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An initial set of parameters for operating one or more
detection tools is automatically derived and subsequently
adjusted so that each detection tool is more or less sensitive
to signal characteristics in a region of interest. Detection
tool(s) may be applied to physiological signals sensed from
a patient (such as EEG signals) and may be configured to run
in an implanted medical device that is programmable with
the parameters to look for rhythmic activity, spike activity,
and power changes in the sensed signals, etc. A detection
tool may be selected, and parameter values derived in a
logical sequence and/or in pairs based on a graphical rep-
resentation of an activity type which may be selected by a
user, for example. by clicking and dragging on the graphic
via a GUI. Displayed simulations allow a user to assess what
will be detected with a derived parameter set and then to
adjust the sensitivity of the set or start over as desired.
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METHODS AND SYSTEMS FOR
AUTOMATICALLY IDENTIFYING
DETECTION PARAMETERS FOR AN
IMPLANTABLE MEDICAL DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/654,656, now U.S. Pat. No. ,
filed Jul. 19, 2017, which is a continuation of U.S. patent
application Ser. No. 14/341,089, now U.S. Pat. No. 9,743,
886, filed Jul. 25, 2014, each entitled “Methods and Systems
for Automatically Identifying Detection Parameters for an
Implantable Medical Device.” This application is related to
U.S. patent application Ser. No. 13/802,456, now U.S. Pat.
No. 9,392,972, filed Mar. 13, 2013, entitled “Methods and
Systems for Automatically Identifying Detection Parameters
for an Implantable Medical Device,” which claims priority
to and benefit of U.S. Provisional Patent Application No.
61/730,498 filed Nov. 27, 2012, entitled “Methods and
Systems for Automatically Identifying Detection Parameters
for an Implantable Medical Device.” Each of foregoing
patent application is hereby incorporated herein, in its
entirety, by reference.

FIELD OF THE INVENTION

[0002] The present technology relates generally to meth-
ods and systems for identifying the parameters that will
determine what an active implantable medical device detects
relative to physiological data being monitored by the
implantable medical device, especially identifying detection
parameters relative to electrographic activity.

BACKGROUND

[0003] Systems and methods that include algorithms for
identifying when physiological data sensed from a patient
exhibit certain features or correspond to certain physiologi-
cal states are desirable in diagnosing, monitoring and treat-
ing patients. Specifying the parameters necessary for the
algorithms to operate as expected and to generate the desired
outcome is generally not an intuitive process for the
patient’s physician. It would be beneficial to make these
systems and methods easier for a physician to use with
regard to a particular patient or set of patients.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1A is a schematic illustration of a set of
adjustable detection parameters that, among others, may be
associated with a half wave detector.

[0005] FIG. 1B is a graph of a time-series representation
of an electrographic signal exhibiting a plurality of transi-
tions in the direction of the signal.

[0006] FIG. 2 is the graph of FIG. 1B in which two half
waves are identified.

[0007] FIG. 3 is the graph of FIG. 1B in which a set of
eleven half waves are identified.

[0008] FIG. 4 is the graph of FIG. 3 in which parameters
of a method for identifying a minimum frequency are
illustrated.

[0009] FIG. 5 is a graph of a time-series representation of
an electrographic signal exhibiting a plurality of regions,
including a region of interest, a region of seizure activity,
and a region of baseline activity.
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[0010] FIG. 6 is a representation of a display according to
some embodiments corresponding to a simulation in which
a half wave detector is run on selected electrocorticographic
(ECOQG) data.

[0011] FIG. 7 is a representation of the display of FIG. 6
after a new simulation has been run and the display refreshed
with the results of the new simulation.

[0012] FIG. 8A is a flow diagram of a method of auto-
matically deriving and, optionally, subsequently adjusting,
parameter sets for detection tools for different activity types
in a user-selected region or regions of interest, according to
embodiments.

[0013] FIG. 8B is a flow diagram of a method of auto-
matically deriving and, optionally, subsequently adjusting, a
parameter set for looking for rhythmic activity in an elec-
trocorticographic signal using a detection tool in the form of
a half wave detector.

[0014] FIG. 8C is a flow diagram of a method of auto-
matically deriving and, optionally, subsequently adjusting, a
parameter set for looking for spike activity in an electro-
corticographic signal using a detection tool in the form of a
half wave detector.

[0015] FIG. 9A is a power spectrum corresponding to the
frequency content in a region of interest in an electrographic
signal according to embodiments using fast Fourier trans-
form averaging.

[0016] FIG. 9B is a power spectrum corresponding to the
frequency content in a region of interest in an electrographic
signal according to embodiments using linear predictive
coding.

[0017] FIG. 10A is a plot comparing the frequency content
of a region of interest in an electrographic signal to the
frequency content of two regions of baseline activity accord-
ing to embodiments.

[0018] FIG. 10B is a plot representing a ratio of the
frequency content of a region of interest to the frequency
content of one or more regions of baseline activity according
to embodiments, revealing a salient frequency at about 10
Hz.

[0019] FIG. 11A is a graphical representation of a distri-
bution of data, specifically, a histogram showing the distri-
bution of pairs of possible values of two parameters for a
half wave detector related to defining a minimum frequency
the half wave detector will detect organized by unique
frequencies (on the x-axis), according to embodiments.
[0020] FIG. 11B is a graphical representation of a distri-
bution of data, specifically, a histogram showing the distri-
bution of pairs of possible values of two parameters for a
half wave detector related to defining a minimum frequency
the half wave detector will detect organized by integer
frequencies (on the x-axis), according to embodiments.
[0021] FIG. 11C is a graphical representation of a distri-
bution of data, specifically, a histogram showing the distri-
bution of pairs of possible values of two parameters for a
half wave detector related to defining a minimum frequency
the half wave detector will detect organized so that the
number of pairs in each bin (for a given frequency on the
x-axis) will be approximately the same, according to
embodiments.

[0022] FIG.12A, FIG. 12B, FIG. 12C, FIG. 12D, and FIG.
12E each is a graphical representation of spike activity as it
may occur in a representation of an electrographic signal as
sensed from a patient.
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[0023] FIG. 13 is a graphical representation of method for
selecting a value for a hysteresis parameter for a half wave
detector configured to look for rhythmic activity according
to embodiments.

[0024] FIG. 14 is a graphical representation of a method
for selecting a value for a minimum half wave amplitude
parameter for a half wave detector configured to look for
rhythmic activity according to embodiments.

[0025] FIG. 15A, FIG. 15B, FIG. 15C, and FIG. 15D are
graphical representations, namely, a time-series representa-
tion of an electrographic signal and a spectrogram of the
same signal, of each of two dissimilar regions of interest
associated with a similar condition (e.g., onset of seizure
activity).

[0026] FIG. 16A, FIG. 16B, FIG. 16C, and FIG. 16D are
graphical representations, namely, time-series representa-
tions, of an electrographic signal and a spectrogram of the
same signal, of each of two similar regions of interest
associated with a similar condition (e.g., onset of seizure
activity).

[0027] FIG. 17A is a graphical representation of the fre-
quency response (power spectrum) for a first region of
interest associated with a first onset period of a seizure.
[0028] FIG. 17B is a graphical representation of the fre-
quency response (power spectrum) for a first region of
interest associated with a second onset period of a seizure.
[0029] FIG. 17C is a graphical representation of a fre-
quency response (power spectrum) for a combination
according to embodiments of the first onset period of FIG.
17A and the second onset period of FIG. 17B.

[0030] FIG. 18 is a graphical representation of method for
selecting a value for a hysteresis parameter for a half wave
detector configured to look for spikes according to embodi-
ments.

[0031] FIG. 19 is a graphical representation of a method
for selecting a value for a minimum half wave amplitude
parameter for a half wave detector configured to look for
spikes according to embodiments.

[0032] FIG. 20A, FIG. 20B, and FIG. 20C each is a
graphical representation of a rhythmic type of activity as
may occur in electrographic signals sensed from a patient.
[0033] FIG. 21A, FIG. 21B, and FIG. 21C each is a
graphical representation of a spikes type of activity as may
occur in electrographic signals sensed from a patient.
[0034] FIG. 22A, FIG. 22B, and FIG. 22C each is a
graphical representation of a combination of a rhythmic type
of activity and a spike type of activity as may occur in
electrographic signals sensed from a patient.

[0035] FIG.23A, FIG. 23B, FIG. 23C, FIG. 23D and FIG.
23E each is a screen shot of a graphical user interface as may
be used according to embodiments.

[0036] FIG. 24 is a schematic illustration of a set of
adjustable detection parameters that may be, among others,
associated with a line length detector.

[0037] FIG. 25 is a flow chart of a method deriving a
detection tool implemented in an active implantable device
implantable in a patient.

[0038] FIG. 26 is graph of a time-series representation of
an electrographic signal exhibiting a plurality of regions,
including a fixed region of interest, a region of seizure
activity, and a region of baseline activity.

[0039] FIG. 27 is graph of a time-series representation of
an electrographic signal exhibiting a plurality of regions,
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including a user defined region of interest, a region of
seizure activity. and a region of baseline activity.

[0040] FIG. 28 is a flow chart of a method selecting a
detector type.

[0041] FIG. 29 is a graph of a power spectrum of a region
of interest.

[0042] FIG. 30 is a graph of a frequency spectrum of a
region of interest.

[0043] FIG. 31A and FIG. 31B form a flow chart of a
pattern characterization approach for selecting a detector
type.

[0044] FIG. 32 is a flow chart of a performance compari-
son approach for selecting a detector type.

[0045] FIG. 33 is a flow chart of a method of comparing
detector type metrics against various criteria to select a best
detector type.

[0046] FIG. 34 is a graph of accuracy detection as a
function of a half-wave amplitude parameter of a detector
type.

[0047] The drawings referred to in this description should
not be understood as being drawn to scale unless specifically
noted.

DETAILED DESCRIPTION

[0048] Implantable medical systems are under investiga-
tion that use sensors to monitor electrographic signals
obtained from a patient and then record portions of the
monitored signals (or some type of digital representation
thereof) whenever the signals exhibit certain characteristics
(e.g., when certain conditions are satisfied and/or when
certain thresholds are exceeded or not met). One implantable
component of these medical systems may be configured to
determine when the certain characteristics are exhibited in
the monitored signals. An implantable component also may
be configured to determine whether and when the monitored
signals correspond to a particular physiological state based
on a condition of the implantable medical device itself (e.g,,
when an amplifier or amplifiers go into saturation or how
often an amplifier or amplifiers go into saturation). Condi-
tions of the implantable medical device itself, as distin-
guished from the physiological signals the implantable
medical device may be configurable to monitor, are often
referred to as “diagnostics” or “device diagnostics”. Some-
times, one or more device diagnostics may be used as a
proxy for a physiological state of the patient. For example,
when certain amplifiers in the implanted medical device are
saturated and remain saturated for a predetermined period of
time, the patient may be deemed to be experiencing an
electrographic event (e.g., seizure).

[0049] Generally, an implantable component of an
implantable medical device system that is configurable to
process signals and to run one or more algorithms on data
may be referred to herein as an “active implantable medical
device” to distinguish it, for example, from a passive
implantable component such as a catheter.

[0050] One or more algorithms implemented in whole or
in part by the implantable component may be relied upon to
decide when the characteristics are exhibited in the moni-
tored signals or when one or more of the device diagnostics
should be detected as a condition that should be recorded or
otherwise noted or acted upon. Each algorithm may operate
on one or more channels of data acquired from the patient or
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on one or more of the diagnostics. An algorithm may be
referred to as a “detection tool”, a “detector”, or an “event
detector”.

[0051] For data acquired from the patient, a given set of
sensing channels of the implant and associated algorithms
executable by the implant may define a “detection channel.”
A given detection channel may be associated with one or
more event detectors. Different event detectors may be
configured for a given patient to use signals that arise from
different areas of the patient’s brain or signals that are
separated by time (e.g., one signal type followed by the same
or a different signal type).

[0052] When an algorithm is intended to be implemented
primarily by an implantable component using an implanted
power supply (e.g., a primary cell battery or a rechargeable
battery), it will be appreciated that the power allocated for
running the algorithm is an important design consideration.
Accordingly, algorithms are often developed and/or selected
based on the amount of power that is likely to be consumed
in running them as well as other considerations (e.g., how
frequently an algorithm is likely to be run).

[0053] NeuroPace, Inc. has developed a responsive neu-
rostimulation system manufactured under the trademark
“RNS SYSTEM” which includes an implantable component
comprising a neurostimulator. (As may be appreciated by
the implantable component’s name, the RNS SYSTEM
neurostimulator is capable of delivering electrical current
stimulation to the patient, but this particular neurostimulator
is also capable of processing signals received from the
patient and device diagnostics which data then may be used
by the implant to determine whether one of several actions
should be taken, e.g., recording or storing data or delivering
stimulation).

[0054] The RNS SYSTEM neurostimulator may be
implanted in a hole cut out from a patient’s cranial bone
(sometimes referred to as a “defect” formed in the cranium).
Alternatively, the neurostimulator component of an implant-
able responsive neurostimulation system may be implanted
elsewhere in the patient, such as between the cranium and
the scalp or in the pectoral region. The neurostimulator may
be connected via one or more leads to a plurality of
electrodes implanted in or on the patient’s brain (e.g., the
neurostimulator can be connected to one or two leads, and
each lead may have four electrodes on a distal end thereof).
[0055] The neurostimulator is configurable to sense elec-
trographic signals obtained from the patient at a predeter-
mined sampling rate and to receive the signals on one or
more channels. The neurostimulator or other component of
the neurostimulation system may filter or otherwise condi-
tion (e.g., amplify and/or digitize) the signals. The signals
received on each channel may be operated on by one or more
algorithms, tools or detectors to identify characteristics in
the data (e.g., characteristics that are believed to correspond
to the electrographic onset of an epileptic seizure). Because
in the RNS SYSTEM neurostimulator (and other neuro-
stimulators) the power source for the neurostimulator is a
battery contained in the implant (e.g., a primary cell battery
or a rechargeable battery), the algorithms, or tools or detec-
tors the neurostimulator uses to operate on the data desirably
are selected to consume as little power as possible to achieve
their objectives and therefore may be categorized generally
as low computational complexity or “LCC” algorithms.
[0056] In the RNS SYSTEM, the algorithms or tools
include a half wave detector, a line length detector and an
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area detector. The half wave detector generally may be
characterized as a waveform morphology analysis tool and
the line length and area detectors generally may be charac-
terized as “signal change” detectors.

[0057] An objective of a half wave detector may be to
generate an output whenever the power of a portion of a
signal falls within a particular frequency range. The particu-
lars of how a half wave detector may be configured to
operate in the context of a responsive neurostimulation
system (or other diagnostic implantable medical device
system) are described in more detail below with reference to
example(s). Here it is noted generally that, even though a
half wave detector can be concerned with the frequency
content of a signal, the tool operates in the time domain
rather than in the frequency domain. For at least this reason,
the half wave detector is considered to be an LCC algorithm
relative to one that involves transformations into the fre-
quency domain, such as fast Fourier transforms (or FFTs).
[0058] An objective of the line length detector may be to
generate an output that corresponds to how much the fre-
quency and/or amplitude of a portion of a signal within a
particular time window is varying relative to, for example,
a long-term line length trend for that signal. The line length
detector is sometimes referred to as a simplification of the
fractal dimension of a waveform. The result of the line
length detector is meant to correspond to an approximation
of the overall power of the signal relative to a trend. For
example, the line length detector is meant to “detect” when
aportion of a signal in a given time window departs from the
trend and exhibits a change in frequency or amplitude
swings or both; a change in amplitude or frequency suggests
something different is happening in the patient: for example,
when the power increases, the line length detector may
detect the onset of or a precursor to an electrographic
seizure.

[0059] An objective of the area detector is to generate an
output that corresponds to how much the integral (or area
under a curve) of a signal within a particular time window
is varving relative to, for example, a long-term area trend for
that signal. The area detector is sometimes referred to as a
representation of the energy of a waveform. As with the line
length detector, the area detector is meant to identify con-
ditions when the signal departs significantly from the long-
term trend suggesting something undesirable or abnormal is
occurring in the patient.

[0060] Each of the line length detector and the area
detector is considered to comprise an LCC algorithm, since
each requires little power to run relative to other, more
complex algorithms that would provide a measure of how
much a waveform is varying in terms of amplitude or energy.
[0061] Even though the half wave detector, the line length
detector and the area detector are each deemed to be
algorithms of relatively low complexity, there nonetheless
may be a significant number and kind of parameters that
need to be specified in order for the running of each
algorithm to have an optimal result.

[0062] A given system may be configured so that all or
some of the parameters that control how an algorithm will
operate (e.g., what sensed physiological data the algorithm
will ‘detect’) are programmable by a user. In most circum-
stances, the “user” will be a physician diagnosing or other-
wise treating the patient in whom the active implantable
medical device is implanted. A system further may be
configured so that one or more of the programmable param-
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eters are set to “default” or other initial values at the time the
system is manufactured or at the time the system is initially
set up for a patient (e.g., in the operating room or during an
initial post-op visit with a clinician).

[0063] The number and kind of parameters for a given tool
may be relatively easy to understand and specify for an
engineer or practicing scientist or for someone who other-
wise is interested in how the algorithms operate at a detailed
level. However, the typical user (e.g., a busy neurologist or
a neurosurgeon with many patients) who is tasked with
programming (or reprogramming, as the case may be) the
tools may not have the time or inclination to develop a
comprehensive understanding of what the various param-
eters are and how each relates to the condition or state of the
patient the user wants the implant to monitor and/or treat.
These users may be better served by system that allows a
user to select what to detect graphically (e.g., on a display
of a user interface with the implant and/or a database) and
then automatically derives the parameters for the various
tools based on what the user has selected.

[0064] The complexity of selecting parameters and param-
eter values for a tool may be illustrated with reference to the
half wave tool (or half wave detector). A half wave tool may
require a minimum of seven parameters to be specified, and
may be associated with still other parameters that ought to
be specified for optimum performance or which may be
optional and best indicated for some circumstances and not
others. In an example of a half wave detector discussed in
detail here there are at least seven parameters that may be
specified: (1) half wave hysteresis; (2) minimum half wave
amplitude; (3) minimum half wave width; (4) half wave
count criterion; (5) half wave window size; (6) qualified
analysis window count; and (7) detection analysis window
size. Each of these seven parameters may be associated with
1 to over 1000 discrete values.

[0065] Itwill be appreciated that, rather than learning what
the “qualified analysis window count” parameter signifies
and how to choose an appropriate value for it, a user may
find it far easier to perceive a feature or pattern in a
waveform in the graphical content of a signal sensed from a
patient and then select it as something the user wants a tool
to look for. A system with such a “graphical detection”
feature would allow a user to configure the system to detect
something (e.g., a pattern occurring in an electrographic
signal) without needing to have a comprehensive under-
standing of how each parameter and associated parameter
value will affect the operation or outcome of a given
detection tool. For example, a user may be able to look at a
display of a recorded EEG signal and conclude that the
graphical content of the signal includes regions of highly
rhythmic activity, and that he or she wants to configure one
or more detection tools to detect that same pattern whenever
it occurs in the patient. The user may want to accomplish this
without having to understand what the detection parameters
are and how each relates to the pattern the user wants to
detect.

[0066] Insome neurostimulation systems, the neurostimu-
lator may be provided with at least three detection tools or
algorithms that are available to and configurable by a user,
namely, a half wave detector, a line length detector, and an
area detector. Each of these algorithms is associated with a
set of possible operating parameters.

[0067] The neurostimulator also can be configured to
record signals sensed from the patient (or digital or other
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representations of the signals) and to record device diag-
nostics (i.e., information about the condition of the neuro-
stimulator at certain times (e.g., whether an amplifier or
amplifiers go into or out of saturation upon receiving an
input signal from the patient)). As noted above, one or a
combination of device diagnostics may serve as a proxy for
something that is happening with the patient (such as a
seizure).

[0068] The neurostimulator can communicate wirelessly
with one or more devices external to the patient such as via
telemetry. One of these external devices is in the control of
the patient and may be referred to as a “patient remote
monitor” or sometimes as a “patient initiating device.”
Another of these external devices is in the control of the user
(e.g., a physician) and may be referred to as a “programmer.”
A wand may be necessary to establish an inductive telemetry
link between the neurostimulator, on the one hand, and
either the patient remote monitor or the programmer, on the
other hand. In other cases, a link between the implanted
component and one or more of the external components may
be established by some other means that eliminates the
requirement for a wand, such as by long range telemetry or
some other wireless method of communication.

[0069] An external component such as a programmer may
include a computer or central processing unit implemented
in a wide variety of ways, such as a laptop computer, a tablet
computer, a notebook computer, or a smartphone. Similarly,
an external component that comprises a patent remote
monitor may be implemented in the same way as a pro-
grammer (laptop, tablet, smartphone, etc.) or, since it may be
required to have far less functions than a programmer,
something simpler with a smaller form factor, such as a wrist
watch or key fob or handheld device.

[0070] Using the inductive telemetry or other communi-
cations link, both the patient remote monitor and the pro-
grammer may be used to receive data that has been stored by
the neurostimulator (e.g., recorded portions of electro-
graphic signals or device diagnostics reflecting information
about a condition of the neurostimulator at the time an
“event” was detected by an event detector). Once the data is
on the patient remote monitor or the programmer, it may be
stored locally on these devices. Alternatively or additionally,
data stored on the patient remote monitor or the programmer
may be transferred elsewhere, such as to a central database.

[0071] A patient may have one-way access to such a
central database, for example, by selectively connecting the
patient remote monitor to the central database via a secure
communications link such as a broadband connection (or a
telephone “dial up” link) to transfer data from the implanted
neurostimulator to the database. A user (e.g., a physician)
may have bidirectional access to such a central database, for
example, by selectively connecting the programmer to the
central database to upload data from the neurostimulator (or
from the neurostimulators of a physician’s other patients)
and to download data from the central database that the user
can then beneficially use locally on the programmier in some
fashion. For example, changes to the software the neuro-
stimulator uses may be communicated from the central
database to the programmers and then from the program-
mers to the implanted neurostimulators. In addition, a secure
website may afford authorized users controlled access to
parts of the central database or certain categories of data in
the database.
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[0072] The programmer also may be used to receive data
in real time from the neurostimulator (for so long as the
inductive telemetry link is established) and to selectively
store the data received in real time for later review and other
uses. In addition, and as the name of the component implies,
the programmer can be used to program the neurostimulator,
including but not limited to programming which parameters
are used when a given algorithm is run and what values each
parameter used in an algorithm will have.

[0073] The user generally will decide what type or types
of physiological data (e.g., electrographic activity) he or she
wants the neurostimulator to detect by reviewing records of
electrographic activity for the patient. For example, the user
may review electrographic activity previously recorded by
the neurostimulator in order to select the nature and kind of
activity that the user wishes the neurostimulator to detect in
the future. Alternatively or additionally, the user may review
electrographic activity from the patient in real time to make
decisions about what to detect. The user may also review
electrographic activity recorded from the same patient or
from different patients (e.g., with similar demographics) that
are accessible from the central database.

[0074] A programmer may have features that allow a user
to specify, among other things, parameters and parameter
values for a particular detection tool, and then run the
algorithms on previously-acquired records of electrographic
activity. These simulations are intended to give the user
examples of the nature and type of electrographic activity a
given set of detection parameters and parameter values will
detect.

[0075] Inembodiments described here, systems and meth-
ods are provided with features that allow a user to review, on
a display associated with one or more external components,
physiological data acquired from a patient (either previously
or in real time by one or more implantable components), and
to select one or more regions of interest in the physiological
data based on the graphical content on the region(s) of
interest. These features collectively may be referred to
herein as enabling “graphical detection.”

[0076] Using the selected region(s) of interest as an input,
the systems and methods are configured to automatically
derive a set of parameters and values for the same that will
be used by one or more detection algorithms. The intention
is that, if the implantable component (e.g., the neurostimu-
lator in the case of an RNS SYSTEM) is programmed with
the automatically-derived parameter set, then when the
relevant detection algorithm operates on physiological data
acquired from the patient in the future, the algorithm will
detect activity of the same nature and type as that which
characterizes the user-specified region(s) of interest, if that
nature and type of activity occurs while the algorithm is
being run. The systems and methods therefore will assist the
user in specifying the detection tool and a set of operating
parameters for a given detection tool based on graphical
content selected by the user. Thus, the user will be relieved
of some of the burden of having to first understand and then
choose the detection tool and the values for the parameters
associated with the detection tool (e.g., a value for a “detec-
tion analysis window size” parameter or a “hysteresis
parameter” in a half wave detection tool). Indeed, in some
embodiments, the user need not even characterize the type
of activity that appears in the user-selected region(s); rather,
the systems and methods will determine an activity type or
pattern automatically.
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[0077] In some embodiments, one or more “baselines”
may be used by the system together with the region(s) of
interest in automatically deriving the parameter values.
These baselines may be selected automatically or by the user
or some combination of the two.

[0078] After a user has selected region(s) of interest and/or
baseline(s), the user can ask the system to automatically
derive a set of parameters for, e.g., a detection tool, based on
the selections. Then the user can run a simulation using, for
example, the programmer or a website interface with a
central database, in an effort to assess whether the detection
tool with the automatically-derived set of parameters is
likely to detect the patterns or other features that character-
ize the region(s) of interest that the user wants the detection
tool to detect.

[0079] There are many possible sources for the signals
used in such simulations. For example, the user may be able
to select signals that were previously recorded and stored on
the user’s programmer or in a central database for the
particular patient whose device the user is currently pro-
gramming. These previously-recorded and stored signals
may have been downloaded from the patient’s active
implantable medical device or may have been acquired
while the patient’s physiological activity was being moni-
tored during some sort of diagnostic procedure before the
implantable medical device was implanted (e.g., an in-
hospital intracranial EEG monitoring procedure).

[0080] Alternatively, or additionally, a user may be able to
access signals for running simulations from other patients
the user is treating or from other patients other users are
treating who have something in common with the user’s
patient. For example, signals for simulations may be drawn
from a database of signals for patients with a common
demographic as the user’s patient, such as women having a
particular neurological condition and who are between 18
and 25 years of age. Similarly, and for example in epilepsy,
signals for simulations may be selected from a set of signals
acquired from patients with the same seizure focus (e.g., a
seizure focus in the temporal lobe, a seizure focus in a
hippocampus). Signals used for simulations that are associ-
ated with other patients may be retrievable from the user’s
programmer or from a central database. They may be
anonymized or “de-identified” to protect patient privacy, or
the signals may be averaged for a given population or
otherwise adjusted or filtered for use in simulations of the
type contemplated herein.

[0081] In still other instances, a user may be able to run a
simulation of a detection tool using an automatically-derived
set of parameters on signals being acquired in real time from
the patient’s active implantable medical device. For
example, during a patient’s visit to the doctor’s office, the
doctor may establish a communications link between the
doctor’s programmer and the patient’s active implant, select
a region or region(s) of interest, ask the system to automati-
cally derive a set of parameters for the relevant detection
tool, and then run a simulation on the programmer of the
detection tool with the automatically-derived parameters on
signals being acquired in real time from the patient’s active
implant to assess what patterns and features likely will be
detected if the doctor reprograms the patient’s active implant
with the automatically-derived parameter set.

[0082] Based on the foregoing, it will be appreciated that
a user can use simulations to gauge whether a given auto-
matically-derived parameter set is likely to result in detec-
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tion of what the user wants the implantable component to
detect. If the user is not satisfied with the simulation, the user
can reject the automatically-derived set and start over, for
example, by changing the region(s) of interest or by select-
ing a different region of interest or regions of interest and/or
a different baseline or baselines. If the user is satisfied with
the simulation, then the user can accept the automatically-
derived set and subsequently program the implantable com-
ponent with the set (e.g., use an RNS SYSTEM programmer
to program the implanted neurostimulator with the set via
the wand and an inductive telemetry link).

[0083] Alternatively, in some embodiments, when the user
is less than completely satisfied with the results of a simu-
lation (and thus with an automatically-derived set of param-
eters), the user may be provided with the option of adjusting
one or more parameter values (for example to detect a
particular pattern earlier or later (e.g. within the first second
of activity or after the first second) or to detect more or less
of a particular feature (e.g. detect higher amplitude signals
or lower amplitude signals) and then instructing the system
to generate another set reflecting the adjustment. For
example, the system may allow the user to adjust a “pattern
duration” characteristic so that the automatically-derived
parameters will be biased toward detecting activity that lasts
longer than (or shorter than) the duration with which a
region of interest is characterized. Similarly, the system may
allow the user to adjust a “signal amplitude” characteristic
so that the automatically-derived parameters will be biased
towards detecting more (or less) activity that is characterized
by the same type of activity with which a region of interest
is characterized but with a with lower or higher amplitude
threshold. The sensitivity adjustments may be offered to the
user based on what the systems and methods infer that the
user is likely to see in the region of interest that the user
wants the detection tool to detect (e.g., rhythmic activity,
spike activity, a change in power of the signal, etc.).
[0084] Particular configurations of a system may offer a
user the opportunity to make different or additional sensi-
tivity adjustments, such as to fine-tune the frequency range
a given detection tool will detect in a signal. Instructions on
how to use a particular sensitivity adjustment and/or the
likely effect of moving in one direction or the other (i.e.,
more or less sensitive), may be described for the user in the
context of the simulation itself (e.g., on the programmer)
and/or in a user’s manual. A system may be configured to
play on a programmer or over a website a demonstration of
how a user might select region(s) of interest, baselines,
signals on which to run simulations, and then how a user
might use the available sensitivity adjustments to refine a set
of automatically-derived parameters to best satisfy the user’s
intentions regarding detection and his or her patient.
[0085] Embodiments in which systems or methods auto-
matically derive a set of parameters values and/or automati-
cally select which parameters to use, for a half wave detector
will now be described with reference to FIGS. 1-24.
[0086] A half wave detector (sometimes referred to as a
type of “waveform morphology analyzer”), looks for and
counts “half waves” when they occur in a predetermined
window of time in an electrographic signal (e.g., a signal
corresponding to a time-varying field potential difference
between two electrodes, at least one of which is implanted
in or on a patient’s brain). What constitutes a half wave that
should be counted is defined so that the counts that result
from running the algorithm roughly correlate to the power of

Aug. 9, 2018

the signal at a particular dominant frequency (or in a
particular frequency band). A half wave detector is useful,
for example, in applications of an implantable medical
device system to detect electrographic activity correspond-
ing to epileptiform activity or the onset of a seizure. It should
be appreciated that a half wave detector may be used in
analyzing waveforms corresponding to physiological data
sensed from a patient for different types of activity or
different features in the sensed data. For example, when the
patient has epilepsy, some instances of a waveform analyzer
implemented as a half wave detector may be configured to
detect rhythmic activity when it occurs in electrographic
signals monitored from the patient and other instances of a
waveform analyzer implanted as a half wave detector may
be configured to detect spike complexes when these occur in
the electrographic signals. Thus, the parameters and the
values for the parameters may vary for different iterations of
the same detection tool, depending upon the nature and type
of activity each iteration of the tool is intended to detect.
[0087] With reference to FIG. 1A, in one embodiment of
a half wave detector 190, there may be seven programmable
parameters to define the half wave detection: namely, a half
wave hysteresis parameter 191, a minimum half wave
amplitude parameter 192, a minimum half wave width
parameter 193, a half wave count criterion parameter 194, a
half wave window size parameter 195, a qualified analysis
window count parameter 196, and a detection analysis
window size parameter 197. These seven parameters may be
thought of as being part of the “parameter space” for a tool
to detect half waves in a signal.

[0088] “Half waves” generally, as well as half wave hys-
teresis, will now be described with reference to FIGS. 1B
and 2. A waveform 100 corresponds to an electrographic
signal after the electrographic signal has been pre-processed
and quantized (i.e., subjected to pre-processing and condi-
tioning such as filtering to remove low and high frequency
energy and sampling by an analog-to-digital converter). The
y-axis corresponds to units of amplitude (which may ulti-
mately be correlated to voltage or current), and the x-axis
corresponds to units of time, more particular, fractions of a
second.

[0089] Ifa half wave of the waveform is defined generally
as the excursion of the signal over time from a local
minimum to a next local maximum or, alternatively, from a
local maximum to a next local minimum, it will be appre-
ciated that in FIG. 1B there are six half waves 110, 120, 130,
140, 150, and 160 (associated with the dashed lines) in the
waveform segment 170 that extends over about a 60 ms
interval between about 16.47 and 16.53 s.

[0090] A given half wave may be characterized by an
amplitude and a width, such that a half wave amplitude is the
difference between the local maximum and minimum ampli-
tudes, and the half wave width is the period of time from the
beginning of a half wave to the end of the half wave. A half
wave further may be characterized by a direction based on
whether the slope of the half wave is positive or negative
(determined from the positions of the starting point and
ending point of a given half wave on the horizontal axis as
compared to the vertical axis). In FIG. 1B, for example, the
half wave 110 has an amplitude 172 of about 130 units (from
about +100 units to about -30 units), a width 174 of about
20 ms (from about 16.47 s to about 16.49 s), and a negative
slope. Accordingly, in FIG. 1B, a half wave #1 110 may be
represented by a vector corresponding to the dashed line
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from the local maximum at the starting point 176 to the next
local minimum at the ending point 178. At the point 178, the
waveform changes direction, with a positive slope towards
point 179 that marks the end of the half wave #2 120 and the
beginning of the half wave #3 130. The points 180, 182, 186,
and 188 define the end of the half wave #3 130 and the
beginning and end of the half wave #4 140, the half wave #5
150, and the half wave #6 160, respectively.

[0091] It may be desirable to configure a given half wave
algorithm to ignore some half waves that are deemed to be
insignificant variations (or small perturbations) in the wave-
form so that these will not, in fact, be recognized by the
detection tool as half waves. In a half wave detector, this
may be accomplished by defining a value for a hysteresis
parameter 191 in the half wave detection algorithm. In FIG.
1B, features of the waveform that are deemed to constitute
insignificant variations in the electrographic signal might
correspond to the half wave #2 120, the half wave #3 130,
the half wave #5 150, and the half wave #6 160. These half
waves might be, for example, deemed to be inconsistent
with the overall movement of the electrographic signal,
and/or attributed to perturbations in the signal that result
from quantizing of noise or other low-amplitude signal
components of the sensed physiological signal.

[0092] Thus, a hysteresis setting may correspond to allow-
ing some half waves in the direction of movement of the
waveform to be disregarded and thus not treated as a reversal
of direction that warrants identifying the reversal of direc-
tion point as the starting (or ending) point of a half wave. A
hysteresis allowance in a detection algorithm can be used,
for example, to avoid having to subject the physiological
signals being sensed from the patient to more rigorous
processing and conditioning before the signals are intro-
duced to the algorithm.

[0093] The effect of specifying a value for a hysteresis
parameter may be appreciated with reference to FIG. 2. FIG.
2 represents the same waveform 100 of FIG. 1B, but now
there are only two dashed lines representing vectors corre-
sponding to two half waves in the waveform segment 170.
More particularly, one half wave 202 (hereinafter referred to
as second half wave 202 in FIG. 3) extends from a starting
point 176 to an ending point 180, and another half wave 208
(hereinafter referred to as third half wave 202 in FIG. 3)
extends from the point 180 to another half wave ending point
188. In this example, the half wave hysteresis parameter 191
has been set to specify a minimum amplitude that the
waveform has to exceed when it transitions from one
direction to the other (e.g., positive to negative slope) before
the half wave will be considered to represent the start or end
of a half wave. More specifically, in the example of FIG. 2,
the half wave hysteresis parameter 191 has been set to a
value of 50 amplitude units such that, if after the signal
comprising the waveform changes slope, the amplitude of
the half wave never exceeds 50 amplitude units before it
changes slope again, no half wave will be deemed to have
ended or begun. Since the half wave #2 120, the half wave
#3 130, the half wave #5 150 and the half wave #6 160
shown in FIG. 1B each are characterized by an amplitude of
less than 50 units, when the half wave hysteresis parameter
has been set to a value of 50 amplitude units, each of these
half waves will be ignored in determining which and how
many half waves are present in the waveform segment 170.
Thus, the half wave 202 (the second half wave 202 in FIG.
3) has an amplitude of about 150 units (from about +100
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units to about =50 units on the vertical y-axis) and a half
wave width of about 30 ms (from about 16.47 s to about
16.50 s), and a negative slope. The half wave 208 (the third
half wave 208 in FIG. 3) has an amplitude of about 100 units
(from about =50 units to about +50 units) and a half wave
width of about 30 ms (from about 16.50 to about 16.53 s)
and a positive slope.

[0094] In addition to using parameters and values for the
same to decide when a half wave will be deemed to begin
and end, parameters are used to determine which half waves
occurring in a given processing window are to be considered
“qualified half waves,” such that they will be treated in a
particular way by the algorithm. A processing window may
be defined as being that which is appropriate for the cir-
cumstance, given the specifications of the relevant hardware
and software. By way of example, a processing window
specified for a half wave detector may correspond to a 128
ms window, which may in turn represent 32 samples of the
physiological data (e.g., of an electrographic signal sensed
from the patient) at a 250 Hz sampling rate.

[0095] Generally, a half wave will be considered a “quali-
fied half wave” if its amplitude exceeds the value selected
for a minimum half wave amplitude parameter 192 and a
minimum half wave width parameter 193. Alternatively, if
one or both of a maximum half wave amplitude parameter
and maximum half wave width parameter are available for
selection, a half wave may be considered a “qualified half
wave” if its amplitude exceeds the value selected for a
minimum half wave amplitude parameter 192 but does not
exceed the value selected for a maximum half wave ampli-
tude, and its width exceeds the value selected for a minimum
half wave width parameter 193 but does not exceed the value
selected for a maximum half wave width. The range of
values from which a value for the minimum half wave
amplitude parameter 192 may be selected normally will be
consistent with the range of possible amplitudes for the
waveform corresponding to the sensed physiological data. In
the example of FIG. 3, and with reference to the y-axis of
FIG. 3, the range of possible amplitudes is +/-512 units of
amplitude.

[0096] The minimum half wave width parameter 193 is
the parameter that determines what maximum frequency
represented in the waveform will be detected by the half
wave detector. The range of values from which a value for
the minimum half wave width may be selected normally will
be between 0 ms (corresponding to 125 Hz for a sampling
rate of 250 Hz) and 400 ms (corresponding to approximately
1 Hz for a sampling rate of 250 Hz). Selection of a value for
the minimum half wave width parameter 193 will be driven,
at least in part, by the rate at which the data is sampled by
the system. In an example, if a signal is being sampled at 250
Hz, then each sample will be 4 ms apart. If the value of the
minimum half wave width is set at 4 ms, then each half wave
would have to last longer than 4 ms in order to be considered
a qualified half wave. Since each sample is 4 ms, then a
qualified half wave would have to endure for two samples,
which would correspond to an effective minimum half wave
duration of 8 ms. If a whole wave is defined as comprising
two consecutive qualified half waves characterized by oppo-
site slopes, then a whole wave would have to be represented
by four samples of 4 ms each, or 16 ms total.

[0097] For an electrographic signal sensed from a patient
and quantized by a neurostimulator such as the RNS SYS-
TEM, the frequency of the signal may be approximated as
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the inverse of the duration of a whole wave. In an example,
if a whole wave takes four 4 ms samples to be represented,
and since Yie ms is 62.5 Hz, a half wave detector with the
value of the minimum half wave width parameter set at 4 ms
will not be configured to detect the activity in an electro-
graphic signal that is characterized by a frequency of greater
than 62.5 Hz.

[0098] Referring now to FIG. 3, the waveform 100 is
shown extending from about 16.44 s to about 16.64 s (or for
about 200 ms). The half wave hysteresis parameter 191 is set
at 50 units, such that a transition in the waveform that
corresponds to an increase or decrease in amplitude of less
than 50 units will not be identified as a discrete half wave but
rather will be included as part of a greater amplitude half
wave. There are eleven half waves in the waveform 100,
namely, a first half wave 302, the second half wave 202 (first
shown in FIG. 2), the third half wave 208 (first shown in
FIG. 2), a fourth half wave 316, a fifth half wave 318, a sixth
half wave 320, a seventh half wave 322, an eighth half wave
324, a ninth half wave 326, a tenth half wave 328, and an
eleventh half wave 330.

[0099] Ifthe minimum half wave amplitude parameter 192
is set at a value of 100 units and the minimum half wave
width parameter 193 is set at a value of 4 ms, then with
reference to Table 1 below, only seven of the eleven half
waves in the waveform segment 300 will constitute “quali-
fied half waves,” namely, the second half wave 202, the third
half wave 208, the fourth half wave 316, the fifth half wave
318, the ninth half wave 326, the tenth half wave 328, and
the eleventh half wave 330. That is, only seven of the eleven
half waves meet or exceed the thresholds of both the
minimum half wave amplitude parameter 192 and the mini-
mum half wave width 193.

TABLE 1
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eleventh half wave 330 satisfy both the minimum half wave
amplitude parameter 192 and minimum half wave width 193
thresholds, so each of these seven half waves is identified as
a qualified half wave.

[0101] Two other parameters that may be specified for a
half wave detector relate to the how much of a given
frequency has to occur, at a minimum, in a particular time
period in order for the algorithm to determine whether to
register something as having been ‘detected’ (e.g., the onset
of epileptiform activity in the patient). These two parameters
will be described with reference to F1G. 4 and include a half
wave count criterion parameter 194 and a half wave window
size parameter 195. The half wave count criterion parameter
194 and the half wave window size parameter 195 allow a
half wave detector to identify a “qualified analysis window”.
Generally, the number of qualified half waves has to exceed
the value selected for the half wave count criterion param-
eter 194 during the time window defined by the value
selected for the half wave window size parameter 195, in
order for the algorithm to consider the circumstance a
detection-worthy circumstance. When, in a given half wave
window with a duration specified by the half wave window
size parameter 195, the number of qualified half waves
exceeds the value for the half wave count criterion param-
eter 194, then that analysis window which contains the end
of the half wave window is considered a “qualified analysis
window”.

[0102] In one example, a value of 9 might be set for the
half wave count criterion parameter 194 and a value of 1 s
(1000 ms) may be set for the half wave window size
parameter 195. In the algorithm, these values would mean
that at least 10 qualified half waves have to occur in 1 s (or
at least five whole waves in 1 s) in order for the minimum

Second Third Fourth Fifth Sixth Seventh Eighth Ninth Eleventh
First Half  Half Half Half Half Half Half Half Half  Tenth Half
Wave Wave Wave Wave Wave Wave Wave  Wave Wave Half Wave
302 202 208 316 318 320 322 324 326 Wave 328 330
Minimum No Yes Yes Yes Yes No Yes Yes Yes Yes Yes
Half Wave
Amplitude
(100
counts)?
Minimum Yes Yes Yes Yes Yes No No No Yes Yes Yes
Half Wave
Width
(4 ms)?
Qualified No Yes Yes Yes Yes No No No Yes Yes Yes
Half
Wave?

[0100] For example, while the first half wave 302 exceeds
the 4 ms threshold value for the minimum half wave width
parameter 193, it does not also exceed the 100-count thresh-
old value for the minimum half wave amplitude parameter
192, so the first half wave 310 is not identified as a qualified
half wave. Similarly, the sixth half wave 320 exceeds the
100-count threshold value for the minimum half wave
amplitude parameter 192, but it does not exceed the 4 ms
threshold value for the minimum half wave width parameter
193, so the sixth half wave is not identified as a qualified half
wave. Each of the second half wave 202, the third half wave
208, the fourth half wave 316, the fifth half wave 318, the
ninth half wave 326, the tenth half wave 328, and the

frequency criteria for detection to be considered to have
been met (five whole waves in one second corresponds to a
frequency of 5 Hz).

[0103] In another example, a value of 6 might be set for
the half wave count criterion 194 and a value of 200 ms
might be set for the half wave window size 195. Referring
now to FIG. 4, at the base of the graph along the x-axis (time
in seconds), three sets of double-headed arrows indicate
three consecutive processing or analysis windows of 128 ms
each, namely, analysis window #1 405, analysis window #2
407, and analysis window #3 409. Analysis window #1 405
begins at about 16.40 s and ends at about 16.53 s, analysis
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window #2 407 runs from about 16.53 s to about 16.66 s, and
analysis window #3 409 runs from about 16.66 s to about
16.79 s.

[0104] Based on a half wave hysteresis parameter 191 set
at 50 units of amplitude, minimum half wave amplitude
parameter 192 set at 100 counts, and a minimum half wave
width parameter 193 set at 4 ms, the algorithm identifies and
counts qualified half waves within a 200 ms half wave
window 440 that ends at about 16.64 s. Since there are seven
qualified half waves in the 200 ms half wave window 440
(see also FIG. 3 and Table 1 and the descriptions thereof),
then the minimum frequency for detection has been met
(more than 6 qualified half waves counted in a half wave
window of 200 s). When the seventh qualified half wave
occurred, the system was in the second 128 ms analysis
window shown in FIG. 4, or analysis window #2 407. Thus,
analysis window #2 407 is a “qualified analysis window”.
[0105] In some embodiments, a half wave detector may
allow values for two additional parameters to be specified
which are used in an effort to make the algorithm detect only
those patterns occurring in a waveform that exhibit a certain
consistency and duration. These parameters are the qualified
analysis window count (X) 196 and the detection analysis
window size (Y) 197. The values for these parameters are
selected so that the half wave detector will only deem a
detection-worthy circumstance to exist if a sufficient number
(X) of qualified analysis windows have appeared in Y of the
most recent analysis windows.

[0106] This type of analysis generally may be referred to
as an “X of Y” criterion. Such an “X of Y” criterion may be
used in the half wave detector described here to avoid having
the detector trigger on circumstances that are considered too
spurious to warrant detection. In an example, a value for the
qualified analysis window count 196 parameter may be 2
and a value for the detection analysis window size 197 may
be 1024 ms (where the detection analysis window size
represents a number of consecutive analysis windows of
equal size (for example, eight consecutive analysis windows
of 128 ms would correspond to a detection analysis window
size of 1024 ms).) With these values, applying an “X of Y
criterion” would mean that the minimum frequency for
detection (minimum number of qualified half waves occur-
ring in the half wave window size) would have occurred in
at least two of the eight most recent 128 ms-analysis
windows in order for the algorithm to deem a circumstance
to exist that is worthy of detection.

[0107] A half wave detector is just one of several possible
algorithms or tools that may be applied to physiological data
(e.g., electrographic signals sensed from electrodes placed in
or on a patient’s brain) in order to determine whether a
condition of interest (e.g., a certain pattern of activity)
occurs in the data. Multiple algorithms may be used in
combination to analyze the same data, or additional algo-
rithms may involve comparing or contrasting the results of
analyzing data with one tool with the results of analyzing
different data (e.g., data occurring later in time or data
sensed from a different channel or from a different type of
sensor (and/or using a different sensing modality, such as
voltammetry rather than field potential measurements)). The
output of one or more algorithms such as a half wave
detector output may be used as one or more inputs to a finite,
time-dependent state machine for determining whether a
pattern or patterns occur in a particular sequence or
sequences.
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[0108] It will be appreciated that, even in a simple case,
where only a half wave detector is used to analyze an
electrographic signal sensed from the patient, it is a non-
trivial task to accurately specify the values for the seven
parameters used by the algorithm (namely, the half wave
hysteresis parameter 191; the minimum half wave amplitude
parameter 192 and the minimum half wave width parameter
193 (for identifving qualified half waves and establishing the
maximum frequency for detection), the half wave count
criterion parameter 194 and the half wave window size
parameter 195 (for establishing a minimum frequency for
detection); and the qualified analysis window count param-
eter 196 and the detection analysis window size parameter
197 (for establishing an “X of Y criterion” for detection).

[0109] Itis not an intuitive exercise for a user to look at an
existing time-series electrocorticographic signal (or a spec-
trogram of such a signal) and to decide what values to assign
to each of these seven parameters in order to tune a half
wave detector so that it will detect in future signals a
particular type of activity that is represented in the existing
signal. It is true that systems like the RNS SYSTEM allow
a user to “test run” algorithms with a given set of parameter
values using a simulator and display provided in an external
component (i.e., a “programmer”) before the parameter
values are actually programmed into the patient’s implanted
neurostimulator. Nevertheless, the lack of intuitiveness of
the process of matching up the type of activity or pattern the
user can see on a display with the appropriate values, for
example, for the “half wave count criterion parameter” and
the “half wave window size parameter”, often requires some
trial and error before the user is satisfied that a given set of
values will detect what the user wants the implanted neu-
rostimulator to detect when next that activity actually occurs
in the patient. Thus, a system would be more user-friendly
if the selection of parameter values for a given algorithm
used in detection was an automated process or at least a
partially automated process.

[0110] FIG. 5 is an example of an electrographic signal
500 that might be sensed from a patient and processed by an
implantable neurostimulator. For instance, a signal such as
that shown in FIG. 5 might correspond to a signal acquired
such as on an active sensing channel of implantable medical
device which is configured to receive a bipolar signal
representative of the difference in electrical potential
between two selectable electrodes, at least one of which is
implanted in or on the patient’s brain (the second electrode
may also be implanted in or on the patient’s brain (e.g., on
the same distal portion of a lead as the first electrode) or may
be a reference electrode (e.g., the conductive outer housing
of the neurostimulator)). A signal of the type shown in FIG.
5 may be retrieved from a memory of the implanted neu-
rostimulator or of the external programmer component or
from the central database. Alternatively, the signal shown in
FIG. 5 may correspond to that which is captured on a screen
while the signal is being monitored in real time by an
external component that is in wireless communication with
an implanted neurostimulator.

[0111] The graph of FIG. 5 is a time-series representation
of the electrographic signal, with the x-axis representing
time and the y-axis representing the amplitude of the signal.
A user familiar with reviewing electrocorticographic data
from a patient of this sort may easily be able to identify a
region of interest or “ROI” based on the graphical content of
the signal, for example, a region of interest demarcated by



US 2018/0220963 A1l

the double-headed arrow 520 and beginning at a time of
about time tp,;, 522 and lasting until about time t,,, -528.
In this particular example, a typical user would likely
appreciate that the graphical content of the region of interest
520 includes high rhythmic activity as compared to a
baseline level of activity and which precedes higher ampli-
tude synchronous activity, which is often typical of seizure
activity as recorded using intracranial electrodes. (In some
systems, such as the RNS SYSTEM, detection may be used
as a trigger for some therapeutic action, such as delivering
electrical current stimulation to the patient from the neuro-
stimulator in an effort to interrupt a seizure or to prevent it
from fully developing. In these systems, then, and as in the
example of FIG. 5, a region of interest 520 may be selected
as one that defines the transition between non-seizure activ-
ity and seizure activity, in other words, the onset of a seizure.
In a situation where detection is undertaken as part of a
diagnostic process (as opposed to being used as a trigger for
delivering therapy), then a region of interest may be selected
by a user that is within the seizure activity region 530.)

[0112] In FIG. 5, the region indicated by the double-
headed arrow 530 may be deemed to be a region corre-
sponding to seizure activity, and the region indicated by the
double-headed arrow 540 may be deemed to be a region
corresponding to baseline activity. The baseline activity
region 540 may be one that begins at a time of about t;_,and
extends until at least a time of about t5_. (In some embodi-
ments, the length of time over which the baseline activity
occurs is less relevant than the nature of the activity occur-
ring within that time period, as will be apparent from the
description below.)

[0113] Tt should be appreciated that FIG. 5 is intended to
illustrate generally a region of interest 520 and generally a
region of baseline activity 540 in a signal, and that the actual
makeup or content of a region of interest 520 and the actual
makeup or content of a region of baseline activity 540 may
vary widely from application to application, based, for
example, on the objectives of the user/physician with respect
to his or her patient(s). More particularly, the region of
interest 520 in FIG. 5 is meant to represent a region of highly
rhythmic activity. In other applications, or in the same
application but for other instances of a detection tool, a
region of interest may constitute a type of activity other than
rhythmic activity or a type of activity that includes both
rhythmic activity and another type of activity. For example,
described below with reference to FIG. 22C is a circum-
stance in which a region of interest is selected that exhibits
one or more spike complexes, alone or in combination with
rhythmic activity. Generally, in systems and methods
according to embodiments, a user can select a region of
interest based on its graphical content, without regard to the
set of operating parameters for a detection tool that might be
used to detect that graphical content. Put another way, a user
can use graphical detection to program the implant as to
what it ought to detect, without an in depth understanding of
the parameters a detection tool needs to actually accomplish
such detection.

[0114] In some embodiments, a user may be able to select
a region of interest in a given electrographic signal by
clicking and dragging a mouse over the display of the
electrographic signal on an external component such as the
programmer or on a web page of a website. Other methods
of selecting a region of interest will be apparent (such as
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using fingers or a stylus to make a selection on display of a
“touch screen”, or by using key strokes on a keyboard, etc.).
[0115] Insome embodiments, the user may also be able to
select one or more regions of baseline activity 540 by
clicking or dragging or otherwise. Alternatively or addition-
ally, a region of baseline activity 540 may be automatically
selected by the system or set to some default value or range
of values by the system. If the system selects a region of
baseline activity 540, then the system ultimately may or may
not use the baseline activity region selected in automatically
deriving a parameter set. For example, if the system initially
selects a region of baseline activity 540 that turns out to be
not that much different than the content of a region of
interest 520 in one or more respects, then the system
ultimately may not base the derivation of any parameter in
the parameter set on what is contained in a baseline activity
region 540.

[0116] FIG. 6 illustrates an example of a screen 600 that
might be displayed to a user (e.g., on the display of an
external component such as a programmer or on a web page
viewed via a website) when the user has selected one or
more regions of interest 520, the method for automatically
deriving a parameter set has been accomplished for the
selected region(s) of interest, and the type of activity the
detection tool would “detect” with the automatically derived
parameter set, based on the selected region(s) of interest, is
displayed to the user.

[0117] In the specific example of FIG. 6, a portion 601 of
a screen 1s labeled “ECOG Display” and depicts a single
user-selected region of interest 603 extending from between
about 40 s and about 43 s. (While it will be appreciated that
an ECOG display such as the screen portion 601 may also
display any regions of baseline activity selected by a user or
by the system, no regions of baseline activity are depicted in
the example shown in FIG. 6: An automatic-parameter-
value-deriving-algorithm may not require any region of
baseline activity in order to identify a set of parameters for
a given detection tool).

[0118] As soon as the user selects region(s) of interest, a
method for automatically deriving a parameter set for a
detection tool automatically derives values for relevant
parameters of a relevant detection tool and updates or
overlays the ECOG Display with a simulation that reflects
what the automatically derived parameter values used with
the relevant detector would detect based on the features or
patterns that are present in the user-selected region(s) of
interest.

[0119] In the example of FIG. 6, after the user selects the
region of interest 601, in the ECOG Display 600, the
simulation shows a simulated detection region 608 which
extends from within the region of interest 601 to the right of
the region of interest 601 on the graph 610 (a time-series
plot). Thus, the user is provided with visual feedback (by
way of the simulation) almost immediately after the com-
puter makes choices for the values of the parameters for the
relevant detection tool. The visual feedback shows the user
the nature and type of activity that would be detected if those
parameter values were programmed into the neurostimula-
tor. If the relevant detection tool happens to be a half wave
detector configured to look for rhythmic activity, the user
need not have an appreciation for what value the method has
identified, for example, for the qualified analysis window
count. Rather, the user can simply view the simulation,
compare it to the graphical content of the region(s) of
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interest selected, and decide whether the automatically-
derived values are close enough to the mark.

[0120] Thetop graph 610 of the two graphs 610, 620 in the
display 600 is a time-series representation of an electro-
graphic signal 602, similar to the time-series representation
of the electrographic signal 500 in FIG. 5 from which the
user selected the region(s) of interest. The grey portion 608
of the top graph 610 demarcated by the double-headed arrow
606 between a time t, , and a time t, . represents the
nature and type of electrographic activity that would be
detected if the half wave detector were to be programmed
with the parameter values the system automatically derived.

[0121] The bottom graph 620 of FIG. 6 is a spectrogram
corresponding to the time-series representation. Here, the
spectrogram is another way to visualize how much of the
signal is characterized by certain frequencies as the signal
varies with time. For example, in the electrographic signal
602 between of about 40 s and about 90 s (demarcated by the
double-headed arrow 606), there is a concentration of power
in the signal around or below 50 Hz, as represented by the
lower, darker region 632 of the bottom graph 620 of FIG. 6
between the same times.

[0122] After a set of operating parameters for a detection
tool has been automatically derived in accordance with
embodiments, the user may be afforded the opportunity to
adjust one or more values in the parameter set. Again, the
user need not have an appreciation for the relevance of each
discrete operating parameter to the function of the relevant
detection tool in order to accomplish these adjustments.
Rather, the parameters in the set of operating parameters for
the detection tool will be ordered for the user in a manner
significant to the graphical content of the region of interest,
such that if the user adjusts the parameters, the adjustment
will predictably result in more or less of the graphical
content in the region of interest being detected in the
subsequent simulation. Specific examples of options for a
user to adjust detection tool parameter values are described
below.

[0123] In the display represented in FIG. 6 there are two
sliders 640, 650. The slider 640 is labeled “signal amplitude”
and the slider 650 is labeled “pattern duration.” Each slider
640, 650 is provided with a rectangular-shaped indicator
642, 652 and a pair of single-headed arrows 644/646,
654/656 (one arrow at each end of the slider) to indicate
direction.

[0124] The left-facing arrow 644 of the signal amplitude
slider 640 is associated with less sensitive detection of the
desired signal by requiring the signal to meet a higher half
wave amplitude threshold (e.g. increasing the minimum half
wave amplitude parameter 192). From the user’s point of
view, however, moving the rectangular-shaped indicator 642
towards the left-facing arrow 644 will simply result in
“detecting less” of the signal corresponding to the graphical
content (e.g., the pattern) in the user-selected region of
interest. When the simulation is refreshed with the adjusted
minimum half wave amplitude parameter 192, the user will
see in the simulation between the time t, , ; and the time
tym.r 0 the graphs 610, 620 of FIG. 6 that the system is
rejecting (e.g. not detecting) the parts of the signal with
smaller amplitude. The user can expect the behavior of the
system to, in this case, detect less of a pattern in a region of
interest without having an appreciation that the reason why
the detector is detecting less is because the value of the

Aug. 9, 2018

minimum half wave amplitude parameter of the half wave
detection tool configured to detect rhythmic activity was
changed.

[0125] The right-facing arrow 646 of the same “signal
amplitude” slider is associated with a more sensitive detec-
tion of the desired signal by lowering the value of the
minimum half wave amplitude parameter 192. Moving the
rectangular-shaped indicator 642 towards the right-facing
arrow 646 results in “detecting more” of the signal in the
simulation over the t,,,,, ;0 t;,,,_,period by detecting the parts
of the signal with smaller amplitude. Again, the user need
not understand that when he moves the indicator 642 in the
“signal amplitude” slider to the right, the minimum half
wave amplitude parameter is changing. Rather, the user will
appreciate that when he moves around in the slider to the
right, then the detector will reconfigure itself to detect more
of the pattern the user saw in the region of interest the user
selected.

[0126] In an embodiment, a user is able to slide the
indicator 642 within the slider 640 (e.g., by clicking and
dragging or by selecting the left- or right-facing arrows
(644/646)) to adjust the sensitivity of the algorithm to be
biased towards detecting higher or lower amplitude activity
having characteristics like the signal in the simulation
between tg, ;o t,. » Accordingly, by moving an indicator
around within a slider such as the slider 640, the user can test
the effect of adjusting one of the operating parameters for a
given detection tool without having to understand what that
parameter is for (e.g., a “minimum half wave amplitude
parameter”) and without having to choose a specific value
for that parameter (e.g., 50 amplitude units or 100 amplitude
units, etc.) and without having to understand which value the
system and method has selected for that parameter.

[0127] With regard to the pattern duration slider 650
shown in the display 600 of FIG. 6, the left-facing arrow 654
is associated with detecting “longer events” and the right-
facing arrow 656 is associated with detecting “brief events”.
A user is able to slide the indicator 652 within the slider 650
to adjust the sensitivity of the algorithm to be biased towards
starting to detect a pattern of activity like the pattern of
activity in the simulation between the time t,,,, , and the time
t,,,..r€arlier or later (e.g. by adjusting the qualified analysis
window count 196 and detection analysis window size 197
parameters).

[0128] The user’s sliding of one of the signal amplitude
indicator 642 or the pattern duration indicator 652 may
cause the system to adjust the value of one or more of the
parameters that were previously automatically-derived from
the user’s selected region(s) of interest and simulated in the
simulation. Alternatively or additionally, the user’s sliding
of one of the indicators 642, 652 may cause the system to
introduce one or more additional parameters (and corre-
sponding values therefore) to be used by the algorithm. In
some embodiments, whenever a user moves one of the
indicators 642, 652, the display will refresh with a new
simulation to indicate to the user what effect the sensitivity
adjustment will have on the nature and type of activity the
adjusted algorithm will detect.

[0129] It should be appreciated that other “sensitivity”
adjustments may be implemented using sliders such as
sliders 640, 650. For example, if the detection tool is a line
length detector, then a slider may refer to a percentage
threshold, such that moving the indicator around in the slider
results in changing a percentage threshold requirement,
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which may increase or decrease the sensitivity of detection.
More particularly, a user may understand that when an
indicator in a “percentage threshold” slider is moved in the
direction of a left-facing arrow then the parameters of the
detection tool will automatically be adjusted so that the
detection tool will increase the threshold to detect only
larger changes. Correspondingly, if the slider is moved in the
direction of a right-facing arrow in a “percentage threshold”
sensitivity adjustment, then the parameters of the detection
tool will automatically be adjusted so that the detection tool
will decrease the threshold to detect smaller changes in
addition to larger changes.

[0130] Moreover, in some embodiments, one or more
additional detection controls can be made available to the
user, for example, when a user checks a box such as the box
658 on the display screen 600. These additional controls
may allow the user to adjust the values of other parameters
used by a given detection tool without the user having to
have an algorithm-level appreciation for what each param-
eter is called or the effect it has on detection.

[0131] For example, the detection frequency may be con-
trolled by another “lower/higher frequency” slider 660,
which is shown in the example display 600 of FIG. 6 below
the “signal amplitude” slider 640 and the “pattern duration”
slider 650. A rectangular-shaped indicator 662 in the “lower/
higher frequency” slider 660 may be initially set at a location
in the slider corresponding to a peak frequency determined
by an automatic-parameter-value-deriving algorithm to be
within the user-selected region of interest 601. After a
simulation has been run to display to the user the nature and
type of activity that might be detected with the relevant
detection tool with those automatically-derived parameter
values, the user may determine that he or she wants to adjust
the parameters corresponding to the frequency of what
activity will be detected by the detection tool so that activity
characterized by a lower or higher frequency will be
detected. Rather than having to think about which detection
tool parameter has to be adjusted and what value the
parameter(s) ought to be changed to, the user may simply
move the indicator 662 around in the “lower/higher fre-
quency” slider 660, review the resultant simulations, and use
this feedback to determine whether to make further adjust-
ments using the “lower/higher frequency” slider 660,
whether to move on to another sensitivity adjustment (i.e., a
different one of the available sliders); or whether the detec-
tion tool is now configured to detect what the user wants the
detection tool to detect when it next occurs in a signal sensed
from the patient.

[0132] More particularly, by moving the indicator 662 in
the “lower/higher frequency” slider 660 towards the right-
facing arrow 666, values for parameters of an instance of a
half wave detector would be adjusted so that the half wave
detector would detect portions of signals that exhibit higher
frequencies (and thus the algorithm would become more
sensitive to higher frequencies). Correspondingly, if a user
moves the indicator 662 in the “lower/higher frequency”
slider 660 towards the left-facing arrow 664, values for
parameters of the relevant instance of the half wave detector
would be adjusted so that the half wave detector would
detect portions of signal that exhibit lower frequencies (and
thus the algorithm would become more sensitive to lower
frequencies).

[0133] Similarly, a slider may be used to further refine the
detection frequency to be more or less specific. For example,
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if a method for automatically deriving parameter values for
a given instance of a half wave detector has determined that
there is a peak frequency of 30 Hz represented in a particular
user-selected region of interest, a “less specific/more spe-
cific” slider 670 may be used to adjust how specific to that
peak frequency the user wants the results of detection by the
half wave detector to be. For example, where a peak
frequency is 30 Hz, a less specific frequency range may be
20 Hz to 40 Hz, whereas a more specific frequency range
may be 25 Hz to 35 Hz. The user may move around in the
“less specific/more specific” slider 670 by dragging the
indicator 672 towards the left-facing arrow 674 or the
right-facing arrow 676. Compared to an initial set of auto-
matically-derived parameter value(s) corresponding to the
frequency range identified in a user’s selected region of
interest, a less specific frequency range may result in a
greater number of detections overall (for example, by the
relevant half wave detector), and a more specific detection
frequency range may yield fewer detections overall. In sum,
with the “less specific/more specific” slider 670 shown near
the bottom of the sample display 600 shown in FIG. 6, the
user may ultimately settle on a set of parameter values for a
given instance of a detection tool (e.g., an instance of a half
wave detector) that will result in the detection tool being
configured to detect different frequency ranges than the
initial parameter set in order to detect the type of activity
identified in the ROI with more or less specificity.

[0134] In certain instances of a half wave detection tool,
the specific parameters the values of which are adjusted
using a slider (or other feature configured for manipulation
by a user) may comprise combinations of parameters, such
as a conbination of the half wave window size 195 and half
wave count criterion 194. In other embodiments, adjustment
of one slider may impact the available values of another
slider. For example, adjustment of the “lower/higher fre-
quency” slider 660 may change the parameter values in the
“less specific/more specific” slider 670. The relevance to the
method for automatically deriving parameter values and
subsequent user-initiated sensitivity adjustments thereto for
combinations of parameters for a detection tool 1s described
in more detail below.

[0135] In view of the foregoing, it will be apparent that
any of these sensitivity adjustments may be susceptible to
use by a user in any number of ways, such as the sliders
described above or via some other suitable visual prompt.
Indeed, any suitable feature designed to make a system more
“user-friendly” may be relied upon in embodiments to allow
a user to fine tune the values for any one of the parameters
(or the values for some combination of parameters) that are
required for a given detection tool or algorithm to operate on
physiological data, without the user having to appreciate
which parameters of a detection tool are being adjusted or
how the values of the same are being changed: the options
are not limited to the examples of sliders described herein.
[0136] In some embodiments, the user will be able to test
run the algorithm with the automatically-derived parameter
values on any desired electrographic signals. For example,
the user may select one or more files containing electro-
graphic signals that were previously-recorded from the
patient, from other of the user’s patients, or from a class of
patients with similar demographics to the patient.

[0137] For example, and referring to a panel 679 desig-
nated as “ECOG Thumbnails” on the right-hand side of the
display 600 of FIG. 6, several previously-recorded electro-
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corticograms (or “ECOG”’s) 680 may be displayed to a user
(there are six previously-recorded ECOGs shown in the
“ECOG Thumbnails” of FIG. 6), so that the user may
observe the results of running a detection tool simultane-
ously on the several ECOGs to see what kinds of activity the
detection tool would be likely to detect with a given set of
parameter values automatically derived based on a region of
interest (and based on a user’s sensitivity adjustments, if
applicable). Since the electrographic signals are never
exactly the same, for example, just before a seizure devel-
ops, even for the same patient, the user can test a given
parameter set on multiple previously-acquired ECOGs to
test how consistently the algorithm will detect the nature and
type of activity the user wants the algorithm to detect in a
variety of situations.

[0138] In some embodiments, the ECOGs shown in the
“ECOG Thumbnails” panel 680 may be a set of ECOGs that
the user previously flagged to be of interest. In other
embodiments, the ECOGs shown in panel 680 may be a set
of ECOGs that are generated by filtering and or sorting
through a set of ECOGs, where the filtering and sorting is
accomplished based on certain features. The filtering and
sorting may be accomplished “manually” by a user as he or
she searches and/or scrolls through possible ECOG candi-
dates accessed on a database. Alternatively, the filtering and
sorting may be accomplished automatically by various fil-
tering and sorting algorithms. Some combination of user-
initiated filtering and sorting and computer-initiated filtering
and sorting is also contemplated.

[0139] One feature that might be used to sort ECOGs may
be whether or not saturation was present in the ECOG.
(“Saturation” in a previously-recorded ECOG may mean
that the signal reflected in the recording had so much
amplitude or otherwise so much power that it saturated the
electronics through which it was processed and acquired for
recording, such that the signal, for example, corresponds to
a sensing amplifier pegged at a rail.) Another feature that
might be used in sorting ECOGs may be the time at which
the ECOG was recorded or some other circumstance asso-
ciated with its recording (for example, whether it was
recorded at night, whether it was recorded at the instance of
the patient as opposed to because the active implantable
medical device automatically recorded it as the result of
running the signal sensed from the patient through a detec-
tion tool, etc.) In still other embodiments, the ECOGs shown
in the panel 680 may be automatically selected by the system
for the user based on a selection algorithm that indicates that
these ECOGs may be of interest to the user.

[0140] FIG. 7 is another example of a display 600, repre-
senting an iteration of the automatically-derived parameter
value set after a user has used the “signal amplitude” slider
640 by moving the indicator 642 further in the direction of
the “detect less” (left-facing) arrow 644. When the user asks
for the algorithm to be reconfigured to detect less by
requiring the sensed signal to have a higher amplitude in
order for the system to recognize a “detected event” to have
occurred, then the algorithm will automatically adjust one or
more parameter values (or add one or more parameters and
associated parameter values) in an effort to comply with the
user’s request. The simulation (to the right of the selected
region of interest 601 on the ECOG Display of FIG. 7) is
refreshed based on the user’s use of the slider. More spe-
cifically, the result of the sensitivity adjustment can be
appreciated in the time-series representation of the electro-
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graphic signal 602 in the top graph 710 of FIG. 7. The grey
portion 708 of the top graph 710 indicates that, after the user
asks the algorithm to “detect less” insofar as the amplitude
is concerned, the adjusted set of parameter values, if ulti-
mately programmed into the patient’s active implanted
medical device for a given instance of a half wave detector,
likely would detect a noticeable amount less of the signal
than would the set of parameter values that resulted in the
shaded portion 608 of the top graph 610 of FIG. 6.

[0141] It will be appreciated that there are a great many
possibilities for allowing a user to interface with a method
for automatically determining and adjusting a parameter set
for an activity type and/or a detection tool according to
embodiments. Screen shots from a variety of graphical user
interfaces are included in FIGS. 23A-23E. More particu-
larly, FIG. 23A is an example of a user interface in which a
user has selected a region of interest (ROI) on a previously-
stored ECOG signal sample, and an embodiment has deter-
mined that the region of interest contains rhythmic activity
(i.e., the “detect rhythmic activity” option is shown checked
in the screen shot of FIG. 23A). This screen shot shows the
system presenting the user an option to confirm or adjust the
type of activity the user wishes to detect in the region of
interest (e.g., the user may choose “detect spike activity” or
“detect change in power” options instead of the system-
selected “detect rhythmic activity” option).

[0142] FIG. 23B is an example of a user interface in which
a user has selected a region of interest (ROI) in a previously-
stored ECOG signal sample and an embodiment has pro-
posed an initial set of parameters for a half wave detection
tool. These detection parameters have been loaded into the
user interface and a simulation run to show the user what
type of activity might be detected in a sensed signal with that
parameter set. The user is presented with controls (upper
left-hand corner of screen shot of FIG. 23B) with which the
user can adjust or tune the detection parameters in the set to
change the activity the detection parameter set will detect.
For example, the detection parameters can be adjusted to
detect “more events” or “fewer events” and/or to detect
“longer events” or “brief events.”

[0143] FIG. 23C is an example of a user interface in which
a user has selected four distinct regions of interest on a
sample of a stored ECOG signal (or on multiple samples).
The user interface presents the user with controls for adjust-
ing detection parameters for a detection tool associated with
each of the four ROIs individually. The user interface also
displays several thumbnail-sized ECOG signal samples.
These allow the user to assess how a given set of detection
parameters will perform on several different electrographic
signals (i.e., what a detection tool configured with those
parameters would detect if a sensed signal had characteris-
tics like those in each of the samples). The user may be able
to sort through the ECOG thumbnails for a particular patient
by certain criteria. For example, a doctor may be able to look
through the ECOG signals that have been stored for that
patient (either on the user’s programmer or in a central
database) in the previous thirty days. In cases where the
patient is able to cause the implant to store ECOG signals
(for example, by waving a magnet near the implant), the
doctor may be able to sort the ECOG signals according to
whether the patient or the implant caused them to be stored.
In still another example, the implant may have caused an
ECOG signal to be stored (initially on the implant and
subsequently downloaded to the programmer or uploaded to
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the central database), based on some triggering event. For
instance, the ECOG signals may have been stored when a
detection tool in the implant configured with a different set
of operating parameters decided that an “event” should be
deemed detected and the ECOG signal that triggered the
detection stored in the implant’s memory. Many other ways
of sorting through stored ECOG signals, including those
associated with multiple patients (e.g., of the user, or in a
certain demographic, or with a certain seizure focus, etc.) are
contemplated.

[0144] FIG. 23D is an example of a user interface in which
a user is afforded the opportunity to manipulate the set of
detection parameters for a detection tool associated with
each of four regions of interest on a sample of a stored
ECOG signal (or on multiple samples of signals). The
detection parameters in each set have been loaded into the
user interface and a simulation run to show the user what
type of activity might be detected in a sensed signal with
each parameter set. The user is presented with controls
(upper left-hand corner of screen shot of FIG. 23B) with
which the user can adjust or tune the detection parameters in
each set to change the activity the detection parameter set
will detect. For example, each set of detection parameters
can be adjusted to detect “more events” or “fewer events”
and/or to detect “longer events” or “brief events.”

[0145] FIG. 23E is an example of a user interface in which
a user has selected four distinct regions of interest on a
sample of a stored ECOG signal (or on multiple samples).
The user interface presents the user with controls for adjust-
ing detection parameters for a detection tool associated with
each of the four ROIs individually. For example, the user is
offered controls for tuning the frequency and specificity of
what a given set of detection parameters will detect. The user
is also offered a view of what are the actual parameters and
the parameter values that make up each of the four detection
sets (e.g., “count criterion”=12, “bandpass hysteresis™=12,
etc.).

[0146] Embodiments of a system and method for auto-
matically deriving the parameter values for a half wave
detector will now be described with reference to FIGS.
8A-8C as well as with reference to FIGS. 1A, 5, 6 and 7.

[0147] Generally, embodiments of the system and method
are grounded on criteria for choosing parameter values that
are reasonably related to the function the parameters per-
form in a given algorithm or detection tool, such as detecting
portions of signals that are at or above a minimum fre-
quency. For a given algorithm in which the number of
parameters to be specified in order to detect something is
greater than one, as in the case of a half wave detector like
the half wave detector described above (in connection with
which seven different parameters were described), it may be
useful to describe the parameters as occupying a multidi-
mensional parameter space, wherein relationships among
the parameters are such that it makes sense to specify two or
more of the parameter values together, as opposed to trying
a value for each parameter one parameter at a time to see
how close the result of what the algorithm detects with those
values comes to what the user chose as something the user
wants to detect. The manipulation of the parameters in the
relevant parameter space is accomplished without requiring
any input from the user beyond the user’s selected a region
of interest containing some graphical content the user would
like a detection tool to be configured to detect.
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[0148] 1In a simple example, a user may select a single
region of interest or “ROI” in a previously-recorded sample
of an electrographic signal sensed from a particular patient.
For example, and referring again to FIG. 5, the user may
select the portion of the electrographic signal extending
from tge;. 522 10 tzor 528 as a region of interest 520. It will
be appreciated that the context most often will dictate a
region of interest for a user. For example, a region of interest
likely will appear to the user’s eye to correspond to a kind
of activity the user wants to detect whenever it occurs in the
patient. When the user wants to detect electrographic activ-
ity in a patient who has seizures for some purpose related to
treating the seizures before they can fully develop, the user
may select a region of interest 520 that precedes another
region of activity that is believed to be associated with a
seizure, such as the region 530 in FIG. 5, which is charac-
terized by relatively high amplitude, high frequency activity.
In other cases in an epilepsy application, a user may want to
select a region or regions of interest in which spike com-
plexes occur. In still other cases the user may want to tune
a half wave tool to detect activity that corresponds to a
different condition of the patient, such as to a tremor
associated with a movement disorder. And since the physi-
ological response may vary between patients having the
same or a similar condition, the region of interest a user may
want to have a detection algorithm capture for one patient
may be different from the region of interest the user wants
to detect for another patient having the same condition. The
graphical content of a particular region of interest may be
appropriately referred to as a “pattern” in some applications,
such as a spike pattern or a pattern of rhythmic activity. In
other applications, the graphical content of a particular
region of interest may be characterized as a discrete feature
rather than as a pattern.

[0149] In more complex situations, a system according to
embodiments may offer a user the opportunity to combine
more than one region of interest in a preliminary computa-
tion before asking a parameter-deriving algorithm to identify
a set of parameters and parameter values. For example, in
some cases, a user may wish to select two or more regions
of interest that seem to exhibit very similar behavior, but
which are not identical. When these similar regions of
interest are combined in a computation preliminary to select-
ing a set of values for the parameters for a given detector, the
algorithm used for such a preliminary computation may be
biased to provide a result that emphasizes commonalities in
the selected regions of interest and minimizes differences.
Such a preliminary computation thus may eflectively
increase the “signal-to-noise” ratio of the portion of physi-
ological data the user ultimately wants the detector to detect
(e.g., a pattern of activity in an electrographic signal that
appears to precede an electrographic seizure in the patient).
Examples of these similar types of activity in the same
patient are described more fully with reference to FIG.
16A-16D and FIG. 17A-17C below.

[0150] Inother cases, a user may want to use a preliminary
computation to relate regions of interest to each other that
are visually distinct but nonetheless deemed to be related to
a state of the patient (for example, a patient’s electrographic
signals may exhibit different types of activity in different
regions of the waveforms when the patient is about to have
a seizure, where each different type of activity is deemed
likely to presage a seizure state). Examples of these different
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types of activity for different types of seizure onsets in the
same patient are described more fully with reference to FIG.
15A-15D, below.

[0151] Referring again to the case in which a user selects
only one region of interest 520, the user or a computer may
select a region of baseline activity, such as the region of
baseline activity 540 shown extending between time t;_, 542
and tz 544 in FIG. 5. One way to think about the regions
of baseline activity is that each region of baseline activity
represents a type of activity that the user likely does not want
the detection tool to identify as something to detect when
that type of activity occurs. If a region of interest selected by
a user is characterized by both some sort of baseline activity
and a pattern that the user wants to detect, then selecting a
region of baseline activity region will ultimately result in
parameter values being selected that will not cause the
detector to detect when only the baseline activity is present
(i.e., without the pattern).

[0152] If the user does not select one or more regions of
baseline activity, the computer may select one or more
regions of baseline activity automatically, based on the
user’s selected regions of interest. For example, the com-
puter may be configured to select a region of activity that
precedes the beginning of a user-selected region of interest
by a few seconds, based on an assumption that if the user did
not include that activity within his or her selection of a
region of interest, then this region of activity is something
that the user does not want to detect, and therefore should be
treated as baseline activity. This assumption may be an
appropriate one in some applications and not in others, and
the computer may be programmed to determine whether and
when to apply the assumption accordingly.

[0153] In another example, if the region of interest corre-
sponds to what the user believes is activity that represents
the onset of epileptiform activity (e.g., a “seizure onset” or
“onset type”), then it may be reasonable to assume that the
region of interest corresponds to a transition in an electro-
graphic signal from a region that the user does not want to
detect to a region (e.g.. a pattern) where the user would like
detection. In this situation, then, the computer may select the
activity occurring just before the user-selected region of
interest as a region of baseline activity

[0154] In some embodiments, even when the user or the
computer selects a region of baseline activity, the baseline
activity ultimately may not be used by the system in deter-
mining a set of parameter values for the relevant detection
tool. Similarly, in some embodiments, a user may not be
presented with the option of selecting any region of baseline
activity.

[0155] In other embodiments, the process the computer
undertakes to identity regions of baseline activity may be
more varied and complex.

[0156] In still other embodiments, a user may select only
one region of interest but the user or the computer (or the
user and computer combined) may select multiple regions of
baseline activity. If multiple regions of baseline activity are
selected, then the system can undertake some preliminary
computation relative to the several baseline activity regions
in an effort to increase their relevance to the process of
automatically deriving parameter values based on the region
of interest. For example, a preliminary computation may
combine information in the signal in the selected baseline
activity regions. Such a combination may provide more
comprehensive information about the types of activity that
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should not be detected whenever those types of activity
occur in the sensed physiological data, as contrasted to what
type(s) of activity should be detected (e.g, a pattern appear-
ing in the activity in a region of interest chosen by a user).
[0157] Referring now to FIGS. 8A-8C, methods for auto-
matically determining the parameters and values for the
same to be used by an instance of a detection tool (e.g., a
detection tool to be implemented in an active implantable
medical device) are described. FIG. 8A corresponds to the
overall flow of a method the result of which is to determine
an initial set of automatically derived parameter values for
a detection tool and to then offer the user an opportunity to
adjust the sensitivity of the initial set without having to
understand exactly which parameters of the detection tool
are being adjusted or how. The sensitivity adjustments may
be offered to the user via user-friendly features (e.g., sliders
implemented on a graphical user interface).

[0158] More particularly, in FIG. 8A, a detection tool will
be selected based on the system’s assessment of a type of
activity the user seems to be interested in detecting based on
the composition of the user-selected region or regions of
interest. For example, if the type of activity in the user-
selected region or regions of interest corresponds to rhyth-
mic activity or spike activity, a half wave detector may be
selected as a detection tool. If the type of activity in the
user-selected region or regions of interest corresponds to a
change in amplitude and or frequency, a line length detector
may be selected as a detection tool.

[0159] FIG. 8B is a flow diagram of a method when the
system has determined that the activity is rhythmic activity
and that the detection tool for looking for the rhythmic
activity will be a half wave detector. FIG. 8C is a flow
diagram of a method when the system has determined that
the activity represented by a region or regions of interest is
spike activity and that the detection tool for looking for the
spike activity will be a half wave detector. In each case, the
system-selected half wave detector may be configured to
monitor electrographic signals (e.g., sensed on one or more
channels of an active implantable medical device).

[0160] In FIG. 8A, the flow diagram indicates that, at
block 802, a user selects a region of interest 520 or regions
of interest 520 and, optionally, one or more regions of
baseline activity 540. In an embodiment corresponding to
FIG. 8A, if the user fails to select one or more regions of
baseline activity at block 802, then at block 804, the com-
puter selects one or more regions of baseline activity 540.
The computer may or may not ultimately use the baseline
region(s) in a system and method for automatically deter-
mine a parameter set for a given detection tool. It should be
appreciated that, in some embodiments, selection of a region
of baseline activity by a user and selection of a region (or
regions) of baseline activity automatically by the computer
need not be mutually exclusive. A user may select a baseline
and the computer may select another region of baseline
activity, with or without incorporating the user-selected
region of baseline activity into a preliminary computation to
establish a baseline for the system and method that auto-
matically derives a parameter set for the detector.

[0161] At block 806, and if more than one region of
interest 520 has been selected at block 802, the system
undertakes a first preliminary computation (denoted as
“Algorithm A” in FIG. 8A), to determine whether any or all
of the selected regions of interest 520 should be further
processed or operated upon before a region of interest 520
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is used as the basis for deriving a parameter set for a
particular instance of a detection tool.

[0162] For example, if a user selects three regions of
interest 520, the first preliminary computation may be to
determine whether the three regions of interest have some
common feature or features that suggest to the system that
the user is interested in detecting a particular type of activity
(e.g., thythmic activity). In some embodiments, Algorithm A
may determine that signals in the regions of interest are
similar, such that combining the data may be advantageous
(e.g., Algorithm A may determine that the content of the
three user-selected regions of interest should be combined to
support a single instance of a detection tool). A combination
of regions of interest may be advantageous, for example, to
effectively increase the “signal-to-noise” ratio of the portion
of physiological data the user ultimately wants the detector
to detect (e.g., a pattern of activity in an electrographic
signal that appears to precede an electrographic seizure in
the patient). Ultimately, signals detected with a detection
tool associated with a higher “signal-to-noise” ratio are
likely to provide better information about the condition of
the patient.

[0163] In other cases, however, when a user selects mul-
tiple regions of interests, the signals in those regions may be
so different (for example different physiological signals may
be associated with different types of seizures) that each
would be better detected using detectors biased for detecting
different types of activity (e.g., a detector biased to detect
rhythmic activity versus a detector biased to detect activity
representing a significant power change in the signal). When
such differences are apparent to the system, in order to detect
different types of physiological activity, the system may ask
the user to allow it to separate the regions of interest or
portions of the signal and to use different detection tools (or
different instances of the same kind of detection tool with
varying parameters or parameter values) to look for the
activity when it occurs in the patient. Alternatively, in these
circumstances, the system may opt to use a default tool or
default parameters or default parameter values as 1is
described further below.

[0164] If the first preliminary computation (Algorithm A)
result is that the user-selected region(s) of interest 520
should not be further processed or operated upon before
being used as the basis for deriving a set of operating
parameters for a detection tool, then in the process shown in
FIG. 8A, at block 812, the system may query the user before
proceeding further. For example, a user may select multiple
regions of interest and, at block 806, Algorithm A may not
be able to find significant features in common (or enough
features in common) among the different regions in order to
conclude that they be used in combination to choose a
detection tool and then parameter values for that tool. In this
case, the system may prompt the user to allow the system to
segregate the user-selected regions of interest in ways that
make sense to it given the various options for detection tools
the system is configured to provide. For example, the system
may ask the user if it can break the regions of interest up into
one set that makes sense for the rhythmic activity type, and
another set that makes sense for the type of activity that
represents a power change in the sensed signal.

[0165] If the user does not assent to the system’s proposed
grouping of the user-selected regions of interest into such
groups, then the system may select a more generic type of
detector (e.g. in FIG. 8A, block 846, the power change
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detector may be defined as the more generic type of detec-
tor). When a power change detection tool has been selected,
then the method for automatically deriving a parameter set
either may automatically derive values for the parameters
relevant to the power change detection tool (at block 846) or
may populate some or all of the parameters with predeter-
mined default values (at block 850). In other embodiments,
different options may be available for any or all of a default
activity type, a default detection tool, and default parameter
sets for a default activity type or detection tool.

[0166] If the first preliminary computation (Algorithm A)
result is that the user-selected region(s) of interest 520
should be further processed or operated upon before being
used as the basis for deriving parameter values, then afier the
result of that preliminary computation is obtained, at block
830, an activity type algorithm (“Algorithm 1” in FIG. 8A)
is used to select a type of activity represented in the region(s)
of interest. In FIG. 8A, three types of activity are contem-
plated as possible results from an activity type algorithm,
namely, rhythmic activity, spike activity, and activity that
represents a change in the power of the signal in the
region(s) of interest. It should be apparent that an activity
type algorithm may be configured to identify other patterns
and therefore other types of activity when they occur in a
region of interest selected by a user.

[0167] Activity Type Analysis/Rhythmic-Spike Power
Change
[0168] A system and method that will automatically derive

a parameter set for a detection tool based on a user-selected
region of interest (e.g., a region of interest in an EEG signal
marked by a physician) may be configured to first determine
a type of activity present in the region of interest. For
example, an automatic parameter derivation method may
use an activity type algorithm (“Algorithm 1” in FIG. 8A) to
determine with high certainty whether the main pattern
present in the signal corresponds to a rhythmic activity (as
opposed to, for example, spike activity). Such an activity
type algorithm will be useful if a region of interest exhibits
a distinct dominant pattern or other feature. When a com-
bination of patterns is present in the region of interest, the
system may prompt the user to make the decision on the type
of pattern to configure the detector(s) to detect.

[0169] There are some typical EEG morphologies present
at the onset of or within the body of EEG signals that are
understood to correspond to seizures. These can be broadly
categorized as: (1) rhythmic patterns that can be slow or fast
in frequency; and (2) spike trains that lead to a seizure or that
can be present within a seizure. Desirably, an active implant-
able medical device that is configurable to detect patterns
associated with seizure activity would have detection algo-
rithms suitable for these two patterns (rhythmic or spike
activity) as well as the capability to detect other types of
activity that may be associated with a seizure such as a
sudden change in amplitude and/or a change in frequency. A
generic detection system based on these two traits may be
able to capture if not all, most of the previously unseen
seizures and could help complement the pattern specific
detectors available for rhythmic and spike activity.

[0170] Working with a previously-selected ECOG (e.g,,
selected from the ECOGs 680 displayed in the ECOG
Thumbnails 680 of FIG. 6), the user selects a region of
interest based on a start and end time. For example, the user
may click on the selected ECOG at a time tg,,, 522
corresponding to the beginning of a region of interest 520
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and then drag until the user reaches a desired end for the
region of interest at a time tp; 528. A typical user-selected
region of interest might span about 3 to 5 seconds on the
selected ECOG. Once the user has selected a region of
interest, the system analyzes the region of interest to deter-
mine whether a dominant activity type or pattern is present
in the region of interest. Systems and methods according to
embodiments may make this determination base on one or
more pre-determined approaches to such a classification
problem. These approaches may include, but are not limited
to, neural networks, SVMs (Support Vector Machines),
clustering techniques, rule-based approaches, and genetic
programming. A system may decide which approach to use
based on historical data concerning distinctions between
classes of activity occurring in ECOG signals.

[0171] In an example, 92 regions of interest were used to
guide the selection of features to differentiate across the two
main pattern classes: rhythmic and spike activity. It is
important to appreciate that a given region of interest may
exhibit a combination of these patterns, or may exhibit very
periodic spikes that can be considered rhythmic (due to their
almost constant periodicity). Each graph in FIGS. 20A-20C
is an example of a signal that exhibits rhythmic activity.
Each graph in FIGS. 21A-21C is an example of a signal that
exhibits spikes. And each graph in FIGS. 22A-22C is an
example of a signal that exhibits a combination of rhythmic
activity and spike activity.

[0172] Once the activity type algorithm has determined an
activity type, then a method for automatically deriving a
parameter set for that activity type will attempt first to select
a detection tool from among the available options for
detection tools that correspond to the activity type. If the
method for automatically deriving parameter sets cannot
find a good option, then the algorithm may select a default
detection tool and, at block 850, a default set of values for
the relevant operating parameters for the default detection
tool. However, if the method for automatically deriving
parameter sets can find a good option from among the
available options for detection tools that correspond to the
activity type found by Algorithm 1, then values will be
chosen for the parameters the selected detection tool needs
to run or operate.

[0173] In FIG. 8A, if the activity type algorithm identified
rhythmic activity, then a method for automatically deter-
mining parameter sets will first choose a detection tool that
is well-suited for detecting rhythmic activity, and then
choose parameter values for an instance of such a detection
tool that biases the tool to look for the same kind of rhythmic
activity as in the user-selected region(s) of interest. If at
block 830, Algorithm 1 identified a spike or spikes as the
activity type, then a system and method for automatically
determining a parameter set for a detection tool will first
choose a detection tool that is well-suited for detecting
spikes and then choose values for the operating parameters
of an instance of that tool that will bias it to look for the same
spikes as occur in the user-selected region(s) of interest. If
the activity type algorithm identified activity representing a
power change in the signal at block 830, then a system and
method for automatically determining a parameter set for a
detection tool will first choose a detection tool that is
designed to detect power changes and then choose operating
parameters and parameter values for an instance of that
power change detector that will tune it to look for the same
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sort of power changes whenever they occur in the future
signals sensed by the implant if the implant is programmed
with that parameter set.

[0174] Ifthe activity type algorithm cannot identify a type
of activity in the user-selected region(s) of interest, at block
850 the system may establish a detection tool by default. In
this case, the system may select a default set of parameters
for the tool to use together with default values for each
parameter. In one embodiment, the default condition may be
a line length detection tool configured with parameters that
are configured to detect when a monitored signal exhibits a
50% increase in line length as compared to a recent trend for
that signal’s line length.

[0175] In connection with FIG. 8B and FIG. 8C below,
described are systems and methods for automatically deriv-
ing a set of operating parameters for a half wave tool biased
to look for rhythmic activity (FIG. 8B) and to look for spikes
(FIG. 8C). Also described below are systems and methods
for automatically deriving a parameter set for detection tools
that can be biased to look for power changes in a region or
regions of interest (e.g., a line length detection tool).
[0176] The detection type algorithm (Algorithm 1 at block
830 in FIG. 8A) may evaluate the output of the first
preliminary computation algorithm (Algorithm A) and
determine that a region of interest or regions of interest 520
suggest that the pattern the user seems to be interested in is
electrographic activity that constitutes rhythmic activity (as
will be described more fully below). In this scenario, the
detection type algorithm (Algorithm 1 at block 830 in FIG.
8A) may evaluate the output of the first preliminary com-
putation algorithm (Algorithm A) and determine, first, that a
region of interest or regions of interest 520 selected by a user
suggest that the pattern the user seems to be interested in is
electrographic activity occurring at a relatively high fre-
quency (or in a range of frequencies that are relatively high).
In this case, at block 830, the detection type algorithm will
specify a half wave detector for rhythmic activity.

[0177] Next, at block 855, the system and method for
automatically deriving a set of parameters (“Rhythmic
Detection” in FIG. 8A) will identify an initial set of values
for the parameters necessary for the half wave detector to
run. The values selected will be such as to bias the half wave
detector to detect rhythmic activity similar to that which is
found in the user-selected region(s) of interest 520. F1G. 8B
has additional detail on an embodiment for automatically
deriving a set of operating parameters for a half wave
detection tool configured to look for (or “detect™) rhythmic
activity.

[0178] Another pattern a half wave detector may be con-
figured to detect may correspond to the occurrence of spike
activity in the signal. That is, the detection type algorithm
(Algorithm 1 at block 830 in FIG. 8A) may evaluate the
output of the first preliminary computation algorithm (Algo-
rithm A) and determine that a region of interest or regions of
interest 520 suggest that the pattern the user seems to be
interested in is electrographic activity that constitutes one or
more spikes (as will be described more fully below). In this
case, at block 860, the detection type algorithm will result in
specification of a half wave detector for spike detection.
Next, at block 860, the system and method for automatically
deriving a parameter set (“Spike Detection” in FIG. 8A) will
identify an initial set of values for the parameters necessary
for the half wave detector to run. The values selected will be
such as to bias the half wave detector to detect activity
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similar to that which is found in the user-selected region(s)
of interest 520. FIG. 8C has additional detail on an embodi-
ment for a system and method for automatically deriving a
parameter set for a half wave detection tool configured to
look for or detect spikes.

[0179] In still other embodiments, the algorithm for deter-
mining whether any or all of the selected regions of interest
520 should be further processed or operated upon before a
region of interest 520 is used as the basis for deriving a
parameter set and values for the same (i.e., Algorithm A at
block 806 in FIG. 8A) may be run after a detection type
algorithm has been run. Alternatively, more than one algo-
rithm for determining whether a selected region of interest
should be combined with any other region (region of interest
or baseline) or otherwise processed or operated upon may be
run at different times in the process of automatically deriving
parameter values for a detection tool.

[0180] Rhythmic Activity/Half Wave Detector

[0181] Referring now to FIG. 8B, embodiments will be
described of a system and method for automatically deriving
a parameter set for a half wave detector where the physi-
ological data at issue comprises electrocorticographic sig-
nals and the type of activity in the region(s) of interest has
been determined to be rhythmic activity (for example, by an
activity type algorithm such as Algorithm A in FIG. 8A).
[0182] First, and referring again to FIG. 5, a user selects
a region or regions of interest 520 from the time-series
recording of an electrographic signal 500 and either the user
or the computer selects one or more regions of baseline
activity 540. The system and method generates or otherwise
obtains a frequency spectrum corresponding to the data
encompassed by the user-defined region of interest 520
(region-of-interest frequency spectrum) and a frequency
spectrum corresponding to the data encompassed by the
region(s) of baseline activity 540 (baseline frequency spec-
trum).

[0183] At block 830 in FIG. 8B, and after any preliminary
calculations have been undertaken to determine whether to,
for example, combine user-selected regions of interest, the
content of the region(s) of interest is evaluated to determine
whether the signal in the region of interest can be charac-
terized primarily by one of rhythmic activity, spike activity,
an increase in signal power, or some other feature that may
be of interest to the user. (In FIG. 8B, it is assumed that
Algorithm 1 determines that the activity type is rhythmic
activity.)

[0184] In one embodiment, determining that the activity
type is rhythmic activity may be accomplished by evaluating
the power spectrum of the signal and determining if there is
at least one frequency which has significantly greater power
than other frequencies. If the region(s) of interest is deemed
to represent rhythmic activity, and the system’s available
options for detecting rhythmic activity include a half wave
detector, then the system may determine parameters for an
instance of a half wave detector. Various aspects of an
embodiment of an algorithm for determining a parameter set
for a half wave tool for rhythmic activity are described with
reference to the items within the block 855 of FIG. 8B.
[0185] At block 840, a peak frequency is determined. In an
embodiment, in a simple example where there is one region
of interest and one region of baseline activity, the two
frequency spectra (that is, the region-of-interest frequency
spectrum and the baseline frequency spectrum) are com-
pared to identify a frequency of interest. In some applica-
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tions, this frequency of interest is a frequency that is present
with higher power within in the region of interest as com-
pared to at baseline.

[0186] It will be apparent that more than one approach
may be used to obtain a frequency spectrum for a given
region. In some embodiments, a frequency spectrum may be
obtained by using a fast Fourier transform or “FFT”. In other
embodiments, the frequency spectrum may be obtained
using linear predictive coding or “LPC.” Linear predictive
coding may provide an advantage over more traditional
methods of estimating the power spectral density in a signal
insofar as LPC may smooth the frequency peaks such that
the number of frequency peaks in a sample may be more
easily perceived or specified.

[0187] Frequency spectra for the same sample electro-
graphic signal (e.g., corresponding to a user-selected region
of interest 520) are shown in FIGS. 9A and 9B. In these two
figures, the x-axis corresponds to frequency in Hz, and the
y-axis corresponds to relative power. FIG. 9A 1s a frequency
spectrum 900 obtained by using an FFT approach. FIG. 9B
is a frequency spectrum 902 obtained from the same signal
by using an LPC approach. If the peak frequencies are
deemed to occur at about 10 Hz and 26 Hz, then it can be
appreciated by comparing FIG. 9B with FIG. 9A that each
of the first peak frequency 910 and the second peak fre-
quency 920 are easier to pick out in the LPC frequency
spectrum 902 than they are in the FFT frequency spectrum
900, at least for the reason that the LPC frequency spectrum
902 is much smoother than that of the FFT frequency
spectrum 900.

[0188] FIGS. 10A and 10B illustrate a comparison of a
region of interest and a region of baseline activity. In FIG.
10A, the x-axis corresponds to frequency in Hz, and the
y-axis corresponds to relative power. In FIG. 10B, the x-axis
corresponds to frequency in Hz, and the y-axis corresponds
to a ratio of relative power. In FIG. 10A, the frequency
content a region of interest 520 is shown on the same graph
with a frequency content of a first region of baseline activity
540 and a frequency content of a second region of baseline
activity 540. The dotted trace 1010 corresponds to the
frequency content of the region of interest, the trace iden-
tified with crosses 1020 corresponds to the frequency con-
tent of the first region of baseline activity (“first baseline”)
and the triangle trace 1030 corresponds to the frequency
content of a second region of baseline activity (“second
baseline”). FIG. 10B represents a ratio of the region-of-
interest frequency content 1010 to the average baseline
frequency content (average of 1020 and 1030). In this
particular example, a salient frequency may be defined as a
frequency that is present in the region of interest 520 but that
is not present in either of the first or second regions of
baseline activity 540. Thus, in FIG. 10B, it easily can be
appreciated that the ratio of power of the region of interest
relative to the baseline regions is greatest at about 10 Hz.
Specifically, at about the point 1080 on the trace 1060, there
is about two times the power in the region of interest than in
the average of the first and second baseline regions. In this
example then, the salient frequency 1080 is approximately
10 Hz, and the system and method for automatically deriv-
ing a parameter set will use 10 Hz as the peak frequency.
[0189] It is predictable that a given region of interest 520
selected by a user may be characterized by more than just
one salient frequency after the frequency content of the
region of interest is analyzed according to embodiments, at
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least for the reason that the definition of which frequencies
are “salient” may vary. The system and method for auto-
matically deriving a parameter set for a detector that
depends on a frequency may be customized for different
definitions of “salient.” In real world implementations of the
system and method, the ability to customize the automatic
derivation will translate to a user’s being able to fine tune the
system and method for a particular patient without have to
fully appreciate how each individual parameter of the detec-
tor relates to how patterns (or other features) of the moni-
tored physiological data are detected. For example, when
more than one peak frequency is identified in a user-selected
region of interest, the system and method for automatically
deriving a parameter set for a half wave detector may choose
only one of these frequencies to use as a peak. For example,
a salient frequency may be selected as the higher of two or
the highest of three or more frequencies. Alternatively, and
with reference to block 868 in FIG. 8B, the system may
display the plurality of peak (or other “salient”) frequencies
to the user and prompt the user to select one of them for use
in a system and method for automatically deriving a param-
eter set.

[0190] There may be circumstances in which a particular
region of interest in a signal (or other sample of a form of
physiological data other than an electrographic signal), does
not fit well with a particular detector. For example, if after
obtaining frequency spectra for a user-selected region of
interest and region(s) of background activity, no peak or
peaks in frequency are obvious, then a detector that does not
require an input related to frequency may be deemed more
appropriate. For example, in the RNS SYSTEM described
previously, the detection tools a user is able to choose from
include a half wave detector, a line length detector, and an
area detector. If a system or method for automatically
deriving a parameter set cannot find at least one peak
frequency in a region of interest (for example, via linear
predictive coding or fast Fourier transforms or otherwise),
then the system or method may determine that it is more
appropriate to use an automatic parameter value derivation
method for another type of activity or pattern such as spiking
in block 860 or power change in block 846, which may
include use of another detection tool, such as the line length
tool or the area tool. In the case where an automatic
derivation system or method cannot find any detector that
seems to fit the characteristics of a given region of interest
selected by a user, at block 850, the system or method may
resort to a default, which may comprise a particular kind of
tool configured in a particular way, or the system or method
may communicate to the user that it cannot find a good fit
based on the region(s) of interest the user has selected, or the
system or method may do both of these things.

[0191] It will be apparent that a variety of different meth-
ods may be applied to facilitate the robustness and reliability
of the set of values that results from the automatic deriva-
tion. For example, a method may be configured to evaluate
segments of the electrographic signal just prior to and just
after a user-selected region of interest. Evaluating segments
Just prior to and just after the user-selected region of interest
could be advantageous if the user has not selected precisely
the region containing the signal of interest. Alternatively or
additionally, the method may be configured to divide a
particular region of interest into multiple pieces. Evaluating
segments within a given region of interest could be advan-
tageous if the signal within the region of interest has more
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than one feature. For example, the first half of a region of
interest may have a feature corresponding to a peak fre-
quency around 10 Hz, and the second half of the region of
interest may have spike activity. (See FIG. 22C for an
example of a signal that exhibits a peak frequency in one
segment (first half) and spike activity in another segment
(second half)).

[0192] In the case where the analysis of the frequency
content of a region of interest 520 (e.g., compared to one or
more regions of background activity 540) reveals a salient
frequency or where a salient frequency is otherwise identi-
fied by the system (e.g., a frequency is selected as a salient
one by the computer or a user), then values for three of the
parameters of a half wave detector may be automatically
derived as described below.

[0193] For a given salient frequency, there is a set of
possible values for each of the half wave count criterion
parameter 194 and the half wave window size parameter
195. Once the system and method for automatically deriving
a parameter set for a half wave detector has selected a pair
of values for the half wave count criterion parameter 194 and
the half wave window size parameter 195, the system and
method can select (or a user can be prompted to provide) a
value for the minimum half wave width 193. This process is
described in more detail below and with reference to block
870 of FIG. 8B.

[0194] In a half wave detector such as the half wave
detector described in detail above, the half wave count
criterion parameter 194 and the half wave window size
parameter 195 are related to the minimum frequency that the
half wave detector will be tuned to detect as follows:

(HalfWaveCouniCriterion— 1) X1 /2

F L=
TEqHEN i HalfWaveWindowSize

[0195] When a salient frequency 1080 corresponds to the
desired minimum frequency for detection, the unknowns in
the above equation become the values for the half wave
count criterion parameter 194 and the half wave window
size parameter 195. Automatically deriving parameter val-
ues for a half wave detector according to some embodiments
involves sorting the possible values for the half wave count
criterion parameter 194 and the half wave window size
parameter 195 (for a given salient frequency).

[0196] For a given salient frequency, there are a certain
number of possible pairs of values for the half wave count
criterion parameter and half wave window size parameter
that correspond to that frequency. Referring now to FIGS.
11A-11C, three ways of looking at the possible pairs of
values for these parameters are described. In each of FIGS.
11A-11C, the y-axis corresponds to the number of pairs of
the two parameters that will result in a given frequency or
frequency bin (the y-axis in the figures is labeled “Number
of Count & HW Window Combinations™). The x-axis cor-
responds to the frequency or frequency bin (in Hz) to which
each number of pairs corresponds.

[0197] In FIG. 11A, the x-axis corresponds to unique
frequencies (e.g., 9.7 Hz, 10.2 Hz, 11.3 Hz etc.). In FIG.
11B, the x-axis corresponds to integer frequencies only (e.g.,
9 Hz, 10 Hz, 11 Hz). In FIG. 11C, the x-axis corresponds to
an organization of the possible frequencies based on how
many pairs of the half wave count criterion and half wave
window size are associated with each frequency range (in
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FIG. 11C, the x-axis is labeled “Binned Frequencies”™). Put
another way, FIGS. 11A-11C correspond to histograms
where each ‘bin’ associated with a given frequency repre-
sents the number of pairs of possible values for the half wave
count criterion and half wave window size for a given
frequency range.

[0198] With particular reference to FIG. 11A, it can be
appreciated that some frequencies, especially in the lower
range of the frequencies shown in FIGS. 11A-11C, have
over 16 possible pairs of values. Other frequencies, particu-
larly in the higher range of the frequencies shown in FIGS.
11A-11C, have only one or two possible pairs of values. For
example, in the bin 1102 at about 8 Hz and in the bin 1104
at about 10.5 Hz in FIG. 11, it appears that there are sixteen
possible pairs for the half wave count criterion/half wave
window size combination. At about 80 Hz in the bin 1106
and at about 90 Hz in the bin 1108, it appears that there are
only two pairs or one pair, respectively.

[0199] In FIG. 11B, the histograms are binned in integer
values rather than actual values of a given half wave count
criterion/half wave window size combination. For example,
if the frequency is 8.2 Hz the half wave count criterion/half
wave window size combination would be contained within
the 8 Hz bin. As might be expected, the number of possible
pairs for each integer value goes up at the lower frequencies
and is lower at the higher frequencies. For example, there
appear to be about 248 pairs of possible values for the half
wave count criterion and the half wave window size in the
bin 1120 at about 4 Hz and about 110 pairs in the bin 1122
at about 8 Hz; whereas there appear to be less than ten pairs
in each of the bin 1126 at about 48 Hz and the bin 1128 at
about 90 Hz.

[0200] A more optimal binning of the possible values of
the parameter pairs versus frequency may be accomplished
by defining a bin according to a total number of pairs. For
example, in FIG. 11C, each bin is defined as nominally
including sixteen pairs. (A given bin may have a few more
or less pairs than sixteen pairs for a given frequency: for
example, if there were three pairs of values for the half wave
count criterion parameter 194 and the half wave window
size parameter 195 that corresponded to a frequency of 12.3
Hz, and fifteen pairs for the half wave count criterion
parameter and half wave window size parameter that cor-
responded to a frequency of 12.5 Hz, then the bin that
includes these two frequencies would have a total of eigh-
teen pairs rather than the nominal value of sixteen pairs). In
the binning method reflected in FIG. 11C, each bin will
correspond to a similar number of pairs. The frequency
range for each bin will be associated with a range that covers
the lowest frequency yielded by a pair in the bin to the
highest frequency yielded by a pair in the bin.

[0201] Within each bin of FIG. 11C, the pairs may be
organized according to the values for the half wave count
criterion 194 (i.c., from lowest to highest) and then by the
minimum frequency of detection a pair would yield (i.e,
from the lowest to the highest frequency). A reasonable
assumption might be made that, with all else being equal, a
detector that requires fewer counts in order to decide
whether something should be detected is more sensitive than
a detector that needs more counts before triggering a “detec-
tion.” With that assumption, the possible values for the half
wave count criterion parameter 194 and the half wave
window size parameter 195 in each bin are essentially
ordered from most sensitive to least sensitive. Once the pairs
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are ordered in this way, when a user instructs the system to
adjust the sensitivity of the relevant half wave detector (for
example, by sliding an indicator in a slider 670), the system
and method for automatically deriving a parameter set for
that half wave detector can react to the user’s command by
effectively moving around (e.g., up or down) within a bin in
order to try out or choose new pairs of values for the half
wave count criterion 194 and the half wave window size 195
(this sensitivity adjustment may be presented to a user in the
form of a “less specific/more specific” option as was
described with reference to FIG. 6.

[0202] Fora given salient frequency, according to embodi-
ments, the system and method for automatically deriving a
parameter set will select the bin which most closely matches
the salient frequency (e.g., if a bin covers a frequency range
from 12.3 to 12.5 Hz and the salient frequency is 12.5 Hz,
then the algorithm will select that bin). The algorithm may
select a single one of the pairs of values for the half wave
count criterion parameter and the half wave window size
such as single pair in about the middle of the bin. If when
a simulation corresponding to a test run of the algorithm is
ultimately displayed to the user, the user decides the half
wave detector is not configured to detect what the user
wants, then by adjusting the sensitivity slider 640 to be more
or less specific, the user can try out any of the rest of the
pairs of values in that same bin. Alternatively, which pair of
values the algorithm initially chooses within a particular bin
may be dictated by another automatic computation or com-
putations. In still other embodiments, choices of parameter
value pairs after an initial parameter value pair has been
selected and tested may be accomplished using automatic
computation(s). Importantly, and although what the system
and method is doing in the parameter space may not be at all
intuitive to the user, the user nonetheless will appreciate that
he can expect the behavior of the system to adjust itself in
one direction or the other based on his sensitivity adjust-
ments.

[0203] Once the system and method for automatically
determining a parameter set for the half wave detector has
identified the minimum frequency for detection using the
salient frequency 1080 by selecting a half wave count
criterion 194/half wave window size 195 pair of values, it
can determine a value for the minimum half wave width
parameter 193. The minimum half wave width corresponds
inversely with a maximum half wave frequency HWfreq,,,,...
In some embodiments, a requirement can apply, for
example, that the maximum half wave frequency HWfreg-
max D€ N times larger than the minimum half wave frequency
with the Nyquist frequency, which is the sampling rate
divided by 2, as the maximum possible value. In some
real-world examples of sets of values for the parameters of
a half wave detector in the RNS SYSTEM, the value for the
minimum half wave width may be either O ms or 4 ms These
values correspond to a maximum half wave frequency of
125 Hz or 62.5 Hz, respectively. This experience suggests
that a value of N between 5 and 10 may be appropriate in
many cases.

[0204] Although in this example the system and method
for automatically deriving a parameter set for a half wave
detector has been described as determining the values for the
relevant parameters in a particular sequence, it will be
appreciated that this sequence may be different, for example,
depending on what a detector is intended to detect. For
example, in an embodiment where a half wave detector is
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being configured to detect a pattern of rhythmic activity in
a monitored electrographic signal, then the system and
method for automatically deriving a parameter set for a half
wave detector may begin by selecting a value for a half wave
count criterion parameter. However, in an embodiment
where a half wave detector is being configured to detect the
occurrence of spikes in a monitored electrographic signal,
then the system and method for automatically deriving a
parameter set for a half wave detector may begin by select-
ing a value for a half wave hysteresis parameter. Thus, it will
be appreciated that the parameters relevant to a given
detector may be automatically derived in different sequences
depending on, for example, the nature and type of activity
the detector is intended to detect. Alternatively or addition-
ally, other computations may be used by the algorithm in
between the operations for determining values for the
parameters detailed herein. For example, a computation to
determine a value for some additional parameter may be
inserted between an operation for determining whether a
region of interest exhibits a salient frequency and an opera-
tion for determining the values for a half wave count
criterion parameter/half wave window size parameter pair.
[0205] After the user has selected at least one region of
interest 520 and the system and method for automatically
deriving a parameter set for a half wave detector has
identified values that ultimately correspond to a minimum
frequency for detection and a maximum frequency, the
system and method may determine a value for the half wave
hysteresis parameter 191.

[0206] In some embodiments, and when the physiological
data is an electrographic signal, the value assigned to the
half wave hysteresis parameter 191 may correspond to a
minimum amplitude that a given half wave (e.g., a transition
in the waveform from a positive slope to a negative slope)
must meet or exceed before the transition will be defined as
a half wave. Referring again to FIGS. 1 and 2, it generally
will not be desirable to define every transition in the signal
as a half wave. Rather, it may be desirable to discount as
mere “perturbations” those transitions that never exceed a
certain threshold. In the example of FIG. 1B, each of the half
wave #2 120 and the half wave #3 130 were deemed to be
mere perturbations and therefore were both accounted for by
including them as part of the first half wave 202 of FIG. 2.
Similarly, the half wave #5 150 and the half wave #6 160 of
FIG. 1B were each deemed to be mere perturbations and
therefore were ignored in defining the second half wave 208
in FIG. 2. Since the hysteresis parameter value is in ampli-
tude units according to some embodiments, a particular half
wave that only lasts a short time may still be deemed to
comprise a half wave if the amplitude threshold is met or
exceeded (see, e.g., the sixth half wave 320 of FIG. 3).
[0207] Generally, the value of the half wave hysteresis
parameter 191 is used by the detection algorithm to allow a
half wave detector to ignore small perturbations (which
might be attributable to, for example, noise), in a function
similar to that of a low pass filter.

[0208] In asystem and method for automatically deriving
a parameter set for a half wave detector according to
embodiments, the possible values for the half wave hyster-
esis parameter 191 may range from 0 to 255 (amplitude
units). The system and method may test each of these
possible values and then select one for the half wave
hysteresis parameter 191 that corresponds to some minimum
amplitude that has to be met or exceeded before a transition
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may be counted as a half wave. For example, all of the
possible hysteresis values from 0 to 255 may be tested for a
given region of interest 520 to determine what percentage of
the total number of transitions identified in that sample are
identified as half waves. If the value for the half wave
hysteresis parameter 191 is set to a non-zero value, this
value will reduce the number of half waves that are identi-
fied in the sample.

[0209] Once the system and method for automatically
deriving a parameter set for a half wave detector has
determined the percentage of half waves that exceed the
minimum half wave width 193 for each value of the half
wave hysteresis parameter 191, the system and method can
select one of those hysteresis values to use. For example, a
value for the half wave hysteresis parameter 191 may be
selected so as to maximize the percentage of half waves that
exceed the minimum half wave width 193 while minimizing
the hysteresis parameter value 191.

[0210] Referring now to FIG. 13, in an embodiment, a
value for the half wave hysteresis parameter 191 may be
selected by identifying the minimum hysteresis parameter
value that maximizes the percentage of half waves that
exceed a minimum half wave width 193. In FIG. 13, the
y-axis represents the percentage of half waves in a sample
that exceed a minimum duration (time) criterion for a given
value of the half wave hysteresis parameter 191 on the
x-axis. The dotted line 1310 in FIG. 13 shows which values
of the possible values for the half wave hysteresis parameter
191 correspond to the highest percentage of half waves in
the sample. In this example, it appears for a hysteresis value
just higher than 30, the percentage of half waves with a
duration meeting the minimum duration criterion reaches a
maximum and thereafter levels off.

[0211] The dashed line 1330 represents the distance of the
dotted line 1310 from the point (0,1) on the graph of FIG. 13.
The system can be configured to choose a value for the half
wave hysteresis parameter 191 that minimizes the distance
from the point (0,1) by modeling the distance 1330 by a
fourth order polynomial. The result of this modeling is
represented by the line drawn with triangles 1340 in F1G. 13.
The value selected for the hysteresis parameter 191 can be
chosen as the minimum value 1350 on the triangle-line
1340, which appears as though it occurs at about a value of
20.

[0212] In some embodiments, the system and method for
automatically deriving parameter values for a half wave
detector may determine a value for the minimum half wave
amplitude parameter 192 using a value for the half wave
hysteresis parameter value 191, for example, the hysteresis
parameter value selected according to the process described
above. Given a selected value for the hysteresis parameter
191, the number of half waves occurring (i.e., the “half wave
counts™) in a region of interest and in a region or regions of
baseline activity may be determined. Once the number of
half waves is determined, the half waves can be sorted (e.g.,
into bins in a histogram) according to amplitude or ranges of
amplitude. The number of half waves in each bin can be
normalized by dividing the sum in a bin by total number of
half waves counted in the relevant sample (e.g., in a sample
corresponding to the region of interest or in a sample
corresponding to the region(s) of baseline activity).

[0213] The results of this process of sorting the number of
half waves in each bin for the region of interest and the
region(s) of baseline activity may used to identify an ampli-
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tude for which the percentage of half waves in the region of
interest (e.g., the normalized half wave counts for the region
of interest) is greater than the percentage of half wave counts
in the baseline region(s). In this way, the system can
determine a starting parameter value for the minimum half
wave amplitude parameter. The half wave amplitude param-
eter can subsequently be adjusted by the user using a
sensitivity adjustment such as a signal amplitude slider 640.
An advantage of normalizing the half wave count in each bin
by the total number of half waves in the sample is that the
calculation is then independent of the sample size. For
example, if the baseline region were twice as long as the
region of interest, the normalized half wave counts could
still be compared between the regions.

[0214] Referring now to FIG. 14, four plots are shown
which illustrate the method of identifying a point where the
normalized half wave counts in a region of interest begins to
be greater than the normalized half wave counts in the
baseline region(s). In this figure, the x-axis represents bins
of amplitude and the y-axis represents the percentage of half
wave counts within each amplitude bin. The dotted line 1410
is the normalized half wave counts for the baseline region(s),
and the plot shown with the triangles 1430 is the normalized
half wave counts for the region of interest. The plots may be
modeled using for example a fourth order polynomial in
order to smooth the data to better identify the point at which
there is a higher percentage of half wave counts in the region
of interest relative to the baseline region. The dashed line
1420 and the plot with squares 1440 are the fourth order
polynomials of the dotted line 1410 and the plot with
triangles 1430, respectively.

[0215] In FIG. 14, at about the point 1450 corresponding
to about 70 amplitude units, it can be appreciated that the
percent of half wave counts in the region of interest 520
begins to be greater than the percent of half wave counts in
the region(s) of baseline activity 540. Thus, in this example,
the system and method for automatically deriving a set of
parameters for a half wave detector may select a value of
around 70 (amplitude units) as an initial value for the half
wave minimum amplitude parameter 192. In some embodi-
ments, this starting parameter value can subsequently be
adjusted with feedback from the user, such as by using a
“signal amplitude” slider 640 to detect less or detect more.
[0216] The foregoing example of a system and method for
automatically deriving a parameter set for a half wave
detector describes how values for five of the parameters used
in a half wave detector may be automatically established
based on a region of interest selected by a user and one or
more regions of baseline activity selected by a user or a
computer. The parameters for which at least a starting value
is selected are the (1) half wave count criterion parameter
194: (2) the half wave window size parameter 195; (3) the
minimum half wave width parameter 193; (4) the half wave
hysteresis parameter 191; and (5) the minimum half wave
amplitude parameter 192. In the particular half wave detec-
tor described with reference to FIG. 1, the other parameters
include the qualified analysis window count parameter 196
and the detection analysis window size parameter 197 (for
establishing an “X of Y criterion for detection). In some
implementations of a half wave tool, these two parameters
are also sometimes referred to as the “bandpass threshold”
and the “detection analysis window size”, respectively.
[0217] The qualified analysis window count parameter
196 and the detection analysis window size parameter 197
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work together in the half wave detector to specify a duration
and consistency for a pattern of activity that is represented
in the electrographic signal that will trigger the tool to
‘detect’. For example, a value of 8 for the qualified analysis
window count parameter 196 and a value of 2048 ms for the
detection analysis window size parameter 197 translate into
a requirement that half waves meeting the criteria estab-
lished by the five parameters discussed above would have to
occur in at least 8 128 ms windows within 2048 ms. A
system and method for automatically deriving a parameter
set for a half wave detector may select starting values for the
qualified analysis window count parameter 196 and the
detection analysis window size parameter 197 such that
when using the set of detection parameters identified by the
algorithm, detection would occur in the region of interest. In
other words, simulations can be run with the starting values
for the half wave count criterion parameter 194, the half
wave window size parameter 195, the minimum half wave
width parameter 193, the half wave hysteresis parameter
191, and the minimum half wave amplitude parameter 192,
and various combinations of the qualified analysis window
count parameter 196 and the detection analysis window size
parameter 197 to determine the largest qualified analysis
window count parameter 196 value which would result in
detection in the selected region of interest.

[0218] Spike Activity/Half Wave Detector

[0219] Referring now to FIG. 8C, embodiments will be
described of a system and method for automatically deriving
a parameter set for a half wave detector where the physi-
ological data at issue comprises electrocorticographic sig-
nals and the type of activity in the region(s) of interest has
been determined to be (for example, by an activity type
algorithm such as Algorithm A in FIG. 8A) spike activity.
Generally, spike activity in physiological signals (e.g., EEG,
ECG, EMG, etc.) may be of clinical significance in many
disorders or conditions. Spike activity in ECOGs may be
considered a hallmark of epileptiform activity in epilepsy.

[0220] Spike activity may be characterized by a basic
structure associated with each spike that may be referred to
as a “spike complex” or “SC”. A half wave detector can be
configured to look for spike activity with similar parameters
as a half wave detector for detecting rhythmic activity. For
example, in a given region of interest, a spike complex may
be defined as the occurrence of two consecutive half waves
with opposite slopes (e.g., a positive slope followed by a
negative slope), each of which exhibits a higher amplitude
than the amplitude of some or most of the other half waves
with which the region of interest may be characterized.
Some examples of regions containing spike activity and
characterizable by at least one spike complex are shown in
FIGS. 12A-12E where the x-axis is in units of time and the
y-axis is in units of amplitude.

[0221] In FIG. 12A, a portion 1202 of an ECOG signal is
shown with a spike complex 1210 comprised of three half
waves, a first SC half wave 1212 characterized by a negative
slope, a second SC half wave 1214 characterized by a
positive slope, and a third SC half wave 1216 characterized
by a negative slope. It is apparent that the three SC half
waves 1212, 1214, and 1216 stand out from the other
transitions or half waves in the portion 1202 because each of
the SC half waves 1212, 1214, and 1216 have greater
amplitude than the other transitions or half waves.

[0222] In FIG. 12B, a portion 1220 of an ECOG signal is
shown with a spike complex 1222 that is comprised of only
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two half waves that stand out from the rest, namely, a first
SC half wave 1224 with a positive slope and a second SC
half wave 1226 with a negative slope. And in FIG. 12C, a
portion 1228 of an ECOG signal is shown with a spike
complex 1230 that is also comprised of only two half waves,
but in this case the spike complex begins with a first half
wave 1232 characterized by a negative slope and ends with
a second half wave 1234 characterized by a positive slope.
[0223] In FIG. 12D, each of the spike complexes 1240
shown in the signal portion 1238 are composed of a set of
six half waves that are easily discernible from other activity
in the signal portion. In FIG. 12E, each of the spike
complexes 1250 in the signal portion 1248 is characterized
by three SC half waves.

[0224] It should be appreciated that, for a given user-
selected region of interest in which spike complexes occur,
a system and method for automatically deriving a parameter
set for a spike detector may sort the spike complexes using
one or more features, such as the number of half waves in
a spike complex, the amplitude of the half waves that
comprise a spike complex, the duration of a spike complex
or the duration of each half wave that makes up a given spike
complex, and so on and so forth.

[0225] In one embodiment, and with reference now to
FIG. 8C, once a user has selected a region or regions of
interest (and, optionally, either the user or the computer has
selected one or more regions of baseline activity), and at
block 830 an activity type algorithm has selected “spiking”,
then a system and method for automatically deriving a
parameter set for a half wave detector configured to look for
spikes is invoked at block 860.

[0226] The first half wave detector parameter with which
the automatic derivation is concerned may be the half wave
hysteresis parameter 191. In light of the discussion of this
parameter in connection with the description of a half wave
detector configured to look for rhythmic activity, it should be
appreciated that the half wave hysteresis parameter 191 can
be used to disregard half waves in a region of interest that
have an amplitude less than the smallest amplitude half
wave within a spike complex. Establishing a value for the
hysteresis parameter 191 at the outset thus allows the
algorithm to eliminate half waves that are too small to be
considered part of any spike complex in the region(s) of
interest, including but not limited to half waves associated
with noise in the signal.

[0227] For detecting spike activity, a goal for a half wave
detector would be to detect the spike complexes that occur
in the region(s) of interest. If too high a value for the
hysteresis parameter 191 is selected by the automatic deri-
vation system and method, then some half waves that form
a part of a spike complex may be excluded by the spike
detector. On the other hand, if too low a value for the half
wave hysteresis parameter 191 is selected, then too many
half waves are likely to be included such that the spike
complexes may not be easily discerned from interspike
activity including but not limited to signal noise. Accord-
ingly, a value for the half wave hysteresis parameter 191
may correspond to a target that represents a compromise
between over-inclusion or under-inclusion of half waves in
a given instance of a spike detector. More particularly, such
a target may aim to have a high enough number of half
waves detected to completely include all of the half waves
that make up a spike complex but to not include so many half
waves that the spike complexes are obscured.
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[0228] More particularly, and with reference now to FIG.
18 and to block 861 of FIG. 8C, in an embodiment, a value
for the half wave hysteresis parameter 191 may be selected
as described below. First, a total number of half waves in the
region(s) of interest are counted (based on some predefined
sampling rate). Then, the system and method calculates how
many of the half waves in that total would remain for each
possible value of the hysteresis parameter 191. An objective
would be to choose a value for the hysteresis parameter that
would include all of the half waves in the spike complex(es)
but that is not so low or so high a value that too many or too
few half waves are included.

[0229] An example in which a value of about 50 for a half
wave hysteresis parameter 191 ultimately is selected by a
system and method for automatically deriving a parameter
set for a half wave detector configured to look for spike
activity will now be described with reference to FIG. 18. In
the plot 1800 of FIG. 18, the x-axis represents the possible
values for the hysteresis parameter in units of amplitude
(i.e., at a hysteresis value of 75, half waves with an ampli-
tude of less than 75 amplitude units will be excluded by the
half wave detection algorithm). The y-axis represents the
number of half waves that will be counted in a given
user-selected region(s) of interest for a given value of the
hysteresis parameter. For example, if the value for the half
wave hysteresis parameter 191 is set at 25, about 115 half
waves in the region(s) of interest will be recognized by the
half wave detection algorithm.

[0230] Generally, it can be appreciated from the shape of
the solid line 1810 in FIG. 18 that the half wave count in a
region or regions of interest versus the possible hysteresis
parameter values may be modeled as an exponential decay.
In this particular example, a 5-point moving average was
used to smooth the curve. The excursion of the line 1810
shows that the half waves that would be counted by the
detection algorithm in a signal that has half wave content
similar to that in the region(s) of interest may vary widely
for very low values for the hysteresis parameter 191 (e.g.,
for values of the hysteresis parameter below about 20,
somewhere between 140 and 225 half waves in a portion of
a sensed signal corresponding to the region(s) of interest
would be recognized by the detection tool). And for values
of the hysteresis parameter 191 above about 110 units, the
half waves that would be counted may be about 25 or less.
In the example shown in FIG. 18, hysteresis parameter
values between about 25 and 75 are likely to yield the most
repeatable and consistent count of half waves.

[0231] Inorder to narrow the hysteresis parameter down to
one value, a method for automatically deriving a parameter
set for a spike activity detector may select a value that seems
to represent the best compromise between over- and under-
inclusion of half waves. Determining such a value may be
accomplished, for example, by measuring a Euclidean dis-
tance-to-origin for the curve 1810. The Euclidean distance-
to-origin corresponding to the points on the curve 1810 is
represented by the dashed line 1812 in FIG. 18. The lowest
point on the curve 1812 corresponds to the shortest or
minimum distance to the origin (i.e., the point 0,0 on the plot
1800 of FIG. 18). The lowest point on the curve 1812 also
corresponds to a hysteresis value of about 50. In this
particular example, then, a system and method for automati-
cally deriving a parameter set for a spike activity detector
may select 50 as the value for the hysteresis parameter 191.
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[0232] Insome embodiments, the system and method may
select a value for the hysteresis parameter 191 based on data
in the region of interest for a single patient. In other
embodiments, the data on which selection of a value for the
hysteresis parameter 191 is based may include data from one
or more user-selected regions of interest for a particular
patient as well as data from other patients (such as from
other patients with a demographic element in common with
the patient associated with the user-selected region(s) of
interest). In such cases, it may be useful to normalize the x
and y axes to the maximum values before calculating the
Euclidean distance to the origin.

[0233] With reference now to block 862 of FIG. 8C and
FIG. 19, after a system and method for automatically
deriving a parameter set for a half wave tool configured as
a spike detector has selected a value for the hysteresis
parameter 191 based on the user-selected region(s) of inter-
est, the half waves that are not excluded by the hysteresis
limit are sorted based on amplitude, for example, from
smallest to highest amplitude. When a region of interest
comprises spike activity, the half wave amplitudes initially
tend to grow slowly and then more rapidly for higher
amplitudes, such that the half wave rate of growth (slope) in
aregion of interest containing spike complexes usually starts
slow and ends up high. In other words, when the half waves
are ordered by amplitude, if there are spike complexes in the
signal, there is often an abrupt transition between the low
amplitude half waves (which are not associated with the
spikes) and the high amplitude half waves (which are
associated with spikes). Such a rate of growth is illustrated
in FIG. 19. The y-axis corresponds to the half wave ampli-
tude (in FIG. 19, the half wave amplitude values are nor-
malized so that the maximum possible amplitude correspond
to “1” and the minimum possible amplitude is close to “0”).
The x-axis corresponds to the half wave index when sorted
by half waves and normalized so that the maximum possible
value is “1” and the smallest possible value is close to “0”).
The dotted line 1910 represents the sorted amplitudes cor-
responding to the half waves that remain in the region(s) of
interest after some half waves have been eliminated based
on an applied hysteresis (i.e., where the hysteresis parameter
has a non-zero value). The sorted amplitudes start out
relatively low and trend higher. The dashed line 1912
represents the distance from a point on the curve 1910 to a
point at about (1, 0.25) and the triangle line 1914 represents
a minimum distance from the point (1, 0.25). An interme-
diate slope (rate of growth) occurs around the point closer to
the corner point (1,0).

[0234] In an embodiment of a system and method for
automatically deriving a parameter set for a spike detector,
a value for a minimum half wave amplitude 192 is selected
which corresponds to a point on FIG. 19 corresponding to an
amplitude closest to the point (1, percent), where “percent”
is a selectable parameter for. In an embodiment, a default
value for the percent parameter may be 25%. Thus, in the
sorted amplitudes curve 1910, that amplitude which mini-
mizes the distance to the point (1, 0.25) is selected by the
system and method as the amplitude threshold, i.e., the value
for the minimum half wave amplitude parameter 192.

[0235] In another embodiment, a system and method for
automatically deriving a parameter set for a spike detector
may start out with a value for the minimum half wave
amplitude parameter 191 that corresponds to an amplitude
closest to the right bottom corner of the graph of FIG. 19,
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i.e., to the amplitude close to the point (1,0), although this
selection may prove to make the detector too sensitive and
therefore may require some further adjustment after a simu-
lation or test run on some sample signals to make it less
sensitive. The adjustment may be accomplished by a user
over a graphical user interface (GUI) using one or more
sliders such as described with reference to FIG. 6, above.

[0236] Referring now to block 863 of FIG. 8C, the next
step for a system and method for automatically determining
a parameter set for a spike detector may be to find a value
for the minimum half wave width parameter 193 based on
the user-selected region(s) of interest. Once the automatic
deriving method has arrived at a value for the minimum half
wave amplitude parameter 191, then the method can use that
value to classify each remaining half wave (i.e., each half
wave that survives hysteresis and meets or exceed the
minimum amplitude requirement) as either “spike” or “non-
spike.” More particularly, if a half wave has an amplitude
that is greater than or equal to the minimum half wave
amplitude, then that half wave will be classified as a “spike”
half wave (e.g., as part of a spike complex) and if a half wave
has an amplitude that is less than the minimum half wave
amplitude, then that half wave will be classified as a
“non-spike” half wave. Alower bound for the minimum half
wave width parameter 193 is initially determined by iden-
tifying the half wave in the group of “spike” half waves that
has the shortest duration. After the automatic deriving
method has accomplished this, then it is important to assess
whether there is overlap between the durations of the half
waves in the “spike” class and the durations of the half
waves in the “non-spike” class. This can be easily accom-
plished by comparing the half wave in the “spike” class
having the shortest duration (where “D1” is that duration) to
the half wave in the “non-spike” class having the longest
duration (where “D2” is that duration). If there is no overlap
of minimum half wave width values between these two
classes, then the half wave in the “non-spike” class with the
longest duration becomes the new lower bound for the
minimum half wave width parameter. The minimum half
wave width then is defined as the value from the discrete
parameter space that is greater than and closest to the
shortest “spike” half wave minus 10% of the difference
(D1-D2), i.e., D1-0.1 (D1-D2). If there is overlap of the
minimum half wave width values for the two classes (i.e.,
spike and non-spike half waves), then the lower bound is set
as D1 and the mininum half wave is chosen to be the
minimum half wave width value closest and greater than D1.

[0237] With reference now to block 864 of FIG. 8C, an
embodiment of a system and method for automatically
deriving a parameter set for a half wave detector configured
to look for spikes will find a value for the half wave window
size parameter 195 and the half wave count criterion 194.
Using the class assignments for the half wave amplitudes
(i.e,, “spike” or “non-spike”), the spike complexes are
identified by searching for at least two of more consecutive
spike-class half waves through the region or regions of
interest. An average frequency of the spike complexes can
be assessed as:

Total number of SCs €8]
Total time duration of the ROI

Avg Frequency of SCs =
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[0238] where “SC” means “spike complex” and “ROI”
means “region of interest” The duration of each spike
complex in a region of interest is determined by the sum of
the durations of consecutive spike half waves. A conserva-
tive half wave window size is defined as the sum of the
longest spike complex, and the average spike complex
period is assessed as the inverse of equation (1).

[0239] The half wave count criterion 194 is determined as
the average number of half waves per spike complex pattern,
which is assessed as:

L 2
count = N; numHW (i)

[0240] where:

[0241] numHW/i)=the total number of spike-half waves

that form the ith spike complex
[0242] N=total number of spike complexes in the region
(s) of interest

[0243] i=index varying from 1 to N
[0244] In an embodiment, the value for the detection
analysis window size parameter 197 may be fixed at 2048
ms. It will be appreciated that the value of the detection
analysis window size parameter 197 may be modified using
faster detection as an objective/guiding criterion. The quali-
fied analysis window count 196 may be selected as the
maximum between 1 and the average spike complex fre-
quency. In an embodiment, the value of the detection analy-
sis window size parameter 197 is determined to be twice the
value of the qualified analysis window count 196, provided
that the resulting value is available in the parameter space.
(In other words, if twice the value of the qualified analysis
window count is a possible value in the range of values
available for the detection analysis window size, then the
detection analysis window size will be set at twice the value
of the qualified analysis window count.)
[0245] Activity Corresponding to a Power Change/Line
Length Detector
[0246] Referring now to FIG. 8A, at block 846, the
algorithm for determining an activity type (“Algorithm 1)
has determined that the activity type in the user-selected
region(s) of interest corresponds to a change in the power of
the signal in the region(s) of interest as compared to the
power that otherwise characterizes the signal. In an embodi-
ment, when Algorithm 1 determines that a “power change”
detection tool is suggested by a user’s selection of a region
or regions of interest, the detection tool is a line length
detector. Generally, a line length detector establishes a
window of time in which to operate and then divides a
portion of a signal occurring in that window (e.g., within in
a time period corresponding to a user-selected region of
interest) into a set of samples where each sample has the
same unit size, and then adds up all of the line lengths in the
time window. The accumulated line lengths for the samples
in the time window are then typically compared to a trend of
line lengths relevant to the same signal in which the region
of interest occurred, such as a trend of line lengths over a
term that is longer than the time window. The trend to which
the line length total for a given time window is compared
may be a relatively short-term trend or a relatively long-term
trend. Again, generally, if the line length in the time window
increases relative to the trend, then it may be inferred that the
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power of the signal is changing so that there is more power
in the signal corresponding to the time window than there
has been based on the trend. Alternatively, if the line length
in the time window decreases relative to the trend, then it
may be inferred that a power change in the other direction
is occurring.

[0247] A user may want to configure a line length detector
to detect when the power of a signal increases (or decreases)
based on the supposition that the power change may be
associated with a physiological change, such as the onset of
epileptiform activity. Some configurations for a line length
detection tool are described in U.S. Pat. No. 6,810,285 to
Pless et al. for “Seizure Sensing and Detection Using an
Implantable Device” issued Oct. 26, 2004. U.S. Pat. No.
6,810,285 is hereby incorporated in the entirety by refer-
ence. The ’285 patent describes implementing line length
detectors as instances of a “window analysis unit” in an
active implantable medical device configured to detect
events in signals sensed from a patient with epilepsy.
[0248] In an embodiment, a system and method for auto-
matically deriving a parameter set for a power change
detection tool configured as a line length detection may only
require input from a user to mark the start of a region of
interest in a portion of a signal (e.g., in a portion of a
previously-recorded ECOG for a patient). The system and
method can use the marked start of the region of interest to
automatically determine parameters and values for the same
that are biased to detect the same or a more pronounced
change in the power of the signal being sensed from the
patient (most commonly, an increase in signal power (or
frequency) compared to a trend).

[0249] In an embodiment, and referring now to FIG. 24, a
line length detection tool is associated with a set of eight
parameters the values of which should be set in order for the
detection algorithm to operate optimally, and a system and
method for automatically deriving a parameter set for this
tool derives values for the following: a short-term window
size parameter 2410, a long-term window size parameter
2412, a detection threshold parameter 2414, a sample count
parameter 2416, an inter-sample interval parameter 2418, a
threshold logic parameter 2420, a threshold mode parameter
2422, and a persistence parameter 2424. These eight param-
eters may be thought of as being in the “parameter space” for
a line length detector.

[0250] Long-Term Window Size Parameter; Sample
Count Parameter; Inter-Sample Interval Parameter; Thresh-
old Logic Parameter; and Persistence Parameter

[0251] Based on experience with active implantable medi-
cal devices configured with line length detectors used in
responsive neurostimulators used as a part of a therapy for
epilepsy, some commonly used values for some of the line
length detector operation parameters are as follows: 4096 ms
for each of the inter-sample interval parameter 2418 and the
long-term window size parameter 2412; 1 s for the persis-
tence parameter 2424; a “non-inverted” setting for the
threshold logic parameter 2420; a “percentage” value setting
for the threshold mode parameter 2422 (versus for example,
a “fixed” value); and a value of 32 for the sample count
parameter 2416. When experience such as this is at hand,
then a system and method for automatically deriving a
parameter set for a line length detector may benefit from
initially establishing the parameter values at these values. If
after the simulation, a user is not satisfied with the results,
the system and method can begin again with different values
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for the parameters for the tool. Alternatively, the user may be
provided with various options for adjusting the sensitivity of
various aspects of detection by varying a given parameter
within some bounds around the initial value.

[0252] Short-Term Window Size Parameter

[0253] Again, based on experience with active implant-
able medical devices configured with line length detectors
used in responsive neurostimulators used as a part of a
therapy for epilepsy, some commonly used values for the
short-term window size parameter 2410 are: 2048 ms; 4096
ms, and 1024 ms. In some embodiments, an automatic
parameter deriving system and method may be configured to
start out with one of these values or with a different value for
the short-term window size parameter 2410 if, for example,
the application is other than epilepsy or the user’s experi-
ence with a particular patient or set of patients is different.
The short-term window size parameter 2410 is also used to
control the latency of the detector (e.g. to detect a change in
signal earlier or later). Subsequent to establishing an initial
value for the short-term window size parameter 2410, and
after the user has been presented with the result of the
automatic parameter derivation method (e.g., via a simula-
tion), the user may be provided a “user-friendly” feature on
a display or other user/computer interactive interface, such
as by dragging an indicator to the right or to the left within
a window of a slider labeled to suggest in ‘plain English’
something that corresponds to adjusting the value of the
short-term window parameter 2410 (e.g., a slider may be
labeled “latency” and have a left-facing arrow at one end of
the slider window labeled “detect sooner” and a right-facing
arrow at the other end of the slider window labeled “detect
later”. In other words, by moving an indicator around within
a slider window, a user may adjust the latency by varying the
short-term window size parameter 2410. To achieve carlier
detections, the shori-term window size parameter may be
decreased within the parameter space of values available. To
increase the latency and detect later, the short-term window
size parameter may be increased.

[0254] Percentage Threshold Parameter

[0255] Since the threshold mode parameter 2422 is con-
figured to correspond to a percentage, it is the main param-
eter that controls the detection in the region of interest in at
least this embodiment of a line length detector. The system
and method for automatically determining a parameter set
for the line length detector will use the short-term window
parameter 2410 so that the short-term window is positioned
to start at the first sample of the region of interest and to end
so that the last sample of the long-term window is the sample
just before the region of interest.

[0256] When the line length detection algorithm runs, line
length values are computed for each of the short-term
window and the long-term window according to:

1 L [0)]
Line length measure = —Z |y = y(i-1)
L gy :

[0257] Expression (1) corresponds to the line length mea-
sure for a window of size L, where the unit for L is the
number of samples in the window. As defined in expression
(2), the percentage threshold is given by:

Percentage threshold=threshold+Line length measure
in long-term window 2)

Aug. 9, 2018

[0258] The maximum threshold available in the parameter
space that satisfies the condition in expression (3) is deter-
mined to be the most appropriate threshold to detect the
same signal characteristics as are present representing the
power change in the region(s) of interest.

Line length measure in short-term
window>Percentage threshold (3)

[0259] In some embodiments, the user may be provided
with an optional sensitivity adjustment, which can be in the
form of slider such as the sliders described above with
reference to this line length detector and to the half wave
detection tools for detecting rhythmic activity and spike
activity. For example, moving an indicator around within a
slider window may have the effect of varying the percentage
threshold to either increase or decrease the sensitivity of the
detection. This allows the user to refine the threshold param-
eter initially determined by the automatic parameter deriva-
tion method by increasing or decreasing its value. Again, the
user need not fully appreciate how the parameter value the
user is adjusting is used by the automatic parameter deri-
vation method; the sliders or other features used to allow
“fine tuning” of the values for the detection tool operating
parameters will have labels that relate more closely to the
visually discernible features of the signal sample encom-
passing the region(s) of interest than to how the parameters
are actually defined for a particular instance of a detection
tool (e.g., “detect more” of this or “detect less” of this versus
“Increase the value of the short-term window” parameter or
“decrease the value of the short-term window parameter”).
[0260] Whenever a user uses an optional sensitivity (e.g.,
latency) adjustment, systems and methods according to
embodiments may be configured to immediately update a
simulation of what the line length detector with the adjusted
threshold parameter is likely to detect, for example, a
simulation overlaid on an ECOG the user used to select the
start of a region of interest.

[0261] Itshould be appreciated that in some embodiments,
values for additional or different parameters may be auto-
matically derived based on a user-selected region of interest,
depending on the type of activity evident in the region(s) of
interest and the particular detection tool for which the values
are being determined. For example, different types of activ-
ity may suggest different types of detectors. Alternatively,
and as is the case above with respect to rhythmic activity and
spike activity, parameters for a single type of detector (e.g,,
a half wave detector) may be derived in a different order or
to have different values for one type of activity than for
another. Examples of detection tools include but are not
limited to: different varieties of half wave detectors and
other detectors that operate in the time domain; detectors
that operate in the frequency domain, power change detec-
tors other than line length detectors (for example, an area
detector); and detectors that are based in whole or in part on
a condition of an active implanted medical device, e.g., on
a device diagnostic such as the number of times an amplifier
processing the physiological data saturates, etc.).

[0262] Inasimple case, the examples described above use
a single region of interest selected by a user, such as the
region of interest 520 described with reference to FIG. 5.
Referring again to FIG. 8, and in particular, at block 806,
more complex examples of a method for automatically
deriving parameter values for a detector may involve a user
selecting more than one region of interest. As mentioned
above, when a user selects more than one region of interest,
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a system and method according to embodiments may
involve one or more preliminary calculations to determine
how to treat the plurality of regions of interest.

[0263] For example, if a user selects two regions of
interest and the regions of interest are quite different, then a
system and method according to embodiments may auto-
matically configure the same type of detector with different
parameters for each region of interest (i.e., use two instances
of the same half wave detector for each region of interest,
and automatically derive a set of values for the parameters
for the first instance of the half wave detector, and auto-
matically derive a different set of vales for the parameters of
the second instance of the half wave detector). The methods
by which values for the parameters of the two instances of
the half wave detector are derived may vary based on the
nature and type of activity in each user-selected region of
interest.

[0264] Alternatively, in the case where a user selects two
dissimilar regions of interest, the system and method may
ask the user to make a choice as to, for example (1) whether
the two regions of interest the user selected should each be
assigned its own instance of a half wave detector; (2)
whether the regions of interest should be combined; or (3)
whether one region of interest should be assigned one type
of detector and the other region of interest a different type of
detector (e.g., one region of interest may be assigned a first
half wave detector and the second region of interest may be
assigned a second half wave detector (where the first half
wave detector and second half wave detector have different
parameters or use a given parameter or its value in different
ways), or one region of interest may be assigned a half wave
detector and the other may be assigned a different detector
(such as a line length detector or an area detector).

[0265] On the other hand, if a user selects two regions of
interest and the regions of interest are quite similar, then a
system and method according to embodiments may under-
take one or more preliminary computations to combine the
two regions of interest before automatically deriving the
parameter values for a half wave detector. Additionally or
alternatively, the system and method may prompt a user to
choose whether the user wants to detect activity similar to
that which is represented in each of the two regions of
interest with one instance of a half wave detector or with two
instances of the half wave detector.

[0266] When a user selects more than one region of
interest at block 802 in FIG. 8, the function of a system and
method according to embodiments that includes determining
whether the regions of interest should be combined for a
single instance of a detector (or for a single type of detector)
is represented at block 806. The function of a system and
method that includes prompting the user to provide input
regarding the number of instances of a single type of
detector (e.g., half wave detector) or whether different
detectors (e.g., half wave detector, line length detector)
ought to be used, is represented at block 812. If more than
two regions of interests were selected, and the user specified
that more than one detector type should be generated, the
regions may still need to be further grouped into detector
type. For example, if three regions of interest were selected,
the first and second regions of interest may be combined to
support one detector and the third region of interest may
support a second detector. The function of the system that
groups or combines regions of interest is represented at
block 822.
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[0267] An example of a case in which a user may select
two dissimilar regions of interest is illustrated with reference
to FIGS. 15A-15D in an application where the detector(s)
are being used to detect an onset of seizure activity in a
patient. FIG. 15A is a time-series representation of an
electrographic signal and FIG. 15B is a spectrogram of the
signal of FIG. 15A. The x-axis of each graph corresponds to
time in seconds. The y-axis of FIG. 15A is in amplitude
units. The signal represents seizure activity 1504. There is an
“onset” 1510 characterized by highly rhythmic activity (see
also the banding 1550 in the spectrogram of FIG. 15B
beginning at about t,,,, 1506, which is at about 50 sec-
onds). For convenience, this onset period 1510 is referred to
here as “Onset Type 17.

[0268] FIG. 15C is a time-series representation of another
electrographic signal for the same patient and FIG. 15C is a
spectrogram of that signal. The signal represents seizure
activity 1560 (right-most section of FIG. 15C). There is an
onset period 1574 beginning at about time t_,_,, 1570,
which is at about 45 seconds, but this onset (referred to as
“Onset Type 2”) is not characterized by highly rhythmic
activity. In this circumstance, because the user has selected
two dissimilar regions of interest, it may be more appropri-
ate to use two different detector types for these regions, such
as a half wave detector for Onset Type 1 and a line length
detector for Onset Type 2. Alternatively, a first half wave
detector with a first set of parameters might be appropriate
for detecting Onset Type 1 whenever it occurs in the patient,
and a second half wave detector with a different second set
of parameters might be appropriate for detecting Onset Type
2. In still another alternative, the same half wave tool might
be appropriate for detecting both Onset Type 1 and Onset
Type 2, but the values of the parameters used in the detector
considered optimal for detecting Onset Type 1 might be
different from the values considered optimal for detecting
Onset Type 2.

[0269] An example of a case in which a user may select
two similar regions of interest is illustrated with reference to
FIGS. 16A-16D in an application where the detector(s) are
being used to detect an onset of seizure activity in a patient.
FIG. 16A is a time-series representation of an electrographic
signal and FIG. 16B is a spectrogram of the signal of FIG.
16A. The x-axis of each graph corresponds to time in
seconds. The y-axis of FIG. 16A is in amplitude units. The
signal represents seizure activity 1604 (right-most section of
FIG. 16A). There is an “onset” 1610 characterized by low
voltage fast activity discernible at about a time t,, _,; 1606
at about 28 s (see also the dark band 1650 in the spectrogram
of FIG. 16B at around 20 Hz at about t_,.,,, 1606). This
onset period 1610 is “Onset Type 1” for FIGS. 16A-B.

[0270] FIG. 16C is a time-series representation of another
electrographic signal from the same patient and FIG. 16C is
a spectrogram of that signal. The signal represents seizure
activity 1660 (right-most section of FIG. 16C). There is an
onset period 1674 beginning at about time t_,_,, 1670,
which is at about 28 seconds, and this Onset Type 2 in FIGS.
16C-16D is similar to that of Onset Type 1 in FIGS.
16A-16B. In this circumstance, because the user has selected
two similar regions of interest, it may be appropriate to
associate one detector for these regions, such as a half wave
detector. Moreover, where two or more regions of interest
that are similar are selected by a user, the regions of interest
may improve the robustness and accuracy of the system and
method. For example, by providing more information about
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the type of activity the user would like to detect, a system
and method for automatically deriving parameter values for
the half wave detector may be better at identifying optimal
parameter values for the patient.

[0271] FIGS. 17A-17C are graphical representations of
the frequency response (power spectra) for each of two
different regions of interest and for a combination of the two
regions of interest. In each of the graphs of FIGS. 17A-17C,
the x-axis represents frequency in Hz and the y-axis repre-
sents power. At times, it can be useful to combine in a
preliminary computation or computations information from
more than one user-selected region of interest so that the
system and method of automatically deriving a parameter set
for a half wave detector can better focus a feature of an
electrographic signal which the user is interested in detect-
ing.

[0272] For example, in FIGS. 16A-16B, Onset Type 1
corresponds to low voltage fast activity from about 29.3 s to
32.3 s and Onset Type 2 corresponds to low voltage fast
activity from about 28.4 s to 31.4 s. Referring to FIG. 17A
which corresponds to a first region of interest selected by the
user containing Onset Type 1 activity of the type shown in
FIGS. 16A-16B, a first peak frequency (or the frequency
with the greatest power) is at around 5 Hz (first peak
frequency for Onset Type 1 1710). The next peak frequency
in FIG. 17A occurs at around 20 Hz (second peak frequency
for Onset Type 1 1720). Referring to FIG. 17B which
corresponds to a second region of interest selected by the
user containing Onset Type 2 activity of the type shown in
FIGS. 16C-16D, a first peak frequency is at around 9 Hz
(first peak frequency for Onset Type 2 1750), and a second
peak frequency occurs at about 20 Hz (second peak fre-
quency for Onset Type 2 1760). When the regions of interest
for Onset Type 1 and Onset Type 2 are combined in this
example, the graph showing the frequency response is
shown in FIG. 17C. It can be appreciated that a first peak
frequency occurs at about 5 Hz (first peak frequency for
combination of Onset Type 1 and Onset Type 2 1770) and a
second peak frequency occurs at about 20 Hz (second peak
frequency for combination of Onset Type 1 and Onset Type
2 1780). A computation (or computations) that combines
user-selected regions of interest preliminary to automatically
deriving values for the parameters of a detector, such as a
half wave detector, thus may be useful in identifying one or
more common features of a set of regions of interest. In this
case, the common feature might be a salient frequency 1080
at 20 Hz because this is a peak frequency that is present in
the combination of both of the two regions of interest
selected by the user (and also is present in each of the
individual regions of interest).

[0273] As described above, parameter sets of detection
tools are derived based on characteristics of signals in ROIs.
In summary, systems and methods disclosed herein analyze
signals within ROIs to detect rhythmic activity or spike
activity or indeterminate activity. Depending on what type of
activity is detected, the systems and methods automatically
determine the type of detection tool (e.g., half-wave detec-
tor) to be used to detect for activity like the activity in the
ROL. For example, if rhythmic activity is detected in the
ROI, then a detection tool is programmed with a parameter
set that enables detection of rhythmic activity. This detection
tool may be referred to as a “rhythmic detection tool” or a
“rhythmic detector.” Likewise, if spike activity is detected in
the ROI, then a detection tool is programmed with a param-
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eter set that enables detection of spike activity. This detec-
tion tool may be referred to as a “spike detection tool” or a
“spike detector.”

[0274] Systems and methods disclosed herein enhance the
above-described detection tool selection and parameter set
programming features. With reference to FIG. 25, a system
configured in accordance with such enhancements selects an
ROI at step 2510. The system allows for the selection of two
types or modalities of ROIs through a user interface. These
modalities include an ROI with a prefixed duration (ROI)
and an ROI with a user-defined duration (ROI,,). Typically,
seizure onset is represented by an identifiable electrographic
pattern, e.g., rthythmic or spiked. Most of these patterns are
brief and last a few seconds. In this case, a fixed ROl
modality may be preferred. A seizure, however, can be as
long as tens or hundreds of seconds and may be represented
by an electrographic pattern that changes over time. In these
cases, a user-define ROI,, may be beneficial.

[0275] ROI with Prefixed Duration: ROI,

[0276] With reference to FIG. 26, in a prefixed modality,
a user selects a ROl in a given electrographic signal 2600
by clicking a mouse on the signal displayed on an external
component such as the programmer or on a web page of a
website. The point of the click defines the start time 2610 of
the ROI,.. The start time typically coincides with the begin-
ning of the seizure or other patterns of interest. In this
modality, the end time 2620 is automatically set to a prefixed
time after the start time so as to establish a fixed duration
2630 for the ROI,.. In one configuration, the default value
for this prefixed time is 3 seconds. The end time 2620 of the
RO, is given by:

EndTime=StartTime+prefixed Time

[0277] Upon selection of a fixed ROl by the user, the
system selects the fixed ROl as an ROI for processing, as
described further below.

[0278] ROI with User-Defined Duration: ROI,,

[0279] With reference to FIG. 27, in a user-defined modal-
ity, a user selects an ROI,, in a given electrographic signal
2700. The user indicates the start time 2710 and end time
2720 by clicking and dragging a mouse. As soon as the user
clicks and starts dragging the mouse, a box appears whose
right edge can be dragged to the right as far as the ECOG
signal 2700 goes. The point where the user releases the
mouse (stops dragging), indicates the end time 2720 of the
ROI,,. The end of the ROI,, usually coincides with the end
of the electrographic seizure. In this modality, the user
determines the duration of the ROI,.

[0280] Upon selection of a user-defined ROI,, by the user,
the system performs further ROT selection by arbitrarily and
automatically designating as an ROI for further processing
only a portion of the user-define ROI,, between the start time
of the user-defined ROI,, and a prefixed duration corre-
sponding to the duration of a fixed ROI,.. In one configu-
ration, the system designates a 3 second portion of the ROI,,
for processing, as described below.

[0281] Determining Detector Type

[0282] Returning to FIG. 25, at step 2520, once a ROI is
selected by the system, the system processes the selected
ROI to determine a detector type (e.g., rhythmic, spike, etc.)
and parameters for the detector. Details of step 2520 are
described with reference to FIG. 28.

[0283] At step 2810, the system preprocesses the ROI to
remove artifacts. The ECOG signal may have flat artifacts
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due to the brain implanted electrodes having dual tasks of
sensing the ECOG signal and delivering stimulation. There-
fore, during those brief periods (hundreds of milliseconds)
when the electrodes are not sensing the ECOG signal, the
system records a flat artifact. Embodiments of the system
may process the ROI to remove these artifacts as follows.
First, flat artifacts are identified in the ROI. Next, segments
of the ROI corresponding to identified flat artifacts are
removed. Finally, a linear trend removal filter is applied to
avoid abrupt mean changes in the remaining portions of the
ROI signal.

[0284] At step 2820, the system applies a pattern charac-
terization approach to determine activity type. The pattern
characterization approach determines if the activity within
the selected ROI exhibits clear rhythmic pattern, as shown
in FIGS. 20A-20C, or spike patterns, as shown in FIGS.
21A-21C. In some instances, both patterns (thythmic and
spike) may be present either simultaneously or at different
times in the ROI (like shown in FIGS. 22A-22C). These
instances are categorized as “undetermined” and a second,
performance comparison based approach is used to decide
which type of detector is most appropriate to detect the
activity present in the selected ROL

[0285] The pattern characterization approach uses a rule-
based approach founded on knowledge and heuristics about
rhythmic patterns and spike patterns. In one configuration, a
total of twenty decision-rules may be utilized to decide
activity-type outcome as “rhythmic”, “spike”, or “undeter-
mined”. These rules are based on seven features computed
to characterize the pattern.

[0286] The system computes these seven different features
(metrics) based on the system-selected ROI signal to decide
whether rhythmic or spike activity is present in the ROIL
Some of the features are determined from the time domain
of the signal, others are determined from the frequency
spectrum of the signal. A description of the seven features
follows:

[0287] 1. Minimum Peak Amplitude (Amp,)

[0288] With reference to FIG. 29, the minimum peak
amplitude feature is based on the frequency spectrum of the
signal, where Amp; is the lowest amplitude peak in the
frequency spectrum that meets the following criterion:

Amp,>0.05Amp; (1)
[0289] where:
[0290] Amp;, is the minimum peak amplitude that meets

the criterion

[0291] Amp,, is the amplitude of the highest peak in the
spectrum

[0292] In other words, Amp, is the amplitude of the
smallest peak in the spectrum that is greater than 5% the
amplitude of the highest peak (Amp,,) in the spectrum. The
amplitude of the highest peak (Amp,,) is demarcated by the
highest vertical dotted line around 10 Hz. The horizontal
dashed line on FIG. 29 represents the 5% of Amp,. The
amplitude of the lowest peak that exceeds the dashed line is
Amp;. In FIG. 29, Amp, is approximately 4 amplitude units
and is illustrated using the solid vertical line at approxi-
mately 28 Hz.

[0293] 2.Frequency of Peak at Highest Frequency (FPHF)

[0294] The FPHF is the highest frequency with a peak
spectral amplitude that is greater than or equal to Amp;. In
FIG. 29, this frequency is 28 Hz.
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[0295] 3. Quality Factor (Q)

[0296] The quality factor (Q) is a dimensionless metric
used in engineering to characterize a bandpass filter, a
resonator, the response of an RLC circuit, etc. A higher
quality factor means a narrower bandwidth (BW) for at the
center frequency also know as the resonant frequency. The
quality factor is defined as:

O=fo/BW o)

[0297]
[0298]

where:

BW is the bandwidth

[0299] fc is the resonant or central frequency
[0300] With reference to FIG. 30, the BW is determined as
difference of the frequencies around the peak frequency at
which the spectral amplitude has decreased to half of its
value. The dotted vertical lines indicate the frequencies for
which the spectral amplitude has decreased by half on each
side of the highest peak frequency. In the example shown in
FIG. 30, the BW is given by

BW=2-1 3
[0301] where:

[0302] BW=11.8 Hz-7.4 Hz=4.4 Hz
Then, for this example Q becomes:

0=10 Hz/4.4 Hz

[0303] Q=23
[0304] Accordingly, in this particular application, the peak
of highest amplitude is selected and its quality factor is
computed as indicated using equations (2) and (3).

[0305] 4. Amplitude Range of Signal in Time Domain
(AmpRng)
[0306] The AmpRng is based on the time-series and is

defined as the maximum signal amplitude minus the mini-
mum signal amplitude in the ROIL

[0307] 5. Low Frequency Energy (LFE)

[0308] This feature is based on the frequency spectrum of
the signal in the ROI and is computed as the total energy
from 3 Hz to 5 Hz. This is the sum of all the frequency
spectrum amplitude values between 3 Hz and 5 Hz.

[0309] 6. Frequency of highest Peak (FHP)

[0310] The FHP is the same as fc defined in the quality
factor section. For the example in FIGS. 29 and 30 it is 10
Hz.

[0311] 7. Initial Slope in Frequency Spectrum of ROI (IS)
[0312] The initial slope of the frequency spectrum is
estimated by taking the difference of the first two consecu-
tive spectral amplitude values in the spectrum.

[0313] The final stage of the pattern characterization
approach consists of verifying the twenty rules depicted in
FIG. 31A and FIG. 31B. From FIG. 31A and FIG. 31B, it is
noted that this is a decision tree based on the thresholds
applied to the seven features described above. With refer-
ence to FIGS. 28, 31A and 31B, all rectangular boxes of
FIG. 31A and FIG. 31B correspond to an output decision for
a particular detector type of FIG. 28, e.g., a rhythmic
detection 2830 or spike detection 2840, except for the last
output, which is undetermined 2850.

[0314] With reference to FIGS. 25 and 28, if the pattern
characterization determines either a rhythmic detection 2830
or a spike detection 2840 fits the main pattern observed in
the selected ROI, the system proceeds to step 2530 of FIG.
25, where the values of the parameters associated with each
type of detector are determined. If, however, through the
whole decision tree of FIG. 31A and FIG. 31B, the features
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calculated from the selected ROI do not meet the criteria for
any of the different threshold-cases, then the system con-
cludes the pattern is undetermined 2850. In this case, the
system proceeds to step 2860 and applies a performance
characterization approach.

[0315] The performance characterization approach uti-
lizes a performance comparison for all possible detectors,
including a rhythmic detector, a spike detector and a non-
linear energy increase (NEI) detector. With reference to FIG.
32, the performance comparison is conducted in four steps.
At step 3210, using the selected ROI, the system determines
the parameter values for each of the three detectors (e.g.,
rhythmic, spike, NEI) using algorithms specific to each
detector type. These algorithms are described above with
reference to F1G. 8B and FIG. 8C.

[0316] At step 3220, the system simulates the detection in
the whole ECOG signal for each detector type using the
corresponding parameters determined in step 3210. The
whole ECOG signal corresponds to the entire signal from
which the selected ROI was selected in step 2510 of F1G. 25.
For example, with reference to FIG. 26, the whole ECOG
signal 2600 is processed using each detector type.

[0317] At step 3230, the system calculates metrics on
detection outputs of each of the rhythmic detector, spike
detector and NEI detector. A “detection output” refers to the
output of a detector or detection tool with regard to the
feature being detected. For example, a half-wave detector is
configured to detect half-waves. Accordingly, upon detec-
tion of a half-wave, the half-wave detector outputs a positive
detection.

[0318] Two metrics are calculated for each of the three
detector types based on their respective detection outputs.
The first metric (ROIdetect) corresponds to true positive
detections of the feature being detected for (i.e., the feature
was actually present in the ROI and the detector detected it).
The first metric is provided as a percentage of positive
detection outputs by the detector of the feature in the
selected RO, with respect to the total number of samples in
the selected ROI. This metric is determined as follows:

total number of samples in RO/ 4

where detection occurred

ROIdetect = - 100%

total number of samples in ROJ

[0319] wherein the value of the denominator, ie., total
number of ECOG samples in the ROI, is based on the size
of the ROI and the sampling rate of the processor, and the
value of the numerator, i.e. the total number of samples in
the RO, corresponds to the number of instances where the
algorithm truly detected an activity (e.g., a half-wave or line
length).

[0320] Regarding the denominator, as mentioned above,
the ROI is defined by the algorithm based on user input. For
example, a user may select the start point of a ROI and the
algorithm may add three seconds to that start point to define
a three second ROI. For an algorithm running on a processor
having a sampling rate of 250 samples per second, the three
second ROI will include a total of 750 samples. In this case,
the denominator is 750.

[0321] The second metric (BSRdetect) corresponds to
false positive detections of the feature being detected for
(i.e., the feature was not present in the BSR and the detector
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detected it). The second metric is provided as a percentage
of positive detection outputs by the detector of the feature in
the baseline region (BSR) of the signal from which the ROT
was selected, with respect to the total number of samples in
the BSR. This metric is determined as follows:

total number of samples in BSR )

where detection occurred

BSRdetect = -100%

total number of samples in BSR

[0322] wherein the value of the denominator, ie., total
number of ECOG samples in the BSR, is based on the size
of the BSR and the sampling rate of the processor, and the
value of the numerator, i.e. the total number of sample in the
BSR, corresponds to the number of instances where the
algorithm falsely detected an activity (e.g., a half-wave or
line length).

[0323] Regarding the denominator, as mentioned above,
the BSR is defined by the algorithm based on user input. For
example, a user may select the start point of a ROI and the
algorithm may define the BSR region as a region from the
beginning of the ECOG to an end point that is one second
prior to the start point of the ROIL. For an algorithm running
on a processor having a sampling rate of 250 samples per
second, the BSR will include a total number of samples
equal to the duration of the BSRx250 samples per second.
[0324] With reference to FIG. 26, the baseline region 2640
is defined as the signal preceding the ROL starting at the
beginning of the ECOG 2600 and ending 1 second prior to
the ROI start. In some cases, the BSR may not be available
if the ROI is selected at or close to the beginning of the
ECOG.

[0325] At step 3240, the system compares the two metrics
calculated in step 3230 across the three detector types and
chooses the highest quality or best detector type. Ideally, the
best detector has an associated ROldetect of 100% and an
associated BSRdetect of 0%. However, in practice a detector
may not obtain such metrics. Therefore, the quality of a
detector may be ascertained in view of both metrics. For
example, the closer the ROIdetect metric of detector is to
100%, the better that detector type is. Similarly, the closer
the BSRdetect metric of a detector is to 0%, the better that
detector type is.

[0326] With reference to FIG. 33, in one configuration, the
system selects the best detector type based on the following
procedure:

[0327] At step 3310, the system defines two vectors con-
taining the ROIdetect and BSRdetect metrics. A first vector
contains ROIdetect values for each of the three detector
types, while a second vector contains the BSRdetect values
for each of the three detector types. The values within each
vector are ordered such that the detector type with the
highest ROIdetect values is first, followed by the detector
type with the second highest ROIdetect value, followed by
the detector type with the third highest ROIdetect value:

N )
ROIdetect=[ROIdetect(1)ROIdetect(2)ROIdetect(3)]

BSRdetect=[BSRdetect(1)BSRdetect(2)BSRdetect(3)] (6)
[0328] where:
[0329] ROIdetect(1) and BSRdetect(1)=metrics from

detector type with highest ROIdetect;
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[0330] ROIdetect(2) and BSRdetect(2)=metrics from
detector type with second highest ROIdetect;
[0331] ROldetect(3) and BSRdetect(3)=metrics from
detector type with third highest ROIdetect;
[0332] Note detector types 1, 2, and 3 may correspond to
one of a “Rhythmic”, “Spike”, or “NEI” detector

[0333] The metrics are ranked such as:
ROIdetect(1)>ROIdetect(2)>ROldetect(3) @]
[0334] At step 3312, the system determines if a first

criterion is met, where Criterion 1 corresponds to detections
in the baseline region. A maximum acceptable threshold is
set for the BSRdetect metric where detection in the BS
region should not exceed 5%.

[0335] Criterion 1 is considered to be met if any compo-
nent of the baseline vector BSdetect (defined by expression
(6)) satisfies the following:

BSdetect(1)<5% ®)
where:
[0336] i=1, 2, or 3, corresponding to the three different

detector types

[0337] At step 3314, for those detector types 1, 2, and/or
3 that satisfy Criterion 1, the system selects the detector type
with highest ROIdetect as a temporarily chosen detector
ROldetectT. At step 3316, the temporarily chosen detector is
evaluated against a second criterion.

[0338] Criterion 2 is considered to be met if ROIdetectT
satisfies the following

ROIdetect7=ROldetect(1) 9

where:
[0339] ROlIdetect(1) is the highest ranked ROIdetect of
the three detector types, as defined above by expression
.
[0340] At step 3318, if Criterion 2 is satisfied, the ROIde-
tect(1) is selected as the final chosen detector type. At step
3320, if Criterion 2 is not satisfied then the system processes
ROldetect(2) or ROIdetect(3) against a third criterion. As
part of this process, the following equalities are determined:

ROIdetect(r#)-ROIdetect(r-1)<BSRdetect(#)-BSR-
detect(n—1),ROIdetect(:2)<5%, and

BSRdetect(#)-BSRdetect(r-1)<3.5%

[0341] where ROlIdetect(n)=ROIdetectT, which may be
either one of ROlIdetect(2) or ROlIdetect(3)

[0342] At step 3322, the system determines if the third
criterion is met. Criterion 3 is met if each of the above
equalities is satisfied. At step 3324, if Criterion 3 is met then
the system selects ROldetect(n-1) as the final chosen detec-
tor type. For example, if ROIdetect(n)=ROIdetect (2), and
each of the above equalities is met, then the final chosen
detector type is the detector corresponding to ROIdetect
(2-1), which is ROIdetect(1). Likewise, if ROIdetect(n)
=ROlIdetect (3), and each of the above equalities is met, then
the best detector type is the detector corresponding to
ROldetect (3-1), which is ROIdetect(2).
[0343] Ifany of the above equalities are not satisfied, then
Criterion 3 is considered unmet. In this case, at step 3318,
the system selects the detector corresponding to ROIdetectT
as the best detector type. For example, if ROldetect(n)
=ROlIdetect (2), and at least one of the above equalities is
unmet, then the best detector type is the detector correspond-
ing to ROIdetect (2) Likewise, if ROIdetect(n)=ROIdetect
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(3), and at least one of the above equalities is unmet, then the
best detector type is the detector corresponding to ROIdetect
3.

[0344] Returning to step 3312, if Criterion 1 is unmet, at
step 3326, the system selects as a temporary chosen detector,
the detector type corresponding to the lowest ranked BSR-
detect in the BSRdetect vector defined by expression (6). In
this case, the ROIldetect corresponding to the temporary
chosen detector is evaluated against a fourth criterion.

[0345] At step 3328, Criterion 4 is considered to be met if
the ROI of the temporary detector (i.e., ROIdetectT) satisfies
the following:

ROIdetect7<50%

[0346] If Criterion 4 is unmet, then at step 3330, the
system selects the temporary chosen detector as the best
detector type. If Criterion 4 is met, the system checks if a
second temporary chosen detector type corresponding to the
second lowest BSRdetect in the BSRdetect vector defined by
expression (6) is better than the temporarily chosen detector
corresponding to the lowest BSRdetect in the BSRdetect
vector. In this case, at step 3332, the system defines BSR-
detectT2 as the detector with second lowest BSRdetect in
the BSRdetect vector defined by expression (6), and ROIde-
tectT2 as the ROIdetect in the ROIdetect vector defined by
expression (6) for the same detector. The system evaluates
the second chosen temporary detector against a fifth crite-
rion. As part of this process the following equalities are
determined:

BSRdetect72-BSRdetect7<5%, and
ROIdetect72-ROIdetect >50%

[0347] At step 3334, Criterion 5 is considered to be met if
each of the above equalities is satisfied. If Criterion 5 is met,
then at step 3336, the system selects the detector type
corresponding to BSRdetectT?2 as the best detector type. If
Criterion 5 is unmet then, then at step 3338, the system
selects the detector type corresponding to BSRdetectT as the
best detector type.

[0348] Returning to FIG. 25, upon determining a detector
type, the system proceeds to step 2530, where detection
parameters are determined. These parameters may be deter-
mined in accordance with the procedures described above,
for example, with reference to FIGS. 8A-8C. As part of
determining detection parameters, the system may automati-
cally adjust some of the following parameters.

[0349] Rhythmic and Spike Detectors—Automatic
Parameter Adjustment
[0350] In one embodiment, for the rhythmic and spike

detectors, the half-wave minimum amplitude threshold may
undergo a final automatic adjustment based on detection
performance.

[0351]

[0352] Amp, is denoted as the current value proposed for
the half-wave amplitude threshold.

[0353] From the parameter space containing all possible
amplitude values, a subset of potential amplitudes is chosen
around Amp,,. A typical subset is determined by selecting the
twelve consecutive amplitudes lower than Amp,, Amp,, and
the twelve consecutive Amplitudes higher than Amp,, as
shown next:

Automatic Amplitude Parameter Adjustment



US 2018/0220963 A1l

Amplitudes Subset =

[Amp_pAmp_y) ... Amp_|AmpoAmp, ... Ampy Amp|y] =

[Amp()Amp(2) ... Amp(12)Amp(13)Amp(14) ... Amp(24)Amp(25)]

[0354] The parameter set may be limited such that each
amplitude parameter value has a single hysteresis value
associated with it. These hysteresis values are paired with
each amplitude value in a Hysteresis-Amplitude Subset
table:

Hyst(1)Amp(1)
Hyst(2)Amp(2)

Hysi(12) Amp(12)
Hyst(13)Amp(13)
Hyst{14)Amp(14)

Hysteresis- Amplitudes Subset =

Hyst(24)Amp(24)
Hyst(25)Amp(25)

[0355] Each row of the Hysteresis-Amplitudes Subset
table indicates a pair of values in the parameter space. A final
automatic adjustment based on detection performance is
conducted to fine tune the half-wave amplitude parameter.
The initial half-wave amplitude determined by the detection
tool (either rhythmic detector or spike detector) is subject to
this fine-tuning procedure. Summarizing, the steps of fine
tuning the half-wave amplitude value include:

[0356] 1) The detection output for the ECOG is deter-
mined using the initial detection parameters obtained with
the detection tool (either a rhythmic detector or a spike
detector).

[0357] 2) Step 1 is repeated by changing the half-wave
amplitude parameter in the initial detection parameter set.
When possible (meaning when available in the parameter
space), twelve different consecutive values below and
twelve different consecutive values above the initial half-
wave amplitude value (Amp,,) are chosen from the param-
eter space. The detection output for the ECOG is determined
using the different detection parameter sets formed by using
each of these half-wave amplitude values. Note that the only
parameter changed across these detection parameter sets is
the half-wave amplitude parameter and its corresponding
associated hysteresis value.

[0358] 3) For the detection outputs obtained in steps 1 and
2, two metrics corresponding to expression (4) in the ROI
region and expression (5) in the BSR are computed. With
reference to FIG. 26, the BSR 2640 is defined as the signal
preceding the RO, starting at the beginning of the ECOG
2600 and ending 3 seconds prior to the start of the ROI2610.
Note that for each detection parameter set, there is a unique
corresponding detection rate in the ROI defined by expres-
sion (4) and in the BSR defined by expression (5), respec-
tively. Expressions (4) and (5) are repeated below.

total number of samples in ROI 4
where detection occurred

ROIderect = +100%

total number of samples in ROI

32
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-continued
®)

total number of samples in BSR
where detection occurred

BSRdetect = -100%

total number of samples in BSR

[0359] 4) The automatic amplitude parameter adjustment
algorithm chooses a half-wave amplitude value based on a
Criterion 1, where Criterion 1 is [expression (5)]<5%, i.e.,
the detection rate in the BSR is no higher than 5%. Thus, 5%
is a maximum acceptable threshold for false positive detec-
tion in the BSR. The algorithm determines which half-wave
amplitude values satisfy Criterion 1, and then chooses the
minimum half-wave amplitude value from among those
half-wave amplitude values that satisfy Criterion 1. If Cri-
terion 1 is satisfied then the algorithm continues to step 5.
[0360] If none of the half-wave amplitude values satisfies
Criterion 1, then the algorithm chooses the half-wave ampli-
tude value having the smallest BSR detection rate, i.e., the
smallest value for expression (5). The algorithm then con-
tinues to step 5.

[0361] 5) For the half-wave amplitude value chosen in
step 4, the algorithm verifies the chosen half-wave ampli-
tude value against a Criterion 2, where Criterion 2 is
[expression (4)]=[expression (5)], i.e., the ROI detection rate
is equal to or greater than the BSR detection rate). If the
chosen amplitude value satisfies Criterion 2, the algorithm
proceeds to step 6 below.

[0362] IfCriterion 2 is not satisfied by the half-wave value
chosen in step 4, then the algorithm determines the mini-
mum half-wave amplitude value for which the detection rate
in the ROI is higher than the detection rate in the BSR. Then,
the algorithm does a search over the half-wave amplitude
values until either of the following two criteria is not
satisfied. At each iteration, the algorithm verifies that:
[0363] a. the increase in the detection rate in the BSR for
the half-wave amplitude value currently selected compared
to the half-wave amplitude value immediately smaller is
<5%. Note that as the half-wave amplitude value decreases
the detector becomes more sensitive; and that

[0364] b. the variation in detection rate in the BSR for the
consecutive half-wave amplitude values considered 1is
higher than the variation in the detection rate in the ROT for
the consecutive half-wave amplitude values considered. In
other words, the increase in the detection rate in ROI is less
than in the increase in the detection in the BSR.

[0365] When either of criteria (a) or (b) is not satisfied, the
higher of the two half-wave amplitude values used to
compute the detection rates in the ROI and the BSR is
chosen as the final half-wave amplitude value, and the
process ends.

[0366] 6) The algorithm does a search over the half-wave
amplitude values until either of the following two criteria is
not satisfied. At each iteration, the algorithm verifies that:
[0367] a. the decrease in the detection rate in the ROI for
the half-wave amplitude value currently selected compared
to the half-wave amplitude value immediately higher is
<5%. Note that as the half-wave amplitude value increases
the detector becomes less sensitive; and that

[0368] b. the variation in detection rate in the BSR for the
consecutive half-wave amplitude values considered is
higher than the variation in the detection rate in the ROI for
the consecutive half-wave amplitude values considered. In
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other words, the decrease in the detection rate in ROI is
lesser than the decrease in the detection in the BSR.
[0369] When either of criteria (a) or (b) is not satisfied, the
lesser of the two half-wave amplitude values used to com-
pute the detection rates in the ROI and the BSR is chosen as
the final half-wave amplitude value, and the process ends.
[0370] The main goal when selecting the half-wave mini-
mum amplitude threshold is to chose one that minimizes
detection in the baseline region while maximizing detection
in the ROIL. To accomplish this goal, a method based on
performance knowledge and heuristics is followed.

[0371] FIG. 34 shows an example of the values obtained
for ROIDetect (4) and BSRDetect (5) with each hysteresis-
amplitude in a hysteresis-amplitudes subset table. Note that
lower indices in the x-axis of FIG. 34 correspond to lower
half-wave amplitude threshold values in the subset of
parameters chosen. Thus, the maximum index, in this case
25, corresponds to the maximum amplitude value in the
subset of the parameter space. As expected, the percentage
of detection in either region (ROI or Baseline) decreases as
the half-wave amplitude threshold increases.

[0372] Generic  Non-specific ~ Detector—Automatic
Parameter Adjustment

[0373] Two key parameters in the NEI detector undergo
automatic parameter adjustment: the line length threshold
and the window length. Th, and W, are denoted as the initial
values proposed for the line length threshold and the win-
dow duration parameters, respectively.

[0374] Line Length Threshold Selection Criterion

[0375] From the parameter space containing all possible
line length threshold values, a subset of potential thresholds
is chosen around Th,. A typical subset is determined by
selecting the three consecutive thresholds higher than Th,
and the three consecutive thresholds lower than Thy, as
shown next:

Threshold Subset=[ThyTh>Th ThoTh_1Th_>Th_3] (10)

[0376] Using the other parameters already determined by
the NEI detection algorithm parameters (other than the
line-length threshold) as described above, a detection simu-
lation is conducted for each line length threshold value in the
subset of potential thresholds defined by expression (10).
For each detection-simulation the two metrics DetecROI(1)
and DetectBSR (i) defined in Egs. (4) and (5) are computed.
With reference to FIG. 26, the baseline region is defined as
the sample points in the ECOG preceding the ROI. There
could be a gap between these regions or the gap could be set
to zero (meaning no gap).

[0377] The main goal when adjusting the line length
threshold is to choose one that minimizes detection in
baseline while maximizing detection in the ROL To deter-
mine which threshold value from the subset of consecutive
thresholds yields the best performance, the ratio of Detec-
tROI to DetectBSR is computed for each threshold as
follows:

DetectROI(i) (1

ratio(i) =

D BSRD)+ —————
( etect @+ TotalBSRSamples

[0378] where 1 is a discrete value that varies from 1 to N,
where N is the total number of threshold values in the subset

(typically seven).
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[0379] The line length threshold that produces the highest
ratio is chosen as the new line length threshold. Note that the
addition of 1/TotalBSRSamples in the denominator of ratio
(i) is to prevent a division by zero in those cases when
DetectBSR=0%.

[0380] Automatic Window Length/Duration Parameter
Adjustment
[0381] From the parameter space of window durations for

the line length detection algorithm, a subset of values is
chosen with two window sizes: 1 second and 2 seconds.

Windows Subset=[W, ] (12)
where:
[0382] W,=1 second
[0383] W,=2 second
[0384] The procedure described above to determine the

adjusted line length threshold is repeated twice for each of
the two window durations in the subset W, and W,. Tadj,
and Tadj, are denoted the threshold values adjusted with
windows W, and W , respectively. Using W, and W along
with their respective adjusted thresholds Tadj, and Tadj,,
ratio(W,) and ratio(W,) are calculated using expression
(11). The window length that produces the higher ratio value
is chosen.

[0385] Generally, the adjusted threshold corresponding to
the chosen window is also chosen, however, there could be
a few instances where this is not the case. The line length
detection algorithm becomes more sensitive to detection for
smaller windows. Therefore, the following inequality should
hold:

Tadjo>Tadj, (13)

[0386] If the chosen window is W, and expression (13) is
not true, then the algorithm selects the higher of the adjusted
thresholds, which for this case is Tadj,.

[0387] Returning to FIG. 25, upon determining the detec-
tor type and setting and adjusting the parameters of the
determined detector type, the system proceeds to step 2540
where it assesses the performance of the first proposed
detector against a detection criterion to determine whether
the first proposed detector is adequate or if a second detector
is needed.

[0388] In one configuration, the first proposed detector
analyzes one or more regions of the signal within the ROI,,
(excluding the region corresponding to the designated ROL
used to select and program the first proposed detector). If at
step 2550, the first proposed detector satisfies a detection
criterion, the process proceeds to step 2560, where the first
proposed detector is used as the detector for the neurostimu-
lator. In one configuration, the criterion is defined in terms
of a percentage of accurate detection, and in one example is
at least 70%. Accordingly, if use of the first proposed
detector in the region of the ROI,, results in at least 70%
accurate detections, the first proposed detector is considered
accurate.

[0389] If at step 2550, the detection criterion is not met,
then the process proceeds to step 2570, where a proposed
second detector is established. The second detector is estab-
lished as follows: First the system analyzes the detection
output of the ROI,, to define a second ROl positioned
within the ROI,,. Next, using this second RO, a second
detector is determined automatically by the system as fol-
lows:

[0390] Using the first proposed detector already estab-
lished for the first designated ROI., a simulation is con-



US 2018/0220963 A1l

ducted and the detection output at each ECOG sample is
analyzed to determine non-detection segments within the
ROI,, (excluding the initial pre-fixed duration ROI.). A
non-detection segment is defined as the time interval where
consecutive detection outputs indicate no detection has
occurred. The second ROI is placed 1.2 seconds after the
start of the earliest non-detection segment whose duration is
greater than 5-seconds, or equivalently D, satisfies:

D,>d, (14)

[0391] where:
[0392] D,=nth non-detection segment duration
[0393] n=discrete integer 1, 2, 3, . . . sequentially
pointing to each non-detection segment found in ROI,,
(excluding initial ROI)

[0394] d,=5 seconds, or other chosen time length
[0395] If there are no non-detection segments satisfying
expression (14), then the second ROl is positioned at the
beginning of the earliest non-detection segment whose dura-
tion is greater than preFixedTime (which is typically 3
seconds)

D, >preFixedTime (15)

[0396] If there are non-detection segments satisfying
expression (15), then the second ROI is placed at the
beginning of the longest non-detect segment greater than
preFixedTime/2 (which is typically 1.5 seconds):

D, >preFixedTime/2 (16)

[0397] Lastly, if none of the non-detection segments sat-
isfy expression (16), then the second ROl is not created.
[0398] Upon selection of the second ROI, the process
returns to step 2520, where the system determines a detector
type based on analysis of the second ROL

[0399] From the foregoing, it can be appreciated that the
approach of choosing values for the parameters relevant to
a particular detection tool in pairs and/or in a logical
sequence encourages results that are more likely to be
closely matched to the nature and type of activity a user
decides to detect (e.g., by selecting region(s) of interest) than
would be systems and methods that rely on assigning values
to each relevant parameter randomly or one at a time in a
“brute force” approach.

[0400] It is anticipated that in some embodiments the
system and method for automatically deriving parameter
values for a detection tool would be accomplished primarily
using external components rather than an implantable com-
ponent with a limited power supply. In these embodiments,
multiple iterations of a method could be undertaken with
input from a user (e.g., to select the number of instances of
a detector, the types of detectors, and to adjust the sensitivity
of a detector (such as with a “pattern duration” or “signal
amplitude” slider as described above) without consuming
power from the implant). When the user is satisfied with the
simulation results, the user can save the set of parameter
values derived by the method, locally on an external com-
ponent and/or in a central database (in the case of the RNS
SYSTEM, the detection set may be saved on the physician-
user’s programmer and/or in the Patient Management Data-
base (“PDMS”) which is accessible over a secure web site).
[0401] In other embodiments, there may be opportunities
to implement the system and method for automatically
deriving a set of parameters for a detection tool in part using
an implantable component in communication with an exter-
nal component, such as a user interface with a display and
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user input capability. In still other embodiments, there may
be some capability for a system and method according to
embodiments for automatically adjusting values initially
established by a parameter-set-derivation method based on
feedback from the implanted device, a user or the patient.
For example, the user may identify a target detection rate
and the implanted device may adjust detection parameters
(e.g. increasing or decreasing the minimum half wave ampli-
tude parameter 192 to achieve the target detection rate). A
“System and Method for Automatically Adjusting Detection
Thresholds in a Feedback-Controlled Neurological Event
Detector” is described in U.S. Pat. No. 8,131,352 to Greene,
issued Mar. 6, 2012. U.S. Pat. No. 8,131,352 is hereby
incorporated by reference in the entirety.

[0402] Various example embodiments are thus described.
All statements herein reciting principles, aspects, and
embodiments as well as specific examples thereof, are
intended to encompass both structural and functional
equivalents thereof. Additionally, it is intended that such
equivalents include both currently known equivalents and
equivalents developed in the future, i.e., any elements devel-
oped that perform the same function, regardless of structure.
The scope, therefore, is not intended to be limited to the
embodiments shown and described herein but rather is
defined by the appended claims.

What is claimed is:

1. A method comprising;

obtaining an electrographic signal of a type capable of

being sensed by an active implantable device;
defining a fixed region of interest within the electro-
graphic signal,

processing the fixed region of interest to select a type of

detection tool from among a plurality of different types
of detection tools and to determine a plurality of
detector parameter values for the selected type of
detection tool to define an instance of the selected
detection tool;

running a simulation of the instance of the selected

detection tool on one or more regions of the electro-
graphic signal, to determine if a detection criterion is
met;

if'the detection criterion is met, implementing the instance

of the selected detection tool in an active implantable
medical device.

2. The method of claim 1, wherein defining a fixed region
of interest within the electrographic signal comprises:

presenting a representation of the electrographic signal on

a graphical user interface;

receiving through a user input, a selection of a portion of

the electrographic signal; and

automatically selecting a subportion of the selected por-

tion of the electrographic signal as the fixed region of
interest.

3. The method of claim 2, wherein the subportion com-
prises a prefixed duration of the selected portion of the
electrographic signal.

4. The method of claim 1, wherein the plurality of
different types of detection tools comprises a rhythmic
detection tool, a spike detection tool, and a nonlinear energy
increase detection tool.

5. The method of claim 1, wherein the one or more regions
of the electrographic signal on which a simulation of the
instance of the selected detection tool is run excludes the
fixed region of interest.
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6. The method of claim 1, wherein the plurality of detector
parameter values defines how the instance of the detection
tools operates.

7. The method of claim 1, wherein processing the fixed
region of interest to select a type of detection tool from
among a plurality of different types of detection tools
comprises:

computing at least two of the following metrics 1) a

minimum peak amplitude in a frequency spectrum of
the first region of interest, 2) a highest frequency with
a peak amplitude that is greater than or equal to the
minimum peak amplitude within the first region of
interest, 3) a quality factor derived from a frequency
spectrum of the first region of interest; 4) an amplitude
range in a time domain of the first region of interest, 5)
a low frequency energy corresponding to the total
energy in a frequency range of a frequency spectrum of
the first region of interest; 6) a frequency of a peak
amplitude in a frequency spectrum of the first region of
interest, and 7) an initial slope in a frequency spectrum
of the first region of interest; and

recognizing a pattern corresponding to one of a rhythmic

pattern, a spiked pattern or an undetermined pattern by
applying the at least two metrics to one or more of a
plurality of rules.

8. The method of claim 7, wherein each rule within a first
set of rules has a positive outcome resulting in a recognized
pattern corresponding to one of a rhythmic pattern, a spiked
pattern or an undetermined pattern and a negative outcome
resulting in an advancement to a next rule.

9. An apparatus comprising:

a memory; and

a processor coupled to the memory and configured to:

obtain an electrographic signal of a type capable of
being sensed by an active implantable device;

define a fixed region of interest within the electro-
graphic signal;

process the fixed region of interest to select a type of
detection tool from among a plurality of different
types of detection tools and to determine a plurality
of detector parameter values for the selected type of
detection tool to define an instance of the selected
detection tool;

run a simulation of the instance of the selected detec-
tion tool on one or more regions of the electrographic
signal, to determine if a detection criterion is met;

implement the instance of the selected detection tool in
an active implantable medical device if the detection
criterion is met.

10. The apparatus of claim 9, wherein the process defines
a fixed region of interest within the electrographic signal by
being further configured to:
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present a representation of the electrographic signal on a
graphical user interface;

receive through a user input, a selection of a portion of the
electrographic signal; and

automatically select a subportion of the selected portion
of the electrographic signal as the fixed region of
interest.

11. The apparatus of claim 10, wherein the subportion
comprises a prefixed duration of the selected portion of the
electrographic signal.

12. The apparatus of claim 9, wherein the plurality of
different types of detection tools comprises a rhythmic
detection tool, a spike detection tool, and a nonlinear energy
increase detection tool.

13. The apparatus of claim 9, wherein the one or more
regions of the electrographic signal on which a simulation of
the instance of the selected detection tool is run excludes the
fixed region of interest.

14. The apparatus of claim 9, wherein the plurality of
detector parameter values defines how the instance of the
detection tools operates.

15. The apparatus of claim 9, wherein the processor
processes the fixed region of interest to select a type of
detection tool from among a plurality of different types of
detection tools by being further configured to:

compute at least two of the following metrics 1) a
minimum peak amplitude in a frequency spectrum of
the first region of interest, 2) a highest frequency with
a peak amplitude that is greater than or equal to the
minimum peak amplitude within the first region of
interest, 3) a quality factor derived from a frequency
spectrum of the first region of interest; 4) an amplitude
range in a time domain of the first region of interest, 5)
a low frequency energy corresponding to the total
energy in a frequency range of a frequency spectrum of
the first region of interest; 6) a frequency of a peak
amplitude in a frequency spectrum of the first region of
interest, and 7) an initial slope in a frequency spectrum
of the first region of interest; and

recognize a pattern corresponding to one of a rhythmic
pattern, a spiked pattern or an undetermined pattern by
applying the at least two metrics to one or more of a
plurality of rules.

16. The apparatus of claim 15, wherein each rule within
a first set of rules has a positive outcome resulting in a
recognized pattern corresponding to one of a rhythmic
pattern, a spiked pattern or an undetermined pattern and a
negative outcome resulting in an advancement to a next rule

I S T
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