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(57) Abstract: A method may include sensing a time of beat sequence of a
patient's heart and processing said time of beat sequence with a medical
device to identify a change in heart rate of a patient from a first heart rate to
a second heart rate. The method may continue by determining with the med-
ical device at least one of a) a ratio of the second heart rate to the first heart
rate and b) a difference between the second heart rate and the first heart rate.
The method may include determining with the medical device at least one of
a) a dynamic ratio threshold for the ratio and b) a dynamic difference
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threshold(s) to detect a neurological event, for example, an epileptic seizure.
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DYNAMIC HEART RATE THRESHOLD FOR NEUROLOGICAL EVENT
DETECTION

TECHNICAL FIELD

The present invention relates generally to methods and devices for detection of
medical events and, more particularly, to algorithms for detection of such medical events
based at least in part on the heart rate of a patient. The medical cvent may be an epileptic

seizure or an mcreased risk of aun epileptic seizure.

BACKGROUND

Medical devices (MDs) have boen used to detect events associated with a range of
medical conditions. Upon a positive event detection, MDs may provide a range of
responsive actions such as logging or recording, warning, providing treatment, or
summoning assistance.  MDs may be implantable, external, or may include both
implantable and external components.

For epilepsy patients, MDs having seizure detection algorithims have been
proposed.  Detection way be based upon autonomic and/or neurologic data from the
patient.  Treatment therapies may be initiated in response to detection to prevent,
termninate, or reduce the severity of seizures in patients with epiepsy, and may mcelude,
¢.g., drug infusion via an implanted pump, and clectrical stimulation therapies such as
deep bram stimulation (PBS) or vagus nerve stimulation {(VNS),

Electrical stinmlation therapies applied in response to detection of a seizure is
refarred to as closed-loop stimulation, Open-loop stimulation, in contrast, the electrical
signal 1s applied to the target tissue according to specified parameters for a defined period
of time {e.g., 30 seconds), referred to as the on-time, after which the electrical signal
ceases for a defived period of time {e.g., 5 numutes), referred to as the off-time. In
addition to open-loop and closed-loop stimulation, some MDs allow stimulation to be

mittated wanually by a patient or caregiver {e.g., by a magnet signal provided



16

15

25

WO 2012/148467 PCT/US2011/061057

trauscutaveously to an IMD).  Combinations of opeu-loop, closed-loop and wanual
stimulation may also be permitted.

Algorithms to detect eptleptic seizures (or an increased risk of a seizure, either or
both of which may constitute a “seizure event”} have been proposed based upon one or
more cardiac parameters such as heart rate or heart rate variability. See, e.g, US
5,928,272, U8 6,341,236, US 6,671,556, US 6,961,618, US 6,768,969, US Application
Serial No. 12/770,562, US Application Serial No. 12/771,727, and US Application Serial
No. 12/771,783, which are hereby incorporated herein by reference. Current detection
algorithms, however, have unacceptably high rates of false positive detections {(i.e.,
detecting a setzure event when no seizure has occurred) and false negatives. Thercis a
need for improved algorithms having both greater sensitivity {(ability to detect seizures)

and specificity {detecting only seizure events).

SUMMARY

In accordance with the present disclosure, the disadvantages and problerus
associated with prior cardiac-based seizure detection algorithms have been substantially
reduced or climinated.

in some embodinments, a method comprises sensing a time of beat sequence of a
patient’s heart and processing said time of beat sequence with a medical device to
identify a change in heart rate of a patient from a first heart rate to a second heart rate.
The method may continue by determining with the medical deviee at least one of a) a
ratio of the second heart rate to the first heart rate and b} a difference between the second
heart rate and the first heart rate. The method also comprises determining with the
medical device at least one of a) a dynamuc ratio threshold for the ratio and b) a dynaruic
difference threshold for the difference, wherein the at least one threshold is based upon
the {irst heart rate. In one embodiment, the method may wnclude comparing at least one
of a} the ratio to the dynamic ratio threshold and b) the difference to the dynamic
difference threshold., The method may also include detecting a neurologic event when at

least one of a} the ratio exceeds the dynamic ratio threshold and b} the difference exceeds

[R)
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the dynamic difference threshold. lu another embodiment, the method ray wnchude
initiating at least one responsive action selected from logging at least one of the
occurrence, tirne of occurrence, or a severity measure of the neurological event, issuing a
warning of the neurclogical event, issuing an alarm, initiating a responsive therapy to
treat the neurologic event, sending an omail to at least one of the patient, a caregiver, a
responder, and a physician,

in other embodiments, an article of manufacture may comprise a computer-
readable storage medium having programming configured (o cause processing circuitry to
perform processing including the methods described herein.

In other embodiments, an apparatus comprises at least one sensor configured to
sense a time of beat sequence of a patient’s heart. The apparatas may further comprise a
medical device having a heart rate determination module configured to wdentify from the
time of beat sequence a change in heart rate of the patient from a first heart rate to a
sccond heart rate.  The medical device also includes a parameter determination module
configured to determine at least one of 1) a ratio of the second heart rate to the first heart
rate and 2) a difference between the second heart rate and the first heart rate. The
medical device may also include a dynamic threshold determination module configured
to determine at least one of 1} a dynamic ratio threshold for the ratio and 2} a dynamic
differcnce threshold for the difference, wherein the at least one threshold is based upon
the first heart rate. The medical device may additionally include a comparison module
contigured to compare at least one of 1) the ratio to the dynamic ratio threshold and 2)
the difference to the dynamic difference threshold and a neurologic event detection
module configured to detect a neurologic cvent when at least one of 1} the ratio exceeds
the dynamic ratio threshold and 2) the difference exceeds the dynamic difference
threshold

The present disclosure provides various iechwical advantages.  Various
embodiments may have none, some, or all of these advantages. One advantage is that the
disclosed medical device (MD) may be configured to determine a dynamic threshold for

reducing errors in detecting seizure covents. The MD may determine the dynamic
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threshold based at least 1o part on an activity level of the patient. When a typical person
is engaged in a scdentary activity such as sleeping, merely standing up may cause a
significant increase in heart rate. To avoid false positive and/or negative seizure event
detections, the MD may be configured to determine when the patient 13 engaged in a

5 sedentary activity, At such times, the MD may apply a relatively high dynarmie threshold
for indicating the occurrence of a seizure event.

The MD may be further configured to determine when a person is engaged in a
strenuous activity,  Wheun a typical person 18 engaged in a strenuous activity such as
running, a relatively high amount of additional effort is required to cause even a moderate

10 increase wn heart rate. To increase the responsiveness of the MD at sauch times, the MD
may be configured to apply a relatively low dynamic threshold when the patient is
engaged in a strenuous activity. Thus, the determination of the MD regarding detection
of setzure events may be more accurate than in traditional medical devices.

Other advantages of the present disclosure will be readily apparent to one skilled

15 in the art from the description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclosure and its advantages,
reference is now made to the following description taken i cowjuuction with the
20 accompanying drawings, in which:
FIGURES 1A and 1B tllustrate medical treatment systems, according {o certain
embodiments;
FIGURES 2A and 2B illustrate various components of a medical device,
according o certain embodiments;
25 FIGURES 3A and 3B illustrate patient profiles stored in memory in an
unplantable medical device, according to certain embodiments; and
FIGURE 4 illustrates a flowchart for a method of delivering an electrical signal to

a cranial nerve of a patient, according to certain embodiments,
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DETAILED DESCRIPTION

Without being bound by theory, it is believed that one factor contributing to poor
performance of existing seizure detection algorithius is the fatlure of existing algorithms
to take into account the physical activity levels of the patient in distinguishing between
scizure activity and non-seizure activity, For example, changes in heart rate when the
patient is relatively inactive (e.g., sleeping, or awake but relatively inactive} may have a
significantly different meaning in terms of whether a seizure event has cccwred {(and
whether, e.g., an event should be logged and/or closed-loop stimulation should be
initiated), compared to pericds when the patient is active but not experiencing a seizure

e.g., clirabing a flight of stairs or exercising). Because qualitative information indicative
of the patient’s precise physical activity level is generally unavailable, many proposed
algorithms may cither erroneously detect a seizure event (and log or initiate treatment)
when there 18 no seizure, or may fail to detect a seizure when it occurs (a false negative},
or both.

FIGURES 1A and IB illustrate a roedical treatmuent systera 10, according to
certain embodiments. System 10 may be configured to detect the cccurrence of epileptic
seizures, or an elevated risk of a seizure, experienced by a patient 12, and to take oue or
more responsive actions to the detection. Responsive actions may include, by way of
nonliniting examples: logging the occurrence and/or time of occurrence of the seizure;
providing a warning, alarm or alert to the patient, a caregiver or a health care provider;
providing a therapy to prevent, abort, and/or reduce the severity and/or duration of the
seizure; assessing one or more patient parameters such as awareness or responsivensss
during the scizure; assessing the severity of the seizure, wdentifying the end of the seizure;
and assessing the patient’s post-ictal impairment or recovery from the seizure,

Referring to the embodiment of FIGURE 1A, system 10 may prevent and/or
reduce seizures by providing a therapy wn response to the detection event. In oune
embodiment, the therapy may comprise applying a closed-loop electrical signal to a
newural structure of patient 12, System 10 may be configured to transmit the electrical

signal in response to changes in a physiological parameter of patient 12 such as, for
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example, a change in the heart rate of patient 12, Referring to the embodiment of
FIGURE 1B, systerm 10 may detect a seizure event and initiate one or more responsive
actions such as logging the occurrence and/or time of the scizure cvent, recording one or
more body parameters before, during or after the event, assess the severity of the seizure
event, warn or provide alarms to the paticnt and/or a caregiver, and take other actions to
ensure the safety of the patient. In some embodiments, systemy 10 may be configured to
dynamically adjust the seizure detection threshold in a cardiac-based seizure detection
algorithm based at least in part on the current activity level of patient 12, Providing a
dynamic, heart rate based threshold for seizure detection may result in fewer false
positive detections and an enhanced accuracy for detecting actoal setzures and not
detecting as seizures heart rate changes that are unrelated to seizures.

Referring again to FIGURE 1A, a dynamic threshold may mcrease the hikelihood
of system 10 transmitting the electrical signal in response to an actual seizure, and of
avoiding transnutting the electrical signal in response o exertional or other non-seizure
tachycardia or bradycardia. System 10 may comprise a wedical device (MD) 14, such as
the tmplantable medical device (IMD) shown in FIGURE 1A, one or more leads 16, one
or more stimulators 18, oue or roore sensors 20, and a programming system 22,

MD 14 may represent any of a variety of medical devices. In some embodiments,
MI3 14 comprises a neurostinmulator for stimulating a neural structure 1o patient 12, MD
14 may be configured to stimulate any suitable neural structure such as, for example, a
cranial nerve 24. Examples of cranial nerves 24 include, but arc not limited to, the vagus
nerve, cramial accessory nerve, olfactory nerve, optic nerve, oculomotor nerve, trochlear
nerve, irigeminal nerve, abducens nerve, facial nerve, vestibulocochlear unerve,
glossopharyngeal verve, hypoglossal nerve, and branches of the foregoing. Although
MD 14 is described in FIGURE 1A below in terms of vagus nerve stimulation {(VINS},
MD 14 may be applied to the stimnudation of other cranial nerves 24 and/or other neural
tissue such as, for example, one or more peripheral nerves, brain structures, spinal nerves,

and/or other spinal structures of patient 12,
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In some embodiments, MD 14 may be coupled to one or wore leads 16, Each
lead 16 may comprise a conductive wire {¢.z., metallic wire) configured to communicate
clectrical signals between MD 14 and one or more electrodes.  In some embodiments,
fead 16 has a proximal end that 1s coupled to M 14 as well as a distal end that is coupled
to a stimulator 18 and/or 4 sensor 20, Onc or more anchor tethers 26 may be incorporated
in certain crmbodiments to couple lead 16 to a tissue structure (e.g., cranial nerve 24) in
patient 12. In addition one or more fasteners 27 may be any suitable device for attaching
lead 16 to a tissue structure by, e.g., sutures. Anchor tether(s) 26 and fastener(s) 27 roay
be positioned to reduce or prevent the strain associated with patient movement from
being transtmited 1o lead 16 or stimulator 18,

The distal end of lead 16 may be coupled to stimulator 18 and/or seusor 20,
Stimulator 18 may comprise any suitable device for delivering an electrical signal from
MD 14 to cranial nerve 24, In some embodiments, stimulator 18 comprises one or more
electrodes that deliver elecirical current to a target tissue such as, for example, cranial
nerve 24 of patient 12. Stimulator 18 may be kept i contact with cramal nerve 24 by
using one or more anchor tethers 26 and/or fasteners 27. System 10 may comprise any
suitable number of stimulators 18 commumicatively coupled to MD 14,

As explained above, the distal end of one or more leads 16 may be coupled to one
or more sensors 20, Sensor 20 way coroprise any suttable device for sensing a
physiclogical parameter of patient 12, For example, sensor 20 may be attached to
cardiovascular tissuc 28 n patient 12 (e.g., the heart) to sense the time of beat sequence

[13a

of the heart of patient 12. “Time of beat sequence” may refer to a series of timestamps
assoctated with a measured fiducial point {e.g., an R wave peak, a P wave peak, a T wave
peak, etc.) in the cardiac cycle of the patient. A series of sequential timestanps for a
fiducial point, such a the R wave peak, may be used in a medical device processor to
derive a variely of cardiac parareters such as heart rate, heart rate vanability, ete. Heart
rate may be determined on an instantancous basis from the immediately preceding 2
fiducial points, or as g median or average heart rate for a window, such as a time window

{e.g., 5 seconds, 30 seconds, or 300 seconds), or a number-of-beats window {e.g., 3 beats,
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5 beats, 30 beats, or 300 beats). In addition, or alternatively, sensor 20 may be attached
to tissue in patient 12 to detect blood pressure, blood sugar, biood pH, blood oxygen
level, blood CO2 level, body movement, breathing, pupiliary dilation, brain electrical
activity and/or any suitable physiological parameter of patient 12,

In some embodiments, scnsor 20 may comprise one or more electrodes configured
to sense electrical activity in the body of patient 12 {e.g., a voltage indicative of cardiac
activity or brain wave activity). In addition, or alternatively, sensor 20 may comprise a
pressure transducer, an acoustic eclement, a photonic element {e.g., hight emitting or
absorbing clement}, and/or any suitable clement configured to provide a sensing signal
representative of a physiological body parameter. In sowe embodiments, sensor 20 may
be a heart rate sensor, a body movement sensor {e.g., a triaxial accelerometer and/or a
gyroscope), a blood pH sensor, a blood pressure sensor, and/or a blood sugar sensor,
Sensor 20 may be kept in contact with the target tissue in patient 12 in some
erabodirnents by one or more {asteners 27. MD 14 may be coupled via leads 16 to any
suitable number and combination of sensors 20,

Any of a variety of suitable techniques may be employed to run lead 16 from an
implantable device through the body of patient 12 to an attachment point such as cranial
nerve 24 or cardiovascular tissue 28 of patient 12. In some embodiments, an electrode or
electrode pair wmay function both as a stimulator 18 and a sensor 20, In certain
embodiments, the outer surface of MDD 14 itself may be electrically conductive and may
function as a sensor 20, See, for example, US 5,928,272,

Referring to the embodiment of FIGURE 1B, system 10 may allow unotification
and/or tracking of detection events. System 10 may detect a scizure ovent and initiate
one or more responsive actions such as logging the occurrence and/or time of the seizure
cvent, recording one or more body parameters before, during or after the event, assess the
severity of the setzure event, warn or provide alarms to the patient and/or a caregiver, and
take other actions to ensure the safety of the patient. In some embodiments, system 10
may be configured to dynamically adjust the scizure detection threshold in a cardiac-

based seizure detection algorithm based at least in part on the current activity level of

R
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patient 12, Providing a dynamic, heart rate based threshold for seizure detection may

esult in fewer false positive detections and an enhanced accuracy for detecting actual
scizures and not detecting as seizures heart rate changes that are unrelated to seizures.
MD 14 in system 10 of FIGURE 1B may comprise an external medical device (IMD),
such as an external heart rate monttor, perhaps associated with patient 12 by using a chest
harness, an electronic patch configured to detect heart rate, or the like,

System 10 in FIGURES 1A and 1B may comprise a programming system 22
configured to communicate with MD 14, Programoming systemn 22 may be configured to
generally monitor the performance of MD 14, In some cmbodiments, programming
systemn 22 downloads programoming wformation into MD 14, uploads from MD 14
physiclogical information collected by sensors 20, and/or alters the operation of MD 14
as desired. In some ermabodiments, programiming system 22 may cause MD 14 to perform
one or more calibration processes. Programming system 22 may comprise a computer 30
and a wand 32.

Computer 30 may comprise auny suitable processing device sach as, for example, a
personal computer, personal digital assistant (PDA), smart phone, and/or other suitable
computing device. Computer 30 roay be coupled to wand 32 by a wired and/or wireless
connection. Wand 32 may represent any suitable interface device that allows computer
30 to communicate with MD 14, In some embodiments, wand 32 may be mtegral with
computer 30, When placed in proximity to patient 12, wand 32 may wirelessly upload
and/or download information to/from MD 14, In some embodiments, wand 32 may
recharge the battery of MD 14 when placed in proximity to patient 12, In external
erubodimnents (FIGURE IB) or m implantabic embodiments incorporating data
trausmission in the Medical Implant Communication Service (MICS) band, wand 32 may
be omitted and communication between computer 30 and MD 14 may occur without
wand 32.  Representative techniques for communicating between MDY 14 and
programming system 22 are disclosed in U.S. Pat. No. 5,304,206 and U.S. Pat. No.

5,235,980, both of which are mcorporated herein by reference,
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In some embodiments (FIGURE 1A), i may be desirable to apply aun electrical
signal to cranial nerve 24 of patient 12 when patient 12 is about to experience and/or is
experiencing a seizure. Such an electrical signal may prevent, interrupt, or reduce the
severity of the seizure. It has been observed that a setzure is often preceded and/or
accompanied by an increase in the heart rate of paticnt 12, In operation, MD 14 may
monitor the heart rate of patient 12 and, in response to a change in heart rate, MI» 14 may
apply an electrical signal to cranial nerve 24, In addition, or alternatively, an external
device {e.g., computer 30) may monitor the heart rate of patient 12 and, in response to a
change in heart rate, may cause MD 14 to apply an electrical signal to cranial nerve 24 of
patient 12,

Whether a change in heart rate is indicative of an actual seizure may depend on
the activity level of patient 12. When a typical person is engaged in a sedentary activity
such as sleeping, minor changes in activity level, such as merely standing up, may cause
a significant increase in heart rate. To avoid detecting such non-ictal cardiac changes as a
seizure, MD 14 may be configured to dynamically determuine a relatively high threshold
for identifying a seizure cvent when patient 12 is cngaged in a sedentary activity.
Conversely, when the patient 18 engaged in a strenuous activity such as running, a
relatively high amount of additional effort is required to cause even a moderate increase
m heart rate.  Thas, to increase the accuracy of wdentifying seizures, MDD 14 ruay be
configured to dynamically determine a relatively low threshold for identifving a setzure
cvent when patient 12 1s cngaged in a strenuous activity.  As explained below with
respect to FIGURE 3A, when patient 12 experiences a heart rate change that is greater
than and/or equal to the dvnamic threshold, MD 14 may indicate that a seizure event has
occurred, and roay o response apply au electrical signal to cranial nerve 24 in order to
prevent, interrupt, and/or reduce the severity of a seizure.

FIGURE 2A illustrates various compouneuts of MD 14, according to certain
embodiments. MD 14 is generally operable to detect an epileptic seizure event based on
the heart rate of a patient 12, MD 14 may comprise a controller 36, a responsive action

unit 38, a detection unit 40, a communication unit 42, and a power supply 46.

~} -
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Respousive action unit 38 may comprise hardware and/or fivroware to mitiate one or
more of responsive actions such as alarms, warnings, scizure severity measurenient
determinations, logging/recording information related to the seizure, or therapies such as
electrical stimulation applied via electrodes or other stimulators. An optional electrode
sclection unit 44 may be provided in some embodiments for applying an electrical signal
to a cranial nerve 24 of the patient. In some embodiments, one or more of the foregoing
components may be implanted, while in other embodiments portions or all of the
compounents may be exteroal,

Controller 36 in MD 14 is generally operable to control varicus aspects of the
operation of MD 14, MD 14 may receive body data signals from sensors into detection
unit 40 for processing under the control of controller 36, Detection unit 40 may detect a
scizure cvent associated with changes in the patient’s heart rate by an algorithm
comparing one or more heart rate parameters to a dynamic threshold. In some
erabodimaents, controller 36 may cause respounsive action unit 38 to inifiate one or more
respousive actions such as generating a warning or alarm to a patient or caregiver;
determining and recording or logging a time of the seizure, a duration of the seizure, one
OF More seizure severtty measures; and determmnation and recording other seizure metrics
or autonomic/neurclogic events associated with the scizure cvent detected. In some
erabodiruents, such as shown i FIGURE 2A, responsive action unt 38 may ntiate
delivery of an electrical signal to target tissues in order to treat a detected seizure event.
Controller 36 may cause the clectrical signal to be generated and delivered based at least
in part on internal calculations and programming. In addition, or alternatively, controller
36 may receive and respond to manual instructions from a paticnt or caregiver. In some
erabodiraents, controiler 36 comprises a processor 48 and a memory 50,

Processor 48 may comprise one or more microcontrollers, microprocessors,
and/or other suitable hardware capable of executing various software compouneuts.
Processor 48 may be communicatively coupled to memory 50.

Memory S5O may comprise one or more tangible, computer-readable media that

are generally operable to store any suitable type and/or combination of data such as, for

~1i-
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example, internal data instructions, external data instructions, software codes, status data,
and/or diagnostic data. Memory 50 may comprise random access memory (RAM),
dynamic random access memory {(DRAM), electrically erasable programmable read-ounly
memory (EEPROM), flash memory, and/or any suitable type and/or combination of
mermory devices, In some cmbodiments, memory 50 may store one or more pationt
profiles 52.

Patient profile 52 may comprise historical and/or current data associated with the
treatment of patient 12, and/or historical data for other patient groups or cohorts. In some
embodiments, profile 52 comprises historical and/or current data reflecting the heart rate
of patient 12 and/or other patients at various times. Profile 52 may comprise one or more
instructions {c.g., charts, algorithms, graphs, and/or look-up tables) that specify when
MD 14 should detect a seizure event and nitiate a responsive action. Moemory 50 may
store any suitable number of profiles 52.

In some embodiments, MD 14 comprises a responsive action unit 38 that is
comruunicatively coupled to controller 36, Responsive action unit 38 may mitiate any of
a varicty of responsive actions. In one embodiment, the responsive action unit may log
one ot wore tmestamps, set one or more flags, and imitiate a real-time storage sequence
of body data of the patient. The responsive action unit may comprise one or more sub-
moduoles to analyze body data before and/or afler the detection event to determine and
store one or more seizure metrics associated with the seizure event. In one embodiment,
the responsive action unit may comprise a seizure severity sub-module to determine an
indication of seizure severity, which may include one or more parameters such as the
maximum heart rate of the patient following the seizure detection, the time mterval from
detection of the seizure to maximum heart rate, the iime mterval from the seizure
detection until the patient’s heart rate returns to its pre-ictal rate. Other seizure metrics,
such as the inter-seizure interval between the detected seizure event and the immediately
preceding seizure, may also be determined and stored for later reporting, Responsive
action unit may comprise suitable circuitry for the logging, warning and analyzing body

data including, without limitation, memory modules or sub-modules, control logic and/or

~172-
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programs, look-up tables, etc. The actions performed by the responsive action unit 38, or
its sub-modules, may be cxecuted under the control of controlier 36, and may be coupled
to other components of MD 14 such as detection unit 40, discussed herciafier.

Responsive action unit 38 may further initiate a responsive therapy such as an
electrical stimulation therapy to a cramal nerve, and may comprise one or more sub-
modules to provide the therapy. In one embodiment, a therapy sub-module may generate
and/or transmit an clectrical signal to one or more stimulators 18 via leads 16. The
therapy sub-muodule of respousive action unit 38 may deliver the electrical signal to leads
16 based upon instructions from controller 36. A therapy sub-module of responsive
action unit 38 may comprise any suttable circuitry such as, for example, stimulation
signal generators, impedance controllers (e.g., circuitry to control the impedance “‘seen”
by lcads 16), and/or other suitable circuitry that receives instructions relating to the
delivery of the electrical signal to tissue. In some embodiments, responsive action unit
38 may be configured to deliver a controlled current eloctrical signal over leads 16,

In addition, or alternatively, MD 14 may comprise a detection untt 40 that is
communicatively coupled to controller 36, Detection unit 40 is generally operable to
detect and/or determine one or more physiological parameters of patient 12, For
example, detection unit 40 may detect physiclogical parameters relevant to a medical
condition such as, for example, epilepsy or depression. In some ervbodiments, detection
unit 40 may detect the cardiac time of beat sequence of patient 12, For example, sensors
20 in proximity to the heart of paticnt 12 may transmit to detection unit 40 one or more
signals associated with the cardiac cycle of patient 12, such as a sequence of R-wave
detections from which heart rate and other cardiac parameters {e.g., heart rate variability
calculations) may be determined.  An “R-wave” refers to the peak of the upward
deflection of the QRS complex in an clectrocardiogram. Detection unit 40 may comprise
any suilable hardware, sofiware, and/or firmware configured to detect and/or interpret
signals associated with physiclogical parameters of patient 12, Detection unit 40 may
also comprise software for detection of an epileptic seizure event, which may comprise

an actual scizure and/or an clevated risk of an imminent seizure. In some embodiments,
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m respouse to fnformation collected by detection unit 40, MDD 14 may cause responsive
action unit 38 to initiate a responsive action such as logging, analyzing or providing a
therapy to patient 12, In addition, or alternatively, detection unit 40 may detect and
mounttor quality of life indication(s), seizure frequency parameter(s), seizure characteristic
parameter(s), side effect parameter(s), brain-activity parameter(s), depression score
parameters, and/or medication dosage parameter(s} associated with patient 12,

FIGURE 2B shows further detail of detection unit 40 according to one
embodiment, though other erabodiments are possible where at least some of the modules
shown arc not in detection unit 40 and/or additional modules not shown are included.
Detection unit 40 w FIGURE 2B includes a heart rate determination module 74
configured to identify from the time of beat sequence a change in heart rate of the patient
trom a first heart rate to a second heart rate, Detection unit 40 also includes a parameter
determination module 76 configured to determine at least one of 1} a ratio of the second
heart rate to the first heart rate and 2) a difference between the second heart rate and the
first heart vate. Detection unit 40 further ncludes a dyvamic threshold determination
moduic 78 configured to deternune at least one of 1} a dynamic ratio threshold for the
vatio and 2} a dypamic difference threshold for the ditference, wherein the at least one
threshold is based upon the first heart rate. Detection unit 40 still further includes a
comparison module 80 configured to compare at least one of 1) the ratio o the dynannc
ratio threshold and 2} the difference to the dynamic difference threshold. Detection umt
40 additionally includes a neurologic event detection module 82 configured to detect a
neurclogic event when at least one of 1} the ratio exceeds the dynamic ratio threshold and
2) the difference exceeds the dynamic difference threshold,

M 14 may comprise a commumcation unit 42 communicatively coupled to
controlier 36. Communication unit 42 may comprise any suitable hardware, software,
and/or fitroware configured to facilitate communications between MD 14 and a
programming system, {¢.g., programming system 22 shown in Fig. ). In a particular
erabodimuent, communication unit 42 may pernut the transmussion and reception of

electronic signals to and from processor 48 and/or wand 32, As explained above, an
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operator of system 10 roay use processing system to download information frova MD 14,
upload information to MD 14, configure treatment parameters stored in MD 14, and/or
modity mstructions in MD 14 that govern the responsive action unit 3§,

In some embodiments, MD 14 may comprise an electrode selection unit 44 that is
communicatively coupled to controller 36, Electrode selection unit 44 may direct an
electrical signal to one or more of a plurality of stimulators IR that are operationally
coupled to various portions of cranial nerve 24 of patient 12, For example, in
embodiments where cranial nerve 24 is the vagus nerve, electrode selection unit 44 may
direct an clectrical signal to the left vagus main trunk, the right vagus main trunk, both
the left and right vagus main trunks, and/or a branch of the lefi and/or right vagus nerves,
In addition, or alternatively, electrode selection unit 44 may “steer” the electrical pulse to
particular nerve axons within the main vagus nerve trunk by sclecting particular
electrodes from among a plurality of stimulators 18 coupled to portions of the vagus
nerve. In this way, MD 14 may target a predetermined portion of the vagus nerve,
Respousive to one or more parameters determived by detection uwmt 40, electrode
sclection unit 44 may provide an electrical signal capable of generating afferent action
potentials, efferent action potentials, blocking afferent potentials, and/or a combination of
the foregoing offects. Electrode selection unit 44 may comprise any suitable hardware,
software, and/or firmaware configured to perform the foregoing functions and/or
operations.

Controller 36 in MD 14 may be communicatively coupled to a power supply 46.
Power supply 46 may comprise any suitable components {e.g., battery, voltage regulators,
capacitors, ctc.) to provide power for the operation of MD 14, Power supply 46 may
provide power for the generation and/or delivery of an electrical signal to crawial nerve
24 via responsive action unit 38, Power supply 46 may comprise a power source that, in
some emboditeents, 1s rechargeable.  In other embodiments, power supply 46 roay
comprise a non-rechargeable power source. In some embodiments, power supply 46
comprises a lithiuro/thionyl chloride cell and/or a lithiom/carbon monotluoride (LiCFx)

cell. It should be understood, however, that other suitable battery types may be used.
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FIGURE 3A illustrates an dhlustrative and non-limiting patient profile 52
according to one cmbodiment. Profile 52 may be stored in memory 50 in MD 14,
According to certain cmbodiments, MD 4 may use information stored in profile 532 to
determine a dynamic threshold for detecting an onsct or imninent onset of an epileptic
scizure. In somce embodiments, MD 14 determunes {e.g., in detection unit 40, Figs, 2A
and 2B} a foreground heart rate 54 of patient 12 in a shortterm window, and a
background heart rate 56 of patient 12 in a long-term window. The windows may be
time or number-of-beats windows, and at least a portion of the long-term window occurs
prior to the short-term window. At least the short-term window may end in a present
time. In addition, in some embodiments, profile 52 way also store a maximum heart rate
58 of patient 12, one or more dynamic thresholds 34, and/or one or more trigger factors
60.

The foreground heart rate 54 of patient 12 generally refers to the heart rate of
patient 12 in a shori~termm window. In somc cmbodiments, this may comprise an
mstantapcous heart rate determoined from the muwediately precedimg two R-wave
detections, e.g., HRst = 60/(RRI}, where HRst is short-term heart rate and RR1 15 the R-R
tnterval determined {rom the two most recent R-wave detections, In other embodiments,
a short-term window {e.g., 5 seconds} may be used and a statistical measure of central
tendency {e.g., median or mean) for the short-terra window may be used as the short-term
heart rate. Use of a short-term window instead of an instantancouns heart rate as the
toreground heart ratc measure may smooth the heart rate and improve accuracy by
removing rapid fluctuations from providing erroneous detection events.

As explained above, MD 14 may monitor and store in memory 50 the time of beat
sequence of cach heartbeat of patient 12, Using this wformation, MD 14 may determine
the foreground heart rate 54 of patient 12 based at least in part on the timing of the most
recent heartbeats of patient 12, For example, M 14 may determune the foreground heart
rate 54 based at least in part on the frequency of the most recent five heartbeats, the most

recent ton heartbeats, the beats occurring in the most recent five-second or fen-second
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moving window, and/or other suitable short-term window. MD 14 may coutinuously
update the foreground heart rate 54,

In addition to the foreground heart rate 54, MD 14 may determine and store a
background heart rate 56 of patient 12 in profile 52, The background heart rate 56 may
represent a statistical measure of central tendency (e.g., median, average) of heart rate for
patient 12 over a longer period of time than the foreground heart rate, and at least a
portion of the background heart rate window occurs prior to the foreground heart rate
window. In one embodiment, the background window i3 a window imwuediately
preceding the foreground window. In one exemplary embodiment, the background heart
rate 56 of patient 12 al any given time represents the average heart rate of patient 12 over
the preceding two minutes. In other embodiments, the background heart rate 56
represents the median heart rate of the immediately precoding S00 R-R intervals, Any
suitable period of time may be used for calcnlating the background heart rate 56, so long
as the background time period is longer than the foreground time period and mchades at
least a portion of time preceding the foreground window. The background window may
occur entirely prior to the foreground window in some embodiments, although in other
embodiments the background window may overdap at least a portion of the foreground
window.

In some embodiments, the background heart rate 56 represents the average beart
rate of patient 12 during a pertod comprising a programmable number of heartbeats or a
programmmable time window, For example, the background heart rate 56 may represent
the median heart rate during the most recent three hundred heartbeats (1.e., R-R intervals).
In some embodiments, weighting techniques such as exponential forgetting may be used
to determine the background heart rate for the background window. As another example,
the background heart rate 56 may represent the average (mean) heart rate occurring in the
most recent five hundred seconds, or in the most recent 500 seconds preceding the
foreground window. In some embodiments, the background heart rate 56 may be
determined based at least in part on a fime interval that varies as the heart rate of patient

12 changes.
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In some embodiments, profile 52 comprises the maximum heart rate 58 of patient
12, The maximum heart rate 58 may represent an approximation of the maximum rate at
which the heart of patient 12 1s able to beat in non-pathological conditions, For example,
the maximum heart rate 58 may represent the beart rate of patient 12 when he/she is
exerting maximur physical effort. The maximum heart rate S8 may be determined by a
carcgiver of patient 12 prior to and/or after MDD} 14 1s implanted in patient 12. From time
to time, and as the physical conditioning of patient 12 changes, the doctor of patient 12
may use programming system 22 to update the maximam heart rate 58 stored m profile
52. If patient-specific data is not available, known maximum heart rate formulas (e.g.,
HRmax = 220 — patient age i vears), may be used.

In some embodiments, profile 32 may comprise one or more trigger factors 60.
The trigger {actor 60 may represent @ percentage that MD 14 uses to determine when a
seizure event has been detected. The trigger factor 60 may be a percentage of a
difference between a maximum heart rate of the patient and the first heart rate, The
percentage may be between {ifteen percent and thirty-~five percent. Trigger factor 60 may
be used in the calculation of dynamic threshold 34 as described below in the discussion
of FIGURES 3A and 3B. In one embodiment, trigger {actor 60 may be programumed by a
healthcare provider in order to make MD 14 more or less responsive to changes in the
foreground heart rate 54 of patient 12 m detecting seizures. That is, as trigger {factor 60
increases, it may cause dynamic threshold 34 to be less responsive to changes i
toreground heart rate 54 even though an cquation for calculating dynamic threshold
remains the same.

In some cmbodiments, MD 14 uscs the trigger factor 60, the maximum heart rate
58, and the background heart rate 56 of patient 12 to determine a dynamic threshold 34
for seizure detection. MD 14 may store one or more dynamic thresholds 34 in profile 52.
Dynamic threshold 34 1s used to adjust the sensitivity of a seizure detection algorithm to
detect seizure events based on changes in the patient’s level of activity, as reflected in the
background heart rate. For cxample, when patient 12 1s sedentary (e.g, sitting or

sleeping}, the background heart rate 56 of patient 12 is generally low. At such times,
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because MDD 14 determunes the dynamic threshold 34 based at least m part on the
background heart rate 56, MD 14 may require a relatively large change in the foreground
heart rate 34 before MD 14 will detect a seizure event, Conversely, when patient 12 1s
active {¢.g., walking, running or swimming}, the background heart rate 56 of patient 12 is
relatively high. Accordingly, at such times, MD 14 may require only 2 small or moderate
change in the foreground heart rate 54 before detecting a seizure event,

As illustrated in Figure 3A, profile 52 may comprise a phurality of dynamic
thresholds 34 for different background heart rates 56,  Alternatively, mathematical
equation relating background heart rate and dynamic threshold may be used by IMD 14,
such as in detection uwnit 40, to periodically or continuously determine a dynamic
threshold in real-time or pear real-time for use in a cardiac-based seizure detection
algorithm.  An example of such an algorithm s provided in United States Patent
Application Serial No. 12/77(,562, where is hereby incorporated herein in its entirety.
The use of dynamic thresholds as described hercin may be used to reduce the false
positive and/or negative detection rates of such cardiac-based algorithms.

it has been observed that a seizure is often preceded or accompanied by a change
{usually but vot always an increase) ju the foreground heart rate 54 of patient 12, Thus,
by monitoring the heart rate of patient 12, MD 14 may be configured to detect a seizure
m response to a significant change (typically an 1ucrease) 1u the foreground heart rate 54,

Whether an tnerease in the foreground heart rate 54 constitutes a change that is
indicative of a seizure may depend on the current activity level of patient 12, When a
typical person is engaged in a sedentary activity such as sleeping, merely standing up
may cause a significant increase i heart rate. To avoid detecting a seizure event based
on such nou-seizure travsient chapges in heart rate, MD 14 may be counfigured to
calculate a relatively high dynamic threshold 34 when patient 12 is engaged in a
sedentary activity (typically associated with a relatively low background heart rate 56).

Conversely, when a typical person is engaged in a strenuous activity such as
running, a relatively high amount of additional etfort is required to cause even a moderate

increase in heart rate. Thus, to increase the seizure detection accuracy of MD 14 at such
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times, MDD 14 may be configured to establish a relatively low dynamic threshold 34 when
patient 12 is engaged in a strenuous activity (typically associated with a relatively high
background heart rate 56).

An example from FIGURE 3A illustrates certain embodiments of the dynamic
threshold 34 and how it may be determined. In the present example, MD 14 monitors a
patient 12 with a maximum heart rate 58 of one hundred and sixty beats per minute (160
bpm). MD 14 may store the maxinum heart rate 58 for patient 12 in profile 52. In
certain ernbodiments, a trigger {actor 60 may be used to determine dyvamic threshold
values associated with particular background heart rates 56. In the example of FIGURE
3A, atrigger factor of twenty percent is shown.

MIZ 14 may calculate a dynamic threshold 34 (DT} by multiplying the trigger
factor 60 (TF) by the difference beiween maximum heart rate S8 (HRmax) and

background heart rate 56 (HRbg) as shown in equation 1.

(H DT =TF * (HRmax — HRbg)

For a background heart rate 36 of sixty beats per manute (60 bpmy), the difference
between the background heart rate 56 and the maximum heart rate 58 of patient 12 is one
hundred beats per minuie (100 bpmy. Multiplying this difference by the trigger {factor
yields a dynamic threshold 34 for a background heart rate of 60 bpm of twenty beats per
minute (i.e, DT = 0.2 * (160 bpm — 60 bpny = 20 bpm). Thus, if the patient 12 has a
background heart rate at a given time of sixty beats per munute, and if the foreground
heart rate suddenly has increased by twenty beats per minute or more, then MD 14 will
detect a setzure event in one embodiment,

in the present example, MD 14 may deternunes a dynamic threshold 34 for
different background heart rates 56, and may do so 10 some embodiments on a real-time
basis, As illustrated in the table of dynamic threshold values shown in FIGURE 3A, as
the background heart rate 56 increases, the respective dynamic threshold 34 decreases.

For exanmple, when patient 12 is exercising, the background heart rate 56 of patient 12

~2{-
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may be one hundred and thirty beats per minute, in which case the differcnce between the
maxinum heart rate 58 of patient 12 {160 bpm) and the background heart rate 56 of
patient 12 (130 bpm) 18 thirty beats per minute (30 bpmy. By multiplying this difference
between the background and the maximum heart rates by the trigger factor 60, MD 14
may determune that the particular dynamic threshold 34 for patient 12 1 this situation is
six beats per minute (i.e., DT = 0.2 * (160 bpm — 130 bpm) = 6 bpm). Thus, if the
background heart rate 56 of patient 12 at a given time is one hundred and thirty beats per
minute f the foreground HR exceeds the background HR by six beats per minute or
more, then detection unit 40 will detect a seizure ovent, and responsive unit 38 will
mitiate one or MOre responsive actions,

By configuring the dynamic threshold 34 for detecting a setzure event in response
to the current activity level of patient 12 {(as embodied in the background HR), MD 14
may increase the accuracy of detecting a seizure (i.e., a true positive detection} and of
avoiding talse positive detections of non-ictal HR changes.

As tllustrated, graph 62 1o profile 52 shows that, as the background heart rate 56
of patient 12 increases, the dynamic threshold 34 may decrease. In graph 62, the x-axis
64 may represent the background heart rate 56 of patient 12, and the y-axis 66 roay
iilustrate the dynamic threshold 34 for detecting a seizure event based on the foreground
and background heart rates. Line 68 may represent the relationship between the
background heast rate 56 and the dynamic threshold 34 for a trigger factor 60 of twenty
percent.  Although a lincar relatiouship 1s depicted i FIGURE 3A, nonlinear
relationships such as second or higher order polynomials {(or nonlinear graphs/tables)
may also be used to deterrmne dynamic thresholds from background heart rate.
Polyuormals {or nonlinear graphs/tables) may also be derived that are umique for each
patient

As explained above, prior to and/or after iroplanting MD 14 in patient 12, a
healthcare provider may programmably determine the value of trigger factor 60 in profile
52 of patient 12. FIGURE 3B illustrates a patient profile 52 having a trigger factor 60 of

thirty percent (30%;), in contrast to the trigger factor of twenty percent {20%) used in
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FIGURE 3A. Iv FIGURE 3B, MD 14 wmontiors heart rate in a patient 12 with a
maxinum heart rate 58 of one hundred and sixty beats per minute (160 bpm). Using a
trigger {actor 60 of thirty percent (30%), MD 14 may determine dynamic thresholds 34
based at least in part on background heart rates 56, MI» 14 is configured to calculate a
dynamic threshold 34 by multiplying the trigger factor 60 by the difference between the
background heart rate 56 and the maximum heart rate 58 according to equation 1.

For instance, for a background heart rate 56 of sixty beats per minute (60 bpm),
MD 14 determines that the difference between the background heart rate 56 and the
maximum heart rate 58 of patient 12 is one hundred beats per minute (100 bpm). By
multiplying this difference by the trigger {actor 60, MD 14 deterrmines that the particular
dynamic threshold 34 for patient 12 in this sitnation is thirty beats per mimute (1.e, DT =
0.3 * (100 bpmy) = 30 bpru). Thus, if the background heart rate 56 of patient 12 at a given
time is sixty beats per minute (60 bpm) and if the foreground heart rate of patient 12
excecds ninety beats per minute (90 bpm) or more, then detection unit 40 will detect a
seizure event, and respouse unit 38 will nitiate oue or more responses as previously
discussed.

Graph 70 in profile 52 shows that, as the background heart rate 56 of patient 12
increases, the dynamic threshold 34 may decrease. Line 72 may represent the
relationship between the background heart rate 56 aund the dynamic threshold 34 for a
trigger factor 60 of thirty percent. As previously noted, although a hinear relationship
between background HR and dynamic threshold is illustrated in FIGURE 3B, nonlinear
mathematical functions and/or graphs may also express the background HR/dynamic
threshold relationship.

Although the foregoing exaruples illustrate constant trigger factors 60, it should
be understood that MDD 14 may be configured to use non-constant trigger factors 60 to
determive appropriate dyvamic thresholds 34, Similarly, although the foregoing
examples illustrate a particular maximum heart rate 58 of patient 12, it should be
understood that MD 14 may be configured with any maximum heart rate 58 depending at

least in part on the physical conditioning and health of particular patients 12. In the
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foregoing examples, MD 14 determined dynamic thresholds 34 based at least in part on
trigger factors 60 and maximum heart rates 58. In other embodiments, MD 14 may be
contigured to determine appropriate dynamic thresholds 34 by referring to one or more
fook-up tables that are stored in memory 50 and that are indexed based at least in part on
the maximum heart rate 58, the resting heart rate, the foreground heart rate 34, and/or the
background heart rate 56 of patient 12.

More generally, in some embodiments, no trigger factor is used, and the dynamic
threshold may be determined directly from a mathematical {unction or graph of the
background HR/dynamic threshold relationship. it will be appreciated that, while the
dynamic threshold may be a nonlinear function of background heart rate, the detection of
a seizure may be determined from a background heart rate, a foreground heart rate, and a
dynamic threshold that is a function of the background heart rate, If an equation, graph,
or look-up table describing the relationship between the background heart rate and a
dynamic threshold (which may be a ditfercnce threshold as illustrated in FIGURES 3A
and 3B or a ratio threshold of the f{oreground and background rates) is established—
similar to linear graphs 62 and 70 in FIGURE 3A and 3B—there is no need for a trigger
factor, and the seizure detection algorithm may simply dynamically adjust one or both of
a ratio and a difference threshold according to the value of the background heart rate and
the relationship set forth between the background HR and the equation, graph, or table.

Accordingly, for the embodiments herein, the phrase “at least one of a ratio of the
sccond heart rate to the first heart rate and a difference between the second heart rate and
the first heart rate,” or the like, refers to a ratio of the second heart rate to the first heart
rate, a difference between the second heart rate and the first heart rate, or both. Likewise,
the phrase “at least one of a dynamic ratio threshold and a dynamic difference threshold,”
or the like, refers to a dynamic ratio threshold, a dynamic difference threshold, or both.

In still other embodirments, additional 1nformation, such as an accelerometer, may
be used to confirm an exercise level of the patient, and the need for a dynamic adjustment

to a seizure detection threshold.  Although limear functions of background HR vs,
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dynamic threshold are shown, more corplex relationships may also be determined either
empirically or based on nonlinear mathematical functions.

In some cmbodiments, MD 14 may be configured to determuine the dynamic
threshold 34 based at least i1 part on the background heart rate 56 and the resting heart
rate of paticnt 12. For example, MD 14 may be configured to determine the dynamic
threshold 34 based at least in part on a quotient determined by dividing the background
heart rate 56 by the difference between the background heart rate 56 (HRbg) and the

vesting heart rate (HRy) of paticut 12 according to equation 2,

{2) DT = HRbg / (HRbg - HRr)

As another example, MD> 14 may be configured to determine the dynamic
threshold 34 based at least in part on a quotient determined by dividing the resting heart
rate by a differcuce between the background heart rate 56 and the resting heart rate

according to equation 3.

(3) DT =HRr/(HRbg - HRr)

Thus, various techniques may be used to determine a dynamic threshold 34 that
decreases as the background heart rate 56 of patient 12 increases.

FIGURE 4 illustrates a flowchart for a method of delivering electrical pulses to
cranial nerve 24 of patient 12, according to certain embodiments, The method begins at
step 402 by sensing a time of beat sequence of patient 12, MDD 14 may sense the time of
beat soquence via sensors 20 that arc implanted in patient 12 near his or her heart.
Controller 36 1n MDD 14 may store hstorical and/or current information associated with
the time of beat sequence in patient profile 52 in memory 50.

The method continucs at step 404 by determining detecting a scizure event of a

patient 12. MD 14 may determine the foreground heart rate 54 of patient 12 based at
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least in part on the tuming of the most rocent heartbeats of patient 12 in a short-term
window (c.g., the most recent five heartbeats, the beats in a five second moving window,
cte.}. The foreground rate may be a statistical measure of central tendency of the beats in
the short-term window. MD 14 may continuously monitor the foreground heart rate 34
of patient 12,

The method continues at step 406 by determining a background heart rate 56 of
patient 12. In some embodiments, the background heart rate 56 represents a statistical
measure of central tendency 1 a long-terra window. lu some embodiments, at least a
portion of the long-term window is prior to the time period of the short-term window. In
some embodiments, the long-term window is programamable (e.g., the preceding two
mimutes, the preceding 200 heart beats, etc.}.  In other embodiments, the background
heart rate 56 represents the average heart rate of patient 12 over a configurable number of
heartbeats {e.g., the most recent three-hundred heartbeats, the most recent five-hundred
heartbeats, etc.). In some embodiments, the period of time used to determine the
background heart rate 56 is longer than the period of time used to determine the
toreground heart rate 54.

The method continues at siep 408 by deterrmining the differcuce between the
background heart rate 56 and the maximum heart rate 58 of patient 12, The maximum
heart rate 58 may represent an approximation of the maximum rate at which the heart of
patient 12 is able to beat. For example, the maximum heart rate 58 may represent the
heart rate of patient 12 when he/she 18 exerting maximum physical effort.  In some
embodiments, the maximum heart rate may simply be determined by a formula, without
regard to the patient’s specific condition, In some embodiments, the maximum heart rate
may be programmably determined by, e.g., a healthcare provider.

The method continues at step 410 by determining a dynamic threshold 34 thatis a
function of the background heart rate S6 of patient 12, In some embodiments, the
dynamic threshold 34 may also be determined based at least in part on a trigger factor 60,
In one embodiment, the dynamic threshold is deterrmined as a function of a trigger factor

60 and the difference between the background heart rate 56 and at least one of the
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maximum heart rate (HRmax} 58 and a resting heart rate (HRy) of patient 12, Because
MD 14 may determine the dynamic threshold 34 based in part on the background heart
rate 56, the sensitivity of MD 14 to identifying a scizure event based on the foreground
heart rate 54 and the background rate may change as patient 12 changes his/her level of
activity.

The method continues at step 412 by determuning whether the foreground rate 54
cxceeds the background heart rate 56 by more than the dynamic difference threshold (or
the foreground/background rate ratio exceeds the dynamic ratio threshold) 34, HMD 14
determines at step 412 that foreground heart rate 54 does not exceed the background heart
rate by more than the dynarmic difference threshold (and/or the foreground/background
rattg does not exceed the dynamic ratio threshold), the method returns to step 4072.
However, if MD 14 determines at step 412 that the foreground heart rate 54 exceeds the
background heart rate 56 by more than the dynamic threshold 34, then a seizure event has
been detected and the method proceeds to step 414,

At step 414, MD 14 mitiates one or more responsive actions such as logging,

ecording, determining one or more seizure metrics, and iitiating a therapy such as an

electrical signal therapy applied to a cranial nerve 24 of patient 12 in order to prevent
and/or reduce the severity of a seizure of patient 12, The method may then conclude.
Aliernatively, the method may return to step 402 in ovder to continue monitoring the
foreground heart rate 54 of patient 12.

In an embodiment, an article of manufacture may comprise a computer-readable
storage medium having programming configured to cause processing circuitry to perform
processing including the methods described herein. The processing circuitry may be part
of a medical device and may be arranged to process data, countrol data access and storage,
issue commands, and control other desired operations. Processing circuitry may comprise
circuitry configured to fraplement desired programiming provided by appropriate media.
For example, the processing circuitry may be implemented as one or more of a processor
and/or other structure configured to execute executable instructions including, for

example, software and/or firmware instructions, and/or hardware circuitry. Processing
9 9 o fovd
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circuitry may include hardware logic, PGA, FPGA, ASIC, state machines, and/or other
structures alone or in combination with a processor. These examples of processing
circuitry are for illustration and other configurations arc possible.

The storage medium may be included within a medical device or may be present
as a part of a medical device system, and 18 configured to store programming such as
executable code or instructions {e.g., software and/or firmware}, electronic data,
databases, or other digital information and may inchude processor-usable media.
Processor-usable media may be embodied 1n any computer program product{s) or article
of manufacture(s) that can contain, store, or maintain programming, data and/or digital
mformation for use by or in connection with an instruction execution system including
the processing circuitry. For example, suitable processor-usable media may include
physical media such as clectronic, magnetic, optical, electromagnetic, infrared or
seraiconductor media. Some more specific embodiments of processor-usable media
include, but are not limited to, a portable magnetic computer diskette (such as a floppy
diskette, z1p disk, hard drive), random access memory, read only memory, flash memory,
cache memory, and/or other configurations capable of storing programming, data, or
other digital nformation.

The present disclosure encompasses all changes, substitutions, variations,
alterations and wmodifications to the example ewbodiments described herein that a person
having ordinary skill in the art would comprehend. Similarly, where appropriate, the
appended claims encompass all changes, substitutions, varigtions, alterations, and
modifications to the example embodiments described herein that a person having

ordinary skill in the art would comprehend.
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WHAT IS CLAIMED IS;

I. A method, comprising:
seusing a time of beat sequence of a patient’s heart;
processing said time of beat sequence with a medical device to identify a change
5 in heart rate of a patient from a {irst heart rate to a sccond heart rate;
determining with the medical device at least one of a} a ratio of the second heart
rate to the first heart rate and b) a difference between the second heart rate and the first
heart rate;
determining with the medical device at least one of a) a dynamic ratio threshold
10 for the ratio and b) a dynamic differcuce threshold for the difference, wherein the at least
one threshold is based upon the first heart rate;
comparing at least one of a) the ratio to the dynamic ratio threshold and b) the
difference to the dynamic difference threshold; and
detecting a neurclogic event when at least one of a) the ratio exceeds the dynamic
15 ratio threshold aund b} the difference exceeds the dynamic differcuce threshold.
2. The method of claim 1 wherein the dynamic ratio threshold and the

dynamic difference threshold decrease as the first heart rate increases.

20 3. The method of claim 1 wherein said detecting comprises detecting an

epileptic seizure,

4. The mcthod of claim | further comprising:
nttiating at least one responsive action selected from logging at least one of the
25 occurrence, time of occurrence, or a severity measure of the neurclogical event, issuing a
warning of the newrclogical event, issuing an alarm, initiating a responsive therapy to
treat the neurologic event, sending an email to at least one of the patient, a caregiver, a

responder, and a physician,

8-



WO 2012/148467 PCT/US2011/061057

5. The rocthod of claim 4 wherein responsive therapy comprises applying an
clectrical signal is applied to at least one cranial nerve selected from a vagus nerve, a
trigenunal nerve, a glossopharyngeal nerve, a hypoglossal nerve, and branches of the

foregoing.

6. The method of claim 1 wherein the first heart rate ts a background heart

rate and the second heart rate is a foreground heart rate.

7. The method of claim 1, wherein:
10 the second heart rate coraprises a statistical measure of central tendency ina
short-term window ending in a present time; and
the first heart rate comprises a statistical measure of central tondency in a time
window beginning prior to the start of the short-term window from which the second
heart rate is determined.
15
8. The method of claim 1, wherein determining at least one of a dynamic
ratio threshold and a dyvamic difference threshold further comoprises determuning said at

least one threshold based on the first heart rate and a maximum heart rate of the patient.

20 8. The method of claim 1, wherein the dynanic difference threshold is a
percentage of a difference between a maximum heart rate of the patient and the first heart

rate.

19, The method of claim 9, wherein the percentage 1s between {ifteen percent

25  and thirty-five percent.
t1.  The method of clatim 1, wherein determining at least one of a dynamic

ratio threshold and a dynamic differcuce threshold further comprises determining said at

least one threshold based on the first heart rate and a resting heart rate of the patient.

5.
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12, The method of claim 11, wherein the dynamic difference threshold is
based at least in part on a quotient determmned by dividing the first heart ratc by a

difference between the first heart rate and the resting heart rate.

13, Anarticle of manufactare comprising a computer-readable storage
medium having programming configured to cause processing circuitry to perform
processing including:

sensing a time of beat sequence of a patient’s heart;

10 processing said tfime of beat sequence with a wedical device to identity a change
in heart rate of a patient from a first heart rate to a second beart rate;

deterruining with the medical device at least one of a) a ratio of the second heart
rate to the first heart rate and b} a difference between the second heart rate and the first
heart rate;

15 determining with the medical device at least one of a) a dynamic ratio threshold
for the ratic and b} a dynamic difference threshold for the difference, wherein the at least
one threshold 1s based upon the first heart rate;

comparing at least one of a) the ratio to the dynamic ratio threshold and b) the
difference to the dynarmc difference threshold; and

20 detecting a neurologic event when at jeast one of a) the ratio exceeds the dynamic

ratio threshold and b) the difference exceeds the dynamice difference threshold,

14. The article of claim 13 wherein the dynamic ratio threshold and the
dynamic difference threshold decrease as the fivst heart rale increases,
25
15, The article of claim 13 wherein said detecting comprises detecting an

epileptic seizure.
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16, The article of claiva 13 wherein the fivst heart rate 15 a background heart

rate and the second heart rate is a foreground heart rate.

17. An apparatus, comprising:
5 at least one sensor configured to sense a time of beat sequence of a paticnt’s heart;
a medical device comprising:
a) a heart rate determination module configured to identify from the time
of beat sequence a change in heart rate of the patient from a first heart rate to a
second heart rate;

10 b} a parameter determnination module configured to determine at least one
of 1} a ratio of the second heart rate to the {irst heart rate and 2} a difference
between the second heart rate and the first heart rate;

¢ a dynamic threshold determination module configured to determine at
icast one of 1} a dynamic ratio threshold for the ratio and 2) a dynanuce differcunce

15 threshold for the difference, wherein the at least one threshold s based upon the
first heart rate; and

d} a comparison module configured to compare at least ove of 1) the ratio
to the dynamic ratio threshold and 2} the difference to the dynamic difference
threshold; and

20 e} a neurclogic event detection module configured to detect a neurclogic
event when at least one of 1) the ratio exceeds the dynamic ratio threshold and 2)

the difference exceeds the dynamic difference threshold.

I8, The apparatus of claim 17 wherein the dynamic ratio threshold and the
25  dynamic difference threshold determined by the dynamic threshold determination module

decrease as the first heart rale increases.

9. The apparatus of claim 17 wherein the first heart rate is a background

heart rate and the second heart rate is a foreground heart rate.
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28.  The apparatus of claim 17, wherein the at least one sensor and the at least

one processor are configured to be implanted in the patient,
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