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Self-health monitoring and wearable neurotechnologies
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Abstract
Brain computer interfaces (BCI) and wearable neurotedgied are now used to measure Htgak neural and
physiological signals from the human body and hold immense potential for advancements in medical diagnostics,
prevention, and intervention. Given the future role that wearable neurotechnologies wilkéketyin the health
sector, a critical state of the art assessment is necessary in order to gain a better understanding of their current
strengths and limitationsln this chapter we present wearable EEG systems which reflect groundbreaking
innovations ad improvements in redalme data collection and health monitoring. We focus on specifications
reflecting technical advantages and disadvantages, discuss their use in fundamental and clinical research, their
current applications, limitations, and futureeditions. While many methodological and ethical challenges remain,
these systems host the potential to facilitate large scale data collection far beyond the reach of traditional research
laboratory settings.

INTRODUCTION physician, and can alert an individual or care provider in
the event of a potentially threatening or imminent health
Our society faces increasing health disparities, limited emergency(Kumar et al., 2012) With an increasing
access to healthcare, and rising healthcare costs. capacity to aquire, share, process, store, retrieve, and
Simultaneously, the techlugical sector has entered an apply bigdata methods, wearable technologies may
era of bio and neurotechnology producing wearable significantly improve our ability to tackle some of the

neurotechnologies providing retine and longitudinal maj or chal l eng&bkenméfal., 20040 ay 6 s o
monitoring of physiological and neural activity, and may While the application of wearable technologies was
present viable solutions to many of these isg@m®se et previously limited to physiological measurements (e.g.

al., 2012) Consumers can now access a wide array of heart rate, stepounter), recent advancements in wireless
wearable technologies that measure, monitor and receive electroencephalography (EEG; the measurement of neural
feedback from ongoing physiological and neural activity.  electrical activity fom electrodes placed on the scalp) is

The information provided by wedske technologies has now leading to the development of new applications.
numerous overlapping applications.For example, While wearable EEG technology faces a number of
measuring pat i ehomesnday result ial $inmitgtions and dhallenges in order to match stftéhe-

higher quality, individualized treatment protocols that  art (SoA) research grade EEG equipment (e.g. number of
incorporate continuous, detailed information about the  eledrodes and electrode locations, sigtahoiseratio,

pati ent s 0siogioglstatuglguseeh aj., 2017) markers etc.), they do hold immense potential, allowing

A variety of prototypes and commercial products have di r ec't interfacing between ar
been recently developed that provide 1@k health data and a digital recording device in other environments than
directly to the user or the medical cerpeofessional clinical and research infrasttures and at affordable
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prices for a wider part of the population. These devices
will eventually allow us to train and target specific
cognitive skill sets(Vernon et al., 2003) reinforce
specific brain rhythmgBrandmeyer and Delorme, 2013)
play video gamegSchoneveld et al., 201,6and create art
and music based oneaasured real time neural activity
(Grandchamp and Delorme, 2016; Levican et al., 2017)
EEG measurement reflects the cumulative electrical
activity associated with the depolarization of cortical
neurons, can reflect rhythmic and transient activity
(Buzsaki, 2006)and facilitates analyses of neuroimaging
data with very high temporal resolution. Brain oscillations
reflect the postsyndip potentials of neuronal
populations, either in response to a stimulus from the
environment (i.e. evoked response potentials, ERPS), or
associated with mental states (e.g. sleep, coma, cognitive
activity etc.). EEG scalp electrodes measure the elelctrica

waves as they spread across the scalp (See Chapter 19 for

more information on Electroencephalography). This
rhythmic activity of the brain is then analyzed in the
temporal domain (i.e. frequency domain), and most often
within subbands of specific frequeies, customarily
defined based on their spectral content such as delta (<4
Hz), theta (47 Hz), alpha (8.3 Hz), beta (1480 Hz), and
gamma (>30 Hz). Frequency bands are thought to be
functionally correlated with specific cognitive processes
or with speific steps of processing depending on the
location of their measurement or their latency within a
specific process. The high temporal accuracy of EEG also
provides precise temporal information about brain
processing. EEG is also used clinically to diagnasd
| ocalize which steps in
pathways are malfunctioning (e.g. visual, auditory, tactile
processing).

The recent development of dry electrod€&aheri et
al.,, 1994) and wireless technologies, have led to
innovative wearable EEG systems, offer quick and
practical EEG data acquisition solutions (i.e. no gel,
cleaning, or cables), usually include rtiate data
preprocessing as well as correction for head m@res.
Several new systems are now fully portable, where data
recordings can be stored directly on the device (i.e. micro
SD) or transmitted wirelessly to a smartphdébebener et
al., 2015; Stpczynski et al., 2014)As a result of these
technological improvements, new possibilities the
domains of fundamental and clinical research have now
emerged. With features such as the lightweight
portability, the ease of dry electrodes, and relativabt f
set up times, well designed wearable technologies enable
access to populations that were previously harder to
include in research laboratories settings.

By gaining access to wider range of populations,
such as young children, the disabled, and eldétbale
et al., 2017; Ramirez et al., 201 Bpurotechnologies may
enable longitudinal designs with larger samgilee
studies(Hasremi et al., 2016; Kovacevic et al., 201ahd
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improve our ability to study the human brain in
naturalistic settinggDebener et al., 2012Many modern
wearable EEG headsets are now comfortableear and
incorporate elegant designs, and re becoming increasingly
attractive for general public ug@lijboer et al., 2015)
Innovative applications including practical, easy, and
high-fidelity at-home recordings, have the potential to
enable neurofeedback (NF) and bragmputer interface
(BCI) based cognitive interventions, applications, group
studies (i.e. simultaneous recording of different
participants), big data analyses, and more.

At present, wearable EEG technologies remain one
of the most promising candidates for the real world
applications of selhealth monitoring solutions (See
Chapter 7 for more details on BCI principles, concepts
and domains). Recent innovations in wearable $etad
design enables the delivery of both transcranial current
stimulation (TCS), functional nedénfrared spectroscopy
(fNIRS; see Chapter 22 for more information on NIRS),
in addition to the simultaneous combination of these
methods with EEG (see Table 1k the following
chapter, we review several hididelity EEG wearable
systems currently available (both consumer and research
grade products), in addition to systems that combine EEG,
TCS with fNIRS or TCS. We then explore the different
applications that already exist using wearable
technologies and address the limitations, prospects, and
precautions associated with such technologies.

Wearable neurotechnologies
rainodos informatio

In the following section, we provide a list of both
relatively lowcost (i.e. under a $1,00@nd widely used

(as of 2018) wearable EEG systems that are available for
both fundamental and clinical research, NF, BCl and
homeuse based applications. We also review a-non
exhaustive list of less affordable (i.e. more than a $1,000)
and more advancedystems that are destined for
professionals that have access to funding and are
interested in the applications using these systems.
Excluded from this review were several single channel
EEG devices- which are relatively limited based on
today6s (lsutka20idiaRicthrs et al., 2000)or
EEG devices that lacks significant technical or scientific
evidence or were proven to provide poor signal quality
(e.g. Emotiv Insight, Foc.us EEG Dev KREpcusBand,
Imec, Neurosky Mindwave, and the two Kickstarter
products: Melon and Melomind).

processi
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Sensors: EEG activity is typically recorded from the scalp using gel-based electrodes to achieve a high signal-to-noise ratio (SNR) between the source (the brain activity) and the measurement device (the electrode). Active
electrodes contain individual microamplifiers whichsignificantly improve the SNR and reduce application time. When passive electrodes are used, the skin must be properly prepared and abraded in order to achieve a high SNR.
The main advantage of gel-based active electrodes is their high SNR. Disadvantages include high cost and relatively lengthy preparation and cleaning time. The recent development of dry electrodes (Taheri et al., 1994) along
with wireless technologies have led to the development of innovative wearable EEG systems. While dry electrodes have an increased sensitivity to motion artifact, movement of cables, and electrostatic charges, they do not
require extensive cap mounting time, skin abrasion, or hair washing.

Sensor locations: The intemational 10-20 system is an internationally recognized method to describe and apply the location of scalp electrodes for EEG (Klem et al., 1999). The 10-20 system is necessary for the comparison of
brain data collected from different laboratories, whichentails the comparison across subjects and populations, variations in equipment, and variations in the electrode montage. In the 10-20 system, each electrode placement site
is labeled according to the corresponding topographical location on the scalp prefrontal (Pf ), frontal (F), temporal (T), parietal (P), occipital (0), and central (C).

Motion sensors: To prevent the loss in signal quality, a majority of high-end wearables using dry electrode technology generally include motion sensors. The gyroscope indicates the orientation of an object in space (i.e., Along
the 3-axis: X, ¥, Z), and the accelerometer measures the acceleration (along the 3-axis as well). Their sampling rates are similar to those of EEG. This information can be used to reject artifacts in the data. However, motion

sensors—especially gyroscopes—generally present a significant drain on battery power and may decrease batte
Sampling rate: Sampling rates generally vary from 128 Hz to 2048k Hz. Low cost EEG usually use multiplexing of a sing
can convert 8 channels at 256 Hz sampling rate. Note that research systems usually have one AD converter per channel which not only allows for higher sampling rate but also ensures simultaneous acquisition of all channels
(with the sequential solution, the acquisition time of each channel is slightly delayed for each channel which could potentially affect subsequent processing—although resampling techniques may be used to realign data

le analog to digital (AD) converter which scan each channels sequentially. So a 2048kHz AD converter

collection time of each channel).

Connectivity: Bluetooth and Wi-Fi use the same band at 2.4 GHz (Wi-Fi may also use the 5.0 GHz frequency). Wi-Fi direct promises device-to-device transfer speeds of up to 250MBPS, while Bluetooth 4.0 promises speeds
similar to Bluetooth 3.0 of up to 25MBPS. Bluetooth technology cannot transmit as much data as Wi-F.

Sampling rate: Sampling rates generally vary from 128 Hz to 2048 kHz. Low cost EEG usually use multiplexing of a single analog to digital (AD) converter which scan each channels sequentially. So a 2048kHz AD converter
can convert 8 channels at 256 Hz sampling rate. Note that research systems usually have one AD converter per channel which not only allows for higher sampling rate but also ensures simultaneous acquisition of all channels
(with the sequential solution, the acquisition time of each channel is slightly delayed for each channel which could potentially affect subsequent processing—although resampling techniques may be used to realign data
collection time of each channel).

Data resolution (in bits): It is generally accepted that EEG signal resolution does not go beyond 24 bits (due to environment and electric noise). However, this means that all systems acquiring less than 24 bits may lose important

data, unless a dynamical gain mechanism is implemented to increase the range of possible values. Most low-cost wearable EEG system use 16-bit A/D (analog/digital) conversion resulting in some loss of data.

APPLICATIONS

Fundamental research

Over the past century, EEG studies have served as a key
methodological tool for the scientific study of human
cognition, sleep, neurodegenerative diseases, and brain
disorders(Luck and Kappennma 2011; Regan, 1989)
While traditional EEG laboratory recordings require
lengthy application and recording procedures, several of
these technical factors can be overcome by increasingly
sophisticated lightweight, easy to setup wearable EEG
headsets andeladbands that implement wireless and dry
electrode technologies and allow scientists to gain access
to large volumes of raw data for research purposes.
However, it is important to note that several
technical specifications are required to obtain goa@ da
quality when conducting both continuous EEG and event
related brain potential (ERP) reseafthck, 2014; Picton

et al., 2000) Electrode type, the minimum number of
electrodes needed for nwéagful interpretation, the
importance of the scalp electrode locations (i.e. standard
nomenclature of the 10/20 and 10/10 systems), -inter
electrodes impedance, refereradectrode selection, and
amplifier capabilities (e.g. number of bits available, the
commonmode rejection ratio, or the amplifier gain). An
obvious concern with loweost EEG systems is whether
the actual hardware meets the standards necessary to
achieve sufficient EEG signal quality. As described in
Table 1, not all, but some wearable raachnological
systems currently record the data at high fidelity sampling
rates (i.e. > 256 Hz) and with high signal resolution (i.e.
superior to 8 hits). Regarding the argument for increased
number of electrodes, as highlighted by Picton et al.
( 2 0 OtBe)optimd number of recording channels is not
yet known. This number will depend on the spatial
frequencies that are present in the scalp recordings
(Srinivasan et al., 1998provided that sth frequencies
are determined by the geometry of the intracerebral




