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BATTERY LIFE ESTIMATION
BASED ON VOLTAGE DEPLETION RATE

BACKGROUND OF THE INVENTION
Field of the Invention

weej  The present disclosure geuerally relates to rechargeable battery systems. More
particularly, the present disclosure relates to a method for estimating remaining battery capacity
using an algorithm based on battery terminal voliage.

Description of the Related Arxt

we02]  In recent years there has boen an explosion in the popularity and types of portable
electronic devices, Such devices include comummumnication and entertainment devices, such as cell
phones, PDA’s, portable music and video players and the like, as well as electronie devices that
are iroplantable into a human or animal body, such as pacemakers, implantable drog delivery
sysierus and unerve stimulation devices. These and other types of portable electronic devices
generally rely upon clectrochemical storage batteries as a power source. Many of these devices
use rechargeable batteries, while others use conventional single-use batteries. In either case,
however, it can be desirable to have an accurate estimate of remaining battery capacity or battery
life in order to know when to recharge or replace the batteries. This s particularly true in the
case of mplantable electronic devices, where the health of the user may depend upon proper
functioning of the device, and the device is not easily accessible, since replacing a battery

requires an mvasive surgical procedure,
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wes3sy  There are various known methods for estimating remamning battery lfe 1o
electronic devices that are currently used. For example, methods that have been adopted to
predict or estimate remaming battery life include the remaining capacity (mAh) rethod, direct
energy computation (I}, and the coulomb counter (Amps/s) method. Unfortunately, many of
these methods rely upon some significant and sometimes imaccurate assumptions, can be
maoderately to highly complex to implement, and the accuracy of these methods varies widely.
fronically, some battery life estimation methods that are currently used are computationally
intensive, such that they timpose a substantial strain on battery life in the course of computing
battery life and reduce overall system efficiency.

wasa;  The present disclosure is directed to gvercoming, or at least reducing the effects,
of one or more of the issues set forth above,

SUMMARY OF THE INVENTION

messy It has been rocognized that it would be advantageous to develop a sumple and
robust method for estimating remaining battery capacity in an electronic device,

meest 1t has also been recognized that it would be advantageous to develop a method
for estimating remaining battery capacity in an electronic device that uses only minimal power
from the electronic device itself.

meory  In accordance with one aspect thereof, the present disclosure provides a method
for mavaging a battery powering an implautable medical device (IMB) comprising taking a
plurality of regular, periodic terminal voltage readings of the battery in the IMD and estimating

future battery performance characteristics based upon a linear extrapolation from the plurality of
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voltage readings. The performance charactenistics may mciude at least one of time to depietion
of the battery and time to end of service of the battery.

wees)  The method may further comprise obtaining a baseline curve of voltage depletion
over time for the batiery o the IMD under selecied operating parameters and making a first
estimate of future battery performance characteristics based upon a hnear extrapolation from the
plurality of voltage rcadings and an wnttial point of the baseline curve. The method may further
comprise modifying the bascline curve based upon a change of the operating parameters of the
IMD, The method may further comprise wirelessly transmitting data representing the detected
terminal voltage of the battery from the IMD to a remote computing device. The IMID may be an
implantable pulse generator for vagus nerve stimulation.

weosy  The IMD may take the plurality of regular, periodic termunal voltage readings and
a remote computing device may estimate the future battery performance characteristics. The
remote computing device may be a PDA, smartphone, laptop computer, or a special purpose
portable computing device. The method may further comprise providing to a user of the IMD an
indication of the future battery performance characteristics. The indication may be an indicator
light, an alphanumeric display, an iconic indicator, or an audible indicator.

mets)  In accordance with vet another aspect thereof, the present disclosure provides a
method of estimating a life of a battery in an implantable medical device (IMD}. The method
comprising obtaining a baseline curve of voltage depletion over time for the battery in the IMD
under selected operating parameters, taking a {irst reading and subsequent readings of batiery

terminal voltage at rogular mntervals, making a first battery life estimate based upon a linecar
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extrapolation from the first voltage reading and the baseline curve, and making subsequent
battery life estimates based upon a linear extrapolation of the subsequent voltage readings.

weij  The battery hife estimate may nclude time to depletion of the battery and/or time
to end of service of the battery. The regular imterval for taking readings of the battery terrnal
voltage may be about once per day. The method may further comprise providing to a user an
indication of the first or subsequent battery hife estimates using an indicator. The indicator may
be an indicator light, an alphanumeric display, an iconic, indicator, audible indicator, or
equivalent device. The method may further comprise wirelessly transmitting data representing
the voltage readings from the IMD to a remote computing device, with the IMD taking the first
and subsequent reading of battery terminal voltage and the remote computing device performing
the first and subseqguent battery Hfe estirnates.

weizi  In accordance with yet another aspect thereof, the present disclosure provides an
implantable system comprising an implantable dovice having 2 microprocessor, system memory,
a battery, and a battery circuit capable of measuring battery torminal voltage. The system
compriscs an external computing device having a microprocessor and system memory and a
computer program product. The computer program product being stored in the system memory
of the implantable device or the external computing device. The computer program product
comprising machine-readable instructions for periodically measuring terminal voltage of the
battery and cstimating a life of the battery based upon a hinear extrapolation from the plarality of
the perodic voltage measurements.

we13j  The system memory may include data representing a baseline curve of voltage

depletion over time for the battery in the umplantable device under selected operating parameters



WO 2012/148466 PCT/US2011/061003

and the computer program product may include mstructions tor making a first estimate of the ife
of the battery based upon the baseline curve and first of the periodic voltage measurements. The
implantable device may further comaprise a wireless transmiter and programuming nstructions for
periodically measuring terminal voltage of the battery and transtmitting data vepresentative
thercot to the external device.

metap  These and other embodiments of the present application will be discussed more
fully in the description. The features, functions, and advantages can be achieved independently
in various embodiments of the claimed invention, or may be combined in yet other embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

weisj  Figure 1 1s a schematic representation of a human subject showing a subculancous
vagus nerve stimulation system, having a lead extending frovu a battery-powered pulse generator
device to electrodes attached at the left vagus nerve.

mete;  Figure 2 18 a schomatic representation of a portion of a battery-powered
implantable pulse gencrator device and a remote handheld computer device in wireless
communication with the pulse generator device and configured to compute an estimate of
remaining battery capacity i the pulse generator device.

we17)  Figure 3 is a schematic diagram of the internal components of an embodiment of
an implantable pulse generator for a VNS systern.

weis)  Figure 4 is a flowchart outhining the steps 1u one embodiment of a method for
estimating battery capacity in accordance with the present disclosure,

were)  Figure 5 is a flowchart outlining the steps in another embodiment of a ructhod for

estimating battery capacity in accordance with the present disclosure.

N
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meze;  Figure © is a graph providing multiple statisticaliy-derrved battery load curves
showing voltage versus time for a given battery under various load conditions.

we2e)  Figure 7 s a graph showing winimum and maximum siatistically-derived battery
load curves showing voltage versus time for a given battery under muninium and maximam
presumed loads.

mezzy  Figure 8 is a high-resolution portion of one of the graphs of Figure 6, showing a
series of linear fit approximations of the curve based on voltage measurements,

maezt While the disclosure is susceptible to various modifications and alternative forms,
specific embodiments have been shown by way of example in the drawings and will be described
in detail herein. However, it should be understood that the disclosure is not intended to be
liratted to the particular forms disclosed. Rather, the intention s to cover all modifications,
equivalents and alternatives {alling within the spivit and scope as defined by the appended
claims,

Description of Hiustrative Embodiments

ey {llustrative embodiments are described below as they might be emploved 11 a
method for estimating battery capacity. In the interest of clarity, not all features of an actual
implementation are described in this specification. It will of course be appreciated that i the
development of any such actual ernbodiment, nurerous iraplementation-specific decisions must
be made to achieve the developers’ specific goals, such as compliance with system-related and
business-related counstraints, which will vary from onc implementation to another, Morcover, 1t

will be appreciated that such a development effort might be complex and tirne-consuming, but
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would nevertheless be a routine undertaking tor those of ordinary skill m the art having the
benefit of this disclosure.

wezsj  Further aspects and advantages of the various erabodiruents will become apparent
from consideration of the following description and drawings. These embodiments are described
in sufficient detail to enable those skalled in the art to practice the mvention, and 1t 18 to be
understood that modifications to the various disclosed embodiments may be made, and other
embodiments may be utilized, without departing from the spirit and scope of the present
invention. The following detailed description is, therefore, not to be taken in a limiting sense.

mezst  As used herein, the term “implantable” means a device that can be completely
implanted into a human or animal body, with no portions of the apparatus extending outside the
body afier implantation,

we27i  As used herein, the terms “implantable device” and “implantable medical device”
or “IMDY” mean any type of electrical device that 1s implantable into a human or animal body,
and is configured to monitor or affect a function of the body. Examples of implantable medical
devices include cardiac pacemakers, nerve stimulation devices, and implantable drug delivery
devices.

mezsi  As noted above, there are a variety of battery powered devices in which it is
desirable to have an accurate estimate of remaining battery power. In addition to communication
and entertamnment devices, this inchiudes iraplantable devices that can be used for monitoring and
affecting physiological or biological function of a human or animal body. Such devices wnclude
cardiac pacemakers, implantable drug delivery systems and nerve stimulation devices. Among

the latter are immplantable devices for vagus nerve stimulation (VNS). VNS was approved by the
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FIDA in 1998 as an adjunctive therapy for epilepsy with partial onset seizures. VNN 13 achieved
through an implanted pulse generator that delivers a bipolar, biphasic pulse to the vagus nerve.
The implaont procedure is very similar to the iroplantation of a pacemaker. The generator is
implanted subcutaneously, typically in the upper lefl pectoral region. An clectric lead is
connected between the pulse generator and one or more clectrodes that are attached to the vagus
nerve. While the tollowing description presents a system and method for estimating battery hife
in the context of an implantable vagus nerve stimulation system, this application is only
exemplary. It is to be understood that the system and method disclosed herein can be applied to a
wide variety of battery-powered electronic devices, and is not limited to the particular exemplary
application in which it is shown and described.

wer91  Shown in Figure 1 1s a schewatic diagram of one embodiment of an umplantable
VNS system, wdicated generally at 10, jmplanted wto a patient 12, The system includes ap
implantable pulse generator (“IPG”) 14, and lead 16 that includes one or more electrodes 18
located at the distal end of a tether, The tether and electrodes 18 are collectively referred to as
the lead 16, and the lead provides an mterface between the pulse generator 14 and the electrodes
18. The electrodes 18 are attachable to the vagus nerve 20. An tmplantable VNS system of this
type and having these basic featares is known to those of skill in the art, and is commercially
available, such as from Cyberonics, Inc. of Houston, Texas.

wezsj  The pulse generator 14 capn be a multi-programimable device, which allows a
physician to set various parameters of operation of the device. The programmable parameters
can include signal amplitude {(c.g., 8-3.5 mA}, frequency (¢.g., 1-30 Hz), pulse width (e.g.. 130-

1000 ps), signal ON time {e.g., 7-60 sec) and signal OFF time {c.g., 0.2-180 min). & 15 o be
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appreciated that these pulse parameters are only exemplary, and that other parameters can also
be used. The pulses can be delivered at the specified amplitude and frequency over the course of
the ON time, and then durimg the OFF time, no stivoulation takes place. This type of device
typically does not stivaulate continuously because it has been found that the antiepileptic effect
tends to last much longer than the actual time of stimulation. In one embodiment, pulse settings
can be 2 mA, at 15 Hz frequency, 250 us pulse width, with a 30 sec ON time, and 5 muin OFF
time. The variability in parameters allows the physician to adjust for greater efficacy or less
severe side effects, depending on the patient.

wesy  As shown in Figure 2, the pulse generator 14 can include within its housing a
variety of components, including battery 22, an auntenna 24, a GPS transceiver 26, and a
microprocessor 28 with digital wuemory. The battery 22 can be a rechargeable batiery, and can be
configured for periodic nductive recharging. While the components of a recharging system are
not specifically shown herein, an exemplary recharging system may include a recharging power
source worn outside the patient’s body, which wncludes a primary coil designed to inductively
couple 1o a sccondary coil implanted in the body and connected to battery 22, Power is
transferred from the primary coil to the seccondary coil and stored in the battery 22. Recharging
sessions may occur daily, weekly, monthly, or some other frequency depending on the capacity
of battery 22 and the rate of energy consumption of the electronics powered by battery 22. The
general concepts of a rechargeable battery 22 used 1o an implantable device 14 are widely known
but utilized wfrequently because it 1s techuically difficult to design and introduces more risks
when patients fail to comply with the prescribed regimen for the recharging session, The antenna

24 18 a commmon element for an implantable device 14, and can be provided to send and/or
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receive data and programming and control instructions from an external communications deviee,
as discussed below. This allows the jmplanted device 14 to receive programming and control
iustructions from an exterpal communications device, and to transmit data regarding operation of
the pulse generation device, Comurunications and control with jmplanted devices is well known
and widely used, Devices such as pacemakers and the like are routinely programmed and/or
controlled via  wireless commumication methods, such as the Medical Information
Communication System protocol (MICS), which uses radio waves to transmit information to and
from implanted devices.

we321 A more specific schematic diagram of the internal components of an embodiment
of an implantable pulse generator device, indicated generally at 300, is shown in Figure 3. In this
embodiment the pulse generator device includes a logic and control unit 302, a vollage regulator
unit 304, an output unit 306 and a crystal oscillator 308, The logic and control unit 302 contains
circuitry and programming for control and operation of the pulse gencrator device, along with
digital memory for storing programming instructions. The logic and control unit is operatively
coupled to an antenna 3190, which allows programming and operational data to be transmitted
and received by the pulse generator device. The antenna 310 is driven by the output unit 306,
which also directly provides nerve stimulation signals via the lead electrodes 312,

wezs;  Also operatively comunected to the logic and control unit 302 are the crystal
oscillator 308 and the voltage regulator 304. The crystal oscillator 308 provides an accurate time
stgnal for the logic and control unit 302, The voltage regulator 304 controls power nput from the
battery 314 to the logic and control unit. The pulse generator can also include a reed switch 316

that allows selective connection of the logic and control unit 302 or output unit 306 to ground 317,

10
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This allows the pulse generator device 300 to operate 1 a secondary magnet mode, delivering a
pre~-progranymed burst of stimulation when activated by an external magnet {e.g., a permanent
raaguet worn on the patient’s wrist and swiped over switch 316 to activate the secondary mode of
operation). While the clements shown in Figure 3 are tlustrated as hardware elements, it is to be
recognized and understood that many portions of the pulse generator device can be implemecnted as

farmware, software or the like, and that many combinations are possibie.

weza)  While a GPS transceiver (26 in Figure 2} can be incorporated as a specific hardware
element in the implanted pulse generation device 14, one of skill in the art will recognize that GPS
functions can be programiued ioto the logic and coutrol urut 302, As another altervative, a GPS
transceiver and/or corresponding programming cau be placed in other locations associated with a
patient’s body. For exaraple, referring back to Figure 2, a GPS transceiver 30 can be associated
with an external PDA or stuart phone-tyvpe device 52, or a wristwatch or wristwatch-like device 54,
or some other external computing device. Other types of wearable or external computing devices
can also be used, such as a Pocket PC®, i-Phone”, a laptop computer, a special purpose portable
computing device, etc. The wristwatch-like device 54 can be considered as one example of a
special purpose portable computing device. The external device can function as an activation or
input/output device for the implanted device 14, As such it cau incorporate an output mechamsm
for providing indications to the user of aspecis of operation of the implanted device 14 {e.g.
operational parammcters, crrors, battery condition, responding to seizure detections, ¢tc.). The output
mechanism can provide indications such as indicator lights, alphanumeric indications, icons,

audible alerts, etc. The implanted device 14 itself can also include an output mechanism in the

It
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form of an audible alert which can be heard outside the body. Such an alert can be useful for noting

error conditions, battery depletion, etc.

messy  The smart phone 52 and wristwatch device 54 are shown in Figure 2 with anfennas,
which are intended to represent the wireless conumunications capability of the devices, rather than
the shape or position of an actual antenna structure. The antenna allows the external device to
receive signals from a cellular or other mobile telephone system, represented by the cellular tower
46, or from satellites 4%, or other communications system. The external device can be configured
to transmit data to the pulse generation device 14 using Bluetooth or some other wireless

transmission protocol, for example.

wess) Performing various computational operations and/or having various hardware
components included within a device other than the pulse generation device 14 can be desirable for
power conservation. For example, power-hungry microprocessing tasks and analysis can be
transferred to the external device, rather than being performed by the microprocessor 28 of the
pulse generation device 14, with the results of those microprocessing tasks transmitted back to the
implanted device 14. This can conserve power for the implanted device 14, Similarly, having an
external GPS transceiver and associated microprocessor can also reduce power demands on the
implanted pulse generator 14, A GPS transceiver that 1s in substantially constant communication
with a GPS satellite system and a microprocessor that analyzes the positional information can use

stgnificant power, which 1s at a premium with implanted devices,

wes7;  One microprocessing task that can be performed by an external device in
communication with a battery powered device is computation of battery life or estimation of time

to depletion or end of service of a battery. As noted above, it s desirable to have an accurate

12
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estimate of remaining battery power and battery life tor a battery-powered electronic device. 'This
is of particular interest for implanted devices, since the health of the user may depend upon the
device, and durect access to the battery generally requires a surgical procedure. Thus, for example,
the microprocessor associated with a smart phone 52 or wristwaich device 34 or some other
external device can be programmed to reccive battery data measurcruents {e.g. open circutt
voltage), transmitted from the pulse generator 14, and perform the analysis to estimate remaining
battery life. The external device can then transmit battery information, operational commands or
other information to the pulse generation device 14 or some other device.

wessy  Advantageously, a method has been developed for more accurately estimating
battery capacity and time to battery depletion in an electronic device, such as an implanted pulse
generator device like that shown in Figures 1-2. When conpected in a circuil, the terminal
voltage of a baltery depeuds upon several factors, such as the rate of chavge of chewical
reactions 1 the battery, encrgy density variations, the rate of mternal charge degradation, the rate
of battery capacity loss, the rate of change of internal leakage, the state of charge for a given
operating point, variation of internal resistance, load variation, rate of discharge, temperature
variation, etc. While many of these factors are difficult to measure or compute directly and
accurately, voltage can be directly wmeasured with high accuracy. Advantageously, where
estimating battery capacity is concerned, terminal voltage appears to be a good common
denomivator 1n relation to other relevant factors.

mossy  The method disclosed herein, based on the battery’s vollage depletion rate (VIDIR)
provides a simple implementation, and s estimation gets more accurate over time, cspecially

the last 25% of the battery’s useable life threshold. The method utilizes saruples of battery
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voltage measurement and a lookup table of vanous voltage ioad curves. An appropriate load
curve can be used for initial base line estimate ounly, after which direct voltage measurements are
used to provide a huear extrapolation to battery depletion. As tivae passes, the battery voltage
measurement deterruines the VDR of the battery over a given time period, with greater and
greater accuracy.

mesey  Provided 1 Figure 4 is a flowchart outlining the steps in one embodiment of a
method for estimating battery capacity in accordance with the present disclosure. As indicated in
Figure 4, the first step in the method is to select or establish a baseline VDR curve (step 400).
This curve is a statistically-derived battery load curve of voltage versus time. This is a presumed
curve, and s preferably a high confidence (+/- 3-Sigma) curve which can be obtained from
multiple data sets stored 1u a lookup table {(e.g. i the external device). There are two possible
approaches that can be used to establish this curve. The first approach is to exiract load curves
for all possible load scenarios (e.g., various VNS Therapies). Figure 6 is a graph providing
multiple statistically-derived battery load curves showing voltage versus time for a given battery
under various presumed load conditions. For example, curve 600z is a curve showing voltage
versus time for a relatively lightly loaded battery, while curve 600¢ represents the depletion of
voltage over time for a higher load upon the battery. Carves 600b-d show load curves for other
conditions between these two extremes.

wearj  The load curves 600a-¢ shown 1o Figure 6 caun be coruputed based upoun presumed
battery loading conditions over time. For an implanted pulse generator, for example, the loading
conditions can include the resistance of the pulse generator lead {(e.g. 3k Ohms), pulse current

(e.g. 0.5-3.0 mA), pulse frequency (e.g. 15-30 Hz), pulse duration {e.g. 130-1000 pus), and duty

ag
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cycle — that is, the percentage of time that pulses are generated {2.g. 1U%, 33%, 5U%). Based on
this information, as well as expected power consumption of the pulse generator microprocessor
and other iuternal circuitry (which can be measured through bench testing) under anticipated
operations {e.g. computational operations, data transmission, etc.}, an applicable VIR load curve
can be computed. This curve can be stored 1 memory in the implanted device, and/or in an
external device,

wed2] A second approach to selecting or establishing a VDR load curve is to extract two
boundary load curves, one for the mininum possible load and another for the maxinmum possible
load (the best case and the worst case} that the system is expected ever to experience. This
approach is illustrated in the graph of FIG. 7, wherein a top boundary curve 700 is shown,
corresponding to the mimmum load condition, and a lower boundary curve 702 is shown,
corresponding to the maximam load condition. The battery load for these wnimuom and
maximum conditions can be determined based upon anticipated or measured resistance, current,
pulse frequency and duration, duty cyele and cxpecied electronics power consumption of the
implanted device, in the manner described above. Once the minimum and maximum curves 700,
702 are determined, all operating load points that are between these two curves can be
mathematically derived. Alternatively, a curve fitting or estimation operation can be used to
derive the additional curves. For example, load points between the curves can be estimated based
on the probability of poiuts being near the median rather than the maximoum or mnimum.

meany  Referring back to FIG. 4, once the presumed load curves are established, the next
step in this method 18 computation of the VDR during operation of the implanted device, This

first mvolves taking periodic measurcments of battery terminal voltage (step 402). This 15 a
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relatively simple matter for most portable electronic devices, smce most such devices include a
voltage meter. Consequently, no additional hardware is needed to take this measurement, only
suitable software 1s required 1o the implanted device. In one embodiment, the batiery voltage is
measured once per day, though other measurement periods can also be used (e.g., per second, pe
minute, per hour, ete.). Bach voltage measurement can be stored i memory (step 404), if
destred. As noted above, it can be desirable to perform various computational operations using
an external device, rather than the implanted device. Accordingly, the implanted device can
transmit cach voltage measurement to an external device (step 406) to allow that device to
perform the battery capacity estimation. After transmission, the implanted device can simply
wait some time “t” (step 416}, depending upon the selected voltage measurement interval, before
again measuring voltage at step 402,

weaa)  Several points of interest are shown oun the top line of the graph of Figure 6, and
these points relate to the hattery estimation method disclosed herein. The extreme left end of
cach curve 600a-¢ represents the condition of the battery at wts beginning of hife (BOL). At the
BOL point 602, the battery will have some initial voltage, which can vary slightly from battery
to battery, but is relatively predictable. In one embodiment, the BOL voltage is about 3.0 volt.
The initial portion 604 of the voltage depletion curve is relatively linear, and only gradually
diminishes until reaching a knee point 686, at which the voltage begins to drop off. The initial,
nearly linear portion 604 of the voltage curve can represent anywhere from about 75% to about
90% of the battery’s total life. The kuee point 606 can be veferred to as the inteunsified follow-up
indicator (JFT) point. The exact voltage point for this designation can vary. In one cmbodiment,

with a BOL voltage of 3.0 volt, the IFT voltage 1s about 2.74 volt, and the remaining batiery

16
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capacity at this point is about 10%. At the IFI pomt, a warning message can be displayed (e.g. on
an external device) to a user to indicate that the battery of the implanted device has depleted to a
ievel where more frequent chinical monitoring 1s recommended.

measy  Afler the IFI point has been crossed, the next point of interest in this embodiment
is the near end of service (NEOS) point 608. In one cmbodiment, this point can represent a
voltage of 2.41 volt, with about 5% of remaining battery capacity. Reaching the NEOS point can
be viewed as indicating that the battery should be replaced as soon as possible. Again, an
indication of NEOS can be provided to a user on an external device. Upon reaching the NEOS
point, or at some voltage lovel thereafter, the implanted device can be programmed to
discontinue full functioning, and revert to an energy saving mode, where only essential
operations are underiaken to maintain memory, transmit data, or receive data, ete,

weas)  The next point of interest 1s the end of service (EOS) pownt 610, indicating that the
battery’s useful life is over (0% remaining capacity). A suitable EOS indication can be provided
to an external device, In one embodiment the EOS point 610 represents a voltage of about 2.0
volt. At this point, there is still some charge lefi in the battery, but the voltage level has become
too low to maintain even basic functioning of the implanted device.

waary  Referring back to FIG. 4, the baseling VDR curve that was selected in step 400
provides the first data point for estimating voltage depletion rate. This point is presumably the
BOL point 602 in FIG. 6. Once the first voltage measurement 18 taken (step 402) with the
implavted device w operation, that rocasurement provides a second data point. Having this data

allows the systerm to analyze the voltage in view of the VDR load curve and the measured

[u—y
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voltage value (step 408). Specifically, using these two mtial values, a hmear extrapolation is
made to predict the voltage depletion rate.

weasj  Given potential ervors in the initial assumptions {or the voltage depletion curve, it
is possible that the mitial voltage depletion estimate may have some ervor. For example, as ¢an
be seen in Figure 6, the imitial period of battery use can demonstrate a shight incrcase in terminal
voltage. If the {irst measured voltage value represents an increase from the mitially-presumed
voltage level, a lincar extrapolation therefrom can appear to suggest that the battery will never
die. However, once a second voltage measurcment is taken, the initially presumed VDR curve is
no longer needed. The load curve is required for the initial baseline estimate only. As time
passes, the battery voltage measurement, rather than the curve selected in step 400, determines
the VDR of the battery. Future estimates arve based solely on the measured battery termnal
voltage data. Thus, step 408 1s regularly repeated throughout the life of the battery, but i
implemented differently for the first voltage measurcment than for all the rest. At the first
measurement, the battery life is estimated based upon the voltage in view of the selected VDR
load curve, Thereafter, the battery life can be estimated, and the VDR curve updated, based
solely on the first and subsequent measured voltage values.

waas;  Umly a few actual voitage measurements are needed to establish a more rehiable
VDR curve. After each analysis step {step 408}, the VDR load curve can be revised {step 410}
based on the actual voliage measurements, Based on the hinear extrapolation in view of the new
voltage measurements, the tivae to IFI, NEGS, EOS and time to recharge can be estivoated (step
412). This new battery lifc estimate can be provided as output to a user {step 414} and

transmitted back to the implanted device, such as an IPG (siep 418) 1f desired, The system can
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then also record the new boundary and curve it data {step 420}, Output and ndications o a user
can be provided in a variety of ways. For example, an external device can have an alphanumeric
display (e.g. an LCD screen) that provides specific words or indications to a user, including
icons indicating differeut battery conditions, Alternatively, an external device can have ndicator
lights or audio alerts that provide batlery life indications. An audible alert can also be provided
by an implanted device itself, Other options can also be used.

wese] The process of using nmultiple voltage measurements to produce a linear fit is
ilfustrated in FIG. 8, which provides a high-resolation portion of one of the graphs of Figure 6.
This graph shows a series of linear fit approximations, represented by straight hine segments
804a-f of the curve 00 based on voltage measurements. Over time, a series of voltage
measurements 8§02a-h are taken, and these fall in various places along the curve 800, A hinear
approximation can be made between any two voltage measurements, and these approximations
gradually come closer and closer to predicting the NEOS, EOS, or time to recharge points, as
shown. For example, while the lincar extrapolation of line 804d predicts an EOS timme at time
point 806, line 804e, computed subsequently, more accurately predicts EOS at time point 808,

wes1;  There are various boundary points that can be used for the linear fit
approximation. ln one embodiment, these boundary points can correspond to the IFI, NEOS and
EOS points shown tn FIG. 6. For example, the substantially linear portion 634 of the curve can
be referred to as “Fit-1,” and correspond to voltage n the range of 3.10V 10 3.00V (1.e., between
602 and 606). The next linear fit boundary can be called “Fit-2” and correspond to voltage 1o the
range of 2.99V to 2.85V {i.c., between 606 and 608), and a final boundary “Fit-3” can

correspond to voltage i the range of 2.85V to 2.00V (EOS) (1.¢., between 608 and 610). In
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region Fit-1 can be fit or approximated by a mathematical model, but the shape of the curve
changes significantly i1 the regions Fit-2 and Fit-3. Simtlarly, the Fit-2 region can be fit with a
second mwathematical model and the Fit-3 region can be fit with a third mathematical model.
(Other poinds can also be predicted, if desired.

wes2j By using the disclosed lincar {it methods, the time required for the batiery’s
terminal voltage to reach a given depleted value can be more accurately predicted. Some aspects
of these methods can require care and consideration during application. For example, it has been
found that the accuracy of the battery life estimate can decline if the computation of the estimate
is done within an hour of the effective change of the load and/or the load parameters. That s, if a
physician changes operating parameters of the implanted device (e.g. through wireless
transmission of pew operating instructions to the implanted device), such as duty cycle,
stimulation current, etc., a voliage weasurement taken shortly after that sort of change can
produce an maccurate battery life estimate. However, such errors will gradually work themselves
out with regular repeated voltage measurements in the subsequent days or weeks, In some
embodiments, the system can be programmed to seclect or establish a2 new VDR curve as a
starting point whenever new operational parameters are initiated. That is, cach time operational
parameters are changed for the implanted device, the system can revert to step 400 in the process
outlined in FIG. 4, and begin as if the battery were at the beginning of its life.

wes3p  Similarly, if the wnplanted device 1s provided with a rechargeable battery, a new
VDR curve can be selected or estabhshed each time the battery 1s recharged. A rechargeable
battery may have a characteristic VDR curve, which can be analyzed using the methods

disclosed herein.
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pese)  As noted above, the method outlined in FiG. 4 mnvolves transmutting data, such as
voltage measurements and battery life estimations, between an implanted device and an external
device. However, all of the steps in the disclosed method can be performed by the implanted
device, depending upon power availability and programming. Additiovally, the overall method
can be viewed 1n g more simplified way, as depicted 1o FIG. 5. Provided in FIG. 5 15 a tlowchart
outlining the steps in a stmplified embodiment of a method for estimating battery capacity n
accordance with the present disclosure. As with the embodiment shown in FIG. 4, the first step is
to sclect or establish an appropriate load curve (step 300}, and can be done in the manner
discussed above. Next, the system repeatedly measures battery terminal voltage at regular
intervals {step 502}, After cach voltage measurement, the system linearizes and extends the load
curve (step 504} in the manuer outlined above, and computes the batlery fife parameters, such as
time to IFI, NEOS, EOS and time to recharge (step 506}, Finally, the system provides output of
some kind to a user (step 508}, indicating the battery life estimate, and records desired data, such
as the wvoltage measurements, modified VDR curve, battery life estimates, ctc. In one
embodiment, where all operations are performed by an implanted device, output to a user can be
in the form of an audible indication from the implanted device.

wass;  The method disclosed herein provides a simple and accurate battery useable time
estimation. The accuracy of the time estimation increases over time for a given operating load or
operational regime. No additional hardware s required fo wmplement this method.
Advantageously, this method allows battery energy to be used to the greatest exient possible,
providing longer operating time or time between surgical operations to replace or service in

implanted device. This method 18 accurate and independent of batiery capacity, operating
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environment, load behavior, and dynamic and or static loads, eic. 'The method 18 mdependent
because it does not need as many inputs as other battery estimation methods and adapts to
changes during operation of the device. That is, if manufacturing vaviations or material flaws, or
an intentional change in operating parameters, cause a given implanted device to consurue more
power than expected, this additional power demand will naturally change the voltage depletion
rate, which will be reflected in the actual voltage measurements. Counsequently, the system will
automatically compensate for changes in electrical function of the device.

masst  Although various embodiments have been shown and described, the invention is
not so limited and will be understood to include all such modifications and variations as would
be apparent to one skilled in the art. For example, equivalent elements may be substituted for
those specifically shown and described, certain features may be used independently of other
featares, and the number and configuration of various vehicle components described above roay
be altered, all without departing from the spirit or scope of the mvention as defined m the
appended claims,

mes7t  Such adaptations and modifications should and are intended to be comprehended
within the meaning and range of equivalents of the disclosed exemplary embodiments. It is to be
understood that the phraseclogy of terminology employed herein is for the purpose of
description and not of limitation. Accordingly, the foregoing description of the exemplary
embodiments of the invention, as set forth above, are miended to be illustrative, not hmiting.
Various changes, modifications, and/or adaptations may be made without departing from the

spirit and scope of this invention.
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WHAT IS CLAIMED IS:
1. A method for managing a battery powering an implantable medical device (IMD)},
COMprising:
taking a plurality of regular, periodic terminal voliage readings of the battery in
the IMD:; and
estimating future battery performance characteristics based upon a linear

extrapolation from the plurality of voltage readings.

2. A method in accordance with claim 1, wherein the performance characteristics inclhude at

feast one of time to depletion of the battery and time 0 end of service of the battery.

3. A wethod in accordance with clairn 1, further comprising the sieps of!
obtaining a bascline curve of voltage depletion over tirne for the battery in the
IMD under sclected operating parameters; and
making a first estimate of future battery performance characteristics based upon a
{inear extrapolation from the plurality of voltage readings and an initial point of the

baseline curve.

4. A wethod in accordance with claim 3, further comprising the step of modifving the

baseline curve based upon a change of the operating parameters of the IMD.
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A wethod in accordance with claim 1, turther comprising the step ot wirelessly
transmitting data representing the detected terminal voltage of the battery from the IMD

to a remote computing device.

A method in accordance with claim 5, whercin the IMD 1s an implantable pulse generator

for vagus nerve stimulation,

A method in accordance with claim 5, wherein the step of taking the plurality of regular,
periodic terminal voitage readings is performed by the IMI¥; and the step of estimating

future battery performance characteristics is performed by the remote computing device.

A wmethod 1o accordance with claira 5, wherein the remote computing device s selected
from the group consisting of a PDA, a smariphone, a laptop computer, and a special

purpose portable computing deviee,

A method in accordance with claim 1, further comprising the step of providing to a user

of the IMD an indication of the future battery performance characteristics.

A method in accordance with claim 9, wherein the indication 18 selected from the group
consisting of an indicator hight, an alphanumeric display, an iconic indicator, and an

audible indicator.
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11. A method for estimating a life of a battery 1y an umplantable medical device (IM 13},
comprising:

obtaining a basehne curve of voltage depletion over tume for the battery in the
IMD ander selected operating parameters;

taking a first reading and subscquent readings of battery terminal voltage at
regular mtervals;

making a first battery life estimate based upon a lincar extrapolation from the first
voltage reading and the baseline curve; and

malkving subsequent battery life estimates based upon a linear extrapolation of the

subsequent voltage readings.

12. A wethod i accordance with claira 11, wherein the battery life estimate 1ncludes at least

one of time to depletion of the battery and time to end of service of the battery.

13. A method in accordance with claim 11, wherein the regular interval is about once per

day.

14. A method in accordance with claim 11, further comprising the step of providing to a user
an mdication of the first or subsequent battery life estimates using an indicator selected
from the group consisting of an indicator light, an alphanumeric display, an iconic

ndicator, and an audible indicator,
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15. A method in accordance with claim 11, turther comprising the step of wirelessly
transmitting data representing the voltage readings from the IMD to a remote computing
device, and the sieps of taking first and subsequent readings of battery termnnal voliage
are performed by the IMD; and the steps of making the first and subsequent battery hife

ostimates are performed by the remote computing device,

16. A method in accordance with claim 15, wherein the remote computing device is selected
from the group consisting of a PDA, a smartphone, a laptop computer, and a special

purpose portable computing device,

[y
~3

. An implantable system, comprising:
an implantable device, having a microprocessor and system memory, a battery,
and a hattery circuit capable of measuring battery terminal voltage:
an external computing device, having a microprocessor and system memory; and
a computer program product, stored in the system memory of at least one of the
implantable device and the external device, comprising machine-readable instructions
for:
pertodically measuring terminal voltage of the battery; and
estirnating a life of the battery based upon a hinear extrapolation fror the

plurality of the periodic voltage measurements,
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19.

20,

21

A system in accordance with claim 17, wherem the system memory includes data
representing a baseline curve of voltage depletion over time for the battery i the
implantable device under selected operating parameters, and the computer program
product includes instructions for ruaking a first estivnate of the life of the battery based

upon the baseline curve and a {irst of the periodic voltage measuyrements.

A system in accordance with claim 17, wherein the implantable device further comprises
a wircless transmitter, and programming instructions only for periodically measuring
terminal voltage of the battery and transmitting data representative thereof to the external

device.

A system in accordance with claim 17, wherein the external device is selected from the
group consisting of'a PDA, a smartphone, a laptop computer, and a special purpose

portable computing device.

A system in accordance with claim 17, wherein the external device includes an indicator
mechanism selected from the group consisting of an indicator light, an alphanumeric
display, an iconic mndicator, and an audible indicator, the indicator mechanism being

configured to providing to a an indication of the battery hife estimate.
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