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(57) Abstract: External power source, system for controlling and method for predicting heat loss of implantable medical device
during inductive recharging by an external primary coil. A primary coil inductively couples energy to a secondary coil when ener-
gized and placed in proximity of the secondary coil. Control circuitry, operatively coupled to said primary coil, determines the en-
ergy absorbed in said tissue based on a total applied power by said external power source, power lost in said electronic circuitry,
power lost in said electronic circuitry, power lost in said primary coil and power applied to said rechargeable power source and
controlling said total applied power based upon said energy absorbed in said tissue.
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FIELD

1]

External Power Source, System and Method for
Predicting Heat Loss of Implantable Medical Device
During Inductive Recharging by External Primary Coil

The present invention relates generally to controllers, systems and methods for
implantable medical devices and, more particularly, to such controllers,
systems and methods for implantable medical devices having a rechargeable

power supply.

BACKGROUND

[2]

[3]

[4]

The medical device industry produces a wide variety of implantable electronic
devices for treating patient medical conditions. For some medical conditions,
medical devices provide the best, and sometimes the only, therapy to restore
an individual to a more healthful condition and a fuller life. Examples of
implantable medical devices designed to deliver therapeutic electrical

stimulation include neurological stimulators, pacemakers and defibrillators.

One of the common benefits of implantable medical devices is that once the
device has been surgically implanted, and the surgical incisions created in the
patient’s skin closed up, the device may function without requiring a physical
interface with devices external to the patient. This creates compelling benefits
to the patient by preventing the discomfort and risk of infection inherent in
various articles projecting through cuts in the patient’s skin. However, the
inaccessibility inherent in a device that has been surgically implanted creates
several challenges. Not the least of these challenges is providing power for

active electrical componentry in the device.

The problem of providing electrical power to components contained in a
hermetically sealed case implanted in a patient’s body has been addressed to
varying degrees of success in the preceding decades through advances in
battery technology. In some implantable medical device applications the

increased longevity and efficiency of modern batteries has been supplemented
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[5]

[6]

[7]

with the ability to recharge the battery via an inductive link. But the
challenges and risks inherent in any effort to inductively transfer energy from
a coil connected to an external charger to a coil connected to the battery of an
implantable medical device through the skin and tissue of a patient have made
applications of inductive recharging of implantable medical devices relatively

uncommon in the industry.

The passing of energy through the skin and tissue of a patient to the
implantable medical device may tend to result in some of the energy being
dissipated in the form of heat in the patient’s skin and tissue. Improving the
inductive connection between the external charger and the implantable
medical device by positioning the external coil in the closest possible
proximity to the implantable medical device will help to minimize energy
dissipation, but cannot eliminate it. Further, additional energy may be
dissipated as heat through the case of the implantable medical device itself.
This issue may tend to be exacerbated by the trend of steadily decreasing the
size of medical devices, as a smaller case results in the increased density of the
energy escaping, and thus greater heat. It is possible that a patient
experiencing unchecked inductive energy transfer to their implantable medical
device may experience significant discomfort and even potentially severe skin

and tissue burns.

Thus, limitations are typically placed on the amount of energy that may be
transferred per unit time to an implantable medical device. These limits are
arrived at partially as a function of the size of the device and partially by
incorporating an amount of presumed variance in the positioning of the
external charger relative to the implantable medical device. Thus, even if the
external charger is placed in a position that would result in comparatively little
energy dissipation in the skin and tissue, the amount of energy that would be
delivered by the external charger would still be limited by the assumed worst-

case safety factors.

Efforts to empirically measure the amount of heat that is being generated in a

patient’s tissue during energy transfer have sometimes proven to be inaccurate
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and/or impractical. The mounting of a temperature sensor on the outside of
the case of an implantable medical device has only limited utility because it
measures only the temperature at that particular point and might not be
sensitive to local hotspots and could be inconvenient by necessitating running

a wire through the case.

SUMMARY

[8]

9]

[10]

Embodiments address the issue of determining the amount of energy
dissipated in a patient, not by measuring energy dissipation from the
perspective of the implantable medical device, but by measuring
characteristics of the energy transfer from the perspective of the external
charger. This is based on the recognition that applied power from the external
power supply must go to one of four places: it must be lost in the external coil,
it must be lost in the voltage regulator of the external charger or associated
circuitry such as driving circuitry for the regulator, it must be lost in the tissue
of the patient, or it must end up as useable energy in the battery of the
implantable medical device. The loss in the voltage regulator is a known
value of any voltage regulator. The energy in the battery is a value that is
frequently measured and known by the implantable medical device. Thus, by
determining the energy lost in the primary coil, the amount of energy

dissipated as heat may be calculated.

Power equals a square of the current multiplied by the resistance. However,
measuring the current in the primary coil directly is difficult. Thus, the
current may be determined indirectly. An H-bridge circuit drives the primary
coil at a known voltage. By solving for the current based on a known applied
power and a selected pulse width and frequency, the current through the H-
bridge circuit may be determined, and it is known that this is the current
through the coil. The energy lost in the primary coil may then be determined,

followed by the energy dissipated as heat.

This result is determined by a control circuitry in the external charger. If the
result indicates more heat energy than an allowable maximum, the control

circuitry may reduce the applied power, thereby reducing the heat energy. If

_3-



WO 2009/134467 PCT/US2009/030988

[11]

[12]

the result indicates that the patient could safely withstand greater heat
dissipation, the applied power may be increased to a point where the
dissipated heat remains safe. In this manner, a patient may always conduct

battery recharging procedures at the maximum safety and efficiency.

In an embodiment, an external power source for an implantable medical
device has a secondary coil operatively coupled to a rechargeable power
source. A primary coil inductively couples energy to the secondary coil when
energized and placed in proximity of the secondary coil. Control circuitry,
operatively coupled to a primary coil, determines the energy absorbed in the
tissue based on a total applied power by the external power source, power lost
in the electronic circuitry, power lost in the electronic circuitry, power lost in
the primary coil and power applied to the rechargeable power source and

controls the total applied power based upon the energy absorbed in the tissue.

In an embodiment, an external power source inductively charges an
implantable medical device in a patient. Control circuitry, operatively coupled
to electronic circuitry driving a primary coil, controls energy absorbed in the
patient during inductive charging of the rechargeable power source by (a)
determining a total applied power by the external power source by measuring
current applied by the external power source during the charging and an
applied voltage of the external power source, (b) determining power lost in the
electronic circuitry, (c) determining power lost in the primary coil by
measuring current in the primary coil during the recharging in VieW of a
resistance of the primary coil, (d) determining power applied to the
rechargeable power source by measuring the voltage of the rechargeable
power source and current applied to the rechargeable power source during the
inductive charging, (e) calculating the energy absorbed in the body by
subtracting the power lost in the electronic circuitry, the power lost in the
primary coil and the power applied to the rechargeable power source from the
total applied power and (f) adjusting the total applied power by the external

power source as a function of the energy absorbed in the patient.
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[13]

[14]

In an embodiment, a system controls energy absorbed in a patient during
inductive charging.  An implantable medical device has therapeutic
componentry delivering a therapeutic output to the patient, a rechargeable
power source operatively coupled to the therapeutic componentry and a
secondary coil operatively coupled to the rechargeable power source. An
external power source has a primary coil and control circuitry, operatively
coupled to electronic circuitry driving the primary coil, controlling energy
absorbed in the patient during inductive charging of the rechargeable power
source by (a) determining a total applied power by the external power source
by measuring current applied by the external power source during the charging
and an applied voltage of the external power source, (b) determining power
lost in the electronic circuitry, (¢) determining power lost in the primary coil
by measuring current in the primary coil during the recharging in view of a
resistance of the primary coil, (d) determining power applied to the
rechargeable power source by measuring the voltage of the rechargeable
power and current applied to the rechargeable power source during the
inductive charging, (e) calculating the energy absorbed in the body by
subtracting the power lost in the electronic circuitry, the power lost in the
primary coil and the power applied to the rechargeable power source from the
total applied power and (f) adjusting the total applied power by the external

power source as a function of the energy absorbed in the patient.

In an embodiment, a method of determines energy absorbed in a body during
inductive charging of an implantable medical device having a rechargeable
power source having a voltage and a secondary coil operatively coupled to the
rechargeable power source by an external power source having electronic
circuitry driving a primary coil. A total applied power by the external power
source is determined by measuring current applied by the external power
source during the charging and an applied voltage of the external power
source. Power lost in the electronic circuitry is determined. Power lost in the
primary coil is determined by measuring current in the primary coil during the
recharging in view of a resistance of the primary coil. Power applied to the

rechargeable power source is determined by measuring the voltage of the

-5-
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[15]

[16]

rechargeable power and current applied to the rechargeable power source
during the inductive charging. The energy absorbed in the body is calculated
by subtracting the power lost in the electronic circuitry, the power lost in the
primary coil and the power applied to the rechargeable power source from the

total applied power.

In an embodiment, a method adjusts an amount of energy dissipated in a
patient during inductive charging of an implantable medical device having a
rechargeable power source having a voltage and a secondary coil operatively
coupled to the rechargeable power source. The energy is provided by an
external power source having electronic circuitry driving a primary coil. A
total power applied by the external power source is determined by measuring
current applied by the external power source during the charging and an
applied voltage of the external power source. Power lost in the electronic
circuitry is determined. Power lost in the primary coil is determined by
measuring current in the primary coil during the recharging in view of a
resistance of the primary coil. Power applied to the rechargeable power
source is determined by measuring the voltage of the rechargeable power
source and current applied to the rechargeable power source during the
inductive charging. The energy absorbed in the patient is calculated by
subtracting the power lost in the electronic circuitry, the power lost in the
primary coil and the power applied to the rechargeable power source from the
total applied power. The total power applied by the external power source is

adjusted as a function of the energy absorbed in the patient.

In an embodiment, the power lost in the primary coil is calculated by
multiplying the current in the primary coil during the charging by a square of
the resistance of the primary coil, the external power source supplies power,
having a current and a voltage, to the electronic circuitry, wherein the total
applied power is calculated by multiplying the current supplied by the external
power source during the charging by the voltage supplied by the external
power source. The power applied to the rechargeable power source is
calculated by multiplying the current applied to the rechargeable power source

during the charging by the voltage of the rechargeable power source.

-6-
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[17] In an embodiment, the voltage supplied by the external power source
comprises an RMS voltage, wherein the RMS voltage supplied by the external
power source and the current supplied by the external power source have a
phase difference and wherein the determining the total applied power
comprises calculating the total applied power by multiplying the current
supplied by the external power source during the charging by the RMS voltage
supplied by the external power source and further multiplying by a power
factor representative of the phase difference.

[18] In an embodiment, power lost in the electronic circuitry is determined
empirically.

[19] In an embodiment, the power lost in the electronic circuitry is approximately
fifteen percent (15%) of the total applied power.

DRAWINGS

[20] Figure 1 shows an example of an implantable neurological stimulator
implanted in the side of a patient, with electrodes positioned along the
patient’s spinal cord;

[21] Figure 2 shows an external charger and inductive telemetry coil for delivering
charge to an implantable medical device.

[22] Figure 3 shows a block diagram of an external charger and an implantable
neurological stimulator.

[23] Figure 4 shows a block diagram of an external charger.

[24] Figures 5a and 5b are flowcharts illustrating the determination of energy
absorbed by the body.

[25] Figure 6 shows a flowchart for adjusting applied power in order to regulate
the amount of energy absorbed by the body.

DESCRIPTION

[26] Figure 1 shows the general environment of one rechargeable implantable

medical device 10 embodiment. Implantable neurological stimulator 12 is
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[27]

[28]

[29]

shown, but other embodiments such as pacemakers and defibrillators and the
like are also applicable. Implantable neurological stimulator 12 is implanted
subcutaneously in side 16 of patient 15. Lead 14 is operatively coupled to
implantable neurological stimulator 12 at header 13, and is positioned along
spinal chord 17 of patient 15. Charging unit 50, which may be a physician
programmer or patient programmer, may become transcutaneously coupled to
implantable neurological stimulator 12 via an inductive communication link
through the tissue of patient 15 when external antenna 52 is placed in

proximity to implantable neurological stimulator 12.

In Figure 2, implantable medical device 10, of which implantable
neurological simulator is a specific possible embodiment, has a rechargeable
power source 24, such as a Lithium ion battery, powering electronics 26 and
therapy module 28 in a conventional manner. Therapy module 28 is coupled
to patient 15 through one or more therapy connections 30, also conventionally.
Rechargeable power source 24, electronics 26 and therapy module 28 are
contained in hermetically sealed housing 32. Secondary charging coil 34 is
attached to the exterior of housing 32. Secondary charging coil 34 is
operatively coupled through electronics 26 to rechargeable power source 24.
In an alternative embodiment, secondary charging coil 34 could be contained
in housing 32 or could be contained in a separate housing umbilically
connected to electronics 26. Electronics 26 help provide control of the
charging rate of rechargeable power source 24 in a conventional manner.
Magnetic shield 36 (optional) is positioned between secondary charging coil
34 and housing 32 in order to protect rechargeable power source 24,
electronics 26 and therapy module 28 from electromagnetic energy when

secondary charging coil 34 is utilized to charge rechargeable power source 24.

Rechargeable power source 24 can be any of a variety power sources
including a chemically based battery or a capacitor. In a preferred

embodiment, rechargeable power source is a well known lithium ion battery.

Figure 3 illustrates an alternative embodiment of implantable medical device

10 situated under cutaneous boundary 38. Implantable medical device 10 is
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[30]

[31]

similar to the embodiment illustrated in Figure 2. However, charging
regulation module 42 is shown separate from electronics 26 controlling
therapy module 28. Again, charging regulation and therapy control is
conventional. Implantable medical device 10 also has internal telemetry coil
44 configured in conventional manner to communicate through external
telemetry coil 46 to an external programming device (not shown), charging
unit 50 or other device in a conventional manner in order to both program and
control implantable medical device 10 and to externally obtain information
from implantable medical device 10 once implantable medical device 10 has
been implanted. Internal telemetry coil 44 may be rectangular in shape with
dimensions of 1.85 inches (4.7 centimeters) by 1.89 inches (4.8 centimeters)
constructed from 150 turns of 43 AWG wire, and may be sized to be larger
than the diameter of secondary charging coil 34. Secondary coil 34 may be
constructed with 182 turns of 30 AWG wire with an inside diameter of 0.72
inches (1.83 centimeters) and an outside diameter of 1.43 inches (3.63
centimeters) with a height of 0.075 inches (0.19 centimeters). Magnetic shield
36 is positioned between secondary charging coil 34 and housing 32 and is

sized to cover the footprint of secondary charging coil 34.

Internal telemetry coil 44, having a larger diameter than secondary coil 34, is
not completely covered by magnetic shield 36 allowing implantable medical
device 10 to communicate with the external programming device with internal

telemetry coil 44 in spite of the presence of magnetic shield 36.

Rechargeable power source 24 can be charged while implantable medical
device 10 is in place in a patient through the use of external charging device
48. In an embodiment, external charging device 48 consists of charging unit
50 and external antenna 52. Charging unit 50 contains the electronics
necessary to drive primary coil 54 with an oscillating current in order to
induce current in secondary coil 34 when primary coil 54 is placed in the
proximity of secondary coil 34. Charging unit 50 is operatively coupled to
primary coil by cable 56. In an alternative embodiment, charging unit 50 and
antenna 52 may be combined into a single unit. Antenna 52 may also

optionally contain external telemetry coil 46 which may be operatively

-9-
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[32]

[33]

[34]

[33]

coupled to charging unit 50 if it is desired to communicate to or from
implantable medical device 10 with external charging device 48.
Alternatively, antenna 52 may optionally contain external telemetry coil 46
which can be operatively coupled to an external programming device, either

individually or together with external charging unit 48.

Figure 4 shows a block diagram of external charging device 48 controlled by
microprocessor 212. Transmit block 214 consists of an H-bridge circuit
powered from 12 volt power supply 227. Transmit block 214 drives primary
coil 54 in external antenna 52. H-bridge control signals and timing are
provided conventionally by microprocessor 212. H-bridge circuit in transmit
block 214 is used to drive both primary coil 54 for power transfer and/or
charging, and telemetry antenna 218. Drive selection is done by electronically
controllable switch 220. In one embodiment, during power transfer and/or
charging, H-bridge circuit is driven at 9 kiloHertz. During telemetry, H-bridge

circuit is driven at 175 kiloHertz.

Receive block 222 is used during telemetry, enabled by switch 224, to receive
uplink signals from implanted medical device 10. Twelve volt power supply
227 is a switching regulator supplying power to transmit block 214 during
power transfer and/or charging as well as telemetry downlink. Nominal input
voltage to 12 volt power supply 227 is either 7.5 volts from lithium ion

batteries 160 or 10 volts from an outside voltage source.

Current measure block 226 measures current to 12 volt power supply 227.
Current measured by current measure block 226 is used in the calculation of
battery 160 voltage, as well as current into battery 160. As noted above,
“power in” is used in the calculation of efficiency of power transfer and/or

charging efficiency to determine, in part, the best location of external antenna

52.

In an embodiment, during a power transfer, primary coil 54 is energized using
transmit circuit 214, which drives an output current from 12V supply 227 at
approximately nine kilo-hertz, as noted above. The current through 12V

supply 227 is measured using current measure 226. The amount of current

- 10 -
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[36]

[37]

delivered to transmit circuit 214, and there on to primary coil 54, may
primarily determine the amount of time required to charge rechargeable power
source 24. While outside factors such as the efficiency of the coupling
between primary coil 54 and secondary coil 34 may place an upper bound on
the amount of energy that may be transferred per unit time during charging, as
a practical matter the amount of energy actually transferred to implantable
medical device 10 per unit time may be principally governed by the amount of
current through transmit circuit 214 and primary coil 54. Higher current thus
may generally lead to lower charge times, which is desirable for patient 15,

who may therefore spend less time recharging rechargeable power source 24.

However, the greater the current through transmit circuit 214, the greater
energy that is transferred, and the more energy that may tend to be dissipated
in the various components before the energy reaches rechargeable power
source 24. Energy that is dissipated rather than stored may tend to be
dissipated as heat, and the more energy that is dissipated in a given time, the
greater the heat buildup may tend to be. Components of charging unit 50 may
have little relevant impact. Energy dissipated as heat in charging unit 50 and
between antenna 52 and rechargeable power source 24 may ultimately tend to
transfer to tissue of patient 15. Heat buildup may tend to cause patient
discomfort and even injury if tissue of patient 15 is damaged. As such, limits
on the total amount of current that may be driven through primary coil 54 are
commonly based on highly conservative estimates of the amount of energy
that may be dissipated for any given driven current. Thus, charging may be
limited overall in order to prevent heat build up from dissipated energy. In an
exemplary embodiment, energy dissipation is generally limited to 342
milliWatts. It has been determined empirically that the amount of current
delivered to transmit circuit 214 that corresponds to a heat dissipation of 342
milliWatts is 50 milliAmps under the most disadvantageous possible

circumstances. Thus, charging current is limited to not exceed 50 milliAmps.

However, as noted, the estimates are commonly highly conservative and do
not take into account potential mitigating factors, such as the fact that energy

dissipation may occur in components, particularly those of charging unit 50,

-11 -
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[38]

[39]

[40]

that may not negatively impact patient 15. Thus, in an embodiment, heat
buildup is determined based not on conservative estimates of energy
dissipation throughout the system, but based on characterizing the system and
determining how much of the dissipated energy is dissipated in locations that

could be detrimental to patient safety.

Energy dissipated as heat may ultimately end up either dissipated to charging
unit 50 or the atmosphere or such heat may be dissipated as heat in the tissue
of patient 15. Energy may be dissipated in the internal components of
charging unit 50 and antenna 52. Energy dissipated within charging until 50
may primarily result from dissipation within transmit circuit 214, which
comprises an H-bridge circuit. The physical characteristics of transmit circuit
214 may result in a known percentage of input energy being dissipated, some
of which may be dissipated as heat energy. Energy dissipated as heat in
antenna 52, particularly that dissipated within primaryr coil 54, may with

appropriate ventilation known in the art be dissipated into the atmosphere.

It is desirable not to dissipate energy as heat either directly in tissue of patient
15 or_within implantable medical device 10. It is desirable that such heat
dissipation be determined and regulated. Energy dissipated within implantable
medical device 10 may ultimately heat tissue of. patient 15 by transmitting
through housing 32, which may be comprised of a thermally conductive metal,

such as titanium.

Thus, it can be seen that the energy that first passes through current measure
226 in charging unit 50 ultimately ends up delivered to rechargeable power
source 24, ends up being dissipated in the components of charging unit 50, or
dissipated as heat in tissue of patient 15, either directly or via heating of
components of implantable medical device 10. It is possible to determine the
energy delivered to rechargeable power source 24 by measuring the charging
current through charging regulation module 42 and measuring the battery
voltage using componentry commonly known in the art. It is also possible to
calculate the energy dissipation caused by the internal componentry of

charging unit 50, transmit circuit 214 in particular, by characterizing the

-12-
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[41]

[42]

dissipation characteristics of charging unit 50. However, the energy dissipated
as heat to patient 15 is not possible to know directly, because energy may be
dissipated directly in the tissue, or energy may be dissipated within
implantable medical device 10 differently dependent on difficult to determine
factors such as the moment-by-moment positioning of primary coil 54 relative
to implantable medical device 10, among other variables. Further, it may not
be possible to know how much energy is actually being dissipated in primary
coil 54 without measuring the current through primary coil 54. However,
when current is attempted to be measured accurately, there may be an
unavoidable impact to the delivery of energy to the intended destination, due

to the need to divert energy in order to measure the current in the first place.

The power source for charging unit 50 may be the source of energy for the
system comprised of charging unit 50 and implantable medical device 10.
Some of the energy that is inputted in the system may be dissipated in
charging unit 50 or stored in rechargeable power source. The rest of the
energy that is inputted into the system may either be dissipated in primary coil
54 or in patient tissue. However, as noted above, it may not be possible to
measure the energy dissipated in primary coil 54. Likewise, if any physical
means exist for measuring energy dissipation in human tissue, the

measurement means may be invasive or harmful to patient 16.

If it cannot be determined how much energy is being dissipated in primary coil
54 and not tissue, then concern for patient safety may require an assumption
that all of the energy that is input into the system that is not either dissipated in
charging unit 50 or stored in rechargeable power source 24 is in fact dissipated
in tissue. A necessary corollary to such an assumption is that primary coil 54
dissipates no energy at all, which is plainly unlikely to occur in reality.
However, such an assumption may be necessary in order to decrease the
likelihood of injury to patient 16. Thus, unless a reasonable approximation of
energy dissipation in primary coil 54 may be determined, the total energy of
the system may have to be reduced in order to reduce the risk of injury to

patient 16.

- 13-
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[43]

[44]

[45]

[46]

Figure 5a is a flowchart for determining energy dissipated as heat in patient
tissue or, said in another way, the amount of heat absorbed in the body. The
total applied power is the power supplied to drive primary coil 54. The total
applied power is determined (500) by multiplying the measured voltage (V) at
transmit block 214 by the current driven into transmit block 214. The result is
the total power available to drive primary coil 54 but some power is in the
electronic driving circuitry and in the voltage regulator. The amount of power
dissipated by the driving electronics and in voltage regulation is difficult to
determine and, hence, can be developed empirically. The empirically derived
power loss can be expressed as percentage loss or, alternatively, as a
percentage of the total applied power or a fraction. It has been determined by
experiment that the amount of power lost in voltage regulation to be about
fifteen percent (15%) and a few additional percent may be lost in the driving
circuitry. This power loss can be expressed as a constant of from 0.80 to 0.85.
That is, from eighty percent (80%) to eighty-five percent (85%) of the total
applied power actually is passed through to primary coil 54. Thus, the power
lost in the electronic circuitry (voltage regulation and driving circuitry) can be
determined (502) by multiplying the total applied power times the transmit
constant, e.g., 0.80 to 0.85 as examples. The transmit circuit constant may
vary from embodiment to embodiment, dependent on the characteristics of

transmit block 214.

In an embodiment, the voltage supplied by the external power is an RMS
voltage having a phase difference with current supplied by the external power
source. In this situation, the total applied power may be calculated by
multiplying the current supplied by the external power source during charging
by the RMS voltage supplied by the external power source and further

multiplying the result by a power factor representative of the phase difference.

Power lost or dissipated in primary coil 54 is then determined (504) in Figure

Sa, which is set out in more detail in Figure 5b.

The transmit circuit voltage equals the voltage delivered to primary coil 54

and may be determined (512) by multiplying the duty cycle of the voltage in
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[47]

[48]

[49]

[50]

primary coil 54 by the input voltage and scaling the voltage with an H-Bridge
constant related to the characteristics of the H-Bridge of transmit block 214.
In an embodiment, the H-Bridge constant is 1.27. The duty cycle may be
determined by the relationship Duty Cycle = pulse width * f* 2.

The current in primary coil 54 may be determined (514) by dividing the
transmit circuit power (500) by the transmit circuit voltage (512). Primary
coil power dissipation may then be determined (516) utilizing the relationship
P = I’ * R by multiplying a square of primary coil current (514) by a measured

value of the primary coil resistance.

Returning to Figure 5a, the power applied or delivered to rechargeable power
source 24 may be determined (506) by measuring the charge current to
rechargeable power source. The known or measured resistance of the
rechargeable power source can then be multiplied by a square of charge

current to determine the power applied to the rechargeable power source.

Having determined total applied power (500), power lost in electronic
circuitry (502), power dissipated or lost in the primary coil (504) and the
power actually delivered to the rechargeable power source (506), the
remaining power from the total applied power after accounting for
(subtracting) the power lost in electronic circuitry, the power lost in the
primary coil and the power delivered to the rechargeable power is the power
or energy absorbed in the body. Thus, power absorbed in the body is
determined (508) by subtracting the power lost delivered to the rechargeable
power source and the power lost in the primary coil and the power lost in the

electronics from the total applied power.

Figure 6 is a flowchart for adjusting applied power in order to regulate the
amount of energy dissipated as heat in tissue of patient 15. A recharging
session is initiated (600) by applying power to rechargeable implantable
medical device 10. Periodically during charging, the amount of charge in
battery 24 is measured (602), and if battery 24 has sufficient charge the
charging session ends (604). If battery 24 is not yet fully charged, heat loss is
then calculated (606) according to the method of Figure Sa. The calculated
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[51]

[52]

heat loss is then compared (608) against a predetermined maximum. The
predetermined maximum may depend on a variety of factors unique to various
implantable medical devices, such as the surface area of housing 32 and the
physical characteristics of the components of implantable medical device 10.

In an embodiment, this predetermined maximum is 250 milliWatts.

In an embodiment, if the calculated heat loss is within (608) the predetermined
range then charging continues as normal (610) until the next periodic check of
battery 24 charge (602). If the calculated heat loss is higher (612) than the
predetermined range, applied power is reduced (614) by an amount
proportional to the degree to which the calculated heat loss is too high. If the
calculated heat loss is lower than the predetermined range, applied power is
increased (616) by an amount proportional to the degree to which the
calculated heat loss is too low. Thus, by way of example, if heat dissipation
power should be a minimum of 198 milliWatts, but is determined to be 178
milliWatts, and total applied power was 625 milliWatts, and thus 28.5% of
applied power was being dissipated as heat, then applied power may be
increased by 20 milliWatts/.285, or approximately 70 milliWatts. In either
case, charging then proceeds until the next periodic check of battery 24 charge

(602).

In another embodiment, in order to avoid exceeding the predetermined
maximum heat loss, charging is started at a predetermined, relatively low
power level and the energy absorbed by the body is determined as discussed
above. If the energy absorbed by the body is below the predetermined
maximum, then the power level is increased in a predetermined step amount,
e.g., 20 milliWatts, or a predetermined percentage, e.g., ten percent (10%) and
the energy absorbed by the body is again calculated. This iterative process
may be continued until the calculated energy absorbed by the body approaches
or reaches the predetermined maximum. If the calculated energy absorbed in
the body reaches or exceeds the predetermined maximum, the power level
may be decreased or charging may be terminated until the energy absorbed by

the body returns to acceptable levels.
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[53]

[54]

In these ways, an charging may be accomplished at the maximum power level,
and, hence, shortest time, possible while still maintaining patient safety by

knowing and limiting the energy absorbed by the body.

Of course, it is recognized that the above described embodiment is merely an
embodiment for calculating energy dissipation as heat in patient tissue and of
adjusting applied power based on the determined heat dissipation. For
instance, an embodiment where the energy dissipation within primary coil
may be determined by measuring current through primary coil directly is also
envisioned. Alternatively, embodiments where current through primary coil is
determined using characteristics other than those of the H-bridge of transmit

circuit are likewise envisioned.
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What is claimed is:

1. An external power source for an implantable medical device having a secondary
coil operatively coupled to a rechargeable power source, said implantable medical

device being implanted in a patient having tissue, comprising:

a primary coil inductively coupling energy to said secondary coil when energized

and placed in proximity of said secondary coil;
electronic circuitry driving said primary coil; and

control circuitry, operatively coupled to said primary coil, determining energy
absorbed in said tissue based on a total applied power by said external power
source, power lost in said electronic circuitry, power lost in said primary coil and
power applied to said rechargeable power source and controlling said total applied

power based upon said energy absorbed in said tissue.

2. An external power source for inductively charging of an implantable medical
device in a patient, said implantable medical device having a rechargeable power
source having a voltage and a secondary coil operatively coupled to said
rechargeable power source, comprising:

a primary coil;
electronic circuitry driving said primary coil; and
control circuitry, operatively coupled to said electronic circuitry, controlling

energy absorbed in said patient during inductive charging of said rechargeable

power source by:

determining a total applied power by said external power source by
measuring current applied by said external power source during said

charging and an applied voltage of said external power source;

determining power lost in said electronic circuitry;
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determining power lost in said primary coil by determining current in said
primary coil during said recharging in view of a resistance of said primary
coil;

determining power applied to said rechargeable power source by

measuring said voltage of said rechargeable power and current applied to

said rechargeable power source during said inductive charging;

calculating said energy absorbed in said body by subtracting said power
lost in said electronic circuitry, said power lost in said primary coil and
said power applied to said rechargeable power source from said total

applied power; and

adjusting said total applied power by said external power source as a

function of said energy absorbed in said patient.

3. The external power source as in claim 2:

wherein said power lost in said primary coil is calculated by multiplying a square
of said current in said primary coil during said charging by said resistance of said

primary coil;

wherein said external power source supplies power, having a current and a
voltage, to said electronic circuitry, wherein said total applied power is calculated
by multiplying said current supplied by said external power source during said

charging by said voltage supplied by said external power source; and

wherein said power applied to said rechargeable power source is calculated by
multiplying said current applied to said rechargeable power source during said

charging by said voltage of said rechargeable power source.

4, The external power source as in claim 3 wherein said voltage supplied by said
external power source comprises an RMS voltage, wherein said RMS voltage
supplied by said external power source and said current supplied by said external

power source have a phase difference and wherein said total applied power is
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calculated by multiplying said current supplied by said external power source
during said charging by said RMS voltage supplied by said external power source

and further multiplying by a power factor representative of said phase difference.

5. The external power source as in claim 3 wherein said power lost in said electronic

circuitry is determined empirically.

6. The external power source as in claim 5 wherein said power lost in said electronic

circuitry is approximately fifteen percent (15%) of said total applied power.
7. A system for controlling energy absorbed in a patient during inductive charging,
comprising;
an implantable medical device, comprising;
therapeutic componentry delivering a therapeutic output to said patient;

a rechargeable power source operatively coupled to said therapeutic

componentry; and

a secondary coil operatively coupled to said rechargeable power source;

and
an external power source, comprising;:
a primary coil;
electronic circuitry driving said primary coil; and

control circuitry, operatively coupled to said -electronic circuitry,
controlling energy absorbed in said patient during inductive charging of

said rechargeable power source by:

determining a total applied power by said external power source by
measuring current applied by said external power source during

said charging and an applied voltage of said external power source;

determining power lost in said electronic circuitry;
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determining power lost in said primary coil by determining current
in said primary coil during said recharging in view of a resistance

of said primary coil;

determining power applied to said rechargeable power source by
measuring said voltage of said rechargeable power source and
current applied to said rechargeable power source during said

inductive charging;

calculating said energy absorbed in said body by subtracting said
power lost in said electronic circuitry, said power lost in said
primary coil and said power applied to said rechargeable power

source from said total applied power; and

adjusting said total applied power by said external power source as

a function of said energy absorbed in said patient.

8. The system as in claim 7:

wherein said power lost in primary coil is calculated by multiplying a square of
said current in said primary coil during said charging by said resistance of said

primary coil;

wherein said external power source supplies power, having a current and a
voltage, to said electronic circuitry, wherein said total applied power is calculated
by multiplying said current supplied by said external power source during said

charging by said voltage supplied by said external power source; and

wherein said power applied to said rechargeable power source is calculated by
multiplying said current applied to said rechargeable power source during said

charging by said voltage of said rechargeable power source.

9. The system as in claim 8 wherein said voltage supplied by said external power
source comprises an RMS voltage, wherein said RMS voltage supplied by said

external power source and said current supplied by said external power source
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10.

11.

12.

13.

have a phase difference and wherein said total applied power is calculated by
multiplying said current supplied by said external power source during said
charging by said RMS voltage supplied by said external power source and further

multiplying by a power factor representative of said phase difference.

The system as in claim 7 wherein said power lost in said electronic circuitry is

determined empirically.

The system as in claim 7 wherein said power lost in said electronic circuitry is

approximately fifteen percent (15%) of said total applied power.

A method of determining energy absorbed in a body during inductive charging of
an implantable medical device having a rechargeable power source having a
voltage and a secondary coil operatively coupled to said rechargeable power
source by an external power source having electronic circuitry driving a primary

coil, comprising the steps of:

determining a total applied power by said external power source by measuring
current applied by said external power source during said charging and an applied

voltage of said external power source;
determining power lost in said electronic circuitry;

determining power lost in said primary coil by determining current in said

primary coil during said recharging in view of a resistance of said primary coil;

determining power applied to said rechargeable power source by measuring said
voltage of said rechargeable power source and current applied to said

rechargeable power source during said inductive charging; and

calculating said energy absorbed in said body by subtracting said power lost in
said electronic circuitry, said power lost in said primary coil and said power

applied to said rechargeable power source from said total applied power.

The method as in claim 12:

22



WO 2009/134467 PCT/US2009/030988

14.

15.

16.

17.

wherein said determining power lost in said primary coil step comprises
calculating said power lost in primary coil by multiplying a square of said current

in said primary coil during said charging by said resistance of said primary coil;

wherein said external power source supplies power, having a current and a
voltage, to said electronic circuitry, wherein said total applied power is calculated
by multiplying said current supplied by said external power source during said

charging by said voltage supplied by said external power source; and

wherein said determining said power applied to said rechargeable power source
comprises calculating said power applied to said rechargeable power source by
multiplying said current applied to said rechargeable power source during said

charging by said voltage of said rechargeable power source.

The method as in claim 13 wherein said voltage supplied by said external power
source comprises an RMS voltage, wherein said RMS voltage supplied by said
external power source and said current supplied by said external power source
have a phase difference and wherein said determining said total applied power
comprises calculating said total applied power by multiplying said current
supplied by said external power source during said charging by said RMS voltage
supplied by said external power source and further multiplying by a power factor

representative of said phase difference.

The method as in claim 12 wherein said power lost in said electronic circuitry is

determined empirically.

The method as in claim 12 wherein said power lost in said electronic circuitry is

approximately fifteen percent (15%) of said total applied power.

A method for adjusting an amount of energy dissipated in a patient during
inductive charging of an implantable medical device having a rechargeable power

source having a voltage and a secondary coil operatively coupled to said
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18.

rechargeable power source by an external power source having electronic

circuitry driving a primary coil, comprising the steps of:

determining a total applied power by said external power source by measuring
current applied by said external power source during said charging and an applied

voltage of said external power source;
determining power lost in said electronic circuitry;

determining power lost in said primary coil by determining current in said

primary coil during said recharging in view of a resistance of said primary coil;

determining power applied to said rechargeable power source by measuring said
voltage of said rechargeable power and current applied to said rechargeable power

source during said inductive charging;

calculating said energy absorbed in said patient by subtracting said power lost in
said electronic circuitry, said power lost in said primary coil and said power

applied to said rechargeable power source from said total applied power; and

adjusting said total applied power by said external power source as a function of

said energy absorbed in said patient.

The method as in claim 17:

wherein said power lost in said primary coil is calculated by multiplying a square
of said current in said primary coil during said charging by said resistance of said
primary coil;

wherein said external power source supplies power, having a current and a
voltage, to said electronic circuitry, wherein said total applied power is calculated

by multiplying said current supplied by said external power source during said

charging by said voltage supplied by said external power source; and

wherein said power applied to said rechargeable power source is calculated by
multiplying said current applied to said rechargeable power source during said

charging by said voltage of said rechargeable power source.
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19.

20.

21.

The method as in claim 18 wherein said voltage supplied by said external power
source comprises an RMS voltage, wherein said RMS voltage supplied by said
external power source and said current supplied by said external power source
have a phase difference and wherein said determining said total applied power
comprises calculating said total applied power by multiplying said current
supplied by said external power source during said charging by said RMS voltage
supplied by said external power source and further multiplying by a power factor

representative of said phase difference.

The method as in claim 17 wherein said power lost in said electronic circuitry is

determined empirically.

The method as in claim 17 wherein said power lost in said electronic circuitry is

approximately fifteen percent (15%) of said total applied power.

_25.



WO 2009/134467 PCT/US2009/030988

17

Fig. 1



WO 2009/134467 PCT/US2009/030988

217

10

THERAPY

A
28

5

ELECTRONICS

COIL

A 28

RECHARGEABLE
POWER SOURCE




PCT/US2009/030988

WO 2009/134467

3/7

Ty

e
) Nw ,ww 9z 8z
{ {
! i i :
CYlty
pe UONRINGSS B umd P sowososie Pl Admioy
Byos
wuwui...&...\.
N O O
/.i..?, _
e
ge or—+(0
AT
.wm\
9G
pun
duibieys
05~




PCT/US2009/030988

WO 2009/134467

417

. T T T e o e e -
1Y 4
| - UNSI io1suuon
Addn
m - ddng L3000 LSHNE KOy efieun
;€8 A mﬁ%% » (RO RGL 35YEA] dopised]
| A S FHUVHD
m {7 TOHINOD AEE < &
L BoBUY £°0 A P Addng = e
m PUVEE A L BojeLny e - @@m\?ww |
fasuaislay AC {O0ONY ADE e =¥ W
M syl (Nddns  FREER ] | A\ » \ - 228 W
m AS Al - - 'y Uopng
ze” T S o 1959y
E— e 122 | v B A0 A |
| osuag] | mmmmmmj Tﬂw 2 NE DHHD 1v4g w
| Gl E A HOSNIS diaLd-S X = AMZLIVE  pieod HSNI|
W - U T T R @ﬁw e - piog Eibig |
| 4 W3 § oYY Y Y Y Y sousisey AL
A o= pusues < > >> 8INpopy
W | / yL 7= L O0S SO w007
8lg— |1 | oz2 —onpooy OV n 717
VAN (EG i — SR
VL Aewiug T NERRENY a0
DN o1 — TENET |
o ~—"_"" 1 |PiEog B0 PATOESG | Ko
EN» EEEEE | TSI mmw ((((((( S, OnAowsipl U onng
70 M ml. IBISAID Bl ] e  csanosson gmwm%m YSTd
| g g R ; !
m eTaT | Hod Buipeo siemyos |
mlv o Yt et T T T e e e e e e e e o e -4

e T



WO 2009/134467 PCT/US2009/030988

5/7

500
DETERMINE TOTAL APPLIED POWER /
PA=V*

i

502
DETERMINE POWER LOST IN /
ELECTRONIC CIRCUITRY
(TRANSMIT CONSTANT)
ngpA“*K

:

504
DETERMINE POWER LOST IN /
PRIMARY COIL
Po=12* R

:

506
DETERMINE POWER APPLIED TO /
RECHARGEABLE POWER SOURCE
Pg=12*R

i

508
CALCULATE ENERGY ABSORBED BY /
BODY

E:pA“PE"PC"PB

Fig. ba



WO 2009/134467 PCT/US2009/030988

6/7

504 /5”50
\ TRANSMIT CIRCUIT POWER =
APPLIED POWER ™ TRANSMIT

CIRCUIT CONSTANT

:

512
TRANSMIT CIRCUIT VOLTAGE = H- /
BRIDGE CONSTANT ™ PULSE WIDTH
(RECHARGE FREQUENCY " 2)*
SUPPLY VOLTAGE

$

514
PRIMARY COIL CURRENT = TRANSMIT /
CIRCUIT POWER / TRANSMIT CIRCUIT
VOLTAGE

:

516
PRIMARY COIL POWER = PRIMARY /
COIL RESISTANCE * SQUARE OF
PRIMARY COIL CURRENT

Fig. 5b



WO 2009/134467 PCT/US2009/030988

77

APPLY POWER \60{}

604

g

- | END CHARGING
CALCULATE HEAT LOSS
\-606
/ﬁm
CONTINUE |~ CALCULATED HEAT >
CHARGING [\ " LOSSOUTOF _~
O ™\ RANGE? _~
;14
REDUCE .*‘ ™~
[<| APPLIED HEAT LISS TOO
POWER '

INCREASE APPLIED

POWER \.518

Fig. 6



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2009/030988

A. CLASSIFICATION OF SUBJECT MATTER

TN REINT /378 ABINL/372 -

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

A61IN HO02J HO1F HO4B

Minimum documentation Searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulied during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2004/098068 Al (CARBUNARU RAFAEL [US] 1-21
ET AL) 20 May 2004 (2004-05-20)
figures 1,3A,5,6
paragraph [0038] - paragraph [0040]
paragraph [0059]
paragraph [0064]
paragraph [0075] - paragraph [0082]
A US 2005/075693 Al (TOY ALEX C [US] ET AL) 1-21
7 April 2005 (2005-04-07)
the whole document
A US 6 430 444 B1 (BORZA MICHAEL A [CAD) 1-21
6 August 2002 (2002-08-06)
the whole document
-/

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A* document defining the general state of the art which is not
considered to be of particular relevance

*E" earlier document but published on or afterthe international
filing date

"L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*O" document referring to an oral disclosure, use, exhibition or
other means

"P* document published prior to the international filing date but
later than the priority date claimed

T

e

s

g

later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underiying the
invention

document of particular relevance; the claimed invention
cannot be considered novel or cannot be consgdered o
involve an inventive step when the document is taken alone

document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu—
megts, such combination being obvious to a person skilled
in the art,

document member of the same patent family

Date of the actual completion of the international search

25 March 2009

Date of mailing of the international search report

06/04/2009

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

LieBmann, Frank

Form PCT/ASA/210 (second sheet) (April 2005)




.. INTERNATIONAL SEARCH REPORT

International application No

PCT/US2009/030988

C(Continuation).  DOCUMENTS CONSIDERED TO BE RELEVANT

[GB]1) 31 January 2008 (2008- 01 31)
the whole document

Category* | Citation of document, with indication, where appropriate, of the relevant passages ﬁelevam 1o claim No.
A US 6 032 076 A (MELVIN DAVID [US] ET AL) - 1-21
~ 29 February 2000 (2000-02- 29)
the whole document. -
A WO 2008/012523 A (GILLBE IVOR STEPHEN . 1-21

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

. International application No
Information on patent family members

PCT/US2009/030988
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2004098068 Al 20-05-2004 US 2005119716 Al 02-06-2005
‘ US 2005131495 Al 16-06-2005
US 2005075693 Al 07-04-2005 AU 2004283654 Al 06-05-2005
EP 1675648 Al 05-07-2006
WO 2005039695 Al -~ 06-05-2005
US 6430444 Bl 06-08-2002  NONE
US 6032076 A 29-02-2000  NONE

WO 2008012523 A 31-01-2008  NONE

Form PCT/ISA/210 (patent famnily annex) (April 2005)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

