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SYSTEMS AND METHODS OF ELECTRODE
SWITCHING FOR NEUROPHYSIOLOGICAL
SENSING AND STIMULATION

CROSS-REFERENCE

[0001] The present application relies on U.S. Patent Pro-
visional Application No. 62/758,303, entitled “Systems and
Methods of Electrode Switching for Neurophysiological
Sensing and Stimulation” and filed on Nov. 9, 2018, for
priority, which is herein incorporated by reference in its
entirety.

FIELD

[0002] The present specification is related generally to the
field of neurophysiological sensing and/or stimulation. More
specifically, the present specification is related to an inte-
grated switch matrix for a medical device system used for
long-term monitoring of bioelectrical signals and/or map-
ping of the brain through cortical stimulation.

BACKGROUND

[0003] Electroencephalography is the neurophysiologic
sensing and measurement of electrical activity of the brain
by recording signals acquired from electrodes, which may
be placed on the scalp, intracranially, on the surface of the
brain, or within the brain tissue, and connected to an
amplifier or recording device. The resulting traces are
known as an electroencephalogram (EEG) and represent an
electrical signal (postsynaptic potentials) from a large num-
ber of neurons.

[0004] Long-term electroencephalographic monitoring
(LTM), intracranial EEG (iEEG) and cortical stimulation
mapping (CSM) are directed towards identifying, mapping
and monitoring neural structures in the brain with the goal
of locating areas of the brain where epileptic seizures are
occurring and preserving the structural integrity of these
neural structures during physically invasive procedures such
as surgery. For example, cortical stimulation mapping
(CSM) is a type of electrocorticography that involves a
physically invasive procedure and aims to localize the
function of specific brain regions through direct electrical
stimulation of the cerebral cortex. Identifying, mapping and
monitoring neural structures comprises applying electrical
stimulation at or near an area of the brain where EEG
abnormalities associated with seizure disorders are believed
to be located. Electrical stimulation is transmitted through
the brain to excite the associated sensory, motor or func-
tional areas of the cerebral cortex that may reside in the
location of interest. An electrical impulse is generated in the
brain, as a result of the excitation, that can be sensed using
recording electrodes or by visually observing physical
responses in the patient such as limb movement or speech
patterns, thereby indicating presence of a nerve center to a
surgeon.

[0005] Electrocorticography (ECo(G) and stereoelectroen-
cephalography (sEEG) are methods of intracranial EEG
monitoring and cortical mapping that require high channel
count recording and stimulating devices. These systems use
amplifiers capable of receiving input electrodes typically in
a range of 21 to 256 electrodes and sometimes more than
500 electrodes. In ECoG, electrodes are placed on the
cerebral cortex via a craniotomy. In SEEG, depth electrodes
may be placed via small holes (burr holes) drilled in the
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skull. ECoG and sEEG may be used when standard EEG
monitoring results are inconclusive, particularly for epilepsy
patients. Since ECoG and sEEG use strip or grid electrodes
and depth electrodes on the surface of the brain and in the
brain respectively. they provide a benefit of using electrodes
that are closer to the area(s) producing seizures than elec-
trodes placed on the scalp in standard EEG monitoring. In
addition, electrodes placed directly on or in the brain have
the advantage of recording signals without the interference
of skin, fat tissue, muscle or bone.

[0006] ECoG and sEEG may be used to monitor, assess
and map the brains of epilepsy patients who may benefit
from surgery and have not responded to less invasive
treatments, including pharmaceuticals. Monitoring will indi-
cate to physicians an area of epileptogenic brain tissue that
is the site of origin of recurrent seizures and mapping will
indicate to physicians functional areas of the brain to be
safeguarded during surgery. Functional mapping involves
using the electrodes (grid or strip) to stimulate the brain and
record signals to identify the underlying function of a brain
region, such as language, sensation, or motor function.
ECoG and sEEG typically involve long term monitoring
where electrodes are placed intracranially during a surgery,
then the monitoring device remains connected to the patient
for monitoring and recording to identify areas of pathologi-
cal brain activity. Once the area of epileptic activity is
located, the device may be used during surgery or in a
patient monitoring room to monitor or stimulate nerves to
map important functional areas of the brain that should be
avoided during surgery. When a discrete epileptogenic
region of the brain is identified and can be removed without
the introduction of unacceptable additional neurological
deficits, the respective surgery is performed.

[0007] Conventional high channel-count systems deploy-
ing multiple amplifier or recording devices as part of a
sensing system and at least one neurostimulator as part of a
stimulation system require separate controls and are fraught
with unwanted complexities arising from multiple cables
that are a source of unwanted electrical noise and constrain
patient movement.

[0008] Additionally, legacy large channel-count systems
with multiple recording devices use electrode wires to attach
the common reference inputs on each device to each other
and to the patient. These connections are prone to breakage
or can become disconnected due to movement of the equip-
ment and/or the patient, particularly during a seizure. As a
result, these systems require manuval intervention by a user
to replace or physically move a bad or noisy common
reference lead.

[0009] Furthermore, in such legacy systems, a single elec-
trode contact is chosen for a ground connection and plugged
into a single touch-proof jack dedicated to patient ground on
a recording device. Limiting the user to one dedicated
touch-proof jack for the ground connection affects reliability
and maneuverability of connection. If the ground electrode
breaks or becomes disconnected from the device, the user
has to manually connect another electrode or reconnect the
disconnected lead wire to the device.

[0010] Finally, typical CSM procedures require the
repeated disconnection of a current pair of stimulation
electrodes and the connection of a new pair until an area of
interest is mapped. In other words, the user has to repeatedly
deal with the problem of having to physically move the
neurostimulator outputs to other locations on the patient.
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[0011] Thus, there is a need for systems and methods that
provide a versatility of operation and functions by integrat-
ing sensing and stimulation modalities. There is also a need
for systems and methods that enable a user to overcome a
variety of manual interventions during operation and mini-
mize the complexities of operating conventional high chan-
nel-count systems while still providing both sensing and
stimulation capabilities.

SUMMARY

[0012] The following embodiments and aspects thereof
are described and illustrated in conjunction with systems,
tools and methods, which are meant to be exemplary and
illustrative, and not limiting in scope. The present applica-
tion discloses numerous embodiments.

[0013] The present specification discloses a neuromoni-
toring system comprising: at least one multi-channel record-
ing device comprising a programmable switch matrix and a
plurality of input channels; a plurality of electrodes con-
nected to the at least one multi-channel recording device via
the plurality of input channels; at least one stimulator
module connected to the at least one multi-channel record-
ing device; at least one computing device in communication
with the at least one multi-channel recording device; and at
least one display unit in data communication with the at least
one computing device; wherein the programmable switch
matrix is configured, in response to commands from the at
least one computing device, to enable any electrode or
combination of electrodes of the plurality of electrodes
corresponding to any single input channel or combination of
input channels to function as a common reference.

[0014] Optionally, the neuromonitoring system further
comprises at least one database in data communication with
the at least one computing device.

[0015] Optionally, the at least one computing device is
configured to command the programmable switch to enable
any electrode or combination of electrodes of the plurality of
electrodes to function as a common ground electrode.
[0016] Optionally, the at least one computing device is
configured to automatically command, without manual
intervention by a user, the programmable switch to enable
any electrode or combination of electrodes of the plurality of
electrodes to function as a common ground electrode when
a previously designated common ground electrode is dam-
aged or disconnected.

[0017] Optionally, the neuromonitoring system comprises
two or more multi-channel recording devices. Optionally,
the programmable switch matrix is configured, in response
to commands from the at least one computing device, to
enable any electrode or combination of electrodes of the
plurality of electrodes to function as a global common
reference for each of the two or more multi-channel record-
ing devices.

[0018] Optionally, the at least one computing device fur-
ther comprises a sensing module, and a switching module.
Optionally, the switching module is adapted to configure the
programmable switch matrix such that the system functions
in at least one of a sensing mode or in a stimulation mode.
Optionally, when in the stimulation mode, the neuromoni-
toring system is configured to provide multi-contact cortical
stimulation by allowing any combination of electrodes of the
plurality of electrodes to be configured as anodes or cath-
odes, without requiring a user to move electrode locations on
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a patient manually, and stimulating more than two electrodes
of the plurality of electrodes simultaneously.

[0019] Optionally, the neuromonitoring system further
comprises a power module in communication with the at
least one multi-channel recording device and the at least one
computing device.

[0020] Optionally, the at least one display unit is config-
ured to provide a user a graphical user interface comprising
a plurality of inputs, wherein each of the plurality of inputs
is adapted to receive a user input that selects a function of
each electrode of the plurality of electrodes.

[0021] Optionally, the switch matrix is configured to mea-
sure ground impedance without switching a reference elec-
trode into the ground circuit.

[0022] The present specification also discloses a program-
mable switch matrix adapted for use with a recording device
in a neuromonitoring system, comprising: an electrode con-
nection link, wherein the electrode connection link is in data
communication with a plurality of electrodes; a program-
mable ground switch matrix in communication with the
electrode connection link; a programmable reference switch
matrix in communication with the programmable ground
switch matrix and comprising a first output in communica-
tion with input channels of the recording device and a
second output; a ground circuit connected to the program-
mable ground switch matrix; and two or more switches in
data communication with the second output of the program-
mable reference switch matrix and with the input channels
of the recording device, wherein the two or more switches
comprise at least a programmable stimulation anode switch
matrix and a programmable stimulation cathode switch
matrix and wherein, in response to commands from a
microcontroller, the programmable switch matrix is config-
ured to enable any electrode or combination of electrodes of
the plurality of electrodes to function as a common refer-
ence.

[0023] Optionally, the programmable switch matrix fur-
ther comprises a buffer in line between the communication
of the two or more switches with the programmable refer-
ence switch matrix.

[0024] Optionally, the programmable switch matrix fur-
ther comprises at least one set of input/output ports config-
ured to enable connection with at least one recording device.
Optionally, the programmable switch matrix further com-
prises a programmable stimulation anode switch matrix in
communication with the patient connection link and the at
least one set of input/output ports. Optionally, the program-
mable switch matrix further comprises a programmable
stimulation cathode switch matrix in communication with
the patient connection link and the at least one set of
input/output ports.

[0025] Optionally, in response to commands from the
microcontroller, the programmable switch matrix is config-
ured to enable any electrode or combination of electrodes of
the plurality of electrodes to function as a common ground
electrode.

[0026] Optionally, in response to commands from the
microcontroller, the programmable switch matrix is auto-
matically configured, without requiring manual intervention
by a user, to enable any electrode or combination of elec-
trodes of the plurality of electrodes to function as a common
ground electrode if a previously designated ground electrode
is damaged or disconnected.
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[0027] Optionally, in response to commands from the
microcontroller, the programmable switch matrix is config-
ured to enable any electrode or combination of electrodes of
the plurality of electrodes to function as a global common
reference for all recording devices in data communication
with the programmable switch matrix.

[0028] Optionally, the programmable switch matrix is
further configured to function in at least one of a sensing
mode or in a stimulation mode.

[0029] Optionally, when in a stimulation mode, the pro-
grammable switch matrix is configured to provide multi-
contact cortical stimulation by allowing any combination of
electrodes of the plurality of electrodes to be configured as
anodes or cathodes. Optionally, when in a stimulation mode,
the programmable switch matrix is configured to provide
multi-contact cortical stimulation by allowing any combi-
nation of electrodes of the plurality of electrodes to be
stimulated simultaneously.

[0030] Optionally, the programmable switch matrix fur-
ther comprises a set of ports adapted to provide power from
a power module in communication with the recording
device.

[0031] Optionally, a display unit of the neuromonitoring
system is configured to provide a user a graphical user
interface comprising a plurality of inputs adapted to receive
a selection of a function for each electrode of the plurality
of electrodes.

[0032] The present specification also discloses a neuro-
monitoring system comprising: at least one multi-channel
recording device comprising an integrated programmable
switch matrix and a plurality of input channels; a plurality of
electrodes connected to the at least one multi-channel
recording device via the plurality of input channels; at least
one stimulator module connected to the at least one multi-
channel recording device; at least one computing device in
communication with the at least one multi-channel recording
device; at least one display unit in data communication with
the at least one computing device; and at least one database
in data communication with the at least one computing
device; wherein the integrated programmable switch matrix
is configured, in response to commands from the at least one
computing device, to enable any electrode or combination of
electrodes of the plurality of electrodes corresponding to any
single input channel or combination of input channels to
function as a common reference.

[0033] Optionally, the at least one computing device is
configured to command the integrated programmable switch
to enable any electrode or combination of electrodes of the
plurality of electrodes corresponding to any single input
channel or combination of input channels to function as a
common ground electrode. Optionally, the at least one
computing device is configured to command the integrated
programmable switch to enable any electrode or combina-
tion of electrodes of the plurality of electrodes correspond-
ing to any single input channel or combination of input
channels to function as a common ground electrode in the
event of ground electrode damage or disconnection without
a user needing to manually connect a new electrode.
[0034] The neuromonitoring system may comprise two or
more multi-channel recording devices. Optionally, the inte-
grated programmable switch matrix is configured, in
response to commands from the at least one computing
device, to enable any electrode or combination of electrodes
of the plurality of electrodes corresponding to any single
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input channel or combination of input channels to function
as a global common reference for all of the two or more
multi-channel recording devices.

[0035] Optionally, the at least one computing device fur-
ther comprises a sensing module, a stimulation module, and
a switching module. Optionally, the switching module is
configured to implement a plurality of instructions or pro-
grammatic code to program or configure the integrated
programmable switch matrix such that the system functions
in a sensing operation mode and/or in a stimulation opera-
tion mode. Optionally, when in a stimulation operation
mode, the system is configured to provide multi-contact
cortical stimulation by allowing any combination of elec-
trodes of the plurality of electrodes to be configured as
anodes and cathodes and stimulating more than two elec-
trodes of the plurality of electrodes simultaneously.

[0036] Optionally, the neuromonitoring system further
comprises a power module in communication with the at
least one multi-channel recording device and the at least one
computing device.

[0037] Optionally, the at least one display unit is config-
ured to provide a user a graphical user interface comprising
a plurality of dialog boxes for selecting a function of each
electrode of the plurality of electrodes.

[0038] Optionally, the neuromonitoring system is config-
ured to measure ground impedance without switching a
reference electrode into the ground circuit.

[0039] The present specification also discloses a program-
mable switch matrix for use with a recording device in a
neuromonitoring system, comprising: a patient connection
link from a plurality of electrodes; a programmable ground
switch matrix in communication with the connection link; a
programmable reference switch matrix in communication
with the programmable ground switch matrix and compris-
ing a first output in communication with input channels of
the recording device and a second output; a ground circuit
connected to the programmable ground switch matrix; a
plurality of switches in communication with the second
output of the programmable reference switch matrix and
with the input channels of the recording device; a buffer in
line between the communication of the plurality of switches
with the programmable reference switch matrix; at least one
set of input/output ports configured to enable connection
with at least one other recording device; a programmable
stimulation anode switch matrix in communication with the
patient connection link and the at least one set of input/
output ports, and a programmable stimulation cathode
switch matrix in communication with the patient connection
link and the at least one set of input/output ports; wherein the
programmable switch matrix is configured, in response to
commands from a microcontroller, to enable any electrode
or combination of electrodes of the plurality of electrodes
corresponding to any single input channel or combination of
input channels to function as a common reference.

[0040] Optionally, the programmable switch matrix is
configured to enable any electrode or combination of elec-
trodes of the plurality of electrodes corresponding to any
single input channel or combination of input channels to
function as a common ground electrode.

[0041] Optionally, the programmable switch matrix is
configured to enable any electrode or combination of elec-
trodes of the plurality of electrodes corresponding to any
single input channel or combination of input channels to
function as a common ground electrode in the event of
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ground electrode damage or disconnection without a user
needing to manually connect a new electrode.

[0042] Optionally, the programmable switch matrix is
configured to enable any electrode or combination of elec-
trodes of the plurality of electrodes corresponding to any
single input channel or combination of input channels to
function as a global common reference for all recording
devices of the neuromonitoring system.

[0043] Optionally, the programmable switch matrix is
configured to receive a plurality of instructions or program-
matic code from the microcontroller such that the neuro-
monitoring system functions in a sensing operation mode
and/or in a stimulation operation mode. Optionally, when in
a stimulation operation mode, the system is configured to
provide multi-contact cortical stimulation by allowing any
combination of electrodes of the plurality of electrodes to be
configured as anodes and cathodes and stimulating more
than two electrodes of the plurality of electrodes simulta-
neously.

[0044] Optionally, the programmable switch matrix fur-
ther comprises a second set of input/output ports for pro-
viding power from a power module in communication with
the recording device.

[0045] Optionally, a display unit of the neuromonitoring
system is configured to provide a user a graphical user
interface comprising a plurality of dialog boxes for selecting
a function of each electrode of the plurality of electrodes.

[0046] Optionally, the neuromonitoring system is config-
ured to measure impedance without switching a reference
electrode into the ground circuit.

[0047] The aforementioned and other embodiments of the
present shall be described in greater depth in the drawings
and detailed description provided below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] These and other features and advantages of the
present specification will be further appreciated, as they
become better understood by reference to the following
detailed description when considered in connection with the
accompanying drawings:

[0049] FIG. 1A is a block diagram showing a system for
the sensing, monitoring and recording of bioelectrical/neu-
rophysiological signals and the mapping of a patient’s brain
through cortical stimulation, in accordance with some
embodiments of the present specification;

[0050] FIG. 1B shows a perspective view of an exemplary
multi-channel amplifier for use with the systems of the
present specification;

[0051] FIG. 1C shows a side view of the multi-channel
amplifier of FIG. 1B;

[0052] FIG. 2 is a block diagram illustrating a plurality of
hardware components and connections of a programmable
switch matrix module within a recording device, in accor-
dance with some embodiments of the present specification;
and

[0053] FIG. 3 illustrates an exemplary graphical user
interface (GUI) and dialog boxes for enabling a user to make
a plurality of interactive selections with respect to electrodes
across multiple recording devices of the system of FIG. 1A,
in accordance with some embodiments of the present speci-
fication.
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DETAILED DESCRIPTION

[0054] The present specification discloses a program-
mable switch matrix for a medical device system used for
long-term monitoring of electroencephalogram (EEG) sig-
nals and mapping of the brain through cortical stimulation.
Various embodiments disclose a programmable switch
matrix integrated in an EEG recording device for connecting
any patient electrode(s) to a ground circuit, connecting any
patient electrode to a common reference, connecting a
selected common reference to any or all recording device(s)
in the system and, connecting any patient electrode(s) to
anode and/or cathode outputs of a neurostimulator.

[0055] In accordance with some aspects of the present
specification, the switch matrix is programmable through at
least one GUI and programmatic code or instructions from
a plurality of modules executed on a computing device.
[0056] A “computing device” is at least one of a cellular
phone, PDA, smart phone, tablet computing device, patient
monitor, custom kiosk, or other computing device capable of
executing programmatic instructions. It should further be
appreciated that each device and monitoring system may
have wireless and wired receivers and transmitters capable
of receiving and transmitting data. Each “computing device”
may be coupled to at least one display, which displays
information about the patient parameters and the functioning
of the system, by means of a GUI. The GUI also presents
various menus that allow users to configure settings accord-
ing to their requirements. The system further comprises at
least one processor (not shown) to control the operation of
the entire system and its components. It should further be
appreciated that the at least one processor is capable of
processing programmatic instructions, has a memory
capable of storing programmatic instructions, and employs
software comprised of a plurality of programmatic instruc-
tions for performing the processes described herein. In one
embodiment, the at least one processor is a computing
device capable of receiving, executing, and transmitting a
plurality of programmatic instructions stored on a volatile or
non-volatile computer readable medium. In addition, the
software comprised of a plurality of programmatic instruc-
tions for performing the processes described herein may be
implemented by a computer processor capable of processing
programmatic instructions and a memory capable of storing
programmatic instructions.

[0057] The term ‘user’ is used interchangeably to refer to
a surgeon, neuro-physician, neuro-surgeon, neuro-physiolo-
gist, technician and/or other patient-care personnel or staff.
[0058] The term “module” used in this disclosure may
refer to a certain unit that includes one of hardware, software
and firmware or any combination thereof. The module may
be interchangeably used with unit, logic, logical block,
component, or circuit, for example. The module may be the
minimum unit, or part thereof, which performs one or more
particular functions. The module may be formed mechani-
cally or electronically.

[0059] A “switch matrix module” refers to one or more
electromechanical switches, multiple electromechanical
switches in a single package (for example, an array of
switches), or switches integrated onto an ASIC platform. In
various embodiments, a “switch” may be a double-pole,
single-throw switch, two single-pole, single-throw switches,
or any other switching device such as, for example, field
effect transistors (FETs) and bipolar junction transistors
(BJTs).
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[0060] “Electrode” refers to a conductor used to establish
electrical contact with a nonmetallic part of a circuit. For
example, EEG electrodes are small metal discs or contacts
usually made of stainless steel, platinum, tin, gold or silver
covered with a silver chloride coating. They are placed on
the scalp or intracranially, on the surface of or within the
brain in special positions.

[0061] A “subdural electrode grid” refers to a thin sheet of
material with multiple small (mm in size) recording elec-
trodes implanted within it. These are placed directly on the
surface of the brain and have the advantage of recording the
EEG without the interference of the skin, fat tissue, muscle,
and bone that may limit scalp EEG. Shapes and sizes of
these sheets are chosen to best conform to the surface of the
brain and the area of interest.

[0062] A “depth electrode” refers to probes that are
implanted within the brain itself. Each probe has multiple
electrode contacts which surround it. These electrodes are
able to record brain activity along the entire length of the
implanted probe. They have the advantage of recording
activity from structures deeper in the brain. They can be
implanted through small skin pokes.

[0063] “Montage” refers to the placement of the elec-
trodes. The EEG can be monitored with either a bipolar
montage or a referential one. Bipolar means that there are
two electrodes per one channel, so there is a reference
electrode for each channel in a recording device. The
referential montage means that there is a common reference
electrode for all the channels in a recording device.

[0064] The term “common reference” refers to an elec-
trode selected such that other electrode inputs are measured
in relation to it. The common reference is used to cancel
unwanted electrical noise that occurs on the body and is
typically placed on the body in an area with little neural
activity.

[0065] The present specification is directed towards mul-
tiple embodiments. The following disclosure is provided in
order to enable a person having ordinary skill in the art to
practice the invention. Language used in this specification
should not be interpreted as a general disavowal of any one
specific embodiment or used to limit the claims beyond the
meaning of the terms used therein. The general principles
defined herein may be applied to other embodiments and
applications without departing from the spirit and scope of
the invention. Also, the terminology and phraseology used is
for the purpose of describing exemplary embodiments and
should not be considered limiting. Thus, the present inven-
tion is to be accorded the widest scope encompassing
numerous alternatives, modifications and equivalents con-
sistent with the principles and features disclosed. For pur-
pose of clarity, details relating to technical material that is
known in the technical fields related to the invention have
not been described in detail so as not to unnecessarily
obscure the present invention.

[0066] In the description and claims of the application,
each of the words “comprise” “include” and “have”, and
forms thereof, are not necessarily limited to members in a
list with which the words may be associated. It should be
noted herein that any feature or component described in
association with a specific embodiment may be used and
implemented with any other embodiment unless clearly
indicated otherwise.
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[0067] As used herein, the indefinite articles “a” and “an”
mean “at least one” or “one or more” unless the context
clearly dictates otherwise.

[0068] FIG. 1A is a block diagram illustration of a system
100 for the sensing, monitoring and recording of bioelec-
trical/neurophysiological signals and the mapping of a
patient’s brain through cortical stimulation, in accordance
with some embodiments of the present specification. The
system 100 is a high channel-count system comprising one
or more multi-channel recording devices 105 such as, for
example, recording devices 105a, 105h, 105¢, 1054 that
share a communication link with a computing device 150
and are configured to sense, record and monitor bioelectrical
signals from the patient 101 via one or more of a plurality
of electrodes 110, at least one neurostimulator module 115
that is connected to the recording devices 105a, 1055, 105c,
1054 to generate and apply stimulation to the patient 101 via
one or more of the plurality of electrodes 110, and the
computing device 150 that is also in communication with the
recording devices 105a, 1055, 105¢, 1054 and neurostimu-
lator module 115 through a power module 155. The com-
puting device 150 is in data communication with a display
unit 151 and at least one database 152. Each of the recording
devices 105a, 1055, 105¢, 105d includes a plurality of
recording or input channels that individually connect to lead
wires of the plurality of electrodes 110.

[0069] The computing device 150 includes an input/output
controller, at least one communications interface and system
memory. The system memory includes at least one random
access memory (RAM) and at least one read-only memory
(ROM). These elements are in communication with a central
processing unit (CPU) to enable operation of the computing
device 150. In various embodiments, the computing device
150 may be a conventional standalone computer or alterna-
tively, the functions of the computing device 150 may be
distributed across multiple computer systems and architec-
tures. For example, in a distributed architecture the at least
one database 152 and processing circuitry are housed in
separate units or locations. Some units perform primary
processing functions and contain at a minimum a general
controller or a processing circuitry and a system memory.
[0070] In some embodiments, execution of a plurality of
sequences of programmatic instructions or code enable or
cause the CPU of the computing device 150 to perform
various functions and processes. In alternate embodiments,
hard-wired circuitry may be used in place of, or in combi-
nation with, software instructions for implementation of the
processes of systems and methods described in this appli-
cation. Thus, the systems and methods described are not
limited to any specific combination of hardware and soft-
ware.

[0071] In various embodiments, the plurality of electrodes
110 are small metal contacts typically made of stainless
steel, platinum, tin, gold or silver covered with a silver
chloride coating. In some embodiments, the electrodes 110
are placed on the scalp of patient 101. In some embodiments,
at least a subset of the plurality of electrodes 110 are placed
as scalp and/or intracranial electrodes as a combination of
one or more depth electrodes, grid electrodes, and/or strip
electrodes. In some embodiments, at least a subset of the
plurality of electrodes 110 may also be placed in muscle sites
at other parts of the patient’s body to record/sense MEP
(Motor Evoked Potential) activity such as in context of a
CSM (Cortical Stimulation Mapping) procedure.
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[0072] In some embodiments, the electrodes 110 record
bioelectrical signals, such as EEG signals, from the patient’s
brain. In some embodiments the electrodes 110 record
neurophysiological signals, such as MEP, from other parts of
the patient’s body. In some embodiments, the electrodes 110
record signals both from the patient’s brain and from other
parts of the patient’s body.

[0073] In embodiments, each recording device 105a,
1055, 105¢, 1054 respectively includes a first pair of input/
output (I/0) ports 120a, 1205, 120¢, 1204 and a second pair
of input/output (/O) ports 160a, 1605, 160c, 1604 that
enable the recording devices 105a, 10556, 105¢, 1054 to be
in communication with the computing device 150. As shown
in FIG. 1A, in some embodiments, the first and second pairs
of input/output (1/0) ports 120a, 1206, 120c, 1204 and 1604,
1605, 160c, 160d provide for physical connection of the
recording devices 105a, 1055, 105¢, 1054 with one another
and for communication between each individual recording
device 105a, 105b, 105¢, 1054 the computing device 150
and the neurostimulator module 115.

[0074] In an embodiment, a first port 121 of the I/O ports
120a enables connection of the recording device 1054 with
the computing device 150 through the power module 155. A
second port 122 of the /O ports 120a connects with a first
port 123 of the I/0 ports 1206 of the recording device 10556
enabling the connection of recording device 105 with the
computing device 150 while a second port 124 of the I/O
ports 1205 connects with a first port 125 of the I/O ports
120¢ of the recording device 105¢ enabling the connection
of recording device 105¢ with the computing device 150.
Similarly, the second port 126 of the I/O ports 120¢ connects
with a first port 127 of the I/O ports 1204 of the recording
device 1054 enabling the connection of recording device
1054 with the computing device 150. Since the present
exemplary embodiment illustrates a chain of four intercon-
nected recording devices 105a, 1055, 105¢, 105d, the second
port 128 of the I/O ports 1204 remains unused. In some
embodiments, the recording device 1054 may not have the
second port 128. In other words, in some embodiments, the
last recording device, in a chain of interconnected recording
devices, may just have a single I/O port 127.

[0075] Input/output (I/O) ports 160a, 1605, 160c, 1604
provide for connection of stimulator anode and cathode from
the neurostimulator module 115 and ground potential and
global common reference between the recording devices
105a, 1055, 105¢, 105d. A first port 161 of the I/O ports
160a enables connection of the recording device 105a with
the neurostimulator module 115. A second port 162 of the
1/Oports 160a connects common signals with a first port 163
of the I/O ports 1605 of the recording device 1055 while a
second port 164 of the /O ports 1605 connects common
signals with a first port 165 of the I/O ports 160c of the
recording device 105¢. Similarly, the second port 166 of the
1/O ports 160c connects common signals with a first port 167
of the I/O ports 160d of the recording device 105d. Since the
present exemplary embodiment illustrates a chain of four
interconnected recording devices 105a, 1055, 105¢, 1054,
the second port 168 of the I/O ports 1604 remains unused.
In some embodiments, the recording device 1054 may not
have the second port 168. In other words, in some embodi-
ments, the last recording device, in a chain of interconnected
recording devices, may just have a single I/O port 167.
[0076] Thus, in broad terms, the first pair of /O ports
120a, 1205, 120c, 1204 enables the recording devices 1054,
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1055, 105¢, 1054 to be in communication with the comput-
ing device 150, through the power module 155, while the
second pair of T/O ports 160a, 1605, 160c, 160d enables the
recording devices 1054, 1055, 105¢, 1054 and the neuro-
stimulator module 115 to be connected to common signals
used across the devices 105. The neurostimulator module
115 is also in communication with the computing device 150
through the power module 155.

[0077] In accordance with an aspect of the present speci-
fication, each recording device 105a, 1055, 105¢, 1054
respectively includes integrated, thereto, programmable
switch matrix modules 1064, 1065, 106¢, 1064. The switch
matrix modules 106a, 1065, 106¢, 1064 are connected to the
plurality of electrodes 110, the plurality of recording/input
channels of the recording devices 105a, 10554, 105¢, 1054
and are in communication with the computing device 150
and the neurostimulator module 115 via the first and second
pairs of 1/O ports 120a, 1205, 120¢, 1204 and 1604, 1605,
160c, 160d. Thus, under the control of the computing device
150, the switch matrix modules 106a, 1065, 106, 1064
connect the plurality of electrodes 110 to the input channels
of the recording devices 105a, 1055, 105¢, 1054 and/or to
the neurostimulator module 115.

[0078] The computing device 150 can send commands or
instructions to the recording devices 105a, 1055, 105¢,
1054, programmable switch matrix modules 106a, 1065,
106¢, 1064 and the neurostimulator module 115. Addition-
ally, the computing device 150 can receive data from the
recording devices 103a, 1055, 105¢, 1054 and, where
needed, from the neurostimulator module 115.

[0079] In various embodiments, the switch matrix mod-
ules 106a, 1065, 106¢, 1064, in response to commands
received from the computing device 150, are operable to
change a circuit path configuration of the recording devices
105a, 1055, 105¢, 1054 based on a mode of operation of the
system 100. The switch matrix modules 106a, 1065, 106¢,
1064 may open certain switches and/or close certain
switches to enable the system 100 to switch from one
operational mode to another operational mode or function in
two operational modes simultaneously.

[0080] In accordance with aspects of the present specifi-
cation, the computing device 150 executes a sensing soft-
ware engine or module 175 (hereinafter referred to as a
‘sensing module’), a stimulation software engine or module
180 (hereinafter referred to as a ‘stimulation module’) and a
switching software engine or module 190 (hereinafter
referred to as a ‘switching module’). In embodiments, the
modules 175, 180 and 190 are in data communication with
each other.

[0081] The switching software engine 190 is configured to
streamline electrode layout with automated input mapping.
The switching module 190 implements a plurality of instruc-
tions or programmatic code to program or configure the
switch matrix modules 1064, 1065, 106¢, 1064 such that the
system 100 functions in a sensing operation mode and/or in
a stimulation operation mode. In the sensing mode, the
switch matrix modules 106a, 1065, 106¢, 1064 are pro-
grammed to selectively connect at least a subset of the
plurality of electrodes 110 to the recording/input channels of
one or more of the recording devices 105a, 1055, 105¢,
105d. Thus, in the sensing mode, at least a subset of the
plurality of electrodes 110 is configured to sense, record and
acquire EEG data from the patient’s brain or cortex and/or
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to sense, record and acquire MEP (Motor Evoked Potential)
signals from various muscle sites on other parts of the
patient’s body.

[0082] Inthe stimulation mode, the switch matrix modules
106a, 1065, 106c, 1064 are programmed to selectively
connect at least a subset of the plurality of electrodes 110 to
the neurostimulator module 115. Thus, in the stimulation
mode, at least a subset of the plurality of electrodes 110 is
configured to receive programmed stimulation from the
neurostimulator module 115 and apply the stimulation to the
patient’s brain or cortex. In some embodiments, the stimu-
lation may be probing in nature such as, for example, those
utilized for brain mapping.

[0083] It should be appreciated that in various embodi-
ments, the switch matrix modules 106a, 1065, 106¢, 1064
are programmed to enable at least a subset of the plurality of
electrodes 110 to sense and record EEG data and/or deliver
stimulation received from the neurostimulator module 115.
That is, it is not necessary that all recording devices 105a,
1056, 105¢, 105d and all of the plurality of electrodes 110 be
simultaneously configured to function in the sensing mode,
stimulation mode or both (that is, in some embodiments, one
or more of the plurality of electrodes 110 may neither sense
EEG data nor deliver stimulation and may be configured to
be non-functional).

[0084] In accordance with some embodiments, the sensing
module 175 implements a plurality of instructions or pro-
grammatic code to generate at least one GUI (Graphical
User Interface) to display, to the user, visual representation
of the placement of the plurality of electrodes 110 on the
patient’s brain or cortex and/or on other parts of the patient’s
body. In some embodiments, the module 175 generates at
least one GUI to display one or more two and/or three-
dimensional topographical maps or views of the patient’s
brain such that the plurality of electrodes 110 (along with
their associated input channels across the recording devices
1054, 1055, 105¢, 105d) and their relative positioning on the
scalp or on/in the brain are correspondingly identified and
marked or displayed on the maps.

[0085] It should be appreciated that while, in some
embodiments, the at least one GUI is generated by the
sensing module 175 in alternate embodiments these may be
generated by any of the other modules that is, the stimulation
module 180 or the switching module 190. In still alternate
embodiments, the at least one GUI may be generated by a
standalone dedicated software module (executed on the
computing device 150) in data communication with the
sensing, stimulation and switching modules 175, 180, 190.
[0086] The at least one GUI enables the user to make a
plurality of interactive selections or choices such as, but not
limited to, selecting or choosing: which electrode(s) should
sense and acquire EEG data, which electrode(s) should sense
and acquire MEP data, which one or a combination of
electrodes (associated with any one of the recording devices
105a, 1055, 105¢, 105d) should function as patient ground
electrode(s), which one or a combination of electrodes
(associated with any one of the recording devices 105aq,
1056, 105¢, 105d) should function as a common reference
electrode and if a common reference electrode should also
be shared as a global common reference electrode to any
one, two, three or all of the recording devices 105a, 1055,
105¢, 105d, and which electrodes (from the plurality of
electrodes 110) should function as anodes and cathodes of
the neurostimulator module 115 for cortical stimulation.
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Therefore, in various embodiments, any recording device
105 can be configured for common reference as: local,
where it uses a channel belonging to it as common reference;
global master, where it uses a channel belonging to it for its
own common reference and for other recording device(s) as
a common reference; and, global slave, were it uses a
channel from another recording device for its common
reference. Therefore, in some embodiments, multiple elec-
trodes could be selected as common references.

[0087] The at least one GUI also enables the user to
indicate selection of one or more electrode combinations or
montages. Montages (or combinations of electrodes) pro-
vide a picture of the spatial distribution of the EEG across
the patient’s cortex. Accordingly, montage is an electrical
map obtained from a spatial array of recording electrodes
and refers to a particular combination of electrodes exam-
ined at a particular point in time.

[0088] In some embodiments, the at least one GUI dis-
plays a montage selection toolbar that allows the user to pick
a selection drawing loop from a plurality of exemplary
drawing loop shapes. The user can draw loops around the
visual representation of the placement of the plurality of
electrodes 110 on the patient’s brain or cortex. In some
embodiments, the user may simply click on electrode rep-
resentations on the GUI to select or create montages. In
some embodiments, the user may select and generate bipolar
montages by selecting one or more pairs of adjacently
placed electrodes since bipolar montages are based on the
principle of comparing a single EEG electrode tracing to its
adjacent neighboring electrode. In some embodiments, a
plurality of referential montages may be indicated by the
user via selection of singular electrodes using the drawing
loop. For referential montages, signals at each of the plu-
rality of electrodes are compared to a common reference
electrode (associated with any one of the recording devices
105a, 1055, 105¢, 1054d) that, in some embodiments, may
also function as a global common reference electrode to any
one, two, three or all of all recording devices 105a, 1055,
105¢, 1054.

[0089] The aforementioned plurality of user selections or
choices are stored in the memory of the computing device
150 and/or in the at least one database 152. These user
selections or choices are accessed by the sensing, stimula-
tion and switching modules 175, 180, 190.

[0090] FIG. 3illustrates an exemplary GUI 300 and dialog
boxes 325, 330, 335 for enabling a user to make a plurality
of interactive selections or choices with respect to the
plurality of electrodes 110 across multiple recording devices
105a, 1055, 105¢ and 1054, in accordance with some
embodiments of the present specification. In embodiments,
each of the plurality of electrodes 110 is graphically repre-
sented on a topographical map 301 of a patient’s brain. In
embodiments, each of the plurality of electrodes 110 is
uniquely identified within the associated recording device
105a, 1055, 105¢ and 1054 on the map 301.

[0091] In some embodiments, the user may click on a
graphical representation of an electrode 320 within the
recording device 1055. As a result of the user’s clicking, a
first dialog box 325 appears displaying a first option 326 of
configuring the electrode 320 as a sensing electrode and a
second option 327 of configuring the electrode 320 as a
stimulation electrode. On selecting the second option 327,
the user choice for the electrode 320 to be a stimulation
electrode is acquired and stored. On clicking the ok button
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328, the user is presented with a second dialog box 330
asking if the electrode 320 should be connected to the anode
331 or cathode 332 of the neurostimulator module 115. On
clicking the “ok” button 333, the user selection for the
electrode 320 as cathode or anode is stored.

[0092] On selecting the first option 326 in dialog box 325,
the user choice for the electrode 320 to be a sensing
electrode is acquired and stored. On clicking the ok button
328 the user is presented with a third dialog box 335 asking
the user to choose from the following options: a) if the
electrode 320 should function as a patient ground electrode
336, b) if the electrode 320 should function as a common
reference electrode 337 for the current recording device
1055, and ¢) if the electrode 320 should function as a global
reference electrode 338 for all recording devices 1054, 1055,
105¢ and 105d. On clicking the ok button 339, the user’s
selection is stored.

[0093] In an embodiment, presentation of various options
of the dialog box 335 is under an assumption that the user
has pre-selected or pre-chosen to generate unipolar or ref-
erential montages across the recording devices 105a, 1055,
105¢ and 1054. Thus, in an alternate embodiment, if the user
has pre-selected or pre-chosen to generate bipolar montages
across the recording devices 105a, 1055, 105¢ and 1054 the
dialog box 335 may not display options 337 and 338.

[0094] Referring back to FIG. 1A, the switching module
190, in various embodiments, accesses the plurality of stored
user selections or choices and accordingly implements a
plurality of instructions such that the switch matrix modules
106a, 1065, 106¢, 106d are programmed or configured to
prepare the system 100 to function in the sensing and/or
stimulation modes. For example, in some embodiments, if
the plurality of stored user selections or choices require the
system 100 to function in both sensing and stimulation
modes, the switch matrix modules 106a, 1065, 106¢, 1064
are programmed or configured (according to a plurality of
instructions from the switching module 190) to facilitate the
following aspects or features related to both EEG data
sensing/recording and stimulation: enable at least a subset of
the plurality of electrodes 110 to be connected to the input
channels of one or more of the recording devices 105a,
1055, 105¢, 1054 so as to sense and record EEG signals
(and/or MEP signals) from the patient’s brain or cortex (in
the sensing mode); enable any single input channel of a
recording device, such as (for example) the recording device
105a, to function as a common reference (in the sensing
mode); enable any single input channel of a recording
device, such as (for example) of the recording device 105q,
to function as a global common reference to any one, two or
all three of the remaining recording devices 1055, 105¢,
1054 (in the sensing mode); enable any single input channel
or combination of input channels of each of the recording
devices 105a, 1050, 105¢, 1054 to be used as patient ground
electrode (in the sensing mode) as all recording devices are
connected to the ground potential through a link provided by
input/output (I/O) ports 160a, 1605, 160c, 160d such that
one recording device can be used as the patient ground
connection and all other recording devices will be connected
to that potential through the link; enable impedance mea-
surement of patient ground electrode with reduced number
of switches via simplified switching (in the sensing mode);
enable electrodes used for ground and/or common reference
to be additionally used as sensing electrodes to, for example,
record EEG signals, and enable any one or combination(s)
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of the plurality of electrodes 110 to function as anodes
and/or cathodes for multi-contact cortical stimulation—that
is, enable any one or combination(s) of the plurality of
electrodes 110 (across one or more of the recording devices
105a, 1055, 105¢, 105d) to be connected to anode and/or
cathode outputs of the neurostimulator module 115 (in the
stimulation mode).

[0095] It should be appreciated, that in an alternate
embodiment, if the plurality of stored user selections or
choices require the system 100 to function only in the
sensing mode then the switch matrix modules 106a, 1065,
106¢, 1064 are programmed or configured (according to a
plurality of instructions from the switching module 190) to
facilitate only those of the aforementioned aspects or fea-
tures that are related to EEG/MEP data sensing/recording. In
another alternate embodiment, if the plurality of stored user
selections or choices require the system 100 to function only
in the stimulation mode then the switch matrix modules
106a, 1065, 106¢, 106d are programmed or configured
(according to a plurality of instructions from the switching
module 190) to facilitate only those of the aforementioned
aspects or features that are related to stimulation.

[0096] In the sensing mode, EEG and/or MEP signals,
acquired by the so configured electrodes, are amplified and
converted from analog to digital data by the recording
devices 1054, 1055, 105¢, and 105d. The digitized EEG/
MEP data is transmitted to the sensing module 175 that
implements a plurality of instructions or programmatic code
to process, store, retrieve and display, on the display unit
151, the patient’s EEG/MEP waveform data. In embodi-
ments, the sensing module 175 processes the sensed or
received signals, extracts parameters that characterize the
EEG/MEP data, and generates a display of the data for the
user. The processed EEG/MEP data is either displayed on
the display unit 151 in real-time or stored in the at least one
database 152 for later analyses.

[0097] FIGS. 1B and 1C show perspective and side views,
respectively, of an exemplary multi-channel amplifier 105
for use with the systems of the present specification. The
amplifier 105 has a plurality of electrode input channels or
ports 210. In embodiments, the amplifier 105 is configured
so that a user may select any input as ground on any input
channel or port 210 and select any other input as the
recording reference. Further, as discussed below, a user may
create montages up to, and including, all electrodes using at
least one associated GUI. The multi-channel amplifier 105
of FIGS. 1B and 1C may be used for electrodes positioned
on a patient’s scalp but is specialized for neuromonitoring of
patients using a plurality of electrodes positioned intracra-
nially. The electrodes may comprise grid or strip electrodes
or depth electrodes and may be implanted via craniotomy or
through small burr holes in the skull. The multi-channel
amplifier 105 of FIGS. 1B and 1C may be used for ECoG
and sEEG monitoring. In some embodiments, the multi-
channel amplifier 105 of FIGS. 1B and 1C may be used for
long term monitoring, for example, for epilepsy patients to
monitor and map an epileptic brain to determine candidates
for surgery.

Switch Matrix Module

[0098] FIG. 2 is a block diagram illustration of a plurality
of hardware components and connections of a program-
mable switch matrix module 206 within a recording device
205, in accordance with some embodiments of the present
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specification. It should be appreciated that the switch matrix
module 206 is representative of any of the switch matrix
modules 106a, 1065, 106¢ and 1064 while the recording
device 205 is representative of any of the respective record-
ing devices 105a, 1055, 105¢ and 1054 of FIG. 1A.
[0099] Referring now to FIGS. 1A and 2, connection link
201 from the plurality of patient connections or electrodes
210 (corresponding to the recording device 205) is con-
nected to a programmable ground switch matrix 211. A first
output link 202a of the ground switch matrix 211 is con-
nected to a programmable reference switch matrix 212 while
a second output link 2024 of the ground switch matrix 211
is connected to a ground circuit 213. A first output link 2034
of the reference switch matrix 212 forms a first input to
recording/input channels 220 of the recording device 205
while a second output link 2035 of the reference switch
matrix 212 is connected to an array of switches 230 through
a voltage follower buffer or amplifier 225. An output link
204 from the switch array 230 forms a second input to the
recording/input channels 220. A microcontroller 282 of the
recording device 205 controls the plurality of switch matri-
ces 211, 212, 240, 242 and switch array 230. The micro-
controller 282 of the recording device 205 is in data com-
munication with a computing device, such as computing
device 150 of FIG. 1A.

[0100] In embodiments, under programmatic instructions
from the switching module 190, the ground switch matrix
211 enables any one or a plurality of the patient connections
or electrodes 210 to be connected to the ground circuit 213,
thereby enabling any single or a combination of the patient
connections or electrodes 210 to function as patient ground
electrode(s).

[0101] A ground electrode is used for bioelectrical record-
ings, such as EEG, to improve signal quality by reducing
interference from power lines and other equipment. Con-
ventionally, for electrocorticography (ECoG) and stereotac-
tic-EEG (sEEG) studies, a grid, strip or depth electrode is
utilized for the patient ground connection because it is
convenient for the user, allows the user to place the ground
electrode close to the recording site to reduce noise and
stimulus shock artifact and is a more reliable connection
than a surface electrode during the course of the neurologi-
cal study or therapy, which, in some embodiments, may
extend beyond a week. When used as a ground connection,
the grid or strip electrode is placed between the skull and
scalp or brain and dura mater for ECoG studies. Alterna-
tively, for sEEG studies, the user may use just a few contacts
of a depth electrode, those contacts that are not fully
implanted into the brain or those in the white or gray matter,
as long as the electrodes in the gray matter are not in an area
of interest, for the ground connection. In prior art, a single
contact on the grid, strip or depth electrode is chosen for the
ground connection and plugged into a single touch-proof
jack, dedicated to patient ground, on the recording device.
[0102] In contrast, the programmable ground switch
matrix 211 enables the grid, strip and/or depth electrode
contacts used for the ground connection to advantageously
be plugged into any input channel(s) on the recording device
205, allowing more than one comntact to be used and not
limiting the user to one dedicated touch-proof jack for a
ground connection. Allowing a plurality of patient connec-
tions or electrodes for patient ground reduces the overall
electrode impedance which improves signal-to-noise ratio.
Also, if the connected ground electrode(s) breaks or gets
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disconnected, the programmable switch matrix module 206
enables any other connected electrode to be configured as
the ground electrode via the switching module 190. In
legacy recording devices, if the ground electrode breaks or
becomes disconnected from the device, the user has to
manually connect another electrode or reconnect the discon-
nected lead wire to the device which interferes with activity
near the operating table during surgery, and can be cumber-
some with tightly spaced jacks on high channel count
systems.

[0103] As evident to persons of ordinary skill in the art,
measurement of patient ground electrode impedance is
essential to determine integrity of the electrode connection.
A low impedance connection minimizes electrode artifacts
and reduces radiated interference from outside sources.
Conventionally, measurement of ground electrode imped-
ance requires multiple switches to exchange the patient
ground and reference electrode connections on the recording
device and a separate current source for the ground electrode
connection to generate the impedance signal.

[0104] In the system 100 of the present specification, a
single constant current impedance source 280 generates a
signal to measure electrode impedance. In accordance with
some aspects of the present specification, the array of
switches 230, programmed through a plurality of instruc-
tions or codes from the switching module 190, allows for a
simplified measurement of patient ground electrode imped-
ance by utilizing the single current source 280 for reference
electrode impedance measurement to also generate an
impedance signal for the ground impedance measurement
(thus, there is no requirement for a separate impedance
source or a switch matrix to exchange the reference and
ground electrode connections in the hardware).

[0105] Thus, for ground electrode impedance measure-
ment, the system 100 utilizes the existing circuitry for the
reference electrode impedance measurement to generate the
impedance signal plus one additional switch, included as a
part of the switch array 230. The switch array 230 is
configured to measure ground impedance without switching
areference electrode into the ground circuit. This eliminates
the need for multiple switches to exchange the patient
ground and reference connections and a digital-to-analog
converter, amplifier and resistors to generate a separate
impedance current source for the ground electrode measure-
ment. The integrated switch array 230 and channel imped-
ance source 280 allows for dynamically switching the
patient ground electrode to a common reference and use of
the channel impedance source 280 plus any other connected
channel to measure patient ground electrode impedance. In
accordance with embodiments of the present specification,
the reference electrode does not need to be switched to the
ground circuit for this method to work. This provides an
additional benefit of reduced settling time of the impedance
signal, resulting in rapid impedance results. Therefore the
integrated switch array 230 and channel impedance source
280 provide a benefit over existing designs wherein both the
patient ground electrode and reference electrode have to be
switched in order to make the impedance measurement.
[0106] The I/O ports 260, 262 enable two-way communi-
cation of the switching module 206 with the computing
device 150 through the power module 155 while also
connecting the recording device 205 with other recording
devices (such as the recording devices 105a, 1055, 105¢,
1054d) in the system 100. It should be appreciated that the [/O
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ports 260, 262 are representative of the first pair of /0 ports
120a, 1204, 120¢, 1204. Thus, in various embodiments, the
recording devices and their respective switching modules
are in communication with the computing device 150
through the power module 155.

[0107] An I/O link 207 connects the array of switches 230
with first and second input/output ports 235, 236 of the
recording device 205 (it should be appreciated that the first
and second input/output ports 235, 236 are representative of
any of the second pair of 1/O ports 160a, 1605, 160¢ and
1604 of FIG. 1A). The link 207 connects the global common
reference between recording devices in the system through
first and second I/O ports 238, 236. Consequently, in some
embodiments, the reference switch matrix 212, under pro-
grammatic instructions from the switching module 190,
enables any one of the patient connections or electrodes 210
to function as a common reference for the recording device
205. Switch array 230 can further be configured, under
programmatic instructions from the switching module 190,
to use the common reference for the recording device 205 as
a global common reference for (one, multiple or all) other
recording devices in the system 100.

[0108] As known to persons of ordinary skill in the art,
neurological studies, such as EEG, require a physical com-
mon reference electrode/connection. The signal on each
active or sensing electrode is the difference between the
electric potential at that sensing electrode and at the location
of the common reference electrode. The position of a
common reference electrode should not be close to that of an
electrode in the area of interest so that it is free from activity
of a neural source to prevent contamination of the active
electrode sites. In conventional systems, if an electrode
selected for the common reference is found to be in an area
of activity or if the reference electrode is damaged, has high
impedance or falls off, the user must unplug the bad refer-
ence lead from the device, select another connected elec-
trode and attach that to the reference input on the device.
[0109] However, in accordance with an aspect of the
present specification, under programmatic instructions from
the switching module 190, the switch matrix module 206
may be programmed to enable any other connected electrode
to be selected as the common reference. This eliminates the
need for manual intervention by the user to access the
equipment and/or approach the surgical zone in operating
room cases to replace or physically move a bad or noisy
reference electrode lead.

[0110] Conventionally, large channel-count systems with
multiple recording devices use electrode wires to attach the
common reference inputs on each device to each other and
to the patient. These connections are prone to breakage or
can get disconnected due to movement of the equipment
and/or the patient, particularly during a seizure. They also
subject these conventional systems to electrical interference
due to high impedance of the input which is more sensitive
to noise, and lack of shielding in the electrode wire. As
understood by persons of ordinary skill in the art, high
impedance sources are undesirable because even a small
current on the source can generate large noise voltages.
[0111] In accordance with another aspect of the present
specification, in some embodiments, the reference switch
matrix 212, under programmatic instructions from the
switching module 190, utilizes the array of switches 230 and
buffer 225 to enable a selected common reference electrode
(from any of the patient connections or electrodes 210), for
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the recording device 205, to also function as a global
common reference to any one, multiple or all other recording
devices in the system 100 via board-to-board or rugged,
high-reliability cable connections (such as, the connections
at [/O ports 160a, 1605, 160¢ and 160d) with locking
connectors. In embodiments, the selected common reference
electrode is connected to the voltage buffer amplifier 225
which provides a low impedance interface to the connec-
tions in the high channel count system 100 and prevents the
connections from affecting the reference with noise or
circuit loading. This addresses the problems of reliability
and signal quality of the common reference connection and
cable management (by eliminating the need for external
physical jumpers between modules) between the recording
devices 105 of the system 100.

[0112] In accordance with another aspect of the present
specification, in some embodiments, the switch matrix mod-
ule 206 (under programmatic instructions from the switch-
ing module 190) enables electrodes used for ground and/or
common reference to be additionally used as sensing elec-
trodes to, for example, record EEG signals. Prior art systems
lack this flexibility and maneuverability to record signals
from an electrode used for patient ground or a fixed common
reference connection.

[0113] In some embodiments, the first I/O port 235 is also
connected with the neurostimulator module 115 (FIG. 1A)
through links 2154, 215b. The link 2154 forms an input from
the neurostimulator module 115 to a programmable anode
switch matrix 240 while the link 2155 form an input from
the neurostimulator module 115 to a programmable cathode
switch matrix 242. An output link 2164 connects the anode
switch matrix 240 to the plurality of patient connections or
electrodes 210 while another output link 2165 connects the
cathode switch matrix 242 to the plurality of patient con-
nections or electrodes 210. Links 2154, 2155 also branch out
into the second I/O port 236 to other recording devices in the
system 100.

[0114] Accordingly, under programmatic instructions
from the switching module 190, the anode and cathode
switch matrices 240, 242 enable any one or combination(s)
of the plurality of electrodes 210 to be connected to anode
and/or cathode links 215q, 21556 of the neurostimulator
module 115 for delivering stimulation, such as for mapping
of the patient’s brain through multi-contact cortical stimu-
lation. Thus, the anode and cathode switch matrices 240,
242, under programmatic instructions from the switching
module 190, enable the selection of any connected patient
electrode(s) as the anode and/or cathode for the stimulus,
enabling a user to create multi-contact cortical stimulation
by stimulating more than two electrodes at a single time.
This overcomes the problem for the user to physically move
the neurostimulator outputs to other locations on the patient
101. Additionally, it allows stimulation from one or more
anodes to one or more cathodes which can help locate areas
of interest or find an optimal stimulation site.

[0115] Persons of ordinary skill in the art would appreciate
that iEEG (Intracranial EEG) procedures, such as ECoG and
sEEG studies, use cortical stimulation mapping to locate
areas of the brain responsible for sensory, motor and speech
functions prior to surgery. In some prior art systems, a team
of physicians and technicians perform mapping by selecting
two electrodes, attaching the electrodes to the output of a
neurostimulator and stimulating between the two electrodes
at various intensities and durations to elicit a response or
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disrupt speech patterns. This continues by disconnecting the
current pair of electrodes and connecting a new pair until the
area of interest is mapped. In some prior art systems, a
stimulation switch matrix is used but the matrix is not
integrated into the recording device therefore requiring
additional equipment to perform cortical mapping and
affecting the stimulator signal due to an increased capaci-
tance between devices.

[0116] In accordance with aspects of the present specifi-
cation, the system 100 integrates the neurostimulator 115
and the switch matrix module 206 into the recording device
205 (that is, in broader terms, the system 100 integrates the
neurostimulator 115 and the switch matrix modules 106a,
1065, 106¢, 1064 into the respective recording devices 1054,
1050, 105¢ and 1054). This integration not only simplifies
the cortical mapping system but also allows for tightly
synchronized switching between the neurostimulator 115
and recording matrices. It should be appreciated that this is
beneficial for detecting seizure activity caused by the stimu-
lus as it allows the user to monitor EEG signals between
neurostimulator pulses at high repetition rates.

[0117] Additionally, the system 100 allows the user to
select one or more anodes and one or more cathodes in a
single recording device 205 or across multiple recording
devices (such as the recording devices 105a, 1055, 105¢,
1054), using programmatic instruction from the switching
module 190, to connect the neurostimulator 115 to contacts/
electrodes in an area of interest, thereby, simplifying the
cortical mapping procedure. Using multiple anodes and/or
cathodes enables quick localization of functional areas of the
brain by stimulating a larger area with one stimulus.
[0118] Referring now to FIG. 1A, in some embodiments,
a first subset of the plurality of electrodes 110 may be
configured to function in the stimulation mode while a
second subset of the plurality of electrodes 110 may be
configured to function in the sensing mode. In the sensing
mode, a first portion of the second subset of electrodes may
be connected to the patient’s brain or cortex for EEG
monitoring whereas a second portion of the second subset of
electrodes may be connected to other parts or muscle sites of
the patient’s body to record MEP (Motor Evoked Potential)
activity.

[0119] For cortical stimulation mapping, which is typi-
cally performed after long-term monitoring of seizure activ-
ity (several days up to several wecks after electrode are
placed) the switch matrix modules 106a, 1065, 106¢ and
1064, under programmatic instruction from the switching
module 190, configure any one or combination(s) of the
plurality of electrodes 110 (across the recording devices
105a, 1055, 105¢, 105d) to be connected to anode and/or
cathode outputs of the neurostimulator module 115, to
function in the stimulation mode. Thereafter the stimulation
module 180 implements a plurality of instructions to pro-
gram the neurostimulator 115 to deliver a plurality of
pre-stored stimulation protocols or schedules (stored in the
at least one database 152). In some embodiments, the
sensing module 175 generates a plurality of graphical user
interfaces (GUIs) rendered on one or more display units 151
to display a plurality of EEG or MEP activity waveforms
sensed by one or more of the plurality of electrodes 110
configured to be in the sensing mode.

[0120] In embodiments, the stimulation module 180 may
also enable user-interaction with the system 100 (via a
plurality of GUIs, for example) to perform a plurality of
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functions such as, but not limited to, selecting and activat-
ing/initiating one or more pre-stored stimulation protocols
and modulating one or more stimulation parameters (such
as, but not limited to, stimulation pulse frequency, pulse
width, and current or voltage amplitude of the pulses) of the
protocols. In some embodiments, during cortical stimulation
mapping procedures, the stimulation module 180 is pro-
grammed to apply one or more stimulation protocols to one
or more nerve structures of the patient 101 through elec-
trodes configured in the stimulation mode while the sensing
module 175 acquires and records corresponding EEG or
MEP activity through electrodes configured in the sensing
mode and positioned within a plurality of muscle sites or
locations of the patient 101.

[0121] It should be appreciated by those of ordinary skill
in the art that, although described herein with reference to
cortical stimulation mapping (CSM), electroencephalogra-
phy (EEG) and motor evoked potential monitoring (MEP)
during long term monitoring for epilepsy (LTM) and/or
cerebrospinal surgical procedures, the system 100 and
related methods or use cases of the present specification
have application in a plurality of surgical procedures during
which tissue having critical neural structures must be
approached, retracted, and/or impinged upon. There is a
requirement that such physically invasive procedures be
planned and executed while preserving critical neural struc-
tures or bundles. It should also be appreciated that, although
embodiments have been described herein with reference to
EEG and MEP activity, the system 100 and related methods
or use cases of the present specification may, in various
alternate embodiments, use a plurality of different types of
neural monitoring modalities such as, for example, triggered
electronmyography, spontaneous electromyography, soma-
tosensory evoked potential, nerve conduction velocity and/
or train of fours.

[0122] The above examples are merely illustrative of the
many applications of the system and method of present
specification. Although only a few embodiments of the
present specification have been described herein, it should
be understood that the present specification might be embod-
ied in many other specific forms without departing from the
spirit or scope of the specification. Therefore, the present
examples and embodiments are to be considered as illustra-
tive and not restrictive, and the specification may be modi-
fied within the scope of the appended claims.

We claim:

1. A neuromonitoring system comprising:

at least one multi-channel recording device comprising a
programmable switch matrix and a plurality of input
channels;

a plurality of electrodes connected to the at least one
multi-channel recording device via the plurality of
input channels;

at least one stimulator module connected to the at least
one multi-channel recording device;

at least one computing device in communication with the
at least one multi-channel recording device; and

at least one display unit in data communication with the
at least one computing device;

wherein the programmable switch matrix is configured, in
response to commands from the at least one computing
device, to enable any electrode or combination of
electrodes of the plurality of electrodes corresponding
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to any single input channel or combination of input
channels to function as a common reference.

2. The neuromonitoring system of claim 1, further com-
prising at least one database in data communication with the
at least one computing device.

3. The neuromonitoring system of claim 1, wherein the at
least one computing device is configured to command the
programmable switch to enable any electrode or combina-
tion of electrodes of the plurality of electrodes to function as
a common ground electrode.

4. The neuromonitoring system of claim 1, wherein the at
least one computing device is configured to automatically
command, without manual intervention by a user, the pro-
grammable switch to enable any electrode or combination of
electrodes of the plurality of electrodes to function as a
common ground electrode when a previously designated
common ground electrode is damaged or disconnected.

5. The neuromonitoring system of claim 1, comprising
two or more multi-channel recording devices.

6. The neuromonitoring system of claim 5, wherein the
programmable switch matrix is configured, in response to
commands from the at least one computing device, to enable
any electrode or combination of electrodes of the plurality of
electrodes to function as a global common reference for each
of the two or more multi-channel recording devices.

7. The neuromonitoring system of claim 1, wherein the at
least one computing device further comprises a sensing
module, and a switching module.

8. The neuromonitoring system of claim 7, wherein the
switching module is adapted to configure the programmable
switch matrix such that the system functions in at least one
of a sensing mode or in a stimulation mode.

9. The neuromonitoring system of claim 8, wherein, when
in the stimulation mode, the neuromonitoring system is
configured to provide multi-contact cortical stimulation by
allowing any combination of electrodes of the plurality of
electrodes to be configured as anodes or cathodes, without
requiring a user to move electrode locations on a patient
manually, and stimulating more than two electrodes of the
plurality of electrodes simultaneously.

10. The neuromonitoring system of claim 1, further com-
prising a power module in communication with the at least
one multi-channel recording device and the at least one
computing device.

11. The neuromonitoring system of claim 1, wherein the
at least one display unit is configured to provide a user a
graphical user interface comprising a plurality of inputs,
wherein each of the plurality of inputs is adapted to receive
a user input that selects a function of each electrode of the
plurality of electrodes.

12. The neuromonitoring system of claim 1, wherein the
switch matrix is configured to measure ground impedance
without switching a reference electrode into the ground
circuit.

13. A programmable switch matrix adapted for use with a
recording device in a neuromonitoring system, comprising:

an electrode connection link, wherein the electrode con-

nection link is in data communication with a plurality
of electrodes;

a programmable ground switch matrix in communication

with the electrode connection link;

a programmable reference switch matrix in communica-

tion with the programmable ground switch matrix and
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comprising a first output in communication with input
channels of the recording device and a second output;

a ground circuit connected to the programmable ground

switch matrix; and

two or more switches in data communication with the

second output of the programmable reference switch
matrix and with the input channels of the recording
device, wherein the two or more switches comprise at
least a programmable stimulation anode switch matrix
and a programmable stimulation cathode switch matrix
and wherein, in response to commands from a micro-
controller, the programmable switch matrix is config-
ured to enable any electrode or combination of elec-
trodes of the plurality of electrodes to function as a
common reference.

14. The programmable switch matrix of claim 13, further
comprising a buffer in line between the communication of
the two or more switches with the programmable reference
switch matrix.

15. The programmable switch matrix of claim 13, further
comprising at least one set of input/output ports configured
to enable connection with at least one recording device.

16. The programmable switch matrix of claim 15, further
comprising a programmable stimulation anode switch
matrix in communication with the patient connection link
and the at least one set of input/output ports.

17. The programmable switch matrix of claim 15, further
comprising a programmable stimulation cathode switch
matrix in communication with the patient connection link
and the at least one set of input/output ports.

18. The programmable switch matrix of claim 13,
wherein, in response to commands from the microcontroller,
the programmable switch matrix is configured to enable any
electrode or combination of electrodes of the plurality of
electrodes to function as a common ground electrode.

19. The programmable switch matrix of claim 13,
wherein, in response to commands from the microcontroller,
the programmable switch matrix is automatically config-
ured, without requiring manual intervention by a user, to
enable any electrode or combination of electrodes of the
plurality of electrodes to function as a common ground
electrode if a previously designated ground electrode is
damaged or disconnected.

20. The programmable switch matrix of claim 13,
wherein, in response to commands from the microcontroller,
the programmable switch matrix is configured to enable any
electrode or combination of electrodes of the plurality of
electrodes to function as a global common reference for all
recording devices in data communication with the program-
mable switch matrix.

21. The programmable switch matrix of claim 13, wherein
the programmable switch matrix is further configured to
function in at least one of a sensing mode or in a stimulation
mode.

22. The programmable switch matrix of claim 21,
wherein, when in a stimulation mode, the programmable
switch matrix is configured to provide multi-contact cortical
stimulation by allowing any combination of electrodes of the
plurality of electrodes to be configured as anodes or cath-
odes.

23. The programmable switch matrix of claim 21,
wherein, when in a stimulation mode, the programmable
switch matrix is configured to provide multi-contact cortical
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stimulation by allowing any combination of electrodes of the
plurality of electrodes to be stimulated simultaneously.

24. The programmable switch matrix of claim 13, further
comprising a set of ports adapted to provide power from a
power module in communication with the recording device.

25. The programmable switch matrix of claim 13, wherein
a display unit of the neuromonitoring system is configured
to provide a user a graphical user interface comprising a
plurality of inputs adapted to receive a selection of a
function for each electrode of the plurality of electrodes.
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