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Background
Diffuse gliomas, such as glioblastoma (GBM), represent
the most common and aggressive form of brain cancer
with an unfortunate dearth of treatment advances des-
pite decades of ongoing research [1]. Perhaps one of the
most successful paradigms in cancer management has
been early detection programs that aim to dramatically
improve outcomes by providing an earlier window for
intervention [2]. Indeed, early screening has reduced
deaths and improved outcomes of many cancer types
(e.g., colon, breast, cervical) when the disease can be de-
tected prior to distant spread [3]. In support of this para-
digm in neuro-oncology, the achievement of gross total
surgical resection in younger patients with GBM shows
favorable outcomes compared to instances where only
incomplete resection is possible (37.3 vs. 16.5 months)
[4]. Therefore, if gliomas could be detected earlier in
their evolution, while remaining potentially more local-
ized, it could also offer the possibility to better maximize
the extent of safe surgical resection and favorable
outcomes.

Despite this prospect, the aggressive biology and low
incidence of gliomas make them poor candidates for
conventional screening strategies. Case reports of serial
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neuro-imaging studies of GBM, with scans taken as few
as 68 days apart, show that even small cortical lesions
can rapidly evolve into established disease within a very
short clinical time frame (<3 months) [5]. This short
interval in evolution means that potentially effective
screening programs would require assessments every 2—
3 months to allow detection of incipient lesions. This,
combined with its low incidence (3-4/100,000 people),
makes radiographic or other annually administered
screening approaches for gliomas impractical.

Brain wearables as potential tools for early
detection

Consequently, when conceptualizing an effective screen-
ing tool for gliomas, brain health changes would need to
be monitored over short intervals (days to weeks) using
tools that could be practically applied to the general
population. Herein lies the immense potential of using
emerging non-invasive electroencephalography (EEG)-
based biotracking devices to serve as agents that gather
continuous health data from our nervous system
(Fig. 1a). These consumer-grade devices, often worn as
headbands, have 4—14 dry scalp electrodes and can be
set up in 1-2 min and immediately begin collecting real-
time electrical signals focally generated during different
forms of brain activity. As 68—85% of brain tumor pa-
tients have abnormal EEG profiles at diagnosis [6],
continuous monitoring of subtle changes in the
brain’s electrical ground state by these devices may
afford detection and differentiation between different
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Fig. 1 Brain wearables as agents to monitor brain health. a Photo of the Muse® 2 headband transmitting electrical brain activity to a smartphone.
This particular model is worn over the forehead (2 frontal EEG electrodes) and behind the ears (2 temporal EEG electrodes) and also contains
sensors to measure heart rate and head movement. Example of EGG data captured by device across different mental states (e.g., active vs.
relaxed). These pattern changes can be interpreted using machine learning to provide dynamic real-time feedback to users through custom
smartphone applications (e.g., quality of meditative states). Newer portable EEG devices are now adding additional electrodes to expand spatial
resolution and applications. b The non-specific and relatively late-onset symptoms of brain tumors have not allowed for early and population-
wide screening. Continuous monitoring of brain activity with smart wearables, when coupled with deep learning algorithms (e.g., convolutional
neural network (CNN)), could however allow for earlier detection of pathology at a population level. The recent favorable outcomes seen with

improved outcomes

aggressive surgical resection for gliomas provide optimism that early intervention may allow for more complete removal of disease and

neuropathologies, including brain tumors, earlier in
their pre-symptomatic state (Fig. 1b). Optimistically
towards this prospect, there has already been a will-
ingness by hundreds of millions of citizens to adopt
other “smart devices” (e.g., FitBit/Apple Watch) allow-
ing for continuous recordings of electrocardiogram
tracings. In addition to their motivational benefits, the
ability to track and detect abnormal heart rhythms
across a large fraction of the asymptomatic population
is already being explored as an early detection tool
for cardiovascular causes of stroke [7]. More recently,
there has been significant progress in the develop-
ment of cost-effective portable EEG wearables (~ $250
USD) capable of monitoring brain activity in real time
with qualities beginning to rival traditional medical-

grade devices [8]. Using machine learning, such devices
are now in routine use to autonomously detect changes in
mental states and provide feedback for mediation, relax-
ation, and sleep health. Given their scalability, these de-
vices are now also being utilized for population-level
analyses of brain activity across a wide array of physio-
logical and pathological states [8]. If indeed adoption of
personal EEG devices also soon becomes widespread, early
detection of brain tumors may be one intriguing applica-
tion. Recent demonstrations that brain tumors integrate
and participate in native synaptic circuits provide bio-
logical support that electrical perturbations, including dis-
organized rhythms and/or attenuated background activity,
may be underappreciated early biomarkers of these neo-
plasms [9].
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Potential limitations

With these exciting prospects in mind, several potential
limitations at present are worth highlighting. Current EEG
wearables, designed for niche application (e.g., mediation),
only require a handful of sensors for their intended uses.
The optimal quantity and spatial distribution of sensors for
effective screening of central nervous system pathologies
therefore still need to be defined. Additionally, the amount
and timing of daily wear needed to detect subtle baseline
changes would also need optimization and balance with en-
thusiasm to wear such devices. Despite these current un-
knowns, rapid and widespread acceptance of other smart
wearables offers encouraging insights. For example, despite
only debuting in 2015, Apple shipped >40 million smart-
watches in 2018 with the global wearable market expected
to grow to > 279 million users by 2023. This estimate of the
wearable market alone could allow the detection of tens of
thousands of brain tumors annually! With increasing possi-
bilities and interest at the intersection between artificial
intelligence and brain-machine interfaces (recently revital-
ized by Elon Musk’s Neuralink), such devices may soon
even become essential tools to intellectually compete in so-
ciety. It is therefore possible that consumer demand for
brain wearables may quickly mirror the rapid growth of
their hardware manufacturers and extend far beyond
current niche applications and existing smartwatch de-
mands [10]. Lastly, like any screening tool, a beneficial bal-
ance between sensitivity and specificity, along with proven
beneficial outcomes following early detection and treat-
ment, will still need to be formally demonstrated [7].

The ability of these devices to provide continuous lon-
gitudinal and personalized data, along with the advent of
modern deep learning computational tools, could provide
new solutions for the early detection and differentiation of
various nervous system pathologies. Large-scale detection
of incipient tumor formation could also provide new epi-
demiological insights of unappreciated risk factors and
mechanisms of gliomagenesis. Deployment of these de-
vices to existing brain tumor patients could also help
monitor disease recurrence and understand treatment-
related neurocognitive sequalae.

Conclusions

Brain tumors such as GBM carry a dismal prognosis
which has challenged conventional treatment paradigms
for decades. Conceptualizing novel early detection-based
approaches for these tumors may provide success in a
patient population where conventional late-stage diagno-
sis and treatment have failed. While the role of early de-
tection in the management of brain tumors is still
unclear, recent innovations in personal brain wearables,
artificial intelligence, and evidence for the benefits of ag-
gressive surgery offer new opportunities to refine our
clinical approach to these challenging clinical entities.

Page 3 of 3

Acknowledgements
Not applicable

Authors’ contributions
All authors contributed equally. The authors read and approved the final
manuscript.

Funding

The Diamandis Laboratory receives funding support from the Princess
Margaret Cancer Foundation, Ontario Institute for Cancer Research, Canadian
Institute of Health Research, and The Terry Fox New Investigator Awards
Program.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare no competing interests.

Author details

'Division of Neurosurgery, Department of Surgery, University of Toronto,
Toronto, ON, Canada. 2Princess Margaret Cancer Centre, University Health
Network, 12-308, 101 College Street, Toronto, ON M5G 1L7, Canada.
3Department of Laboratory Medicine and Pathobiology, University of
Toronto, Toronto, ON M5S 1A8, Canada. “Laboratory Medicine Program,
University Health Network, 200 Elizabeth Street, Toronto, ON M5G 24,
Canada. *Department of Medical Biophysics, University of Toronto, Toronto,
Canada.

Received: 2 December 2020 Accepted: 14 December 2020
Published online: 22 January 2021

References

1. Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al.
Challenges to curing primary brain tumours. Nat Rev Clin Oncol. 2019;16:
509-20. https://doi.org/10.1038/541571-019-0177-5.

2. Etzioni R, Urban N, Ramsey S, McIntosh M, Schwartz S, Reid B, et al. The case for
early detection. Nat Rev Cancer. 2003;3:243-52. https//doiorg/10.1038/nrc1041.

3. Spinney L. Caught in time. Nature. 2006;442:736-8. https://doi.org/10.1038/
442736a.

4. Molinaro AM, Hervey-Jumper S, Morshed RA, Young J, Han SJ, Chunduru P,
et al. Association of maximal extent of resection of contrast-enhanced and
non-contrast-enhanced tumor with survival within molecular subgroups of
patients with newly diagnosed glioblastoma. JAMA Oncol. 2020,6:495-503.
https://doi.org/10.1001/jamaoncol.2019.6143.

5. Ohgaki H, Kleihues P. Genetic pathways to primary and secondary
glioblastoma. Am J Pathol. 2007;170:1445-53. https://doi.org/10.2353/ajpath.
2007.070011.

6. Small JG, Bagchi BK, Kooi KA. Electro-clinical profile of 117 deep cerebral
tumors. Electroencephalogr Clin Neurophysiol. 1961;13:193-207.

7. Perez MV, Mahaffey KW, Hedlin H, Rumsfeld JS, Garcia A, Ferris T, et al.
Large-scale assessment of a smartwatch to identify atrial fibrillation. N Engl J
Med. 2019;381:1909-17. https://doi.org/10.1056/nejmoa1901183.

8. Hashemi A, Pino LJ, Moffat G, Mathewson KJ, Aimone C, Bennett PJ, et al.
Characterizing population EEG dynamics throughout adulthood. eNeuro.
2016;3. https://doi.org/10.1523/ENEURO.0275-16.2016.

9. Venkatesh HS, Morishita W, Geraghty AC, Silverbush D, Gillespie SM, Arzt M,
et al. Electrical and synaptic integration of glioma into neural circuits.
Nature. 2019;573:539-45. https;//doi.org/10.1038/541586-019-1563-y.

10.  Shih JJ, Krusienski DJ, Wolpaw JR. Brain-computer interfaces in medicine. Mayo
Clin Proc. 2012,87:268-79. https://doi.org/10.1016/j.mayocp.2011.12.008.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1038/s41571-019-0177-5
https://doi.org/10.1038/nrc1041
https://doi.org/10.1038/442736a
https://doi.org/10.1038/442736a
https://doi.org/10.1001/jamaoncol.2019.6143
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.1056/nejmoa1901183
https://doi.org/10.1523/ENEURO.0275-16.2016
https://doi.org/10.1038/s41586-019-1563-y
https://doi.org/10.1016/j.mayocp.2011.12.008

	Background
	Brain wearables as potential tools for early detection
	Potential limitations
	Conclusions
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

