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(7) ABSTRACT

A method and system of removing artifacts in electroen-
cephalogram (EEG) signals is provided. Digital EEG data,
based on a digitizing of analog EEG signals of a patient from
a first electrode, is received. Digital sweat sensor data, based
on a digitizing of analog sweat sensor signals of the patient
that are contemporaneous with the analog EEG signals, is
received. A transform is applied to the digital sweat sensor
data based on a predetermined sweat stress profile of the
patient. The digital EEG data is adaptively adjusted by
subtracting the transformed sweat sensor data from the
digital EEG data.
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ADAPTIVE FILTRATION OF SWEAT
ARTIFACTS DURING ELECTRONIC BRAIN
MONITORING

BACKGROUND

Technical Field

[0001] The present disclosure generally relates to signal
processing, and more particularly, to detection, identifica-
tion, and removal of artifacts in neurophysiological signals.

Description of the Related Art

[0002] In recent years, brain computer interface and intel-
ligent signal segmentation have attracted increasing interest
in medicine. The brain electrical activity is represented by
the electroencephalogram (EEG) signals. EEG is a test that
detects electrical activity in a brain using electrodes (that
may be in the form of small, flat metal discs) that are
attached to a scalp. The brain cells communicate via elec-
trical impulses and are active all the time, even when one is
asleep. Such activity shows up as voltage fluctuations result-
ing from ionic current within the neurons of the brain.
[0003] As used herein, EEG refers to the recording of the
brain’s spontaneous electrical activity over a time period, as
recorded from multiple electrodes placed on the scalp.
Diagnostic applications generally focus on the spectral con-
tent of EEG, that is, the type of neural oscillations (some-
times referred to as “brain waves”) that can be observed in
EEG signals. An EEG is one of the main diagnostic tests for
epilepsy and may also play a role in diagnosing other brain
and sleep disorders. In order to increase the accuracy of the
EEG measurements, electrical contaminants that may arise
during the measurements that distort or drown out the true
brain wave signals, referred to herein as artifacts, should be
removed.

SUMMARY

[0004] According to various embodiments, a computing
device, a non-transitory computer readable storage medium,
and a method of removing artifacts in electroencephalogram
(EEG) signals is provided. Analog EEG signals of a patient
are received from a first electrode and converted to digital
EEG data. Analog sweat sensor signals of the patient, which
are contemporaneous with the analog EEG signals, are
received and converted to digital sweat sensor data. A
transform is applied to the digital sweat sensor data based on
a predetermined sweat stress profile of the patient. The
digital EEG data is adaptively adjusted by subtracting the
transformed sweat sensor data from the digital EEG data.
The adjusted digital EEG data is sent to be displayed on a
user interface of the computer device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The drawings are of illustrative embodiments.
They do not illustrate all embodiments. Other embodiments
may be used in addition or instead. Details that may be
apparent or unnecessary may be omitted to save space or for
more effective illustration. Some embodiments may be prac-
ticed with additional components or steps and/or without all
the components or steps that are illustrated. When the same
numeral appears in different drawings, it refers to the same
or like components or steps.
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[0006] FIG. 1 illustrates an example architecture for
implementing a system to perform adaptive filtration of
sweat artifacts during electronic brain monitoring.

[0007] FIG. 2 illustrates signals of several EEG channels
over time, consistent with an illustrative embodiment.
[0008] FIG. 3 is an example graph of sweat over time in
response to various stressors for a patient, consistent with an
illustrative embodiment.

[0009] FIG. 4 illustrates a block diagram showing various
components of an illustrative user device at a high level.
[0010] FIG. 5 illustrates a high-level block diagram of an
adaptive filtration of sweat artifacts system, consistent with
an illustrative embodiment.

[0011] FIG. 6 illustrates an example process of an initial-
ization training phase, where a sweat stress profile is tailored
for an individual patient.

[0012] FIG. 7 illustrates an example process of an active
phase where artifacts related to sweat are identified and
removed from EEG data.

[0013] FIG. 8 is a functional block diagram illustration of
a computer hardware platform that can communicate with
various networked components, consistent with an illustra-
tive embodiment.

DETAILED DESCRIPTION

Overview

[0014] In the following detailed description, numerous
specific details are set forth by way of examples to provide
a thorough understanding of the relevant teachings. How-
ever, it should be apparent that the present teachings may be
practiced without such details. In other instances, well-
known methods, procedures, components, and/or circuitry
have been described at a relatively high-level, without detail,
to avoid unnecessarily obscuring aspects of the present
teachings.

[0015] The present disclosure relates to detection, identi-
fication, and removal of artifacts in neurophysiological
signals. Today, known available methods of automated EEG
analysis for brain activity detection have a number of
challenges that limit their dependability. Such drawbacks
include biological artifacts and susceptibility to environ-
mental noise/interference resulting in reduced reliability. As
used herein the term “artefact” denotes all non-event signals
that contaminate the event signal of interest.

[0016] One potential source of artifacts is sweat by the
patient. Applicants have identified that sweat introduces a
low-frequency interference source that hampers the analysis
of an EEG signal measured, for example, from the forehead
of the patient. While abrading the skin can reduce the effects
of skin potentials to reduce the negative effects discussed
herein, it is time consuming, potentially harmful, and may
not be an option. For example, the EEG may be performed
under sleep conditions or the patient may simply not be able
to abrade the skin regularly during an EEG analysis.
[0017] The concepts discussed herein provide an auto-
matic and efficient way of detecting and removing artifacts
related to sweat that corrupt EEG signals in real-time,
thereby providing a more accurate cognitive state assess-
ment of a patient. To that end a computing device, which
may be user device or a central server cooperating with a
user device, receives analog EEG signals of a patient from
a first electrode and converts the EEG signals to digital EEG
data. Analog sweat sensor signals of the patient that are
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contemporaneous with the analog EEG signals are received
and converted to digital sweat sensor data. A transform is
applied to the digital sweat sensor data based on a prede-
termined sweat stress profile of the patient. The digital EEG
data is then adaptively adjusted by subtracting the trans-
formed sweat sensor data from the digital EEG data. The
adjusted EEG data can then be sent to a user interface of the
computing device in real time. Reference now is made in
detail to the examples illustrated in the accompanying
drawings and discussed below.

Example Architecture

[0018] FIG. 1 illustrates an example architecture 100 for
implementing a system to perform adaptive filtration of
sweat artifacts during electronic brain monitoring. Architec-
ture 100 may include a network 106 that allows patients
101(1) to 101(N) to communicate with various resources via
their corresponding user device 102(1) to 102(N). Net-
worked resources may include a patient database 110, an
EEG analysis server 116 having an EEG artifact engine 103
running thereon, as well as any other components that are
connected to the network 106.

[0019] The network 106 may be, without limitation, a
local area network (“LAN”), a virtual private network
(“VPN™), a cellular network, the Internet, or a combination
thereof. For example, the network 106 may include a mobile
network that is communicatively coupled to a private net-
work, sometimes referred to as an intranet that provides
various ancillary services, such as communication with a
patient database 110, libraries, and the Internet. To facilitate
the present discussion, network 106 will be described, by
way of example only and not by way of limitation, as a
mobile network as may be operated by a carrier or service
provider to provide a wide range of mobile communication
services and supplemental services or features to its sub-
scriber customers and associated mobile device users. The
network 106 allows data harvested from patients 101(1) to
101(N) to be communicated to the EEG artifact engine 103
on the EEG analysis server 116, as well as being recorded in
the patient database 110.

[0020] For purposes of later discussion, several user
devices appear in the drawing, to represent some examples
of the devices that can harvest neurophysiological and/or
sweat information from a patient via electrodes 105(1) to
105(N), and to receive various services via the network 106.
Today, user devices typically take the form of portable
handsets, smart-phones, tablet computers, personal digital
assistants (PDAs). and smart watches, although they may be
implemented in other form factors, including consumer, and
medical electronic devices.

[0021] In one embodiment, the electrodes 105(1) and
105(N) are removably connected to the scalp of the patient
101(1) and 101(N), respectively. Different technologies may
be used for the electrodes, which are divided herein in two
groups: (i) electrophysiological signal electrodes and (ii)
sweat monitor electrodes, collectively referred to herein as
electrodes. In some embodiments, an electrode is configured
to sense both electrophysiological signals as well as monitor
sweat parameters. Put differently, a single electrode channel
is operative to provide both EEG data and sweat data.
[0022] Regarding the former, an electrode is configured to
collect brain activity or related data such as EEG data from
the patient. In various embodiments, such electrodes may
include surface or intracranial electrodes for measuring
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electrophysiological signals and brain related signals such as
EEG, ECoG, EOG, EMG, and the like. In one embodiment,
the sensors can also be magnetic electrodes that are config-
ured to sense magnetic fields to acquire brain wave signals
similar to those that can be obtained through, for example,
an electrode applied to the patient’s scalp.

[0023] For example, EEG electrodes, are placed on dif-
ferent locations on a patient’s scalp to measure the neuro-
physiological signals of the patient. There may be several
such electrodes, each providing a different channel of infor-
mation to the user devices (e.g., 102(1) and 102(N)) coupled
thereto. There are also sweat electrodes operative to measure
an amount of sweat in the proximity of a corresponding EEG
electrode.

[0024] In various embodiments, depending on the desired
accuracy of the EEG data filtration discussed herein, the
ratio of sweat electrode to the number of EEG electrodes
may vary. For example, the ratio of sweat to EEG electrode
may be 1:1; 1 to many (where the EEG electrodes are within
a predetermined radius of a sweat electrode); or each EEG
electrode may have embedded therein a sweat sensor. Put
differently, the same electrode provides both sweat informa-
tion and neurophysiological signals of the patient. Since
sensitivity is inversely proportional to the distance between
the EEG electrode and the sweat electrode. a compromise
can be made to have good sensitivity and a difference in the
sweat values greater than inaccuracy in the single sweat
measurements. In one embodiment, a distance-regression
calculation is performed to adjust the filtration (e.g., trans-
form) based on the distance between the EEG electrode and
the sweat sensor electrode.

[0025] In various embodiments, the electrodes (e.g., the
sweat and/or the EEG) may be coupled to its corresponding
user device via physical lines (e.g., cable wires) and/or
wirelessly via short range wireless communication. For
example, the wired communication between the electrodes
of the patient 101(1) may be via separate wires via a harness
of wires (e.g., in the form of a strip of wires) that is
physically coupled to the user device 102(1).

[0026] In other embodiments, the communication between
the electrodes 105(N) and user device 102(N) is performed
via a short range wireless communication technology. The
various short range wireless technologies to communicate
with the user device 102(N) include, but are not limited to,
Digital Enhanced Cordless Telecommunications (DECT),
Near Field Communication (NFC), ZigBee, and Bluetooth.
DECT technology (traditionally used for wireless home
phone systems) uses substantially less energy than cellular
systems. NFC is a set of standards for smart-phones and
similar devices to establish radio communication with each
other by touching them together or bringing them into close
proximity, usually no more than a few centimeters. Since the
range is small, there are substantial power consumption
benefits. Bluetooth, while operating at longer distances than
NFC, still saves a substantial amount of power compared to
cellular systems. ZigBee is a low-cost, low-power, wireless
mesh network standard. The mesh networking of ZigBee
provides high reliability and more extensive range. Thus, the
user device 102(N) can save power from a longer distance.
Generally, low power-usage allows longer life and smaller
batteries, providing for more ergonomic form factors of the
user device 102(N) and or electrodes 105(N). For example,
the electrodes can be part of a helmet that can be easily worn
on the head of a patient. The wireless technology discussed
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herein provides for more comfort and mobility of the patient,
while avoiding accidental severing of an electrode from
being tethered to a receiver.

[0027] Applicants have identified that sweat introduces a
low-frequency, large amplitude, interference source that
hampers the analysis of an EEG signal measured, for
example, from the forehead of the patient (e.g., 101(1)). In
this regard, FIG. 2 illustrates signals of several EEG chan-
nels over time. Those familiar with EEG signal data under-
stand that that such data has a “signature” where signals
have a predetermined range in frequency and amplitude. An
artifact in the form of sweat produces low-frequency, large
amplitude shifts in EEG data, as demonstrated by the data of
channels 1, 2, and 11. Accordingly, different locations on the
body produce different results in a contemporaneous EEG
measurement.

[0028] Referring back to FIG. 1, each user device (e.g.,
102(1)) is configured to receive the electronic information
harvested from the corresponding patient (either directly via
a wire or wirelessly) and process the received information.
For example, the user device 102(1) may receive EEG
signals and sweat sensor signals of a patient 101(1) from one
or more of the electrodes 105(1). The EEG signals and the
sweat sensor signals are contemporaneous (e.g., are syn-
chronous to each other). Initially, the harvested data is in
analog form. Accordingly, the user device 102(1) converts
the analog EEG signals and the analog sweat sensor signals
into corresponding digital data. In various embodiments, this
data can then be (i) further processed by the user device
102(1), or (ii) sent to the EEG analysis server 116 over the
network 106 for further processing by the EEG artifact
engine 103.

[0029] For example, the EEG artifact engine 103 may
cooperate with a user device (e.g., 102(1) or 102(N)) to
process the digital EEG data and the sweat data in real time
to provide an adjusted digital EEG data that has removed
therefrom the artifacts related to the perspiration of the
patient. To that end, the EEG artifact engine 103 may receive
a sweat stress profile 111 from a patient database 110.
[0030] The patient database 110 is coupled for communi-
cation via the network 106. In one embodiment, the patient
database 110 provides on-line access to a variety of func-
tions related to a patient’s account, such as health data, sweat
stress profile 111, subscription information, password con-
trol, etc.

[0031] In one embodiment, the sweat stress profile 111
stored in the patient database 110, may be generated during
a training phase, where a sweat stress profile is created for
a patient individually. In this regard, the patient’s (e.g.,
101(1)) reaction to controlled stressors is identified. For
example, a patient may wear a virtual reality (VR) or an
augmented reality (AR) interface to accelerate the physical
exertion and reaction to audio, visual, and physical stressors.
During the training phase, the sweat stress profile is iden-
tified over time in this controlled environment. FIG. 3 is an
example graph 300 of sweat over time in response to various
stressors, for a patient, consistent with an illustrative
embodiment. In some embodiments, an EEG is performed
during this phase to calibrate the filters for the patient
individually.

[0032] For example, a patient may perform a motor task
while wearing a VR headband that is integrated with EEG.
The patient also wears a sweat sensor. At time 10, the sweat
level increases beyond a pre-determined threshold, which is
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due to controlled changes in the physiological environment
(e.g., temperature increase, movement, etc.). At that time,
the filter is turned ON and is adaptively modified to reduce
the error between the generated output and real output using
an iterative procedure.

[0033] During the training phase, it is determined what the
electrodermal sensitivity of the patient is (e.g., how sweat
affects the neurophysiological signal levels). Some patients
may be strongly affected (e.g., their cranial width may be
relatively thin or the amplitude of their neural signals may
be relatively low, which may affect the measured signal
levels differently from those who have a thicker cranial
width and/or who have higher amplitudes in their observed
neurophysiological signals. Further, some patients may have
different personalities and different levels of anxiety during
testing. In this regard, in one embodiment, a baseline is
determined for each patient, sometimes referred to herein as
the sweat stress profile, which is stored in the patient
database 110. In this way, a computing device can determine
how a particular patient’s EEG response is affected by their
sweat production.

[0034] In one embodiment, the appropriate filter to be
used for the digital EEG data is determined during the
training phase. For example, different types of filters, includ-
ing, but not limited to, least mean square (LMS), recursive
least squares (RLS), Kalman, etc., may be evaluated to
determine the one or more that best fit the physiological
response of the patient to sweat. In this regard, it is noted that
RLS algorithms may be faster to converge than LMS, but
also are typically more complex. If the sweat artifact is
limited to a narrowband signal, then an LMS algorithm may
provide superior performance in terms of accuracy. Kalman
filters may be more complex than RLS algorithms, but also
show higher performance, as they do not require stationarity,
and thus may be implemented if the artifacts to be removed
are highly variable in time. Finally, if the artifact signal is
determined to be non-linear, then a nonlinear filter (particle
filter, batch filter, denoising or stacked autoencoders, etc.)
may be used. Deep neural network-based models may be
used, once a sufficient amount of training data is generated.
[0035] Referring back to FIG. 1, while the functionality of
the EEG artifact engine 103 has been discussed in the
context of an EEG analysis server 116, in one embodiment,
some or all of the functions of the EEG artifact engine 103
may be included in the user device (e.g., 102(1) or 102(N))
itself. Stated differently, a user device may provide the
functions of adaptive filtration of sweat artifacts during
electronic brain monitoring, independent of the EEG analy-
sis server 116.

[0036] While the patient database 110, the computing
device (e.g., 102(1)), and the EEG analysis server 116 are
illustrated by way of example to be on different platforms,
it will be understood that in various embodiments, the
patient database 110, EEG analysis server 116, and the user
device (e.g., 102(1)) may be combined in various combina-
tions. In other embodiments, these computing platforms may
be implemented by virtual computing devices in the form of
virtual machines or software containers that are hosted in a
cloud, thereby providing an elastic architecture for process-
ing and storage.

[0037] Each of the databases and computing devices dis-
cussed herein are compliant with the Health Insurance
Portability and Accountability Act (HIPAA), which sets the
standard for protecting sensitive patient data.
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Example User Device

[0038] As discussed in the context of FIG. 1, the adaptive
filtration of sweat artifacts during electronic brain monitor-
ing system in the architecture 100 may involve different
types of user devices. To that end, FIG. 4 illustrates a block
diagram showing various components of an illustrative user
device 400 at a high level. For discussion purposes, the
illustration shows the user device 400 in the form of a
wireless computing device that can communicate over the
network 106 of FIG. 1.

[0039] The user device 400 may include one or more
antennae 402; a transceiver 404 for cellular, Wi-Fi commu-
nication, and/or wired communication; a user interface 406;
one or more processors 408; hardware 410; and memory
416. In some embodiments, the antennae 402 may include
an uplink antenna that sends radio signals to a base station,
and a downlink antenna that receives radio signals from the
base station. In some other embodiments, a single antenna
may both send and receive radio signals. The same or other
antennas may be used for Wi-Fi communication. These
signals may be processed by the transceiver 404, sometimes
collectively referred to as a network interface, which is
configured to receive and transmit digital data. In one
embodiment, the transceiver 404 additionally includes short
range wireless communication capability, such as DECT,
NFC, ZigBee, Bluetooth, etc. In one embodiment, the user
device 400 does not include an antenna 402 and communi-
cation with external components is via wired communica-
tion.

[0040] In one embodiment, the user device 400 includes a
user interface 406 that enables a user to provide input and
receive output from the user device 400. For example, the
user interface 406 may include a data output device (e.g.,
visual display, audio speakers, haptic device, etc.) that may
be used to provide notifications from the EEG artifact engine
103 of the EEG analysis server 116.

[0041] The user interface 406 may also include one or
more data input devices. The data input devices may include,
but are not limited to, combinations of one or more of
keypads, keyboards, mouse devices, touch screens, micro-
phones, speech recognition packages, and any other suitable
devices or other electronic/software selection interfaces.
Data input devices may also include ports, such as USB, that
are configured to couple with the wired electrodes discussed
herein.

[0042] The user device 400 may include one or more
processors 408, which may be a single-core processor, a
multi-core processor, a complex instruction set computing
(CISC) processor, or another type of processor.

[0043] The hardware 410 may include a power source and
digital signal processors (DSPs), which may include single-
core or multiple-core processors. The hardware 410 may
also include network processors that manage high-speed
communication interfaces, including communication inter-
faces that interact with peripheral components. The network
processors and the peripheral components may be linked by
switching fabric. The hardware 410 may further include
hardware decoders and encoders, analog to digital convert-
ers (ADC’s), a network interface controller, and/or a USB
controller. Still further, the hardware may include a tem-
perature sensor, a humidity sensor, accelerometer, and a
global positioning system (GPS). For example, the tempera-
ture and humidity sensors may be used to determine the
ambient temperature and humidity of the environment that
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the patient is in. Further the accelerometer and GPS may be
used to determine the position of the patient and whether the
patient is moving.

[0044] The memory 416 may be implemented using com-
puter-readable media, such as computer storage media.
Storage media includes volatile and non-volatile, removable
and non-removable media implemented in any method or
technology for storage of information such as computer-
readable instructions, data structures, program modules, or
other data. Computer storage media includes, but is not
limited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks
(DVD), high definition video storage disks, or other optical
storage, magnetic cassettes, magnetic tape, magnetic disk
storage or other magnetic storage devices, or any other
non-transmission medium that can be used to store infor-
mation for access by a computing device.

[0045] The memory 416 may store various software com-
ponents or modules that are executable or accessible by the
processor(s) 408 and controller(s) of the user device 400.
The various components of the memory 416 may include
software 418 and an operating system 450. The software 418
may include various applications 420, such as an EEG
Analysis App 440 having several modules. Each module
may include routines, program instructions, objects, and/or
data structures that perform tasks or implement abstract data
types.

[0046] Forexample, the EEG Analysis App 440 of the user
device 400 may include a sweat module 442 operative to
interpret the wearable digital sweat sensor data. In one
embodiment, a wearable sweat sensor mainly measures
galvanic skin response (GSR), which may be performed by
placing two electrodes a predetermined distance (e.g., an
inch) apart on the body and/or scalp surface and measuring
recorded electrical resistance between the two electrodes
when a very weak current is steadily passed between them.
Galvanic skin potential (GSP) can be measured between two
electrodes without any externally applied current, when the
electrodes are connected to a voltage amplifier. Both GSR
and GSP vary with the emotional state of the subject (e.g.,
arousal) as well as with the body temperature and humidity.
The wearable sweat sensor can be integrated in the EEG
headband or can be worn at any other part of the body.
[0047] There may be a neurophysiological module 444
operative to interpret the digital EEG data. There may be a
temperature module 446 operative to interpret the ambient
temperature conditions provided by a temperature sensor.
There may be a humidity module 448 operative to determine
the humidity of the environment the patient is in. There may
also be NA 450, K 452, and Cl 454 modules that are
operative to determine the biomarkers present in sweat, such
as sodium (NA+), potassium (K+), chloride (Cl-), glucose,
lactose, etc., content, respectively, of the digital sweat sensor
data. A combination of the biomarker content with GSR
signal can be used to separate the emotional and cognitive
components from the physiological component present in
sweat secretion, which can then be used to correct the EEG
signal.

[0048] In a special embodiment, the EEG Analysis App
440 includes an adaptive adjustment module 456 that is
operative to apply a transform to the sweat sensor data based
on a predetermined sweat stress profile of the patient. The
EEG Analysis App 440 then adaptively subtract the trans-
formed sweat sensor data from the digital EEG data.



US 2019/0008383 A1

[0049] While a EEG Analysis App 440 has been illustrated
to be part of the user device 400, in some embodiments, the
functions performed by the EEG Analysis App 440, may be
performed by the EEG Artifact Engine 103. For example,
the functions associated with the adaptive adjustment mod-
ule 456 may be performed by the EEG Artifact Engine 103
of the EEG Analysis server 116. The operation of the EEG
Analysis server 116 is discussed in more detail later.
[0050] The operating system 450 may include components
that enable the user device 400 to receive and transmit data
via various interfaces (e.g., user controls, communication
interface, and/or memory input/output devices), as well as
process data using the processor(s) 408 to generate output.
The operating system 450 may include a presentation com-
ponent that presents the output (e.g., display the data on an
electronic display of the user device 400, store the data in
memory 416, transmit the data to another electronic device,
etc.). Additionally, the operating system 450 may include
other components that perform various additional functions
generally associated with an operating system 450.

Example Block Diagram

[0051] FIG. 5 illustrates a high-level block diagram of an
adaptive filtration of sweat artifacts system 500, consistent
with an illustrative embodiment. The system 500 includes a
summing node 510, which may represent the EEG Analysis
App 440 of a user device 400 or an EEG Artifact Engine
103. The EEG signals of a patient are received from various
electrodes. Block 502 represents a single channel that has
been digitized. The sweat sensor signals of the patient are
received contemporaneously. Block 504 represents the digi-
tized sweat sensor data. The adjustable filter 506, sometimes
referred to herein as a transform, receives the sweat sensor
data 504 and adaptively adjusts the sweat sensor data based
on the control signal received by the adaptive algorithm 508.
The adaptive algorithm 508 is configured during a training
phase, where the sweat stress profile is determined. The
sweat stress profile of the patient is used to create the
adaptive algorithm to adjust the filter 506. Accordingly, the
adjustable filter 506 generates a digital signal level for each
sample of the digital EEG data. For each sample of the
digital EEG data, the summing node 510 subtracts the
transformed sweat sensor data therefrom.

[0052] In one embodiment, the coefficients and/or the
hyperparameters of the adjustable filter 506 are determined
during the training, where the desired output is pre-com-
puted or is estimated from other environment variables
and/or data from other sensors (e.g., temperature sensor,
humidity sensor, etc.). The error function, sometimes
referred to herein as the error signal, is estimated by the
difference between the desired output and the actual output.
The coeflicients and/or hyperparameters are optimized such
that the error function is minimized. The trained adaptive
algorithm 508 is then used to remove the artifact from the
test BEG signal. In some embodiments, the adjustable filter
506 is further adjusted based on the ambient conditions
during the evaluation of the patient.

Example Process

[0053] With the foregoing overview of the example archi-
tecture 100 and example block diagram 500, it may be
helpful now to consider a high-level discussion of an
example process. To that end, FIGS. 6 and 7 presents
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illustrative processes 600 and 700 for the detection, identi-
fication, and removal of artifacts in neurophysiological
signals during electronic brain monitoring of a patient. More
particularly, FIG. 6 illustrates an example process of an
initialization training phase, where a sweat stress profile is
tailored for an individual patient, and FIG. 7 illustrates an
example process of an active phase where artifacts related to
sweat are identified and removed from EEG data.

[0054] Processes 600 and 700 are illustrated as collections
of blocks in logical flowcharts, which represent sequences of
operations that can be implemented in hardware, software,
or a combination thereof. In the context of software, the
blocks represent computer-executable instructions that,
when executed by one or more processors, perform the
recited operations. Generally, computer-executable instruc-
tions may include routines, programs, objects, components,
data structures, and the like that perform functions or
implement abstract data types. The order in which the
operations are described is not intended to be construed as
a limitation, and any number of the described blocks can be
combined in any order and/or performed in parallel to
implement the process. For discussion purposes, the pro-
cesses 600 and 700 are described with reference to the
architecture 100 of FIG. 1.

[0055] At block 602, a patient is placed in a controlled
environment to create a sweat stress profile that is particular
to the patient. To that end, the controlled environment may
include the patient wearing a VR or AR interface to accel-
erate the physical exertion and reaction to audio, video, and
physical stressors. In some embodiments, the ambient tem-
perature and/or the humidity of the room is controlled to
identify how the patient reacts to the introduced stressors.
[0056] At block 604, analog EEG signals of the patient are
received from one or more electrodes by a computing
device. As discussed previously, in various embodiments,
the computing device may be a user device, such as user
device 102(1), or the EEG analysis server 116. These analog
signals are converted into digital training EEG data.
[0057] At block 606, analog sweat sensor signals of the
patient, which are contemporaneous with the analog EEG
signals, are received by the computing device. For example,
the sweat sensor signals are contemporaneous with the EEG
signals in that the sweat sensor signals are synchronous with
the EEG signals. These analog sweat sensor signals are
converted to digital training sweat sensor data. In some
embodiments, different time segments of this training phase
expose the subject patient to different stressors. For
example, during time segment 0<T<5 min, soothing music
is played, serene scenes are displayed in the VR or AR
interface, and comfortable ambient conditions are main-
tained; during time segment 5 min=T<10 min the ambient
conditions may be aggravated (e.g., higher temperature
and/or humidity); during time segment 10 min<T<15 min
the VR or AR interface may display stressful scenes to
accelerate the physical exertion and reaction to audio, visual,
and physical stressors; etc.

[0058] At block 610, the digital training EEG data, digital
training sweat sensor data, and the stressors are correlated.
[0059] At block 612, a sweat stress profile for the subject
patient is created based on the correlation performed at
block 610. In various embodiments, the sweat stress profile
for the subject patient may be stored in the user device (e.g.,
102(1)) and/or sent over the network 106 to be stored in the
patient database 110.
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[0060] Reference now is made to FIG. 7, which illustrates
an example process 700 of an active phase, where artifacts
related to sweat are identified and removed from EEG data
by a computing device. The computing device may be a user
device (e.g., 102(1)) or the EEG analysis server 116. In
various embodiments, process 700 may be independent from
process 600 or may be run thereafter (i.e., to use the sweat
stress profile from process 600). Accordingly, at block 702
the sweat stress profile of the subject patient is received. In
various embodiments, the sweat stress profile may be
received over the network 106 from the patient database 110
or directly from the user device (e.g., 102(1)).

[0061] At block 704, analog EEG signals of the patient are
received from one or more electrodes by a computing
device, which, in various embodiments, may be a user
device (e.g., 102(1)), or the EEG analysis server 116. These
analog signals are converted into digital EEG data.

[0062] At block 706, analog sweat sensor signals of the
patient, which are contemporaneous with the analog EEG
signals, are received by the computing device. These analog
sweat sensor signals are converted to digital sweat sensor
data.

[0063] At block 708, in one embodiment, ambient condi-
tions data are received by the computing device. For
example, the ambient conditions data may include, without
limitation, (i) the ambient temperature, (i) the ambient
humidity, (iii) an ambient airflow, etc., from one or more
ambient sensors in the proximity of the subject patient.
[0064] At block 710, a transform is applied to the digital
sweat sensor data. In one embodiment, the transform is
based on the predetermined sweat stress profile that was
received by the computing device (e.g., block 702). In some
embodiments (e.g., where the ambient conditions were
measured in block 708, the transform is further based on the
ambient conditions. Accordingly, block 710 provides a
transformed digital sweat sensor data that can be used as a
filtration reference.

[0065] At block 712, the transformed digital sweat sensor
data is subtracted from the digital EEG data, thereby remov-
ing the artifact related to sweat from the digital EEG data.
Accordingly, the computing device adaptively adjusts the
digital EEG data. Thus, for every sample, an appropriate
amount is subtracted from the digital EEG data to remove
the sweat artifacts therefrom.

[0066] At block 714, the adaptively adjusted digital EEG
data is displayed on a user interface of the user device (e.g.,
102(1)). The presentation of the adjusted digital EEG data
can be performed in real time.

Example Computer Platform

[0067] As discussed above, functions relating to detection,
identification, and removal of artifacts in neurophysiological
signals can be performed with the use of one or more
computing devices connected for data communication via
wireless or wired communication, as shown in FIG. 1 and in
accordance with the process 600 of FIG. 6 and 700 of FIG.
7, FIG. 8 is a functional block diagram illustration of a
computer hardware platform that can communicate with
various networked components, such as user devices 102(1)
to 102(N) of patients, patient databases, such as patient
database 110, etc. In particular, FIG. 8 illustrates a network
or host computer platform 800, as may be used to implement
a server, such as the EEG Analysis Server 116 of FIG. 1.
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[0068] The computer platform 800 may include a central
processing unit (CPU) 804, a hard disk drive (HDD) 806,
random access memory (RAM) and/or read only memory
(ROM) 808, a keyboard 810, a mouse 812, a display 8§14,
and a communication interface 816, which are connected to
a system bus 802.

[0069] In one embodiment, the HDD 806, has capabilities
that include storing a program that can execute various
processes, such as the EEG Artifact Engine 840, in a manner
described herein. The EEG Artifact Engine 840 may have
various modules configured to perform different functions.
As mentioned in the context of the discussion of the user
device 400 of FIG. 4, in various embodiments, some or all
of the functions described below can be performed by the
user device 400 itself. Stated differently, the EEG Analysis
App 440 of the user device 400 can perform the functionality
of the EEG Artifact Engine 840 discussed below.

[0070] For example, the EEG Artifact Engine 840 may
include a sweat module 842 operative to interpret the digital
sweat sensor data received from the user device (e.g,
102(1)). There may be a neurophysiological module 844
operative to interpret the digital EEG data received by the
user device (e.g., 102(1)). There may be a temperature
module 846 operative to interpret the ambient temperature
conditions provided by a temperature sensor. There may be
a humidity module 848 operative to determine the humidity
of the environment the patient is in. There may also be NA
850, K 852, and Cl 854 modules that are operative to
determine the NA+, K+, and Cl- content, respectively, of the
digital sweat sensor data. There may be additional modules
(not shown) to measure additional parameters, such as
glucose, lactose, etc.

[0071] In one embodiment, there is a report module 858
operative to report the adaptively adjusted digital EEG data
to an appropriate recipient, such as a responsible nurse,
physician, or the patient itself. For example, the adaptively
adjusted digital EEG data can be sent over the network 106
to a user device of a patient, such that is displayed on a user
interface thereof. The reporting of the adjusted digital EEG
data can be performed in real time

[0072] In one embodiment, a program, such as Apache™,
can be stored for operating the system as a Web server. In
one embodiment, the HDD 806 can store an executing
application that includes one or more library software mod-
ules, such as those for the Java™ Runtime Environment
program for realizing a JVM (Java™ virtual machine).

CONCLUSION

[0073] The descriptions of the various embodiments of the
present teachings have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

[0074] While the foregoing has described what are con-
sidered to be the best state and/or other examples, it is
understood that various modifications may be made therein
and that the subject matter disclosed herein may be imple-
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mented in various forms and examples, and that the teach-
ings may be applied in numerous applications, only some of
which have been described herein. It is intended by the
following claims to claim any and all applications, modifi-
cations and variations that fall within the true scope of the
present teachings.

[0075] The components, steps, features, objects, benefits
and advantages that have been discussed herein are merely
illustrative. None of them, nor the discussions relating to
them, are intended to limit the scope of protection. While
various advantages have been discussed herein, it will be
understood that not all embodiments necessarily include all
advantages. Unless otherwise stated, all measurements, val-
ues, ratings, positions, magnitudes, sizes, and other speci-
fications that are set forth in this specification, including in
the claims that follow, are approximate, not exact. They are
intended to have a reasonable range that is consistent with
the functions to which they relate and with what is custom-
ary in the art to which they pertain.

[0076] Numerous other embodiments are also contem-
plated. These include embodiments that have fewer, addi-
tional, and/or different components, steps, features, objects,
benefits and advantages. These also include embodiments in
which the components and/or steps are arranged and/or
ordered differently.

[0077] Aspects of the present disclosure are described
herein with reference to a flowchart illustration and/or block
diagram of a method, apparatus (systems)., and computer
program products according to embodiments of the present
disclosure. It will be understood that each block of the
flowchart illustrations and/or block diagrams, and combina-
tions of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer readable pro-
gram instructions.

[0078] These computer readable program instructions may
be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function in a manner, such that the
computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified in the flowchart and/or block diagram block or
blocks.

[0079] The computer readable program instructions may
also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other
programmable apparatus or other device to produce a com-
puter implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or
other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.

[0080] The flowchart and block diagrams in the figures
herein illustrate the architecture, functionality, and operation
of possible implementations of systems, methods, and com-
puter program products according to various embodiments
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of the present disclosure. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified
logical function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted in the Figures. For example, two blocks shown in
succession may, in fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations of special purpose hardware and computer
instructions.

[0081] While the foregoing has been described in con-
junction with exemplary embodiments, it is understood that
the term “exemplary” is merely meant as an example, rather
than the best or optimal. Except as stated immediately
above, nothing that has been stated or illustrated is intended
or should be interpreted to cause a dedication of any
component, step, feature, object, benefit, advantage, or
equivalent to the public, regardless of whether it is or is not
recited in the claims.

[0082] It will be understood that the terms and expressions
used herein have the ordinary meaning as is accorded to such
terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific
meanings have otherwise been set forth herein. Relational
terms such as first and second and the like may be used
solely to distinguish one entity or action from another
without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The
terms “comprises,” “comprising,” or any other variation
thereof, are intended to cover a non-exclusive inclusion,
such that a process, method, article, or apparatus that com-
prises a list of elements does not include only those elements
but may include other elements not expressly listed or
inherent to such process, method, article, or apparatus. An
element proceeded by “a” or “an” does not, without further
constraints, preclude the existence of additional identical
elements in the process, method, article, or apparatus that
comprises the element.

[0083] The Abstract of the Disclosure is provided to allow
the reader to quickly ascertain the nature of the technical
disclosure. It is submitted with the understanding that it will
not be used to interpret or limit the scope or meaning of the
claims. In addition, in the foregoing Detailed Description, it
can be seen that various features are grouped together in
various embodiments for the purpose of streamlining the
disclosure. This method of disclosure is not to be interpreted
as reflecting an intention that the claimed embodiments have
more features than are expressly recited in each claim.
Rather, as the following claims reflect, inventive subject
matter lies in less than all features of a single disclosed
embodiment. Thus, the following claims are hereby incor-
porated into the Detailed Description, with each claim
standing on its own as a separately claimed subject matter.
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What is claimed is:

1. A computing device comprising:

a processor;

a network interface coupled to the processor to enable
communication over a network;

a storage device coupled to the processor;

a software stored in the storage device, wherein an
execution of the software by the processor configures
the computing device to perform acts comprising:

receiving digital EEG data based on a digitizing of analog
electroencephalogram (EEG) signals of a patient from
a first electrode;

receiving digital sweat sensor data based on a digitizing of
analog sweat sensor signals of the patient that are
contemporaneous with the analog EEG signals;

applying a transform to the digital sweat sensor data based
on a predetermined sweat stress profile of the patient;
and

adaptively adjusting the digital EEG data by subtracting
the transformed sweat sensor data from the digital EEG
data;

2. The computing device of claim 1, wherein the adaptive
adjustment of the digital EEG data is in real time with the
receipt of the analog EEG and sweat sensor signals.

3. The computing device of claim 1, wherein the sweat
sensor data comprises a sodium (NA+) measurement data, a
potassium (K+) measurement data, and a chlorine (Cl-)
measurement data.

4. The computing device of claim 1, wherein the analog
sweat sensor signals are based on a galvanic skin response
by measuring an electrical resistance between the first
electrode and a second electrode when a current is applied
between the first electrode and the second electrode.

5. The computing device of claim 1, wherein:

the first electrode is part of a group of a plurality of
electrodes configured to receive analog EEG signals
from different parts of a scalp of the patient, and

analog sweat sensor signals are received from a sweat
sensor electrode for one or more electrodes of the
plurality of electrodes that are within a predetermined
distance of the sweat sensor.

6. The computing device of claim 1, wherein execution of
the software by the processor further configures the com-
puting device to perform acts comprising: performing a
distance-regression adjustment of the transform based on a
distance between the first electrode and a sweat sensor
electrode, before applying the transform to the digital sweat
sensor data.

7. The computing device of claim 1, wherein execution of
the software by the processor further configures the com-
puting device to perform acts comprising: receiving ambient
data of an environment of the patient, comprising at least
one of: (i) an ambient temperature, (ii) an ambient humidity,
(iii) and an ambient air-flow, from one or more ambient
sensors, wherein applying a transform to the digital sweat
sensor data is further based on the received ambient data.

8. The computing device of claim 1, wherein:

the sweat stress profile of the patient is predetermined
during a training phase, and

execution of the software by the processor further con-
figures the computing device to perform acts compris-
ing:
introducing stressors to the patient in a controlled

environment;
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receiving training analog EEG signals of a patient from
the first electrode in response to the stressors and
converting the training analog EEG signals to train-
ing digital EEG data;

receiving training analog sweat sensor signals of the
patient in response to the stressors that are contem-
poraneous with the training analog EEG signals and
converting the training analog sweat sensor signals
to digital sweat sensor data; and

creating a sweat stress profile of the patient based on
the digital training EEG data and the digital training
sweat sensor data.

9. The computing device of claim 8, wherein the stressors
are introduced via at least one of: (i) a virtual reality (VR)
interface of the computing device, (ii) an augmented reality
(AR) interface of the computing device, (iii) a control of an
ambient temperature of the controlled environment, (iv) a
control of an ambient humidity of the controlled environ-
ment, and (v) a control of an ambient air-flow of the
controlled environment.

10. The computing device of claim 1, wherein the analog
EEG signals and the analog sweat sensor signals are
received wirelessly and in real time by the computing
device, via a short range wireless communication technol-
ogy.

11. A non-transitory computer readable storage medium
tangibly embodying a computer readable program code
having computer readable instructions that, when executed,
causes a computer device to carry out a method of removing
artifacts in electroencephalogram (EEG) signals, the method
comprising:

receiving digital EEG data based on a digitizing of analog

EEG signals of a patient from a first electrode;
receiving digital sweat sensor data based on a digitizing of
analog sweat sensor signals of the patient that are
contemporaneous with the analog EEG signals;
applying a transform to the digital sweat sensor data based
on a predetermined sweat stress profile of the patient;
and
adaptively adjusting the digital EEG data by subtracting
the transformed sweat sensor data from the digital EEG
data.
12. The non-transitory computer readable storage medium
of claim 11, wherein the adaptive adjustment of the digital
EEG data is in real time with the receipt of the analog EEG
and sweat sensor signals.
13. The non-transitory computer readable storage medium
of claim 11, wherein the sweat sensor data comprises a
sodium (NA+) measurement data, a potassium (K+) mea-
surement data, and a chlorine (Cl-) measurement data.
14. The non-transitory computer readable storage medium
of claim 11, wherein the analog sweat sensor signals are
based on a galvanic skin response by measuring an electrical
resistance between the first electrode and a second electrode
when a current is applied between the first electrode and the
second electrode.
15. The computing device of claim 1, wherein:
the first electrode is part of a group of a plurality of
electrodes configured to receive analog EEG signals
from different parts of a scalp of the patient, and

analog sweat sensor signals are received from a sweat
sensor electrode for one or more electrodes of the
plurality of electrodes that are within a predetermined
distance of the sweat sensor.
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16. The non-transitory computer readable storage medium
of claim 11, further comprising, performing a distance-
regression adjustment of the transform based on a distance
between the first electrode and a sweat sensor electrode,
before applying the transform to the digital sweat sensor
data.

17. The non-transitory computer readable storage medium
of claim 11, further comprising, receiving ambient data of an
environment of the patient, comprising at least one of: (i) an
ambient temperature, (ii) an ambient humidity, (iii) and an
ambient air-flow, from one or more ambient sensors,
wherein applying a transform to the digital sweat sensor data
is further based on the received ambient data.

18. The non-transitory computer readable storage medium
of claim 11, wherein determining the sweat stress profile
comprises, during a training phase:

introducing stressors to the patient in a controlled envi-

ronment;

receiving training analog EEG signals of a patient from

the first electrode in response to the stressors and
converting the training analog EEG signals to training
digital EEG data;
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receiving training analog sweat sensor signals of the
patient in response to the stressors that are contempo-
raneous with the training analog EEG signals and
converting the training analog sweat sensor signals to
digital sweat sensor data; and

creating a sweat stress profile of the patient based on the

digital training EEG data and the digital training sweat
sensor data.

19. The non-transitory computer readable storage medium
of claim 18, wherein the stressors are introduced via at least
one of: (i) a virtual reality (VR) interface of the computer
device, (ii) an augmented reality (AR) interface of the
computing device, (iii) a control of an ambient temperature
of the controlled environment, (iv) a control of an ambient
humidity of the controlled environment, and (v) a control of
an ambient air-flow of the controlled environment.

20. The non-transitory computer readable storage medium
of claim 11, wherein the analog EEG signals and the analog
sweat sensor signals are received wirelessly and in real time
by the computer device, via a short range wireless commu-
nication technology.
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