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METHOD AND APPARATUS FOR VERIFYING A DETERMINED CARDIAC
EVENT IN A MEDICAL DEVICE BASED ON DETECTED VARIATION IN
HEMODYNAMIC STATUS

FIELD OF THE INVENTION
The present invention relates generally 1o medical devices, and more particularly to
a method and apparatas for confirming detection of a cardiac event based on the detection

variations in hemodynamic status using an optical sensor.

BACKGROUND OF THE INVENTION

Implantable medical devices (IMDs) for mounitoring a physiological condition or
delivering a therapy typically rely on one or more sensors positioned in a patient’s blood
vessel, heart chamber, or other portion of the body. Examples of such medical devices
include heart monitors, pacemakers, implantable cardioverter-defibrillators (1CDs),
myostunulators, nerve stimulators, drug delivery devices, subcutaneous defibrillators, and
other IMDs where such sensors are desirable. Implantable sensors used in conjunction
with an IMD generally provide a signal related to a physiological condition from which a
patient condition or the need for a therapy can be assessed.

Measurement of blood oxvgen saturation levels are of interest in determining the
metabolic state of the patient. Generally, a decrease in blood oxygen saturation is
associated with an increase in physical activity or may reflect insufficient cardiac output or
respiratory activity. Thus monttoring blood oxygen saturation allows an implantable
medical device to respond to a decrease in oxygen saturation, for example by pacing the
heart at a higher rate. An umplantable oxvgen sensor for use with an implantable medical
device is generally disclosed in commonly assigned ULS. Pat. No. 6,198 932 issued to
Miesel, herebv incorporated herein by reference in its entirety. Cardiac pacemakers that
respond to changes in blood oxygen saturation as measured by an optical sensor are
generally disclosed in ULS. Pat. No. 4,202,339 issued to Wirtzfeld and in U/.S. Pat. No.

4 467 807 issued to Bomzin.

Practical applications for optical hemodynamic sensors, however, have been
limited because such sensors are highly susceptible to motion; that is, movement by the
patient or of the sensor tends to mtroduce significant noise onto an output signal of the

sensor.
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BRIEF DESCRIPTION OF THE DRAWINGS
Aspects and features of the present invention will be appreciated as the same becomes
better understood by reference to the following detailed descniption of the embodiments of
the invention when considered in connection with the accompanying drawings, wherein:

FIG. 1 is a schematic diagram of an exemplary medical device in which the present
wvention may be usefully practiced;

FIG. 2 is a schematic diagram of an optical hemodynamic sensor according to an
embodiment of the present invention;

FIG. 3 is a schematic diagram of electronic ¢ircuttry included in the device of FIG.
1 according to an embodiment of the present invention;

FIG. 4 is a flow chart of a method of delivering a therapy in a medical device
according to an embodiment of the present invention;

FIG. § is a graphical representation of identification of an exemplary O, vanation
index trend utilized in & method of delivenng a therapy in a medical device according to
an embodiment of the present invention;

FIG. 6 1s a flow chart of a2 method of delivering a therapv in a medical device
according to an embodiment of the present wvention;

FIG. 7 is an exemplary O; variation index trend identified in a method of
delivering a therapy in a medical device according to an embodiment of the present
invention;

FI1(. 8 1s an exemplary graphical represemtation of an Oy variation index trend
utilized in a method of delivering a therapy in a medical device according to an
embodiment of the present invention;

FI1G. 9 is a flow chart of a method of delivering a therapy in a medical device
aecording to an embodiment of the present invention;

FIG. 10 13 an exemplary graphical representation of an (3; variation index trend ulilized
in a method of delivering a therapy in a medical device according to an embodiment of the
presert invention;

FIG. 11 1s an exemplary graphical representation of generation of a corrected Os
variation index trend offset utihized in a method of delivering a therapy in a medical device

according to an embodiment of the present tovention,
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FI1G. 12 is an exemplary graphical representation of an (O, variation index trend
utilized in a method of delivering a therapy in a medical device according to an
embodiment of the present invention;

FIG. 13 is a flow chart of a method of delivering a therapy in a medical device
according to an embodiment of the present invention;

FIG. 14 is an exemplary graphical representation of an (» vanation index trend
utilized in a method of delivering a therapy in a medical device according to an
embodiment of the present invention; and

FiG. 15 15 g tlow chart of a method of delivering a therapy in a medical device

according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a schematic diagram of an exemplary medical device in which the present
invention may be usefully practiced. As tHustrated in FI1G 1, the present invention may be
utilized in an implantable medical device 14 that inclades a housing 15 containing
circuitry for operating device 14 that is subcutaneously implanted in a patient, outside the
ribeage of patient 12, anterior to the cardiac notch, for example. According to an
embodiment of the present invention, housing 135 may be implanted in the pectoral region
of the patient 12, Further, device 14 may include a subeutaneous sensing and
cardioversion/defibrillation therapy delivery lead 18 coupled to the device 14 that is
wnneled subcutancously into a location adjacent to a portion of 4 latissimus dorst muscle
of patient 12. Specifically. lead 18 is tunneled subcutaneousty from the median implant
pocket of device 14 laterally and postenially to the patient’s back to a tocation opposite the
heart such that the heart 16 is disposed between the device 14 and the distal electrode coil
24 and distal sensing electrode 26 of lead 18,

It 1s understood that while the subcutaneous device 14 15 shown positioned through
foose connective tissue between the skin and muscle layer of the patient, the term
“subcutaneous device” is itended 1o include a device that can be positioned in the patient
to be implanted using any non-intravenous Jocation of the patient, such as below the
muscle layer or within the thoracic cavity, for example.

Further referring to Fig. 1, programmer 20 is shown in telemetric communication
with SubQ ICD 14 by RF communication link 22. Communication link 22 may be any

appropriate RF link such as Bluetooth, WiFi, MICS, or as described in U.S. Patent No.
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5,683,432 “Adaptive Performance-Oplimizing Communication System for
Communicating with an Implantable Medical Device™ to Goedeke, et al and incorporated
heretn by reference in its entirety.

Device 14 mayv be constructed of stainless steel, tanium or ceramic as described
in U.S. Patent Nos. 4,180,078 “Lead Connector for a Body Implantable Stimulator™ to
Anderson and 5,470,343 “Implantable Medical Device with Multi-layered Ceramic
Enclosure™ to Hassler, et al, both incorporated herein by reference in their entireties. The
electronics circuitry of device 14 may be incorporated on a polvamide flex circuit, printed
circutt board (PCB) or ceramic substrate with integrated circuits packaged in leadless chip
carriers and/or chip scale packaging (CSP).

Lead 18, which is inserted within a connector 25 positioned on housing 15 to
electrically coupled lead to the circutry located in housing 15, mncludes a distal
defibrillation coil electrode 24, a distal sensing electrode 26, an insulated flexible lead

body and a proximal connector pin 27 for connection 1o housing 15 via connector 25,

Prstal sensing electrode 26 15 sized appropriately to match the sensing impedance of one

or more electrodes 28 that are positioned along housing 15 to form a housing-based
subcutaneous electrode array with electrodes 28 positioned to form orthogonal signal
Vectors,

Device 14 in 1s an exemplary graphical representation of an Oy variation mndex
trend utilized 1n a method of delivering a therapy in a medical device according to an
embodiment of the present invention includes an optical sensor 17 positioned along the
outer surface of housing 15, which is utilized to generate an (s variation index trend for
use in generating a secondary confirmation of the detection of g cardiac event by the
primary detection algorithm, as described in detail below, Electrodes 28 and optical

sensor 17 are welded 1nto place on the outer surtace of the housing 15 and are connected

via wires {not shown) to electronic circuitry {described herein below) located inside

housing 15, Electrodes 28 may be constructed of flat plates, or alternatively, spiral
electrodes as described in U.S. Patent No. 6,512,940 “Subcutaneous Spiral Electrode for
Sensing Electrical Signals of the Heart” to Brabec, et al and mounted in a non-conductive
surround shroud as described in U.S. Patent Nos. 6,522,915 *“Surround Shroud Connector
and Electrode Housings for a Subcutaneous Electrode Array and Leadless ECGs™ to
Ceballos, et al and 6,622,046 “Subcutanecus Sensing Feedthrough/Electrode Assembly™

to Fraley, et al, all incorporated herein by reference o their entiveties.
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The electronic cireaitry employed in device 14 can take any of the known forms
that detect a tachyarrhythnya from the sensed ECG and provide
cardioversion/defibrillation shocks as well as post-shock pacing as needed while the heart
recovers. An exemplary sumplified block diagram of such circuitry adapted to function
emploving the first and second cardioversion-defibrillation electrodes as well as the ECG
sensing and pacing electrodes described herein below i sef forth in FIG. 3. It widl be
understood that the simplified block diagram does not show all of the conventional
components and circutry of such devices including digital clocks and clock lines, low
voltage power supply and supply lines for powering the circuits and providing pacing
pulses or telemetry cirenits for telemetry transmissions between the device 14 and external
programmer 20.

Optical hemodynanuc sensor 17 is preferably a multiple wavetorm oximeter, such
as a pulse oximeter or a mixed-venous oxyvgen sensor, for example. Pulse oximeters are
well known sensors commonly used with various medical devices, both implamtable and
external. For example, some applications of optical oximeters are disclosed in U.S. patent
Nos. 4,750,495, 5,176,137, 6,144, 866; 6,198,952; or 6,944 488, each of which is assigned
{0 Medtronic, Ingc.

Generally, optical oximeters include a light source for emitting light through a
blood perfused tissue of patient P and a light detector for generating a signal representative
of an intensity of light transmitted through the blood perfused tissue to the hght detector.
In other embodiments, the mixed-venous oxygen sensor may be placed in the blood stream
itself. The light passed through the tissue or bloodstream is commonly selected to be of
two or more wavelengths, and most commonly, the light is selected 1o fall in the red part
of the visible fight spectrum and the infrared (IR) portion of the light spectrum. The light
transmitted through the blood perfused tissue or bloodstream and received by the light
detector is generally representative of hemodynamic function.

FIG. 2 is a schematic diagram of an optical hemodynamic sensor according to an
embodiment of the present invention. As iltostrated in FIG. 2 optical sensor 17 includes a
red light emitting diode (LED) 21, an infrared (IR) LED 23, a photodiode 30, and an
optical barrier 32, all of which are positioned within a sensor housing 34 having a lens 36,
In the embodiment shown in FIG. 2, LEDs 21 and 23 and photodiode 30 are each mounted
on a substrate 37, or a bottom surface of housing 34, As indicated by arrows 38, red and

IR LEDs 21 and 23 are configured to emit fight through lens 36 of housing 34, while, as
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wdicated by arrows 39, photodiode 39 15 configured to detect light received through lens
36. Optical barrier 32 1s positioned to block divect transmission of light from LEDs 21 and
23 to photodiode 30

Optical hemodynamic sensor 17 preferably is subcutaneously or submuscularly
umplanted within patient P such that lens 36 1s onented toward a blood pertused tissue of
patient P.

Red LED 21 preferably emits light in the red portion of the visible light spectram,
while TR LED 23 preferably emits IR light in the IR portion of the hight spectrum. In
alternate embodiments, optical hemodynanuc sensor 17 may include any two or more light
sources for producing at least two different wavelengths of ight. Photodiode 30
preferably receives light transmitted by LEDs 21 and 23, with an intensity of the signal
received by photodiode 30 being indicative of hemodynamic function. For instance,
oxvgen saturation of the blood can be derived from an output of photodiode 30, as will be
described below, and used to provide 8 secondary confirmation of a detected event by the
device 14 according to the present invention,

FIG. 3 is a schematic diagram of electronic circuitry included in the device of FIG.
1 according to an embodiment of the present invention. As illastrated 10 FIG. 3, device 14
includes both a low voltage battery 153 and a high voltage battery 112, for example,

positioned within the hermetically sealed housing 15 of the device 14, Low voltage

&

battery 133 is coupled to a power supply (not shown) that supplies power to the device

circuitry and the pacing output capacitors to supply pacing energy i 4 manner well known
in the art. The low voltage battery 153 can include one or more conventional LiCF,,
LiMnQ; or Lil; cells, while the high voltage battery 112 can include one or more
conventional LISVO or LiMn(O; cells. 1t1s understood that although the exemplary
embodiment of FIG. 3 includes both ow and high power therapy, the present invention
may be employed in a device that provides only one therapy, such as a high power
defibrillation therapy, for example.

Device 14 functions are controlled by means of software, firmware and hardware
that cooperatively monitor the ECG, determine when a cardioversion-defibrillation shock

or pacing is necessarv, and deliver prescribed cardioversion-defibrillation and pacing

therapies. FIG. 3 incorporates cireutry set forth to commondy assigned ULS. Patent Nos,

5,163,427 “ Apparatus for Delivenng Single and Multiple Cardioversion and Defibrillation

Pulses™ to Keimel] and 5,188,103 " Apparatus and Method for Treating a Tachyarchythmia™
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to Keunel for selectively delivering single phase, simultaneous biphasic and sequential
biphasic cardioversion-defibriliation shocks, ncorporated herein by reference in theur
entireties

In FIG. 3, sense amp 190 in conjunction with pacer/device timing circuit 178
processes the far field ECG sense signal that is developed across a particular ECG seuse
vector defined by a selected pair of the subcutaneous electrodes 28 or, optionally, a virtual
signal if selected. The selection of the sensing electrode pair is made through the switch
matrix/MUX 191 in a manner to provide the most reliable sensing of the EGM signal of
interest, which would be the R wave for patients who are believed to be at risk of
ventricular fibrillation {eading to sudden death. The far field ECG signals are passed
through the switch matrix/MUX 191 to the input of the sense amplifier 190 that, in

ooy

conjunction with pacer/device timing circut 178, evaluates the sensed EGM.

Bradycardia, or asystole, 1s typically determined by an escape interval timer within the
pacer tinving circuit 178 and/or the control circuit 144, Pace Trigeer signals are applied to
the pacing pulse generator 192 generating pacing stimulation when the imterval between
successive R-waves exceeds the escape interval. Bradycardia pacing is often temporarily
provided to maintain cardiac output after delivery of a cardioversion-defibrillation shock
that may cause the heart to slowly beat as it recovers back to normal function. Sensing
subcutanecus far field signals in the presence of noise may be aided by the use of
appropriate denial and extensible accommodation pertods as described in US. Patent No.
6,236,882 “Noise Rejection for Monitoring ECGs™ to Lee, et al and mcorporated herein by
reference in i3 entirety.

Detection of a malignant tachyarrhythmia is determined in the control circuit 144,
for example, as a function of the intervals between R-wave sense event signals that are
output from the pacer/device timing 178 and sense amplifier circyit 190 o the timing and
control circuit 144,

Supplemental sensors such as tissue color, tissue oxygenation, respiration, patient
activity and the like may be used to contribute to the decision to apply or withhold a
defibullation therapy as described generally in ULS. Patent No. 5,464 434 “Medical
Interventional Device Responsive to Sudden Hemodynamic Change™ to Alt and
meorporated herein by reference in its entivety. In particular, the present invention
includes optical sensor 17 to provide a secondary confirmation of a detected

tachvarrhythmia event detected by the device 14 by determining whether the heart is
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hemodynamically vnstable in response to a tachycardia event being identified by the
device 15 in response to R-wave sense intervals determined in the primary detection
algorithm, described below i detail. Sensor processing unit 194 provides sensor data to
microprocessor 142 via data bus 146, In addition to optical sensor 17, an activity sensor
may also be utitized so that patient activity and/or posture may also be determined by the
apparatus and method as described in UK. Patent No. 5,593 431 "Medical Service
Emploving Multiple DC Accelerometers for Patient Activity and Posture Sensing and
Method™ to Sheldon and incorporated herein by reference m its entirety. Similarly, patient
respiration may be determined by the apparatus and method as deseribed in ULS. Patent
No. 4,567 892 “huplantable Cardiac Pacemaker™ to Pliccly, et al and incorporated heretn
by reference in its entirety. As mentioned above, according to the present inveation,
optical sensor 17 may be located on the housing 15 of device 14, or may be located on the
lead 18 to enable the sensing of contacting or near-contacting tissue oxygenation.

Certain steps in the performance of the detection algorithm criteria are
cooperatively performed in microcomputer 142, including microprocessor, RAM and
ROM, associated circuitry, and stored detection criteria that may be programmed into
RAM via a telemetry interface (not shown) conventional in the art. Data and commands
are exchanged between microcomputer 142 and timing and control circuit 144, pacer
timing/amplifier circuit 178, and high voltage output circott 140 via a bi-directional
data‘control bus 146, The pacer timing/amplifier circuit 178 and the control circuit j44
are clocked at a stow clock rate. The microcomputer 142 is normally asleep, but s
awakened and operated by a fast clock by interrupts developed by each R-wave sense
event, on receipt of a downlink telemetry programming instruction or upon delivery of
cardiac pacing pulses to perform any necessary mathematical calculations, to perform
tachycardia and fibrillation detection procedures, and to update the time intervals
monitored and controlied by the timers in pacer/device tinung circuitry 178,

The algorithms and functions of the microcomputer 142 and controf circuit 144
employed and performed in detection of tachyarrhythmias are set forth, tor example, in
commonly assigned U.S. Patent Nos. 5,354,316 “Method and Apparatus for Detection and
Treatment of Tachycardia and Fibrillation™ to Keimel; 5,545,186 “Prioritized Rule Based
Method and Apparatus for Diagnosts and Treatment of Arrhythrotas” to Olson, et al,
5,855,593 “Prioritized Rule Based Method and Apparatus for Diagnosis and Treatment of

Arrhythmias™ to Olson, et al and 5,193,538 "Method and Apparatus for Discrimination of
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Ventricular Tachyeardia from Ventricular Fibsillation and Treatment Thereof™ to Bardy, et
al, {all incorporated herein by reference in their entireties). Particular algorithms for
detection of ventricular fibrillation and malignant ventricular tachycardias can be selected
from amonyg the comprehensive algorithms for distinguishing atrial and ventricular
tachvarrhythmias from one another and from high rate sinus thythms that are set forth o
the “316, "186, *593 and 593 patenis

The detection algorithms are highly sensitive and specific for the presence or
absence of life threatening ventricular arrhythmias, e.g., ventricular fachycardia (V1) and
ventricutar fibrillation (VF). When a malignant tachycardia is detected, high voltage
capacitors 156, 158, 160, and 162 are charged to a pre-programmed voltage level by a
high-voltage charging circuit 164. It is generally considered inefficient to maintain a
constant charge on the hugh voltage output capacitors 156, 158, 160, 162, Instead,
charging 1s initiated when control circuit 144 issues a high voltage charge command
HVCHG delivered on line 145 to high voltage charge circuit 164 and charging is
controtled by means of bi-directional control/data bus 166 and a feedback signal VCAP
from the HY output circuit 140, High voltage output capacitors 156, 158, 160 and 162
may be of film, aluminwm electrolytic or wet fantalum construction.

The negative terminal of high voltage battery 112 is directly coupled to system
ground. Switch circuit 114 is normally open so that the positive terminal of high voltage
battery 112 1s disconnected from the positive power input of the high voltage charge
arrcuit 164, The high voltage charge command HVCHG 1s also conducted via conductor
149 to the control taput of switch circuit 114, and switch circuit 114 closes in response to
connect positive high voltage battery voltage EXT B+ to the positive power input of high
voltage charge circuit 164, Switch circuit 114 may be, for example, a tield effect
transistor (FET) with 1ts source-to-drain path interrupting the EXT B+ conductor 118 and
its gate receiving the HVCHG signal on conductor 145, High voltage charge circuit 164 15
thereby rendered ready to begin charging the high voltage output capacitors 156, 138, 160,
and 162 with charging current from high voltage battery 112,

High voltage output capacitors 150, 158, 160, and 162 may be charged to very high
voltages, e.g., 700-3150V to be discharged through the body and heart between the
electrode pair of subcutaneous cardioversion-defibnilation electrodes 113 and 123, The
details of the voltage charging civenitry are also not deemed to be critical with regard to

practicing the present invention; one high voliage charging circuit believed to be suitable
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tor the purposes of the present invention 1s disclosed. High voltage capacitors 156, 158,
160 and 162 are charged by high voltage charge circuit 164 and a high frequency, high-
voltage transformer 168 as described in detail in commondy assigned U.S. Patent No,
4,548,209 “Energy Converter for Implantable Cardioverter” to Wielders, et al. Proper
charging polarities are maintained by diodes 170, 172, 174 and 176 interconnecting the
output windings of high-voltage transformer 168 and the capacitors 156, 158, 160, and
162, As noted above, the state of capacitor charge is monitored by circuitry within the
high voltage output circuit 140 that provides a VCAP, feedback signal indicative of the
voltage to the tuning and control circuit 144, Tinung and control circuit 144 terminates
the lugh voltage charge command HVCHG when the VCAP signal matches the
programmed capacitor output voltage, i.e., the cardioversion-defibriliation peak shock
voltage.

Control circuit 144 then develops first and second control signals NPULSE 1 and
NPULSE 2, respectively, that are applied to the high voltage ocutput cireutt 140 for
triggening the delivery of cardioverting or defibrillating shocks. In particular, the
NPULSE 1 signal triggers discharge of the first capacitor bank, comprising capacitors {56
and 158, The NPULSE 2 signal triggers discharge of the first capacitor bank and & second
capacitor bank, comprising capacitors 160 and 162, It is possibie to select between a
plurality of output pulse regimes simply by modifving the number and time order of
assertion of the NPULSE 1 and NPULSE 2 signals. The NPULSE | signals and NPULSE
2 signals may be provided sequentially, simultaneously or individually. In this way,
control eircuitry 144 serves to control operation of the high voltage output stage 140,
which delivers high energy cardioversion-defibrillation shocks between the pair of the
cardioversion-defibrillation electrodes 113 and 123 coupled to the HV-1 and COMMON
output as shown in FIG. 3.

Thus, device 14 monitors the patient's cardiac status and initiates the delivery of a
cardioversion-defibrillation shock through the cardioversion-defibrillation electrodes 113
and 123 in response to detection of a tachyasthythmia requiring cardioversion-
defibrillation. The high HVCHG signal causes the high voltage battery 112 to be
connected through the switch circuit 114 with the high voltage charge circuit 164 and the
charging of output capacitors 156, 158, 160, and 162 to commence. Charging continues
until the programmed charge voltage is reflected by the VCAP signal, at which point

control and tiraing circuit 144 sets the HVCHG signal low terminating charging and
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opening switch circuat 114, Typically, the charging cycle takes only fifteen o twenty
seconds, and occurs very infrequently. The device 14 can be programmed to attempt to
deliver cardioversion shocks to the heart in the manners described above in timed
svachrony with a detected R-wave or can be programmed or fabricated to deliver
defibrillation shocks to the heart in the manners described above without attempting to
svnchronize the delivery to a detected R-wave. Episode data related {o the detection of the
tachyarrhythmia and delivery of the cardioversion-defibrillation shock may be stored in
RAM for uplink telemetry transmission to an external programmer as is well known in the
art to facilitate in diagnosis of the patient's cardiac state. A patient receiving the device 14
ont a prophylactic basis wonld be instructed to report each such episode to the attending
physician for further evaluation of the patient's condition and assessment for the need for
mmplantation of a more sophisticated implantable cardio-defibriiator device (ICD). In
other embodunents, no storage of episode data will take place.

FIG. 4 15 a tlow chart of a method of delivering a therapy 1n a medical device
according to an embodiment of the present mvention. As iflustrated in FIG. 4, once
control circutt 144 determines the presence of a malignant cardiac event using the primary
detection algorithm described above, Block 400, the present invention generates a
secondary confirmation of the event detected by the primary detection algorithm, blocks
402-410. In particular, once the primary detection algorithum is satistied, the present
tnvention utilizes the input generated from optical sensor 17 at multiple wavelengths to
wdentity an O vanation index trend, block 402, as descnibed below in detail. According to
the present inveation, the Oy variation index trend is a measure of the change in tissue
oxygenation and corresponds to the relationship between changes in both the volume of
blood at the sensor site and the concentration of oxygenated hemoglobin (Hb O;).

Using the results of the generated O vaniation index trend, a determination 18 made
as to whether the detected event is associated with notse, resulting from patient motion, for
example, Block 404. I it is determined that the detected event is associated with noise,
delivery of therapy 1s withheld, or control of the device is reverted back to the primary
detection algorithm, Block 406. However, if if 1s determined that the detected event is not
associated with noise, a determination 1s made as to whether the detected event is
associated with an unstable rhythm, Block 408, such as ventricalar tachycardia or

ventricudar fibrillation, for example.
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if the detected event is not determined to be associated with an unstable thythm,
the result of the pnimary detection scheme is not confirmed and delivery of therapy 1s
withheld or control of the device is reverted back to the primary detection algorithm,
Block 406. If the detected event is determined to be associated with an unstable rhythm,
the primary detection of the malignant event is confirmed, Block 410, and therapy s
delivered.

FIG. 5 is a graphical representation of identification of an exemplary O; variation
mndex trend utilized in a method of delivering a therapy i a medical device according to
an embodiment of the present invention. As illustrated in FIG. 3, once control cireutt 144
deternunes the presence of a cardiac event, such as ventricular tachycardia or ventricular
fibriliation, for example, using the primary detection algorithm described above, the
presence of the cardiac event is confirmed by determining changes in blood oxygenation
of the patient. The changes in blood oxygenation are determined using an Oy variation
index trend 200 that is identified based on the intensity readings associated with the
intensity of the red light emitted by ved LED 21 and the infrared light eoutted by iofrared
LED 23 that 1s received at photodiode 30.

In particular, 1o order to identify the O; vanation index trend 200, both a red light

baseline intensity 7, and an infrared light baseline intensity i, is identified from sample
outputs received at a predetermined sample rate over a sampling time interval, For
example, according to an embodiment of the present invention, sample outputs are
received at photodiode 30 from red LED 21 and infrared LED 23 at a sampling rate of
three samples per second over a two second sampling time interval. Baseline intensity i
and baseline intensity 7, are then determined from the sample outputs from red LED 21
and intrared LED 23, respectively. For example, according to an embodiment of the
present invention, baseline intensity 7, and baseline intensity £, are determined,

respectively, by setfing baseline intensity J, equal to the average of the sample outputs

from red LED 21 over a predetermined time period and setting baseling intensity £, equal

to the average of the sample outputs from nfrared LED 23 over the predetermined time

period.
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Once the red and infrared baseline intensities i, and £, bave been determined, a

variation index is determined for cach subsequently recerved two-wavelength sample

output by sensor 17 using an oxygen vanation index equation:

Equation | Variation index = R
by,

where J is the intensity of red light from red LED 21 incident on photodetector 30 for a
given sample and /7 is the intensity of infrared light from infrared LED 21 incident on
photodetector 30 for the same sample. In this way, the variation index for cach two-
wavelength sample output is the difference between the proportion of the red and the
ifrared intensity signals with respect o their corresponding baseline intensities. Using
the exemplary sampling rate of 3 Hz, three variation indexes are generated each second
and are used to determine the O variation index trend 200.

1t is understood that other relationships between the proportions of the red and

infrared intensities to their corresponding baseline intensities £ and / . For example,
it the proportion of the red intensity signal to the
baseling red intensity fm is referred to as the normalized red intensity and
the proportion of the intrared imtensity signal to the baseline infrared intensity L*
is referred 1o as the normalized infrared intensity, Equation 1 may alternatively

be a ratio of the normalized red and infrared intensities, or may be a difference between
the unequally weighted red and infrared normalized intensities.

FIG. S includes three oxvgen vanation index trends identified using the oxvgen variation
index equation, Equation 1. The first 13 an exemplary O; variation index trend resulting
during normal sinus rhythm 202, the second is an exemplary Oy variation index trend
resulting during noise 204, such as patient motion for example, and the third is an
exemplary O variation index trend resulting during a malignant cardiac event 206, such as
ventricular fibrillation for example. As can be seen in FIG 3, using the O variation index
trend 200 identified according to the present invention, the O vanation index trend
resulting durtng noise 204 tends to exhibit a variability that is significantly greater than the
variability exhibited by the O, variation index trend resalting dwring normal sinus rhythm

202, while the Oy variation index trend resulting during the malignant cardiac event 206
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tends to exhibit a variability that is generally equivalent to or less than the variability
exhibited by the O variation index trend resulting during normal sinus thythm 202, As
described below, the present invention utilizes these vanation features gnd others to
perform a secondary confirmation of a cardiac event determined by a primary detection
scheme to be a malignant cardiac event. One such criterion involves crossing of &
predetermined baseline 210 by a parameter, described n detail below.

FIG. 6 1s a flow chart of a method of delivering a therapy in a medical device
according to an embodiment of the present invention. FIG. 7 1s an exemplary Oy vanation
index trend identified 1y a method of delivering a therapy in a medical device according to
an embodiment of the present invention.  As illustrated in FIGS. 6 and 7, once the primary
detection algorithm is satisfied, Yes in Block 500, the present invention begins with the
mitialization of several parameters, such as a corrected Oy index trend, Block 501, which
is intended to represent a measure of the change 1n tissue oxygenation and will be utilized
below in reference to Block 508,

Once the insttalization of parameters 13 complete, 1.e., the corrected Oy index trend is set
equal to zero, the present invention begins computing (O varlation indexes 600 using the
optical sample mputs from optical sensor 17 at matliple wavelengths and Equation 1,
Block 502. Optical sample inputs from sensor 17 are collected and the corresponding O,
variation indexes 600 are computed using Eguation | for g predetermined sample
collection period. The predetermined sample collection period may besetas a
predetermined pertod of time, such as S seconds, for example, or may be setasa
predetermined number of samples, such as 135, for example. In the an exemplary trend
according to the present invention, the sample rate of 3 Hz is utilized and the sample
collection period is set as five seconds, for example, so that 15 O vaniation indexes 600
are determined over each sample collection period.

At the end of the initial sample collection period, an Oy vartation index trend 602 13
identified for the sample collection period, Block 503, and a measure of the deviation of
each of the acquired Oy vanation indexes 600 occurring during the current sample
collection period from the O, vanation index trend 602 is determined, Block 504,
According to an embodiment of the present invention, the Oy variation index trend 602 15
rdentified 1o Block 5303 by performing a least square linear it of the acquired O, vanation
indexes 600 during the sample collection period, i.e.. the first through the 15 O; variation

wdexes Oy ~ Oasy, 50 that the resulting trend has a start point 604 where the first O
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variation index Oy, 1s projected onto the Oy variation index trend 602 and an endpoint
606 where the last O; variation index OG5y 18 projected onto the O variation index trend
602, t.e., the (5™ O, vanation index 600, and the measure of deviation of the current
samples from the trend, Block 504, 1s performed by determining the mean square
deviation of the O: variation indexes 600 1n the current window of O, varigtion indexes
from the O variation index trend 602,

According to an embodiment of the present invention, the Oy variation index trend
602 may be obtained, for example, by an alternative filterning technique and the measuore of
the deviation of the indexes 600 from the O variation index trend 602 may be deternuned
as the mean square of the indexes 600 from the filtered index trend.

10 order to perform the secondary determination of whether the detected event is
associated with noise {Block 404 of FIG. 4), once the deviation of the associated O
variation indexes 600 from the curvent Oy vanation index trend 1s determined, Block S04,
a determingtion is then made as 1o whether the deviation is less than a predeternmuned
deviation threshold, Block 505,

if the deviation of the O variation indexes 600 for the current window of O
variation indexes 600 1s not less thao or 1s equal to the deviation threshold, No o Block
505, indicating a likelthood that the determined cardiac event mav be the result of noise, a
deternunation s made as to whether a predetermined episede verification time period has
expired, Block 507, If the episode verification time period has not expired, the process
retums to Block 502 so that the deviation of Qs variation indexes from the O, variation
index trend, Blocks 303 and 504, is determined for the next window of Oy variation
indexes 600,

In particular, once the deviation of the O; variation indexes 600 for the current
window of O variation indexes is determined to be greater than the deviation threshold
and the episode verification time period, Non Block 307, 1.e, 30 seconds for example,
has not expired, an O; variation index trend 608 is determined for the next window of O,
variation indexes, i.e., the window including the 2™ through the 16™ O variation indexes
Oz - Oapian, 30 that the resulting trend has a start point 610 where the second O: variation
mdex Oy is projected onto the Op variation index trend 608 and an endpoint 612 where
the last Oy variation index Oz 15 projected onto the O, vartation index trend 608, The
deviation of the O: variation indexes 600 for that window of Oy variation indexes Oy -

Ouciey Trom the O vanation index trend 608 is determined and compared to the deviation
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threshold, Block 505, In this way, the process of the present invention continues to
compute the O variation index trend over a moving group of consecutive computed O
variation indexes including some of the most recently acquired samples, with the size of
the group of samples being consistent with the sample collection period.

The process continues for the next window of Oy variation indexes 600, and if the
deviation of generated (; variation indexes 600 from the associated trends for the
subseguent sample collections periods continues to be greater than the deviation threshold
and therefore the episode verification time pertod has expired, the secondary confirmation
process determines that the cardiac event is most hikely related to noise, and therapy is
withheld or control of the device 15 reverted back to the primary detection algorithm,
Block 506.

The episode verification time period may be set at any desired value, so that the
deternunation of whether the cardiac event is noise related may be made fora
predetermined number of iterations or over a predetermined time period, depending on the
chosen values for the sample collection period and the episode verification time period.
For example, according to an embodiment of the present invention, the episode
verification time period is set at 30 seconds and the sample collection period 1s set at 5
seconds. In this example, if the optical sensor signals are sampled a 3 Hz, ninety O,
variation indexes are computed over the episode verification time period, with the
associated Oz variation index trend and deviation being computed every 3 seconds over a
moving group of 15 consecutive samples. Since the computation of the Oy vartation index
trend begins onece 15 variation indexes are computed, the determination of whether a
detected cardiac event is noise related, and if not, whether it is hemodynamic stability,
Blocks 509 and 511, 1s made for seventy-six iterations, over each 30 second episode
verification time period.

It the deviation of the O variation indexes for a given window of O, variation
indexes is determined to be Jess than the deviation threshold, Yes in Block 505, indicating
a likelihood that the determined cardiac event is not the result of noise, the corrected O,
wdex trend 1s incremented by the determined deviation of the current (); variation indexes,
Block 508, as will be described in detail below. A determination is then made as {0
whether the current generated O, variation mdex trend 602 1s less than a predetermined

baseline value 210, Block 509,
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According to the present invention, the baseline value 219 associated with Block
309 corresponds to a desired deviation associated with the relationship between the
proportion of the intensity of red fight / from LED 21 to the baseline intensity #, for LED
21, or — of Equation 1, and the proportion of the intensity of infrared light 1 from LED
A

- ) . . . R , H N . ; .
23 to the baschne mtensity 4, for LED 23, ov - of Equation 1. For example, according to

Al

iy
an embodiment of the present invention, the baseline value 210 is set as -0.02,
corresponding to the proportion of the intensity of infrared light 7 from LED 23 to the
baseline intensity 7, for LED 23 being greater than the proportion of the intensity of red
fight ¢ from LED 21 to the baseline intensity 7, for LED 21

If the current O; variation index trend is not determined to be less than the
predeternuned baseline value 210, No in Block 509, indicating that while the determined
cardiac event is not likely the result of noise, there 1s a likelihood that the determined
cardiac event may be not be associated with an unstable rhythin, the determination is made
as to whether the episode verification time period bas expired, Block 307, Hf the episode
verification time period has not expired, the process returns to Block 502 so that the
deviation of O variation indexes 600 15 determined for the next window of Qs variation
indexes, block 503,

If the current Oy variation index trend is determined o be less than the
predetermined baseline value 210, indicating that the determined cardiac event is not
tikely the result of noise, and there s a likelihood that the determined cardiac event may
be associated with an unstable rhythm, a determination is made as to whether the
generated O variation index trend is sustained, 1.e., remains less than the predetermined
baseline vahie 210 for a predetermined time period, such as 3 seconds for example, Block
Sl

1f the generated Oy variation index trend 1s not sustained, t.e., not less than the
predetermined baseline value 210 for the predetermined time period, the determination is
made as to whether the episode venfication time penied has expired, Block 507, H the
generated O variation index trend is not sustained and the episode verification tune period

has not expired, the deviation of the generated O variation indexes over the next window
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of O vanation indexes 18 determined, Blocks S03 and 504, and the noise determination 1s
repeated.

If the generated Oy variation index trend is less than the predetermined baseline
value 210 for the predetermined time period, t.e., the generated O variation index trend is
sustained, the secondary confirmation process confirms the identification of the malignant
cardiac event, and therapy 1s delivered, Block 512.

According to an embodiment of the present invention, the deviation threshold of
Block 508 is determined, for example, by periodically computing (), variation indexes
using Equation 1 and generating g corresponding oxvgen variation index trend during a
known period of motion-free normal sinus rhythm, such as while the patient is sleeping.
The deviation of the oxygen variation indexes generated during normal sinus thythm from
the corresponding oxygen variation index trend generated for the sample collection period
is then determined using the same process utilized in Block 503, such as the mean square
deviation, for example. Other methods for determining the deviation may be utilized
rather thao the mean square deviations, such as the mean of absolute values of deviations,
for example. The deviation threshold utilized for Block 505 is then updated by being set
equal to the deviation of the oxygen variation indexes from the trends generated during
motion-free normal sinus rhythm, or to a multiple or a fraction of the deviation.

FIG. 8 is an exemplary graphical representation of an O variation index trend
utilized in a method of delivering a therapy in a medical device according to an
embodiment of the present invention. According to an embodiment of the present
invention, during the incrementing of the corrected (O, vaniation index trend, Block 508,
the endpoints of the current determined O; variation index trends are used to calculate a
current trend value Ay, associated with the current sample collection period. For
example, as iHostrated in FIG. 8, once the O; vanation index trend 800 has been
determined, and the first and the last O; vanation index samples of the 15 O; variation
index samples associated with the window of O; variation indexes 600 are projected onto
the O variation index trend 800 to determine a first index trend tOy, and a last index
trend tOq5, associated with the Oy variation index trend 800, as described above, the
change in index trend AQyn 5 for the O; variation index trend 800 is then determined as the
difference between the first Oy variation mdex trend 1Oy, and the last Oy vanation tndex
trend 1035, L., t0y5 - 10205 The corrected Oz vartation index trend ¢Qq 13 then set

equal to the determined change in the index trend ADys).
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A next Op vanation index trend 802 is then determined for the subsequent window
of O, variation index samples, i.e., the next O, varation index sample Oqe; and the
previous n-1 of the O variation index samples Oy, through Oysy. The first and the last
(3, variation index samples Qg and Oq; are then projected onto the O variation index

trend 802 to determune a first index trend tOse

2

v and a last index trend tOan, assoctated
with the (O vanation index trend 802, and the change in the index trend AQ»qg; for the O,
variation index trend 802 is then determined as the difference between the first index trend
10y and the {ast index trend tOy6y, 1.6, 10316 ~ 10y

The corrected O variation tndex trend ¢Q; 1s then incremented in Block 508 by
being set equal 1o the sum of the previous corrected O variation index trend and the
product of the inverse of the number of samples in the window of O; variation indexes and
the determined change in the Oy variation index trend Ay for the Oy variation index
frend 800 for the current window of Oy variation index samples. This process is then
repeated so that during noise free periods identified in Block 505, the corrected Os
vartation index trend ¢Oy; 15 incremented for each window of Oy variation index samples
by being set equal to the sum of the previous corrected O: variation index trend ¢Quiy
and the product of the inverse of the number of samples n in the sample collection period
and the determined change in the Q; variation index trend AQOqq for the O variation index
trend associated with the current window of Oy variation index samples, indicated by the

following equation:

C{)g{i} == L’-Qg{i.u + }..f'(ﬂ(ﬂ{:}g(j}} Equaﬁm} 2

According to another embodinment of the present invention, once the first sample
collection period, such as 0-3 seconds for example, has expired and the corresponding O
variation index trend 800 has been determined, 15 Qg variation index trend values tOz,
through tO2 along the Oy variation index trend 800 are identified by projecting the
focation of each of the 15 O variation index samples for the sample collection pertod onto
the O, variation index trend 800, The change in the O, variation index trend AQqy;s, for
the (3 variation index trend 800 13 then determined as the ditterence between the first

index trend ﬁ}zfﬁu and the last index trend tOg;;js}, 1.a., tOg{ - 1’03{1}
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An O vanaiion index trend 802 i3 then determined for the nexi window of O
variation index samples, and corresponding trend values tOqy.4 along the Oy variation
mdex trend 802 are determined by projecting the location of each of the O; variation index
samples onto the Oy variation index trend 802 as described above. The change in the O,
variation index trend AQys, for the Oy variation index trend 802 1s then determined as the
difference between the first index trend ) and the last index trend tOy6, te., 04~
tOyn. The corrected Oy variation index trend is then incremented by being set equal to the
sum of the change in the current O, vaniation index trend AQy 6 and the product of the
inverse of the number of samples n i window of O, variation indexes and the change in
the O varation index trend AOaqs determined for the previous sample collection period,
indicated b}’ the equati [§1H CO;(}({) = .!"n{,-ﬁ();mf,} + aﬁ{)g{'mv;,

An O variation index trend 804 is then determined for the nest window of O
variation index samples, and corresponding trend values tOy3.47 along the O variation
index trend 804 are deternuned by projecting the location of each of the Op vanation index
saroples associated with the window onto the O3 vanation index trend 804, The change in
the O vanation index trend AQym for the Oy variation index trend 804 is then determined
as the difference between the first Oy variation index trend tOgg, and the last O; vanation
index trend tOq17), L&, 03 - 09z, The corrected O, variation index trend ¢Oyny 18
then meremented by being set egual to the sum of the product of the inverse of the number
of samples n 1n the sample collection period and the change in the (3 variation index trend
AQys, determined for the first O vaniation index trend 800, the product of the inverse of
the number of samples n in the sample collection period and the change in the O variation
index trend AOyqas; determined for the previous O variation index trend 802 and the
change in the O, variation index trend AQy 7 for the current O varmation index trend 804,
indicated by the equation: C»Ozu:{) = fn(&()zuj)) + 1{AC06) + AO2am,

Once the corrected O; varialion index trend for three noise free sample collections
have been determined, an initialization period for the corrected O; variation index trend
incrementation in Block 508 is completed, and the corrected Oy vanation index trend ¢O;
ts updated for subsequent windows of Oy variation index samples identified by the
determined value of the last O variation index trend corresponding to the endpoint of the

most recent determined Oy variation index trend using the following equation:

{:Og(j sy Oy + 10 {'e'f\()g,-@gn-})) + a‘f\{)g,,-@gﬂ;, Ifiquali on 3
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where 1 1s the tast O; variation index trend corresponding to the endpoint of the most
recent determined Oy variation index trend, ¢Ozginay is the corrected Oy vartation index
trend associated with the window of (3; variation index samples occurring two sample
collection periods prior to the current window of Qg variation index samples, 1 1s the
wverse of the number of sarples o 1n the sample collection period, (AQag:n13) i the
corrected Oy variation index trend associated with the window of Oy variation index
samples occurring one sample collection period prior to the current window of Oy
variation index samples, and AOxy;. 13 the change in the current O; variation index trend.

In both embodiments of the present invention associated with Equations 2 and 3,
since the corrected O; variation index trend is incremented only for those sample
collection periods that are determined to be noise free, Yes in Block 505, the present
invention accounts for those periods when the O, variation indexes are likely associated
with noise and adjusts the total Oz variation index trend accordingly by not incrementing
the corrected Oy variation index trend when noise is likely, e, when the deviation is not
tess than the deviation threshold, No in Block 505,

FIG. 915 a flow chart of a method of delivering a therapy 10 a medical device
according to an embodiment of the present invention. FIG. 10 is an exemplary graphical
representation of an O vanation index trend utilized in a method of delivering a therapy in
a medical device according to an embodiment of the present invention. As illustrated in
FIGS. 9 and 10, according to an embodiment of the present invention, once the first
sample collection period, {.e., 0-3 seconds, has expired, and therefore both the associated
O variation index trend 900, Block 503, and the deviation of the associated samples from
the trend, Block 504, over that period have been determined and utilized to determine that
the sample is Iikely 10 be noise free, Yes i Block 505, the last trend value tOq5, along the
corresponding () variation index trend 900 15 determined by projecting the location of the
fast O, variation index sample of the window O onto the O variation index trend
Q00

For the inttial sample collection period, the corrected O; vartation index trend ¢O;
is incremented in Block 308 by being set equal to the last trended value tOqg 5, which is
then utilized as the generated corrected () variation index trend ¢QO; for the determination

of Block 5096,
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The window of O, variation index samples shifts to include the next O variation
wdex sample Oxge and the previous n-1 O vanation index samples Oapasy from the

previous window of samples. The current O; variation index samples Oy

PP

.16y are then used
to determine the next Oy variation index trend 902, with the value of the last O variation
index sample Ouq) being projected onto the current O vartation index trend 902 to
generate a corresponding last trended value g, which is then utilized as the corrected
O, variation index trend in the determination of Block 309, and so forth. An O variation
index trend 1s then determined for the next window of (O, variation index samples and the
corresponding last trended value is determined by projecting the location of the last or
most recent Q) variation index sample onto the Oy vanation index trend, and so forth.

The process continues as described on a sample by sample basis unti] the effects of
noise cause the O, variation index samples to deviate from the O variation index trend so
that the deviation becomes greater than the deviation threshold, No in Block 505, Once
the deviation of the O, variation indexes is determined not to be less than the deviation
threshold, indicating a likelthood that the determined cardiac event is the resudt of noise, a
corrected O vanation index offset, which operates to keep a running account of the non-
noise free periods, 1s updated, Block S10. In particular, as the window of O, variation
index samples continues to be shifted to include a next O vaniation index sample and the
previous n-1 samples, and the corrected O variation index trend continues to be updated
accordingly, the leading edge of the window of O; variation index samples may begin to
advance within a noise portion 906, Once the window of O variation index samples
advances tar enough within the noise portion 906, the deviation of the samples in the
current sample window will become greater than the deviation threshold, No in Block 505,
and therefore the value of the corrected 3, variation index trend is held equal to the last
corrected O vanation index trend that was not associated with noise.

Assuming that the window ot 32 variation index samples that initially deviates
from the corresponding O, variation index trend to be indicative of noise occurs at O;

variation index sample Oy, which corresponds to trended Qg vaniation index sample

0, and the corrected O variation index is therefore no longer updated, the offset is
updated in Block 510 by being set equal to the difference between the current trended O,
variation idex 1Oy, and the corrected O; vanation index associated with the last window
of samples determined to be noise free, illustrated in FIG. 10 by 1Oy - €Oz, The

updating of the offset continues, with the offset being updated in Block 510 for each
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subsequent window of samples by continwing to determine the difference hetween the
current trended O3 variation index (O and the corrected O; vartation index associated
with the last window of samples determined to be noise free, until another window of
noise free (> variation index samples is received, Yes in Block 3035, The updating of the
oftset in Block 510 as the window of samples advances during detection of the notse 906

can therefore be summarized generally by the following equation:

offset = Oy - <Oipy Equation 4

where  1s the first instance that noise is detected for a given noise period, m is the
subsequent consecutive samples during this period of noise, and i-1 corresponds to the Jast
corrected Qg vanation mdex trend value for which the associated window of samples was
determined to be noise free immediately prior to the trend value for which the associated
window of saniples was determined to be likely corrupted by noise.

Assurning the next norse free O; varation index sample 1s received for the Oy
variation index sample associated with Os variation index trend 1Oy, for example, the
incrementing of the corrected O» variation index trend in Block 508 then continues and the
updating of the offset in Block 510 is suspended. As a result, the offset was last updated
for the previous sample Oz, by being set equal to the difference between the value of the
0 variation index tread tOx,.) generated during the window of samples oceurring just
prior to the initial nose free window of samples and the value of the corrected O;
variation index eQOsyy.1y associated with the last window of samples determined to be noise
free.

The corrected (O, vanation index trend is then incremented in Block 308 by the
difference between the current notse free trend value tOq and the sunt of previously
determined offsets, which in the example would be the offset assocated with noise period
906, iHlustrated by 1Oy - €Ox0ery. Tt may also be noted that since noise period 906 13 the
first noisy period in the example, the offset equals the total change in the Qp vanation
wdex trend during the pertod of noise 1y, - €021y The incrementing of the corrected
O; variation index trend continues with the window of O, vanation index samples being
shifted to mclude the next Oy variation index sample O and the previous 14 (
variation index samples starting from O variation index sample Ouppanaia, 0 that the

subsequent windows of samples are used to defermine the next O, variation index trends,
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and the last Oy variation wdex sample Oy is projected onto the current Oy variation
mdex trend to generate a corresponding trend vatue tOsy-my. The corrected Oy vanation
mdex trend is then incremented in Block 508 by subtracting the offset updated during the
previous noise period 906 from the corrent trend value tOxem.

Assuming, for example, that the current window of O, variation index samples
subsequently remains noise free for a notse free period of time 908 and then deviates from
the corresponding O variation index trend, No in Block 505, 10 be indicative of a next
noise portion 910 at O, varwation index sample Oy, which corresponds to trended O3
variation index sample 1Oy, the corrected O variation index is no fonger incremented for
trended Oy variation tndex sample tOq). while the offset 1s updated in Block 510 by being
set equal to the ditference between the current value of the non-noise free trended O
varation index sample tOy, and the value of the corrected O; vanation index associated
with the Jast window of samples determined to be noise free, Le ¢Oy.p;. The updating of
the offset continues for each subsequent window of samples by taking the difference
between the value of the trended Oy variation index generated for the current non-noise
free window of samples and the value of the corrected O variation index associated with
the last window of samples determined to be noise free, untii the next noise free O
variation index sample is received.

For example, assuming the next noise free Oy variation index sample is recetved
tor the Oy variation index sample associated with trended O, variation index sample tOx.
the incrementing of the corrected O vanation index trend in Block 508 then continues and
updating of the offset in Block 510 is suspended. As a result, the offset was last updated
for the previous sample 1Oy.1y by being set equal to the difference between the value of
the O vanation index trend tOy.1y generated duning the window of samples occurning
just prior to the imtial noise free window of samples and the value of the corrected O,
variation 1ndex assoctated with the last window of samples determined to be noise free,
¢z 1t should be noted that the offset at this point equals the sum of the changes
observed during the two preceding muoisy periods 906 and 910, [{O0x0-1 10204 102
- t()zf(:\:-l}}»

The corrected Oy variation index trend 1s then computed as the difference between
the current noise free Oy vanation mndex trend value tOs and the corrent offset. I this
way, the corrected Oz variation index trend is updated for subsequent windows of O,

variation index samples by subtracting the sum of the previous changes i the O, variation
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wndex trend valtues associated with noise from the current O vanation index irend value,

described generally by the following equation:

Oy ® 0535y - 2 offset Equation §

where 118 the current O variation index trend value and o158 the number of samples in a
sampling window. Y offset represents the current offset at any point in time, where the
summation, Y, 1s indicative of the fact that the current offset represents the sum of
individual offsets accumulated during each individual period of noise since the start of the
flow chart As can be seen in Equation 5, the mcrementing of the corrected O variation
tndex trend does not begin until the first n samples associated with the first window of
samples 900 are recetved.

As lustrated in FIG. 190, each period of noise 906, 910 associated with the O,
variation index trend includes a start point 920 and an endpoint 922, Ideally, noise will be
detected, No in Block 508, when the endpoint of the associated O variation mdex trend is
focated at or just bevond the start point 920 of the period of noise 906, 910, and will
subsequently no longer be detected, Yes in Block 505, when the subsequent endpotot of
the associated O, variation index trend is focated at or just beyond the endpoint 922.
However, as cgn be in the embodiment deseribed above in reference to FIG. 10, when the
endpoiats of the O» variation index frends are used in the determination of both the
merementing of the corrected O vartation index trend, Block 508, and the updating of the
offset, Block 510, the window of (s variation index samples will be located bevond the
start point 920 and within the noise portion when the noise is initially identified, No in
Block 505, and bevond the endpoint 922 and outside the noise period when noise is
subsequently no longer detected, Yes i Block 505

According to an embodiment of the present mvention, therefore, in order to
increase the likelthood that the offset will correspond to the actual period of notse, the
present invention utilizes a predetermined trend value other than the leading endpoint of
the Oy variation index trend. Rather than projecting on the first and the last sample of
each of the n samples in the samples of windows to obtain the first O variation index
trend value and the last Oy variation index trend value for cach generated O, vartation
index trend as described above, each sample within the window of samples is projected

onto the Oy varnation index trend to generate n s variation index trend values so that any



10

15

20

25

30

WO 2007/127675 PCT/US2007/067037

26

one of the tfrend values can then be utilized during the incrementing and updating of the
corrected O variation index trend and the offset, respectively.

For example, once the imtial O, varation index trend 900 has been computed,
Block 303 and the deviation of the samples from the O variation index trend 900 has been
deternuned, Block 504, resulting in a determination that the sample 1s not likely associated
with noise, Yes in Block 303, the correcied O vatiation index trend ¢Q; 18 incremented in
Block 508 by being set equal to a predetermined one of the 15 trend values tocated
between the first trend vatue 10y, associated with the first ), variation index sample of
the window and the last trend value 1055 associated with the last O; variation index
sample of the window Oygs. According to an embodiment of the present invention, the
corrected O variation index trend ¢O: 1s incremented by being set equal to the central
trend value, 1.¢., Op vanation mdex trend value 10y,

The process continues with the window of O, vaniation Index samples being
shifted to include the next O variation index sample Oype and the previous 14 O,
vartation index samples from the previous window of samples Oy through Ozas, The
current window of samples Oxz.1s 18 then used to determine the next Os variation index
frend 902, and the central O variation index sample Oy is projected onto the current (O
variation index trend 902 to generate a corresponding central trend value tOygy. The
corrected O variation index trend is then incremented in Block S08 by being set equal to
the central trend value 1Oy, The process continues as described above using the
predetermined trend value in place of the last O vanation index trend value to perform the
incrementing and updating of the corrected Os vartation index trend and the offset,
respectively.

FIG. 11 is an exemplary graphical representation of generation of a corrected Oy
varigtion index trend offset utthzed 1n a method of delivering a therapy 10 a medical device
according Lo an embodiment of the present tnvention. According to another embodiment
of the present tnvention, rather than using a single rended value during the incrementing
and updating of the corrected Oy variation index trend and the offset, respectively,
muitiple values may be utilized. For example, as illustrated 1o FIG. 11, the last or leading
end O, vartation index trend is vtilized during the incrementing of the O; variation index
trend and a predetermined O variation index trend value 15 utilized during the updating of
the offset. The predetermined O vanation index trend value 1s chosen to increase the

fikelithood that the offset will correspond to the actual period of noise, such as the



10

15

20

25

30

WO 2007/127675 PCT/US2007/067037

b3
-1

midpoint of the O variation wndex trend, for example. In this way, the incrementing of the
corrected O variation index trend is performed using the leading endpoint of the
determined O varation index trend dunng the initial noise free period associated with O
variation index trends 900, 902, and so torth, and the process continues as described on a
sample by sample basis until the effects of noise cause the O, variation index samples to
deviaie from the O, variation index trend, No in Block 505,

Assuming again that the window of O, variation index samples that initially
deviates from the corresponding (3, variation index trend to be indicative of noise occurs
at O; vanation index sample Oy, which corresponds to O; variation mdex trend tOu,
incrementing of the corrected O variation index is therefore suspended. 1t should be
noted that while computing an offset in Block 510, the corrected O, variation index trend
values belong to the immediately prior sampling window. During the updating of the
offset in Block $10, the O, vartation index trend offset is updated by determining the
difference between the leading O, variation index trend value Oy of the current noise
corrupted O variation index trend Oy and the corrected O vanation index trend cOqype
determined immediately prior to the central O; variation index trend tOz..q).

The process continues for sabsequent windows of samples, with the determination
of whether the current window of samples are corrupted by noise being made in Block 505
and the updating of the offset in Block 510 being made based on the predetormined trend
value, until the next noise free O; vanation index sample is identified, Yes in Block 503,
so that the offset is updated for each window of samples as set forth generally by the

following equation:

offset = tOyim-a - O Equation 6

where 1 18 the first instance that noise is detected for a given noise period, m is the next
sample, d corresponds to the predetermined trend value associated with the current noise
corrupted window of Oy vartation index samples, and 1-1 corresponds to the immediate
fast trend value associated with the window of samples determined to be noise free prior to
the predetermined trend value associated with the current noise corrupted window of
samples.

For example, if the next noise free O variation index sample is received at Oy

variation index trend 10y, the offset was therefore last apdated during the previous
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trended Oy variation index sample tOy.1, by being set equal to the difference between the
central Oy vanation index trend value tOgx9y of the current noise corrupted O variation
mdex trond and the corrected Oy variation index trend ¢Oyvey determined prior to the
central O variation index trend tOa.s,.  Incrementing of the corrected Oy vartation index
trend ¢Ouyy 8 resumed in Block 508 by subtracting the offset 907 from the current O,
variation index trend tOgy,,

The process continues during over m windows of Oy variation index samples
occurring over the subsequent noise free portion 908, with the corrected Oy vanation index
being incremented, Block 508, by subtracting the offset 907 from the current trend value
t0aywa, Assuming, for example, that the current window of O variation index samples
subsequently remains noise free for a period of time associated with the noise free period
908 and then deviates from the corresponding O, variation mndex frend, No in Block 50§,
o be indicative of a next noise portion 910 at O, variation index trend tOy,,, incrementing
of the corrected O variation index is therefore suspended and updating of the offset 1n
Block 510 resumes.

DPuring the updating of the offset, the O, variation index trend offset is updated by
determining the difference between the central O variation index trend value tOzq., of the
current noise corrupted O variation index trend tO and the corrected O; variation index
trend ¢Oxye.e; determined immediately prior to the central O variation index trend Oz
The process continues for subsequent windows of samples, with the determination of
whether the current window of samples are corrupted by noise being made in Block 505
and the updating of the offset in Block 510 being made based on the predetermined trend
value using Equation 6, as in the previous noise period 906 uniil the next noise free O,
variation index sample is identified, Yes in Block 505

For example, if the next noise free O varigtion index sample 15 received at Oy
variation 1ndex trend Oy, the offset was therefore last updated for the previous (O
variation index trend 1Oy, by being set equal to the difference between the central O,
variation index trend tOgy.¢y associated with the previous Op varation index trend and the
fast incremented corrected (3 variation index trend ¢Oqg,. prior to the central O; variation
index trend ¢Oyy.0). Incrementing of the corrected Oy variation index trend ¢Ogg; 18
resumed in Block SO8 by subtracting the sum of the offsets 907 and 909 from the current

s vartation index trend {0z
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The process continues during over m windows of O, variation index samples
occurting over the subsequent notse corrupted and noise tree portions, with the offset
being updated by determining the current offset using Equation ¢ and the incrementing of
the corrected (O variation index in Block 308 being performed by subtracting the sum of
the prior determined offsets from the current O variation index trend, set forth generally
i1 Equation 5 above.

FIG. 12 15 an exemplary graphical representation of an Oy variation index trend
atilized in a method of delivering a therapy in a medical device according to an
embodiment of the present invertion, FIG. 13 is a flow chart of a method of delivering a
therapy 11 a medical device according 10 an embodiment of the present invention. As
tHustrated in FIGS. 12 and 13, according to an embodiment of the present invention, a
zone 920 for identifying when the event 1s most hikely assoctated with an unstable
hemodynamic event, such as ventricular tachycardia or ventricular fibrillation, 1s defined
based on a non-physiclogic event threshold 921 and a normal sinus rhythm threshold limit
922, so that once the O: vanation index trend is defermined 1o be less thay the baseline
value 210, a determination is made as to whether the O, variation index trend 1s within the
VTVE zone 920, Block 513,

In particular, for example, a determination is made as to whether the slope of the
), vanation index trend, determined based on two of the known trended values of the O;
variation index trend, such as the first and the last trended value, for example, is either
greater than the slope of threshold 921 or less than the slope of threshold 922, and
theretore outside the VI/VF zone 920, Block 513, If the O, vasiation index trend is
are cleared and the determination as to whether the episode verification time period has
expired 1s made, Block 307, described above.  If the O variation index trend is
determined to be within the VT/VF zone, Yes in Block 513, a determination 1s made as (o
whether the O, variation index trend is sustained, i.e., remains within the zone 920 for a
predeternuned time pertod, such as over six samples or two seconds, for example, Block
518

If the O, vanation index trend is not sustained, the process returns to Block 502 so
that the deviation of the O vanation index samples from the Oy varation index trend |
Blocks 503 and 504 15 determined for the next window of O: variation index samples,

described above. H the O variation index trend s sustained within the VU/VE zone 920
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tor the predetermined period of time, the secondary confirmation process confirms the
identification of the malignant cardiac event, and therapy is delivered, Block 512, and the
current stored stope values are cleared.

Both threshold 921, which corresponds to abrupt changes in the slope of the O»
variation index trend indicative of non-physiological events, such as a change in postare
for example, and threshold 922, which corresponds to normal sinas thythm, are
programmable. According to an exemplary embodiment of the present invention,
threshold 921 corresponds to the (O, vanation index trend crossing the baseline value 210
in five seconds or less, so that threshold 921 corresponds to a slope of 0.004 (1.e., 0.02
divided by S seconds), and threshold 922 corresponds to the Op variation mdex trend
crossing the baseline value 210 in 20 or more seconds, so that threshold 922 corresponds
1o a slope of 0.001 (e, 0.02 divided by 20 seconds).

FIG. 14 is an exemplary graphical representation of an O, variation index trend
utilized 1n a method of delivering a therapy in a medical device according to an
embodiment of the present mvention. FIG, 15 is a flow chart of a method of delivering a
therapy in a medical device according to an embodiment of the present invention. As
Hastrated 1o FIGS. 14 and 15, a fasi VT threshold 923 is included within the VT/VE zone
920 in order to discriminate VT from VF events, with the event being identified as a fast
VT event when the Oy varation dex trend 1s located between threshold 922 and
threshold 923, and as a VF event when the O; variation index trend is located between
threshold 921 and threshold 923,

According to another embodiment of the present inveation, a stow VT threshold
925 may also be included in order to discriminate between normal sinus rhythm and slow
VT events, with (O; vanation index trends that are sustained between threshold 925 and
threshold 922 being identified as associated with a slow VT event.

In particular, once the (O, variation index tfrend 1s determined to be less than the
baseline value 210, Yes in Block 509, and the O, variation index trend is determined to be
within the VT/VF zone 920, Yes in Block 513, as described above, a determination is
made as to whether the O, variation index frend is determined to be sustained within the
VT/VF zone 920 for a predetermined time period, Block 515, such as 3-8 samples, for
example. If the Op vanation 1ndex trend 1s not sustained VI/VE, No m Block 515, the

process returns to Block 502 so that the deviation of the O, vanation index samples from
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the O, vanation index trend . Blocks 303 and 504 is determined for the next window of ()
variation index samples, described above.

If the O variation index trend is sustained VT/VE, Yes in Block 515, the event is
identified as a VF event if the O; variation index trend 1s located between threshold 921
and threshold 923, and gs a VT event if the O, varation index trend 18 located between
threshold 923 and threshold 922, Block 317, Once the classification of the eveni is
determined in Block 517, delivery of the therapy is adjusted accordingly, Block 519, and
the current stored slope values are cleared.

According to an embodiment of the present invention, slow VT threshold 925 may
also be included i order to discriminate between normal stnus rhythm and slow VT
events. In particular, if the Oy variation index trend is not determined to be within the
VT/VF zone, No in Block 513, a deternunation 1s made as to whether the Oy vanation
index trend is located between threshold 925 and threshold 922, 1f the O, variation index
trend is located between threshold 925 and threshold 922, the event is classified as a stow
VT event and the classification may be stored for future reference.

Similar to threshold 921 and threshold 922, both threshold 923 and threshold 925
are programmable. According to an exemplary embodiment of the present wvention,
threshold 923 corresponds to the Oy variation index trend crossing the baseline value 210
in twelve seconds or less, 5o that threshold 923 corresponds to a slope of 0.0017 (1 e, 0.02
divided by 12 seconds), and threshold 923 corresponds to the (3 vanation index trend
crossing the baseline value 210 1 28 or more seconds, so that threshold 925 corresponds
to a slope of 0.0007 {1.e., 0.02 divided by 28 seconds).

As described above, when noise is detected, a correction can be made by referring
to the corrected O3 varniation index trend at a prior instant when the O, varmation index
trend was unaffected by noise. Since the determination of noise by measuring deviation of
the (), vanation index samples from the O, variation index trend 18 done over a window of
multiple samples it may be necessary 1o {ook back substantially more than a single,
immediately prior sample, which may lead to a delay in the deternunation of the presence
of notse from its actual moment of onset. According to an embodiment of the present
mvention, i order to mitigate any error due to such a delay, the corrected O, vanation
mdex trend consists of multiple values each corresponding to one sample withio the
sampling window for the determination of the Oy variation index trend, such that when

noise is detected 1n a sampling window, an early value from a previously determined
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group of values of the corrected O variation index trend can be referred to as one
belonging fo a noise~free period. This particular value of the corrected O variation index
trend can then be used for computing an offset to correct further O variation index trend.
In this embodiment, for each sampling window, a group of corrected O; variation index
trend values are computed and stoved in device 14, each value corresponding to one
sample of the Oy variation index within the window. The method of computation of the
value of the corrected Oy variation index trend depends on the computed deviation during
the sampling window, Block 5035 of FIG. 9, and, in case of a large deviation indicative of
noise, No in Block 505 of FIG. 9, all the corrected Q5 vartation index trend values for the
sampling window are set to the value of the corrected Qp variation index trend
corresponding 1o a predetermined sample of a predetermined prior sampling window such
as the first sample, labeled /-1, of the sampling window. In case of a large deviation, No
in Block 305 of FIG. 9, the offset is also updated in Block $10 by assigning to it the
difference between the value of the O variation index trend corresponding to a
predeternuned sample, such as the sample labeled i+# of the sarpling window, and the
value of the corrected Oy variation index trend corresponding 1o a predetermined sample
of a predetermined prior sampling window, such as the first sample, labeled j+1, of the
sampling window. Such computation may be continued for every sampie of the Oy
vartation index trend where the deviation is farge, No in Block 505 of FIG. 9, according to

&

the equation:

. Yy o i 3P - N -
offset =100, —~ O], Equation 7

where #(2:,,; 1s the Oy variation index trend value comresponding to the predetermined
sample m within the current sampling window and ¢{J5," 1s the value of the corrected Oy
vartation index trend corresponding to the predetermined sample k within a prior sampling
window that precedes the current sampling window by a predetermined number of
windows indicated by p. The value of the offset so computed is used during the next noise-
free sampling window,

In case of a small deviation, Yes in 505 of FIG. 9, indicative of a noise-free sampling

window, the corrected O; variation index trend 1s computed corresponding to each sample
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within the interval by taking the difference between the O, variation wdex trend
corresponding to each sample and the offset computed during the last period of noise.
Since this method depends on the corrected O variation index trend from a prior
sampling window, it requires intialization of the corrected O, variation index trend fora
certain number of initial sampling windows, the number being same as the predeternuned
valge, p. For each of these windows if the deviation of the Oy variation index samples
from its Oy varigtion index trend is above its threshold for the determination of noise, each
value of the corrected O3 variation index trend in that sampling window is set to zero
otherwise each value of the corrected O variation tndex trend is set o its corresponding
value of the O; vanation index trend.

Determination of the hemodynamic status may be improved by further analyzing
the slope of the O variation index trend. The slope being referred to here 1s the slope of
the (), variation index trend line with the time axis which may also be referred to as the
rate of change of the O, variation index trend.  Such analysis of the stope will enable
deternunation of the degree of the perfusion loss which may vary between tolerated
ventricular tachvarrhythmia, non-tolerated ventricular tachvarrhvthmia and ventricular
Gibrillation. A slope is computed for each sampling window, of § second duration
consisting of 15 samples for example, and a certain number of the most recent values of it
are stored in the device memory. The slope may be defined as the difference between the
tirst and the last O, vanation index trend values, for example 1Oy - tOg0; for the
sampling window consisting of the 1™ through the 15" sample. It may also be defined as
the ratio of the difference between the first and the ast O, variation index trend values and
the time interval between them. For vet another definition of the slope, the difference and
the ratio defined above may be computed over a plurality of subsections within a sampling
window and can be further combined to derive a composite slope parameter. A plurality
of the slope values so computed are stored in the device memory.

According o an embodiment of the present invention, the range of values of the slope of
the corrected Oy variation index trend is divided into predetermuined groups corresponding
to various cardiac rhythms and a predetermined group of values considered non-
physiologic. For example a signed stope value smaller than ~0.007 per second, called the
physiologic limit, may be considered non-physiologic and any signed slope value larger
than -0.00007 per second, called the sinus himit, may be considered {o correspond to a

hemodynamically stable, bemgn cardiac rhythm. Any mtermediate slope value between
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these two Jimits may be considered to correspond to VT or VE. Alternatively, the range of
those intermediate slope values may be further subdivided with a hemodynamic stability
Himit demarcating the boundary separating a hemodynamically stable VT, also called the
tolerated VT, from a hemodynamically unstable VT, also called the non-tolerated VT, and
VF. The physiologic, sinus and the hemodynanuc stability limits also may be patient-
specific and determined based on tests such as defibriflation threshold test and other
electrophysiologic tests.

The slope of the corrected O3 vanation index trend is compared against the predetermined
physiologic, sinus and the hemodynanuc stability imits to determine the underlying
cardiac thythm and the hemodynamic statas of the patient, such as a sinus rhythm, a stable
VT, an unstable VT or VF or a non-physiologic signal. If itis determined that the
corrected Qg variation index trend does not correspond to VT or VF, No in Block 513 of
FIG. 13, any value of the slope stored in the device 14 is removed, and a determination is
made as to whether a predetermined episode verification time period has expired, Block
307, 1i the episode verification fime period has not expired, the process returns to Block
502 so that the deviation of O; variation indexes from the O» vanation index trend, Blocks
303 and 304, is determined for the next window of () variation indexes 600,

If on the other hand it is determined that the corrected O, variation index trend
corresponds to VT or VE, Yes in Block 513 of FIG. 13, a determination is also made as to
whether it is sustained by collecting additional samples of O: vanation index, Block 502 in
FIG. 13, and repeating the subsequent steps for a predetermined oumber of samples, for
example 6, or a predetermined duration, for example 2 seconds, 1o artive at the same
conclusion, Yes in Block 513, The slope value from each pass through the flow chart
during such sustamability determination, 515 in Figure 13, 1s stored in the device 14,

The consistency of the corrected O variation index trend slope is determined by
computing the difference between the maximum and the minimuom values of the slopes or
the standard deviation or the variance of the values of the slopes. 1f such values are
smatler than a predetermined limit, the rhythm is classified in Block 517 based on the
average or the munimum signed value of the slope as either VT and VF or further
classified as stable VT or unstable VT and VF and a therapy is determined based on it,
Block 519, The stored slope values are removed from the device subsequently, Block 523,

While a particular embodiment of the present invention has been shown and

described, modifications may be made. It 1s thevefore intended 1 the appended claims to
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venton.
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We Claim:

1. A medicgl device, comprising:
a plurality of sensors sensing cardiac signals,
a physiologic seusor sensing physiologic signals to generate a plurality of varation
dex samples corresponding to the sensed signals; and
a microprocessor detecting a cardiac event in response to the sensed cardiac
signals, computing a varation index trend associated with a predetermined number
of variation index samples of the plurality of variation tndex samples, determining
a rate of change of the variation index trend, and contirming the determined
cardiac event in response to the computed variation index trend and the determined

rate of change.

2. The device of claim 1, wherein the variation index trend corresponds 1o a measure

of change to tissue oxygenation.

3 The device of claim 1, wherein the microprocessor determines a deviation of the

predetermined number of variation index samples from the variation index trend.

4. The device of claim 3, wherein the microprocessor detenmines whether the

computed variation mdex trend 1s less than a predetermined index trend threshold.

5. The device of claim 1, wherein the microprocessor determines whether the rate of

change is one of greater than an upper limit and less than a lower himit,

6, The device of claim 1, wherein the microprocessor whether the rate of change is
within one of a first range corresponding to a ventricular tachycardia event and a second

range corresponding to a ventricular fibrillation event.

7. The device of claim 1, wherein the variation index trend corresponds to
relationships between propotions of red Light intensities and mfrared light intensities to

corresponding baseline intensities.
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8. The device of claim 1, wherein the variation 1ndex trend corresponds to

%

i i . .. . . ~ N K . . ~
- whereinn 715 an intensity of red light, 7 is an intensity of
li’} ! 3]
intrared light, Z, is an intensity of red light baseline, and 7, is an intensity of infrared light

baseline.

9. A method of determining a cardiac event in a medical device, comprising:
sensing cardiac signals from a plurality of electrodes;
determining the cardiac event in response to the sensed first cardiac signals;
sensing physiologic signals and acquiring a plurality of vaniation index samples
cotresponding to the sensed physiologic signals;
computing a variation index trend associated with a predetermined number of
variation index samples of the plurality of variation index samples;
determining a rate of change of the computed variation index trend; and
confirming the determined cardiac event in response o the computed vanation

index trend and the determined rate of change.

16, The method of claim 9, wherein the variation index trend corresponds to a measure

of change in tissue oxygenation.

11, The method of claim 9, further comprising determining a deviation of the

predetermined number of varation index samples from the variation index trend.

12, The method of claim 11, further comprising determining, in response to the
determined deviation, whether the sensed cardiac signals are associated with an unstable
rhythm, wherein the determined cardiac event is confirmed in response to the determined

deviation and the sensed cardiac signals being associated with an unstable rhythm.

13 The method of claim 9, wherein the variation index trend corresponds to
relationships between proportions of red light intensities and infrared light intensities to

corresponding baseline intensiies.
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14. The method of claim 9, wherein the variation index trend corresponds to — —— |
o v{L,_' IU

wherein 7 is an intensity of red light, / is an intensity of infrared
light, £, is an intensity of red light baseline, and 7, is an intensity of infrared light
baseline.
153, The method of claim 9, further comprising determining whether the rate of change
is one of greater than an upper limit and tess than a lower limit.
16, The method of claim 9, further comprising determining whether the rate of change

ts within one of a first range corresponding to a veatricular tachyecardia event and a second

range corresponding to a ventricular fibrillation event.

17 A method of verifying a cardiac event in a medical device, comprising:

gnats and acquiring a plurality of vanation index samples

b

sensing physiologic s
corresponding to the sensed physiological signals;

computing a vatiation index trend associated with a predetermined number of
variation index samples of the plurality of variation index samples;

determining a rate of change of the variation index trend; and

verifving the cardiac event in response to the determined vanation index trend and

the determined rate of change.

18 The method of claim 17, wherein the variation index trend corresponds to a

measure of change in tissue oxygenation.

19, The method of claim 17, further comprising determining whether the computed

variation index trend is less than a predetermined index trend threshold.

20, The method of claim 19, further comprising determining whether a deviation of the
predetermined number of variation index samples fron: the computed variation index trend
is greater than a deviation threshold, wherein the cardiac event is verified in response to
both the computed vanation index trend being less than the predetermined mndex trend

threshold and the deviation not being greater than the deviation threshold,
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21, The method of claim 20, wherein the vanation index trend corresponds to
relationships between proportions of red light intensities and imfrared light intensities to
corresponding baseline intensities.

22, The method of claim 17, wherein the variation index trend corresponds to 777 7%,
wherein 7 is an intensity of red light, ¢ is an intensity of infrared
light, 7, is an intensity of red light baseline, and 7, is an intensity of infrared light

baseling.

23, The method of claim 17, further comprising determining whether the rate of

change is one of greater than an upper hmit and less than a lower it

24, The method of claim 17, further comprising determining whether the rate of
change is within one of a first range corresponding to a ventricular tachycardia event and a

second range corresponding to a ventricular fibrillation event.
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