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DETECTING, QUANTIFYING, AND/OR
CLASSIFYING SEIZURES USING
MULTIMODAL DATA

[0001] The present application is a Continuation-in-Part of
U.S. patent application Ser. No. 12/896,525, filed Oct. 1,
2010.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] This invention relates to medical device systems and
methods capable of detecting and, in some embodiments,
treating an occurring or impending seizure using multimodal
body data.

INCORPORATION BY REFERENCE

[0004] The following United States patents or patent appli-
cations are incorporated by reference:
[0005] U.S. patent application Ser. No. 12/756,065, filed
Apr. 7, 2010.
[0006] U.S. patent application Ser. No. 12/770,562, filed
Apr. 29, 2010.
[0007] U.S. patent application Ser. No. 12/884,051, filed
Sep. 16, 2010.
[0008] U.S. patent application Ser. No. 12/896,525, filed
Oct. 1, 2010.
[0009] U.S. patent application Ser. No. 13/040,996, filed
Mar. 4, 2011.
[0010] 2. Description of the Related Art
[0011] Of the approximately 60 million people worldwide
affected with epilepsy, roughly 23 million people suffer from
epilepsy resistant to multiple medications. In the USA alone,
the annual cost of epilepsy care is USD 12 billion (in 1995
dollars), most of which is attributable to subjects with phar-
maco-resistant seizures. Pharmaco-resistant seizures are
associated with an increase mortality and morbidity (e.g.,
compared to the general population and to epileptics whose
seizures are controlled by medications) and with markedly
degraded quality of life for patients. Seizures may impair
motor control, responsiveness to a wide class of stimuli, and
other cognitive functions. The sudden onset of a patient’s
impairment of motor control, responsiveness, and other cog-
nitive functions precludes the performance of necessary and
even simple daily life tasks such as driving a vehicle, cooking,
or operating machinery, as well as more complex tasks such
as acquiring knowledge and socializing.
[0012] Therapies using electrical currents or fields to pro-
vide a therapy to a patient (electrotherapy) are beneficial for
certain neurological disorders, such as epilepsy. Implantable
medical devices have been effectively used to deliver thera-
peutic electrical stimulation to various portions of the human
body (e.g., the vagus nerve) for treating epilepsy. As used
herein, “stimulation,” “neurostimulation,” “stimulation sig-
nal,” “therapeutic signal,” or “neurostimulation signal” refers
to the direct or indirect application of an electrical, mechani-
cal, magnetic, electro-magnetic, photonic, acoustic, cogni-
tive, and/or chemical signal to an organ or a neural structure
in the patient’s body. The signal is an exogenous signal that is
distinct from the endogenous electro-chemical activity inher-
ent to the patient’s body and also from that found in the
environment. In other words, the stimulation signal (whether
electrical, mechanical, magnetic, electro-magnetic, photonic,
acoustic, cognitive, and/or chemical in nature) applied to a
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cranial nerve or to other nervous tissue structure in the present
invention is a signal applied from a medical device, e.g., a
neurostimulator.

[0013] A “therapeutic signal” refers to a stimulation signal
delivered to a patient’s body with the intent of treating a
medical condition through a suppressing (e.g., blocking) or
modulating effect to neural tissue. The effect of a stimulation
signal on neuronal activity may be suppressing or modulat-
ing; however, for simplicity, the terms “stimulating”, sup-
pressing, and modulating, and variants thereof, are some-
times used interchangeably herein. In general, however, the
delivery of an exogenous signal itself refers to “stimulation”
of an organ or a neural structure, while the effects of that
signal, if any, on the electrical activity of the neural structure
are properly referred to as suppression or modulation.
[0014] Depending upon myriad factors such as the history
(recent and distant) of a patient’s brain activity (e.g., electro-
chemical, mental, emotional), stimulation parameters and
time of day, to name a few, the effects of stimulation upon the
neural tissue may be excitatory or inhibitory, facilitatory or
disfacilitatory and may suppress, enhance, or leave unaltered
neuronal activity. For example, the suppressing effect of a
stimulation signal on neural tissue would manifest as the
blockage of abnormal activity (e.g., epileptic seizures) see
Osorio et al., Ann Neurol 2005; Osorio & Frei IINS 2009)
The mechanisms thorough which this suppressing effect
takes place are described in the foregoing articles. Suppres-
sion of abnormal neural activity is generally a threshold or
suprathreshold process and the temporal scale over which it
occurs is usually in the order of tens or hundreds of millisec-
onds. Modulation of abnormal or undesirable neural activity
is typically a “sub-threshold” process in the spatio-temporal
domain that may summate and result under certain condi-
tions, in threshold or suprathreshold neural events. The tem-
poral scale of modulation is usually longer than that of sup-
pression, encompassing seconds to hours, even months. In
addition to inhibition or dysfacilitation, modification of neu-
ral activity (e.g., wave annihilation) may be exerted through
collision withidentical, similar or dissimilar waves, a concept
borrowed from wave mechanics, or through phase resetting
(Winfree).

[0015] In some cases, electrotherapy may be provided by
implanting an electrical device, e.g., an implantable medical
device (IMD), inside a patient’s body for stimulation of a
nervous tissue, such as a cranial nerve. Generally, electro-
therapy signals that suppress or modulate neural activity are
delivered by the IMD via one or more leads. When applicable,
the leads generally terminate at their distal ends in one or
more electrodes, and the electrodes, in turn, are coupled to a
target tissue in the patient’s body. For example, a number of
electrodes may be attached to various points of a nerve or
other tissue inside a human body for delivery of a neurostimu-
lation signal.

[0016] While contingent (also referred to as “closed-loop,”
“active,” or “feedback” stimulation; i.e., electrotherapy
applied in response to sensed information, such as heart rate)
stimulation schemes have been proposed, non-contingent,
programmed periodic stimulation is the prevailing modality.
For example, vagus nerve stimulation for the treatment of
epilepsy usually involves a series of grouped electrical pulses
defined by an “on-time” (such as 30 sec.) and an “off-time”
(such as 5 min.). This type of stimulation is also referred to as
“open-loop,” “passive,” or “non-feedback” stimulation. Each
sequence of pulses during an on-time may be referred to as a
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“pulse burst.” The burst is followed by the off-time period in
which no signals are applied to the nerve. During the on-time,
electrical pulses of a defined electrical current (e.g., 0.5-3.5
milliamps) and pulse width (e.g., 0.25-1.0 milliseconds) are
delivered at a defined frequency (e.g., 20-30 Hz) for a certain
duration (e.g., 10-60 seconds). The on-time and off-time
parameters together define a duty cycle, which is the ratio of
the on-time to the sum of the on-time and off-time, and which
describes the fraction of time that the electrical signal is
applied to the nerve.

[0017] In VNS, the on-time and off-time may be pro-
grammed to define an intermittent pattern in which a repeat-
ing series of electrical pulse bursts are generated and applied
to a cranial nerve such as the vagus nerve. The off-time is
provided to minimize adverse effects and conserve power. If
the off-time is set at zero, the electrical signal in conventional
VNS may provide continuous stimulation to the vagus nerve.
Alternatively, the off time may be as long as one day or more,
in which case the pulse bursts are provided only once per day
or at even longer intervals. Typically, however, the ratio of
“off-time” to “on-time” may range from about 0.5 to about
10.

[0018] In addition to the on-time and off-time, the other
parameters defining the electrical signal in VNS may be pro-
grammed over a range of values. The pulse width for the
pulses in a pulse burst of conventional VNS may be set to a
value not greater than about 1 msec, such as about 250-500
usec, and the number of pulses in a pulse burst is typically set
by programming a frequency in a range of about 20-300 Hz
(i.e., 20 pulses per second to 300 pulses per second). A non-
uniform frequency may also be used. Frequency may be
altered during a pulse burst by either a frequency sweep from
a low frequency to a high frequency, or vice versa. Alterna-
tively, the timing between adjacent individual signals within
a burst may be randomly changed such that two adjacent
signals may be generated at any frequency within a range of
frequencies.

[0019] Although neurostimulation has proven effective in
the treatment of a number of medical conditions, it would be
desirable to further enhance and optimize neurostimulation-
based therapy for this purpose. For example, it may be desir-
able to detect an occurring or impending seizure. Such detec-
tion may be useful in triggering a therapy, monitoring the
course of a patient’s disease, or the progress of his or her
treatment thereof. Alternatively or in addition, such detection
may be useful in issuing a warning of an impending or on-
going seizure. Such a warning may, for example, minimize
the risk of injury or death. Said warning may be perceived by
the patient, a physician, a caregiver, ora suitably programmed
computer and allow that person or computer program to take
action intended to reduce the likelihood, duration, or severity
of the seizure or impending seizure, or to facilitate further
medical treatment or intervention for the patient. In particu-
lar, detection of an occurring or impending seizure enables
the use of contingent neurostimulation. The state of the art
does not provide an efficient and effective means for perform-
ing such detection and/or warning. Conventional VNS stimu-
lation as described above does not detect occurring or
impending seizures.

[0020] Closed-loop neurostimulation therapies for treating
epilepsy have been proposed in which stimulation is triggered
based upon factors including EEG activity (see, e.g., U.S. Pat.
No. 5,995,868 and U.S. Pat. No. 7,280,867) as well as car-
diac-based activity (see., e.g., U.S. Pat. No. 6,961,618 and
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U.S. Pat. No. 5,928,272). EEG- or ECoG-based approaches
involving recording of neural electrical activity at any spatio-
temporal scale involve determination of one or more param-
eters from brain electrical activity that indicate a seizure.
Such approaches have met with limited success and have a
number of drawbacks, including highly invasive and techni-
cally demanding and costly surgery for implanted systems.
Approaches that do not invade the brain have marked limita-
tions due mainly to the extremely low/unreliable S/N, and
poor patient compliance with, e.g., the patient wearing elec-
trodes on the scalp for extended periods.

SUMMARY OF THE INVENTION

[0021] Inoneembodiment, the presentinvention provides a
method. In one embodiment, the method comprises receiving
at least one of signal relating to a first cardiac activity from a
patient and a signal relating to a first body movement from the
patient; deriving at least one patient index from said at least
one received signal; triggering at least one of a test of the
patient’s responsiveness, a test of the patient’s awareness, a
test of a second cardiac activity of the patient, a test of a
second body movement of the patient, a spectral analysis test
of a second cardiac activity of the patient, and a spectral
analysis test of the second body movement of the patient,
based on said at least one patient index; determining an occur-
rence of an epileptic event based at least in part on the one or
more triggered tests; and performing a further action in
response to the determination of the occurrence of the epilep-
tic event.

[0022] Inoneembodiment, the presentinvention provides a
method. In one embodiment, the method comprises receiving
atleast two body signals selected from the group consisting of
asignal relating to a first body movement, a signal relating to
a first cardiac activity, a responsiveness signal, an awareness
signal, a signal relating to a second cardiac activity, a signal
relating to a second body movement, a spectral analysis sig-
nal relating to the second cardiac activity, and a spectral
analysis signal relating to the second body movement; detet-
mining an occurrence of a generalized tonic-clonic epileptic
seizure, the determination being based upon the correlation of
at least two features, at least one feature being of each of the
at least two body signals, wherein: the feature of the first
cardiac activity signal is an increase in the patient’s heart rate
above an interictal reference value; the feature of the first
body movement signal is at least one of (1) an increase in axial
or limb muscle tone substantially above an interictal or exet-
cise value for the patient, (i1) a decrease in axial muscle tone
in anon-recumbent patient, below the value associated with a
first, non-recumbent position, (iii) fall followed by an
increase in body muscle tone, or (iv) a fall followed by gen-
eralized body movements; the feature of the responsiveness
signal is a decrease in the patient’s responsiveness below an
interictal reference value; the feature of the awareness signal
is a decrease in the patient’s awareness below an interictal
reference value; the feature of the second cardiac activity
signal is a correlation with an ictal cardiac activity reference
signal; the feature of the second body movement signal is a
correlation with an ictal body movement reference signal; the
feature of the spectral analysis signal of the second cardiac
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activity is a correlation with an ictal cardiac activity spectral
analysis reference signal; or the feature of the spectral analy-
sis signal of the second body movement is a correlation with
an ictal body movement spectral analysis reference signal;
and performing a further action in response to the determina-
tion of the occurrence of the epileptic event.

[0023] Inoneembodiment, the presentinvention provides a
method. In one embodiment, the method comprises receiving
atleast two body signals selected from the group consisting of
asignal relating to a first body movement, a signal relating to
a first cardiac activity, a responsiveness signal, an awareness
signal, a signal relating to a second cardiac activity, a signal
relating to a second body movement, a spectral analysis sig-
nal relating to the second cardiac activity, and spectral analy-
sis signal relating to the second body movement; and deter-
mining an occurrence of a partial epileptic seizure based upon
acorrelation of two features, at least one feature being of each
of the at least two body signals, wherein: the feature of the
first cardiac signal is a value outside an interictal reference
value range; the feature of the first body movement signal is a
body movement associated with a partial seizure; the feature
of the second cardiac activity signal is a correlation with an
ictal cardiac activity reference signal; the feature of the sec-
ond body movement signal is a correlation with an ictal body
movement reference signal; the feature of the spectral analy-
sis signal of the second cardiac activity is a correlation with an
ictal cardiac activity spectral analysis reference signal; or the
feature of the spectral analysis signal of the second body
movement is a correlation with an ictal body movement spec-
tral analysis reference signal; and performing a further action
in response to the determination of the occurrence of the
epileptic event.

[0024] In other embodiments, a computer readable pro-
gram storage device is provided that is encoded with instruc-
tions that, when executed by a computer, perform a method
described above.

[0025] In one embodiment, a medical device is provided
comprising an autonomic signal module, a kinetic signal
module, a detection module, and a processor adapted to per-
form a method as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Theinventionmay be understood by reference to the
following description taken in conjunction with the accom-
panying drawings, in which like reference numerals identify
like elements, and in which:

[0027] FIG. 1 provides stylized diagrams of medical
devices. FIG. 1A shows an external device in communication
with a sensor. FIG. 1B shows an implanted device providing
a therapeutic signal to a structure of the patient’s body, each
in accordance with one illustrative embodiment ofthe present
invention;

[0028] FIG.2 provides a block diagram of a medical device
system that includes a medical device and an external unit, in
accordance with one illustrative embodiment of the present
invention;

[0029] FIG. 3A provides a block diagram of a cardiac sig-
nal module of a medical device, in accordance with one
illustrative embodiment of the present invention;

[0030] FIG.3B provides a block diagram of a kinetic signal
module of a medical device, in accordance with one illustra-
tive embodiment of the present invention;
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[0031] FIG. 3C provides a block diagram of a detection
module of a medical device, in accordance with one illustra-
tive embodiment of the present invention;

[0032] FIG. 4 shows the time of appearance (relative to
clinical onset, dashed vertical line) and direction of devia-
tions from reference activity of a plurality of body signals for
four seizure types, specifically, absence seizures, tonic-clonic
seizures, and simple or complex partial seizures;

[0033] FIG. 5 shows time courses (relative to clinical onset,
dashed vertical line) of activity of a plurality of body signals
for tonic-clonic seizures;

[0034] FIG. 6 shows time courses (relative to clinical onset,
dashed vertical line) of activity of a plurality of body signals
for partial (simple or complex) seizures; FIG. 7 shows time
courses (relative to clinical onset, dashed vertical line) of
activity of a plurality of body signals for idiopathic absence
seizures;

[0035] FIG. 8 shows (A) an exemplary two-dimensional
plot of a trajectory of epileptic movements, (B) an exemplary
three-dimensional plot of epileptic movements, and (C) an
additional exemplary three-dimensional plot of epileptic
movements;

[0036] FIG. 9 shows three two-dimensional, temporally
cumulative plots of discrete movements during the clonic
phase of a primarily or secondarily generalized tonic-clonic
seizure;

[0037] FIG. 10 shows a flowchart of an implementation of
a method according to one embodiment of the present inven-
tion;

[0038] FIG. 11 shows a flowchart of an implementation of
a method according to one embodiment of the present inven-
tion; and

[0039] FIG. 12 shows a flowchart of an implementation of
a method according to one embodiment of the present inven-
tion.

[0040] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments thereof
have been shown by way of example in the drawings and are
herein described in detail. It should be understood, however,
that the description herein of specific embodiments is not
intended to limit the invention to the particular forms dis-
closed, but on the contrary, the intention is to cover all modi-
fications, equivalents, and alternatives falling within the spirit
and scope of the invention as defined by the appended claims.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0041] Illustrative embodiments of the invention are
described herein. In the interest of clarity, not all features of
an actual implementation are described in this specification.
In the development of any such actual embodiment, numer-
ous implementation-specific decisions must be made to
achieve the design-specific goals, which will vary from one
implementation to another. It will be appreciated that such a
development effort, while possibly complex and time-con-
suming, would nevertheless be a routine undertaking for per-
sons of ordinary skill in the art having the benefit of this
disclosure.

[0042] This document does not intend to distinguish
between components that differ in name but not function. In
the following discussion and in the claims, the terms “includ-
ing” and “includes” are used in an open-ended fashion, and
thus should be interpreted to mean “including, but not limited
to.” Also, the term “couple” or “couples” is intended to mean
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either a direct or an indirect electrical connection. “Direct
contact,” “direct attachment,” or providing a “direct cou-
pling” indicates that a surface of a first element contacts the
surface of a second element with no substantial attenuating
medium there between. The presence of small quantities of
substances, such as bodily fluids, that do not substantially
attenuate electrical connections does not vitiate direct con-
tact. The word “or” is used in the inclusive sense (i.e., “and/
or”) unless a specific use to the contrary is explicitly stated.

[0043] The term “electrode” or “electrodes” described
herein may refer to one or more stimulation electrodes (i.e.,
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risks (e.g., infection, bleeding, brain damage) associated with
these devices; and in addition, at this time, there are at most
about 300 neurosurgeons capable of implanting intracranial
electrodes, far too few to perform such implantation for the
roughly 900,000 pharmaco-resistant epileptics in the United
States.

[0045] The basis for our work in using multimodal signals
for detection of state changes in the brain is as generally
described in U.S. patent application Ser. No. 12/896,525,
filed Oct. 1, 2010. Various multimodal signals that may be
used in the invention are set forth in the following table:

TABLE 1

Multimodal Signals

Autonomic

Cardiac: EKG, PKG, Echocardiography, Apexcardiography (ApKG), Intra-cardiac
pressure, Cardiac blood flow, cardiac thermography; from which can be derived, e.g.,
heart rate (HR), change of HR, rate of change of HR, heart rhythm, changes in heart
rhythm, heart rate variability (HRV), change of HRYV, rate of change of HRV, HRV vs.
HR. Also, heart morphology {e.g., size) blood pressure (arterial and venous), heart
sounds,, heartbeat wave morphology, heartbeat complex morphology, and magnitude
and shape of thoracic wall deflection.

Vascular: Arterial Pressure, Arterial and venous blood wave pressure morphology;
Arterial and venous blood flow velocity and degree of turbulence, arterial and venous
blood flow sounds, arterial and venous temperature

Respiratory: Frequency, tidal volume, minute volume, respiratory wave morphology,

electrodes for delivering a therapeutic signal generated by an

respiratory sounds, end-tidal CO2, Intercostal EMG, Diaphragmatic EMG, chest wall
and abdominal wall motion, from which can be derived, e.g.,, respiration rate (RR),
change of RR, rate of change of RR, respiratory rhythm, morphology of breaths. Also,
arterial gas concentrations, including oxygen saruration, as well as blood pH can be
considered respiratory signals.

Dermal: Skin resistance, skin temperature, skin blood flow, sweat gland activity
Concentrations of catecholamines (and their metabolites) and acetylcholine or
acetylcholinesterase activity in blood, saliva and other body fluids concentrations and its
rate of change.

Neurologic

Cognitive/behavioral: Level of conscicusness, attention, reaction time, memory, visuo-
spatial, language, reasoning, judgment, mathematical calculations, auditory and/or
visual discrimination

Kinetic: Direction, speed/acceleration, trajectory (1D to 3D), pattern, and quality of
movements, force of contraction, body posture, body orientation/position, body part
orientation/position in reference to sach other and to imaginary axes, muscle tone,
agonist-to-antagonist muscle tone relation, from which can be derived, e.g., information
about gait, posture, accessory movements, falls

Vocalizations: Formed, unformed

EEG/ECoG, Evoked potentials, field potentials, single unit activity

Endocrine: Prolactin, luteinizing hormone, follicle stimulation hormone, growth
hormone, ACTH, cortisol, vasopressin, beta-endorphin, beta, lipotropin-, corticotropin-
releasing factor (CRF)

Stress Markers: CK, troponin, reactive oxygen and nitrogen species including but not
limited to iso- and neuro-prostanes and nitrite/nitrate ratio, gluthatione, gluthatione
disulfide and gluthatione peroxidase activity, citrulline, protein carbonyls, thiobarbituric
acid, the heat shock protein family, catecholamines, lactic acid, N-acetylaspartate, and
metabolites of any of the foregoing,

Metabolic: arterial pH and gases, lactate/pyruvate ratio, electrolytes, glucose

[0046]

Terms such as “epileptic event” and “reference

IMD to a tissue), sensing electrodes (i.e., electrodes for sens-
ing a physiological indication of a state of a patient’s body),
and/or electrodes that are capable of delivering a therapeutic
signal, as well as performing a sensing function.

[0044] Identification of changes in brain state are generally
described in U.S. patent application Ser. No. 12/896,525,
filed Oct. 1, 2010, incorporated herein by reference. As stated
therein, implanted sensors or electrodes beneath the scalp but
above the outer skull table or intra-cranial (epidural, subdural
or depth) have been used to overcome the limitations of scalp
recordings. However, the quality of data is limited; there are

value,” among others, have been defined in U.S. patent appli-
cation Ser. No. 12/896,525, filed Oct. 1, 2010. “Interictal”
refers to a period afier a post-ictal period and before a pre-
ictal period.

[0047] FIGS. 4-7 have been substantially fully described in
U.S. patent application Ser. No. 12/896,525, filed Oct. 1,
2010.

[0048] Various features of signals for various types of sei-
zures are also generally described in U.S. patent application
Ser. No. 12/896,525, filed Oct. 1, 2010.
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[0049] U.S. patent application Ser. No. 12/896,525, filed
Oct. 1,2010also discusses methods capable of distinguishing
epileptic generalized from non-epileptic generalized or “con-
vulsive” seizures whose kinetic activity, but not patho-physi-
ology, resembles that of epileptic seizures.

[0050] The selectivity (S1), sensitivity (Se) and specificity
(Sp) of various signal features are generally described in U.S.
patent application Ser. No. 12/896,525, filed Oct. 1, 2010.
U.S. patent application Ser. No. 12/896,525 also discusses
consideration of these and other signal features in determin-
ing optimal signal(s) for use in detection of epileptic events in
a particular patient, of a particular type, or the like.

[0051] A Positive Predictive Value (PPV) of a signal or
combination of signals is generally described in U.S. patent
application Ser. No. 12/896,525, filed Oct. 1, 2010. The pet-
son of ordinary skill in the art will also understand a Negative
Predictive Value (NPV) of a signal, defined as:

{number of True Negatives)/number of True Nega-
tives+number of False Negatives.

[0052] In one embodiment, the present invention relates to
amethod, comprising receiving at least one of a signal relat-
ing to a first cardiac activity from a patient and a signal
relating to a first body movement from the patient; deriving at
least one patient index from said at least one received signal,
triggering at least one of a test of the patient’s responsiveness,
a test of the patient’s awareness, a test of a second cardiac
activity of the patient, atest ofa second body movement of the
patient, a spectral analysis test of a second cardiac activity of
the patient, and a spectral analysis test of a second body
movement of the patient, based on said at least one patient
index; determining an occurrence of an epileptic event based
at least in part on the one or more triggered tests; and per-
forming a further action in response to the determination of
the occurrence of the epileptic event.

[0053] Cardiac activity signals, as well as techniques for
determining them, are generally described in U.S. patent
application Ser. No. 12/896,525, filed Oct. 1, 2010.

[0054] Body movement (a.k.a kinetic) signals, as well as
techniques for determining them, are generally described in
U.S. patent application Ser. No. 12/896,525, filed Oct. 1,
2010. It should be borne in mind that the terms “body move-
ment” and “kinetic,” as used herein, also encompass the
absence of specific body movements (motionless).

[0055] The term, and concept of, “responsiveness” as used
in reference to the embodiments described herein, has a motor
and a cognitive component which may be strongly correlated
or dissociated; further the motor component may be in the
form of a simple response (e.g., withdrawal of a limb from a
pain source) or complex (e.g. drawing a triangle in response
to a command). Consequently, responsiveness may be tested
using simple stimuli (e.g., acoustic in the form of a loud noise
or sensory in the form of a pinprick) or complex (e.g., com-
plex reaction time tests; questions probing knowledge, judg-
ment, abstraction, memory, etc.). In this invention, when
“responsiveness” is tested using complex stimuli, “aware-
ness” is being probed and therefore in that case these terms/
concepts are used interchangeably. The meaning of “respon-
siveness” is thus, context dependent: if the objective is to
determine if a patient generates simple motor responses or
movements, the term “responsiveness” may be used and if it
is to test the presence and quality of complex responses,
“awareness” may replace responsiveness.

[0056] As used herein, “spectral analysis” encompasses
spectral analyses using at least one of the known methods
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(e.g., Fourier-based, wavelet based; multifractal spectral, etc)
of cardiac activity or body movements. Spectral analysis
techniques are known to the person of ordinary skill in the art
and can be implemented by such a person having the benefit
of the present disclosure. Spectral analysis may be discrete or
continuous. Spectral analysis of a cardiac activity can com-
prise spectral analysis of heart rate or individual beats’ EKG
complexes, among others.

[0057] The patient index can be a value derived directly
from the signal relating to the first cardiac activity or the
signal relating to the first body movement. For example, one
or more heart rate values can be derived from a cardiac activ-
ity signal over one or more periods of time. For example, as
described in U.S. patent application Ser. No. 12/770,562,
filed Apr. 29, 2010, a foreground heart rate over a relatively
short time period (e.g., 5-30 sec) and a background heart rate
over a longer time period (e.g., 30-600 sec) can both be
derived from a cardiac activity signal. For another example,
an accelerometer or inclinometer mounted on a patient’s
body can give information about the patient’s (and/or parts of
his body) movements and body position, such as are
described in more detail in U.S. patent application Ser. No.
12/896,525, filed Oct. 1, 2010.

[0058] The patient index can also be a determination of an
epileptic event. For example, the cardiac activity and/or body
movement can be analyzed to determine an occurrence of an
epileptic event, a non-occurrence of an epileptic event, or a
probable occurrence of an epileptic event.

[0059] In one embodiment, triggering the test(s) can be
based on at least one of a patient’s cardiac activity and the
patient’s body movement upon a finding that the cardiac
activity and/or body movement are indicative of a possible
epileptic event. For example, if the cardiac activity and/or
body movement clearly indicate an epileptic event with high
confidence, triggering the test(s) need not be performed; but if
the cardiac activity and/or body movement are outside their
interictal reference value ranges buthave values that give only
low confidence of an epileptic event, triggering can be pet-
formed to provide additional information about the patient’s
condition to indicate whether he or she is suffering an epilep-
tic event or not.

[0060] Foranotherexample, the patient’s cardiac activity at
a first time may indicate an epileptic event, and the patient’s
body movement at a second time and in a particular region of
the body may indicate an epileptic event, but if the two times
differ, or the body movement is in a different region of the
body, or changes in their characteristics (e.g., rate, morphol-
ogy, pattern, etc.) are discordant with declaring the epileptic
event, consideration of cardiac activity and body movement
may lead to low confidence of an indication of an epileptic
event, and in response thereto, triggering of additional test(s)
and/or consideration of additional body signals may be desir-
able. In other words, there may be a low absolute value of
correlation (e.g., a correlation between about -0.4 and 0.4)
between the patient’s cardiac activity and the patient’s body
movement that would prevent highly confident determination
of an epileptic event. The triggered test(s) may provide
enough additional information to make a highly confident
determination of an epileptic event (or the non-occurrence of
an epileptic event).

[0061] Generally, two parameters can be considered highly
correlated if the coeflicient of correlation is greater than about
0.7, and lowly correlated if the coefficient of correlation is
less than about 0.4. Two parameters can be considered highly
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anticorrelated if the coefficient of correlation is less than
about —0.7, and lowly anticorrelated if the coefficient of cor-
relation is greater than about —=0.4. One example of param-
eters/situations that can be considered to be anticorrelated
includes an appearance of tachycardia with a disappearance
of body movement. Other examples that can be considered to
be anticorrelated are a strong body movement with either a
substantially unchanged heart rate or a decreased heart rate.
The example with the substantially unchanged heart rate can
be considered a low anticorrelation, and the example with the
decreased heart rate can be considered a high anticorrelation.
[0062] Another pair of examples to consider are the corre-
lations between body movement and first derivative of heart
rate in an epileptic event vs. in exercise. Generally, the first
derivative of heart rate is greater in an epileptic event than in
exercise, i.e., body movement and the first derivative of heart
rate can be considered more highly correlated in epileptic
events than in exercise.

[0063] The presence of either high or low correlation or
anti-correlations may be used in this invention to determine
the occurrence of an epileptic event and trigger an action(s) or
to determine that an epileptic event is not occurring or did not
occur. The first and second cardiac activity may be the same
(in other words, triggering can be of a second iteration of a test
that reported the first cardiac activity as a result of a first
iteration, giving a more current value of the cardiac activity),
or they may be different. In one embodiment, the first cardiac
activity is heart rate or heart rate variability, and the second
cardiac activity is heart beat morphology.

[0064] Similarly, the first and second body movement may
be the same, or they may be different.

[0065] A “test” is used herein to refer to any assay of the
patient’s cardiac activity, body movement, responsiveness,
awareness, or a spectral analysis thereof. The product of a test
can be considered a signal, and a signal can be considered as
resulting from a test. A test of the second cardiac activity may
use substantially the same data source, data processing, and/
or related techniques as are used in receiving the signal relat-
ing to the first cardiac activity. In another embodiment, the
techniques may differ. For example, the first cardiac activity
can be heart beat morphology determined by electrocardio-
graphy (EKG), and the second cardiac activity can be heart
beat morphology determined by phonocardiography (PKG).
[0066] Similarly, a test of the second body movement may,
but need not, use substantially the same data source, data
processing, and/or related techniques as are used in receiving
the signal relating to the first body movement.

[0067] The concept of first and second cardiac activity or
first and second body movement is also applicable to respon-
siveness and awareness. For example responsiveness activity
may be a reflex movement such as withdrawal from a source
of painful stimuli and a second responsiveness activity may
be a complex movement such as that required to draw a
triangle. Different tests of varying levels of complexity may
be administered to test responsiveness as defined in this
invention.

[0068] The particular triggered test(s) may be selected
based at least in part on the first cardiac activity, the first body
movement, or both.

[0069] Inoneembodiment, determining is based on at least
one of a finding the patient’s awareness differs from a refer-
ence responsiveness level, a finding the patient’s awareness
differs from a reference awareness level, a finding the
patient’s second cardiac activity includes a characteristic sug-
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gestive of an epileptic event, a finding the spectral analysis of
the patient’s second cardiac activity includes a characteristic
suggestive of an epileptic event, and a finding the spectral
analysis of the patient’s second body movement includes a
characteristic suggestive of an epileptic event.

[0070] FIG. 10 shows a flowchart depicting one embodi-
ment of a method according to the present invention. A car-
diac activity signal indicative of the patient’s cardiac activity
is received at block 1010 and/or a body movement signal
indicative of a body movement of the patient is received at
block 1020.

[0071] Thereafter, a determination is made in block 1030
whether cardiac activity and body movement are associated
with an epileptic event. If no, flow returns to the receiving
blocks 1010-1020. If yes, an epileptic event is declared at
block 1040. However, if no determination can be made, flow
moves to block 1050, where one or more of a responsiveness
test, an awareness test, a second cardiac activity test, a second
body movement test, a spectral analysis test of the second
cardiac activity, or a spectral analysis test of the second body
movement, are triggered.

[0072] Thereafter, a determination is made in block 1060
whether the patient’s responsiveness, awareness, second car-
diac activity, second body movement, and/or spectral analysis
of second cardiac activity or second body movement are
indicative of an epileptic event. If no, flow returns to the
receiving blocks 1010-1020. If yes, an epileptic event is
declared at block 1040.

[0073] Alternatively orin addition to declaring an epileptic
event, further actions can be performed. In one embodiment,
the method further comprises classifying the epileptic event
based upon at least one of the first cardiac activity, the first
body movement, the responsiveness, the awareness, the sec-
ond cardiac activity, the second body movement, the spectral
properties of the second cardiac activity, the spectral proper-
ties of the second body movement, and two or more thereof.
[0074] Classifications of epileptic events can be generally
based on the information shown in FIGS. 4-7 and the discus-
sion herein and in U.S. patent application Ser. No. 12/896,
525, filed Oct. 1, 2010. Classifications can also be based in
part on observations of stereotypical seizures of a particular
patient. Not all seizures that a clinician would recognize as
being of a particular type may exhibit all the properties dis-
cussed herein, and thus, not all may be amenable to classifi-
cation by the methods described herein, but a substantial
majority are expected to be amenable to classification by the
methods described herein.

[0075] In one embodiment, the epileptic event is classified
as a generalized tonic-clonic seizure when the following
occur in a patient in a first, non-recumbent position: the first
body movement comprises a fall from the first, non-recum-
bent position, wherein (i) the fall is associated with a loss of
responsiveness, a loss of awareness, or both; and (ii) the fall is
followed by generalized body movements.

[0076] Falls to the ground associated with a primarily or
secondarily generalized tonic-clonic, generalized tonic, gen-
eralized clonic-tonic-clonic seizure or generalized atonic sei-
zure are distinguishable from those caused by tripping or
slipping by the absence of protective/defensive actions (e.g,,
breaking the fall with the arms) and other features such which
body part(s) is(are) first on contact with the ground.

[0077] Primarily generalized seizures usually result in syn-
chronous bilateral movements ofequal amplitude, with main-
tenance of head and eyes on the midline. Secondarily gener-
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alized seizures usually manifest at onset with unilateral
movements of limbs, head, eyes, or trunk.

[0078] In one embodiment, the generalized body move-
ment comprises a rhythmic body movement. Alternatively or
additionally, the generalized body movements can comprise
flexion and extension of joints and/or can have a frequency of
about 3 Hz at some time during the epileptic event. In another
embodiment, the rhythmic movement is temporally associ-
ated with an epileptiform discharge.

[0079] Body movement can allow classification of an epi-
leptic event as to primarily generalized or secondarily gener-
alized. Specifically, the epileptic event can be classified as
primarily generalized if body movements are synchronous
and of equal amplitude on both sides of the body, and as
secondarily generalized if not.

[0080] In afurther embodiment, the epileptic event is clas-
sified as a generalized tonic-clonic seizure when recovery of
awareness follows recovery of responsiveness, provided at
least one of the key identifiers (e.g., loss of postural tone or
diffuse increase in muscle tone or rhythmical body move-
ments) have occurred.

[0081] Inone embodiment, the epileptic event is classified
as an atonic seizure when the following occur in a patient in a
first, non-recumbent position:

[0082] 1) a body movement comprises a fall from the first,
non-recumbent position, wherein the fall is associated with a
loss of responsiveness, a loss of awareness, or both; and
[0083] (ii) the patient shows a significant reduction in body
movements below a reference value after the fall, asignificant
reduction in muscle tone below a reference value after the fall,
or both.

[0084] Typically, the significant reductions in body move-
ments and/or muscle tone commonly seen in atonic seizures
are not caused by changes in heart or respiratory activity.
[0085] In one embodiment, the epileptic event is classified
as tonic when the following occur to a patient in a first,
non-recumbent position: an increase in muscle tone above a
reference value, a loss of responsiveness, and an absence of
generalized movements.

[0086] In afurther embodiment, the epileptic event is clas-
sified as tonic when recovery of awareness follows recovery
of responsiveness, provided it has been associated with loss of
responsiveness or awareness.

[0087] Inone embodiment, the epileptic event is classified
as a complex partial seizure based upon a finding the patient’s
cardiac activity is associated with impaired awareness and is
not associated with a fall or at some point in time with gen-
eralized rhythmical body movements; and the epileptic event
is classified as a simple partial seizure based upon a finding
the patient’s cardiac activity is not associated with impaired
awareness and is not associated with generalized rhythmical
body movements.

[0088] In one embodiment, the event is classified as syn-
cope, when at least one of the following occur: the body
movement comprises a fall from a non-recumbent position
and the fall is associated with aloss of responsiveness or a loss
of awareness, and recovery of responsiveness or recovery of
awareness occurs immediately after the fall, or when the body
movement comprises a fall from a recumbent position, there
1s marked decrease in heart rate or a brief transient cessation
of heart beats (asystole).

[0089] Epileptic events can be determined or classified in
view of the patient’s body position. For example, an epileptic
event when the patient is in a decubitus position (lying down)
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may be determined from an observation of transient loss of
muscle tone in antigravitatory nuscles (e.g., paraspinal;
quadriceps), followed by transient increase in muscle tone in
agonist and antagonist muscle groups (e.g., paraspinal and
abdominal recti; quadriceps and hamstrings), which in turn is
followed by generalized rhythmical muscle contractions
(typically with a frequency of 3 Hz and/or 10-12 Hz at some
time during the event).

[0090] For another example, an epileptic event when the
patient is in a seated position may be determined using both
electromyography (EMG) signals and accelerometer signals.
[0091] The one or more of the first cardiac activity, the
second cardiac activity, the first body movement, the second
body movement, the responsiveness, and the awareness can
be provided by any known technique. In one embodiment, at
least one of the first cardiac activity and the second cardiac
activity is sensed by at least one of an electrocardiogram
(EKG), phonocardiogram (PKG), apexcardiography, blood
pressure monitor, and echocardiography. The body move-
ment can be sensed by any known technique. In one embodi-
ment, at least one of the first body movement and the second
body movement is sensed by an accelerometer, an inclinom-
eter, an actigraph, an imaging system, a dynamometer, a
gyroscope, electromyography (EMG), or two or more
thereof.

[0092] In certain circumstances, the method can make a
false positive determination of an epileptic event, i.e., deter-
mine an epileptic event based on the signals and tests
described above when no epileptic event (as may be deter-
mined using direct/invasive recording of electrical activity
at/near the epileptogenic zone, observation by a skilled prac-
titioner, or other techniques known to the person of ordinary
skill in the art) occurred. In one embodiment, the method
further comprises receiving an indication that the determined
epileptic event was not an actual epileptic event. Such indi-
cations may include, but are not limited to, the first body
movement is a fall but the fall is not characteristic of an
epileptic fall; the generalized body movements are not rhyth-
mical and bilaterally synchronous; the generalized body
movement have a frequency substantially different from 3 Hz
or a variable frequency; the generalized body movements
change direction, pairs of agonist-antagonist muscles, and/or
movements in different directions occur simultaneously in
two or more joints; the change in cardiac activity, cardiac
activity morphology, cardiac spectral analysis, apexcat-
diography, or echocardiography is not characteristic of epi-
leptic seizures.

[0093] Similarly, in one embodiment, the method further
comprises receiving an indication of a false negative, i.e., an
indication an epileptic event occurred but no determination
thereof was made.

[0094] Theindication may be based at least in part on input
from the patient, a caregiver, or a medical professional, and/or
on quantification or characterization of one or more body
signals. The indication may be provided at the time of the
false determination or later.

[0095] A false determination (whether positive or negative)
may render it appropriate to modify the body signals or analy-
ses used in making future determinations. In one embodi-
ment, the method further comprises reducing a likelihood of
a future determination of a false positive epileptic event based
at least in part on one or more of the first cardiac activity, the
first body movement, the responsiveness, the awareness, the
second cardiac activity, the second body movement, the spec-
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tral analysis of the second cardiac activity, or the spectral
analysis of the second body movement, in response to the
indication. In another embodiment, the method further com-
prises reducing a likelihood of a future determination of a
false negative epileptic event based at least in part on one or
more of the first cardiac activity, the first body movement, the
responsiveness, the awareness, the second cardiac activity,
the second body movement, the spectral analysis of the sec-
ond cardiac activity, or the spectral analysis of the second
body movement, in response to the indication.

[0096] When an epileptic event is determined, the method
can further comprise one or more of logging the occurrence
and/or time of occurrence of the seizure; providing a warning,
alarm or alert to the patient, a caregiver or a health care
provider; providing a therapy to prevent, abort, and/or reduce
the severity of the seizure; assessing one or more patient
parameters such as awareness or responsiveness during the
seizure; assessing the severity of the seizure; identifying the
end of the seizure; and assessing the patient’s post-ictal
impairment or recovery from the seizure. “Recovery” is used
herein to encompass a time after seizure onset and/or seizure
end when the patient’s parameters are returning to baseline.
Other examples include, but are not limited to, logging one or
more of a time of onset of the epileptic event, a time of
termination of the epileptic event, a severity of the epileptic
event, an impact of the epileptic event, an interval between the
epileptic event and the most recent preceding epileptic event,
an epileptic event frequency over a time window, an epileptic
event burden over a time window, time spent in epileptic
events over a time window, or a type of epileptic event.

[0097] To reduce the rate of false positive detections or for
other reasons, in one embodiment, the method further com-
prises

recording one or more of the patient’s reference body move-
ment or movements, reference cardiac activity, reference
responsiveness level, reference awareness level, reference
cardiac activity, reference spectral analysis of the cardiac
activity, or reference spectral analysis of the body movement
during one or more interictal activities at one or more times
when the patient is not suffering an epileptic event, to yield
recorded data not associated with an epileptic event; defining
one or more interictal activity reference characteristics from
the recorded data; and overruling the determination of the
epileptic event based at least in part on finding the patient’s
first body movement, first cardiac activity, responsiveness
level, awareness level, second cardiac activity, second body
movement, spectral analysis of the second cardiac activity,
and spectral analysis of the second body movement matches
the one or more interictal event reference characteristics.

[0098] The interictal activities at one or more times when
the patient is not suffering an epileptic event can include
different activities (e.g., walking vs. running vs. swimming,
etc.), and can alternatively or in addition include the same
activity at different times of day, week, month, or year, or
under different external circumstances (e.g., walking at sea
level vs. walking at higher altitude, etc.).

[0099] The overruling of a determination of an epileptic
event may be made with some probability between zero and
one. The overruling may be made according to apermanent or
semipermanent rule or on a case-by-case basis. The refer-
ences may be stored in a library on a per-patient, per-seizure
type, or per-population basis.
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[0100] In one embodiment, the overruling may involve the
triggering of one or more additional test(s). Such further
triggering may allow more accurate determination of epilep-
tic events.

[0101] Recording one or more of the patient’s reference
body movement or movements, reference cardiac activity,
reference responsiveness level, reference awareness level,
reference cardiac activity, reference spectral analysis of the
cardiac activity, or reference spectral analysis of the body
movement during epileptic event may allow overruling of
false negative or false positive determinations.

[0102] The body movement during one or more interictal
activities can include at least one of a movement of a part of
the body (e.g., the eyes or eyelids), a movement of a limb
(e.g., anarm), a movement of a part of alimb (e.g., a wrist), a
direction of a movement, a velocity of a movement, a force of
a movement, an acceleration of a movement, a quality of a
movement, an aiming precision of a movement, or a purpose
or lack thereof of a movement.

[0103] The likelihood of a patient suffering an epileptic
event may change at different times and/or under different
conditions. In one embodiment, a plurality of interictal event
reference characteristics are defined which differ from one
another based on one or more of the time of day of the
recording, the time of week of the recording, the time of
month of the recording, the time of year of the recording, the
type of activity, changes in the patient’s body weight or body
mass index, changes in the patient’s medication, changes in
the patient’s physical fitness or body integrity, state of physi-
cal or mental health, mood level or changes in the patient’s
mobility. Alternatively or in addition, a plurality of interictal
event reference characteristics in a female patient can be
defined in reference to the menstrual cycle and/or to preg-
nancy. Alternatively or in addition, changes in the patient’s
environment may change the likelihood of the patient suffer-
ing an epileptic event.

[0104] In a further embodiment, the overruling is based at
least in part on one or more of the plurality of interictal event
reference characteristics.

[0105] Any characteristic of the one or more interictal
events may be considered. In one embodiment, the one or
more characteristics are patterns or templates.

[0106] Itmay be desirable in certain embodiments to adapt
at least one of a reference value on one or more of the body
movement, the cardiac activity, the responsiveness level, the
awareness level, the second cardiac activity, the second body
movement, and the spectral analysis of cardiac activity or
body movement, based upon one or more determinations that
the specificity of past detections was above or below a speci-
ficity measure, the sensitivity of past detections was above or
below a sensitivity measure, the speed of detection defined as
the time elapsed between the occurrence of the first body
signal change indicative of the onset of the seizure and the
issuance of the detection, the cost of the therapy was below or
above a cost measure, the patient’s tolerance of the therapy
was below an acceptable tolerance, the adverse effects were
above an acceptable level, or the patient’s disease state was
below or above a first disease state threshold. Positive predic-
tive value or negative predictive value may be used in addition
to or instead of specificity or sensitivity.

[0107] As should be apparent, a single “threshold” can be
mathematically defined in a number of ways that may be
above or below a particular value of a particular parameter.
For example, an elevated heart rate can be defined, with equal
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validity, as a heart rate above a threshold in units of beats/unit
time or an interbeat interval below a threshold in units of time.
More than one “threshold” may be used to optimize specific-
ity, sensitivity or speed of detection.

[0108] For example, the method can further comprise
determining one or more of a specificity of past detections, a
sensitivity of past detections, a speed of past detections, a cost
of a therapy for epileptic events, a patient’s tolerance of a
therapy for epileptic events, and a disease state of the patient;
and loosening at least one constraint on one or more of the
body movement, the cardiac activity, the responsiveness test,
the awareness test, the second cardiac activity test, the second
body movement test, and the spectral analysis of second
cardiac activity or second body movement based upon one or
more determinations that the specificity of past detections
was above a first specificity threshold, the sensitivity of past
detections was below a first sensitivity threshold, the speed of
detection was below a first speed of detection threshold, the
cost of the therapy was below a first cost threshold, the
patient’s tolerance of the therapy was below a first tolerance
threshold (i.e., the patient can tolerate more detections or
actions performed inresponse to detections), and the patient’s
disease state was below a first disease state threshold; or
tightening the at least one constraint based upon one or more
determinations that the specificity of past detections was
below a second specificity threshold, the sensitivity of past
detections was above a second sensitivity threshold, the speed
of detection was above an acceptable threshold for efficacy of
therapy and safety of the patient, the cost of the therapy was
above a second cost threshold, the patient’s tolerance of the
therapy was above a second tolerance threshold (i.e., the
patient cannot tolerate more detections or actions performed
in response to detections), and the patient’s disease state was
above a second disease state threshold.

[0109] In another embodiment, the invention can be used
for the detection of generalized tonic-clonic seizures. A “gen-
eralized tonic-clonic seizure” is used herein to refer to a
primarily or secondarily generalized seizure that features at
least one tonic, clonic, or both tonic and clonic phase. Myo-
clonic seizures are included in this definition. At onset or at
some point during the generalized tonic-clonic seizure, at
least a majority of the body muscles or joints are involved.
“Body muscle” is used herein to refer to those capable of
moving joints, as well as muscles of the eyes, face, orolaryn-
geal, pharyngeal, abdominal, and respiratory systems.
[0110] In one embodiment, the present invention relates to
a method, comprising:

[0111] receiving at least two body signals selected from the
group consisting of a signal relating to a first body movement,
a signal relating to a first cardiac activity, a responsiveness
signal, an awareness signal, a signal relating to a second
cardiac activity, a signal relating to a second body movement,
a spectral analysis signal relating to the second cardiac activ-
ity, and a spectral analysis signal relating to the second body
movement;

[0112] determining an occurrence of a generalized tonic-
clonic epileptic seizure, the determination being based upon
the correlation of at least two features, at least one feature
being of each of the at least two body signals, wherein:
[0113] the feature of the first cardiac activity signal is an
increase in the patient’s heart rate above an interictal refer-
ence value;

[0114] the feature of the first body movement signal is at
least one of (i) an increase in axial or limb muscle tone
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substantially above an interictal or exercise value for the
patient, (ii) a decrease in axial muscle tone in a non-recum-
bent patient, below the value associated with a first, non-
recumbent position, (iii) fall followed by an increase in body
muscle tone, or (iv) a fall followed by generalized body
movements;

[0115] the feature of the responsiveness signal is a decrease
in the patient’s responsiveness below an interictal reference
value;

[0116] the feature of the awareness signal is a decrease in
the patient’s awareness below an interictal reference value;
[0117] the feature of the second cardiac activity signal is a
correlation with an ictal cardiac activity reference signal,
[0118] the feature of the second body movement signal is a
correlation with an ictal body movement reference signal;
[0119] the feature of the spectral analysis signal of the
second cardiac activity is a correlation with an ictal cardiac
activity spectral analysis reference signal; or

[0120] the feature of the spectral analysis signal of the
second body movement is a correlation with an ictal body
movement spectral analysis reference signal,

[0121] and

[0122] performing a further action in response to the deter-
mination of the occurrence of the epileptic event.

[0123] FIG. 11 depicts one embodiment of this method.
FIG. 11 depicts a receiving step 1110, a determining step
1120, and a performing step 1130.

[0124] Inoneembodiment, the correlation has a high abso-
lute value and is either positive or negative. E.g. the correla-
tion may be positive, such as with a value greater than 0.7,
0.75, 0.8, 0.85, 0.9, or 0.95, or negative, such as with a value
less than 0.7, -0.75, -0.8, -0.85, -0.9, or -0.95.

[0125] The further action may comprise one or more of
logging the occurrence and/or time of occurrence of the sei-
zure; providing a warning, alarm or alert to the patient, a
caregiver or a health care provider; providing a therapy to
prevent, abort, and/or reduce the severity of the seizure;
assessing one or more patient parameters such as awareness
or responsiveness during the seizure; assessing the severity of
the seizure, identifying the end of the seizure; and assessing
the patient’s post-ictal impairment or recovery from the sei-
Zure.

[0126] The various signals can be provided by any appro-
priate technique and their features referred to above can like-
wise be measured as a routine matter for the person of ordi-
nary skill in the art having the benefit of the present
disclosure. For example, in one embodiment, the correlation
of the second cardiac activity signal with the ictal cardiac
activity reference signal comprises a match to an ictal cardiac
activity template;

the correlation of the second body movement signal with the
ictal body movement reference signal comprises a match to
an ictal body movement template;

the correlation of the spectral analysis signal of the second
cardiac activity with the ictal cardiac activity spectral analysis
reference signal comprises a match to anictal cardiac activity
spectral analysis pattern or template; or

the correlation of the spectral analysis signal of the second
body movement with the ictal body movement spectral analy-
sis reference signal comprises a match to an ictal body move-
ment spectral analysis pattern or template. Aspects of the
signals and their features may include, among others, a body
movement signal further comprising an indication of a fall
prior to the indication of the tonic or clonic activity.
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[0127] In one embodiment, a tonic-clonic seizure can be
further characterized as secondarily generalized if the first
body movement signal does not comprise synchronous move-
ment of all body muscles with equal amplitude or velocity
prior to an indication of tonic or clonic activity.

[0128] In one embodiment, the end of the generalized
tonic-clonic epileptic seizure can be indicated when at least
one of the body signals trends toward an interictal reference
value, range, or pattern of the body signal.

[0129] In one embodiment, the method further comprises
indicating the beginning of a post-ictal period based upon the
appearance of at least one post-ictal feature of at least one the
body signal, wherein:

[0130] the post-ictal feature of the first cardiac signal or the
second cardiac signal is a decrease in the patient’s heart rate
below an ictal reference value;

[0131] the post-ictal feature of the first body movement
signal or the second body movement signal is a decrease in the
patient’s muscle tone or movement below an ictal reference
value;

[0132] the post-ictal feature of the responsiveness signal is
an increase in the patient’s responsiveness above an ictal
value and below an inter-ictal reference value; or

[0133] the post-ictal feature of the awareness signal is an
increase in the patient’s awareness above an ictal value and
below an inter-ictal reference value.

[0134] The term “post-ictal,” is not necessarily limited to
the period of time immediately after the end of the primarily
or secondarily generalized tonic-clonic epileptic seizure and
is not limited to this type of seizure but also encompasses
partial seizures (e.g., all complex and certain simple partial
and absence seizures). Rather, it refers to the period of time
during which at least one signal has one or more features that
differs from the ictal and inter-ictal reference values that
indicates one or more of the patient’s body systems are not
functioning normally (e.g., as a result of the seizure or of an
injury suffered during the seizure) but are not exhibiting
features indicative of a seizure.

[0135] In oneembodiment, the end of the post-ictal period
canbe indicated when each of the post-ictal features is outside
the range of values associated with the ictal and post-ictal
states. In another embodiment, the end of the post-ictal period
can be indicated when at least one of the post-ictal features is
outside the range of values associated with the ictal and
post-ictal states. In this embodiment, the onset and termina-
tion of the post-ictal period may be partial when all features
have not returned to interictal reference values or complete
when all features have. This distinction (partial vs. complete)
has important therapeutic (the patient may require treatment
until all body signals have fully recovered to inter-ictal val-
ues), safety (the patient’s mortality and morbidity risks may
remain increased until all body signal have fully recovered to
inter-ictal values) and predictive implications (the probability
of occurrence of the next seizure and time to it (inter-seizure
interval) may depend on recovery of one more body signals to
their interictal value.

[0136] It should also be borne in mind that different fea-
tures are expected to return to their interictal reference values
at different times. For example, from kinetic and brain elec-
trical perspectives, a seizure can be defined as having ended
when abnormal movements and abnormal EEG cease. These
events typically take place before the patient’s heart rate
returns to baseline. Further, it may take a few minutes after
abnormal movements and abnormal EEG end for cognition
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and responsiveness to return to baseline; up to about 30 min
for awareness to return to baseline; and about 30-45 min for
blood lactic acid concentration to return to baseline. Tempo-
ral relationships between changes in signal features, and tran-
sitions from one state to another, are generally described in
U.S. patent application Ser. No. 12/896,525, filed Oct. 1,
2010. Transitions may have quantifiable differences in loca-
tion as well, e.g., the number of either brain sites or body
organs in which the transition has taken place may vary over
time (e.g., an ictal change first occurring on the right
mesiotemporal lobe, or a change in heart activity at or near
seizure onset followed by changes in metabolic indices.
[0137] In another embodiment, the present invention
relates to the detection of partial seizures. In one embodi-
ment, the present invention relates to a method, comprising:
[0138] receiving at least two body signals selected from the
group consisting of a signal relating to a first body movement,
a signal relating to a first cardiac activity, a responsiveness
signal, an awareness signal, a signal relating to a second
cardiac activity, a signal relating to a second body movement,
a spectral analysis signal relating to the second cardiac activ-
ity, and spectral analysis signal relating to the second body
movement; and

[0139] determining an occurrence of a partial epileptic sei-
zure based upon a correlation of two features, at least one
feature being of each of the at least two body signals, wherein:
[0140] the feature of the first cardiac signal is a value out-
side an interictal reference value range;

[0141] the feature of the first body movement signal is a
body movement associated with a partial seizure;

[0142] the feature of the second cardiac activity signal is a
correlation with an ictal cardiac activity reference signal,
[0143] the feature of the second body movement signal is a
correlation with an ictal body movement reference signal;
[0144] the feature of the spectral analysis signal of the
second cardiac activity is a correlation with an ictal cardiac
activity spectral analysis reference signal; or

[0145] the feature of the spectral analysis signal of the
second body movement is a correlation with an ictal body
movement spectral analysis reference signal; and

[0146] performing a further action in response to the deter-
mination of the occurrence of the epileptic event.

[0147] FIG. 12 depicts one embodiment of this method.
FIG. 12 depicts a receiving step 1210, a determining step
1220, and a performing step 1230.

[0148] The various signals can be provided by any appro-
priate technique and their features referred to above can like-
wise be measured as a routine matter for the person of ordi-
nary skill in the art having the benefit of the present
disclosure. For example, in one embodiment, the correlation
of the second cardiac activity signal with the ictal cardiac
activity reference signal comprises a match to an ictal cardiac
activity template;

[0149] the correlation of the second body movement signal
with the ictal body movement reference signal comprises a
match to an ictal body movement template;

[0150] the correlation of the spectral analysis signal of the
second cardiac activity with the ictal cardiac activity spectral
analysis reference signal comprises a match to an ictal cardiac
activity spectral analysis pattern or template: or

[0151] the correlation of the spectral analysis signal of the
second body movement with the ictal body movement spec-
tral analysis reference signal comprises a match to an ictal
body movement spectral analysis pattern or template.
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[0152] Matches to patterns and templates are described in
U.S. patent application Ser. No. 12/884,051, filed Sep. 16,
2010. A “match” should not be construed as requiring a
complete or perfect fit to a pattern or template.

[0153] In one embodiment, the further action comprises
one or more of logging the occurrence and/or time of occur-
rence of the seizure; providing a warning, alarm or alert to the
patient, a caregiver or a health care provider; providing a
therapy to prevent, abort, and/or reduce the severity of the
seizure; assessing one or more patient parameters such as
awareness or responsiveness during the seizure; assessing the
severity of the seizure, identifying the end of the seizure; and
assessing the patient’s post-ictal impairment or recovery
from the seizure.

[0154] Partial seizures generally result in body movements
that do not include falls.

[0155] The partial seizure can be classified as complex if at
least one of the features of the awareness signal is a decrease
in the patient’s awareness below its reference value, or as (ii)
simple if there is no decrease in the patient’s awareness below
its reference value, or if there is a decrease in the patient’s
responsiveness but awareness remains at an interictal value.
[0156] In one embodiment, the end of the partial epileptic
seizure can be indicated when at least one of the features of
the respective body signals is outside the range of values
associated with the ictal state for that body signal. In another
embodiment, the end of the partial epileptic seizure can be
indicated when each of the features of the respective body
signals trends toward an interictal reference value, range, or
pattern of the body signal.

[0157] In one embodiment, the method further comprises
indicating the beginning of a post-ictal period when at least
one of the body signals is outside the range of values associ-
ated with the ictal and inter-ictal states for that body signal,
wherein:

[0158] the post-ictal feature of the cardiac signal is a heart
rate outside the range of values associated with the ictal state;
[0159] the post-ictal feature of the body movement signal is
a change in the patient’s movement outside the ictal range of
values;

[0160] the post-ictal feature of the responsiveness signal is
an increase in the patient’s responsiveness above an ictal
reference value but remaining below an inter-ictal reference
value; and

[0161] the post-ictal feature of the awareness signal is an
increase in the patient’s awareness above an ictal reference
value but remaining below an inter-ictal reference value.
[0162] Inoneembodiment, the end of the post-ictal period
can be indicated when at least one of the post-ictal features is
absent from its respective body signal.

[0163] In one embodiment, such responsive action(s) may
be taken if the ictal or postictal state’s severity exceeds a
threshold, e.g., the 90th percentile values for a patient.
[0164] Various responsive actions, such as warning, log-
ging, and treating, among others, are generally described in
U.S. patent application Ser. No. 12/896,525, filed Oct. 1,
2010. A warning may be graded, e.g., a yellow light for a mild
seizure, a red light for a severe one. Treating can comprise
providing supporting treatment (e.g., fluids, oxygen).

[0165] Seizure severity indices may be calculated and
stored by appropriate techniques and apparatus. More infor-
mation on seizure severity indices is available in U.S. patent
application Ser. No. 13/040,996, filed Mar. 4, 2011.
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[0166] In one embodiment, the present invention relates to
a system, comprising:

[0167] at least one sensor configured to receive at least
one of a signal relating to a first cardiac activity from a
patient, a signal relating to a first body movement from
the patient, a responsiveness signal from the patient, an
awareness signal from the patient, a signal relating to a
second cardiac activity of the patient, and a signal relat-
ing to a second body movement of the patient;

[0168] a detection unit configured to receive the at least
one signal from the at least one sensor and determine an
occurrence of an epileptic event; and

[0169] an action unit configured to receive an indication
of the occurrence of the epileptic event from the detec-
tion unit and perform at least one of logging the occur-
rence and/or time of occurrence of the epileptic event;
providing a warning, alarm or alert to the patient, a
caregiver or a health care provider; providing a therapy
to prevent, abort, and/or reduce the severity of the epi-
leptic event; assessing one or more patient parameters
such as awareness or responsiveness during the epileptic
event; assessing the severity of the epileptic event, iden-
tifying the end of the epileptic event; and assessing the
patient’s post-ictal impairment or recovery from the epi-
leptic event.

[0170] The system can further comprise other units. For
example, the system can comprise a spectral analysis unit
configured to generate at least one spectral analysis signal
from the signal relating to the second cardiac activity and/or
the signal relating to the second body movement. In this
embodiment, it may be desirable for the detection unit to be
further configured to receive the at least one spectral analysis
signal from the spectral analysis unit.

[0171] Although not limited to the following, exemplary
systems capable of implementing embodiments ofthe present
invention are generally discussed below and in U.S. patent
application Ser. No. 12/896,525, filed Oct. 1, 2010.

[0172] FIG. 1A depicts a stylized system comprising an
external unit 1454 capable of receiving, storing, communi-
cating, and/or calculating information relating a patient’s epi-
leptic events. The system shown in FIG. 1A also includes at
least one sensor 212. The sensor 212 may be configured to
receive cardiac activity data, body movement data, respon-
siveness data, awareness data, or other data from the patient’s
body. A lead 211 is shown allowing communication between
the sensor 212 and the external unit 145a.

[0173] FIG. 1B depicts a stylized implantable medical sys-
tem (IMD) 100, similar to that shown in FIG. 1 of U.S. patent
application Ser. No. 12/896,525, filed Oct. 1, 2010, and dis-
cussed therein.

[0174] FIG. 2 is shown and generally described in U.S.
patent application Ser. No. 12/896,525, filed Oct. 1, 2010. As
is apparent to the person of ordinary skill in the art, the
neurological signal module 275 is capable of collecting neu-
rological data and providing the collected neurological data
to a detection module 285.

[0175] 1In other embodiments (not shown), other types of
signals may be collected and provided to the detection mod-
ule 285.

[0176] FIG. 3A and FIG. 3B are generally as shown and
described in U.S. patent application Ser. No. 12/896,525,
filed Oct. 1, 2010. The ocular signal unit 318 is generally
capable of providing at least one ocular signal (e.g., pupil
dilation, pupillary hippus, blinking, etc.).
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[0177] FIG. 3B herein also depicts an awareness determi-
nation unit 3020;.
[0178] Inaddition, a device can comprise other signal mod-
ules. For example, it may comprise a metabolic signal mod-
ule, which can comprise a blood parameter signal unit
capable of providing at least one blood parameter signal (e.g.,
blood glucose, blood pH, blood gas, etc). Alternatively or in
addition, the metabolic signal module can comprise a hor-
mone signal unit capable of providing at least one hormone
signal.
[0179] A detection module 285, as shown in FIG. 3C, is
generally described in U.S. patent application Ser. No.
12/896,525, filed Oct. 1, 2010.
[0180] The above methods may be performed by a com-
puter readable program storage device encoded with instruc-
tions that, when executed by a computer. perform the method
described herein.
[0181] All of the methods and apparatuses disclosed and
claimed herein may be made and executed without undue
experimentation in light of the present disclosure. While the
methods and apparatus of this invention have been described
in terms of particular embodiments, it will be apparent to
those skilled in the art that variations may be applied to the
methods and apparatus and in the steps, or in the sequence of
steps, of the method described herein without departing from
the concept, spirit, and scope of the invention, as defined by
the appended claims. It should be especially apparent that the
principles of the invention may be applied to selected cranial
nerves other than, or in addition to, the vagus nerve to achieve
particular results in treating patients having epilepsy, depres-
sion, or other medical conditions.
1.-23. (canceled)
24. A method, comprising:
receiving a respiratory signal indicative of the patient’s
respiration;
determining at least one respiratory feature from the res-
piratory signal;
receiving a kinetic signal indicative of the patient’s kinetic
activity;
determining at least one kinetic feature from the kinetic
signal,
detecting an epileptic seizure based on the at least one
respiratory feature and the at least one kinetic feature;
and
performing a further action in response to said detecting,
wherein said further action comprises one or more of:
logging the occurrence of the epileptic seizure;
logging the time of occurrence of the epileptic the sei-
7ure;
logging the date of occurrence of the epileptic seizure;
providing at least one of a warning, alarm or alert to the
patient, a caregiver or a health care provider;
providing a therapy to prevent, abort, reduce the severity,
or reduce the duration of the epileptic seizure;
assessing at least one of the awareness or responsiveness
of the patient during the epileptic seizure;
assessing the severity of the epileptic seizure;
determining the end of the epileptic seizure;
determining the beginning of a post-ictal period,
determining the end of a post-ictal period; and
assessing the patient’s post-ictal impairment or recovery
from the epileptic seizure.
25. The method of claim 24, wherein determining at least
one respiratory feature comprises determining at least one of
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a respiration rate, a rate of change of a respiration rate, a
respiration frequency, a respiratory rhythm, a tidal volume, a
minute volume, a respiratory wave morphology, a respiratory
sound, an end-tidal CO2 concentration, an intercostal EMG
value, a diaphragmatic EMG value, a chest wall motion value,
an abdominal wall motion value, a change in respiration rate,
arate of change in respiration rate, an apnea episode, a hypop-
nea episode, a hyperpnea episode, and an airflow velocity.

26. The method of claim 25, wherein detecting an epileptic
seizure based on the at least one respiratory feature comprises
detecting a change in at least one of the patient’s respiration
rate, frequency, rhythm, tidal volume, or minute volume to a
value outside an interictal reference value range.

27. The method of claim 26, wherein determining the end
of a post-ictal period is based on at least one of the patient’s
respiration rate, frequency, tidal volume or minute volume
returning to a value within an interictal reference value range.

28. The method of claim 24, wherein determining at least
one kinetic feature comprises determining at least one of a
direction of movement, a speed of movement, a frequency of
movement, an acceleration in one, two or three dimensions, a
trajectory of movement, a pattern of movement, a quality ofa
movement, a force of contraction of a muscle, a body posture,
abody orientation, a body position, a muscle tone an agonist-
to-antagonist muscle tone relation, a gait, and a fall.

29. The method of claim 24, wherein detecting an epileptic
seizure is based on the temporal relationship between the at
least one respiratory feature and the at least one kinetic fea-
ture.

30. The method of claim 24, wherein detecting an epileptic
seizure is based on changes in at least one of the respiratory
feature and the kinetic feature.

31. The method of claim 24, wherein determining at least
one respiratory feature comprises determining at least one of
a respiration rate, a respiratory rhythm, a tidal volume, a
minute volume, and a respiration pattern.

32. The method of claim 31, wherein detecting an epileptic
seizure is based on at least one of a respiratory rate, a respi-
ratory rhythm, a tidal volume, a minute volume, and a respi-
ration pattern outside of an interictal reference value range.

33. The method of claim 24, wherein detecting said epi-
leptic seizure is based on determining an apnea episode fol-
lowed by a hypopnea episode.

34. The method of claim 24, wherein determining the end
of the epileptic seizure comprises determining an increase in
at least one of the patient’s respiratory rate, tidal volume, and
minute volume.

35. The method of claim 24, wherein determining the end
of the epileptic seizure comprises determining that at least
one of the patient’s respiratory rate, respiratory rhythm, tidal
volume, minute volume, and respiratory pattern has returned
to an interictal reference value range.

36. The method of claim 24, further comprising determin-
ing the beginning ofa post-ictal period based at least in part on
determining, after detecting an epileptic seizure, a change in
at least one of the patient’s respiratory rate, respiratory
rhythm, frequency, tidal volume, and minute volume to a
value outside an ictal reference value range.

37. The method of claim 24, further comprising:

administering at least one of a responsiveness test and an
awareness test to the patient; and

determining a result for said at least one of a responsive-
ness test and an awareness test;
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wherein detecting an epileptic seizure is dependent on said
patient failing said at least one of a responsiveness test
and an awareness test.

38. The method of claim 24, further comprising:

administering at least one of a responsiveness test and an
awareness test to the patient;

determining a result for said at least one of a responsive-
ness test and an awareness test; and

at least one of classifying said epileptic seizure or identi-
fying a false positive detection based at least in part on
the result of said at least one of a responsiveness test and
an awareness test.

39. The method of claim 24, further comprising classifying

the seizure as at least one of:

an epileptic seizure;
a non-epileptic seizure;
a primarily generalized seizure;
a secondarily generalized seizure;
a complex partial seizure;
a simple partial seizure.
40. A method, comprising:
receiving a respiratory signal indicative of the patient’s
respiration;
determining at least one respiratory feature from the res-
piratory signal;
receiving a cardiac signal indicative of the patient’s cardiac
activity;
determining at least one cardiac feature from the cardiac
signal,
detecting an epileptic seizure based on the at least one
respiratory feature and the at least one cardiac feature;
and
performing a further action in response to said detecting,
wherein said further action comprises one or more of:
logging the occurrence of the epileptic seizure;
logging the time of occurrence of the epileptic the sei-
zure;
logging the date of occurrence of the epileptic seizure;
providing at least one of a warning, alarm or alert to the
patient, a caregiver or a health care provider;
providing a therapy to prevent, abort, reduce the severity,
or reduce the duration of the epileptic seizure;
assessing at least one of the awareness or responsiveness
of the patient during the epileptic seizure;
assessing the severity of the epileptic seizure;
determining the end of the epileptic seizure; and
assessing the patient’s post-ictal impairment or recovery
from the epileptic seizure.
41. A method, comprising:
receiving a respiratory signal indicative of the patient’s
respiration;
determining at least one respiratory feature from the res-
piratory signal;
receiving at least one of cardiac signal indicative of the
patient’s cardiac activity and a kinetic signal indicative
of a body movement of the patient;
determining at least one of a cardiac feature from the car-
diac signal and a kinetic feature from the kinetic signal;
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detecting an epileptic seizure based on the at least one
respiratory feature and at least one of said cardiac feature
and said kinetic feature; and

performing a further action in response to said detecting,

wherein said further action comprises one or more of:
logging the occurrence of the epileptic seizure;
logging the time of occurrence of the epileptic the sei-
zure;
logging the date of occurrence of the epileptic seizure;
providing at least one of a warning, alarm or alert to the
patient, a caregiver or a health care provider;
providing a therapy to prevent, abort, reduce the severity,
or reduce the duration of the epileptic seizure;
assessing at least one of the awareness or responsiveness
of the patient during the epileptic seizure;
assessing the severity of the epileptic seizure;
determining the end of the epileptic seizure; and
assessing the patient’s post-ictal impairment or recovery
from the epileptic seizure.

42. A system, comprising:

at least one respiratory sensor for sensing a respiratory

signal indicative of the patient’s respiration;

at least one kinetic sensor to sense a body movement signal

of the patient;

at least one feature determination unit for determining

at least one respiratory feature from the respiratory sig-
nal and

at least one kinetic feature from the body movement
signal;

at least one seizure detection unit configured to detect the

occurrence of an epileptic seizure based on the respira-
tory feature and the kinetic feature; and

an action unit configured to receive an indication of said

occurrence of said epileptic seizure from said detection

unit and perform at least one of

logging the occurrence of the epileptic seizure:;

logging the time of occurrence of the epileptic the sei-
zure;

logging the date of occurrence of the epileptic seizure;

providing at least one of a warning, alarm or alert to the
patient, a caregiver or a health care provider,

providing a therapy to prevent, abort, reduce the severity,
or reduce the duration of the epileptic seizure;

assessing at least one of the awareness or responsiveness
of the patient during the epileptic seizure;

assessing the severity of the epileptic seizure;

determining the end of the epileptic seizure; and

assessing the patient’s post-ictal impairment or recovery
from the epileptic seizure.

43. The system of claim 42, further comprising at least one
of a cardiac sensor for sensing a cardiac signal indicative of
the patient’s cardiac activity, an awareness determination unit
for determining the patient’s awareness, and a responsiveness
determination unit for determining the patient’s responsive-
ness.
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