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POWER SUPPLY MONITORING FOR AN IMPLANTABLE DEVICE

BACKGROUND
Technical Field
[001] This disclosure relates generally to implantable medical devices, and more particularly to

monitoring power consumption.

Background Information
[002] There have been many improvements over the last several decades in medical treatments for

disorders of the nervous system, such as epilepsy and other motor disorders, and abnormal neural
discharge disorders. One of the more recently available treatments involves the application of an
electrical signal to reduce various symptoms or effects caused by such neural disorders. For
example, electrical signals have been successfully applied at strategic locations in the human body
to provide various benefits, including reducing occurrences of seizures and/or improving or
ameliorating other conditions. A particular example of such a treatment regimen involves applying
an electrical signal to the vagus nerve of the human body to reduce or eliminate epileptic seizures,
as described in U.S. Patent No. 4,702,254 to Dr. Jacob Zabara, which is hereby incorporated by
reference in its entirety in this specification. Electrical stimulation of the vagus nerve may be
provided by implanting an electrical device underneath the skin of a patient and electrically
stimulating tissue, organ(s) or nerves of the patient. The system may operate without a detection
system if the patient has been diagnosed with epilepsy, and may periodically apply a prophylactic
series of electrical pulses to the vagus (or other cranial) nerve intermittently throughout the day, or
over another predetermined time interval.

[003] Typically, implantable medical devices (IMDs) involving the delivery of electrical pulses to,
or sensing electrical activity of, body tissues, such as pacemakers (heart tissue) and vagus nerve
stimulators (nerve tissue), comprise a pulse generator for generating the electrical pulses and a lead
assembly coupled at its proximal end to the pulse generator terminals and at its distal end to one or
more electrodes in contact with the body tissue to be stimulated. One of the key components of
such IMDs is the power supply (e.g., a battery), which may or may not be rechargeable. In many
cases surgery is required to replace an exhausted battery. Even rechargeable batteries eventually
may need replacement. To provide adequate warning of impending depletion of the battery and
subsequent degradation of the operation of the IMD, various warning signals or indicators may be

. established and monitored.
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[004] Generally, battery-powered IMDs base warning signals or indicators on battery voltage
and/or battery impedance measurements. One problem associated with these methodologies is that,
for many battery chemistries, these measured battery characteristics do not have monotonically-
changing values with respect to remaining charge. For example, lithium/carbon monofluoride
(Li/CFx) cells commonly used in neurostimulators and other IMDs have a relatively flat voltage
discharge curve for the majority of their charge life, and present status of the battery cannot be
accurately and unambiguously determined from a measured battery characteristic.

[005] More specifically, in LiCFx batteries, the battery voltage remains relatively constant for
approximately 90% of its useful life and then reaches a point where the battery changes from a
linear region of approximately zero slope to an approximately linear or downwardly curving region
of negative slope. Thus, during the last 10% of battery life (when battery voltage versus battery
depletion enters the second range), an added term in the projection equation that incorporates
battery vbltage may improve the accuracy of the projection to the battery’s depletion.

[006] Another problem associated with impedance-based methodologies is the variability of
current consumption for a specific device’s programmed therapy or circuitry. This variability,
combined with the uncertainty of the battery’s present status prior to depletion, hinders reliable
estimation of the anticipated time until reaching the end of the battery’s useful life. For scheduling
purposes, it is desirable to have a constantly available and reliable estimate over all therapeutic
parameter ranges and operation settings of the time until the device will reach the end of its useful
life, and provide an indication when that time reaches a specific value or range.

[007] The present disclosure is directed to overcoming, or at least reducing, the effects of, one or
more of &13 éroblems set forth above.

, BRIEF SUMMARY
[008] In accordance with various embodiments, a method is provided for determining a time

period remaining in a useful life of an energy storage device in an IMD. The method may include
measuring a voltage of the energy storage device to provide a measured voltage, and comparing the
measured voltage to a transition voltage. If the measured voltage is greater than or equal to the
transition voltage, the time period remaining in the energy storage device’s useful life is
approximated based upon a function of charge depleted. If, on the other hand, the measured voltage
is less than the transition voltage, the time period remaining in the energy storage device’s useful
life is approximated based upon a higher order polynomial function of the measured voltage. The
transition voltage corresponds to a predetermined point on a battery voltage depletion curve
representing the voltage across the energy storage device over time.
2
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[009] In accordance with various embodiments, an implantable medical device is provided. The
IMD includes an energy storage device that provides power for the IMD, a stimulation unit
operatively coupled to the energy storage device that provides an electrical signal, and a controller
operatively coupled to the stimulation unit and the energy storage device. The controller may
include a charge depletion determination unit, a voltage determination unit, and a useful life
determination unit. The charge depletion determination unit determines an electrical charge
depleted by the energy storage device during operation of the IMD. The voltage det?rmination unit
determines whether a measured voltage across the energy storage device is greater than or equal to a
transition voltage. The useful life determination unit determines a time period remaining in the
energy storége device’s useful life based upon 1) a function of the electrical charge depleted when
the measured voltage is greater than or equal to the transition voltage, and 2) a higher order
polynomial function of the measured voltage when the measured voltage is less than the transition
voltage. The transition voltage corresponds to a predetermined point on the battery voltage
depletion curve.

[010] In accordance with various embodiments, a system is provided for determining remaining
useful life of a battery in an IMD. The system includes an IMD and an external monitoring device.
The IMD delivers an electrical signal to a patient and communicates with an external monitoring
device. The IMD includes the battery that powers the IMD, and a controller operatively coupled to
the battery that determines an electrical charge depleted by the battery and a voltage across the
battery. The external monitoring device determines a remaining useful life of the battery based
upon (1) the electrical charge depleted if the voltage across the battery is greater than or equal to a
transition voltage and (2) a higher order polynomial function of the voltage across the battery if the
voltage across the battery is less than the transition voltage. The external monitoring device also
displays an indication of the remaining useful life of a battery of the IMD.

[011] In an embodiment, the voltage across the energy storage device (i.e., battery) may be
characterized by a higher order polynomial function when the measured voltage is less than the
transition voltage. Accordingly, the time remaining in such embodiments may be calculated
according to the following polynomial function: Teos = % remaining * (Ciniiat/lave) Wherein
percentage (%) remaining = {(-b + SQRT [b° — 4a(c- V)] 2a}.

[012] In still another embodiment, extreme temperatures may adversely affect the calculation of

time remaining. Therefore, the measured Voltage may be compensated for temperature according
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to the following equation: Vcompensated = Vmeasurement + (K X (Tbasetine — Trmeosurement)); and the time
remaining may be more accurately calculated using the Veompensarea Value as the battery voltage.
[013] In yet another embodiment, the transition voltage may vary according to the average current
consumption rate I,vg. By incorporating the variable transition voltage in the determination of time
remaining, where Vige is the greater of W volts and X — LOG( Lwy/Y))/Z, where W is a variable or
constant voltage, X is a voltage greater than W volts, I, is the average current consumption rate,
and Y and Z are predetermined coefficients, time remaining may be more accurately determined.
[014] In still another embodiment, during early stages of battery life, battery impedance may be
measured at an artificially high level, impacting the measured voltage and therefore the calculation
of Time remaining. Thus, the measured voltage may be corrected with an impedance correction
factor for use in determining the time period remaining in the energy storage device’s useful life.
The impedance correction factor may be a constant, or the impedance correction factor may vary
with Lyg, such that the Voltage used to calculate time remaining = Vicasuwed + [Reonst X Lvgl, where
Vimeasurea is the measured voltage, Reons is the constant impedance correction factor and Tavg is the
variable average current consumption rate.

[015]  The preferred embodiments described herein do not limit the scope of this disclosure.

NOTATION AND NOMENCLATURE
[016] Certain terms are used throughout the following description and claims to refer to

particular system components. As one skilled in the art will appreciate, implant companies may
refer to a components or groups of components by different names. This document does not intend
to distinguish between ¢omponents or groups thereof that differ in name but not function. In the
following discussion and in the claims, the terms “including” and “comprising” are used in an open-
ended fashion, and thus should be interpreted to mean “including, but not limited to....”

BRIEF DESCRIPTION OF THE DRAWINGS
[017] The disclosure may be understood by reference to the foll,pwing description taken in

conjunction with the accompanying drawings, in which like reference numerals identify like
elements, and in which: ' .
[018] Figure 1 is a stylized diagram of an implantable medical device suitable for use in the
present disclosure implanted into a patient’s body and an external programmer;

[019] Figure 2 is a block diagram of an implantable medical device and an external unit that
communicates with the implantable medical device, in accordance with one illustrative embodiment

of the present disclosure;
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[020]  Figures 3A and 3B are graphical representations of a battery voltage depletion curve
typical of an energy storage device or battery, in accordance with illustrative embodiments of the
present disclosure;

[021]  Figure 4 is a flowchart representation of a method of providing a warning signal relating
to a power supply of the implantable medical device, in accordance with one illustrative
embodiment of the present disclosure;

[022]  Figure 5 is a flowchart representation of a method of performing a calibration of a charge
depletion tabulation, in accordance with one illustrative embodiment of the present disclosure;

[023] Figure 6 is a more detailed flowchart illustrating a method of performing the charge
depletion calculation indicated in Figure 4, in accordance with one illustrative embodiment of the
present disclosure; .

[024]  Figure 7 is a more detailed flowchart illustrating a method of performing an end-of-service
(EOS) and/or an elective replacement indication (ERI) determination, as indicated in Figure 4, in
accordance with one illustrative embodiment of the present disclosure;

[025] Figure 8 is an illustrative graphical representation of battery capacity estimation for a
battery having a voltage depletion curve described by a polynomial equation in the region after the
transition voltage Vigee.;

[026]  Figure 9 is an illustrative graphical representation comparison of low load and high load
coefficients for the polynomial equation of Figure 8, including an intermediate polynomial that
represents intermediate coefficients achieved with rounded averages;

[027]  Figure 10 is an illustrative graphical representation of how Vige. varies as a function of Tavg
and program settings in accordance with one embodiment of the present disclosure;

{028]  Figure 11 is a graphical representation of the approximately linear relationship between
the temperature and the number of volts necessary to correct Vi, for temperature in accordance
with one illustrative embodiment of the present disclosure; and

[029]  Figure 12 is a detailed flowchart illustrating an alternative method of performing an end-
of-service (EOS) and/or an elective replacement indication (ERI) determination, as indicated in
Figure 4, in accordance with one illustrative embodiment of the present disclosure.

[030]  While the disclosure is susceptible to various modifications and alternative forms, specific
embodiments thereof have been shown by way of example in the drawings and are herein described
in detail. It should be understood, however, that the description herein of specific embodiments is

not intended to limit the disclosure to the particular forms disclosed, but on the contrary, the
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intention is to cover all modifications, equivalents, and alternatives falling within the spirit and
scope of the disclosure as defined by the appended claims.

DETAILED DESCRIPTION
[031] Illustrative embodiments of the disclosure are described herein. In the interest of clarity,

not all features of an ‘actual implementation are described in this specification. In the
development of any such actual embodiment, numerous implementation-specific decisions must
be made to achieve the design-specific goals, which will vary from one implementation to
another. It will be appreciated that such a development effort, while possibly complex and time-
consuming, would nevertheless be a routine undertaking for persons of ordinary skill in the art
having the benefit of this disclosure.

[032] Embodiments of the present disclosure provide methods and apparatus for monitoring
and/or estimating the time remaining until the generation of an elective replacement indicator or
until the end of service of the battery of an implantable medical device (IMD). Estimating battery
life may be based upon 1) estimated future charge depletion and actual past charge depletion
while the battery is operating in a first part of its useful life and 2) on the measured voltage in a
second part of its useful life. Specifically, when the battery operates at a voltage greater than or
equal to a voltage associated with a transition point of non-linearity in the battery voltage
depletion curve shown in Figure 3A (referred to herein as the knee), estimating the battery life is
based on the charge depleted, an example of which is disclosed in U.S. Patent Application Serial
No. 107902,221, filed July 28, 2004, incorporated herein by reference in its entirety. When the
battery operates at a voltage less than a voltage associated with the knee, estimating the battery
life may be determined as a function of measured voltage across the battery, rather than the total
charge depleted. Embodiments of the present disclosure provide for the generation an elective
replacement indicator (ERI) signal to provide a warning for performing an electrical diagnostic
operation upon the IMD. This electrical diagnostic operation may include replacing an electrical
component in the IMD, performing additional evaluation(s) of the operation of the IMD,
replacing or recharging a power source of the IMD, and the like. A more detailed description of
an IMD suitable for use in the present disclosure is provided in various figures and the
accompanying description below.

[033] Generally, IMDs contain a power storage device (e.g., a battery) to provide power for the
operations of the IMD. Embodiments of the present disclosure detenrﬁne an estimated usable life
remaining in the battery unit based upon where in the battery’s useful life it is operating.
Embodiments of the present disclosure may be performed in a standalone manner within the IMD

6
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itself or in conjunction with an external device in communication with the IMD, Utilizing
embodiments of the present disclosure, an end of service (EOS) signal or an elective replacement
indicator (ERI) signal may be provided, indicating that the IMD is at or near termination of
operations and/or the battery power has reached a level at which replacement should be
considered to avoid interruption or loss of therapy to the patient. An ERI signal may indicate that
an electrical device component, such as a battery, has reached a point where replacement or
recharging is recommended. An EOS signal may provide an indication that the operation of the
implanted device is at, or near, termination and delivery of the intended therapy can no longer be
guaranteed. ERI and EOS are commonly used indicators of the present status of an IMD battery.
ERI is intended to be a warning signal of an impending EOS indication, providing sufficient time
(e.g., several weeks or months) in typical applications to schedule and perform the replacement or
recharging.

[034] Figure 1 illustrates a generator 110 having main body 112 comprising a case or shell 121
with a connector 114 for connecting to leads 122. The generator 110 is implanted in the patient's
chest in a pocket or cavity formed by the implanting surgeon just below the skin, similar to the
implantation procedure for a pacemaker pulse generator. A stimulating nerve electrode assembly
125, preferably comprising an electrode pair, is conductively connected to the distal end of an
insulated electrically conductive lead assembly 122, which preferably comprises a pair of lead
wires (one wire for each electrode of an electrode pair). Lead assembly 122 is attached at its
proximal end to the connector 114 on case 121. The electrode assembly is surgically coupled to a
vagus nerve 127 in the patient's neck. The electrode assembly 125 preferably comprises a bipolar
stimulating electrode pair, such as the electrode pair described in U.S. Pat. No. 4,573,481 issued
Mar. 4, 1986 to Bullara. Persons of skill in the art will appreciate that many electrode designs
could be used in the present disclosure. The two electrodes are preferably wrapped about the
vagus nerve, and the electrode assembly 125 is preferably secured to the nerve 127 by a spiral
anchoring tether such as that disclosed in U.S. Pat. No. 4,979,511 issued Dec. 25, 1990 to Reese
S. Terry, Jr. and commonly owned by the assignee of the instant application. Lead assembly 122
may be secured, while retaining the ability to flex with movement of the chest and neck, by a
suture connection to nearby tissue.

[035] The pulse generator 110 may be controlled or programmed with an external device 150

(e.g., a computer) and a programming wand 155 to facilitate radio frequency (RF) communication
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between the external device 150 and the pulse generator 110. The wand 155 and software permit
noninvasive communication with the generator 110 after the latter is implanted.

[036] Figure 2 illustrates one embodiment of IMD 110 for performing neurostimulation in
accordance with embodiments of the present disclosure. In one embodiment, the implantable
medical device 110 comprises a battery unit 210, a power-source controller 220, a stimulation
controller 230, a power regulation unit 240, a stimulation unit 250, a memory unit 280 and a
communication unit 260. It will be recognized that one or more of the blocks 210-280 (which
may also be referred to as modules) may comprise hardware, firmware, software, or any
combination thereof. The memory unit 280 may be used for storing various program codes,
starting data, and the like. The battery unit 210 comprises a power-source battery that may be
rechargeable or non-rechargeable. The battery unit 210 provides power for the operation of the
IMD 'l 10, including electronic operations and the stimulation function. The battery unit 210, in
one embodiment, may be a lithium/thionyl chloride cell or a lithium/carbon monofluoride cell.
The terminals of the battery unit 210 are preferably electrically connected to an input side of the
power-source controller 220 and the power regulation unit 240.

[037] The .power—source controller 220 preferably comprises circuitry for controlling and
monitoring the flow of electrical power to various electronic and stimulation-delivery portions of
the IMD 110 (such as the modules 230, 240, 250, 260, and 280 illustrated in Figure 2). More
particularly, the power-source controller 220 is capable of monitoring the power consumption or
charge depletion of the implantable medical device 110, measuring the voltage across the battery
unit 210, and generating ERI and/or EOS signals. The power-source controller 220 comprises an
active charge-depletion unit 222, an inactive charge-depletion unit 224, and a voltage
determination unit 225, and an optional calculation unit 226.

[038] The active charge-éiepletion unit 222 is capable of calculating the charge depletion rate of
the implantable medical device 110 while the implantable medical device 110 operates in one or

ki)

more “active states.” Each active state may have an associated charge depletion rate that is the
same as or different from at least one other active state. The active state of the implantable
medical device 110 refers to a period of time during which a stimulation pulse is delivered by the
implantable medical device 110 to body tissue of the patient according to a first set of stimulation
parameters. Other active states may include states in which other activities are occurring, such as
status checks and/or updates, or stimulation periods according to a second set of stimulation

parameters different from the first set of stimulation parameters.
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[039] The inactive charge-depletion unit 224 is capable of calculating the charge depletion rate
of the implantable medical device 110 during inactive states. Inactive states may comprise
various states of inactivity, such as sleep modes, wait modes, and the like.

[040] The voltage determination unit 225 is capable of measuring or receiving the voltage across
the battery unit 210 at any given point in time to compare the measured voltage to a transition
voltage associated with the transition point of non-linearity on the battery voltage depletion curve
(shown in Figure 3A), or the knee. The comparison may be used to determine whether to use the
charge depleted, or a function of the measured voltage to determine the time remaining until
generation of an ERI or time remaining until EOS. In an embodiment, the voltage determination
unit 225 determines whether the voltage across the battery unit 210 is less than the transition
voltage associated with the knee. If the battery unit 210 has a measured voltage across it that is
greater than or equal to the voltage associated with the knee on the battery voltage depletion
curve, the time to ERI or EOS is calculated according to the charge depleted. This calculation
may be performed in an external ERI/EOS calculation unit 272 of the external unit 150 after the
measured voltage and accumulated charge are cdnnnunicated from the IMD 110 to the external
unit 150. Alternatively, this calculation may be performed in an optional calculation unit 226 of
the power-source controller 220, and the result may be communicated from the IMD 110 to the
external unit 150.

[041] If the battery unit 210 has a measured voltage that is less than the voltage associated with
the knee, the time to ERI or EOS is calculated based on a function of the measured voltage. This
calculation may be performed in an external ERI/EOS calculation unit 272 of the external unit
150 after the measured voltage and accumulated charge are communicated from the IMD 110 to
the external unit 150. Alternatively, this calculation may be performed in an optional calculation
unit 226 of the power-source controlier 220, and the result rriay be communicated from the IMD
110 to the external unit 150. One or more of the active charge-depletion unit 222, the inactive
charge-depletion unit 224, and the voltage determination unit 225; the optional calculation unit
226 of the power-source controller 220 and/or the external ERI/EOS calculation unit 272 may be
hardware, software, firmware, and/or any combination thereof.

[042] The power regulation unit 240 is capable of regulating the power delivered by the battery '
unit 210 to particular modules of the IMD 110 ac.cording to their needs and functions. The power
regulation unit 240 may. perform a voltage conversion to provide appropriate voltages and/or

currents for the operation of the modules. The power regulation unit 240 may comprise hardware,

9
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software, firmware, and/or any combination thereof. The communication unit 260 is capable of
providing transmission and reception of electronic signals to and from an external unit 150.

[043] The external unit 150 may be a device that is capable of programming various modules
and stimulation parameters of the IMD 110. In one embodiment, the external unit 150 is a
computer system capable of electronic communications, programming, and executing a data-
acquisition program, preferably a handheld computer or PDA. The external unit 150 is preferably
controlled by a healthcare provider such as a physician, at a base station in, for example, a
doctor’s office. The external unit 150 may be used to download various parameters and program
software into the IMD 110 for programming the operation of the implantable device. The
external unit 150 may also receive and upload various status conditions and other data from the
IMD 110. The communication unit 260 may comprise hardware, software, firmware, and/or any
combination thereof. Communications between the external unit 150 and the communication unit
260 may occur via a wireless or other type of communication, illustrated generally by line 275 in
Figure 2. ‘
[044] In an embodiment, the external unit 150 comprises an ERI/EOS calculation unit 272
capable of performing calculations to generate an ERI signal and/or an EOS signal. If the battery
unit 210 has a measured \}oltage across it that is greater than or equ'al to the voltage associated
with the knee on the battery voltage depletion curve (as shown in Figure 3A), the time to ERI or
EOS is calculated according to a function of the total charge depleted, and if the battery unit 210
has a measured voltage that is less than the voltage associated with the knee, the time to ERI or
EOS is calculated based on a function of the measured voltage. These calculations may be
performed either in an optional calculation unit 226 of the power-source controller 220 or in an
ERVEOS calculation unit 272 of the external unit 150. The external ERI/EOS calculation unit
272 may additionally be capable of receiving calculations performed in the optional calculation
unit 226 in the IMD 110 that are communicated to the external unit 150. The external ERVEOS
calculation unit 272 may be hardware, software, firmware, and/or any combination thereof.

[045] Stimulation controller 230 defines the stimulation pulses to be delivered to the nerve tissue
according to parameters and waveforms that may be programmed into the IMD 110 using the
external unit 150. The stimulation controller 230 controls the operation of the stimulation unit
250, which generates the stimulation pulses according to the parameters defined by the controller
230 and in one embodiment provides these pulses to the lead as.sembly 122 and electrode

assembly 125. Various stimulation signals provided by the implantable medical device 110 may

10
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vary widely across a range of parameters. The Stimulation controller 230 may comprise
hardware, software, firmware, and/or any combination thereof,

[046] Figure 3A provides a graphical representation of a battery voltage depletion curve in
accordance with an embodiment of the present disclosure. The battery voltage depletion curve
shown in Figure 3A is characterized by a first region 300 represented by an approximately linear
function having a slope of approximately zero, and a second region 302 represented by an
approximately linear function having a negative slope. The first region 300 is defined between
the beginning of the life of the battery at time 304 and a time associated with the knee 306. The
time associated with the knee 306 corresponds to a transition point along the battery voltage
depletion curve between the first region 300 and the second region 302. The time associated with
the knee 306 corresponds to a voltage referred to herein as Vigee 310. The second region 302 is
defined between the time associated with the knee 306 and a time associated with the approximate
end of service of the battery 308, a point in time when the battery is no longer effective for
powering the IMD 110 for stimulation. The time associated with the approximate end of service
of the battery 308 corresponds to a voltage referred to herein as Veog 312.

[047] Figure 3B provides a graphical representation of a battery voltage depletion curve in
accordance with another embodiment of the present disclosure. The battery voltage depletioﬁ
curve shown in Figure 3B is characterized by a first region 300 represented by an approximately
linear function having a slope of approximately zero, and a second region 302 represented by a
non-linear approximation comprised of a higher order polynomial with a downwardly curving
slope. In a still further embodiment of the present disclosure, the battery voltage depletion curve
may be approximated by a: non-linear approximation comprised of a higher order polynomial. In
such a non-linear approximation, Vinee 310 may be selected from various data points along the
curve associated with a point in time when the voltage begins to sharply drop.

[048] In one embodiment of the disclosure, the IMD 110 determines EOS and ERI values when
the battery unit 210 is in, the part of its useful battery life (the first region 300) having voltage
greater than or equal to the voltage associated with the knee by using a known initial battery
charge (Ciniar) and a predetermined EOS battery charge (Cggos) indicative of the end of useful
battery service, together with the charge actually depleted (Cg) by the IMD (calculated from the
present usage rates for idle and stimulation periods (r; and r;), and the length of the respective idle
and stimulation periods), to calculate for a desired time point how much useful charge remains on

the battery (C;) until the EOS charge is reached, and how long at projected present usage rates the
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device can operate until EOS or ERI. Once the charge actually depleted by operation of the
device (Cy) is known, the present usage rates are then applied to the remaining useful charge C; to
determine the time remaining until EOS and/or ERI.

[049] In one embodiment of the disclosure, the IMD 110 determines EOS and ERI values when
the battery unit 210 is in the part of its useful battery life (the second region 302) having voltage
less than the voltage associated with the knee by using the measured value for voltage across the
battery unit 210, a value for the voltage across the battery unit 210 at the time of EOS (which may
be previously set, determined, or programmed into the IMD), a value for the voltage across the
battery unit 210 at the knee (which may be previously set, determined, or programmed into the
IMD), a constant representing a percentage of battery capacity commonly remaining in the battery
when the battery voltage is equal to the voltage associated with the knee (which may be
previously set or determined or programmed into the IMD), the known initial battery charge
Ciaital, and present usage rates. ,

[050] In at least some embodiments, EOS and ERI determinations are made without
measurements or calculations of internal battery impedance. Instead, in the portion of the
battery’s useful life (the first region 300) with battery voltage greater than or equal to the voltage
associated with the knee, fhe device maintains a precise record of the current used during idle and
stimulation periods, and subtracts the charge represented by the current used from the total
available battery charge to determine the charge remaining on the battery. Alternatively, in the
portion of the battery’s useful life (the second region 302) with the battery voltage less than the
voltage associated with the knee, the device bases the time remaining on the measured voltage
across the battery, known or predetermined voltage characteristics, and present usage rates.

[051] Consistent with the foregoing, Figure 4 provides a flowchart depiction of a method for
determining the remaining time to EOS and/or ERI based on known or determined IMD
characteristics such as battery charge or voltage and present usage rates, depending on where in
its useful life the battery is operating. In one embodiment, the present usage of the IMD 110 is
calibrated during manufacture (step 410). Current drawn by the IMD from the battery is defined
as electrical charge per unit time. The total charge depleted from the battery as a result of the
operations of the IMD may be determined by multiplying each distinct current réte used by the
IMD by its respective time used. In one embodiment, as part of the calibration, during
manufacturing, a power supply capable of generating a known voltage and a meter capable of

measuring a known current may be used to characterize the. power consumption or current
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deplct.ion of the implantable medical device 110 during its stimulation and idle modes. The
power consumption data thus obtained is preferabiy stored in a memory of the IMD.

[052] Once the charge usage characteristics of the IMD are known, the battery may be
subsequently installed into the implantable medical device 110 for operation and thereafter a
record of power consumed by the implantable medical device 110 is maintained. In a particular
embodiment, the calibratién step 410 involves calibration of present usage for idle periods (r;) and
stimulation periods (rs) of the device. Current may thus be used as a proxy value for electrical
charge depletion, and the calibration step allows a precise determination of the amount of

electrical charge used by the device after implantation. As used herein, the terms “depletion

2 &¢ ”

rate,” “consumption rate,” and “usage rate” may be used interchangeably, unless otherwise
indicated, and refer to the rate at which electrical charge is depleted from the battery. However,
as noted above, current may be used as a proxy for electrical charge, and where this is the case,
current rates r; and r; may also be referred to as “present usage,” “current rate,” “current

" &L

consumption,” “charge depletion,” “depletion rate” or similar terms.

[053] As previously noted, the IMD 110 has a number of settings and parameters (e.g., current,
pulse width, frequency, and on-time/off-time) that can be changed to alter the stimulation
delivered to the patient. These changes result in different usage rates by the IMD 110. In
addition, circuit variations from device to device may also result in different present usage rates
for the same operation. Calculations and estimations are preferably performed during the
manufacturing process in order to calibrate accurately and precisely the present usage rates of thé
IMD 110 under a variety of stimulation parameters and operating conditions. A calibration of the
present usage rates and a determination of the charge present on the battery at the time of implant
allow a more accurate assessment of actual and f)redicted charge depletion after the IMD 110 is
implanted. The initial charge on the battery may include a safety factor, i.e., the charge may be a
“minimum charge” that all batteries are certain to possess, even though many individual batteries
may have a significantly greater charge. Nothing herein precludes a determination of a unique
initial charge for each individual battery. However, it will be recognized that such individual
determinations may not be economically feasible. A more detailed illustration and description of
the step (410) of calibrating present usage and initializing the battery charge for the implantable
medical device 110 is prqvided in Figure 5 and the accompanying description below.

[054] After calibrating the present usage characteristics of the IMD 110, the IMD may be

implanted and subsequently a charge depletion calculation is performed (step 420). In an
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embodiment, the charge depletion calculation is performed periodically, or in an alternative
embodiment, the charge depletion calculation is performed each time the external unit 150 is in
communication with the IMD 110. This calculation may be performed by the IMD itself, the
external unit 150, or by both, and includes determining the actual electrical charge depleted from
the battery 210 and estimating current consumption (i.e., depletion rates), which may, depending
on where the battery is operating within its useful life, be used to calculate an elective
replacement indication (ERI) and/or an end of service (EOS) signal (step 430). A more detailed
illustration and description of the step 420 of calculating the electrical charge depleted is provided
in Figure 6 and the accompanying description below. In step 425, the voltage across the battery
unit 210 is measured to determine whether the battery unit 210 is operating at a voltage greater
than, equal to, or less than a voltage associated with the knee, or transition point of non-linearity
in the battery voltage depletion curve (as shown in Figure 3A). In step 430 an estimated time
until an elective replacement indication will be generated and/or the estimated time until the end
of service are calculated based on whether the battery unit 210 is operating at a voltage greater
than, equal to, or less than a voltage associated with the knee. A more detailed description and
illustration of the step 430 of calculating the time to ERI and/or EOS is provided in Figure 7 and
the accompanying description below.

[055] Referring now to Figure 5, a flowchart diagram is provided depicting in greater detail the
step 410 (Figure 4) of calibrating and initializing the IMD 110 during manufacturing. In one
embodiment, the current rates for the IMD 110 during stimulation are calibrated (block 510).
During manufacturing, several different combinations of measurements may be calibrated. More
specifically, measurements of charge depletion relating to different types of pulses (i.e., pulses
having different stimulation parameters) are calibrated to ensure that present usage measurements
for the IMD are accurate over a wide range of stimulation parameters. In other words, various
pulses having a range of current amplitudes, pulse widths, frequencies, duty cycles and/or lead
impedances into which the pulses are delivered are used to calibrate the measurement of present
usage during stimulation to establish a baseline of the measurement of charge depletion for
various types of pulses. All operational variables relating to or affecting the present usage rates of
the IMD may be considered.

[056] More particularly, during manufacture of the IMD 110, several combinations of data
points relating to various current rates resulting from various combinations of pulse parameters

are used in one embodiment to generate an approximately linear equation that relates various
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pulse parameters to current rate, which may then be used to determine charge depletion when the
battery unit 210 is operating at a voltage greater than or equal to the voltage associated with the
knee. For example, for a first stimulation, pulses of a certain frequency are provided and for a
second stimulation, the frequency of the pulses used may be doubled. Therefore, the estimated
present usage rate for the second stimulation may be estimated to be approximately double that of
the power consumption or charge depleted due to the first stimulation. As another example, a
first stimulation may be of a first pulse width and a second stimulation may be of a pulse width
that is double that of the width of the first pulse. Therefore, a relationship between the pulse
width to the current consumption of the second pulse may be estimated to be approximately
double that of the present usage rate of the first pulse. In one embodiment, a graph may be
generated using the various types of stimulation versus the current consumption associated with
that stimulation.

[057] As yet another example, a first stimulation pulse may have a first current amplitude and a
second stimulation may have a current amplitude that is double that of the first stimulation pulse.
Therefore, the current consumption of the second stimulation pulse may be estimated to be
approximately double that of the current consumption of the first stimulation pulse. The power
consumption is directly proportional to the current consumption. Therefore, a relationship of a
pulse parameter to present usage rate may be estimated or measured such that an interpolation
may be performed at a later time based upon the linear relationship developed during the
calibration of the power consumption during stimulation. It may be appreciated that the
relationships of some pulée parameters to pfesent usage rate may not be a simple linear
relationship, depending upon such pulse characteristics as the type of pulse decay (i.e., square
wave, exponential decay), for example. Nevertheless, calibration of présent usage rate for various
pulse parameters may be performed by routine calculation or experiment for persons of skill in
the art having the benefit of the present disclosure.

[058] Referring again to Figure 5, present usage during an idle (i.e., non-stimulating) period is
calibrated in step 520. From the idle cwrent consumption and the stimulation current
consumption calibration, the overall current consumption may be modeled based upon
programmed seitings. It should be noted that while the disclosure as shown in the drawings
describes a device having two present usage patterns associated with an idle period and a
stimulation period, such a two-state embodiment is described solely for clarity, and more complex

embodiments are possible involving a third state such as, by way of non-limiting example, a

15



WO 2007/089392 PCT/US2007/000337

present usage rate associated with electrical sensing of the lead electrodes, which may be defined
by a third current rate r;. Four-state or even higher state embodiments are possible, although
where the differences in present usage-rates are small, or where a particular present usage rate
comprises only a tiny fraction of the overall time of the device, the complexity required to
implement and monitor the time such current rates are actually used by the device may render the
device impractical. These multi-state embodiments may be implemented if desired, however, and
remain within the scope and spirit of the present disclosure.

[059] Using the calibration of present usage during stimulation periods (step 510) and idle
periods (step 520), a calculation may optionally be made to initialize the charge depleted, if any,
during manufacturing operations, such as the charge depleted during testing of the device after
assembly (block 530). Iﬁ a preferred embodiment, all of the calibrations are performed with a
calibrated current source device, and not a battery, and in this case there is no charge depletion
during manufacturing operations. In another embodiment, the amount of charge depleted during
manufacturing may be small, in which case the initialization procedure may also be omitted. The
calibration and/or initialization steps of Figure 5 allow the IMD 110, via power-source controller
220, to maintain a running tally of how much charge has been depleted from the device. When
the battery unit 210 is first inserted into the implantable medical device 110, the charge depleted
is generally initialized to zero so that a running tabulation may begin from zero for maintaining a
running tally of the charge depleted from the battery over the life of the implantable medical
device 110. In one embodiment, the charge depleted tally is incremented throughout the
operating life of the device and at any point the running tally may be subtracted from the known
initial charge of the battery to determine the remaining charge. In an alternative embodiment, the
charge depleted tally could be initialized to the value of the battery initial charge and the tally
decremented throughout the device operation and directly used as the remaining charge. In either
implementation, information relating to the baseline charge remaining on the battery at the end of
manufacturing may be retained to calculate the estimated time to EOS or ERI when the battery is
operating at a voltage greater than or equal to the voltage associated with the knee.

[060] Turning now to Figure 6, a flowchart depiction of the step 420 of calculating charge
depleted by the device is provided in greater detail. For simplicity, only the two-current state of a
single idle period and a single stimulation period is shown. Embodiments having additional
present usage rates are included in the present disclosure. The IMD 110 may determine a current

depietion rate r; for idle periods (block 610). The rate is preferably stored in memory. In one
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embodiment, the determination is made by the IMD 110 after implantation. In a preferred
embodiment, the idle current depletion rate may be a rate determined during manufacturing (i.e., a
rate calibrated in step 520) and stored in the memory 280. An idle period is defined as a time
period when the implantable medical device 110 is not performing active stimulation, i.e., is not
delivering a stimulation pulse to the electrodes. Various electronic functions, such as tabulation
and calculation of numbers or execution of various software algorithms within the IMD 110 may
take place during the idle period.

[061] As noted, the current rate r; during idle periods 610 may be predetermined during the
manufacturing process (step 520) and may include various considerations, such as the power
consumption of the operation of various electronics in the implantable medical device 110, even
though no active stimulation may be taking place during that time period. However, since the
implantable medical devipe 110 may be occasionally reprogrammed while still implanted inside a
patient’s body, the number and duration of idle periods may vary according to the duty cycle and
frequency of the stimulation pulses. Therefore, the IMD 110 (e.g., via the power source
controller 220 in the device) may maintain a running tabulation of the idle periods, and for each
idle period a certain amount of charge depleted during the idle period (i.e., off time) is tabulated
and stored in memory 280 (step 620).

[062] It will be appreciated that the depleted charge may be obtained in a number of different
ways, each within the scope of the present disclosure. Specifically, the total time of all idle
periods since implantation, initialization, or since a previous idle power depletion calculation,
may be maintained as a running total idle time in memory, or alternatively a running tally of
charge depleted during idle periods may be maintained. While these values are different
numerically, they are directly related by simple equations as discussed more fully hereinafter. At
an update time, the total idle time may be periodically accessed and multiplied by the idle period
present usage rate to determine the total power depleted during idle periods since implantation,
initialization, or the previous calculation.

[063] The IMD 110 may also maintain in memory 280 a tabulation of present usage rates (i.e.,
charge depletion) for a wide range of stimulation settings (step 630). In another embodiment,
theoretical charge depletion calculations relating to particular types of stimulation may be
provided to the IMD 110. The stimulation pararﬁeter settings may then be used by the device to
maintain a running tabulation of the charge depleted during stimulation periods using a present

usage rate r; calculated from the pulse width, pulse amplitude, pulse frequency, and other
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parameters which may impact the present usage rate. This method provides specific present
usage rates for a variety of stimulation parameter settings and lead impedances without requiring
the storage of present usage rates for all possiblé stimulation parameter settings and lead
impedances.

[064] In one embodiment, the charge depleted may be stored in micro-amp seconds; however,
various other measurement units may be utilized. In one embodiment, the IMD 110 itself may be
capable of calculating the present usage rate for a particular combination of programmed output
settings based upon a known relationship between present usage rates and different combinations
of programmed settings. The relationship may then be used to interpolate a particular present
usage rate for a particular combination of programmed output settings. However, in order to
reduce the computation load on the device, some or all of these calculations, including the
interpolation, are preferably performed by an external programmer 150. Therefore, upon
programming or performing routine maintenance of the implantable medical device 110, the
external unit 150 may perform the calculations to determine the present usage rate during future
stimulation cycles based upon the settings implemented during the programming or maintenance
operation.

[065] For example, if the stimulation for a particular patient is set to a particular pulse width, the
external device 150 may factor in the calibration data and determine a present usage rate for a
particular set of stimulation settings. Therefore, for each stimulation period, the charge that is
depleted is tabulated for the stimulation period (“on-time”) by multiplying the stimulation time by
the present usage rate and a running tabulation is maintained (block 640). For example, if the
predetermined present usage rate for each second of stimulation at a particular combination of
parameter settings is 100 microamps, and the stimulation is 30 seconds long, a calculation is made
by multiplying the 30 second time period for the stimulation, by the 100 microamps to arrive at
3000 micro amp seconds of charge consumed, which is then added to a running charge
consumption tally.

[066] As illustrated in Figure 6, the sum of the tabulations of the charge depleted for the idle
period (off-time or inactive period; step 620) and the charge depleted for the stimulation period
(on-time or active period; step 640) are added to arrive at a total charge depleted by the IMD 110
(block 650). It will be appreciated that the sum of idle period and stimulation charge depletion
may occur at the conclusion of one or more cycles of idle period and stimulation period, or

continuously throughout idle periods and stimulation periods. Occasionally during the
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operational life of the IMD 1 10, various stimulation parameters may be changed to provide
different types of stimulation. However, utilizing the steps described herein, a running tally (or a
periodically updated tally) of the charge depletion is maintained, such that even when the
stimulation settings change, the device maintains a substantially accurate reflection of the actual
charge that has been depleted by the IMD 110, and future depletion calculations are based on the
-depletion rate for the newly programmed settings.
[067] The memory 280 may store the results of the charge calculations (step 660). The data
stored may include both the present usage rates for idle and stimulation periods of the IMD 110,
as well as the total charge depleted. This data may be utilized by the IMD 110 and/or external
unit 150 to determine various aspects of the device, including the time remaining until an ERI is
generated, or the time remaining until EOS.
[068] The calculations associated with steps 620, 640 and 650 may be expressed
mathematically. In particular, the total charge available from the battery Cy after it is placed in
the IMD 110 may be represented as the difference between an initial battery charge Ciyitial and the
EOS battery charge Cgos, as expressed in Equation 1.

Ctot = Cinitiat — Cros (Eq. 1).
[069] The charge depleted by the IMD 110 during idle periods C; (step 620) may be expressed as
the idle period present usage rate r; multiplied by the total duration of all idle periods At; according
to equation 2.

Ci=rx YA (Eq. 2).
[070] Where multiple idle rates are present, the above equation will be solved for each idle present
usage rate and the results summed to obtain C;. Similarly, the charge depleted during stimulation
periods C;s (step 640) may be expressed as the stimulation period present usage rate ry multiplied by
the total duration of all stimulation periods At; according to equation 3.

Cs =1, X Y Atg (Eq. 3).
[071] Again, where multiple stimulation rates are used the equation will be solved for each
stimulation rate and the results summed. The total charge depleted Cy is the sum of C; and C;, as
shown in equation 4.

Ca=Ci+C; (Eq. 4).
[072] Finally, the charge remaining until EOS (C;) at any arbitrary point in time is the difference
between the total energy or charge available Cy, and the charge actually depleted from the battery

Cy at that same point in time, as expressed in equation 5 (step 650).
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Ci=Cit—Cq (Eq. 5).

[073] This may be accomplished by counters that record the amount of time the device uses the
idle present usage rate(s) and the stimulation present usage rate(s), respectively, which are then
multiplied by the applicable present usage rate to obtain the total consumed charge during the idle
and stimulation periods. Alternatively, separate registers may directly maintain a running tally of
the charge depleted during stimulation periods and idle periods, respectively.

[074] Turning now to Figure 7, a more detailed flow chart depicting the calculation of the time to
the end of service (EOS) and/or elective replacement indicator (ERI) signals, as indicated in step
430 of Figure 4, is illustrated. The IMD 110 is programmed for delivering to the patient electrical
pulses having predetermined parameters (step 710). Programming the stimulation settings may be
performed during manufacturing and/or by a healthcare provider when the external unit 150
communicates with the IMD 110. Occasionally, medical personnel may determine that an
alteration of one or more of the stimulation parameters is desirable. Implementation of such
changes may easily be accomplished to optimize the therapy delivered by the IMD. Alternatively,
as part of a routine diagnostic process, a predetermined change to the stimulation settings may be
performed. Additionally, the IMD 110 may have multiple sets of stimulation parameters stored in
memory and may switch between the different stimulation modes represented by those parameters
at preset times or at the occurrence of certain physiological events. When a change in one or more
stimulation parameter settings is implemented (whether by programming or accessing data from
memory), the IMD 110 and/or the external unit 150 may determine an updated stimulation period
present usage rate rs associated with the new parameter settings, and subsequent updates to the total
charge consumed will be based upon the new stimulation period present usage rate (step 720). The
rates may either be stored in memory or calculated from an equation by interpolation among known
current rates for known parameter settings, as previously described. It is also possible that changes
to the software or firmware of the device could change the idle period depletion rate, in which event
a new idle period present usage rate r; may also be calculated and reflected in subsequent
calculations of total charge depleted (step 720).

[075] Because the duty .cycle (on-time to off-time ratio) is also a programmed parameter, the
present disclosure allows both the idle period present usage rate (r;) and the stimulation period
present usage rate (rs) to be combined into a single rate for purposes of projecting future energy or
charge depletion and calculating a time to EOS and/or ERI. This rate represents the total present

usage rate (1) of the device (step 725). Following updates to the stimulation and/or idle period
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present usage rates r; and rj, the updated rates are then used to calculate a new total charge
remaining C,, by a method substantially as shown in Figure 6 and previously described (step 730).
[076] Additionally, the voltage across the battery unit is measured (step 740). In an embodiment,
the voltage across the battery may be measured periodically while in an alternative embodiment, the
voltage across the battery is measured when the IMD 110 is in communication with the external
unit 150. The measured voltage across the battery in step 740 and the charge depleted in step 730
are stored in a memory in the IMD 110 and/or transmitted from the IMD 110 to the external unit
150 for storage in a memory in the external unit 150 (step 750).
[077]) Once the total charge remaining and measured voltage across the battery unit are retrieved
from memory, the remaining time to an activation of an EOS is calculated depending on where in
the battery’s useful life it is operating. A comparison of the measured battery voltage and the
voltage associated with the knee is performed to see whether the measured battery voltage is greater
than or equal to the voltage associated with the knee (step 760).
[078] When the measured voltage across the battery unit is greater than or equal to the voltage
associated with the knee, the time remaining is calculated by dividing the remaining charge by the
total depletion rate as shown in Equation 6 (Step 770).

t=(Cp/ () (Eq. 6).
[079] Equation 6 may be expressed in more discrete terms as shown in Equation 7.

t = (Cigitit — Cpos Ca) / Lvg  (Eq. 7).
[080] Wherein I.,; is the current consumption rate (i.e., estimated future depletion rate) based
upon the IMD’s present settings. Alternatively, L,s may be based on proposed settings, as desired,
to estimate the time until EOS impact of altering one or more of the settings. Generally speaking,
Lvg is not a constant, but varies from one generator to the next, and also varies with the program
settings.
[081] When the measured voltage across the battery unit is less than the voltage associated with
the knee, the time remaining is calculated by dividing the product of the difference between the
measured voltage (Vt;a,) and a voltage associated with the EOS (Vgos 312), the initial charge
(Ciitir), and a percentage of battery capacity typically remaining at the knee (%knee) by the product
of the average current (I.vg) and the different between the voltage associated with the knee (Vimee
310) and the voltage associated with the EOS (Vgos 312), as shown in Equation 8 (Step 775). ‘

t = {(Vbar VEOS) X Poknee X Cinitiat} / {Tavg X (Vinee — Veos)})  (Eq. 8).
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[082] Applying Equation 8 regardless of where the battery is along the battery voltage depletion
curve results in accuracy only in the last negative slope region of battery life, and inaccuracy in the
range of voltages greater than the voltage associated with the knee, which is why it is advantageous
to use Equation 7 at measured voltages greater than or equal to the voltage associated with the knee
and Equation 8 at measured voltages less than the voltage associated with the knee. Equations 7
and 8 may be combined, for clarity’s sake, into a single, non-linear equation, as shown in Equation
9.

(Cipitiat — Ceos — Ca) X 2 Vinee
Yavg
Teos(x) = .
| TV~ VEos) X %okaee X Caniiat | X < Vieee
Lavg X (Vicnee - VEOS)

(Eq. 9).

[083] Applying Equation 9 assures accuracy in the ranges:of voltages greater than, equal to, and
less than the voltage associated with the transition point of non-linearity in the battery voltage
depletion curve. |

[084) The time remaining calculated in Step 770 or 775 may be stored in a memory of the IMD
110, or alternatively may be stored and/or transmitted to the external unit 150 (step 780). At a
predetermined time period before the end of service of the battery unit 210 is reached, an ERI
signal, which may prompt the healthcare provider and/or the patient to schedule elective
replacement of an electronic device, may be asserted to provide a warning as necessary (Step 790).
ERI is typically determinéd as simply a predetermined time, for example from 1 week to 1 year,
more typically 6 months, earlier than EOS. In an alternative embodiment, the ERI signal may be
defined as a particular charge level remaining (Cgrr) above the EOS charge, Cros. In this
embodiment, the time period remaining until the ERI signal could be calculated by dividing Cgos by
the total depletion rate r, and subtracting the resulting time period from the time to EOS as
calculated m equation 6.

[085] The time to EOS provides a warning to the healthcare provider and/or patient that the
energy or charge supply will be depleted very shortly. Therefore, the time to EOS is reported to the
implantable medical device 110 and/or to the external device 150 (block 740). The ERI is also
reported to the implantable medical device 110 and/or to the external device 150, which is then

brought to the attention of the patient and/or a medical professional.
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[086] The accuracy of the estimate of time remaining until EOS or until the generation of an ERI
may be further refined by adding higher order terms to either of the linear equations 7 or 8. In
various embodiments, the non-linear battery voltage depletion curve may be more accurately
approximated by a higher order polynomial equation.
[087] More specifically, the second region 302 of the battery voltage depletion curve (i.e., after
Vimee) Mmay be more accurately approximated by a higher order polynomial equation, while the first
region 300 of the battery depletion curve is approximated by either a constant (i.e., a linear
approximation having a negligible slope), a linear approximation, or in other alternative
embodiments, a non-linear, higher order polynomial equation. The equation for time remaining
may be thus improved, reflecting the more accurate voltage curve (or portion of the voltage curve)
of a higher order, and resulting in a more accurate calculation of the estimate of time remaining
until EOS. A polynomial fitting software application employing any curve fitting technique, e.g., a
least-squares fit, a LOESS (local polynomial regression fitting) function, or the like, may be run on
a data set empirically obtained to approximate the battery voltage depletion curve with a polynomial
equation of at least Nth degree, of the form: f(x) = ag + a;x + . . . + a,.x™" + a,x°. In one
embodiment, the polynomial equation approximating the battery voltége depletion curve is of at
least the 2™ degree. h
[088] The graphs of Figure 8 and Figure O further illustrate how the battery voltage depletion
curve may be more accurately approximated by a non-linear equation. Figure 8 shows a plot of
battery capacity estimation for a battery having a voltage depletion curve described by a polynomial
equation at least in the second region 302 after the transition voltage Vime.. The battery voltage
depletes after Ve s shown for “low load” (i.e., for a low current drain), and for “high load” (i.e.,
for a high current drain) conditions. Figure 8 reflects that at least a second order polynomial
(identified as Poly (Low Load, device driven at low level) and Poly (High Load, device driven at
high level) are more accurate approximations of the battery voltage than the linear estimate, also
shown. For a particular embodiment, specific pélynonﬁal equations for an illustrative battery such
as those used in various IMDs are shown on the graph (one for low load conditions such as shown
for Eq. 10, and one for high load conditions such as shown for Eq. 11), and follow here:

y =-52.948x% + 11.73x + 1.9982; R? = 0.9989; and ' (Eq. 10)

y =-54.027x% + 11.372x + 2.0144; R> = 0.9971; (Eq. 11)
where x is the battery capacity remaining, y is the battery voltage, and R” is the coefficient of

determination (a measure of accuracy to the actual data) for the polynomial approximations.
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[089] The polynomial equations provided may be solved to arrive a percentage remaining based
on Vpa. Using the quadratic equation, the general form of the equation to solve for percentage
remaining is:

percentage (%) remaining = {(-b + SQRT [b® ~ 4a(c-Via)]) 2a}; (Eq. 12)
where a and b are the polynomial coefficients of the x* and X terms, respectively, and c is the
constant.

[090] While coefficients for the low load could be used, in various embodiments, it is preferable to
include consideration for the curve shape under the high load condition. Figure 9 provides a
comparison of low load and high load coefficients, including an intermediate polynomial that
represents intermediate coefficients achieved with rounded averages. The intermediate polynomial
provides a capacity estimation between the low load and high load conditions.

[091] Calculating the percentage remaining using the intermediate polynomial equations from
Figure 9 yields:

percentage (%) remaining = {0.107944 — [SQRT (561.4025-214*V,,)1/107}

(Eqg. 13)
[092] Note again that this calculation is performed when Vi is less than the transition voltage,
i.e., less than Vige,, which for an illustrative battery is 2.6 volts.
[093] The time remaining until EOS (in seconds) can be computed according to the equation:

Tros = % remaining * (Ciitia/Tavg); (Eq. 14)
where Cinisal is the initial battery charge (in pAsec) and I, is the average current consumption rate
(in zA).

[094] A further refinement to the estimatic;n of time remaining until EOS or until the generation of
an ERI is 10 use a variable Vigee, rather than a constant Vige. 310, In such an embodiment, Vigee is a
variable function of, for example, Ly, rendering Equation 9 a multi-variable, non-linear equation.
Vimee 310 is the voltage associated with the knee, or transition point of non-linearity along the
battery voltage depletion curve. The precise voltage along the curve where the actual transition
takes place may vary with the programmed settings and lave. For simplicity’s sake, the Vigee 310
may be chosen and set as a constant value within the range of possible '.ance values .for the various
programmed settings, determined experimentally. For example, in an embodiment, Vige, 310 may
be predetermined and set to a constant voltage of 2.6 volts. However, the Vigee value 310 used in
the time calculation (Eq. 9) may also be permitted to vary with Lvg and program setting changes for

a greater degree of accuracy in the estimate of time remaining until EOS.
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[095] Specifically, Vinee may vary according to Iz and program settings as shown in the graph of
Figure 10. Based upon the battery described by the graph of Figure 10, the Vi (i.e., the voltage
discharge curve inflection point coinciding with approximately 90% depletion) may be seen as
variable with load current as shown. An estimation for this non-linear variability in Vipe. may be
any order of equation, with the following being an illustrative embodiment:

Viaee = MAX of 2.6 or (2.85 v — (LOG(Iav/3))/10)); (Eq. 15)
wherein MAX is the mathematical function to select the greater of two values, Vigee is the greater
value of either 2.6 volts or the remaining term, and I, is the estimated average current in £Amps.
[096] In a first embodiment shown in Figure 10, the I, is approximately 30uA, as shown by the
dashed plot line. In a second embodiment shown in Figure 10, the L, is approximately 300¢A, as
shown by the solid plot line. As seen, there is a difference of more than .1v for the Vime at
approximately 90% depleted in the two plots. Accounting for the non-linear relationship of Vinee t0-
Ly therefore renders the calculation of time remaining to EOS or ERI more accurate.
[097] In some embodiments, Vi, is modified prior to use in EOS or ERI calculations based on
temperature of the battery. In batteries such as at least some of those used in IMDs as disclosed
herein, the voltage across the battery is impacted by extreme temperatures. Prior to implant, the
value for Vi, that is reported may adversely affect the estimaEe of time remaining until EOS.
Specifically, the Via reported in very cold temperatures, such as those an IMD might be exposed to
during shipping and/or storage, is lower than the true voltage across the battery. As such, the time
remaining until EOS calculated based on such an inaccurate Vi, is a much shorter time than the
IMD actually has remair'l‘ing, which may result in a physician needlessly discarding an IMD
prematurely. Thus, shipment or storage in cold temperatures may result in IMD units not being
used, as thought to be too near the end of service, when the Vyy is artificially low.
(098] In order to modify Vi to correct for any adverse effects of extreme temperature, the
temperature is measured and the Vi value is automatically corrected by a known amount
corresponding to the temperature. Generally, there is an approximately linear relationship between
the temperature and the number of volts necessary to correct Vi, for temperature (as shown in the
graph of Figure 11), thus the correction factor may be directly related to the measured temperature.
Alternatively, the relationship between the temperature and number of volts necessary to correct
Viae for temperature may be approximated by a higher order polynomial equation, and as is well
known in thé art, a higher order equation may be solved to calculate the proper amount of voltage to

add in order to correct Vpar.
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[099] In a further alternative embodiment, rather than actually correcting the Vpax value for
temperature, the temperature may be communicated to a user of the external unit 150, such as a
physician, to give notice to the physician or other user of the external unit 150 that the temperature
of the IMD unit should be permitted to stabilize in an environment similar in temperature to the
environment the IMD is in when implanted. By first permitting the IMD’s temperature to stabilize,
the time remaining to EOS may be re-evaluated with a more accurate value for Vbar Once the
temperature is no longer extreme.

{6100] In one embodiment, the value for Vyn may be compensated for temperature according to the
following algorithm: -

Vcompensated = Vimeasurement + (K X (Tvaseline — Tmeasurement)); (Eq. 16)
wherein Veompensatea is the battery voltage compensating for temperature, Vmeasurement i the battery
voltage measured, K is the compensation constant in volts per degree, Tpascline iS the baseline
temperation for compensation (determined during calibration) and Tmeasurement i the temperature at
the time of battery voltage measurement. In an illustrative embodiment using a particular model of
Li/CFx battery, the compensation constant K is 1.2 mV/degree Celcius, and Tyaseline is 37° C. Thus,
voltage would be compensated accordingly:

Veompensated = V measurement+ (0012 x (37 — Tmeasuremen[)) (Eq. 17)
[0101] A further refinement to the estimation of time remaining until EOS or until the generation of
an ERI is modifying the Vi, prior to use in calculations with a constant factor, depending on where
the battery is operating within its useful life. Specifically, in batteries such as those used in IMDs
110 such as that of the present disclosure, the battery may report an artificially low voltage due to
the internal battery impedance that later in the battery’s useful life has little to no impact on the
reported voltage. The internal battery impedance has an impact on the reported battery voltage
typically in the first 2% of the battery’s useful life, but may affect the reported battery voltage for up
to around the first 7-8% of the battery’s useful life. The IMD 110 may alter the Vpa value
communicated to the external unit 150 for more accurate calculation of the time remaining to EOS,
or alternatively, the Vpa value used in the external unit 150 may be modified to more accurately
calculate the time remaining to EOS. The battery voltage may, in an embodiment in which the Via

value is corrected in the early portion of its life, be governed by Equation 18.
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Viat + Ceonst For (V = 2.45 volts) & (Cy4 <7.5%)
Viat =
Vat For (Vbat < 2.45 volts) or (Cq > 7.5%)
(Eq. 18).

[0102] The correction factor amount Ceonst, introduced by Equation 18, injects a non-linear
discontinuity into the battery voltage value, thereby introducing non-linearity into the entire
algorithm represented by Equation 9. The constant Ceonst may be set during manufacture, according
to calibration and characteristics known about the battery, such as its characteristic internal battery
impedance at the beginning of its useful life. In a particular embodiment, in order to correct for the
internal battery impedance inaccuracy in the preferred embodiment, Ceons: is set for at least .25 volts,
and preferably for .5 volts. As can be seen from Equation 18, once the battery is no longer in the
earliest portion of its useful life and the effects of the internal battery impedance on battery voltage
have lessened, the value for Vi is generally accurate enough so as to not require adding the
correction factor.

[0103] Alternatively, in an embodiment in which. the Vi, value is corrected in the early portion of

its life, the battery voltage may be governed by Equation 19. -

Viat + Reanst X Tavg For (V = 2.45 volts) & (Cy £7.5%)
Vbat =
Vbat For (Vbat < 2.45 volts) or (C4 > 7.5%)
(Eq. 19).

wherein the compensation factor for the impedance is not a voltage offset, as in Equation 18, but is
instead a variable based upon a fixed battery impedance value Reonst and the average current Lvg for
the particular programmed settings. .

[0104] Turning now to Figure 12, a more detailed flow chart depicting an alternative embodiment
of the calculation of the time to the end of service (EOS) and/or elective replacement indicator
(ERI) signals, as indicated in step 430 of Figure 4, is illustrated. The method of Figure 12 begins
similarly to the method of Figure 7, and the steps of blocks 710-725 are not repeateci here, as these
steps are carried out as described above. The charge depleted Cq is calculated by a method
substantially as shown in Figure 6 and previously described (step 1200). Charge depleted may be

used to determine the charge remaining.
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[0105} Additionally, the voltage across the battery unit is measured (step 1210). In one
embodiment, the voltage across the battery may be measured periodically while in an alternative
embodiment, the voltage across the battery is measured when the IMD 110 is in communijcation
with the external unit 150. The temperature of the battery unit is also measured (step 1220), to
determine whether a temperature correction is indicated for the measured voltage. Additionally, for
an embodiment having a variable Vigee, the variable Vigee 18 calculated based on I,y (step 1230), as
discussed above.

[0106] The charge depleted calculated in step 1200, the voltage across the battery measured in step
1210, the temperature measured in step 1220, and the value for Vimee (if variable) determined in step
1230 are stored in a memory in the IMD 110 and/or transmitted from the IMD 110 to the external
unit 150 for storage in a memory in the external unit 150 (step 1240). The measured voltage is
corrected for temperature (step 1250) as described above with respect to Eq. 16. In alternate
embodiments, this correction may be omitted or made conditional if the magnitude of correction
exceeds a predetermined threshold.

[0107] A comparison of the compensated battery voltage and the Vigee is performed to see whether
the compensated battery voltage is greater than or equal to the Vigee (step 1250). When the
compensated voltage across the battery unit is greater than or equal to the voltage associated with
the knee, the time remaining is calculated by dividing the remaining charge (based on the charge
depleted determined in step 1200) by the total depletion rate (step 1280). The time remaining is
stored and/or transmitted to the external unit 150 (step 1285) as described above, and an indicator is
generated as necessary (step 1290).

[0108] Returning to 1260, when the compensated voltage across the battery unit is less than the
voltage associated with tﬁe knee, the time remaining is calculated according to a higher order
polynomial function of the compensated voltage, and a voltage associated with the EOS (VEeos
312), the initial charge (Ciuism), and a percentage of battery capacity typically remaining at the knee
(%knee) by the product of the average current (Iovg) and the different between the voltage associated
with the knee (Vinee 310) and the voltage associated with the EOS (Vgos 312) as described above
with respect to Egs. 13-14 (step 1265).

[0109] Utilizing embodiments of the present disclosure, a more accurate assessment of the status of
the battery may be asse_ss;ed, thereby providing better warnings to the user and/or to a healthcare
provider assessing the operations of the IMD 110. Various end of service signals (EOS) and/or

elective replacement indication (ERI) signals may be provided to indicate the status of the operation
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of the IMD 110. In an embodiment, an ERI signal may be generated when there are six months left
until EOS, according to the calculations discussed herein.

[0110] The particular embodiments disclosed above are illustrative only, as the disclosure may be
modified and practiced in different but equivalent manners apparent to those skilled in the art
having the benefit of the teachings herein. Furthermore, no limitations are intended to the details of
construction or design herein shown, other than as described in the claims below. The particular
embodiments disclosed above may be altered or modified and all such variations are considered
within the scope and spirit of the disclosure. Accordingly, the protection sought herein is as set

forth in the claims below.
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CLAIMS

What is claimed is:
1. A method for determining a time period remaining in a useful life of an energy storage
device in an implantable medical device, the method comprising:
measuring a voltage of the energy storage device to produce a measured voltage;
comparing the measured voltage to a transition voltage;
while the measured voltage is greater than or equal to the transition voltage, determining a
time period remaining in the energy storage device’s useful life based upon a
function of charge depleted; and
while the measured voltage is less than the transition voltage, determining a time period
remaining in the energy storage device’s useful life based upon a higher order
polynomial function of the measured voltage;
wherein the transition voltage corresponds to a predetermined point on an energy storage
device voltage depletion curve representing the voltage across the energy storage

device over time.

2. The method of claim 1, wherein while the measured voltage is less than the fransition
voltage, the time remainirig in the energy storage device’s useful life is approximated according tb
the higher order polynomial function of the measured voltage:

Time remaining = % remaining X [Ciniia1 / lavg]; and

% remaining = (-b + SQRT (b® — 4a (c-Vieasurea))) / 28;
where a, b, and ¢ are predetermined polynomial coefficients, Vieasurea is the measured voltage, Cinitial

is the charge that the energy storage device initially started with, and L, is the average current

consumption rate.
3. The method of claim 1, wherein the transition voltage is approximately 2.6 volts.
4. The method of claim 1, wherein the transition voltage comprises a variable value based

upon the average current consumption rate.
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5. The method of claim 4, wherein the transition voltage comprises a variable value based
upon the consumption rate according to the following equation:

Transition Voltage = the maximum of W volts or (X volts — (LOG Qv YNZ);
Where W is a variable or constant voltage, X is a voltage greater than W volts, Iy, is the average

current consumption rate, and Y and Z are predetermined coefficients.

6. The method of claim 1, wherein the measured voltage is corrected with an impedance
correction factor for use in determining the time period remaining in the energy storage device’s

useful life.
7. The method of claim 6, wherein the impedance correction factor is a constant.

8. The method of claim 6, wherein the measured voltage is corrected by the impedance
correction factor according to the following equation:

Voltage used to calculate time remaining = Vmeasured + [Reonst X Tavgls
where Vpeasures is the measured voltage, Reonst is the constant impedance correction factor and Lo

is the variable average current consumption rate.

9. The method of claim 1, wherein while the measured voltage is greater than or equal to the
transition voltage, determining a time period remaining in the energy storage device’s useful life
further comprises calculating the time period based upon the total charge depleted, and at least

one of the total available electrical charge and a consumption rate.

10. The method of claim 2, further comprising:
measuring the temperature of the energy storage device;
calculating a Veompensated by compensating the value for Vimeasurcd for temperature; and

replacing Vmeasured With Veompensatea to calculate Time remaining.

11.  The method of claim 10, further comprising:
measuring the temperature of the energy storage device;
compensating the value for Vpeasurea fOr temperature according to the following algorithm:

Vcompensated = Vmeasured + (K X (Teaseline — Tmeasurement))s
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wherein Vimeasurea is the measured voltage, Tmeasurea is the measured temperature, Trasetine i a base
temperature, and K is a temperature compensation constant; and
replacing Vmeasured With Veompensated i the calculation of Time remaining such that:

Time remaining = % remaining X [Cinitiat / Iavg]; and

% remaining = (-b + SQRT (b® — 42 (c-Vcompensared))) / 22;
where a, b, and c are predetermined polynomial coefficients, Vcompensated is the measured voltage
compensated for temperature, Cinial is the charge that the energy storage device initially started

with, and I, is the average current consumption rate.

' 12.  Animplantable medical device, comprising:
an energy storage device powering the implantable medical device;
a stimulation unit operatively coupled to the energy storage device that provides an
electrical signal; and
a controller operatively coupled to the stimulation unit and the energy storage device, the
controller comprising:
a charge depletion determination unit that determines an electrical charge depleted
by the energy storage device during operation of the implantable medical device;
a voltage determination unit that determines whether a measured voltage across the
energy storage device is greater than, equal to, or less than a transition voltage; and
a useful life determination unit that determines a time pericd remaining in the
energy storage device’s useful life based upon 1) a function of the electrical charge
depleted while the measured voltage is greater than or equal to the transition voltage, and
2) a higher order polynomial function of the measured voltage while the measured voltage
is less than the transition voltage;
wherein the transition voltage corresponds to a predetermined point on the energy

storage device voltage depletion curve.

13. The implantable medical device of claim 12, wherein while the measured voltage is
greater than or equal to the transition voltage, the useful life determination unit calculates a time
period remaining in the energy storage device’s useful life based upon the electrical charge
depleted, and at least one of the total available electrical charge and an average current

consumption rate.
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14.  The implantable medical device of claim 12, wherein while the measured voltage is less
than the transition voltage, the useful life determination unit approximates the time remaining in the
energy storage device’s useful life according to the higher order polynomial function of the
measured voltage:

Time remaining = % remaining x [Chargeinitial / Iavgl; and

% remaining = (-b + SQRT (b” — 42 (C-Vmeasurea))) / 28;
where a, b, and c are predetermined polynomial coefficients, Vineasurea is the measured voltage,
Chargemisa is the charge that the energy storage device initially started with, and lavg is the average

current consumption rate.

15.  The implantable medical device of claim 12, wherein the transition voltage is approximately
2.6 volts.
16.  The implantable medical device of claim 12, wherein the transition voltage comprises a

variable value based upon an average current consumption rate Iove.

17. The implantable medical device of claim 16, wherein the transition voltage comprises a
variable value based upon an average current consumption rate according to the following
equation:

Transition Voltage = maximum of (W volts or X volts — (LOG (lavg/ Y))/Z);
where W is a variable or constant voltage, X is a voltage greater than W volts, Iayg is the average

current consumption rate, and Y and Z are predetermined coefficients.
18. The implantable medical device of claim 12, wherein the measured voltage used to
calculate the time period remaining in the energy storage device’s useful life is corrected by an

impedance correction factor prior to the determination of the time period remaining.

19. The implantable medical device of claim 18, wherein the impedance correction factor is 2

constant.
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20.  The implantable medical device of claim 18, wherein the measured voltage is corrected by
the impedance correction factor according to the following equation:

Voltage used to calculate time remaining = Vmeasured + [Rconst X Lavg];
where V peasured i the measured voltage, Reonst is the impedance correction factor constant and Iavg

is the average current consumption.

21. The implantable medical device of claim 12, further comprising
a temperature determination unit that measures the temperature of the energy storage device;
wherein the useful life determination unit compensates the value of the measured voltage for

temperature and uses the temperature compensated voltage to calculate Time remaining.

22. The implantable medical devicé of claim 12, further comprising
a temperature determination unit that measures the temperature of the energy storage device;
wherein the useful life determination unit compensates the value of the measured voltge for
temperature according to the following algorithm:
V compensatea = Vineasurea + (K X (Toasetine — Tmeasorement))s
wherein Vgpesured i the measured voltage, Tieasured 1S the measured temperature, Teaseline 1S @ base
temperature, and K is a temperature compensation constant; and
wherein the useful life determination unit approximates the time remaining in the energy storage
device’s useful life according to the higher order polynomial function of the measured voltage:
Time remaining = % remaining X [Ciiat / Lavg]; and '
% remaining = (-b + SQRT (b* — 4a (c-Vcompensated))) / 283
where a, b, and ¢ are predetermined polynomial coefficients, Veompensatea i the measured voltage
compensated for temperature, Cinisa i the charge that the energy storage device initially started

with, and I.vg is the average current consumption rate.
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23. A system for determining remaining useful life of a energy storage device in an
implantable medical device, comprising:

an implantable medical device that delivers an electrical signal to a patient and
communicates with an external monitoring device, the implantable medical device comprising:

a energy storage device that powers the implantable medical device;

a controller operatively coupled to the energy storage device that determines an
electrical charge depleted by the energy storage device and a voltage across the energy
storage device;
wherein:

the external monitoring device determines a remaining useful life of the energy
storage device based upon (1) the electrical charge depleted if the voltage across the
energy storage device is greater than or equal to a transition voltage and (2) a higher order
polynomial function of the voltage across the energy storage device if the voltage across
the energy storage device is less than the transition voltage; and

the external monitoring device displays an indication of the remaining useful life

of a energy storage device of the implantable medical device.

24. The system of claim 23, wherein the transition voltage comprises a variable value based

upon an average current consumption rate.

25. The system of claim 23, wherein for a measured voltage less than the transition voltage, the
external monitoring device calculates the time remaining in the energy storage device’s useful life
as:

Time remaining = % remaining X [Cinjua / Tavgl; and

% remaining = (-b + SQRT (b — 4a (c-Vimeasured))) / 28;
where a, b, and ¢ are predetermined polynomial coefficients, Vieasurea is the measured voltage, Cinitial
is the charge that the energy storage device initially started with, and I, is the average current

consumption rate.

26. The system of claim 23, wherein the transition voltage comprises a variable value based

upon the consumption rate according to the following equation:
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Transition Voltage = maximum of W volts or (X volts — (LOG (Lav/ YN/ Z);
where W is a variable or constant voltage, X is a voltage greater than W volts, Iayg is the average

current consumption rate, and Y and Z are predetermined coefficients.

27.  The system of claim 23, wherein the measured voltage used to calculate the time period
remaining in the energy storage device’s useful life is corrected by an impedance correction factor

prior to the determination of the time period remaining.
28. The system of claim 27, wherein the impedance correction factor is a constant.

29.  The system of claim 27, wherein the measured voltage is corrected by the impédance
correction factor according to the following equation:

Voltage used to calculate time remaining = Vieasurea + [Reonst X Tavgl;
where V peasurea 18 the measured voltage, Reonst is the impedance correction factor constant and Ly

is the average current consumption.

30. The system of claim 23, wherein the controller measures a temperature of the energy
storage device;

a temperature determination unit measures the temperature of the energy storage device;

wherein the value of the measured voltage is compensated for temperature; and

wherein the the external monitoring device replaces the measured voltage with the compensated

voltage to calculate Time remaining.

31.  The system of claim 30, wherein the controller measures a temperature of the
energy storage device;

wherein the measured voltage is compensated for temperature according to the following
algorithm:

V compensated = Y measurea + (K X (Thasetine — Tmeasuremeny)); and
wherein Vgesured 1S the measured voltage, Tmeasurea is the measured temperature, Thaseline 15 @ base
temperature, and K is a temperature compensation constant; and
the external monitoring device calculates the time remaining in the energy storage device’s useful

life as:
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Time remaining = % remaining X [Citiat / Tavg]; and

% remaining = (-b + SQRT (b? — 4a (c-V compensatea))) / 22;
where a, b, and ¢ are predetermined polynomial coefficients, Vcompensated 18 the measured voltage
compensated for temperature, Ciia1 is the charge that the energy storage device initially started

with, and L, is the average current consumption rate.
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