulted to capture ongoing or
unpublished studies.

The search strategy combined controlled vocabulary (MeSH for MEDLINE, EMTREE
for EMBASE) and free-text terms related to neuromodulation modalities (e.g., TMS, tDCS,
DBS, TTF, EMF, SCS) and brain neoplasms (primary and metastatic). Terms were iteratively
refined to maximise sensitivity while minimising irrelevant results. Reference lists of
included studies were hand-searched to identify additional eligible articles.

All records were imported into Rayyan QCRI for screening, with duplicates removed
prior to title/abstract and full-text review [24]. Two reviewers independently screened
studies against predefined eligibility criteria, and disagreements were resolved through dis-
cussion or consensus. A PRISMA flow diagram was generated to illustrate study selection.

Search Strategy

exp Electric Stimulation Therapy/or Electric Stimulation Therapy.mp. or (exp Deep
Brain Stimulation/or Deep Brain Stimulation.mp.) or (exp Electric Countershock/or Elec-
tric Countershock.mp.) or (exp Electroacupuncture/or Electroacupuncture.mp.) or (exp
Pulsed Radiofrequency Treatment/or Pulsed Radiofrequency Treatment.mp.) or (exp Spinal
Cord Stimulation/or Spinal Cord Stimulation.mp.) or (exp Transcranial Direct Current
Stimulation/or Transcranial Direct Current Stimulation.mp.) or (exp Transcutaneous Elec-
tric Nerve Stimulation/or Transcutaneous Electric Nerve Stimulation.mp.) or (exp Vagus
Nerve Stimulation/or Vagus Nerve Stimulation.mp.) or tum*r treating fiel*.mp. or (exp
Transcranial Magnetic Stimulation/or Transcranial Magnetic Stimulation.mp.) or (exp Elec-
tromagnetic Fields/or Electromagnetic Fields.mp.) or (exp Electromagnetic Radiation/or
Electromagnetic Radiation.mp.) or (deep brain stimulation or vag* nerve stimulation or
transcranial magnetic stimulation or tum*r treating fiel* or electr* fiel* or electromagnetic
radiation).mp.

And exp Brain Neoplasms/or Brain Neoplasms.mp. or (brain neoplasm or brain cancer
or brain tum*r or glioma or glioblastoma or neuro-oncology or neurooncology or brain
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metas* or astrocytoma or medulloblastoma or pineo* or glioneuronal or neuroepithelial or
gangloglioma).mp.

2.4. Study Selection

All records were imported into Rayyan QCRI for screening. After removal of dupli-
cates, two reviewers (AIK and AK) independently screened titles and abstracts against
predefined eligibility criteria.

Full-text articles were subsequently retrieved and independently assessed for inclusion.
Discrepancies were resolved through discussion and consensus.

A PRISMA flow diagram was generated to illustrate the study selection process
(Figure 1).

Figure 1. Flowchart detailing study screening and selection.

2.5. Data Charting Process

Data were extracted using a standardised data charting form developed by the authors.
The form was piloted on a subset of included studies and refined prior to full data extraction.

Data extraction was performed by one reviewer (AIK) and verified by a second
reviewer (AK) to ensure accuracy and completeness.

https://doi.org/10.3390/jpm16070349
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The following variables were considered:

• Study characteristics (author, year, country).
• Study design.
• Population characteristics (age group, tumour type).
• Intervention modality and parameters.
• Comparator (if applicable).
• Outcomes assessed (e.g., tumour progression, survival, symptom control, mechanis-

tic endpoints).
• Safety and adverse events.
• Key findings.

2.6. Critical Appraisal

As this was a scoping review aimed at mapping the breadth of available evidence, a
formal risk-of-bias assessment was not undertaken. However, study design and method-
ological limitations were considered descriptively when interpreting findings.

2.7. Data Synthesis

Given the anticipated heterogeneity in study design, intervention type, and outcome
measures, quantitative meta-analysis was not appropriate. Findings were synthesised nar-
ratively and grouped according to neuromodulation modality and study type (preclinical
vs. clinical).

2.8. Role of the Funding Source

The authors received no financial support for the research and authorship of this review.

3. Results
3.1. Literature Search and Study Selection

The initial database search yielded 3334 results, screened for eligibility. Of 187 full-text
articles assessed, 79 were included (Figure 1). These were categorised as preclinical (18/79,
23%) and clinical studies (61/79, 77%). Among clinical studies, most focused on TMS
(29/61, 48%) and TTF (25/61, 41%), with the remainder on continuous cortical electrical
stimulation (n = 1), tDCS (n = 2), and EMF (n = 3). The characteristics and key findings of
included studies are summarised in Table 1.

3.2. Preclinical
3.2.1. Electrical Therapy

Preclinical studies on neuromodulation in GBM include electrical field therapy, elec-
troporation, electromagnetic fields, and deep brain stimulation (DBS). Five studies focused
on electrical field therapy, three of which examined Intratumoural Modulation Therapy
(IMT) [25–27]. IMT, a novel electrotherapy using implanted low-intensity electric fields,
was tested in vitro and in vivo, showing reduced tumour volume, increased apoptosis, and
enhanced GBM cell death when combined with temozolomide (TMZ). Clinically, IMT could
bypass scalp and cranial shunting, enabling direct electrical delivery while minimising
TTF-associated skin toxicity. Wu et al. evaluated the TEFTS ASCLU-300 adjustable electrical
field system, showing a 16-day survival increase (40 vs. 24 days) in glioma-transplanted rats
and reduced tumour size [28]. Similarly, Bardet et al. studied nanosecond pulsed electrical
fields (nsPEFs), delivering high-voltage pulses that caused vascular collapse and cell death
in GBM organoid models, demonstrating therapeutic potential [29]. However, these find-
ings remain largely limited to controlled preclinical models, which may not fully replicate
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the complexity and heterogeneity of human GBM. Consequently, the translational potential
and clinical efficacy of these neuromodulation strategies require further validation.

Table 1. Summary of neuromodulation studies included in the review.

Category Modality No. of
Studies (n)

Key
References Key Outcomes

Preclinical

Electrical Therapy 5 [25–29]

Intratumoural modulation therapy (IMT) reduced
tumour volume, increased apoptosis, and enhanced

glioblastoma (GBM) cell death when combined
with temozolomide. Electrical field therapy systems
demonstrated improved survival in glioma rodent
models and tumour size reduction. Nanosecond

pulsed electrical fields caused vascular collapse and
tumour cell death in GBM organoid models.

Electroporation 4 [30–34]

Reversible electroporation increased chemotherapy
delivery across the blood–brain barrier and
improved survival in GBM rodent models.

Irreversible electroporation (including
high-frequency IRE/H-FIRE) selectively ablated
tumour cells and significantly improved survival

when combined with chemotherapy.

Electromagnetic
Fields (EMF) 6 [9,35–39]

EMF increased blood–brain barrier permeability
and enhanced chemotherapeutic efficacy. Increased

apoptosis and reactive oxygen species were
observed in glioma cell lines. Oscillating magnetic

field devices demonstrated selective GBM cell
death while sparing normal tissue, although effects

varied depending on field parameters.

Deep Brain
Stimulation

(DBS)
1 [40]

DBS reduced tumour cell metabolism in vitro via
cell-cycle arrest (G0 phase) and enhanced
chemotherapeutic effects while sparing

non-proliferating astrocytes.

Clinical—
Preoperative TMS/CCES/tDCS 21 [17–19,41–66]

Navigated TMS (nTMS) improved localisation of
motor and language cortices, refined surgical

planning, and increased gross total resection rates.
nTMS combined with DTI-FT improved

visualisation of functional white-matter tracts.
Prehabilitation using cortical stimulation (CCES)

induced functional reorganisation allowing larger
resections. tDCS showed increased motor cortex
connectivity and potential neuroplastic effects.

Clinical—
Postoperative

TMS
(Rehabilitation) 3 [21,67,68]

Repetitive TMS improved postoperative motor
recovery and functional outcomes in glioma

patients. Studies reported clinically significant
improvements in Fugl–Meyer motor scores and
aphasia scores with no serious adverse events.

Tumour Treating
Fields (TTF) 25 [6,69–84]

Two phase III RCTs and multiple real-world studies
demonstrated improved progression-free and
overall survival when TTF was combined with

temozolomide in newly diagnosed GBM. The EF-14
trial showed increased progression-free survival

(6.7 vs. 4 months) and overall survival (20.9 vs. 16
months) compared with temozolomide alone.

Spinal Cord
Stimulation
(SCS)/EMF

Devices
4 [15,16,85–89]

Cervical SCS may improve tumour oxygenation
and enhance responsiveness to radiotherapy and

chemotherapy. Small clinical studies reported
prolonged survival compared with historical

controls. Magnetic field–based wearable devices
(e.g., Voyager system) demonstrated favourable

safety profiles in early feasibility trials.
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3.2.2. Electroporation

Electroporation, a type of electrochemotherapy, uses electrical pulses to increase blood–
brain barrier permeability for drug delivery (reversible) or cause nonthermal cell membrane
damage and cell death (irreversible) [30]. Reversible electroporation has been shown to
increase chemotherapeutic efficacy in gliomas [30–32]. In rodents with GBM, Sharabi et al.
reported a seven-day median survival increase (15 vs. 22 days) with electroporation and
cisplatin versus cisplatin alone [31]. Agerholm-Larsen et al. found 69% of rodents treated
with electroporation and bleomycin achieved complete tumour elimination, in contrast
to none in controls [30]. For irreversible electroporation (IRE), Latouche et al. developed
high-frequency IRE (H-FIRE), using short bipolar pulses to minimise muscle contractions
and selectively ablate tumour cells [33]. In rats with implanted F98 glioma cells, H-FIRE
combined with chemotherapy significantly improved survival compared to controls [34].
Taken together, electroporation may synergise the anti-cancer effects of chemotherapy.

3.2.3. Electromagnetic Fields

Electromagnetic fields (EMF) show anticancer effects in vitro and in vivo [35]. Six
studies examined EMF in neuro-oncology. Radiofrequency EMF increased blood–brain
barrier permeability tenfold in vitro, suggesting enhanced drug delivery and treatment
efficacy [36]. Combined with temozolomide (TMZ), EMF increased apoptosis by up to
50% and doubled reactive oxygen species in glioma cell lines (T98G and U87G) [37]. EMF
and TMZ also induced apoptosis in chemoradiotherapy-resistant T98G cells, though with
limited effect on proliferation [38]. Helekar et al. investigated a novel oscillating magnetic
field device, which selectively killed GBM cells while sparing normal tissue [39]. However,
EMF effects vary by frequency and amplitude—some inhibit GBM proliferation, while
others stimulate it—highlighting the need for caution in clinical translation [9]. Across
the studies there appears to be interest in determining optimal parameters for an anti-
tumour effect.

3.2.4. Deep Brain Stimulation

A preclinical study explored DBS as an antitumour treatment, leveraging its familiarity
as an implanted system [40]. Using DBS electrodes similar to those in Parkinson’s disease,
researchers tested various frequencies on brain tumour cell lines over seven days, observing
significant metabolic reduction via G0-phase cell cycle accumulation. DBS also enhanced
chemotherapy effects while sparing post-mitotic astrocytes, preserving neurologically
functional cells. As with EMF, future work may define optimal parameters for a desirable
anti-tumour effect while mitigating adverse effects of stimulation.

3.3. Clinical
3.3.1. Preoperative—TMS, CCES and tDCS

Preoperatively, neuromodulation—especially TMS—supports surgical mapping, risk
stratification, and outcome improvement. Over the past decade, TMS has been used to
functionally map motor and language centres. Six observational studies showed that
navigated TMS (nTMS), combining physiological data with MRI, localises eloquent regions,
refines resection plans, clarifies anatomy, and rules out suspected motor or language cortex
involvement [41–44]. While nTMS maps only cortical areas, combining it with diffusion
tensor imaging fibre tracking (DTI-FT) allows visualisation of functional white matter tracts,
useful when awake surgery with intraoperative neurophysiological monitoring (IONM) is
not feasible [45,46]. nTMS mapping reconstructed the language cortico-subcortical network
and aided neuronavigation, mainly in adults. In children under six, TMS was effective
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and well-tolerated, though 27% of epileptic patients had peri-TMS seizures, none requiring
intervention [47].

Ten studies compared preoperative TMS mapping versus no mapping—eight on
motor-eloquent and two on language regions. TMS patients had higher gross total re-
section rates (59–92.3% vs. 42–78.4%), though two studies found no significant differ-
ence [48–54]. Overall survival (OS) varied—one study showed significantly longer sur-
vival (22.4 vs. 15.4 months), while another found non-significant improvement (15.7 vs.
11.9 months) [48,53]. In subgroup analysis, WHO Grade 3 glioma patients had significantly
better OS (21.5 vs. 7.2 months), unlike Grade 4 cases [53]. Hendrix et al. alternatively
reported no difference in the survival rates of malignant glioma patients between nTMS
and non-nTMS groups [49]. Motor outcomes were better in nTMS-mapped motor-eloquent
lesions, with higher improvement rates (12–30.8% vs. 1–13.1%), better postoperative MRC
scores, and reduced deterioration (3.4% vs. 13.1%). Other studies reported similar rates
of permanent paresis and motor recovery. For language-eloquent lesions, long-term out-
comes were similar between rTMS and non-rTMS groups, though rTMS patients had better
immediate postoperative results that equalised over time [50,55].

Interest is growing in TMS for risk stratification and prognosis of postoperative func-
tion. Traditionally, surgical risk is based on tumour location, with eloquent areas carrying
the highest morbidity [56]. However, emerging evidence suggests anatomical location
alone is insufficient for risk assessment and ascertaining eligibility for surgery [57]. Four
studies examined nTMS tractography as a predictor of postoperative motor function. Re-
section of TMS-positive points significantly predicted permanent deficits, while precentral
gyrus resection did not [58,59]. nTMS tractography showed higher predictive value than
anatomic tractography. Greater distance between tumours and abductor pollicis brevis
hotspots, mapped via nTMS and motor-evoked potentials, correlated with better grip
strength recovery at three months [60]. Similarly, no permanent deficits were recorded
when tumour–corticospinal tract (CST) distance exceeded 8–12 mm, as identified by nTMS
and fibre tracking [61,62]. One study assessed nTMS mapping for arithmetic processing
(AP) centres, linking AP-positive site resection with postoperative arithmetic decline [17].
However, false positives occurred: 4/8 patients had TMS-positive sites resected without
deficits, and 3/15 had AP-positive sites removed with paradoxical improvement.

Functional reorganisation from tumour-induced plasticity is a novel area, first noted in
intraoperative language mapping during repeat awake craniotomies [63,64]. Preoperative
detection of reorganisation may influence surgical timing, especially in low-grade tumours,
where surgery could be delayed to allow cortical and subcortical function to reorganise [65].
nTMS demonstrated significant cortical motor shifts in most patients when measured
longitudinally, pre- and postoperatively [63]. Another study found increased language-
negative sites in tumour areas on postoperative nTMS, suggesting functional migration
away from the tumour [66]. Beyond detection, neuromodulation may facilitate functional
reorganisation. Rivera et al. applied a prehabilitation protocol using an implanted subdural
grid with daily cortical electrical stimulation (CCES) and intensive behavioural training [18].
In five patients with eloquent tumours, this strategy induced intra-tumoral functional
displacement, allowing more extensive resections, confirmed by fMRI. Similarly, a pilot
study of tDCS with right-handed motor training in eight glioma patients increased left
primary motor cortex connectivity, with no adverse events [19]. These findings highlight
the potential of electrical stimulation in modulating neural networks. As modulation of
neural networks is one of the key concepts in cancer neuroscience [11–14], one can be
optimistic as further reports are awaited.
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3.3.2. Postoperative—TMS

Postoperatively, neuromodulation ranges from emerging approaches like TMS for
neurorehabilitation and SCS to modify the tumour microenvironment, to established treat-
ments such as TTF. In stroke, rTMS aids neurorehabilitation through cortical reorganisation
with minimal seizure risk [90]. Research on TMS in neuro-oncology is nascent, with three
studies involving 60 patients. A small randomised study (n = 22) examined seven days
of low-frequency navigated rTMS (nrTMS) versus sham stimulation [21]. The primary
outcome, change in the Fugl–Meyer Assessment score, showed a significant increase (31.9
vs. 4.2), surpassing the clinically significant threshold (>10). A smaller study (n = 7) using
the same protocol found six patients regained preoperative function, with one improving
beyond baseline [67]. A proof-of-concept study used a network-specific rTMS protocol,
comparing lesions to connectomes (Human Connectome Project) to create targeted cortical
networks for rehabilitation [68]. Treatment promoted network reorganisation, yielding
clinically significant benefits in 90.3% of patients, measured by motor improvement or
≥3-point Aphasia Rapid Test reduction. Across all studies, nrTMS was safe, with no serious
complications reported, although further studies are indicated to evaluate efficacy.

3.3.3. Postoperative—TTF

TTF has been widely studied in two phase 3 RCTs and multiple real-world studies
on outcomes, quality of life, and cost-effectiveness [6,69]. The EF-11 trial (n = 237), the
first RCT on TTF, compared TTF monotherapy (NovoTTF-100A) with physician’s choice
chemotherapy in recurrent GBM. OS was not statistically significant: 1-year survival was
20% in both groups, median OS 6.6 vs. 6 months, and 6-month PFS 21.4% vs. 15.1%. Patients
completing at least one full TTF course (28 days) had improved OS (7.7 vs. 5.9 months).
Two post-marketing registries, PRiDe and EF-19, followed [70,71]. PRiDe showed higher
median OS with TTF (9.6 vs. 6 months), while EF-19 found benefits (8.1 vs. 6.4 months)
only in patients using TTF > 18 h/day for >28 days. More PRiDe patients received TTF
after first recurrence, possibly contributing to better outcomes.

This led to the EF-14 trial (n = 695), which randomised patients 2:1 to TTF (Optune)
plus maintenance TMZ or TMZ alone [6]. PFS and OS were primary and secondary
outcomes. TTF significantly improved PFS (6.7 vs. 4 months) and OS (20.9 vs. 16 months),
with higher 2-year (43% vs. 31%) and 5-year survival (13% vs. 5%). In recurrent cases,
post hoc analysis showed modest OS benefit with TTF plus second-line chemotherapy
(11.8 vs. 9.2 months) [72]. Skin-related adverse events (36–83%) were most common, but
overall TTF showed a favourable safety profile with no new concerns (post-marketing
data, 11,029 patients) [73,74]. Systemic adverse events were comparable to chemotherapy
alone [6]. Health-related QoL remained similar, except for scalp pruritus [75,76]. The
device’s heavy battery pack may limit use, particularly in patients with balance impairment.

As with EF-11 registries, real-world analysis of TTF is important. Despite promising
EF-14 results, outcomes remain heterogeneous, though two studies confirmed improved
PFS and OS with TTF plus TMZ [77,78]. But others found no meaningful benefit on
OS or survival rate [79,80]. Liu et al. suggested that larger patient cohorts might be
necessary to detect any effect if it does exist [80]. This brings into consideration the cost-
effectiveness of TTF and whether achieving a clinically significant result is economically
feasible [81]. An American study estimated TTF + TMZ to cost an incremental cost-
effectiveness ratio of $150,452 per life year gained, which is within the US willingness-
to-pay threshold [82]. A French study criticised the analysis, reporting a much higher
cost (€510,273 per life year) exceeding their willingness-to-pay threshold, and suggested
TTF would need an 85% price reduction to be viable [83]. Further research is needed to
optimise TTF’s efficacy and applicability. The ongoing TRIDENT (EF-32) trial is evaluating

https://doi.org/10.3390/jpm16070349

https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 10 of 19

its use with chemoradiotherapy in newly diagnosed GBM, results of which are awaited [84].
Future trials exploring TTF with personalised immunotherapy will also be of interest,
harnessing the potential of multimodal treatment for GBM. However, the costs of TTF
remain prohibitive for the vast majority of people with brain tumours.

3.3.4. Postoperative—SCS and EMF

High-grade gliomas (HGG) are characterised by high hypoxia levels, contributing to
resistance to chemotherapy and radiotherapy [91,92]. Cervical SCS may modify the tumour
microenvironment by increasing blood flow and reducing hypoxia, potentially enhancing
adjuvant treatment efficacy [85]. A small case series (n = 7) investigated SCS during brain
reirradiation and chemotherapy in recurrent HGG, reporting a median OS of 39 months and
PFS of 19 months [16]. Despite the small sample size and single-arm study design, SCS was
associated with longer survival when compared to similar reirradiation studies [16,86,87].
Another emerging modality is the Voyager System, a wearable device using magnetic fields
instead of electrical stimulation, avoiding TTF’s battery weight and skin irritation [15,88,89].
Early feasibility studies show a favourable safety profile, supporting further trials to assess
efficacy. Meanwhile, less invasive spinal stimulation and/or SCS at locations other than
the cervical spinal cord may also be studied in the future.

4. Discussion
This review provides a comprehensive overview of neuromodulation across all stages

of neuro-oncology, spanning preclinical and clinical studies. Unlike prior reviews, it inte-
grates multiple modalities—including TTF, TMS, tDCS, EMF, DBS, SCS, and intratumoural
electrical therapies—within a cancer neuroscience framework, linking neuronal activity,
synaptic integration, and neuro-immune crosstalk to potential anti-tumour mechanisms.
While earlier work focused on specific modalities or clinical applications, this review
synthesises mechanistic and translational evidence and is the first to explicitly highlight
neuromodulation’s potential anti-tumour effects.

Framing neuromodulation within cancer neuroscience highlights potential mecha-
nisms linking neuronal activity to tumour progression. TTF and intratumoural electrical
therapies may disrupt synaptic signalling and activity-dependent glioma growth, enhanc-
ing chemosensitivity, potentially via modulation of extracellular matrix proteins such as
TSP-1 [11–14,81]. EMF could modulate calcium signalling and ROS production, indirectly
affecting activity-driven proliferation [9,35–39]. DBS, VNS and SCS may alter network
excitability and autonomic tone including modulation of adrenergic and/or parasym-
pathetic/vagal activity [22,40]. DBS and SCS may also influence the tumour microenvi-
ronment through perfusion, hypoxia, or neuro-immune crosstalk [22,40,81]. TMS and
tDCS may induce cortical plasticity and functional reorganisation, potentially modifying
neuronal inputs to tumour cells and limiting proliferation or migration [18,20,66]. Consid-
ering these mechanisms provides a framework to guide translational research and rational
clinical trial design.

Preclinical research shows promising results for clinical translation. Electrical therapy,
magnetic fields, electroporation, and DBS inhibit brain tumour cells and may synergize
with chemotherapy. However, much of this evidence derives from in vitro systems or small
animal models that may not fully capture the biological heterogeneity, immune interactions,
and treatment resistance observed in human gliomas. As such, the translational validity of
these findings remains uncertain, and therapeutic effects demonstrated under controlled
laboratory conditions may not be reproducible in clinical settings. Notably, only magnetic
field therapy (Oncomagnetic) has been trialled in humans, showing good tolerance in a
single recurrent GBM patient and reduced tumour volume [93]. Clinically, TMS aids preop-
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erative planning, risk assessment, and functional recovery through cortical reorganisation.
Outcomes for OS, GTR, paresis, and language are variable, though results are generally
positive for neurorehabilitation [48–50,52]. Technical comparisons of TMS with fMRI or
DCS were beyond this review’s scope. TTF remains the most researched and established
neuromodulation therapy, but EF-14 trial findings did not consistently improve survival
in real-world practice [79,80]. However, the interpretation of EF-14 remains controversial
owing to its open-label design, lack of sham control, and concerns regarding potential
sponsor-related bias. Poor cost-effectiveness, particularly in socialised healthcare systems,
and provider scepticism act as barriers to widespread adoption [94].

An important consideration when interpreting the TTF literature is that, despite the
positive findings of the EF-14 trial, the magnitude and generalisability of its reported
survival benefit remain subjects of ongoing debate [95]. While EF-14 demonstrated sig-
nificant improvements in progression-free and overall survival with the addition of TTF
to maintenance temozolomide, several limitations have been highlighted, including the
open-label study design, potential performance and compliance biases, the absence of
a sham-control arm, and concerns regarding sponsor involvement in trial conduct and
analysis [95]. These factors warrant caution when interpreting EF-14 as definitive evidence
of efficacy and emphasise the importance of corroborating findings through independent
studies and real-world datasets. Indeed, subsequent real-world studies have produced
mixed results, with some cohorts reproducing the survival advantages observed in EF-
14 while others have reported more modest benefits, suggesting that patient selection,
healthcare system factors, and especially treatment adherence may substantially influence
outcomes [96,97]. Nevertheless, TTF remains the most extensively investigated neuro-
modulation modality in glioblastoma and continues to evolve through ongoing clinical
development [98]. Of particular interest are combination strategies integrating TTF with
immunotherapeutic approaches, including pembrolizumab-based regimens, which aim
to exploit potential synergistic effects between bioelectrical modulation and anti-tumour
immune responses [99,100]. The outcomes of these studies, together with longer-term
real-world experience, will be critical in defining the future role of TTF within multimodal
glioblastoma management.

Although there is no evidence demonstrating benefit for paediatric patients, two
small case series and two case reports assessing feasibility, safety, and compliance showed
no device-related toxicities and similar compliance rates to adults [101–104]. A thinner
skull and less extracranial tissue may enhance efficacy in children due to lower electrical
impedance [105,106]. However, infratentorial tumour location poses additional challenges
for electrical field delivery. One ongoing multicentre trial (NCT03033992) is evaluating
TTF feasibility and safety in paediatric HGG and ependymoma, with full results awaited.
Nevertheless, the currently available paediatric evidence is extremely limited and largely
restricted to feasibility studies and case reports, which precludes meaningful conclusions
regarding therapeutic efficacy. Differences in tumour biology, developmental neurophysiol-
ogy, and long-term safety considerations further highlight the need for dedicated paedi-
atric trials.

Future iteration and modification of TTF as an implantable intracranial TTF system has
been proposed, which could improve efficacy by increasing field strength and stimulation
time and patient comfort by eliminating skin irritation, head shaving, and external battery
packs [107–109]. Although no studies have yet to investigate this specifically for TTF, several
in vivo studies as discussed above have reported on the feasibility of an implantable IMT
system delivering low-intensity electrical field in animal models with favourable results.
There may be interest in the theoretical potential of alternative delivery routes, including
intraspinal, intracavity, and intraventricular approaches [110].
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A systematic literature search found only one study on DBS and none on VNS for
brain tumour treatment, despite their established clinical use. However, their therapeutic
potential is recognised and discussed previously [22,111]. Abdullahi et al. proposed
VNS for cancer therapy, as it reduces oxidative stress and inflammation and activates
the cholinergic anti-inflammatory pathway, potentially regulating tumour proliferation,
differentiation, and apoptosis [111]. VNS may also reduce cancer growth by suppressing
neural activity and modifying the systemic epigenetic landscape [22,112]. Research on DBS
as an anti-cancer therapy is limited, but its established intracranial use makes it promising
in neuro-oncology. Despite strong theoretical rationale, the absence of experimental and
clinical studies investigating DBS or VNS specifically for brain tumour control highlights
a significant gap between conceptual therapeutic potential and empirical evidence. This
disparity underscores the need for mechanistic studies to clarify how neuromodulation may
influence tumour biology within the complex neural–tumour microenvironment. Further
studies are needed to explore its therapeutic potential.

5. Study Limitations
This scoping review has several limitations. The reviewed studies showed significant

heterogeneity in methodology and outcomes, making thematic analysis difficult. Many
studies were prone to bias due to single-arm designs with no control group, reflecting
that research in this field is still emerging. There was also a lack of studies on certain
neuromodulation modalities, such as occipital nerve and peripheral nerve stimulation.
More generally, perhaps the biggest limitation of this topic, is that the precise mechanisms
by which each neuromodulation modality exerts potential anti-tumour effects remain
largely speculative. While preclinical and early clinical findings suggest modulation of
neuronal activity, synaptic signalling, and microenvironmental factors, definitive causal
pathways have yet to be established. As above, further studies are warranted to ensure this
concept of device-related neuromodulation aligns more with cancer neuroscience.

In addition, the predominance of early-phase and exploratory studies raises the pos-
sibility of publication bias, where positive findings may be preferentially reported while
negative or inconclusive results remain underrepresented. Many studies also lacked
standardised outcome measures and consistent follow-up durations, limiting cross-study
comparability and the ability to synthesise findings quantitatively. Finally, the rapidly
evolving nature of neuromodulation technologies means that current evidence may quickly
become outdated as new stimulation platforms, delivery methods, and combined thera-
peutic strategies emerge.

Finally, although this review followed a predefined protocol and established scoping
review methodology, the protocol was not prospectively registered because registration is
not routinely required for scoping reviews; nevertheless, this should be acknowledged as a
methodological limitation that may reduce transparency and reproducibility.

Despite these limitations, this review provides a comprehensive overview of the
current research landscape and serves as a valuable summary of the evidence on device-
based neuromodulation in neuro-oncology.

6. Conclusions
Neuromodulation represents a rapidly evolving and potentially transformative area

within neuro-oncology. This scoping review demonstrates that a wide range of neuro-
modulatory strategies—from established approaches such as tumour treating fields and
transcranial magnetic stimulation to emerging modalities including electrical field therapy,
electromagnetic fields, deep brain stimulation, and spinal cord stimulation—are being
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explored across the spectrum of brain tumour management, from surgical planning and
neurorehabilitation to direct antitumour therapy [113].

Despite encouraging signals from preclinical and early clinical studies, the current
evidence base remains limited by methodological heterogeneity, small study populations,
and a predominance of exploratory research. As a result, the clinical efficacy and optimal
application of many neuromodulation strategies remain uncertain. Future research should
prioritise mechanistic studies of neural–tumour interactions, standardisation of stimulation
parameters, and well-designed prospective clinical trials to determine therapeutic benefit.

With continued advances in cancer neuroscience and bioelectrical therapeutics, neu-
romodulation may ultimately become an important adjunct in the multidisciplinary man-
agement of brain tumours. However, rigorous clinical investigation will be essential
to translate its theoretical and experimental promise into meaningful improvements in
patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm16070349/s1, File S1: PRISMA-ScR Checklist.

Author Contributions: A.I.K. and A.K. performed the literature review. A.I.K. prepared the orig-
inal draft and this was revised and updated by A.K. K.A. served as the guarantor of this study
and provided overall supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study.

Acknowledgments: During the preparation of this work, the authors used OpenAI ChatGPT 4.0
LLM in order to reduce the word count of the manuscript. After using this tool/service, the au-
thors reviewed and edited the content as needed and take full responsibility for the content of
the publication.

Conflicts of Interest: A.I.K. reports previous educational grant from Northwest Biotherapeutics out-
side the submitted work. K.A. reports grants from Northwest Biotherapeutics outside the submitted
work. No additional funding was received for the preparation of this review.

References
1. Patel, A.P.; Fisher, J.L.; Nichols, E.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; Abraha, H.N.; Agius, D.; Alahdab, F.; Alam, T.; et al.

Global, regional, and national burden of brain and other CNS cancer, 1990-2016: A systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 2019, 18, 376–393. [CrossRef]

2. Poon, M.T.C.; Sudlow, C.L.M.; Figueroa, J.D.; Brennan, P.M. Longer-term (≥ 2 years) survival in patients with glioblastoma
in population-based studies pre- and post-2005: A systematic review and meta-analysis. Sci. Rep. 2020, 10, 11622. [CrossRef]
[PubMed]

3. Liau, L.M.; Ashkan, K.; Brem, S.; Campian, J.L.; Trusheim, J.E.; Iwamoto, F.M.; Tran, D.D.; Ansstas, G.; Cobbs, C.S.; Heth, J.A.;
et al. Association of Autologous Tumor Lysate-Loaded Dendritic Cell Vaccination With Extension of Survival Among Patients
With Newly Diagnosed and Recurrent Glioblastoma: A Phase 3 Prospective Externally Controlled Cohort Trial. JAMA Oncol.
2023, 9, 112–121. [CrossRef] [PubMed]

4. D’alessandris, Q.G.; Menna, G.; Izzo, A.; D’ercole, M.; Della Pepa, G.M.; Lauretti, L.; Pallini, R.; Olivi, A.; Montano, N.
Neuromodulation for Brain Tumors: Myth or Reality? A Narrative Review. Int. J. Mol. Sci. 2023, 24, 11738. [CrossRef] [PubMed]

5. Johnson, M.D.; Lim, H.H.; Netoff, T.I.; Connolly, A.T.; Johnson, N.; Roy, A.; Holt, A.; Lim, K.O.; Carey, J.R.; Vitek, J.L.; et al.
Neuromodulation for brain disorders: Challenges and opportunities. IEEE Trans. BioMed Eng. 2013, 60, 610–624. [CrossRef]
[PubMed]

https://doi.org/10.3390/jpm16070349

https://www.mdpi.com/article/10.3390/jpm16070349/s1
https://www.mdpi.com/article/10.3390/jpm16070349/s1
https://doi.org/10.1016/s1474-4422(18)30468-x
https://doi.org/10.1038/s41598-020-68011-4
https://www.ncbi.nlm.nih.gov/pubmed/32669604
https://doi.org/10.1001/jamaoncol.2022.5370
https://www.ncbi.nlm.nih.gov/pubmed/36394838
https://doi.org/10.3390/ijms241411738
https://www.ncbi.nlm.nih.gov/pubmed/37511496
https://doi.org/10.1109/tbme.2013.2244890
https://www.ncbi.nlm.nih.gov/pubmed/23380851
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 14 of 19

6. Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma: A Randomized Clinical Trial. Jama 2017, 318, 2306–2316. [CrossRef] [PubMed]

7. Arvind, R.; Chandana, S.R.; Borad, M.J.; Pennington, D.; Mody, K.; Babiker, H. Tumor-Treating Fields: A fourth modality in
cancer treatment, new practice updates. Crit. Rev. Oncol. Hematol. 2021, 168, 103535. [CrossRef] [PubMed]

8. Voloshin, T.; Schneiderman, R.S.; Volodin, A.; Shamir, R.R.; Kaynan, N.; Zeevi, E.; Koren, L.; Klein-Goldberg, A.; Paz, R.; Giladi,
M.; et al. Tumor Treating Fields (TTFields) Hinder Cancer Cell Motility through Regulation of Microtubule and Acting Dynamics.
Cancers 2020, 12, 3016. [CrossRef] [PubMed]

9. Akbarnejad, Z.; Eskandary, H.; Vergallo, C.; Nematollahi-Mahani, S.N.; Dini, L.; Darvishzadeh-Mahani, F.; Ahmadi, M. Effects of
extremely low-frequency pulsed electromagnetic fields (ELF-PEMFs) on glioblastoma cells (U87). Electromagn. Biol. Med. 2017, 36,
238–247. [PubMed]

10. Sharpe, M.A.; Baskin, D.S.; Pichumani, K.; Ijare, O.B.; Helekar, S.A. Rotating Magnetic Fields Inhibit Mitochondrial Respiration,
Promote Oxidative Stress and Produce Loss of Mitochondrial Integrity in Cancer Cells. Front Oncol. 2021, 11, 768758. [CrossRef]
[PubMed]

11. Venkatesh, H.S.; Tam, L.T.; Woo, P.J.; Lennon, J.; Nagaraja, S.; Gillespie, S.M.; Ni, J.; Duveau, D.Y.; Morris, P.J.; Zhao, J.J.; et al.
Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nature 2017, 549, 533–537. [CrossRef]
[PubMed]

12. Venkatesh, H.S.; Morishita, W.; Geraghty, A.C.; Silverbush, D.; Gillespie, S.M.; Arzt, M.; Tam, L.T.; Espenel, C.; Ponnuswami, A.;
Ni, L.; et al. Electrical and synaptic integration of glioma into neural circuits. Nature 2019, 573, 539–545. [CrossRef] [PubMed]

13. Venkataramani, V.; Tanev, D.I.; Strahle, C.; Studier-Fischer, A.; Fankhauser, L.; Kessler, T.; Körber, C.; Kardorff, M.; Ratliff, M.; Xie,
R.; et al. Glutamatergic synaptic input to glioma cells drives brain tumour progression. Nature 2019, 573, 532–538. [CrossRef]
[PubMed]

14. Kumaria, A.; Ashkan, K. Novel therapeutic strategies in glioma targeting glutamatergic neurotransmission. Brain Res. 2023, 1818,
148515. [CrossRef] [PubMed]

15. Barkhoudarian, G.; Badruddoja, M.; Blondin, N.; Chowdhary, S.; Cobbs, C.; Duic, J.P.; Flores, J.P.; Fonkem, E.; McClay, E.; Nabors,
L.B.; et al. An expanded safety/feasibility study of the EMulate Therapeutics Voyager™ System in patients with recurrent
glioblastoma. CNS Oncol. 2023, 12, Cns102. [CrossRef] [PubMed]

16. Clavo, B.; Robaina, F.; Jorge, I.J.; Cabrera, R.; Ruiz-Egea, E.; Szolna, A.; Otermin, E.; Llontop, P.; Carames, M.A.; Santana-Rodríguez,
N.; et al. Spinal cord stimulation as adjuvant during chemotherapy and reirradiation treatment of recurrent high-grade gliomas.
Integr. Cancer Ther. 2014, 13, 513–519. [CrossRef] [PubMed]

17. Ille, S.; Drummer, K.; Giglhuber, K.; Conway, N.; Maurer, S.; Meyer, B.; Krieg, S.M. Mapping of Arithmetic Processing by Navigated
Repetitive Transcranial Magnetic Stimulation in Patients with Parietal Brain Tumors and Correlation with Postoperative Outcome.
World Neurosurg. 2018, 114, e1016–e1030. [CrossRef] [PubMed]

18. Rivera-Rivera, P.A.; Rios-Lago, M.; Sanchez-Casarrubios, S.; Salazar, O.; Yus, M.; González-Hidalgo, M.; Sanz, A.; Avecillas-
Chasin, J.; Alvarez-Linera, J.; Pascual-Leone, A.; et al. Cortical plasticity catalyzed by prehabilitation enables extensive resection
of brain tumors in eloquent areas. J. Neurosurg. 2017, 126, 1323–1333. [CrossRef] [PubMed]

19. Lang, S.; Gan, L.S.; McLennan, C.; Kirton, A.; Monchi, O.; Kelly, J.J.P. Preoperative Transcranial Direct Current Stimulation in
Glioma Patients: A Proof of Concept Pilot Study. Front Neurol. 2020, 11, 593950. [CrossRef] [PubMed]

20. Lavrador, J.P.; Rajwani, K.; Patel, S.; Kalaitzoglou, D.; Soumpasis, C.; Gullan, R.; Ashkan, K.; Bhangoo, R.; Dell’aCqua, F.; Vergani,
F.; et al. Ultra-early navigated transcranial magnetic stimulation for perioperative stroke: Anatomo-functional report. Cereb.
Cortex 2024, 34, bhae251. [CrossRef] [PubMed]

21. Ille, S.; Kelm, A.; Schroeder, A.; Albers, L.E.; Negwer, C.; Butenschoen, V.M.; Sollmann, N.; Picht, T.; Vajkoczy, P.; Meyer, B.; et al.
Navigated repetitive transcranial magnetic stimulation improves the outcome of postsurgical paresis in glioma patients—A
randomized, double-blinded trial. Brain Stimul. 2021, 14, 780–787. [CrossRef] [PubMed]

22. Kumaria, A.; Ashkan, K. Neuromodulation as an anticancer strategy. Cancer Med. 2023, 12, 20521–20522. [CrossRef] [PubMed]
23. Savchuk, S.; Gentry, K.; Wang, W.; Carleton, E.; Yalçın, B.; Liu, Y.; Pavarino, E.C.; LaBelle, J.; Toland, A.M.; Woo, P.J.; et al.

Neuronal-Activity Dependent Mechanisms of Small Cell Lung Cancer Progression. bioRxiv 2023, bioRxiv:2023.01.19.524430.
[CrossRef] [PubMed]

24. Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan-a web and mobile app for systematic reviews. Syst. Rev.
2016, 5, 210. [CrossRef] [PubMed]

25. Iredale, E.; Elsaleh, A.; Xu, H.; Christiaans, P.; Deweyert, A.; Ronald, J.; Schmid, S.; Hebb, M.O.; Peters, T.M.; Wong, E.
Spatiotemporally dynamic electric fields for brain cancer treatment: Anin vitroinvestigation. Phys. Med. Biol. 2023, 68. [CrossRef]
[PubMed]

26. Di Sebastiano, A.R.; Deweyert, A.; Benoit, S.; Iredale, E.; Xu, H.; De Oliveira, C.; Wong, E.; Schmid, S.; Hebb, M.O. Preclinical
outcomes of Intratumoral Modulation Therapy for glioblastoma. Sci. Rep. 2018, 8, 7301. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16070349

https://doi.org/10.1001/jama.2017.18718
https://www.ncbi.nlm.nih.gov/pubmed/29260225
https://doi.org/10.1016/j.critrevonc.2021.103535
https://www.ncbi.nlm.nih.gov/pubmed/34808377
https://doi.org/10.3390/cancers12103016
https://www.ncbi.nlm.nih.gov/pubmed/33080774
https://www.ncbi.nlm.nih.gov/pubmed/27874284
https://doi.org/10.3389/fonc.2021.768758
https://www.ncbi.nlm.nih.gov/pubmed/34858847
https://doi.org/10.1038/nature24014
https://www.ncbi.nlm.nih.gov/pubmed/28959975
https://doi.org/10.1038/s41586-019-1563-y
https://www.ncbi.nlm.nih.gov/pubmed/31534222
https://doi.org/10.1038/s41586-019-1564-x
https://www.ncbi.nlm.nih.gov/pubmed/31534219
https://doi.org/10.1016/j.brainres.2023.148515
https://www.ncbi.nlm.nih.gov/pubmed/37543066
https://doi.org/10.2217/cns-2022-0016
https://www.ncbi.nlm.nih.gov/pubmed/37462385
https://doi.org/10.1177/1534735414550037
https://www.ncbi.nlm.nih.gov/pubmed/25228535
https://doi.org/10.1016/j.wneu.2018.03.136
https://www.ncbi.nlm.nih.gov/pubmed/29597021
https://doi.org/10.3171/2016.2.jns152485
https://www.ncbi.nlm.nih.gov/pubmed/27203145
https://doi.org/10.3389/fneur.2020.593950
https://www.ncbi.nlm.nih.gov/pubmed/33329346
https://doi.org/10.1093/cercor/bhae251
https://www.ncbi.nlm.nih.gov/pubmed/38879808
https://doi.org/10.1016/j.brs.2021.04.026
https://www.ncbi.nlm.nih.gov/pubmed/33984536
https://doi.org/10.1002/cam4.6624
https://www.ncbi.nlm.nih.gov/pubmed/37846597
https://doi.org/10.1101/2023.01.19.524430
https://www.ncbi.nlm.nih.gov/pubmed/36711554
https://doi.org/10.1186/s13643-016-0384-4
https://www.ncbi.nlm.nih.gov/pubmed/27919275
https://doi.org/10.1088/1361-6560/acc308
https://www.ncbi.nlm.nih.gov/pubmed/36893468
https://doi.org/10.1038/s41598-018-25639-7
https://www.ncbi.nlm.nih.gov/pubmed/29740075
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 15 of 19

27. Xu, H.U.; Bihari, F.; Whitehead, S.; Wong, E.; Schmid, S.; Hebb, M.O. In Vitro Validation of Intratumoral Modulation Therapy for
Glioblastoma. Anticancer Res. 2016, 36, 71–80. [PubMed]

28. Wu, H.; Wang, C.; Liu, J.; Zhou, D.; Chen, D.; Liu, Z.; Wu, A.; Yang, L.; Chang, J.; Luo, C.; et al. Evaluation of a tumor electric field
treatment system in a rat model of glioma. CNS Neurosci. Ther. 2020, 26, 1168–1177. [CrossRef] [PubMed]

29. Bardet, S.M.; Carr, L.; Soueid, M.; Arnaud-Cormos, D.; Leveque, P.; O’Connor, R.P. Multiphoton imaging reveals that nanosecond
pulsed electric fields collapse tumor and normal vascular perfusion in human glioblastoma xenografts. Sci. Rep. 2016, 6, 34443.
[CrossRef] [PubMed]

30. Agerholm-Larsen, B.; Iversen, H.K.; Ibsen, P.; Moller, J.M.; Mahmood, F.; Jensen, K.S.; Gehl, J. Preclinical validation of elec-
trochemotherapy as an effective treatment for brain tumors. Cancer Res. 2011, 71, 3753–3762. [CrossRef] [PubMed]

31. Sharabi, S.; Guez, D.; Daniels, D.; Cooper, I.; Atrakchi, D.; Liraz-Zaltsman, S.; Last, D.; Mardor, Y. The application of point source
electroporation and chemotherapy for the treatment of glioma: A randomized controlled rat study. Sci. Rep. 2020, 10, 2178.
[CrossRef] [PubMed]

32. Horikoshi, T.; Naganuma, H.; Ohashi, Y.; Ueno, T.; Nukui, H. Enhancing effect of electric stimulation on cytotoxicity of anticancer
agents against rat and human glioma cells. Brain Res. Bull. 2000, 51, 371–378. [CrossRef] [PubMed]

33. Latouche, E.L.; Arena, C.B.; Ivey, J.W.; Garcia, P.A.; Pancotto, T.E.; Pavlisko, N.; Verbridge, S.S.; Davalos, R.V.; Rossmeisl, J.H.
High-Frequency Irreversible Electroporation for Intracranial Meningioma: A Feasibility Study in a Spontaneous Canine Tumor
Model. Technol. Cancer Res. Treat. 2018, 17, 1533033818785285. [CrossRef] [PubMed]

34. Campelo, S.N.; Lorenzo, M.F.; Partridge, B.; Alinezhadbalalami, N.; Kani, Y.; Garcia, J.; Saunier, S.; Thomas, S.C.; Hinckley, J.;
Verbridge, S.S.; et al. High-frequency irreversible electroporation improves survival and immune cell infiltration in rodents with
malignant gliomas. Front Oncol. 2023, 13, 1171278. [CrossRef] [PubMed]

35. Pasche, B.; Jimenez, H.; Blackman, C.; Lesser, G.; Debinski, W.; Chan, M.; Sharma, S.; Watabe, K.; Lo, H.-W.; Thomas, A.; et al. Use
of non-ionizing electromagnetic fields for the treatment of cancer. Front Biosci. (Landmark Ed) 2018, 23, 284–297. [CrossRef]

36. Senturk, F.; Cakmak, S.; Kocum, I.C.; Gumusderelioglu, M.; Ozturk, G.G. Effects of radiofrequency exposure on in vitro blood-
brain barrier permeability in the presence of magnetic nanoparticles. Biochem Biophys. Res. Commun. 2022, 597, 91–97. [CrossRef]
[PubMed]

37. Akbarnejad, Z.; Eskandary, H.; Dini, L.; Vergallo, C.; Nematollahi-Mahani, S.N.; Farsinejad, A.; Abadi, M.F.S.; Ahmadi, M.
Cytotoxicity of temozolomide on human glioblastoma cells is enhanced by the concomitant exposure to an extremely low-
frequency electromagnetic field (100 Hz, 100 G). BioMed Pharmacother. 2017, 92, 254–264. [CrossRef] [PubMed]

38. Pasi, F.; Fassina, L.; Mognaschi, M.E.; Lupo, G.; Corbella, F.; Nano, R.; Capelli, E. Pulsed Electromagnetic Field with Temozolomide
Can Elicit an Epigenetic Pro-apoptotic Effect on Glioblastoma T98G Cells. Anticancer Res. 2016, 36, 5821–5826. [CrossRef]
[PubMed]

39. Helekar, S.A.; Hambarde, S.; Ijare, O.B.; Pichumani, K.; Baskin, D.S.; Sharpe, M.A. Selective induction of rapid cytotoxic effect in
glioblastoma cells by oscillating magnetic fields. J. Cancer Res. Clin. Oncol. 2021, 147, 3577–3589. [CrossRef] [PubMed]

40. Branter, J.; Estevez-Cebrero, M.; Diksin, M.; Griffin, M.; Castellanos-Uribe, M.; May, S.; Rahman, R.; Grundy, R.; Basu, S.; Smith, S.
Genome-Wide Expression and Anti-Proliferative Effects of Electric Field Therapy on Pediatric and Adult Brain Tumors. Int. J.
Mol. Sci. 2022, 23, 1982. [CrossRef] [PubMed]

41. Hendrix, P.; Senger, S.; Griessenauer, C.J.; Simgen, A.; Schwerdtfeger, K.; Oertel, J. Preoperative navigated transcranial magnetic
stimulation in patients with motor eloquent lesions with emphasis on metastasis. Clin. Anat. 2016, 29, 925–931. [CrossRef]
[PubMed]

42. Rizzo, V.; Terranova, C.; Conti, A.; Germanò, A.; Alafaci, C.; Raffa, G.; Girlanda, P.; Tomasello, F.; Quartarone, A. Preoperative
functional mapping for rolandic brain tumor surgery. Neurosci. Lett. 2014, 583, 136–141. [CrossRef] [PubMed]

43. Frey, D.; Schilt, S.; Strack, V.; Zdunczyk, A.; Rosler, J.; Niraula, B.; Vajkoczy, P.; Picht, T. Navigated transcranial magnetic
stimulation improves the treatment outcome in patients with brain tumors in motor eloquent locations. Neuro Oncol. 2014, 16,
1365–1372. [CrossRef] [PubMed]

44. Picht, T.; Schulz, J.; Hanna, M.; Schmidt, S.; Suess, O.; Vajkoczy, P. Assessment of the influence of navigated transcranial magnetic
stimulation on surgical planning for tumors in or near the motor cortex. Neurosurgery 2012, 70, 1248–1256; discussion 1256–1257.
[CrossRef]

45. Raffa, G.; Quattropani, M.C.; Scibilia, A.; Conti, A.; Angileri, F.F.; Esposito, F.; Sindorio, C.; Cardali, S.M.; Germanò, A.;
Tomasello, F. Surgery of language-eloquent tumors in patients not eligible for awake surgery: The impact of a protocol based on
navigated transcranial magnetic stimulation on presurgical planning and language outcome, with evidence of tumor-induced
intra-hemispheric plasticity. Clin. Neurol. Neurosurg. 2018, 168, 127–139. [CrossRef] [PubMed]

46. Sollmann, N.; Kelm, A.; Ille, S.; Schröder, A.; Zimmer, C.; Ringel, F.; Meyer, B.; Krieg, S.M. Setup presentation and clinical
outcome analysis of treating highly language-eloquent gliomas via preoperative navigated transcranial magnetic stimulation and
tractography. Neurosurg. Focus 2018, 44, E2. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16070349

https://www.ncbi.nlm.nih.gov/pubmed/26722029
https://doi.org/10.1111/cns.13441
https://www.ncbi.nlm.nih.gov/pubmed/32734621
https://doi.org/10.1038/srep34443
https://www.ncbi.nlm.nih.gov/pubmed/27698479
https://doi.org/10.1158/0008-5472.can-11-0451
https://www.ncbi.nlm.nih.gov/pubmed/21507935
https://doi.org/10.1038/s41598-020-59152-7
https://www.ncbi.nlm.nih.gov/pubmed/32034261
https://doi.org/10.1016/s0361-9230(99)00247-6
https://www.ncbi.nlm.nih.gov/pubmed/10715556
https://doi.org/10.1177/1533033818785285
https://www.ncbi.nlm.nih.gov/pubmed/30071778
https://doi.org/10.3389/fonc.2023.1171278
https://www.ncbi.nlm.nih.gov/pubmed/37213298
https://doi.org/10.2741/4591
https://doi.org/10.1016/j.bbrc.2022.01.112
https://www.ncbi.nlm.nih.gov/pubmed/35134610
https://doi.org/10.1016/j.biopha.2017.05.050
https://www.ncbi.nlm.nih.gov/pubmed/28551545
https://doi.org/10.21873/anticanres.11166
https://www.ncbi.nlm.nih.gov/pubmed/27793904
https://doi.org/10.1007/s00432-021-03787-0
https://www.ncbi.nlm.nih.gov/pubmed/34477946
https://doi.org/10.3390/ijms23041982
https://www.ncbi.nlm.nih.gov/pubmed/35216098
https://doi.org/10.1002/ca.22765
https://www.ncbi.nlm.nih.gov/pubmed/27501333
https://doi.org/10.1016/j.neulet.2014.09.017
https://www.ncbi.nlm.nih.gov/pubmed/25224631
https://doi.org/10.1093/neuonc/nou110
https://www.ncbi.nlm.nih.gov/pubmed/24923875
https://doi.org/10.1227/neu.0b013e318243881e
https://doi.org/10.1016/j.clineuro.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29549813
https://doi.org/10.3171/2018.3.focus1838
https://www.ncbi.nlm.nih.gov/pubmed/29852769
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 16 of 19

47. Narayana, S.; Gibbs, S.K.; Fulton, S.P.; McGregor, A.L.; Mudigoudar, B.; Weatherspoon, S.E.; Boop, F.A.; Wheless, J.W. Clinical
Utility of Transcranial Magnetic Stimulation (TMS) in the Presurgical Evaluation of Motor, Speech, and Language Functions
in Young Children With Refractory Epilepsy or Brain Tumor: Preliminary Evidence. Front Neurol. 2021, 12, 650830. [CrossRef]
[PubMed]

48. Lucas, C.W.; Faymonville, A.M.; Loução, R.; Schroeter, C.; Nettekoven, C.; Oros-Peusquens, A.-M.; Langen, K.J.; Shah, N.J.;
Stoffels, G.; Neuschmelting, V.; et al. Surgery of Motor Eloquent Glioblastoma Guided by TMS-Informed Tractography: Driving
Resection Completeness Towards Prolonged Survival. Front Oncol. 2022, 12, 874631. [CrossRef]

49. Hendrix, P.; Dzierma, Y.; Burkhardt, B.W.; Simgen, A.; Wagenpfeil, G.; Griessenauer, C.J.; Senger, S.; Oertel, J. Preoperative
Navigated Transcranial Magnetic Stimulation Improves Gross Total Resection Rates in Patients with Motor-Eloquent High-Grade
Gliomas: A Matched Cohort Study. Neurosurgery 2021, 88, 627–636. [PubMed]

50. Hendrix, P.; Senger, S.; Simgen, A.; Griessenauer, C.J.; Oertel, J. Preoperative rTMS Language Mapping in Speech-Eloquent Brain
Lesions Resected Under General Anesthesia: A Pair-Matched Cohort Study. World Neurosurg. 2017, 100, 425–433. [CrossRef]
[PubMed]

51. Krieg, S.M.; Picht, T.; Sollmann, N.; Bährend, I.; Ringel, F.; Nagarajan, S.S.; Meyer, B.; Tarapore, P.E. Resection of Motor Eloquent
Metastases Aided by Preoperative nTMS-Based Motor Maps-Comparison of Two Observational Cohorts. Front Oncol. 2016, 6,
261. [CrossRef] [PubMed]

52. Picht, T.; Frey, D.; Thieme, S.; Kliesch, S.; Vajkoczy, P. Presurgical navigated TMS motor cortex mapping improves outcome in
glioblastoma surgery: A controlled observational study. J. Neurooncol 2016, 126, 535–543. [PubMed]

53. Krieg, S.M.; Sollmann, N.; Obermueller, T.; Sabih, J.; Bulubas, L.; Negwer, C.; Moser, T.; Droese, D.; Boeckh-Behrens, T.; Ringel, F.;
et al. Changing the clinical course of glioma patients by preoperative motor mapping with navigated transcranial magnetic brain
stimulation. BMC Cancer 2015, 15, 231. [CrossRef] [PubMed]

54. Krieg, S.M.; Sabih, J.; Bulubasova, L.; Obermueller, T.; Negwer, C.; Janssen, I.; Shiban, E.; Meyer, B.; Ringel, F. Preoperative motor
mapping by navigated transcranial magnetic brain stimulation improves outcome for motor eloquent lesions. Neuro Oncol. 2014,
16, 1274–1282. [CrossRef] [PubMed]

55. Sollmann, N.; Ille, S.; Hauck, T.; Maurer, S.; Negwer, C.; Zimmer, C.; Ringel, F.; Meyer, B.; Krieg, S.M. The impact of preoperative
language mapping by repetitive navigated transcranial magnetic stimulation on the clinical course of brain tumor patients. BMC
Cancer 2015, 15, 261. [CrossRef] [PubMed]

56. Sawaya, R.; Hammoud, M.; Schoppa, D.; Hess, K.R.; Wu, S.Z.; Shi, W.-M.; WiIdrick, D.M. Neurosurgical outcomes in a modern
series of 400 craniotomies for treatment of parenchymal tumors. Neurosurgery 1998, 42, 1044–1055; discussion 1055–1056.
[CrossRef]

57. Pouratian, N.; Bookheimer, S.Y. The reliability of neuroanatomy as a predictor of eloquence: A review. Neurosurg. Focus 2010, 28,
E3. [CrossRef] [PubMed]

58. Muir, M.; Prinsloo, S.; Michener, H.; Shetty, A.; Bastos, D.C.d.A.; Traylor, J.; Ene, C.; Tummala, S.; Kumar, V.A.; Prabhu, S.S.
Transcranial magnetic stimulation (TMS) seeded tractography provides superior prediction of eloquence compared to anatomic
seeded tractography. Neurooncol Adv. 2022, 4, vdac126. [CrossRef] [PubMed]

59. Muir, M.; Prinsloo, S.; Michener, H.; Traylor, J.I.; Patel, R.; Gadot, R.; Bastos, D.C.d.A.; Kumar, V.A.; Ferguson, S.; Prabhu, S.S.
TMS Seeded Diffusion Tensor Imaging Tractography Predicts Permanent Neurological Deficits. Cancers 2022, 14, 340. [CrossRef]
[PubMed]

60. Takakura, T.; Muragaki, Y.; Tamura, M.; Maruyama, T.; Nitta, M.; Niki, C.; Kawamata, T. Navigated transcranial magnetic
stimulation for glioma removal: Prognostic value in motor function recovery from postsurgical neurological deficits. J. Neurosurg.
2017, 127, 877–891. [CrossRef] [PubMed]

61. Rosenstock, T.; Grittner, U.; Acker, G.; Schwarzer, V.; Kulchytska, N.; Vajkoczy, P.; Picht, T. Risk stratification in motor area-related
glioma surgery based on navigated transcranial magnetic stimulation data. J. Neurosurg. 2017, 126, 1227–1237. [CrossRef]
[PubMed]

62. Sollmann, N.; Wildschuetz, N.; Kelm, A.; Conway, N.; Moser, T.; Bulubas, L.; Kirschke, J.S.; Meyer, B.; Krieg, S.M. Associations
between clinical outcome and navigated transcranial magnetic stimulation characteristics in patients with motor-eloquent brain
lesions: A combined navigated transcranial magnetic stimulation-diffusion tensor imaging fiber tracking approach. J. Neurosurg.
2018, 128, 800–810. [CrossRef] [PubMed]

63. Conway, N.; Wildschuetz, N.; Moser, T.; Bulubas, L.; Sollmann, N.; Tanigawa, N.; Meyer, B.; Krieg, S.M. Cortical plasticity of
motor-eloquent areas measured by navigated transcranial magnetic stimulation in patients with glioma. J. Neurosurg. 2017, 127,
981–991. [CrossRef] [PubMed]

64. Duffau, H. Lessons from brain mapping in surgery for low-grade glioma: Insights into associations between tumour and brain
plasticity. Lancet Neurol. 2005, 4, 476–486. [CrossRef] [PubMed]

65. Martino, J.; Taillandier, L.; Moritz-Gasser, S.; Gatignol, P.; Duffau, H. Re-operation is a safe and effective therapeutic strategy in
recurrent WHO grade II gliomas within eloquent areas. Acta Neurochir. 2009, 151, 427–436; discussion 436. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16070349

https://doi.org/10.3389/fneur.2021.650830
https://www.ncbi.nlm.nih.gov/pubmed/34093397
https://doi.org/10.3389/fonc.2022.874631
https://www.ncbi.nlm.nih.gov/pubmed/33289507
https://doi.org/10.1016/j.wneu.2017.01.041
https://www.ncbi.nlm.nih.gov/pubmed/28109861
https://doi.org/10.3389/fonc.2016.00261
https://www.ncbi.nlm.nih.gov/pubmed/28066717
https://www.ncbi.nlm.nih.gov/pubmed/26566653
https://doi.org/10.1186/s12885-015-1258-1
https://www.ncbi.nlm.nih.gov/pubmed/25884404
https://doi.org/10.1093/neuonc/nou007
https://www.ncbi.nlm.nih.gov/pubmed/24516237
https://doi.org/10.1186/s12885-015-1299-5
https://www.ncbi.nlm.nih.gov/pubmed/25885761
https://doi.org/10.1097/00006123-199805000-00054
https://doi.org/10.3171/2009.11.focus09239
https://www.ncbi.nlm.nih.gov/pubmed/20121438
https://doi.org/10.1093/noajnl/vdac126
https://www.ncbi.nlm.nih.gov/pubmed/36128584
https://doi.org/10.3390/cancers14020340
https://www.ncbi.nlm.nih.gov/pubmed/35053503
https://doi.org/10.3171/2016.8.jns16442
https://www.ncbi.nlm.nih.gov/pubmed/28059664
https://doi.org/10.3171/2016.4.jns152896
https://www.ncbi.nlm.nih.gov/pubmed/27257834
https://doi.org/10.3171/2016.11.jns162322
https://www.ncbi.nlm.nih.gov/pubmed/28362239
https://doi.org/10.3171/2016.9.jns161595
https://www.ncbi.nlm.nih.gov/pubmed/28106500
https://doi.org/10.1016/s1474-4422(05)70140-x
https://www.ncbi.nlm.nih.gov/pubmed/16033690
https://doi.org/10.1007/s00701-009-0232-6
https://www.ncbi.nlm.nih.gov/pubmed/19337688
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 17 of 19

66. Ille, S.; Engel, L.; Albers, L.; Schroeder, A.; Kelm, A.; Meyer, B.; Krieg, S.M. Functional Reorganization of Cortical Language
Function in Glioma Patients-A Preliminary Study. Front Oncol. 2019, 9, 446. [CrossRef] [PubMed]

67. Vitulli, F.; Kalaitzoglou, D.; Soumpasis, C.; Díaz-Baamonde, A.; Mosquera, J.D.S.; Gullan, R.; Vergani, F.; Ashkan, K.; Bhangoo, R.;
Mirallave-Pescador, A.; et al. Cortical-Subcortical Functional Preservation and Rehabilitation in Neuro-Oncology: Tractography-
MIPS-IONM-TMS Proof-of-Concept Study. J. Pers. Med. 2023, 13, 1278. [CrossRef] [PubMed]

68. Poologaindran, A.; Profyris, C.; Young, I.M.; Dadario, N.B.; Ahsan, S.A.; Chendeb, K.; Briggs, R.G.; Teo, C.; Romero-Garcia, R.;
Suckling, J.; et al. Interventional neurorehabilitation for promoting functional recovery post-craniotomy: A proof-of-concept. Sci.
Rep. 2022, 12, 3039. [CrossRef] [PubMed]

69. Stupp, R.; Wong, E.T.; Kanner, A.A.; Steinberg, D.; Engelhard, H.; Heidecke, V.; Kirson, E.D.; Taillibert, S.; Liebermann, F.; Dbalý,
V.; et al. NovoTTF-100A versus physician’s choice chemotherapy in recurrent glioblastoma: A randomised phase III trial of a
novel treatment modality. Eur. J. Cancer 2012, 48, 2192–2202. [CrossRef] [PubMed]

70. Zhu, J.J.; Goldlust, S.A.; Kleinberg, L.R.; Honnorat, J.; Oberheim Bush, N.A.; Ram, Z. Tumor Treating Fields (TTFields) therapy vs
physicians’ choice standard-of-care treatment in patients with recurrent glioblastoma: A post-approval registry study (EF-19).
Discov. Oncol. 2022, 13, 105. [CrossRef] [PubMed]

71. Mrugala, M.M.; Engelhard, H.H.; Tran, D.D.; Kew, Y.; Cavaliere, R.; Villano, J.L.; Bota, D.A.; Rudnick, J.; Sumrall, A.L.; Zhu, J.-J.;
et al. Clinical practice experience with NovoTTF-100A™ system for glioblastoma: The Patient Registry Dataset (PRiDe). Semin
Oncol. 2014, 41, S4–S13. [CrossRef] [PubMed]

72. Kesari, S.; Ram, Z. Tumor-treating fields plus chemotherapy versus chemotherapy alone for glioblastoma at first recurrence: A
post hoc analysis of the EF-14 trial. CNS Oncol. 2017, 6, 185–193. [CrossRef] [PubMed]

73. Shi, W.; Blumenthal, D.T.; Bush, N.A.O.; Kebir, S.; Lukas, R.V.; Muragaki, Y.; Zhu, J.-J.; Glas, M. Global post-marketing safety
surveillance of Tumor Treating Fields (TTFields) in patients with high-grade glioma in clinical practice. J. Neurooncol 2020, 148,
489–500. [CrossRef] [PubMed]

74. Miller, R.; Song, A.; Ali, A.; Niazi, M.; Bar-Ad, V.; Martinez, N.; Glass, J.; Alnahhas, I.; Andrews, D.; Judy, K.; et al. Scalp-Sparing
Radiation With Concurrent Temozolomide and Tumor Treating Fields (SPARE) for Patients With Newly Diagnosed Glioblastoma.
Front Oncol. 2022, 12, 896246. [CrossRef] [PubMed]

75. Taphoorn, M.J.B.; Dirven, L.; Kanner, A.A.; Lavy-Shahaf, G.; Weinberg, U.; Taillibert, S.; Toms, S.A.; Honnorat, J.; Chen, T.C.;
Sroubek, J.; et al. Influence of Treatment With Tumor-Treating Fields on Health-Related Quality of Life of Patients With Newly
Diagnosed Glioblastoma: A Secondary Analysis of a Randomized Clinical Trial. JAMA Oncol. 2018, 4, 495–504. [CrossRef]
[PubMed]

76. Zhu, J.-J.; Demireva, P.; Kanner, A.A.; Pannullo, S.; Mehdorn, M.; Avgeropoulos, N.; Salmaggi, A.; Silvani, A.; Goldlust, S.; David,
C.; et al. Health-related quality of life, cognitive screening, and functional status in a randomized phase III trial (EF-14) of tumor
treating fields with temozolomide compared to temozolomide alone in newly diagnosed glioblastoma. J. Neurooncol 2017, 135,
545–552. [CrossRef] [PubMed]

77. Vymazal, J.; Kazda, T.; Novak, T.; Slanina, P.; Sroubek, J.; Klener, J.; Hrbac, T.; Syrucek, M.; Rulseh, A.M. Eighteen years’ experience
with tumor treating fields in the treatment of newly diagnosed glioblastoma. Front Oncol. 2022, 12, 1014455. [PubMed]

78. Chen, C.; Xu, H.; Song, K.; Zhang, Y.; Zhang, J.; Wang, Y.; Sheng, X.; Chen, L.; Qin, Z. Tumor Treating Fields Combine with
Temozolomide for Newly Diagnosed Glioblastoma: A Retrospective Analysis of Chinese Patients in a Single Center. J. Clin. Med.
2022, 11, 5855. [CrossRef] [PubMed]

79. She, L.; Gong, X.; Su, L.; Liu, C. Effectiveness and safety of tumor-treating fields therapy for glioblastoma: A single-center study
in a Chinese cohort. Front Neurol. 2022, 13, 1042888. [PubMed]

80. Liu, Y.; Strawderman, M.S.; Warren, K.T.; Richardson, M.; Serventi, J.N.; Mohile, N.A.; Milano, M.T.; Walter, K.A. Clinical Efficacy
of Tumor Treating Fields for Newly Diagnosed Glioblastoma. Anticancer Res. 2020, 40, 5801–5806. [CrossRef] [PubMed]

81. Rominiyi, O.; Vanderlinden, A.; Clenton, S.J.; Bridgewater, C.; Al-Tamimi, Y.; Collis, S.J. Tumour treating fields therapy for
glioblastoma: Current advances and future directions. Br. J. Cancer 2021, 124, 697–709. [PubMed]

82. Guzauskas, G.F.; Pollom, E.L.; Stieber, V.W.; Wang, B.C.M.; Garrison, L.P., Jr. Tumor treating fields and maintenance temozolomide
for newly-diagnosed glioblastoma: A cost-effectiveness study. J. Med. Econ. 2019, 22, 1006–1013. [CrossRef] [PubMed]

83. Connock, M.; Auguste, P.; Dussart, C.; Guyotat, J.; Armoiry, X. Cost-effectiveness of tumor-treating fields added to maintenance
temozolomide in patients with glioblastoma: An updated evaluation using a partitioned survival model. J. Neurooncol 2019, 143,
605–611. [CrossRef] [PubMed]

84. Shi, W.; Roberge, D.; Kleinberg, L.; Jeyapalan, S.A.; Goldlust, S.A.; Nagpal, S.; Lustgarten, L.; Combs, S.E.; Nishikawa, R.; Reardon,
D.A.; et al. Phase 3 TRIDENT study (EF-32): Tumor treating fields (TTFields; 200 kHz) concomitant with chemoradiation, and
maintenance TTFields therapy/temozolomide in newly diagnosed glioblastoma. J. Clin. Oncol. 2023, 41, TPS2083. [CrossRef]

85. Clavo, B.; Robaina, F.; Valcarcel, B.; Catala, L.; Perez, J.L.; Cabezon, A.; Jorge, I.J.; Fiuza, D.; Hernandez, M.A.; Jover, R.; et al.
Modification of loco-regional microenvironment in brain tumors by spinal cord stimulation. Implications for radio-chemotherapy.
J. Neurooncol 2012, 106, 177–184. [PubMed]

https://doi.org/10.3390/jpm16070349

https://doi.org/10.3389/fonc.2019.00446
https://www.ncbi.nlm.nih.gov/pubmed/31231608
https://doi.org/10.3390/jpm13081278
https://www.ncbi.nlm.nih.gov/pubmed/37623528
https://doi.org/10.1038/s41598-022-06766-8
https://www.ncbi.nlm.nih.gov/pubmed/35197490
https://doi.org/10.1016/j.ejca.2012.04.011
https://www.ncbi.nlm.nih.gov/pubmed/22608262
https://doi.org/10.1007/s12672-022-00555-5
https://www.ncbi.nlm.nih.gov/pubmed/36239858
https://doi.org/10.1053/j.seminoncol.2014.09.010
https://www.ncbi.nlm.nih.gov/pubmed/25213869
https://doi.org/10.2217/cns-2016-0049
https://www.ncbi.nlm.nih.gov/pubmed/28399638
https://doi.org/10.1007/s11060-020-03540-6
https://www.ncbi.nlm.nih.gov/pubmed/32535723
https://doi.org/10.3389/fonc.2022.896246
https://www.ncbi.nlm.nih.gov/pubmed/35574391
https://doi.org/10.1001/jamaoncol.2017.5082
https://www.ncbi.nlm.nih.gov/pubmed/29392280
https://doi.org/10.1007/s11060-017-2601-y
https://www.ncbi.nlm.nih.gov/pubmed/28849310
https://www.ncbi.nlm.nih.gov/pubmed/36741707
https://doi.org/10.3390/jcm11195855
https://www.ncbi.nlm.nih.gov/pubmed/36233722
https://www.ncbi.nlm.nih.gov/pubmed/36698900
https://doi.org/10.21873/anticanres.14597
https://www.ncbi.nlm.nih.gov/pubmed/32988908
https://www.ncbi.nlm.nih.gov/pubmed/33144698
https://doi.org/10.1080/13696998.2019.1614933
https://www.ncbi.nlm.nih.gov/pubmed/31050315
https://doi.org/10.1007/s11060-019-03197-w
https://www.ncbi.nlm.nih.gov/pubmed/31127507
https://doi.org/10.1200/jco.2023.41.16_suppl.tps2083
https://www.ncbi.nlm.nih.gov/pubmed/21748490
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 18 of 19

86. Balmaceda, C.; Peereboom, D.; Pannullo, S.; Cheung, Y.K.K.; Fisher, P.G.; Alavi, J.; Sisti, M.; Chen, J.; Fine, R.L. Multi-institutional
phase II study of temozolomide administered twice daily in the treatment of recurrent high-grade gliomas. Cancer 2008, 112,
1139–1146. [CrossRef] [PubMed]

87. Combs, S.E.; Thilmann, C.; Edler, L.; Debus, J.; Schulz-Ertner, D. Efficacy of fractionated stereotactic reirradiation in recurrent
gliomas: Long-term results in 172 patients treated in a single institution. J. Clin. Oncol. 2005, 23, 8863–8869. [CrossRef] [PubMed]

88. Murphy, M.; Dowling, A.; Thien, C.; Priest, E.; Morgan Murray, D.; Kesari, S. A feasibility study of the Nativis Voyager® device in
patients with recurrent glioblastoma in Australia. CNS Oncol. 2019, 8, Cns31. [CrossRef] [PubMed]

89. Cobbs, C.; McClay, E.; Duic, J.P.; Nabors, L.B.; Morgan Murray, D.; Kesari, S. An early feasibility study of the Nativis Voyager®

device in patients with recurrent glioblastoma: First cohort in US. CNS Oncol. 2019, 8, Cns30. [PubMed]
90. Hoyer, E.H.; Celnik, P.A. Understanding and enhancing motor recovery after stroke using transcranial magnetic stimulation.

Restor. Neurol. Neurosci. 2011, 29, 395–409. [CrossRef] [PubMed]
91. Groshar, D.; McEwan, A.J.; Parliament, M.B.; Urtasun, R.C.; Golberg, L.E.; Hoskinson, M.; Mercer, J.R.; Mannan, R.H.; Wiebe, L.I.;

Chapman, J.D. Imaging tumor hypoxia and tumor perfusion. J. Nucl. Med. 1993, 34, 885–888. [PubMed]
92. Graeber, T.G.; Osmanian, C.; Jacks, T.; Housman, D.E.; Koch, C.J.; Lowe, S.W.; Giaccia, A.J. Hypoxia-mediated selection of cells

with diminished apoptotic potential in solid tumours. Nature 1996, 379, 88–91. [CrossRef] [PubMed]
93. Baskin, D.S.; Sharpe, M.A.; Nguyen, L.; Helekar, S.A. Case Report: End-Stage Recurrent Glioblastoma Treated With a New

Noninvasive Non-Contact Oncomagnetic Device. Front Oncol. 2021, 11, 708017. [CrossRef] [PubMed]
94. Lassman, A.B.; Joanta-Gomez, A.E.; Pan, P.C.; Wick, W. Current usage of tumor treating fields for glioblastoma. Neurooncol Adv.

2020, 2, vdaa069. [CrossRef] [PubMed]
95. Wick, W. TTFields: Where does all the skepticism come from? Neuro-Oncology 2016, 18, 303–305. [CrossRef] [PubMed]
96. Riegel, D.C.; Bureau, B.L.; Conlon, P.; Chavez, G.; Connelly, J.M. Long-term survival, patterns of progression, and patterns of use

for patients with newly diagnosed glioblastoma treated with or without Tumor Treating Fields (TTFields) in a real-world setting.
J. Neuro-Oncol. 2025, 173, 49–57. [CrossRef]

97. Jelgersma, C.; Alsolivany, J.; Akkas, G.; Wasilewski, D.; Gastl, B.; Misch, M.; Capper, D.; Kaul, D.; Bullinger, L.; Vajkoczy, P.;
et al. Real-world experience with TTFields in glioma patients with emphasis on therapy usage. Front. Oncol. 2025, 14, 1430793.
[CrossRef] [PubMed]

98. Khagi, S.; Kotecha, R.; Gatson, N.T.; Jeyapalan, S.; Abdullah, H.I.; Avgeropoulos, N.G.; Batzianouli, E.T.; Giladi, M.; Lustgarten,
L.; Goldlust, S.A. Recent advances in Tumor Treating Fields (TTFields) therapy for glioblastoma. Oncologist 2025, 30, oyae227.
[PubMed]

99. Li, Z.; Zhang, X.A.; Que, T.; Yi, G.; Zhang, P.; Zheng, H.; Yuan, X.; Qi, S.; Huang, G. TTFields combined with temozolomide and
immunotherapy show long-term PFS on a GBM patients with multiple negative prognostic factors. Cancer Res. 2023, 83, 3252.
[CrossRef]

100. Chen, D.; Le, S.B.; Ghiaseddin, A.P.; Manektalia, H.; Li, M.; O’Dell, A.; Rahman, M.; Tran, D.D. Efficacy and safety of adjuvant
TTFields plus pembrolizumab and temozolomide in newly diagnosed glioblastoma: A phase 2 study. Med 2025, 6, 100708.
[CrossRef] [PubMed]

101. Crawford, J.; Saria, M.G.; Dhall, G.; Margol, A.; Kesari, S. Feasibility of Treating High Grade Gliomas in Children with Tumor-
Treating Fields: A Case Series. Cureus 2020, 12, e10804. [CrossRef] [PubMed]

102. O’Connell, D.; Shen, V.; Loudon, W.; Bota, D.A. First report of tumor treating fields use in combination with bevacizumab in a
pediatric patient: A case report. CNS Oncol. 2017, 6, 11–18. [CrossRef] [PubMed]

103. Green, A.L.; Mulcahy Levy, J.M.; Vibhakar, R.; Hemenway, M.; Madden, J.; Foreman, N.; Dorris, K. Tumor treating fields in
pediatric high-grade glioma. Childs Nerv. Syst. 2017, 33, 1043–1045. [CrossRef] [PubMed]

104. Gött, H.; Kiez, S.; Dohmen, H.; Kolodziej, M.; Stein, M. Tumor treating fields therapy is feasible and safe in a 3-year-old patient
with diffuse midline glioma H3K27M—A case report. Childs Nerv. Syst. 2022, 38, 1791–1796. [CrossRef] [PubMed]

105. Kumaria, A. Tumor Treating Fields: Additional Mechanisms and Additional Applications. J. Korean Neurosurg. Soc. 2021, 64,
469–471. [CrossRef] [PubMed]

106. Kumaria, A. Tumor treating fields in pediatric brain tumors: Overcoming challenges. Childs Nerv. Syst. 2022, 38, 1847–1848.
[CrossRef] [PubMed]

107. Segar, D.J.; Bernstock, J.D.; Arnaout, O.; Bi, W.L.; Friedman, G.K.; Langer, R.; Traverso, G.; Rampersad, S.M. Modeling of
intracranial tumor treating fields for the treatment of complex high-grade gliomas. Sci. Rep. 2023, 13, 1636. [CrossRef] [PubMed]

108. Segar, D.J.; Bernstock, J.D.; Rampersad, S.; Bi, W.L.; Arnaout, O.; Friedman, G.K.; Chiocca, E.A. Intracranial stimulation for brain
cancer-The case for implantable, intracranial tumor treating fields. Neurooncol Adv. 2023, 5, vdad100. [CrossRef] [PubMed]

109. Kumaria, A. Observations on the anti-glioma potential of electrical fields: Is there a role for surgical neuromodulation? Br. J.
Neurosurg. 2022, 36, 564–568. [PubMed]

110. Kumaria, A. Enhancing the therapeutic efficacy of tumor-treating fields (TTFields): Further perspectives. Clin. Transl. Oncol. 2025,
27, 4064–4065. [CrossRef] [PubMed]

https://doi.org/10.3390/jpm16070349

https://doi.org/10.1002/cncr.23167
https://www.ncbi.nlm.nih.gov/pubmed/18246536
https://doi.org/10.1200/jco.2005.03.4157
https://www.ncbi.nlm.nih.gov/pubmed/16314646
https://doi.org/10.2217/cns-2018-0017
https://www.ncbi.nlm.nih.gov/pubmed/30727742
https://www.ncbi.nlm.nih.gov/pubmed/30547676
https://doi.org/10.3233/rnn-2011-0611
https://www.ncbi.nlm.nih.gov/pubmed/22124033
https://www.ncbi.nlm.nih.gov/pubmed/8389842
https://doi.org/10.1038/379088a0
https://www.ncbi.nlm.nih.gov/pubmed/8538748
https://doi.org/10.3389/fonc.2021.708017
https://www.ncbi.nlm.nih.gov/pubmed/34367992
https://doi.org/10.1093/noajnl/vdaa069
https://www.ncbi.nlm.nih.gov/pubmed/32666048
https://doi.org/10.1093/neuonc/now012
https://www.ncbi.nlm.nih.gov/pubmed/26917587
https://doi.org/10.1007/s11060-025-04946-w
https://doi.org/10.3389/fonc.2024.1430793
https://www.ncbi.nlm.nih.gov/pubmed/39839796
https://www.ncbi.nlm.nih.gov/pubmed/39401002
https://doi.org/10.1158/1538-7445.am2023-3252
https://doi.org/10.1016/j.medj.2025.100708
https://www.ncbi.nlm.nih.gov/pubmed/40466642
https://doi.org/10.7759/cureus.10804
https://www.ncbi.nlm.nih.gov/pubmed/33163308
https://doi.org/10.2217/cns-2016-0035
https://www.ncbi.nlm.nih.gov/pubmed/27918194
https://doi.org/10.1007/s00381-017-3431-0
https://www.ncbi.nlm.nih.gov/pubmed/28470383
https://doi.org/10.1007/s00381-022-05465-z
https://www.ncbi.nlm.nih.gov/pubmed/35181800
https://doi.org/10.3340/jkns.2020.0188
https://www.ncbi.nlm.nih.gov/pubmed/33626857
https://doi.org/10.1007/s00381-022-05648-8
https://www.ncbi.nlm.nih.gov/pubmed/35970941
https://doi.org/10.1038/s41598-023-28769-9
https://www.ncbi.nlm.nih.gov/pubmed/36717682
https://doi.org/10.1093/noajnl/vdad100
https://www.ncbi.nlm.nih.gov/pubmed/37706199
https://www.ncbi.nlm.nih.gov/pubmed/33583293
https://doi.org/10.1007/s12094-025-03942-w
https://www.ncbi.nlm.nih.gov/pubmed/40304840
https://doi.org/10.3390/jpm16070349


J. Pers. Med. 2026, 16, 349 19 of 19

111. Abdullahi, A.; Wong, T.W.L.; Ng, S.S.M. Putative role of non-invasive vagus nerve stimulation in cancer pathology and
immunotherapy: Can this be a hidden treasure, especially for the elderly? Cancer Med. 2023, 12, 19081–19090. [CrossRef]
[PubMed]

112. Sanders, T.H.; Weiss, J.; Hogewood, L.; Chen, L.; Paton, C.; McMahan, R.L.; Sweatt, J.D. Cognition-Enhancing Vagus Nerve
Stimulation Alters the Epigenetic Landscape. J. Neurosci. 2019, 39, 3454–3469. [CrossRef] [PubMed]

113. Kumaria, A.; Kamaludin, A.I.; Ashkan, K. Neuromodulation as a novel approach in neuro-oncology (abstract) Neuromodulation
as a novel approach in neuro-oncology. Br. Neuro-Oncol. Soc. Abstr. Neuro-Oncol. 2025, 27, ii25. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jpm16070349

https://doi.org/10.1002/cam4.6466
https://www.ncbi.nlm.nih.gov/pubmed/37587897
https://doi.org/10.1523/jneurosci.2407-18.2019
https://www.ncbi.nlm.nih.gov/pubmed/30804093
https://doi.org/10.1093/neuonc/noaf185.099
https://doi.org/10.3390/jpm16070349

	Introduction 
	Methods 
	Protocol and Registration 
	Eligibility Criteria 
	Information Sources and Search Strategy 
	Study Selection 
	Data Charting Process 
	Critical Appraisal 
	Data Synthesis 
	Role of the Funding Source 

	Results 
	Literature Search and Study Selection 
	Preclinical 
	Electrical Therapy 
	Electroporation 
	Electromagnetic Fields 
	Deep Brain Stimulation 

	Clinical 
	Preoperative—TMS, CCES and tDCS 
	Postoperative—TMS 
	Postoperative—TTF 
	Postoperative—SCS and EMF 


	Discussion 
	Study Limitations 
	Conclusions 
	References

