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(57) ABSTRACT

A method of determining a responsiveness of a patient having
brain state changes, comprising receiving an indication of a

triggering event; administering to the patient, in response to
the indication, a test of responsiveness; determining, based
upon a result of the test, at least one responsiveness parameter
selected from the group consisting of (i) a time of occurrence
of a change in the patient’s responsiveness, (ii) a duration of
achange in the patient’s responsiveness; (iii) a magnitude of
a change in the patient’s responsiveness, (iv) a time interval
from the indication of event occurrence to a change in the
patient’s responsiveness, (v) a type of change in the patient’s
responsiveness, (vi) an estimation of a seizure severity; (vii) a
classification of a seizure into clinical or subclinical; (viii) a
classification ofa clinical seizure into simple partial, complex
partial, or generalized; (ix) an assessment of efficacy of a
therapy for the patient’s medical condition; (x) an assessment
of the state of the disease and formulation of a prognosis for
the patient; (xi) an estimation of a risk of injury or death for
the patient; and (xii) two or more thereof A medical device
system capable of implementing the method.
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RESPONSIVENESS TESTING OF A PATIENT
HAVING BRAIN STATE CHANGES

[0001] 1.FIELD OF THE INVENTION

[0002] This invention relates generally to medical device
systems and, more particularly, to medical device systems
capable of testing the responsiveness of a patient having brain
state changes. Testing of responsiveness of a patient may be
used to determine a time at which loss of function for the
patient occurs.

2. DESCRIPTION OF THE RELATED ART

[0003] 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 various medical con-
ditions, including epilepsy. As used herein, “stimulation,”
“neurostimulation,” “stimulation signal,” or “neurostimula-
tion signal” refers to the application of an electrical, mechani-
cal, magnetic, electro-magnetic, photonic, acoustic, physi-
ological, cognitive, and/or chemical signal to a neural
structure in the patient’s body. The signal is an exogenous
signal that is distinct from the endogenous electro-chemical
activity inherent to the patient’s body and the environment. In
other words, the stimulation signal (whether electrical,
mechanical, magpetic, electro-magnetic, photonic, acoustic
or chemical in nature) applied to a cranial nerve or to other
nervous tissue structure in the present invention is a signal
applied from a medical device, e.g., a neurostimulator.

[0004] 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 (blocking) or modu-
lating effect to neural tissue. The effect of a stimulation signal
on neuronal activity may be inhibitory (suppressing) or exci-
tatory (expressing); additionally, the effect may be immediate
(“all or none”) or the result of spatio-temporal summation of
stimuli (modulation or biasing), a process that lacks the
immediacy associated with “all or none” responses. However,
for simplicity, the terms “stimulation” and “modulation,” and
variants thereof, are used interchangeably herein. In general,
however, the delivery of an exogenous signal itself refers to
“stimulation” of the neural structure, while the effects of that
signal, if any, on the electrical activity of the neural structure
are properly referred to as “modulation,” which may manifest
as either inhibition (suppression) or excitation (expression).
Furthermore, depending upon myriad factors such as the his-
tory (recent and distant) of the nervous system, stimulation
parameters and time of day, to name a few, the effects of
stimulation (with the same parameters) upon the neural tissue
may be excitatory or inhibitory, facilitatory or disfacilitatory
and may suppress, enhance or leave unaltered, the neuronal
activity it intends to control. In spite of these vagaries, there is
evidence of a suppressing effect of a stimulation signal on
abnormal neural tissue activity, specifically of epileptic sei-
zures (see Osorio et al., Ann Neurol 2005; Osorio & Frei [INS
2009) Suppression of abnormal neural activity is a threshold
or suprathreshold process and the temporal scale over which
it occurs is usually in the order of a few milliseconds to
hundreds of milliseconds. Modulation of abnormal or unde-
sirable neural activity, unlike suppression is a “sub-thresh-
old” process in the spatio-temporal domain that may sum-
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mate and result under certain conditions, in threshold or
suprathreshold neural events. The temporal scale of modula-
tion is much longer than that associated with “all or none”
responses. Wave annihilation or reduction through collision
with identical, similar or dissimilar waves, or by “pushing”
them (the waves) into their “null space” or “black hole”
(Winfree; Osorio & Frei 2009) are techniques that rely on
stimulation but for which concepts of inhibition or excitation
as conventionally used in electrophysiology may not apply.
These forms of annihilation (via collision and phase reset-
ting) fall within the purview of wave mechanics and topology.
Those skilled in the art realize that there are multiple
approaches (and mechanisms) for controlling undesirable
oscillations via stimulation (see Osorio et al, Ann Neurol
2005; Kalitzin et al.; Sunderam et al)

[0005] In some embodiments, electrotherapy may be pro-
vided by implanting an electrical device, i.e., an implantable
medical device (IMD), inside a patient’s body stimulation of
a nervous tissue, such as a cranial nerve. Generally, electro-
therapy signals that perform neuromodulation are delivered
by the IMD via one or more leads or wirelessly. When appli-
cable, the leads generally terminate at their distal ends in one
or more electrodes, and the electrodes, in turn, are coupled to
tissue in the patient’s body. For example, a number of elec-
trodes may be attached to various points of a nerve or other
tissue inside a human body for delivery of a neurostimulation
signal.

[0006] 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, conventional vagus
nerve stimulation (VNS) is non-contingent, programmed
periodic stimulation. Specifically, conventional vagus nerve
stimulation 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.
Bach sequence of pulses during an on-time may be referred to
as a “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 millisec-
onds) 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 combination of the on-time and
off-time, and which describes the percentage of time that the
electrical signal is applied to the nerve.

[0007] Inconventional VNS, the on-time and off-time may
be programmed to define an intermittent pattern in which a
repeating 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.

[0008] In addition to the on-time and off-time, the other
parameters defining the electrical signal in conventional VNS
may be programmed over a range of values. The pulse width
for the pulses in a pulse burst of conventional VNS may be set
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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 20-150
Hz (i.e., 20 pulses per second to 150 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.

[0009] Of the approximately 60 million people worldwide
affected with epilepsy, roughly 23 million people suffer from
epilepsy resistant to multiple medications (Kwan et al. 2000).
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 pharmaco-resistant seizures (Begley et al.
2000). Pharmaco-resistant seizures are associated with an
increase in mortality and morbidity (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 cognitive 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.

[0010] The deleterious impacts of epilepsy on patients’
health and well-being are compounded by the inability to
gather, among others, accurate information about event fre-
quency and severity. Event diaries (generated by the patient
and/or caregivers) are utterly inadequate (Blum, 1996; Elger
2007) in that event counts/frequencies are grossly underesti-
mated and severity is not measurable due to: a) lack of useful,
representative metrics and b) the inability of even experts in
the field (epileptologists) to precisely and objectively quan-
tify them based on visual observation. Automated means for
quantification of event frequency and severity would allow
the stratification of patients by severity, estimation of risks
injury and death, formulation of prognosis, tracking the pro-
gression of the disorder, and objective assessment of thera-
peutic efficacy, without which advances are in this field are
unlikely to occur or are meager. However, to our knowledge,
no practical automated means for quantification of event fre-
quency and severity using signals different from brain elec-
trical signals are publicly available as ofthis writing, letalone
any suitable for rigorous and valid assessment of therapeutic
efficacy.

SUMMARY OF THE INVENTION

[0011] In one aspect of the present invention, a method for
determining responsiveness of a patient having brain state
changes is provided. The method comprises receiving an
indication of the occurrence of a triggering event; adminis-
tering to the patient, in response to the indication, a test of
responsiveness; and determining, based upon a result of the
test, at least one responsiveness parameter selected from the
group consisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in the
patient’s responsiveness; (iii) a magnitude of a change in the
patient’s responsiveness, (iv) a time interval from the indica-
tion of event occurrence to a change in the patient’s respon-
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siveness, (v) a type of change in the patient’s responsiveness,
(vi)an estimation of a seizure severity; (vii) a classification of
aseizure into clinical or subclinical; (viii) a classification of a
clinical seizure into simple partial, complex partial, or gen-
eralized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (x) an assessment of the state of
the disease and formulation of a prognosis for the patient; (xi)
an estimation of a risk of injury or death for the patient; and
(xii) two or more thereof.

[0012] In another aspect of the present invention, a com-
puter readable program storage unit encoded with instruc-
tions that, when executed by a computer. perform the method
discussed above.

[0013] Inanother aspect of the present invention, a medical
device system for determining a responsiveness of a patient
having brain state changes, comprising a receiving unit
adapted to receive an indication of a triggering event; a
responsiveness testing unit adapted to administer a test of
responsiveness to a patient in response to the indication; a
determination unit adapted to receive a result of the test of
responsiveness from the responsiveness testing unit and to
make at least one determination selected from the group
consisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in the
patient’s responsiveness; (iii) a magnitude of a change in the
patient’s responsiveness, (iv) a time interval from the indica-
tion of event occurrence 1o a change in the patient’s respon-
siveness, (v) a type of change in the patient’s responsiveness,
(vi)an estimation of a seizure severity; (vii) a classification of
aseizure into clinical or subclinical; (viii) a classification of a
clinical seizure into simple partial, complex partial, or gen-
eralized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (x) an assessment of the state of
the disease and formulation of a prognosis for the patient; (xi)
an estimation of a risk of injury or death for the patient; and
(xii) two or more thereof.

[0014] The impairment of motor function or of responsive-
ness that characterizes certain types of events, are associated
with high risk for serious injuries, even death, and of inap-
propriate behavior that further isolates the patient socially.
However, since in certain types of events these impairments
lag behind the onset of abnormal electrical brain activity, a
“natural” window exists during which intervention would
minimize these risks. Automated warning of impending
impairment of motor function or of responsiveness would
minimize risk of injury and social embarrassment, particu-
larly in the case of certain complex partial and secondarily
generalized events, as well as allow patients to safely perform
certain activities precluded by this disorder.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Theinvention maybeunderstood 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:

[0016] FIG. 1A provides a stylized diagram of an implant-
able medical device implanted into a patient’s body for pro-
viding a therapeutic electrical signal to a neural structure of
the patient’s body, in accordance with one illustrative
embodiment of the present invention;

[0017] FIG. 1B provides a stylized diagram of a medical
device system comprising an implantable medical device
implanted into a patient’s body for providing a therapeutic
electrical signal to a neural structure ofthe patient’s body, and
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an external device for administering a responsiveness test to a
patient, in accordance with another illustrative embodiment
of the present invention;

[0018] FIG. 2A is a block diagram of a medical device
system that includes a medical device, inaccordance with one
illustrative embodiment of the present invention;

[0019] FIG. 2B is a block diagram of a medical device
system that includes a medical device and a responsiveness
test unit, in accordance with one illustrative embodiment of
the present invention;

[0020] FIG. 3A is a block diagram of a medical device
system that includes a medical device, inaccordance with one
illustrative embodiment of the present invention;

[0021] FIG. 3B is a block diagram of a medical device
system that includes a medical device and a responsiveness
test unit, in accordance with one illustrative embodiment of
the present invention;

[0022] FIG. 4A is a block diagram of a medical device
system that includes a medical device, inaccordance with one
illustrative embodiment of the present invention;

[0023] FIG. 4B is a block diagram of a medical device
system that includes a medical device and a responsiveness
test unit, in accordance with one illustrative embodiment of
the present invention;

[0024] FIG. 5 illustrates a block diagram of a change in
autonomic or neurologic index detection unit of the medical
device system, in accordance with one illustrative embodi-
ment of the present invention;

[0025] FIG. 6A illustrates a flowchart depiction of deter-
mining a responsiveness of a patient, in accordance with one
illustrative embodiment of the present invention;

[0026] FIG. 6B illustrates a flowchart depiction of deter-
mining a responsiveness of a patient in combination with the
delivery and/or modification of therapy, in accordance with
one illustrative embodiment of the present invention;

[0027] FIG. 6C illustrates a flowchart depiction of deter-
mining a responsiveness of a patient in combination with an
override based on an autonomic or neurologic index value, in
accordance with one illustrative embodiment of the present
invention;

[0028] FIG. 6D depicts one particular embodiment of
administering a test of the patient’s responsiveness, in accor-
dance with one illustrative embodiment of the present inven-
tion; and

[0029] FIG. 6E depicts one particular embodiment of
administering a test of the patient’s responsiveness, in accor-
dance with one illustrative embodiment of the present inven-
tion.

[0030] 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.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0031] 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-
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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.

[0032] 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
t0.” Also, the term “couple” or “couples” is intended to mean
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.

[0033] The term “electrode” or “electrodes” described
herein may refer to one or more stimulation electrodes (i.e.,
electrodes for delivering an electrical signal generated by an
IMD to a tissue), sensing electrodes (i.e., electrodes for sens-
ing a physiological indication of a patient’s body), and/or
electrodes that are capable of delivering a stimulation signal,
as well as performing a sensing function.

[0034] Cranial nerve stimulation has been proposed to treat
anumber of medical conditions pertaining to or mediated by
one or more structures of the nervous system of the body,
including epilepsy and other movement disorders, depres-
sion, anxiety disorders and other neuropsychiatric disorders,
dementia, traumatic brain injury, coma, migraine headache,
obesity, eating disorders, sleep disorders, cardiovascular dis-
orders (such as congestive heart failure and atrial fibrillation),
hypertension, endocrine disorders (such as diabetes and
hypoglycemia), and pain (including neuropathic pain and
fibromyalgia), among others. See, e.g., U.S. Pat. Nos. 4,867,
164; 5,299,569, 5,269,303; 5,571,150, 5,215,086; 5,188,104
5,263.480; 6,587,719; 6,609,025; 5335,657; 6,622,041;
5,916.239; 5,707,400, 5,231,988; 5,330,515; 6,961,618;
7,457.665; and 7,630,757; among others. Despite the numer-
ous disorders for which cranial nerve stimulation has been
proposed or suggested as a treatment option, the mechanisms
of action of stimulation for many (if not all) cranial nerves
remain relatively poorly understood.

[0035] Thereisawide range of medical disorders for which
VNS may be prescribed. Among these, those manifesting
with events characterized by sudden loss of consciousness
(and inevitably of postural tone) or of responsiveness/aware-
ness (without loss of consciousness and of postural tone) are
particularly hazardous and disabling to those who suffer from
them. Loss of consciousness results invariably in falls to the
ground which may be associated with serious bodily and
brain injuries; loss of responsiveness (during which patients
remain awake but lack discernment) are often the cause of
serious vehicular and household accidents (such as fires,
burns). Sudden loss of consciousness may be cardiovascular/
autonomic or neurological in nature; loss of awareness is
almost always neurological in nature. Among the neurologi-
cal causes of loss of consciousness (with or without abnormal
motor activity) epileptic seizures rank second to cardiovas-
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cular/autonomic dysfunction; for loss of responsiveness, epi-
leptic seizures rank highest. Epileptic seizures are charactet-
ized by sudden, transient increases (above the normal level) in
neuronal membrane voltages, commonly associated with
changes in autonomic function. Seizures may affect all bodily
functions under autonomic control, most notably cardio-res-
piratory and also temperature (Sunderam & Osorio), pupil-
lary, skin resistance control, sphincter tone, peristalsis, etc.
By identifying which bodily functions are affected by an
epileptic seizure, changes in the signals or indices associated
with the affected function(s) may be used to detect seizures
automatically. Specifically seizures may be detected via: a)
brain electrical signals recorded from the scalp (electroen-
cephalogram; EEG) or directly from the brain (electrocor-
ticogram; ECoG); b) autonomic signals or indices such as
changes in heart and respiratory activity rate, pupillary size.
For example, increases in heart rates (tachychardia) and res-
piratory rates (tachypnea or hyperventilation) often occur in
patients with partial seizures while they are motionless. The
occurrence of autonomic changes during seizures is consis-
tent with the fact that autonomic functions are under the
control of the brain (central nervous system) (Brodal) which
is the site of epileptogenesis and ictiogenesis. Autonomic or
neurologic index or indices is/are used herein to refer to any
detectable state or change of state reflective of the function of
one or more aspects of the autonomic nervous system of the
patient.

[0036] Although not so limited, a system capable of imple-
menting embodiments of the present invention is described
below. FIG. 1A depicts a stylized implantable medical system
(IMD) 100 for implementing one or more embodiments of the
present invention. An electrical signal generator 110 is pro-
vided, having a main body 112 comprising a case or shell with
a header 116 for connecting to an insulated, electrically con-
ductive lead assembly 122. The generator 110 is implanted in
the patient’s chest in a pocket or cavity formed by the implant-
ing surgeon just below the skin (indicated by a dotted line
145), similar to the implantation procedure for a cardiac
pacemaker pulse generator.

[0037] A nerve electrode assembly 125, preferably com-
prising a plurality of electrodes having at least an electrode
pair, is conductively connected to the distal end of the lead
assembly 122, which preferably comprises a plurality of lead
wires (one wire for each electrode). Each electrode in the
electrode assembly 125 may operate independently or alter-
natively, may operate in conjunction with the other elec-
trodes. In one embodiment, the electrode assembly 125 com-
prises at least a cathode and an anode. In another
embodiment, the electrode assembly comprises one or more
unipolar electrodes.

[0038] Lead assembly 122 is attached at its proximal end to
connectors on the header 116 of generator 110. The electrode
assembly 125 may be surgically coupled to the vagus nerve
127 in the patient’s neck or at another location, e.g., near the
patient’s diaphragm or at the esophagus/stomach junction.
Other (or additional) cranial nerves such as the trigeminal
and/or glossopharyngeal nerves may also be used to deliver
the electrical signal in particular alternative embodiments. In
one embodiment, the electrode assembly 125 comprises a
bipolar stimulating electrode pair 126, 128 (i.e., a cathode and
an anode). Suitable electrode assemblies are available from
Cyberonics, Inc., Houston, Tex., USA as the Model 302 elec-
trode assembly. However, persons of skill in the art will
appreciate that many electrode designs could be used in the
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present invention. In one embodiment, the two electrodes are
wrapped about the vagus nerve, and the electrode assembly
125 may be secured to the vagus nerve 127 by a spiral anchor-
ing tether 130 such as that disclosed in U.S. Pat. No. 4,979,
511issued Dec. 25,1990 to Reese S. Terry, Jr. and assigned to
the same assignee as the instant application. Lead assembly
122 may be secured, while retaining the ability to flex with
movement of the chest and neck, by a suture connection to
nearby tissue (not shown).

[0039] In some embodiments, the electrode assembly 125
may comprise temperature sensing elements and/or heart beat
sensor elements for detection of electrical, mechanical or
acoustic activity. Other sensors for other autonomic indices
may also be employed. Both closed-loop and open-loop
stimulation may be combined or delivered by a single IMD
according to the present invention. Either or both modes may
be appropriate to treat a specific patient under observation.
[0040] The electrical pulse generator 110 may be pro-
grammed with an external device (ED) such as computer 150
using programming software known in the art. A program-
ming wand 155 may be coupled to the computer 150 as part of
the ED to facilitate wireless radio frequency (RF) communi-
cation between the computer 150 and the implanted pulse
generator 110. The programming wand 155 and computer
150 permit non-invasive communication with the generator
110 after the latter is implanted. In systems where the com-
puter 150 uses one or more channels in the Medical Implant
Communications Service (MICS) bandwidths, the program-
ming wand 155 may be omitted to permit more convenient
communication directly between the computer 150 and the
pulse generator 110.

[0041] Turning now to FIG. 1B, the depicted embodiment
shows, in addition to the IMD 100, a responsiveness testing
input/output (1/0) unit 197 for implementing one or more
embodiments of the present invention. The responsiveness
testing I/O unit 197 contains an input device 199, an output
device 198, and a control and communication unit 196.
[0042] The output device 198 is configured to present an
output to the patient when it receives instructions and/or
commands to do so from the control and communication unit
196. By “output” is meant a visual, auditory, tactile, olfactory
or gustatory stimulus or signal perceptible by one or more of
the senses of a patient. Exemplary output devices 198 include,
but are not limited to, visual devices, such as LCD, LED, or
other displays, which may output a light, graphics, text, ani-
mation, or video, among others, or two or more thereof; audio
devices, such as speakers, which may output sound, synthe-
sized speech, recorded speech, or live speech, among others,
or two or more thereof; and tactile devices, which may output
Braille text, vibration, heat, or cold, among others, or two or
more thereof The output device 198 may also comprise two or
more of the devices described above, among others; for
example, the output device 198 may comprise a visual device
and an audio device, for example, an LCD screen and a
speaker, among others. In various embodiments, the output
device 198 may be housed in the medical device 200 or an
external unit 270.

[0043] The input device 199 is configured to receive an
input from the patient when it receives instructions to do so
from the control and communication unit 196. By “input” is
meant any state or change in state of the device effected by
one or more actions of the patient. Exemplary input devices
199 include, but are not limited to, touchscreens, buttons,
switches, microphones, and cameras, among others, or two or
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more thereof In various embodiments, the input device 199
may be housed in the medical device 200 or an external unit
270.

[0044] The control and communication unit 196, as men-
tioned, provides instructions to the output device 198 to
present an output and to the input device 199 to receive an
input. It also provides instructions for the functions of a
triggering event indication receiving unit (265, FIG. 2B), a
responsiveness testing unit (285, FIG. 2B), a responsiveness
determination unit (287, FIG. 2B), and a responsiveness
parameter unit (288, FIG. 2B), which functions each involve
the receipt of, transmission of, and internal handling of, data,
as will be discussed in more detail with reference to FIG. 2B,
below.

[0045] The responsiveness testing /O unit 197 is shown as
a single discrete unit in FIG. 1B, but other embodiments are
possible. The responsiveness testing I/0 unit 197 may be
external to the patient’s body, and in a further embodiment,
may be configured to be held in the hand. As should be
apparent, in other embodiments, the responsiveness testing
1/Ounit 197 may not be configured to be held in the hand, but
may instead be placed elsewhere on the patient’s body (e.g.,
on the wrist, among other locations), on a table, desk, night-
stand, floor, or on, in, or otherwise sited with reference to a
feature of the patient’s environment. The hardware, the soft-
ware, or both of the responsiveness testing I/O unit 197 may
be especially designed for responsiveness testing, but need
not be; for example, in one embodiment, the responsiveness
testing I/O unit 197 is embodied as software in a cellular
telephone, a smartphone (e.g., an Apple iPhone® or a smart-
phone sold by BlackBerry, Palm, Motorola, HTC, or the like),
a personal digital assistant (PDA), or another programmable
handheld electronic device (e.g., an Apple iPod®). In another
embodiment, the responsiveness testing I/O unit 197 is
embodied as software on a netbook, notebook, or desktop
computer, such as one running an operating system such as
Microsoft Windows, Apple Macintosh OS X, or Linux,
among others. In some embodiments, the patient may be
provided with a plurality of responsiveness testing 1/0O units
197, networked together in a system capable of receiving
inputs and providing outputs to any of the units 197 compris-
ing the network. For certain applications the responsiveness
testing [/O unit 197 may be implanted into the patient’s body.

[0046] Also, in various embodiments, portions of the
responsiveness testing /O unit 197 may be housed in separate
units. For example, the output device 198 may be amonitor or
a speaker of a computer, and the input device 199 may be a
touchscreen, button, switch, microphone, or camera embod-
ied in a handheld device. For another example, the output
device 198 may be a monitor or a speaker of a handheld
device, and the input device 199 may be a keyboard, mouse,
microphone, or camera of a computer. For still another
example, the output device 198 may be a monitor or a speaker
of a handheld device, and the input device 199 may be a
magnetic swipe sensor or a tap sensor of the IMD 100.

[0047] Also, although FIG. 1B shows the responsiveness
testing I/O unit 197 in proximity to the IMD 100, as should be
apparent, the responsiveness testing I/O unit 197 may be used
entirely separately from the IMD 100. For example, a patient
having brain state changes may use the responsiveness testing
1/O unit 197 without having the IMD 100 implanted within
his or her body. In such embodiments, the invention may lack
any implanted component. Thus, IMD 100 may be absent and
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the invention may comprise responsiveness testing I/O unit
197 alone or with an external medical device.

[0048] Turning now to FIG. 2A, a block diagram depiction
of the medical device (MD) 200 is provided, in accordance
with one illustrative embodiment of the present invention.
The MD 200 (such as implantable generator 110 from FIG. 1)
may comprise a controller 210 capable of controlling various
aspects of the operation of the MD 200. In some embodi-
ments, the controller 210 is capable of receiving data and
causing a therapy unit 220 to generate and deliver a therapy,
such as an electrical signal to target tissues of the patient’s
body for treating a medical condition using, for example,
electrodes 226, 228. Therapy unit 220 is optional, as indicated
by the dotted line. In some embodiments, therapy unit 220 is
absent. For example, the controller 210 may receive instruc-
tions from another device, or may cause the electrical signal
to be generated and delivered based on calculations and pro-
gramming internal to MD 200. The controller 210 is capable
of affecting substantially all functions of the MD 200. The
MD 200 may be an external device, or in an alternative
embodiment, an implantable medical device.

[0049] The controller 210 may comprise various compo-
nents, such as a processor 215, a memory 217, etc. The
processor 215 may comprise one or more microcontrollers,
microprocessors, etc., capable of performing various execu-
tions of software components. The memory 217 may com-
prise various memory portions where a number of types of
data (e.g., internal data, external data instructions, software
codes, status data, diagnostic data, etc.) may be stored. The
memory 217 may comprise one or more of random access
memory (RAM), dynamic random access memory (DRAM),
electrically erasable programmable read-only memory (EE-
PROM), flash memory, volatile memory, non-volatile
memory, etc.

[0050] Inoneembodiment, MD 200 may be an implantable
medical device, and coupling 201 may comprise a lead
assembly such as lead assembly 122 (FIG. 1). In another
embodiment, MD 200 may be external to the patient’s body,
and may be coupled to an implanted lead via a wireless or
inductive coupling, such as an RF inductive coupling. In a still
further embodiment, MD 200 may be external to the patient’s
body and electrodes 226, 228 may also be external to the
patient’s body. Whether MD 200 is an implantable or external
unit, a therapeutic electrical signal may be delivered to the
electrodes 226, 228 by the therapy unit 220 based upon
instructions from the controller 210. The therapy unit 220
may comprise various circuitry, such as electrical signal gen-
erators, impedance control circuitry to control the impedance
“seen” by the leads, and other circuitry that receives instruc-
tions relating to the delivery of the electrical signal to tissue.
Therapy unit 220 may be configured to deliver biphasic,
charge balanced pulses, multiphasic pulses, or monophasic
pulses. Therapy unit 220 may deliver constant current or
constant voltage. Further, therapy unit 220 may be configured
to deliver magnetic currents, or to operate as a drug adminis-
tration and/or thermal control unit.

[0051] In other embodiments, coupling 201 is operatively
coupled to an electrode, wherein the electrode is adapted to be
coupled to at least one of a portion of a brain structure of the
patient, a cranial nerve of a patient, an organ for special senses
of a patient, the spinal cord of a patient, a spinal cord root of
a patient, a sympathetic nerve structure of the patient, a
peripheral nerve of the patient, the skin of the patient, or a
muscle of the patient.
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[0052] In some embodiments, therapy unit 220 as well as
coupling 201 and electrodes 226, 228 may be omitted. In
other words, the responsiveness testing described herein can
be performed by MD 200 whether or not a therapy for the
patient’s medical is provided.

[0053] The MD 200 may also comprise a power supply
230. The power supply 230 may comprise a battery, voltage
regulators, capacitors, etc., to provide power for the operation
of the MD 200, including delivering the therapeutic electrical
signal. The power supply 230 comprises a power source that
in some embodiments may be rechargeable. In other embodi-
ments, a non-rechargeable power source may be used. The
power supply 230 provides power for the operation of the MD
200, including electronic operations and the electrical signal
generation and delivery functions. The power supply 230 may
comptise a lithium/thionyl chloride cell or a lithium/carbon
monofluoride (LiCFx) cell for implantable embodiments, and
more common watch batteries or 9 volt batteries for non-
implantable embodiments. Other battery types known in the
art of implantable medical devices may also be used. Where
MD 200 is external to the patient’s body, for example, power
supply 280 may comprise a photo-voltaic or solar cell.
[0054] The MD 200 may also comprise a communication
unit 260 capable of facilitating communications between the
MD 200 and various devices. In particular, the communica-
tion unit 260 is capable of providing transmission and recep-
tion of electronic signals to and from an external unit 270,
such as computer 150 and a wand 155 that can communicate
with the MD 200 remotely (FIG. 1). The communication unit
260 may include hardware, software, firmware, or any com-
bination thereof

[0055] It should be noted that any of the connections 201,
211, 277, 297, or that between external unit 270 and database
unit 250 may be wired or wireless, as a matter of routine skill
for the person of ordinary skill in the art having the benefit of
the present disclosure.

[0056] Also, the MD 200 may comprise a cost of testing
unit 261 capable of determining at least some of the costs
associated with responsiveness testing of the patient. For
example, the cost of testing unit 261 may calculate power
consumption by the various units associated with testing that
are described herein, consumption of computational
resources by the various units associated with testing, or the
like. This information may be useful to the clinician in order
to allow him or her to adjust the number, difficulty, or other
parameters of the responsiveness tests administered to the
patient.

[0057] The MD 200 may also comprise one or more sensor
(s) 212 coupled via sensor coupling 211 (which may com-
prise a lead or an inductive coupling) to the MD 200. The
sensor(s) 212 are capable of receiving signals related to a
body parameter, such as an autonomic or neurologic index,
and delivering the signals to the MD 200. In a particular
embodiment, the sensor(s) 212 deliver the signals to the con-
troller 210, where they may be processed by the processor
215 and/or stored in the memory 217, and/or routed to the
triggering event indication receiving unit 265, as discussed
below.

[0058] Exemplary sensor(s) 212 include electrocardio-
graphy (EKG) devices, accelerometers, inclinometers, pup-
illometers, face or body temperature monitors, skin resistance
monitors, and/or sound and pressure sensors, among others.
[0059] In one embodiment, the sensor(s) 212 may be the
same as stimulating electrode(s) 226, 228. In other embodi-
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ments, the sensor(s) 212 are separate structures that may be
placedin, on, or neara particular organ, tissue, nerve, or blood
vessel of the patient, or outside the patient’s body, such as on
the patient’s skin or in the patient’s environment.

[0060] In one embodiment, the MD 200 may comprise a
triggering event indication receiving unit 265 that is capable
of receiving signals related to a triggering event. The trigger-
ing event indication receiving unit 265 may be capable of
performing any necessary or suitable amplifying, filtering,
and performing analog-to-digital (A/D) conversions on the
received signals to determine whether a triggering event has
occurred. The triggering event indication receiving unit 265,
in one embodiment, may comprise software module(s) that
are capable of performing various interface functions, filter-
ing functions, etc., to determine whether a triggering event
has occurred. In another embodiment the triggering event
indication receiving unit 265 may comprise hardware cir-
cuitry that is capable of performing these functions. In yet
another embodiment, the triggering event indication receiv-
ing unit 265 may comprise hardware, firmware, software
and/or any combination thereof.

[0061] The triggering event indication receiving unit 265
may determine whether a triggering event occurred, wherein
the triggering event is selected from the group consisting of a)
an indication from a medical event detection algorithm that a
medical event is occurring or is imminent; b) a manual signal
to administer the responsiveness test to the patient; or c) a
command to administer a responsiveness test to the patient in
the absence of an indication from a medical event detection
algorithm that a medical event is occurring or imminent.

[0062] The triggering event for testing responsiveness may
include one or more of a) an indication from a medical event
detection algorithm, based upon one or more body parameters
of the patient, that a medical event relevant to the patient’s
condition is occurring or is imminent (e.g., detection of a
future, imminent, or on-going epileptic seizure or other medi-
cal event using heart or other autonomic indices or brain
activity of the patient, which may also be described as a
positive or affirmative output of a medical event detection
algorithm (POMEDA)), b) a manual signal from a patient,
caregiver or physician to administer the responsiveness test to
the patient, or ¢) a command to administer a responsiveness
test to the patient in the absence of an indication from a
medical event detection algorithm that a medical event is
occurring or imminent (e.g., a command to administer a
responsiveness test to the patient during a negative output of
amedical event detection algorithm (NOMEDA)). The com-
mand provided in the absence of a medical event detection
event may be based upon circadian or ultradian rhythms of the
patient, past medical event history of the patient (e.g. times of
day, week, or month when medical event probability
exceeded a specified value), expiration of a random or pseu-
dorandom timer or similar events. Elapse of a periodic, ran-
dom, or pseudorandom time period may be used to present a
responsiveness test to the patient in response to a NOMEDA
so as to: a) establish a representative baseline (e.g., non-
seizure) performance for comparison (statistical) with that
associated with medical events, including a post- medical
events period during which performance or responsiveness
may remain impaired for some time; b) avoid anxiety or
conditioning of the patient to expect a medical events when-
ever a test is administered, and ¢) to minimize biasing test
responses.



US 2011/0251468 Al

[0063] The end of a time period may be determined either
by comparing the current absolute time with a time previously
determined to indicate the end of the time period, or by
incrementing a counter of time units until a value previously
determined to indicate the end of the time period is reached.
For example, the time period may be programmed to have a
predefined or random duration with a specified range, e.g.,
from 15 minutes to 24 hours, or may be programmed as a
specific number of random timepoints within a 24 hour period
or weekly period. Tests in response to a NOMEDA can be
administered while the patient is awake to establish a repre-
sentative baseline performance, since response times and
other measures of cognitive performance vary as a function of
circadian rhythms. For statistical purposes, it may also be
desirable to administer tests at about the same time of day on
consecutive days; and/or at about the same time of a day as a
medical event that occurred on a previous day; among other
possibilities. To ensure statistical validity, in one embodiment
the logic associated with administering the test in response to
what is believed to be a NOMEDA may verify that the output
of any medical event detection algorithm is, in fact, negative
(i.e., that no medical event is occurring or imminent, as con-
trasted with the simple expiration of a timer) before the test is
applied and logged as having occurred in response to a
NOMEDA.

[0064] The previously determined time (for testing pur-
poses) may be set at any point prior to the end of the time
period, and may be programmed or reprogrammed by the
manufacturer or the practitioner. For example, the ratio of
“non-algorithm-triggered” (i.e., manual or NOMEDA) to
“algorithm-triggered” (i.e., POMEDA) events can be pro-
grammed, e.g., about equal POMEDA and NOMEDA test-
ing, 50% more (or less) NOMEDA testing than POMEDA, or
increased testing (both POMEDA and NOMEDA triggered)
as a function of when (e.g., time of day, time of week, etc.) the
patient historically has an increased probability of medically
relevant events.

[0065] For POMEDA-triggered testing, a change in an
autonomic or neurologic index may be determined by receiv-
ing a value related to an autonomic or neurologic index and
comparing it with a previously determined value. The auto-
nomic or neurologic index value may be determined by ana-
lyzing at least one set of signals received from the patient and
selected from the group consisting of cardiovascular signals,
breathing signals, pupillary signals, skin signals, blood pres-
sure, among others. Additionally or alternatively, neurologi-
cal signals, such as those generated by the brain or cranial
nerves or body kinetic signals (e.g., signals generated by
motion of the patient’s body as determined by an accelerom-
eter or inclinometer) may be used for detecting medically
relevant events, such as epileptic seizures.

[0066] For example, the autonomic or neurologic index
value(s) used to determine whether a medical event has
occurred may be the heart rate, a change in the heart rate, or
the rate of change in heart rate, and the triggering event may
be a heart rate above a first previously determined value, a
heart rate below a second previously determined value, or a
rate of change of heart rate above a third previously deter-
mined value, a heart rate variability above or below a fourth or
fifth previously determined value, among others. Other car-
diovascular indices values include, but are not limited to,
blood pressure, heart sounds, heart rhythm, heartbeat wave
morphology, heartbeat complex morphology, or the shape of
the deflection of the thoracic wall as the heart apex beats
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against it, among others. Such cardiovascular index values
canbe detected by electrocardiography, blood pressure moni-
tors, a microphone, or apexcardiography, among others.
[0067] For another example, the autonomic or neurologic
index value(s) used to determine whether a medical event has
occurred may be related to the respiration (breath) rate, and
the triggering event may be a respiration rate above a first
previously determined value, a respiration rate below a sec-
ond previously determined value, or a rate of change of res-
piration rate above a third previously determined value,
among others. Other respiratory index values include, but are
not limited to, respiration pattern, airflow velocity, respiration
amplitude (tidal volume), oxygen saturation, arterial gas con-
centrations, and blood pH, among others. Such respiratory
index values can be detected by techniques and apparatus
known to the person of ordinary skill in the art.

[0068] For still another example, the autonomic or neuro-
logic index value(s) used to determine whether a medical
event has occurred may be related to one or more skin signals,
such as a change in the skin resistivity of the patient.

[0069] For another example, the autonomic or neurologic
index value(s) used to determine whether a medical event has
occurred may be related to one or more temperature signals,
such as a change in the skin temperature of a part of the
patient’s face (e.g., face) (see Sunderam & Osorio) or a
change in the core temperature of the patient.

[0070] For still another example, brain signals, such as
those determinable by an EEG or ECoG may be used to
determine whether a medical event has occurred, and the
triggering criterion may be a value of one or more of the brain
signals above a first previously determined value or below a
second previously determined value.

[0071] For another example, the detection criterion may be
related to one or more body kinetic signals. The body kinetic
signal may be determinable by electromyography, an accel-
erometer, and/or an inclinometer, and the triggering criterion
may be a value of the body kinetic signal indicative of the
body’s (or of a portion thereof such as an arm or a leg)
acceleration, direction, position, amplitude or force of move-
ments.

[0072] For yet another example, the index value(s) used to
determine whether a medical event has occurred may be
related to one or more cranial nerve signals.

[0073] For yet another example, the index value(s) used to
determine whether a medical event has occurred may be
related to one or more autonomic nerve or ganglia signals.
[0074] For still a further example, a plurality of autonomic
and/or neurologic (e.g., brain, cranial nerve, or kinetic) index
value(s) may be used to determine whether a medical event
has occurred. For example, the triggering event may be a
finding that the patient’s heart rate is above a threshold value
at atime when a body kinetic signal shows the patient’s body
orientation is reclined or when it indicates the patient stopped
moving.

[0075] For POMEDA-triggered testing, the algorithm used
may be one that determines a probability of a medical event
and yields a positive output if the probability of the medical
event exceeds a threshold. For example, one or more auto-
nomic or neurologic indices may be assigned a weight, such
as inthe range 0 to 1, based on its history of sensitivity and/or
specificity regarding the patient’s medical condition; the time
of day, time of week, time or month, time of year, the patient’s
wake/sleep status, the patient’s physical activity level, the
patient’s current or recent food intake; or the like. The index
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value(s) may be analyzed to produce an output value, e.g., a
probability, p. If the probability exceeds a threshold, a posi-
tive output may be yielded by the algorithm.

[0076] Whether a seizure occurred may be determined by
analyzing a change in an autonomic or neurologic index
value, temporal or other patterns, or morphologies, such as
those discussed above; by receiving an input from a medical
event detection algorithm; or by receiving an input from a
clinician or knowledgeable layperson who observes an elec-
troencephalographic or clinical onset of a seizure. Such
analysis is known, for example, from work by the present
inventors, such as U.S. Pat. No. 7,457,665, U.S. Pat. No.
6,961,618; and U.S. Pat. No. 6,549,804, hereby incorporated
by reference herein.

[0077] Thetriggering event indication receiving unit 265 is
capable of receiving an indication of a triggering event and
communicating such receipt to the controller 210. Based
upon the indication received by the triggering event indica-
tion receiving unit 265, a responsiveness testing unit 285 may
administer a test of responsiveness to the patient.

[0078] “Responsiveness” is used herein to refer to any
response made by a patient upon exposure to a stimulus.
[0079] “Motor function” is used herein to referto a function
actuated by the contraction of at least one muscle of the
patient.

[0080] Inoneembodiment, responsiveness is part of a cog-
nitive function. “Cognitive function” is used herein to refer to
an action that indicates to an observing adult of at least aver-
age intelligence and mental health that the patient is purpose-
fully implementing a behavior in pursuit of an objective.
Examples of cognitive functions include, but are not limited
to, attention, short-term memory, long-term memory, lan-
guage fluency, visuospatial awareness, abstract reasoning, or
two or more thereof.

[0081] In another embodiment, the test of responsiveness
can test the patient’s reflex function.

[0082] In a system as complex as the human body, the
person of ordinary skill in the art would understand that for a
cognitive function to be observed and/or measured, the cog-
nitive function implements a motor function.

[0083] In certain embodiments, a positive test of motor
function may reveal purposive behavior was performed by the
patient to yield that positive test, 1.e., a positive test of motor
function in these embodiments may be further taken as a
positive test of cognitive function. The converse is not neces-
sarily true. In other words, a negative test of cognitive func-
tion may be coincident with various motor functions, such as
non-purposive movement of limbs, non-purposive vocaliza-
tion, etc. For example, a patient with cognitive impairment
may experience certain reflex motions or “automatisms” that
are not to be confused as positive evidence of cognitive func-
tion.

[0084] In certain embodiments, a test of responsiveness
may distinguish between alertness (ability to orient to new
stimuli) and attentiveness (ability to engage and decode
stimuli).

[0085] A “test of responsiveness” is any combination of
one or more outputs to the patient (such as one or more
outputs provided by output device 198) and one or more
responsiveness inputs received from the patient (such as one
or more inputs provided by input device 199 or patient input
unit 275). Typically, it will take some length of time for the
human brain to decode a stimulus and encode a response,
whether correct or incorrect.

Oct. 13, 2011

[0086] In the embodiment shown in FIG. 2A, the function
of the input device 199 (FIG. 1B) is performed by patient
input unit 275. The patient input unit 275 may include a
magnetic signal input sensor (such as, for example, a Reed
switch) or a tap input sensor, among others. In one embodi-
ment, the patient input unit 275 may also be used to allow the
patient to request of the medical device 200 alterations in a
therapy regimen, such as to relieve an acute symptom of the
patient’s disease, to intervene with the intent of forestalling an
medical event, or to minimize adverse effects of the therapy at
particular times.

[0087] Results of the test of responsiveness include, but are
not limited to, the correctness of an input and the time
required by the patient to provide the input after receiving the
output. From the various results of the test, one or more
measures of the patient’s responsiveness may be calculated,
as will be discussed in more detail below.

[0088] In certain embodiments, one or more autonomic
and/or neurologic indices may give information relating to
the patient’s attention and/or effort given to the test. For
example, pupillary information, such as blink frequency,
blink duration, fixation frequency, dwell time, saccadic
extent, and mean pupil diameter, any or all of which may be
normalized for ambient lighting or other environmental fac-
tors, and/or to a baseline, can be used by the person of ordi-
nary skill in the art to determine whether the patient is paying
attention to the test. For another example, electromyography
(EMG) may give information about the patient’s facial
muscle tone, which can be used by the person of ordinary skill
in the art to gauge the patient’s effort given to the test.
[0089] Inoneembodiment, the test comprises the serial and
simultaneous presentation of a pair of visual “stimuli” (such
as the letter “A” and a square “[0") on a output device 198
(FIG. 1B). The position of the letter on either half of the
screen (i.e., left “A [O”, or right “J A”) may be randomly
chosen for each presentation and the patient instructed to
immediately make an input according to which side of the
screen (left or right) on which the letter A appears. In one
embodiment, the input comprises pressing one of two but-
tons, one button representing left and the other representing
right. A correct press may then correspond to pressing the
button ipsilateral to the side of the screen where the letter A
was displayed. Test complexity may be increased (as needed)
by displaying the stimuli in the vertical plane and alternating
this (randomly) with the horizontal display or by randomly
switching between stimuli during a test. For example, the
patient may be instructuted to press the button ipsilateral to
the letter, except when the square is filled with a solid color
(other than the background color), in which case the button
ipsilateral to the side where the filled square appears should
be pressed. This test may be triggered by a POMEDA or in
response to a NOMEDA to allow comparison and quantifi-
cation of changes in performance during algorithm-triggered
and non-algorithm-triggered periods.

[0090] During the test, as soon as the subject presses either
button, or after a maximal presentation time (e.g., 1 s) had
elapsed, in case of no response, each stimulus presentation is
removed (resulting in a blank screen) until the next stimuli. At
the end of each presentation, a random timer (with appropri-
ate upper and lower limits) can be set, the expiration of which
triggers the next presentation. A fixed number of stimuli, such
as 36, may be presented in each testing session, or the number
of stimuli may be made a function of event duration and/or
severity as derived from an autonomic or neurologic index
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value, or the number of stimuli may be made a function of
results of one or more previous stimuli (e.g., if the patient’s
results show substantially full cognitive function for one or
more trials of an seizure test, the number of further stimuli
may be increases to better assess cognitive performance).
Inter-trial presentation time intervals may, in one embodi-
ment, be randomly chosen from a finite set of time intervals,
such as from the set {0.5s,1.0 5, 1.5 5, 2.0 s}, to minimize
adaptation and better assess performance.

[0091] Although a single test may be administered to the
patient, such as during a medical event, such as a seizure, in
other embodiments, multiple identical or different tests may
be administered. In one embodiment, when the patient’s
medical condition is epilepsy, tests can be administered at a
plurality of times, wherein at least one of the plurality of times
is ictal (i.e., during an epileptic medical event) and at least one
of the plurality of times is nonictal (i.e., at a time not during an
epileptic medical event). A test administered at an nonictal
time may be referred to herein as a “baseline” test. In embodi-
ments wherein the patient’s medical condition is not epilepsy,
tests may similarly be administered during a medical event,
not during a medical event, and/or during other times.
[0092] The baseline test or the difficulty thereof may be
adjusted by the clinician in view of the patient’s general
condition, e.g., a pediatric patient, a geriatric patient, or a
mentally challenged patient may require a simpler baseline
test, if the patient has difficulty completing a more compli-
cated baseline test in a short period of time.

[0093] The test may also be administered to patients suf-
fering from neurological or psychiatric disorders and/or to
subjects free from such disorders.

[0094] The patient’s responsiveness may be determined by
responsiveness determination unit 287. The responsiveness
may be determined from one or more values extractable from
results of the test, such as the correctness of an input (such as
a fraction or percentage of correct inputs), or the time
required by the patient to provide the input after receiving the
output, among others.

[0095] In one embodiment, multiple separate tests may be
administered having various difficulty levels or the level of
difficulty of a single test may be increased gradually or sud-
denly or different levels of difficulty may alternate randomly.
Forexample, in one embodiment, a first test of responsiveness
having a first difficulty level is selected and administered,
and, based on the results of the first test, a second test of
responsiveness having a second difficulty level is selected and
administered. For comparison purposes, these tests could be
administered to patients during POMEDA periods and
NOMEDA periods (e.g., for epilepsy patients, during seizure
and non-seizure conditions), and comparisons could be per-
formed between tests of equivalent difficulty.

[0096] In one embodiment, the difficulty and duration of
the degree of responsiveness test may be optimized according
to the cost of detection or the clinician’s desired balance of
sensitivity (low false negative rate) and specificity (low false
positive rate), and/or to account for changes in event severity
over time. Doing so may require co-analysis of the degree of
responsiveness test results with another indicator of a medical
event, such as can be read from an autonomic (e.g., heart rate)
or neurologic, (e.g., EEG) of the patient, or some other indi-
cator that may exist or be developed.

[0097] In one embodiment specific to epilepsy patients, at
the termination of a degree of responsiveness test, whether
triggered by a POMEDA or not, the patient may be asked if he
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or she just had a seizure. This is a way to classify seizures as
clinical or subclinical and an indirect way to validate detec-
tions; the patient’s time-stamped response will be routed to
the local database unit 255 and/or the memory 217, where it
will be cross-referenced with an autonomic or neurologic
index value if one indicative of a seizure exists at about the
time the patient’s response was recorded. If the patient indi-
cates a seizure has occurred and an index indicative of a
seizure exists about the time of the response (i.e., the test was
triggered by a POMEDA) it is classified as clinical. If the
patient responds in the negative and the index value is indica-
tive of a seizure, it is classified as subclinical. If the patient
responds that a seizure has occurred and none of the indices
supports it (i.e., the test was triggered by a NOMEDA), a false
negative detection is recorded. This provides quantitative
information about the status of the patient’s condition and
about therapeutic and/or diagnostic efficacy that is not cur-
rently available and complements that provided by seizure
frequency measures. It may also allow qualitative validation
of other seizure severity measures. Additionally, interrogat-
ing the patient after a test has been administered, may help
blind the patient to whether the test was triggered by a
POMEDA, and thus whether a seizure is occurring or immi-
nent. Asking the patient if a seizure occurred after adminis-
tration of a test may be programmed to take place after each
test until a sample sufficiently large to support statistical
analyses has been collected, and updated based on the status
of the patient’s condition and the response to therapy and/or
diagnosis.

[0098] In one embodiment, the responsiveness determina-
tion unit 287 can perform a quantification of one or more
measures relating to the test results and/or the patient’s
responsiveness. For example, if the test of responsiveness
encompasses tracking the response time of the patient to
deliver a correct answer to a stimulus (viz., speed of
response), the response time of a plurality of trials can be
tracked and quantified, such as by use of measures of central
tendency. The percent of correct responses may be also quan-
tified and used alone or in conjunction with the speed of
response to mark the time of onset of lack of responsiveness,
and its duration.

[0099] More specifically, based on the patient’s responsive-
ness, the responsiveness parameter unit 288 may determine a
time of occurrence of a change in the patient’s responsive-
ness, a duration of a change in the patient’s responsiveness; a
magnitude of a change in the patient’s responsiveness, a time
interval from the indication of triggering event occurrence to
a change in the patient’s responsiveness; a type (e.g., motor,
cognitive, or both) of change in the patient’s responsiveness,
a determination of medical event severity for the patient; a
formulation of a prognosis for the patient; an estimation of a
risk of injury or death for the patient; and an assessment of
efficacy of a therapy for the patient’s medical condition, or
some other parameter. The determination may require acqui-
sition of an adequate sample or samples of patient results of
responsiveness tests. For example, the responsiveness param-
eter unit 288 may compare the patient’s responsiveness at a
first time to a database of time-ordered prior measures of
responsiveness (which may be patient-specific or data from a
plurality of patients), which may be stored in local database
unit 255 or database unit 250, and then review the set of
measures in the database taken from time points after each
appearance in the database of a measure reflective of the
patient’s responsiveness at the first time to determine whether
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the patient is having a medical event, the patient’s baseline
responsiveness, the patient’s long-term prognosis, or the like.
[0100] Strictly speaking, in embodiments where the medi-
cal condition is epilepsy, the seizure severity calculated here
relates to loss of function, not a seizure as an electroencepha-
lographic event. However, the duration, severity, or both of a
loss of function may be used as reasonable approximations
and/or indicators of the duration and severity of at least some
types of seizure.

[0101] For example, if a plurality of trials of a responsive-
ness test are triggered by a POMEDA, the medical event
duration may be approximated as the time between the first
iteration of the test in which the patient responded incorrectly
or failed to respond to three consecutively presented stimuli
and the next subsequent iteration of the test in which the
patient responded correctly. Another relevant measure of
severity—the latency from seizure detection to loss of func-
tion—may be determined by the time between an indication
of event occurrence (e.g., a POMEDA) to the first iteration of
the test in which the patient responded incorrectly. Changes in
the latency from seizure detection to loss of function over
time may be used to determine whether the patient’s disease
state is improving, worsening, or remains about the same.
[0102] For example, if the speed of response, the correct-
ness of the response, and/or the difficulty of response are
logged for each of a plurality of iterations of the test, the sum
of response times for iterations above the baseline (optionally
weighted by the correctness and/or difficulty) and the times at
which those iterations were administered can be used to cal-
culate an area under the curve, from which a medical event
severity can be, in full or in part, approximated.

[0103] Invarious embodiments, one or more of the units or
modules described above may be located in an external unit
270 or a remote device 292, with communications between
that unit or module and communication unit 260 in the MD
200 taking place via a link 277, which may comprise a lead,
an inductive RF or similar wireless coupling, a Bluetooth or
other wireless data transfer coupling, etc. For example, in one
embodiment, as shown in FIG. 2B, a triggering event indica-
tion receiving unit 265, a responsiveness testing unit 285, a
responsiveness determination unit 287, and a responsiveness
parameter unit 288 may be located in an external unit. In
embodiments in which no therapy unit 220 or stimulation
electrodes 226, 228 are provided, all of the functional mod-
ules may be provided in an external unit.

[0104] Inoneembodiment, the external unit 270 may com-
prise alocal database unit 255. Optionally or alternatively, the
external unit 270 may also be coupled to a database unit 250,
which may be separate from external unit 270 (e.g., a central-
ized database wirelessly linked to external unit 270). The
database unit 250 and/or the local database unit 255 are
capable of storing various patient data. In certain embodi-
ments, the memory 217 is also capable of storing various
patient data. These data may comprise time stamped: a)
patient responsiveness data, including test results and mea-
sures of responsiveness, b) number of detections (i.e., POME-
DAs) and their severity expressed numerically as the product
of peak index value and the time (in sec or min) which the
index value spends above a baseline; ¢) medical event classi-
fication (e.g., whether a seizure is clinical or subclinical, and
if clinical, if it is simple partial, complex partial, or general-
ized); d) therapy parameter data; e) disease status as assessed
with autonomic and neurological indices; f) injury risk; h)
event button presses or patient input, all data being updated as
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its flow rate demands (as will be discussed in more detail
below). The time stamp may have any particular desired
granularity, such as to the hundredth of a second. The data-
base unit 250 and/or the local database unit 255 may comprise
data for a plurality of patients, and may be organized and
stored in a variety of manners, such as in date format, severity
of disease format, latency (time difference) between a detec-
tion event (i.e., a POMEDA) and a loss of responsiveness as
indicated by the failure of the patient to respond to one or
more test stimuli, etc. The database unit 250 and/or the local
database unit 255 may be relational databases in one embodi-
ment. The database unit 250 and/or the local database unit 255
may store various patient data.

[0105] Inoneembodiment, the database unit 250 and/orthe
local database unit 255 allow the patient, a caregiver, a medi-
cal practitioner, or another interested person to follow the
patient’s responsiveness under various changing conditions,
such as under various disease conditions (e.g., for epilepsy
patients, during preictal, ictal, and/or postictal times), various
times of day, month, and/or year, various therapy parameters,
etc.

[0106] FIGS. 3A-3B contain many like elements to FIGS.
2A-2B, and those like elements will not be described further.
FIGS. 3A-3B contain a medical event characterization unit
289, comprising a medical event quantification unit 390 and a
medical event classification unit 391. Based on either or both
of the patient’s responsiveness and one or more other indica-
tors of a medical event (e.g., a POMEDA from an algorithm
based on the patient’s heart rate or heart rate variability,
among others), the medical event quantification unit 390 may
determine a duration or a severity of a medical event and/or
the medical event classification unit 391 may classify the
medical event by duration, severity, and/or estimated type
(e.g., for seizures, partial or generalized, simple or complex,
etc.). For example, the medical event characterization umt
289 may determine a series of measures in a database of
time-ordered values, which may be stored in local database
unit 255 or database unit 250, in which many or all of the
measures reflected a medical event, and determine the dura-
tion of a medical event by comparing time-stamps of the first
and last values in the series comparable to a measure of the
patient’s baseline responses. A severity of a medical event
may, for example, be calculated from the sum, average,
median, mean, nth percentile, or area under the curve of one
or more measured values in the series.

[0107] FIGS. 4A-4B contain many like elements to FIGS.
2A-2B or FIGS. 3A-3B, and those like elements will not be
described further. FIGS. 4A-4B illustrate an embodiment of
the invention having a therapy evaluation unit 290. Therapeu-
tic efficacy of a therapy provided by a therapy unit 220 can be
assessed by determining if there is a decrease in the severity
or duration of the patient’s loss of responsiveness over time.
Decreases in value of any of the autonomic or neurologic
indices—including electrical activity recorded directly from
the brain—do not provide direct or reliable information about
the state of a patient’s responsiveness. Based on the patient’s
responsiveness, the therapy evaluation unit 290 may deter-
mine an efficacy of a therapy for a patient’s medical condi-
tion. For example, the therapy evaluation unit 290 may com-
pare ameasure of the patient’s responsiveness when a therapy
is administered by a therapy unit 220 compared to when
therapy was not administered. Alternatively, the therapy may
be administered by other than a therapy unit 220, e.g., by the
patient’s oral ingestion of a medication, or the like. These
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comparisons are performed by the therapy evaluation unit
290 using measures in a database of time-ordered values,
which may be stored in local database unit 255 or database
unit 250. For example, the measure may be a correct response
time to a test, optionally weighted by difficulty of the test, and
optionally smoothed as the mean, median, or the like of a
series of values. If the correct response time(s) for adminis-
trations of the test is/are lower when a therapy is administered
than when it is not, the therapy’s efficacy may be quantified,
for example, as the percent reduction of the duration and/or
severity of the patient’s loss of responsiveness. Efficacy may
also be quantified as the change in the latency time from
medical event detection (as determined by, e.g., a POMEDA)
to loss of function (e.g., the first iteration of the test in which
the patient responded incorrectly) over the course of a desired
time interval such as weeks, months, or years.

[0108] A therapy evaluation unit 290 may be desirable for
inclusion in a medical device system wherein the medical
device system delivers a therapy for a seizure event to the
patient. In one embodiment, the therapy for the seizure event
is selected from the group consisting of electrical stimulation
of a cranial nerve of the patient, thermal manipulation of the
cranial nerve of the patient, electrical stimulation of the brain
ofthe patient, thermal manipulation of the brain of the patient,
delivery of a chemical agent to the patient via the blood-
stream, the cerebrospinal fluid or directly to brain tissue,
performance of a motor task, performance of a perceptual
task, performance of a cognitive task, and two or more
thereof.

[0109] Inone embodiment, the therapy evaluation unit 290
may be incorporated into the medical device 200 (see, for
example, FIG. 4A).

[0110] Though not shown, the person of ordinary skill in
the art will understand a medical device system according to
the present invention may comprise any two or all three of a
responsiveness parameter unit 288, a medical event charac-
terization unit 289, and a therapy evaluation unit 290. For
example, the medical device system may comprise both the
medical event characterization unit 289 and the therapy
evaluation unit 290, and the therapy evaluation unit 290 may
incorporate in its therapy evaluation event duration and/or
event severity values reported by the medical event charac-
terization unit 289.

[0111] One or more of the blocks illustrated in the block
diagram of the MD 200 in FIGS. 2-4 may comprise hardware
units, software units, firmware units, or any combination
thereof. Additionally, one or more blocks illustrated in FIGS.
2-4 may be combined with other blocks, which may represent
circuit hardware units, software algorithms, etc. Additionally,
any number of the circuitry or software units associated with
the various blocks illustrated in FIGS. 2-4 may be combined
into a programmable device, such as a field programmable
gate array, an ASIC device, etc.

[0112] The medical device system of one embodiment of
the present invention provides for software module(s) that are
capable of acquiring, storing, and processing various forms of
data, such as patient data/parameters (e.g., demographic data,
physiological data such as autonomic and neurologic index
values, such as heart rate or EKG morphology changes or
breathing rate or pattern changes, among others, disease sta-
tus (progression, regression, or stabilization), quality of life
data, etc.). In one embodiment, the software modules(s) are
further capable of acquiring, storing, and processing therapy
parameter data. Therapy parameters may include, but are not
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limited to, electrical signal parameters that define therapeutic
electrical signals delivered by the device, medication param-
eters, and/or any other therapeutic treatment parameter. In an
alternative embodiment, the term “therapy parameters” may
refer to electrical signal parameters defining the therapeutic
electrical signals delivered by the IMD. Therapy parameters
for a therapeutic electrical signal may also include, but are not
limited to, a current amplitude, a pulse width, a pulse shape,
a degree of charge balancing, a frequency, a pulse train pat-
tern, an on-time, an off-time, etc.

[0113] In one embodiment, the present invention may
include coupling of at least one electrode to each of two or
more cranial nerves. (In this context, two or more cranial
nerves mean two or more nerves having different names or
numerical designations, and do not refer to the left and right
versions of a particular nerve). In one embodiment, at least
one electrode may be coupled to either or both vagus nerves
or a branch of either or both vagus nerves. The term “opera-
tively” coupled may include direct or indirect coupling. Each
of the nerves in this embodiment or others involving two or
more cranial nerves may be stimulated according to particular
activation modalities that may be independent between the
two nerves.

[0114] In one embodiment, the communication unit 260 is
capable, based on the patient’s responsiveness, of instructing
an external device to change an operating state thereof For
example, the external device may be an automobile or other
vehicle which the patient is driving, and the change in the
operating state thereof may be stopping, putting the transmis-
sion into neutral, applying a parking brake, etc., or two or
more thereof. For another example, the device may be a
power tool, such as a circular saw, table saw, jigsaw, chain
saw, power sander, lawn mower, weed trimmer, tiller, culti-
vator, etc., and the change in the operating state thereof may
be stopping its motor or disengaging its cutting or grinding
parts from the motor or a drive coupled to the motor. For
another example, the device may be an oven, stove, toaster,
microwave oven, or other kitchen applicants. For an addi-
tional example, the device may be a faucet, a drain, or a gate
restricting access to a stairwell, balcony, swimming pool, or
other location where a non-responsive person would be at risk
of bodily harm or death.

[0115] Turning now to FIG. 5, a change in autonomic or
neurologic index detection unit 2654 is shown. In certain
embodiments, autonomic or neurologic index detection unit
265a can trigger an administration of the test by providing an
appropriate instruction to triggering event indication receiv-
ing unit 265 (FIGS. 2A-4B). The change in autonomic or
neurologic index detection unit 2654 may comprise one or
more signal detection units, such as a cardiovascular signal
detection unit 512, a breathing signal detection unit 514, a
brain signal detection unit 516, a motor or kinetic signal
detection unit 518, a skin signal detection unit 520, a tem-
perature signal detection unit 521, a spinal signal detection
unit 523, a cranial or peripheral nerve signal detection unit
522, an eye (pupil or eyelid) signal detection unit 524, and/or
a blood parameter signal detection unit 526. The cardiovas-
cular signal detection unit 512 is capable of detecting one or
more of various cardiovascular-related signals, including but
not limited to electrocardiogram (ECG) signals, heart rate
(HR) signals, and heart rate variability (HRV) signals. The
breathing signal detection unit 514 is capable of detecting one
or more of various breathing/respiratory signals of a patient,
including, but not limited to, breath rate (BR) signals, air flow
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signals, and tidal volume signals. The breathing/respiratory
parameters sensed by the unit 514 may include, but is not
limited to, air flow measurements, volume measurements,
transthoracic inductance, impedance plethysmogrphs, tho-
racic circumference, and pneumatic respiration, among oth-
ers. Some embodiments of the unit 514 may include at least
one of a spirometer, a nasal thermocoupler measurement
device, a strain gauge, a pneumatic respiration transducer, an
impedance measurement device, and/or other devices
capable of detecting respiratory signals.

[0116] The brain signal detection unit 516 is capable of
detecting one or more of various brain signals, including, but
not limited to, EEG signals, field potentials or multiunitactiv-
ity; fast neuronal oscillations (100 Hz); near DC or DC
potentials, event-related potentials, neurotranmitter concen-
trations, ionic concentrations, pH, glucose concentrations,
free radicals and/or other brain signals known to those skilled
in the art. The body kinetic signal detection unit 518 may
include an accelerometer, an inclinometer, and/or other
kinetic or force measurement devices capable of detecting
movement in one or more areas or limbs of the patient’s body.
The skin signal detection unit 520 is capable of detecting one
or more of various skin parameters, such as impedance or
other bioelectrical measurements relating to the skin, sweat
amount, sweat chemical composition, etc. The cranial nerve
signal detection unit 522 is capable of detecting one or more
of various signals relating to cranial nerves, such as ampli-
tude, rate and direction of action potential traffic, type of fiber
(by size and presence or absence of myelinization) activated,
polarity, transmembrane voltage parameter, etc. The tempera-
ture signal detection unit 521 is capable of detecting one or
more of various types of body temperature parameters,
including, but not limited to core temperature changes, organ
(e.g., brain) or body part (e.g., facial) temperature, etc. The
unit 521 may include an infrared sensing device, a chemical-
reaction based temperature sensing device, a direct tempera-
ture measurement device, etc. The spinal signal detection unit
523 is capable of sensing one or more of various spinal
signals, including, but not limited to, motor neuron signals,
sensory pathway signals, autonomic signals, etc.

[0117] The eye signal detection unit 524 is capable of
detecting one or more of various signals relating to the eye,
including autonomic functions including, without limitation,
pupil width and dilation, eyelid movement and/or phenomena
such as mydriasis, miosis, ptosis and/or hippus. The blood
signal detection unit is capable of detecting one or more blood
parameters including, without limitation, oxygen saturation,
glucose concentration, and/or blood pH.

[0118] Each unit 512-526 present in the change in auto-
nomic or neurologic index detection unit 2654 is capable of
communicating detected signals, or data generated from the
detected signals, to an autonomic or neurologic index data
processing unit 525, which is capable of determining a
change in an autonomic or neurologic index, which may
involve accessing prior autonomic or neurologic index infor-
mation stored in, e.g., memory 217, local database unit 255,
and/or database unit 250.

[0119] The autonomic or neurologic index data processing
unit 525 may comprise one or more subunits capable of
performing autonomic or neurologic index quantification,
autonomic or neurologic index classification, or both. In par-
ticular, autonomic or neurologic index data processing unit
525 may process one or more autonomic or neurologic sig-
nals from units 512-526 according to one or more event
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detection algorithms to provide an appropriate instruction
(e.g., a POMEDA or a NOMEDA) to triggering event indi-
cation receiving unit 265 (FIGS. 2A-4B) to trigger an admin-
istration of the test.

[0120] Turning now to FIG. 6A, a flowchart depiction of a
method of determining a responsiveness of a patient is shown,
in accordance with one illustrative embodiment ofthe present
invention. Monitoring 610 for an indication of a triggering
event, such as a signal from autonomic or neurologic index
detection unit 265a, is performed. Monitoring 610 may be
performed at any desirable time scale (from milliseconds to
years), sampling rate (in Hz), and digital precision (in bits),
which may be relatively rapid or relatively slow depending
upon the nature of the signal being measured. Rapid sampling
may be made for ECoG signals (e.g., about 2 KHz) or ECG
signals (200 Hz to 1000 Hz), among others. Much slower
sampling rates may be used for other autonomic signals,
including rates as slow as once every 1 sec, 5 sec, 10 sec, 15
sec, or longer, including DC recording. Data collection or
sampling may be continued or interrupted if one or more steps
640-688 are performed. Data can also be conditioned accord-
ing to techniques known in the art, if desired.

[0121] After monitoring 610 is performed, a determination
620 is made as to whether a triggering event is occurring or
has occurred. The triggering event may be a medical event
(such as a medical event indicated by autonomic or neuro-
logic index detection unit 2654¢) or a non-medical event, such
as amanual signal from a patient or caregiver, or a signal from
one or more random timers indicating the need for an admin-
istration of a responsiveness test. If no triggering event
occurred, monitoring is continued 630. On the other hand, if
a triggering event did occur, a test of responsiveness can be
administered 640. In one embodiment, administration 640 of
the test of responsiveness follows the description of test
administration set forth above. After administration 640, a
decision 660 is made as to whether a further determination
should be made based on a test result. The decision param-
eters may be fixed in manufacture of a device or software
implementing the method, reprogrammable by a practitioner
during ongoing implementation of the method, and/or auto-
matically adjustable by the device or software during ongoing
implementation of the method. In one embodiment, the deter-
mination 660 may function such that a “no” decision in step
660 indicates a normal or baseline responsiveness of the
patient. In this embodiment, following a “no” decision, moni-
toring may be continued 630.

[0122] The factors considered in the determination 660
may be adjusted to increase or decrease the specificity, sen-
sitivity, or both of the process.

[0123] Ifa further determination is to be made based onthe
testresult, i.e., upon a “yes” decision in step 660, one or more
determinations 681-690 may be made. In the depicted
embodiment, these determinations 681-690 (listed in no par-
ticular order) include (681) a time of occurrence of a change
in the patient’s responsiveness, (682) a duration of achange in
the patient’s responsiveness; (683) amagnitude of a change in
the patient’s responsiveness, (684) a type (e.g., motor or cog-
nitive) of change in the patient’s responsiveness, (685) a
determination of event severity and/or classification for the
patient (e.g., a classification of a seizure into clinical or sub-
clinical and/or a classification of a clinical seizure into simple
partial, complex partial, or generalized); (686) a formulation
of a prognosis for the patient; (687) an estimation of a risk of
injury or death for the patient; (688) an assessment of efficacy
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of a therapy for the patient’s medical condition; and (690) a
latency from medical event detection to loss of function.
Steps 681-690 may be executed in parallel (simultaneously),
in the order that maximizes operational efficiency and thera-
peutic efficacy or in any order as required by the application.
If monitoring (step 610) has been discontinued while any of
the other steps (681-690) are being performed, step 610 will
resume immediately upon termination of steps 681-690.
[0124] The determining steps 681-690 may be performed
in their entirety before returning to monitoring step 610, but
they need not be. In one embodiment, the “yes” decision in
step 650 instructs an appropriate device or software to initiate
determining steps 681-690, gives the device or software
information gathered in steps 620, 640, and/or 660 to allow
the determining steps 681-690 to be executed and perform
calculations using that information, and, if needed, gives the
device or software permission to access a database, such as
may be stored in, e.g., memory 217, local database unit 255,
and/or database unit 250. Thereafter, the device or software
may implement determining steps 681-690 in parallel or in
any desired order with resumed monitoring 610.

[0125] Also, it should be noted that not all medical events,
and not even all epileptic seizures, are necessarily associated
with impaired or abnormal responsiveness but these (and
those associated with impaired responsiveness) may be asso-
ciated with distinctive feelings, sensations, emotions, illu-
sions, hallucinations, thoughts, or impulses/behaviors. In one
embodiment, the approaches and methods described herein
allow the classification of epileptic seizures into clinical (sub-
jective or objective phenomenology is present) or subclinical
(neither subjective nor objective phenomenology is present)
seizures, wherein the clinical seizures may be further classi-
fied into simple partial, complex partial, or generalized sei-
zures. The distinction between complex and secondary gen-
eralized may be made using other seizure severity measures
(e.g., peak heart rate x duration). For simple partial seizures,
one or more autonomic and/or neurologic indices and/or fea-
tures from each signal thereof may be used to distinguish
seizures from non-ictal tachycardia.

[0126] FIG. 6B contains many elements like to those of
FIG. 6A, which will not be separately discussed here. In the
embodiment depicted in FIG. 6B, upon a “yes” decision 660,
and/or a determination of a latency 690, in addition to the
determining steps 681-690, a decision 670 is made to deliver
and/or modify therapy. For example, the decision 670 may be
to initiate delivery of electrical stimulation to a neural struc-
ture, such as a cranial nerve; change one or more parameters
defining an electrical signal, such as the pulse width, pulse
frequency, on-time/off-time ratio, or other parameters of elec-
trical stimulation to a neural structure, such as a cranial nerve,
deliver or change the dosage of a drug administered to the
patient; etc.

[0127] FIG. 6C contains many elements like to those of
FIG. 6A and/or FIG. 6B, which will not be separately dis-
cussed here. In the embodiment depicted in FIG. 6C, upon
either or both ofthe “yes” decisions yielded by decision nodes
620 and 660, the process flow may be directed to step 675,
wherein at least one autonomic or neurologic index value as
described above is considered to suggest whether a medical
event is occurring (e.g., whether a POMEDA or a NOMEDA
signal is present). For example, the autonomic or neurologic
index value may be heart rate, and a heart rate value of at least
100 BPM may be taken as suggestive that an epileptic medical
event is occurring. Generally, one or more values of one or
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more indices can be taken as suggestive that a medical event
is occurring. If the autonomic or neurologic index value sug-
gests amedical event is occurring, flow may be returned to the
step subsequent to the “yes” decision, e.g., administering 640
or any one or more of the determining steps 681-690. If the
autonomic or neurologic index value suggests a medical event
is not occurring, flow may be directed to the continue moni-
toring step 630.

[0128] FIG. 6D depicts in more detail one particular
embodiment of administering 640. In the embodiment
depicted in FIG. 6D, a test is initially selected 641 based on
one or more of the patient’s baseline, the time of day, week,
month, or year, values of one or more autonomic indices, or
two or more thereof, among others.

[0129] The initially selected test may be modified 642 in
view of prior test results or based on an ongoing event. “Modi-
fied” is used herein to mean the initially selected test may be
made more difficult, less difficult, longer, shorter, replaced
with a different cognitive test, or two or more thereof. For
example, modifying may encompass increasing the volume
of an auditory test, switching from a visual to a tactile or
auditory test, or switching from a more complex cognitive test
to a simpler test, among others.

[0130] The prior test results may be one or more of histori-
cal results over days, weeks, months, or even longer, or the
results of previous iterations of the method administered dur-
ing the same presumptive event.

[0131] The person of ordinary skill in the art will under-
stand that variations in any of the depicted methods may be
performed. For example, embodiments shown in FIGS.
6A-6C may be implemented together. For one example, the
embodiment of FIG. 6C may be modified such that steps
610-660 are used to override a POMEDA determined from an
autonomic or neurologic index value. For another example,
the embodiments of FIGS. 6A-6C may be implemented at
different times as part of the treatment regimen of one patient.
For example, at different times of day, of the week, of the
month, or of the year, the clinician may find it appropriate to
perform different methods depicted in FIGS. 6 A-6C.

[0132] In one embodiment, shown in FIG. 6E, the trigger-
ing event is a change in an autonomic or neurologic index,
such as those discussed above. Upon a “yes” decision in node
675, flow returns to administering 640. Thereafter, it is deter-
mined at node 690 whether the patient’s responsiveness is or
is not impaired. If the patient’s responsiveness is not
impaired, a determination 691 is made whether there is an
indication of a simple partial seizure. In one embodiment of
the determination 691, the subject or an observer is asked if
there is/was a clinical manifestation of a seizure, such as a
sensation (typical for the seizure) or a visible manifestation. If
yes, the seizure identified by node 675 is classified 692 as a
simple partial seizure. If no, the seizure identified by node 675
is classified 693 as a subclinical seizure.

[0133] Ifthe patient’s responsiveness is impaired, a deter-
mination 694 is made whether a seizure severity value has
exceeded a threshold. If yes, the seizure identified by node
675 isclassified 695 as a generalized seizure. If no, the seizure
identified by node 675 is classified 696 as a complex partial
seizure.

[0134] As should be apparent from the foregoing discus-
sion, the various method steps may be performed by one or
more devices, such as amedical device 200 in concert with an
external unit 270.

EXAMPLE

[0135] A study was conducted at a major university medi-
cal center in subjects with pharmaco-resistant localization-
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related epilepsies undergoing surgical evaluation. After sign-
ing the consent form, subjects were enrolled into this study in
the order of admission. The surgical assessment was con-
ducted in accordance with this institution’s protocol which
included discontinuation of anti-seizure drugs or reductions
in dose.

[0136] Inclusion criteria were: 1. Good candidate for inva-
sive epilepsy surgery evaluation (subjects with at least one
seizure/month on two or more appropriate medications at
therapeutic serum concentrations); 2. Normal motor func-
tion; 3. Normal vision with or without correction; and 4. Low
average [Q or higher.

[0137] Exclusion criteria were: 1. Mental retardation; 2.
Status epilepticus during evaluation prior to collection of an
adequate sample of test presentations and responses; 2. Use of
rescue or psychoactive or CNS depressant drugs prior to
collection of an adequate sample of test presentations and
responses; 3. Medical or neurological complication prior to
collection of an adequate sample of test presentations and
responses and 4. Subject voluntary withdrawal prior to col-
lection of an adequate sample of test presentations and
responses.

[0138] Patient information is shown below in Tables 1-2.
[0139] To estimate the latency/time to impairment of com-
plex reaction time responses from the time of electrographic
onset recorded using depth or subdural electrodes, this test
was administered to each subject under two conditions: a)
Randomly and b) During seizures (triggered by automated
detection). Complex reaction time tests were chosen in the
expectation they would provide more insight into cognitive
status than simple reaction time tests, while allowing frequent
re-testing (without prominent training effect), as needed for
this task, given the short average duration of seizures and of
the study. Testing began no earlier than 24 hr after electrode
implantation to allow for recovery from anesthesia and imme-
diate postoperative pain/discomfort.

[0140] Test Description

[0141] Each subject received instructions as to how to take
the test and had a training session that had to be succesfully
completed prior to the start of the trial. The complex reaction
time (FIG. 7) consisted of the serial and simultaneous pre-
sentation of a pair of visual “stimuli” (the letter “A” and a
square “[1”), displayed full screen simultaneously on a 15"
monitor positioned at eye level, at a comfortable distance
from the subject. The position of the letter on either halfof the
screen (i.e., left “A 07, orright "[] A”"), was randomly chosen
for each presentation and the subject was instructed to imme-
diately press, upon appearance of each visual stimuli, either
the left or right mouse button according to the side of the
screen (left or right) on which the letter A appeared. As soon
as the subject pressed either button, or after a maximal pre-
sentation time (1 s) had elapsed, in case of no response, each
stimulus presentation was removed (resulting in a blank
screen) until the next stimuli. At the end of each presentation,
arandom timer was set, the expiration of which would trigger
the next presentation. A total of 36 stimuli were presented in
each testing session. Inter-trial presentation time intervals
were randomly chosen from the set {0.5, 1.0, 1.5, 2.0 s.}to
minimize adaptation and better assess performance.

[0142] Timing of Complex Reaction Time Tests Adminis-
tration
[0143] The Complex Reaction-time tests were triggered

only between 08:00-20:00 daily, throughout the surgical
monitoring period by: a) Seizures [via the earlier of real-time
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automated seizure detection (Osorio et al, 2002) or event
button presses| and b) Randomly. The timer that triggered
random complex reaction time tests was set for 6 presenta-
tions per day, uniformly distributed throughout the 12 hour
testperiod, with the additional constraints that no random test
could occur within the 15 minutes period after a seizure or a
randomly triggered test. To minimize fatigue, no more than a
total of 30 tests (random plus seizure-triggered) could be
administered over any 12 hour period.

[0144] Whenever a complex reaction time test was trig-
gered, a sound file consisting of a voice saying “Begin Test”
was automatically played to summon the subject to take the
test. The subject was instructed to, upon hearing the summon,
press one of the mouse buttons to activate the test. The “sum-
mons” was repeated every 5 s unless the subject began the
test, up to a total of 6 times (30 s), with the sound file volume
increasing with each repetition. If the subject did not initiate
the complex reaction time test after 30 s, this information was
logged and the system would go dormant until the next test.
[0145] Seizures were detected and quantified (intensity,
duration and extent of spread) with a validated algorithm
(Osorio et al 2002), whose output was used to trigger the
complex reaction time tests; most automated detections
occurred within 5 s of electrographic onset as marked visually
by independent experts (Osorio et al, 2002). The classifica-
tion of complex reaction time tests as ictal or random/inter-
ictal was validated off-line via expert visual analysis of the
ECoG segments associated with each test. Complex reaction
time tests triggered by false positive detections and ran-
domly-triggered tests that overlapped in time with true sei-
zures not detected by the algorithm (false negatives) were
reclassified accordingly.

[0146] Complex Reaction Time Data Recording and Pro-
cessing
[0147] The following were recorded (with millisecond pre-

cision) and logged/saved to the computer’s memory: a) Test
condition (random vs. seizure); b) Summon times corre-
sponding to each prompt to the subject to start the test; c)
Latency of responses to summons; d) Stimuli presentation
times and side of the screen (left vs. right) where the letter “A”
was displayed; and e) Times and sides (left vs. right) of all
button presses. These data were processed to derive the fol-
lowing measures for each subject: 1. Compliance, defined as
the fraction of presented stimuli within each testing session
for which the subject pressed the button regardless of correct-
ness (Compliance Score=# responses/# presentations). II.
Percentage of correct responses=# correct responses/# pre-
sentations, where correct responses are defined as those for
which the subject pressed only once the button ipsilateral to
the side (left or right) of the screen where the letter “A”
appeared. Responses were classified as incorrect if: a) The
mouse button contralateral to where the letter “A” was dis-
played on the screen was pressed; b) The right and left mouse
buttons were pressed simultaneously or sequentially; ¢) The
correct button was pressed more than once per stimulus pre-
sentation; or d) No button was pressed; II1. Time to impaired
response (TIR): The time (in seconds) elapsed between each
test summon and the last correct response prior to the first test
failure as defined below. The mean, range and standard devia-
tion (SD) of time to impaired response (TIR) was computed
for three different definitions of test failure, from most to least
stringent: A) A correct response but with latency exceeding
the 907 percentile of those for random tests (TIR-A); speed of
reaction is in certain situations as important as correctness of
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response; B) Any incorrect response as defined in II. above
(TIR-B); C) Three consecutive incorrect responses, regard-
less of their response latencies (TIR-C), a definition that
attempts to account for the fact that subjects make intermit-
tent errors even during random tests when they presumably
are not cognitively impaired. If no failure occurred in a test,
the interval ends with the time of the correct response to the
last stimuli. However, since assessment is limited to the dura-
tion (75 sec) of the complex reaction time test, the possibility
of impairment after the test’s termination cannot be excluded.
Using the time to last correct response, not to the time to first
failure (as defined above), overestimates time to impaired
response (TIR), an approach deemed preferable/“safer” to
underestimating it.

[0148] Subjects’ data were included in the analyses only if:
1. The ECoG tracings were of sufficiently good quality to
allow visual ascertainment of the presence or absence of
seizures; and 2. There were at least two CRTs taken during
random and at least one under seizure conditions.

[0149]

[0150] ECoG was recorded using commercially available
depth (mesial temporal regions) or grid/strip electrodes (cere-
bral convexities) electrodes (Ad-Tech, Racine, Wis.). These
signals were fed into commercially available systems (Nico-
let, Madison, Wis.), filtered (0.5-70 Hz; digitized (240 Hz, 10
bits of precision, 0.59 pV/bit) and further processed using a
validated seizure detection and quantification algorithm
(Osorio 1998, Osorio 2002) implemented into a custom bed-
side system (Peters et al., 2001). The detection algorithm
quantified maximal seizure intensity (Si), duration (Sd); site
(s) of seizure origin and extent of spread (Sc) were deter-
mined through visual review of ECoG. For this study, seizures
were defined as any automated detection that reached an
intensity threshold, T=22, for a minimum duration, D=0.84 s.
with or without clinical manifestations. These parameters (T
and D) were selected (Osorio et al, 98) to optimize sensitivity
and specificity of the detection algorithm.

[0151] The relation between location and extent of the pri-
mary epileptogenic zone(s) and extent of seizure spread (out-
side the primary epileptogenic zone) and several complex
reaction time performance measures (i.e. percent of correct
responses; TIR, etc.) was probed. Seizure onset and spread
were classified as follows: Focal: Ictal activity restricted to 2
contiguous electrode contacts; Regional: Ictal activity in 3 or
more contiguous or non-contiguous contacts, provided the
contacts are in the same region (i.e. left amygdala, pes and
body of hippocampus); Lobar: Ictal activity in two or more
regions within the same lobe (i.e., mesial temporal and neo-
cortical temporal); Intrahemispheric: Ictal activity in two or
more regions (in at least 2 different lobes) within the same
hemisphere; Interhemispheric: Ictal activity in one or more
regions (i.e. right and left mesial temporal regions) and Dif-
fuse: Ictal activity in one or more lobes in each hemisphere.

[0152] In order to better understand the impact of seizure
intensity (Si), duration (Sd) and extent of spread (Sc) on
complex reaction time performance, the percentiles (p) of
these three variables were conflated into one: Seizure Sever-
ity (SS)=pSi+pSd+pSc/3 (Osorio et al 2005) with one modi-
fication compared to the original one: using the classification
defined above the following arbitrary values were assigned to
it: Focal=1; Regional=2; Lobar=4; Intrahemispheric=8 and
Interhemispheric=16. A scatter plot of seizure severity vs.
percentage of correct response and time to impaired response
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(TIR) for each subject was generated and reviewed to assess
the relationship between seizure severity and time to loss of
function.

[0153] Data Processing Analyses

[0154] The data were analyzed for each as well as for all
(pooled) subjects, where appropriate. Compliance, defined as
the fraction of complex reaction time tests presented divided
by those that were taken, was analyzed individually (as
opposed to pooling the data from all subjects) since the data
was skewed by one subject who was presented with 20 ran-
dom tests and took 5 (25%) vs. 134 seizure tests of which 19
were taken (14%).

[0155] To provide additionalinsight and test for differences
that might not be encompassed in an analysis of mean and SD
alone, we analyzed the distributions of the various measures,
comparing differences of random vs. seizure tests with the
Kolmogorov-Smirnov test, a goodness of fit non-parametric
test (Lindgren 1976). For each subject, the null hypothesis,
namely, that the random and seizure tests performance are
derived from the same distribution (i.e. they are not signifi-
cantly (p=<0.05) different) was tested.

[0156] Since the deleterious impact of complex or second-
arily generalized seizures on cognitive performance is cumu-
lative, when closely spaced in time, all automated detections
in a 15 minute window prior to each random or seizure test
were annotated and taken into account in the interpretation of
the complex reaction time test performance

[0157] Results

[0158] Twenty subjects (See Table 1 for demographics,
type, numbers and sites of electrode implantations and local-
ization of the epileptogenic zone(s) all of which met the
inclusion criteria, were enrolled in this study. The data from 6
subjects (4, 6, 7, 9, 12, 13) were excluded from analyses as
they did not take the minimum required number of seizure-
triggered tests. In 12/14 subjects electrographic onset pre-
ceded clinical seizure onset; in subjects 16 & 20 clinical
preceded electrographic onset and their data was included in
the analyses as control.

[0159] A total of 856 tests were administered: 649 (76%)
were random with subjects responding to 520 (80%) and 207
(19%) were seizure-triggered (all true positive detections)
with subjects responding to 73 (35%). These differences were
primarily due to a few subjects who reported “getting tired” of
taking large numbers of tests. The mean and SD of the average
compliance scores for the 14 subjects included in the analyses
were: Random tests: 0.91+/-0.12 vs. Seizure tests: 0.82 +/-0.
26, differences that were not statistically significant (paired
t-test: p~0.14). The mean and SD of the average percentage of
correct responses for the 14 subjects were: Random tests:
85+/-14% vs. Seizure tests: 76+/-30%, differences that were
not statistically significant (paired t-test: p~0.15).

[0160] Mean maximal seizure intensity, duration and
spread for each subject are shown in Table 3.

[0161] The mean, range and SD of time to failure (as
defined above) for all subjects are shown in Table 4. Differ-
ences in means between seizure and random tests were sig-
nificant for TIR-A (p~0.02) and TIR-B (p~0.04), but not for
TIR-C (p~0.4).

[0162] For 3/14 subjects, the Kolmogorov-Smirnov test
identified significant differences in certain distributions: In
subject 5, TIR-A was longer (p~0.03) for seizures than for
random tests; in subjects 8 & 11, the percentage of correct
responses was higher (p~0.04) for seizures than for random
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tests; in subject 11, the SD of response times for seizures is
larger (p~0.04) than for random tests.

[0163] The relationship between response delay and cor-
rectness of response to instantaneous seizure intensity (re-
gardless of whether tests were triggered by seizure detection
or by a random trigger; in the latter case, instantaneous sei-
zure intensity was 0) was analyzed using scatter plots and
classified into four groups: 1. As seizure intensity increased,
response latency decreased, but without apparent impact on
likelihood of correctness [Subject 14]; 2. As seizure intensity
increased, response delay appeared unchanged, but with an
increase in likelihood of an incorrect choice [Subjects 5, 16,
and 20]; 3. As seizure intensity increased, response delay
increased along with an increase in likelihood of an incorrect
choice [Subjects 10 and 11]; and 4. As seizure intensity
increased, there was no apparent change in either response
delay or likelihood of an incorrect choice [ Subjects 2, 17, and
19]. In the remaining five subjects, there was insufficient data
at high intensities to identify any relationship between the
variables [Subjects 1, 3, 8, 15, and 18§].

[0164] Relative Seizure Severity (RSS) showed negative
correlations between % correct and TIR-A,B,C with RSS for
patients 2 (TIR-A), 3 (TIR-A,B), 4 (TIR-A,B,C), 5 (TIR-A,
B), 6 (% corr, TIR-A,B ,C), 7. % corr, TIR-A,B ,C), 9 (TIR-
AB), 11 (TIR-A,B), 12 (TIR-A,B), and 13 (TIR-B).

[0165] Discussion

[0166] This study employed automated seizure detection to
trigger a complex reaction time test to estimate the length of
time following automated seizure detection for which a sub-
jects’ performance is indistinguishable from interictal (non-
seizure) periods. Reaction time is the time required for per-
ceptual processing, evaluation of a stimulus and enactment of
a response. Complex (also known as choice or alternative)
reaction time, unlike simple reaction time tests, consists of
more than one stimulus, adding complexity that increases
with the logarithm of the stimuli number, thus probing thor-
oughly and in-depth a subject’s ability to correctly and in a
timely manner process and evaluate stimuli and generate an
adaptive response. The process that takes place between the
presentation of a stimulus and the response may be broken
down into three subprocesses listed in order of occurrence: a)
a stimulus registration time; b) a choice reaction time; and c)
a time in constructing a decision to respond. This and the
ability to re-administer it multiple times make complex reac-
tion time tests suitable for assessing the impact of seizures on
responsiveness/awareness.

[0167] The period (regardless of duration) after detection
of seizure onset during which performance assessed with this
complex reaction time test was indistinguishable from that
obtained interictally, is referred herein to as Time to impaired
response (TIR). It is inferred from these results that before
impairment, subjects are able to acquire and correctly process
sensory cues and integrate the elements required to generate
an adaptive (appropriate) and timely response. The Time to
Impaired Response obtained in this study, under adverse con-
ditions (postoperatively and in an ICU environment), show
that in subjects with seizures of mesial temporal origin
(which are the majority in this cohort), the mean time to
impaired response (TIR-A: 56.1 s; TIR-B: 27.1 s, and TIR-C:
42.8 s) was adequate for implementation/execution of certain
behaviors, including but not limited to prevention of falls to
the ground, other injuries, and even possibly disengagement
from the operation of power equipment and of motor vehicles
(Green, 2000). These findings justify the issuing of auto-
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mated warning(s) (in addition to therapy) to decrease the risk
of injuries and costs of care (both direct and indirect) and
enhance the quality of life of subjects with seizures originat-
ing from certain brain regions. Due to the proclivity of sei-
zures originating in the frontal lobe to rapidly evolve into
complex or secondarily generalized ones and the susceptibil-
ity to dysfunction (even to single epileptiform discharges
(Shewmon & Erwin I, I, 1988) of areas subserving vision,
subjects with these epilepsies may not benefit from short-
term warning.

[0168] That administration of the complex reaction time
tests may have modified the probability of seizure occur-
rence, their expression, and severity is worth entertaining in
light of two observations: 1. When compared with the 37
other subjects evaluated for epilepsy surgery during the same
time period who were not enrolled in this study, those partici-
pating required significantly longer monitoring [by 2.2 days,
8.9 days for enrollees vs. 6.7 days for those not enrolled
(p~0.04)] to capture 5 typical clinical seizures; 2. In one
subject (#2) the intensity of seizures during which tests were
administered was significantly lower (p<0.001) than those
during which tests were not administered. A small body of
literature (Efron 1957; Paulson 1963; Kuhlman 1978; Papini
et al 1984; Pritchard et al, 1985; Fenwick 1991) provides
examples of seizure abatement, using sensory or other forms
of stimulation, and of the increased likelihood of seizures
with decreased vigilance and cognitive activity, suggesting
that seizures may be amenable to “cognitive” intervention.
[0169] As gleaned from these observations, the systematic
study of certain aspects of behavior and cognition during the
peri-ictus and ictus illuminated heretofore unknown aspects
of the mind-seizure interactions, provided means to decrease
the burden of epileptics and of their caregivers, and expanded
the realm of activities safely open to epileptics.
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TABLE 1
Subject Site(s) of Origin #of SZs  Spread
01 RMT focal 1 No
02 LMT focal 19 Regional
03 RTnC 2 Focal
RTnC regional No
03 RMT focal 2 Regional
08 LMT focal 111 No
LMT regional 8 No
LMT focal 2 Interhemispheric
10 LMT regional 7 No
11 LMT regional 2 Intrahemispheric
14 Interhemispheric 10 No
15 R frontal regional 9 No
R frontal regional 1 Lobar
16 L frontal focal 1 Diffuse
17 RMT focal 1 Regional
RMT focal 1 Interhemispheric
RMT focal 1 No
RMT focal 1 Regional
IMT focal 1 Interhemispheric
RTM focal 1 No
18 IMT focal 4 Regional
LMT focal 1 No
19 RTM focal 1 No
RTM focal 1 Regional
20 RTM Regional 1 Interhemispheric

L =Left; R = Right: M = Mesial; T = Temporal; nC = Neocortical

TABLE 2
Years Monthly
Subject with Baseline Primary Epileptogenic Electrode Type(s)
No. Age epilepsy Gender Etiology Class Frequency Zone(s) & Approach
1 32 27 T Cryptogenic CP 10 Rt. Amygdala B.D;Lat
2 30 29 F  Cryptogenic CP 4 Lt. Amygdala & Pes B.D.;Lat
Hippocampus
3 34 22 M  Infection Sec. Gral. 5 Rt. Fronto-Temporal Grid

Convexity
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TABLE 2-continued
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Years Monthly
Subject with Baseline Primary Epileptogenic Electrode Type(s)
No. Age  epilepsy Gender Ftiology Class Frequency Zone(s) & Appreach
4 22 4 M Trauma Sec. Gral. 5 Rt. Hippocampus B.D.; Lat.
5 11 4 M Cryptogenic CP 16 Rt. Amygdala B.D.; Lat.
6 30 23 F  Congenital CP 10 Rt. Amygdala & B.D.; Lat.
Hippocampus
7 42 14 M Trauma Sec. Gral. 7 Rt. Frontal Convexity Grid
8 23 23 F  Cryptogenic CP N/A Lt Hippocampus B.D.; Lat.
9 35 34 F  Trauma Sec. Gral. 4 Lt. Frontal Convexity Grid
10 26 26 M Infection CP 15 Left Amygdala & B.D.; Lat.
Hippocampus
11 48 38 M Cryptogenic CP 75 Rt Amygdala B.D.; Lat.
12 20 8 M Cryptogenic CP 2 Rt. Posterior Hippocampus  B.D.; Lat.
13 28 3 M Cryptogenic CP 45 Bi-occipital polar B.D.
14 34 22 F  Cryptogenic CP 3 Lt. Hippocampus; Rt. B.D.; Lat.
Amygdala
15 32 19 M Trauma Sec. Gral. 3 Rt. Frontal Convexity Grid
16 22 21 F  Cryptogenic Sec. Gral. 2 Rt. Post. Hippocampus; Lt.  B.D.; Strips
Post. Hippocampus; bi-
Fronto-Polar
17 19 11 M Cryptogenic CP 3 Lt. Hippocampus; Rt. B.D,; Lat.
Amygdala
18 21 7 M Trauma Cp 4 Lt. Hippocampus B.D.; Lat.
19 25 16 F  Cryptogenic Sec. Gral. N/A Lt Hippocampus B.D,; Lat.
20 30 11 M Cryptogenic CP 16 Rt. Amygdala & B.D.; Lat.

Hippocampus
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CP = Complex Partial; Sec. Gral. = Secondarily Generalized; B.D. = Bilateral Depth electrodes; Lat. = Lateral (Electrodes are inserted through the

temporal bone)

TABLE 3

Mean Maximal

Subject Seizures Intensity Mean Duration (s) Mean Spread
01 17.7 4.0 1.0
02 124.8 28.9 2.0
03 3.5 34.0 1.5
05 306.5 17.1 2.0
08 94.6 6.4 1.3
10 247.0 22.6 2.0
11 607.1 79.4 8.0
14 128.8 16.7 16.0
15 165.3 4.9 22
16 1005.7 36.2 16.0
17 242.0 9.6 6.3
18 842.6 25.8 5.6
19 3.6 70.0 1.5
2 340.3 87.6 16.0
TABLE 4
Random Tests Seizure Tests
Mean SD Range Mean  SD Range
®) () (®) (®) s) (®)
TIR-A 22.0 17.3 0.2-83.5 27.1 198 0.6-75.0
TIR-B 37.2 25.0 0.2-92.0 42,8 242 0.6-82.2
TIR-C 55.5 24.8 2.0-103.0 36.1 239 0.6-88.7

TIR: Time to impaired response, with failure defined as: A. Either an incorrect response or
a slow correct response (with latency exceeding the 90% tile of random test response
latencies); B. Any incorrect response; C. Three consecutive incorrect responses

[0202] 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.

[0203] The particular embodiments disclosed above are
illustrative only as the invention may be modified and prac-
ticed in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein.
Furthermore, no limitations are intended to the details of
construction or design herein shown other than as described
in the claims below. It is, therefore, evident that the particular
embodiments disclosed above may be altered or modified and
all such variations are considered within the scope and spirit
of the invention. Accordingly, the protection sought herein is
as set forth in the claims below.

What is claimed:
1. A method for determining a degree of responsiveness of
a patient having brain state changes, comprising;

receiving an indication of a triggering event;

administering to the patient, in response to the indication, a
test of responsiveness; and

determining, based upon a result of the test, at least one
responsiveness parameter selected from the group con-
sisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in
the patient’s responsiveness; (iii) a magnitude of a
change in the patient’s responsiveness, (iv) a time inter-
val from the indication of event occurrence to a change
in the patient’s responsiveness, (v) a type of change in
the patient’s responsiveness, (vi) an estimation of a sei-
zure severity; (vii) a classification of a seizure into clini-
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cal or subclinical; (viii) a classification of a clinical
seizure into simple partial, complex partial, or general-
ized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (X) an assessment of the
state of the disease and formulation ofa prognosis for the
patient; (xi) an estimation of a risk of injury or death for
the patient; and (xii) two or more thereof.

2. The method of claim 1, wherein the triggering event is
selected from the group consisting of a) an indication from a
medical event detection algorithm that a medical event is
occurring or is imminent; b) a manual signal to administer the
responsiveness test to the patient; or ¢) a command to admin-
ister a responsiveness test to the patient in the absence of an
indication from a medical event detection algorithm that a
medical event is occurring or imminent.

3. The method of claim 1, further comprising detecting a
change in an autonomic index of the patient by analyzing at
least one set of signals received from the patient and selected
from the group consisting of cardiovascular signals, respira-
tory signals, skin signals, pupillary signals, temperature sig-
nals, peristaltic signals, autonomic nerve or ganglia signals,
and two or more thereof.

4. The method of claim 1, further comprising detecting a
change in a neurologic index of the patient by analyzing at
least one set of signals received from the patient and selected
from the group consisting of brain signals, cranial nerve sig-
nals, spinal cord signals, peripheral nerve signals, body
kinetic, position and force signals, and two or more thereof

5. The method of claim 1, wherein the patient suffers from
epilepsy, and administering is performed at a plurality of
times, wherein at least one of the plurality of times is ictal and
at least one of the plurality of times is nonictal.

6. The method of claim 1, further comprising selecting a
first test of responsiveness having a first difficulty level, and,
based on the patient’s responsiveness according to the first
test, selecting and administering a second test of responsive-
ness having a second difficulty level.

7. The method of claim 1, further comprising selecting a
first test of responsiveness having a first duration, and, based
on the patient’s responsiveness according to the first test,
selecting and administering a second test of responsiveness
having a second duration.

8. The method of claim 1, wherein the test of responsive-
ness tests at least one of the patient’s reflex, motor, or cogni-
tive functions.

9. The method of claim 1, wherein the test of responsive-
ness tests a cognitive function of the patient, wherein the
cognitive function is selected from the group consisting of
attention, verbal, non-verbal and procedural short-term
memory, verbal, non-verbal and procedural long-term
memory, language fluency and comprehension, visuo-spatial
functions, auditory discrimination, visual discrimination,
abstract reasoning, calculations, or two or more thereof.

10. The method of claim 1, further comprising delivering a
therapy for a seizure event to the patient, wherein the therapy
for the seizure event is selected from the group consisting of
electrical stimulation of a cranial nerve of the patient, thermal
manipulation of the cranial nerve of the patient, electrical
stimulation of the brain of the patient, thermal manipulation
of the brain of the patient, delivery of a chemical agent to the
patient via the bloodstream, cerebrospinal fluid or directly
into the brain, magnetic stimulation of a cranial nerve, mag-
netic stimulation of the brain a motor task, a perceptual task,
a cognitive task, and two or more thereof.
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11. The method of claim 1, further comprising, based on
the patient’s responsiveness, instructing an external device to
change an operating state thereof.

12. A computer readable program storage unit encoded
with instructions that, when executed by a computer, perform
amethod for determining a responsiveness ofa patient having
brain state changes, comprising:

receiving an indication of a triggering event;

administering to the patient, in response to the indication, a

test of responsiveness; and

determining, based upon a result of the test, at least one

responsiveness parameter selected from the group con-
sisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in
the patient’s responsiveness; (iii) a magnitude of a
change in the patient’s responsiveness, (iv) a time inter-
val from the indication of event occurrence to a change
in the patient’s responsiveness, (v) a type of change in
the patient’s responsiveness, (vi) an estimation of a sei-
zure severity; (vii) a classification of a seizure into clini-
cal or subclinical; (viii) a classification of a clinical
seizure into simple partial, complex partial, or general-
ized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (x) an assessment of the
state of the disease and formulation ofa prognosis for the
patient; (xi) an estimation of a risk of injury or death for
the patient; and (xii) two or more thereof.

13. The computer readable program storage unit of claim
12, wherein the triggering event is selected from the group
consisting of a) an indication from a medical event detection
algorithm that a medical event is occurring or is imminent; b)
a manual signal to administer the responsiveness test to the
patient; or ¢) a command to administer a responsiveness test
to the patient in the absence of an indication from a medical
event detection algorithm that a medical event is occurring or
imminent.

14. The computer readable program storage unit of claim
12, further comprising detecting a change in an autonomic
index of the patient by analyzing at least one set of signals
received from the patient and selected from the group con-
sisting of cardiovascular signals, respiratory signals, skin sig-
nals, pupillary signals, temperature signals, peristaltic sig-
nals, autonomic nerve or ganglia signals, and two or more
thereof.

15. The computer readable program storage unit of claim
12, further comprising detecting a change in a neurologic
index of the patient by analyzing at least one set of signals
received from the patient and selected from the group con-
sisting of brain signals, cranial nerve signals, spinal cord
signals, peripheral nerve signals, body kinetic, position and
force signals, and two or more thereof.

16. The computer readable program storage unit of claim
12, wherein the patient suffers from epilepsy, and adminis-
tering is performed at a plurality of times, wherein at least at
least one of the plurality of times is ictal and at least one of the
plurality of times is nonictal.

17. The computer readable program storage unit of claim
12, further comprising selecting a first test of responsiveness
having a first difficulty level, and, based on the patient’s
responsiveness according to the first test. selecting and
administering a second test of responsiveness having a sec-
ond difficulty level.

18. The computer readable program storage unit of claim
12, further comprising selecting a first test of responsiveness
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having a first duration, and, based on the patient’s responsive-
ness according to the first test, selecting and administering a
second test of responsiveness having a second duration.

19. The computer readable program storage unit of claim
12, wherein the test of responsiveness tests at least one of the
patient’s reflex, motor, or cognitive functions.

20. The computer readable program storage unit of claim
12, wherein the test of responsiveness tests a cognitive func-
tion of the patient, wherein the cognitive function is selected
from the group consisting of attention, verbal, non-verbal and
procedural short-term memory, verbal, non-verbal and pro-
cedural long-term memory, language fluency and compre-
hension, visuo-spatial functions, auditory discrimination,
visual discrimination, abstract reasoning, calculations, or two
or more thereof.

21. The computer readable program storage unit of claim
12, further comprising delivering a therapy for a seizure event
to the patient, wherein the therapy for the seizure event is
selected from the group consisting of electrical stimulation of
a cranial nerve of the patient, thermal manipulation of the
cranial nerve of the patient, electrical stimulation of the brain
of the patient, thermal manipulation of the brain of the patient,
delivery of a chemical agent to the patient via the blood-
stream, cerebrospinal fluid or directly into the brain, magnetic
stimulation of a cranial nerve, magnetic stimulation of the
brain a motor task, a perceptual task, a cognitive task, and two
or more thereof.

22. A medical device system for determining a responsive-
ness of a patient having brain state changes, comprising:

a receiving unit adapted to receive an indication of a trig-

gering event;

aresponsiveness testing unit adapted to administer a test of

responsiveness to a patient in response to the indication;
and

a determination unit adapted to receive a result of the test

and to make at least one determination selected from the
group consisting of (1) a time of occurrence of a change
in the patient’s responsiveness, (ii) a duration of a
change in the patient’s responsiveness; (iii) a magnitude
of a change in the patient’s responsiveness, (iv) a time
interval from the indication of event occurrence to a
change in the patient’s responsiveness, (v) a type of
change in the patient’s responsiveness, (vi) an estima-
tion of a seizure severity; (vii) a classification of a sei-
zure into clinical or subclinical; (viii) a classification of
aclinical seizure into simple partial, complex partial, or
generalized; (ix) an assessment of efficacy of a therapy
for the patient’s medical condition; (x) an assessment of
the state of the disease and formulation of a prognosis for
the patient; (xi) an estimation of a risk of injury or death
for the patient; and (xii) two or more thereof.

23. The medical device system of claim 22, further com-
prising a storage unit adapted to store at least one of the test
result or the determination.

24. The medical device system of claim 22, further com-
prising an autonomic or neurologic index change detection
unit adapted to detect a change in an autonomic or neurologic
index of the patient.
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25. The medical device system of claim 22, further com-
prising a medical event therapy unit adapted to deliver a
therapy for a medical event to the patient.

26. The medical device system of claim 22, further com-
prising aresponsiveness test selection unit adapted to select at
least one of a plurality of tests of responsiveness and instruct
the responsiveness testing unit to administer the selected test.

27. A method for determining a degree of responsiveness of
a patient having brain state changes, comprising;

receiving an indication of a triggering event;

administering to the patient, in response to the indication, a
test of responsiveness; and

determining, based upon a result of the test, at least one
responsiveness parameter selected from the group con-
sisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in
the patient’s responsiveness; (iii) a magnitude of a
change in the patient’s responsiveness, (iv) a time inter-
val from the indication of event occurrence to a change
in the patient’s responsiveness, (v) a type of change in
the patient’s responsiveness, (vi) an estimation of a sei-
zure severity: (vii) a classification of a seizure into clini-
cal or subclinical; (viii) a classification of a clinical
seizure into simple partial, complex partial, or general-
ized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (x) an assessment of the
state of the disease and formulation ofa prognosis for the
patient; (xi) an estimation of a risk of injury or death for
the patient; and (xii) two or more thereof
28. A computer readable program storage unit encoded
with instructions that, when executed by a computer, perform
a method for determining a degree of responsiveness of a
patient having brain state changes, comprising:
receiving an indication of a triggering event;

administering to the patient, in response to the indication, a
test of responsiveness; and

determining, based upon a result of the test, at least one
responsiveness parameter selected from the group con-
sisting of (i) a time of occurrence of a change in the
patient’s responsiveness, (ii) a duration of a change in
the patient’s responsiveness; (iii) a magnitude of a
change in the patient’s responsiveness, (iv) a time inter-
val from the indication of event occurrence to a change
in the patient’s responsiveness, (v) a type of change in
the patient’s responsiveness, (vi) an estimation of a sei-
zure severity; (vii) a classification of a seizure into clini-
cal or subclinical; (viii) a classification of a clinical
seizure into simple partial, complex partial, or general-
ized; (ix) an assessment of efficacy of a therapy for the
patient’s medical condition; (x) an assessment of the
state of the disease and formulation ofa prognosis for the
patient; (xi) an estimation of a risk of injury or death for
the patient; and (xii) two or more thereof.
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