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(57) Abstract: The disclosure describes techniques of reducing or eliminating a commonality between two modules within the
same implantable medical device. Each module within the implantable medical device provides therapy to a patient. The common-
ality between the two modules exists due to at least one common component shared by the two modules. The commonality be-
tween the two modules may create common-mode interference and a shunt current. In accordance with this disclosure, various iso-
lation circuits located at various locations are disclosed to reduce or eliminate the commonality between the two modules. The re-
duction or elimination of the commonality between the two modules may reduce or eliminate common-mode interference and the
shunt current.
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ISOLATION OF SENSING AND STIMULATION CIRCUITRY

TECHNICAL FIELD
[0001] The disclosure relates to implantable medical devices, and, more
particularly, implantable medical devices providing multiple therapy and/or

sensing functions.

BACKGROUND

[0002] A wide variety of implantable medical devices (IMDs) for delivering a
therapy and/or sensing a physiologic condition of a patient have been clinically
implanted or proposed for clinical implantation in patients. Such IMDs may
deliver therapy and/or monitor the heart, muscle, nerves, brain, stomach or other
organs. In some cases, the IMDs deliver electrical stimulation therapy to the
patient and/or monitor physiological signals of the patient via one or more
electrodes or sensor elements, at least some of which may be included as part of
one or more elongated implantable medical leads coupled to the IMD. Implantable
medical leads may be configured to allow electrodes or sensors to be positioned at
desired locations for delivery of stimulation or sensing physiological signals. In
some cases, electrodes or sensors may be positioned on an IMD housing as an
alternative or in addition to electrodes or sensors deployed on one or more leads.
[0003] For example, implantable cardiac devices, such as cardiac pacemakers or
implantable cardioverter defibrillators, provide therapeutic electrical stimulation to
the heart by delivering electrical therapy signals such as pulses or shocks for
pacing, cardioversion or defibrillation via electrodes of one or more implantable
leads. In some cases, such an IMD may sense intrinsic depolarizations of the heart,
and control the delivery of the electrical therapy signals to the heart based on the
sensing. When an abnormal rhythm is detected, such as bradycardia, tachycardia
or fibrillation, an appropriate electrical therapy (e.g., in the form of pulses or
shocks) may be delivered to restore the normal rhythm. For example, in some
cases, the IMD may deliver pacing, cardioversion or defibrillation therapy to the

heart of the patient upon detecting ventricular tachycardia, and deliver
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cardioversion or defibrillation therapy to a patient’s heart upon detecting

ventricular fibrillation.

SUMMARY

[0004] This disclosure describes techniques for isolating two or more therapy
and/or sensing modules of an implantable medical device (IMD). In particular,
this disclosure describes a number of techniques for isolating the first module from
the second module to reduce or eliminate crosstalk between the therapy and/or
sensing modules of the IMD. The isolation techniques of this disclosure may break
a direct electrical path or an indirect electrical path between the first module and
the second module, e.g., through a common component. An isolation circuit may,
for example, be placed somewhere in the electrical path between the modules. As
such, the crosstalk, or at least a portion of the crosstalk, generated by electrical
stimulation does not have a direct electrical path or has a relatively weak path of
inconsequential impact via which to reach the other one of the modules.

[0005] In one aspect, the disclosure is directed to an implantable medical device
(IMD) comprising a housing, a cardiac module, in the housing, configured to
deliver electrical stimulation therapy to a patient, a power source that couples to
the cardiac module and is configured to provide power to the cardiac module, at
least one isolation circuit that couples to the power source, and a neurostimulation
module, in the housing, that couples to the power source via the at least one
isolation circuit and is configured to deliver electrical stimulation therapy to the
patient or sense a physiological condition of the patient. The at least one isolation
circuit is configured to electrically isolate the power source from the
neurostimulation module to reduce common-mode interference on the
neurostimulation module. The common-mode interference is caused by the cardiac
module delivering electrical stimulation therapy to the patient.

[0006] In another aspect, the disclosure is directed to an implantable medical
device (IMD) comprising a housing, a first module, in the housing, configured to
deliver electrical stimulation therapy to a patient, a power source that couples to
the first module and is configured to provide power to the first module, at least one

isolation circuit that couples to the power source, and a second module, in the
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housing, that couples to the power source via the at least one isolation circuit and is
configured to deliver electrical stimulation therapy to the patient or sense a
physiological condition of the patient. The at least one isolation circuit is
configured to electrically isolate the power source from the second module to
reduce at least one of common-mode interference and shunt current on the second
module. The at least one of common-mode interference and shunt current is caused
by the first module delivering electrical stimulation therapy to the patient.

[0007] In another aspect, the disclosure is directed to a method comprising
delivering, via a first module within a housing of an implantable medical device
(IMD), electrical stimulation therapy to a patient, wherein the first module is
powered via a power source, delivering, via a second module within the housing of
the IMD, electrical stimulation therapy to the patient or sensing, via the second
module within the housing of the IMD, a physiological condition of the patient,
wherein the second module is powered via at least one isolation circuit that couples
to the power source, and isolating the power source from the second module via
the at least one isolation circuit to reduce at least one of common-mode
interference and shunt current on the second module. Delivering electrical
stimulation via the first module causes the at least one of common-mode
interference and shunt current.

[0008] In another aspect, the disclosure is directed to an implantable medical
device (IMD) comprising a housing, a first means, in the housing, for delivering
electrical stimulation therapy to a patient, wherein the first means is powered via a
power source, and a second means, in the housing, for delivering a electrical
stimulation therapy to the patient or sensing a physiological condition of the
patient, wherein the second means is powered via at least one means for isolating
that couples to the power source. The means for isolating isolates the power
source from the second means to reduce at least one of common-mode interference
and shunt current on the second means. Delivering electrical stimulation via the
first means causes the at least one of common-mode interference and shunt current.
[0009] In another aspect, the disclosure is directed to an implantable medical
device (IMD) comprising a housing, a cardiac module, in the housing, configured

to deliver electrical stimulation therapy to a patient, a power source that couples to
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the cardiac module and is configured to provide power to the cardiac module, at
least one isolation circuit that couples to the power source, wherein the at least one
isolation circuit comprises a first and a second switch coupled to a first and a
second input line, respectively, wherein the first input line and the second input
line are coupled to the power source and a ground of the power source,
respectively, a capacitor circuit that is coupled to the first and second switch, a
third and fourth switch, wherein the capacitor circuit is coupled to the third and
fourth switch, and wherein the third switch is further coupled to the first switch and
the fourth switch is further coupled to the second switch, a capacitor, wherein the
capacitor is coupled to the third and fourth switch, and a fifth and sixth switch
coupled to a first and second output line, respectively, wherein the capacitor is
coupled to the fifth and sixth switch, wherein, in a first state, the first and second
switches are closed and the third, fourth, fifth, and sixth switches are opened to
charge the capacitor circuit, in a second state, the first, second, fifth and sixth
switches are opened and the third and fourth switches are closed to discharge the
capacitor circuit and charge the capacitor, and, in a third state, the third and fourth
switches are opened and the first, second, fifth, and sixth switches are closed to
provide isolated power to the neurostimulation module coupled to the isolation
circuit, wherein after the capacitor discharges, the first and second switches are
opened and the third and fourth switches are closed to charge the capacitor and
provide isolated power, and wherein after the capacitor charges, the third and
fourth switches are opened and the first and second switches are closed to provide
power on the first and second output line, and a neurostimulation module, in the
housing, that couples to the first output line and the second output line of the at
least one isolation circuit to receive power and is configured to deliver electrical
stimulation therapy to the patient or sense a physiological condition of the patient,
wherein the at least one isolation circuit is configured to electrically isolate the
power source from the neurostimulation module to reduce at least one of common-
mode interference and shunt current on the neurostimulation module, and wherein
the at least one of common-mode interference and shunt current is caused by the

cardiac module delivering electrical stimulation therapy to the patient.
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[0010] In another aspect, the disclosure is directed to an implantable medical
device (IMD) comprising a housing, a processor, a cardiac module, in the housing,
configured to deliver electrical stimulation therapy to a patient, a power source that
couples to the cardiac module and is configured to provide power to the cardiac
module, at least one isolation circuit that couples to the power source, wherein the
at least one isolation circuit comprises an oscillator coupled to a first and a second
input line and further coupled to the processor, and configured to generate a first
oscillating pulse that comprises data provided by the processor, wherein the first
and the second input line are coupled to the power source and a ground of the
power source, a transformer coupled to the oscillator and configured to transform
the first oscillating pulse to a second oscillating pulse, a data demodulator coupled
to the transformer and configured to provide data between the cardiac and
neurostimulation modules, a rectifier coupled to the transformer and configured to
rectify the second oscillating pulse, and a capacitor coupled to the rectifier and
configured to generate an isolated direct current (DC) voltage across a first and
second output line, a neurostimulation module, in the housing, that couples to the
first and second output line of the at least one isolation circuit and is configured to
deliver electrical stimulation therapy to the patient or sense a physiological
condition of the patient, wherein the at least one isolation circuit is configured to
electrically isolate the power source from the neurostimulation module to reduce at
least one of common-mode interference and shunt current on the neurostimulation
module, and wherein the at least one of common-mode interference and shunt
current is caused by the cardiac module delivering electrical stimulation therapy to
the patient.

[0011] In another aspect, the disclosure is directed to an implantable medical
device (IMD) comprising a first module configured to deliver electrical stimulation
therapy to a patient, a second module configured to deliver electrical stimulation
therapy to the patient or senses a physiological condition of the patient via at least
one electrode, wherein the first module and second module share at least one
common component, and at least one isolation circuit that couples the second
module to the at least one electrode and is configured to reduce at least one of

common-mode interference and shunt current on the second module caused by the
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delivery of electrical stimulation by the first module, wherein the at least one
isolation circuit is configured to isolate the electrical stimulation delivered by the
first module from the second module.

[0012] In another aspect, the disclosure is directed to a method comprising
delivering, via a first module within an implantable medical device (IMD),
electrical stimulation therapy to a patient, delivering, via a second module within
an IMD, electrical stimulation therapy to the patient or sensing a physiological
condition of the patient, wherein the first module and second module share at least
one common component, and wherein the second module is configured to deliver
electrical stimulation therapy to the patient or sense the physiological condition of
the patient via at least one electrode, and isolating the electrical stimulation
delivered by the first module from the second module via at least one isolation
circuit, wherein the isolation circuit couples the second module to the at least one
electrode and is configured to reduce at least one of common-mode interference
and shunt current on the second module caused by the delivery of electrical
stimulation by the first module.

[0013] In another aspect, the disclosure is directed to a An implantable medical
device (IMD) comprising a first means for delivering electrical stimulation therapy
to a patient, a second means for delivering electrical stimulation therapy to the
patient or sensing a physiological condition of the patient via at least one electrode,
wherein the first means and second means share at least one common component,
and means for isolating the electrical stimulation delivered by the first means from
the second means, wherein the means for isolating couples the second means to the
at least one electrode and is configured to reduce at least one of common-mode
interference and shunt current on the second means caused by the delivery of

electrical stimulation by the first means.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG. 1 is a conceptual diagram illustrating an IMD forming an example
therapy system that may be used to provide therapy to patient.
[0015] FIG. 2 is a conceptual diagram illustrating an IMD forming another

example therapy system.
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[0016] FIG. 3 is a conceptual diagram illustrating the IMD of FIGS. 1 and 2 and
the respective leads in greater detail.

[0017] FIG. 4 is a conceptual diagram illustrating another example of the IMD of
FIGS. 1 and 2 and the respective leads in greater detail.

[0018] FIG. 5 is a functional block diagram of an example configuration of an
IMD.

[0019] FIG. 6 is a functional block diagram of another example configuration of an
IMD

[0020] FIG. 7 is a functional block diagram of an example configuration of an
IMD comprising isolation circuits to reduce or eliminate commonality.

[0021] FIG. 8 is a functional block diagram of another example configuration of an
IMD comprising isolation circuits to reduce or eliminate commonality.

[0022] FIG. 9 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0023] FIG. 10 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0024] FIG. 11 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0025] FIG. 12 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0026] FIG. 13 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0027] FIG. 14 is a functional block diagram of another example configuration of
IMD comprising isolation circuits to reduce or eliminate commonality.

[0028] FIG. 15A is a circuit diagram of an example of an isolation circuit.

[0029] FIG. 15B is a circuit diagram of another example of an isolation circuit.
[0030] FIG. 15C is a circuit diagram of another example of an isolation circuit.
[0031] FIG. 15D is a circuit diagram of another example of an isolation circuit.
[0032] FIG. 15E is a circuit diagram of another example of an isolation circuit.
[0033] FIG. 15F is a circuit diagram of another example of an isolation circuit.
[0034] FIG. 15G is a circuit diagram of another example of an isolation circuit.

[0035] FIG. 16 is a circuit diagram of another example of an isolation circuit.
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[0036] FIG. 17 is an example circuit diagram of a capacitor circuit.

[0037] FIG. 18A is a circuit diagram of another example of an isolation circuit.
[0038] FIG. 18B is a circuit diagram of another example of an isolation circuit.
[0039] FIG. 19 is a circuit diagram of another example of an isolation circuit.
[0040] FIG. 20 is a circuit diagram of another example of an isolation circuit.
[0041] FIG. 21 is a circuit diagram of another example of an isolation circuit.
[0042] FIG. 22 is a circuit diagram of another example of an isolation circuit.
[0043] FIG. 23 is a circuit diagram of another example of an isolation circuit.
[0044] FIG. 24 is a flow diagram illustrating an example technique of reducing or
eliminating commonality.

[0045] FIG. 25 is a flow diagram illustrating an example technique of reducing or
eliminating commonality at the power input of a medical device.

[0046] FIG. 26 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the power input of a medical device.
[0047] FIG. 27 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the power input of a medical device.
[0048] FIG. 28 is a flow diagram illustrating an example technique of reducing or
eliminating commonality at the stimulation output of a medical device.

[0049] FIG. 29 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the stimulation output of a medical device.
[0050] FIG. 30 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the stimulation output of a medical device.
[0051] FIG. 31 is a flow diagram illustrating an example technique of reducing or
eliminating commonality at the sensing input of a medical device.

[0052] FIG. 32 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the sensing input of a medical device.
[0053] FIG. 33 is a functional block diagram of another example configuration of
an IMD comprising isolation circuits to reduce or eliminate commonality.

[0054] FIG. 34 is a functional block diagram of another example configuration of

an IMD comprising isolation circuits to reduce or eliminate commonality.
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DETAILED DESCRIPTION

[0055] Some IMDs may include a neurostimulation device in addition to the
cardiac stimulation device. As one example, a medical device system may include
a spinal cord stimulator and an implantable atrial defibrillator, whereby the spinal
cord stimulator may deliver stimulation to reduce pain associated with delivery of
defibrillation shocks. As another example, a medical device system may include a
neurostimulation device to provide parasympathetic nerve stimulation in an
attempt to either slow intrinsic heart rate or decrease susceptibility to arrhythmias
or premature ventricular contractions (PVC) to facilitate anti-tachyarrhythmia
treatments, such as antitachycardia pacing, cardioversion or defibrillation. In some
cases, a neurostimulation device and a cardiac stimulation device may be provided
may be provided, at least in part, within the same IMD housing.

[0056] This disclosure describes techniques for isolating two or more therapy
and/or sensing modules of an implantable medical device (IMD). For example, the
IMD may include a first module for delivering therapy to a patient and/or sensing a
physiological condition of the patient and a second module for delivering therapy
to a patient and/or sensing a physiological condition of the patient. In one
instance, the first module may be a cardiac stimulation module for delivering
therapy to and/or monitoring a heart of a patient and the second module may be a
neurostimulation module for delivering therapy to and/or monitoring a tissue site
of the patient. The techniques described in this disclosure should not be limited to
such therapy and sensing modules of the IMD. The techniques may be utilized for
isolating any energy (or therapy) delivery and/or sensing modules within the IMD.
[0057] The first and second modules of the IMD may interconnect via at least one
common component of the IMD, e.g., a power source, a ground, a processor or
other circuitry of the IMD such as wiring between the first and second modules.
The interconnection between the first and second modules and the at least one
other component of the IMD may be referred to as “commonality.” The
commonality results in an electrical path between the first and second modules,
¢.g., through one or more the common components. The electrical path may be a
direct electrical path or an indirect electrical path, e.g., the direct electrical path or

indirect electrical path may comprise an electrical path with relatively low
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impedance. When the first module delivers electrical therapy or stimulation (e.g.,
in the form of pulses or other electrical signals), the commonality between the first
and second modules of the IMD may result in crosstalk on the second module, e.g.,
in the form of common-mode interference or shunt current. In other words, the
crosstalk may interfere with the second module due to the electrical path through
the one or more common components. The opposite is also true, e.g., the
commonality between the first and second modules of the IMD may result in
crosstalk on the first module when the second module delivers electrical therapy or
stimulation. The crosstalk may result in incorrect detection of a physiological
condition, undesirable delivery of therapy to the patient, damage to the first or
second module, or the like. Excessive crosstalk may be the result of the excessive
common mode signal, which may not be sufficiently cancelled due to limitations of
the common mode rejection of the input circuits. Techniques of this disclosure
may reduce or eliminate commonality in order to reduce the intensity of the
common mode signal, thereby allowing the common mode rejection to sufficiently
minimize the crosstalk.

[0058] To prevent or reduce these inadvertent and undesirable effects, this
disclosure describes a number of techniques for isolating the first module from the
second module. The isolation techniques of this disclosure may reduce and, in
some instances, climinate the commonality between the first and second modules
and the at least one other component of the IMD. By eliminating the commonality
between the first and second modules, the isolation circuit in effect reduces or
eliminates crosstalk, e.g., in the form of common-mode interference or shunt
current. In other words, the isolation circuits described in this disclosure may
break the electrical path between the first module, the common component and the
second module. As such, the crosstalk or at least a portion of the crosstalk does not
have an electrical path via which to reach the other one of the modules. For
example, the isolation circuit may break the direct electrical path or provide
enough resistance or impedance to generate a weak electrical path with a relatively
weak path of inconsequential impact.

[0059] As one non-limiting example of common-mode interference, to sense a

signal via a pair of electrodes coupled to the cardiac module, an amplifier within

10



WO 2010/051316 PCT/US2009/062399

the cardiac module measures the voltage at a first electrode of the electrode pair
with respect to ground which may be provided by a reference electrode, and
measures the voltage at a second electrode of the electrode pair with respect to
ground which may be provided by the reference electrode. The amplifier then
subtracts the two voltages to generate a sense signal.

[0060] If the cardiac module and neuro module share a common component, ¢.g.
share the same ground, a stimulation signal generated by the neuro module via
electrodes coupled to the neuro module imposes a relatively high common voltage
on the first and second electrodes of the electrode pair. The amplifier within the
cardiac module may be unable to process signals from the electrode pair that
include a relatively high common voltage, causing the amplifier to perform less
desirably. As described in this disclosure, the term common-mode interference
refers to the relatively high common voltage that is imposed on each electrode of
an electrode pair.

[0061] Stated another way, if the neuro module and cardiac module did not share a
common component, ¢.g. share the same ground, a stimulation generated by the
neuro module may not spread far from the electrodes coupled to the neuro module,
and may only generate a differential signal on the electrodes coupled to the cardiac
module. The cardiac module may be capable of withstanding the differential
signal caused by the stimulation generated by the neuro module.

[0062] It should be noted that the cardiac module’s ability to attenuate common
mode signals is limited. Hence, a large common mode signal may be attenuated,
but not attenuated sufficiently to reduce its intensity to a tolerable level.
Sufficiently reducing or eliminating the commonality between the cardiac module
and neuro module may reduce the intensity of the common mode signal such that
the cardiac module is able to sufficiently attenuate the common mode signal.
[0063] However, if the cardiac module and neuro module share a common
component, ¢.g. share the same ground, then a stimulation signal generated by the
neuro module may spread from the electrodes coupled to the neuro module to the
electrodes coupled to the cardiac module because the stimulation signal generated
by the neuro module is referenced to the same ground as the cardiac module.

Since the stimulation signal spreads to the electrodes coupled to the cardiac
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module, the stimulation signal generates a common voltage on each electrode of
the electrode pair, which is referred to as common-mode interference. The
amplifier within the cardiac module used to sense signals via the electrode pair
coupled to the cardiac module may not be able to withstand the common voltage,
resulting in less than desirable sense signals.

[0064] Accordingly, various isolation circuits are presented throughout this
disclosure that reduce or eliminate the commonality between the neuro and cardiac
modules. By reducing or eliminating the commonality, a stimulation signal
generated by either the cardiac module or neuro module, a common voltage may
not be imposed on the other module, allowing the other module to properly sense
physiological conditions.

[0065] In some examples, the isolation circuits may sufficiently reduce or
eliminate commonality between components shared by both the neuro and cardiac
modules, e.g., power source, ground, one or more processors, or shared wiring. In
this manner, stimulation signals generated by one module may not impose a
common voltage on the other module. In some examples, the isolation circuits
may be coupled to stimulation and/or sensing electrodes of the neuro module
and/or cardiac module. In these examples, the stimulation generated by one of the
modules is electrically isolated from the other module. In these examples, though
there may be some commonality between components shared by both the neuro
and cardiac modules, the commonality between the output of one of the modules
and the input of the other module may be sufficiently reduced or eliminated such
that the stimulation signal generated by one module may not impose a common
voltage on the other module.

[0066] Accordingly, as used in this disclosure, the term commonality should be
interpreted to mean a relatively low impedance path between the two modules.
The relatively low impedance path may include paths within the medical device
that includes the two modules. Or, the relatively low impedance path may include
a path from the output of one of the modules into the input of the other module
where the two modules share common components. To sufficiently reduce or
eliminate the commonality between the two modules, various aspects of this

disclosure cause a break in the commonality between the two modules.
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Accordingly, there may no longer be a low impedance path between the two
modules. Instead, an electrical path between the two modules may be high
impedance. The electrical path may include an electrical path between shared
components of the two modules. The electrical path may also include an electrical
path between the output of one module and the input of the other module.

[0067] As noted above, the various isolation circuits described throughout this
disclosure sufficiently reduce or eliminate the commonality between the two
modules. Accordingly, the various isolation circuits may generate a relatively high
impedance path between the two modules. In some examples, the isolation circuits
may generate the relatively high impedance path between shared components of
the two modules. In some examples, the isolation circuits may generate a
relatively high impedance path between the output of one module and the input of
the other module even when the two modules share common components. In some
examples, the various isolation circuits may generate the relatively high impedance
path between shared components of the two modules and generate the relatively
high impedance path between the output of one module and the input of the other
module.

[0068] FIG. 1 is a conceptual diagram illustrating an example therapy system 10
that may be used to provide therapy to patient 12. Patient 12 ordinarily, but not
necessarily, will be a human. Therapy system 10 includes implantable medical
device (IMD) 16, which is coupled to leads 18, 20, 22, and 28 and programmer 24.
IMD 16 may comprise a first therapy and/or sensing module and a second therapy
and/or sensing module. In the example illustrated in FIG. 1, the first therapy
and/or sensing module may be a neuro module and the second therapy and/or
sensing module may be a cardiac module (neither of which are shown in FIG. 1).
In other words, the implantable medical device may include the neuro module and
the cardiac module, at least in part, within a common housing of IMD 16.
Although described in the context of a cardiac module and a neuro module, the
techniques of this disclosure should not be limited to such therapy/sensing modules
within IMD 16. The cardiac module may provide cardiac stimulation and/or

therapy, while the neuro module may provide neurostimulation and/or therapy.
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The techniques may be utilized for isolating any two or more therapy delivery
and/or sensing modules within IMD 16.

[0069] The cardiac module may include, for example, an implantable pacemaker,
cardioverter-defibrillator, combined pacemaker-cardioverter-defibrillator,
implantable hemodynamic monitor, implantable cardiac monitor, implantable loop
recorder that provides electrical stimulation therapy to heart 14 of patient 12 via
electrodes coupled to one or more of leads 18, 20, and 22 and/or senses cardiac
signals via one or more of leads 18, 20, and 22. Thus, the cardiac module of IMD
16 is coupled to leads 18, 20 and 22. In some cases, stimulation or sensing may
also be performed via a combination of one or more electrodes on leads 18, 20, 22
and one or more electrodes on a housing, or case, of IMD 16. In some examples,
the cardiac module may deliver pacing pulses, but not cardioversion or
defibrillation shocks, while in other examples, the cardiac module may deliver
cardioversion or defibrillation shocks, but not pacing pulses. In addition, in further
examples, the cardiac module may deliver pacing pulses, cardioversion shocks, and
defibrillation shocks. In other examples, the cardiac module may provide cardiac
resynchronization therapy (CRT) in addition to or instead of the other therapies
described above. Alternatively, or additionally, the cardiac module may also
include circuitry for sensing cardiac signals from heart 14 of patient 12.

[0070] Leads 18, 20, 22 extend into heart 14 of patient 12 to sense electrical
activity of heart 14 and/or deliver electrical stimulation to heart 14. In the example
shown in FIG. 1, right ventricular (RV) lead 18 extends through one or more veins
(not shown), the superior vena cava (not shown), and right atrium 30, and into right
ventricle 32. Left ventricular (LV) coronary sinus lead 20 extends through one or
more veins, the vena cava, right atrium 30, and into the coronary sinus 34 to a
region adjacent to the free wall of left ventricle 36 of heart 14. Right atrial (RA)
lead 22 extends through one or more veins and the vena cava, and into the right
atrium 30 of heart 14. As shown in FIG. 1, the cardiac module is coupled to three
leads, e.g. leads 18, 20, and 22. However, in some aspects, the cardiac module
may be coupled to more or fewer leads. In other examples, the cardiac module of

IMD 16 may deliver electrical stimulation therapy to heart 14 by delivering
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stimulation to an extravascular tissue site in addition to or instead of delivering
stimulation via electrodes of intravascular leads 18, 20, 22.

[0071] The cardiac module of IMD 16 may sense electrical signals attendant to the
depolarization and repolarization of heart 14 via electrodes (not shown in FIG. 1)
coupled to at least one of the leads 18, 20, 22. In some examples, the cardiac
module provides pacing pulses to heart 14 based on the electrical signals sensed
within heart 14. These electrical signals sensed within heart 14 may also be
referred to as cardiac signals. The configurations of electrodes used by the cardiac
module for sensing and therapy delivery may be unipolar or bipolar. The cardiac
module may also provide defibrillation therapy and/or cardioversion therapy via
electrodes located on at least one of the leads 18, 20, 22. In addition, a portion of
the housing may be used as an electrode for providing defibrillation therapy and/or
cardioversion therapy. For example, the cardiac module may detect arrhythmia of
heart 14, such as fibrillation of ventricles 32 and 36, and deliver defibrillation
therapy to heart 14 in the form of electrical shocks. In some examples, the cardiac
module may be programmed to deliver a progression of therapies, ¢.g., pulses with
increasing energy levels, until a fibrillation of heart 14 is stopped. The cardiac
module may detect fibrillation employing one or more fibrillation detection
techniques known in the art. In some instances, the cardiac module of IMD 16
may not provide any stimulation. In further instances, the neuro module of IMD
16 may include both sensing and therapy delivery functionality.

[0072] The neuro module may be any suitable circuitry for generating electrical
stimulation that may be delivered to a tissue site of patient 12 via electrodes of lead
28. As such, the neuro module of IMD 16 is coupled to lead 28, which carries one
or more electrodes. In some cases, neuro module also may sense physiological
signals. The tissue site of patient 12 may be a nerve, ¢.g., vagal stimulation via the
jugular vein, or other extravascular tissue site of patient 12, ¢.g., proximate a vagus
nerve, or proximate a spinal cord or heart 14 of patient 12. In some examples, the
neuro module may deliver electrical stimulation that is delivered to peripheral
nerves that innervate heart 14, or fat pads on heart 14 that may contain nerve
bundles. The neuro stimulator may deliver stimulation to an extravascular tissue

site and/or tissue proximate a nerve via lead 28, which may or may not be
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extravascular. That is, in some cases, the tissue proximate the nerve may be an
extravascular tissue site. In other cases, lead 28 may be positioned within
vasculature and provide stimulation to a tissue site proximate a nerve through the
wall of the vein, artery, or other vasculature (not shown). In addition, the
extravascular tissue site may or may not be proximate a nerve. In the example
shown in FIG. 1, electrodes of lead 28 are positioned at a distal end of the lead to
deliver electrical stimulation to a vagus nerve (not shown in FIG. 1) of patient 12.
The stimulation delivered by the neuro module or cardiac module may take the
form of stimulation pulses or continuous waveforms, and may be characterized by
controlled voltage levels or controlled current levels, as well as selected pulse
widths and pulse rates in the case of stimulation pulses.

[0073] In some examples, delivery of electrical stimulation to a tissue site
proximate a nerve or a nonmyocardial tissue site that may not be proximate a nerve
may help modulate an autonomic nervous system of patient 12. In some examples,
the neuro module may deliver electrical stimulation therapy to a nerve of patient 12
via a lead implanted within vasculature (e.g., a blood vessel) of patient 12. In
some examples, the neuro module may deliver electrical stimulation that is
delivered to peripheral nerves that innervate heart 14, or fat pads on heart 14 that
may contain nerve bundles, as discussed above. Stimulation may be delivered to
extravascular tissue sites, for example, when lead 28 is not implanted within
vasculature, such as within a vein, artery or heart 14. In other examples,
stimulation may be delivered to a nonmyocardial tissue site via electrodes of an
intravascular lead that is implanted within vasculature. A nonmyocardial tissue
site may include a tissue site that does not include cardiac muscle (e.g., the
myocardium). For example, a nonmyocardial tissue site may be proximate a
muscle other than cardiac muscle, an organ other than the heart, or neural tissue.
The nonmyocardial tissue site may include extravascular tissue sites or
intravascular tissue sites.

[0074] In the example of FIG. 1, the neuro module of IMD 16 provides a
programmable stimulation signal (e.g., in the form of electrical pulses or a
continuous signal) that is delivered to target stimulation site 40 by implantable

medical lead 28, and more particularly, via one or more stimulation electrodes (not

16



WO 2010/051316 PCT/US2009/062399

shown in FIG. 1) carried by lead 28. The neuro module may also be referred to as
a signal generator, stimulation generator or an electrical stimulator. Furthermore,
in some examples, the neuro module may be coupled to two or more leads, e.g., for
bilateral or multi-lateral stimulation, ¢.g., as illustrated in FIG. 2.

[0075] Although the neuro module of IMD 16 is sometimes referred to as a
“neurostimulator” and as delivering neurostimulation pulses in this disclosure, in
other examples, the neuro module may deliver other types of electrical stimulation
to any suitable tissue site within patient 12, which may or may not be proximate a
nerve. In some examples, lead 28 may also carry one or more sense electrodes to
permit the neuro module to sense electrical signals, e.g., neurological signals, from
target stimulation site 40. In this case, the neuro module of IMD 16 may not
provide any stimulation. In further instances, the neuro module of IMD 16 may
include both sensing and therapy delivery functionality.

[0076] In some examples, the neuro module and cardiac module of IMD 16 may
provide therapy to patient 12 in conjunction with one another. For example,
delivery of electrical stimulation by the neuro module within IMD 16 to one or
more extravascular target tissue sites proximate to a nerve, nerve site, cardiac fat
pad, or another extravascular target tissue site (e.g., tissue site that is not implanted
within heart 14 or within an artery or other vasculature of patient 12) may provide
cardiac benefits to patient 12. For example, delivery of electrical stimulation to the
extravascular tissue site may help reduce or eliminate cardiovascular conditions
such as tachycardia, unhealthy cardiac contractions, brachycardia, ischemia,
inefficient heart pumping, inefficient collateral circulation of heart 14 or cardiac
muscle trauma. In addition, delivery of electrical stimulation by the neuro module
may augment antitachycardia pacing by the cardiac module, provide back-up
therapy to the cardiac module, or facilitate post-shock recovery of heart 14. In
other examples, the neuro module may deliver electrical stimulation to patient 12
independently of the electrical stimulation delivered by the cardiac module.

[0077] In the example shown in FIG. 1, target stimulation site 40 may be a
parasympathetic nerve, such as a vagus nerve, of patient 12. Stimulation of a
parasympathetic nerve of patient 12 may help slow intrinsic rhythms of heart 14 or

decrease susceptibility to arrhythmias or PVC of heart 14 which may both facilitate
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antitachyarrhythmia therapy (e.g., antitachycardia pacing, cardioversion or
defibrillation) delivered by the cardiac module. For example, stimulation of a
sympathetic nerve of patient 12 may help reduce the incidence of tachyarrhythmia
of heart 14.

[0078] In other examples, electrodes of lead 28 may be positioned to deliver
electrical stimulation to any other suitable nerve, organ, muscle or muscle group in
patient 12, which may be selected based on, for example, a therapy regimen
selected or prescribed for a particular patient. In some examples, the neuro module
may deliver electrical stimulation to other parasympathetic nerves, baroreceptors,
the carotid sinus or a cardiac branch of the vagal trunk of patient 12 in order to
facilitate the delivery of therapy by the cardiac module.

[0079] As another example, as shown in FIG. 2, lead 28 to which the neuro
module of IMD 16 is connected may be positioned to deliver electrical stimulation
to spinal cord 44 of patient 12. Stimulation of spinal cord 44, nerves branching
therefrom, or tissue site adjacent the nerves by the neuro module may help prevent
or mitigate occurrences of tachyarrhythmias and may reduce the level of need of
the cardiac therapy, such as pacing, cardioversion or defibrillation, delivered by the
cardiac module. In this way, the cardiac module and neuro module may operate in
conjunction with each other to help prevent arrhythmias of heart 14 of patient 12,
as well as to terminate detected arrhythmias.

[0080] In the example shown in FIG. 2, a therapy system 11 includes a neuro
module within IMD 16 is coupled to two leads 28, 29 to provide bilateral
stimulation of spinal cord 44. In other examples, the neuro module of IMD 16 may
be coupled to more than two leads. Leads 28, 29 may be introduced into spinal
cord 44 via the thoracic column or near the lumbar region. Electrodes of leads 28,
29 may be positioned at distal ends of the leads within an intrathecal space or
epidural space of spinal cord 44, or, in some examples, adjacent nerves that branch
off of spinal cord 44. In some examples, leads 28, 29 are implanted within patient
12 and positioned such that electrodes of leads 28, 29 deliver electrical stimulation
to locations proximate to the T1 to T6 thoracic vertebrae of the patient’s vertebral
column. For example, electrodes of at least one of the leads 28, 29 may span the

T3 to T6 thoracic vertebrae or deliver electrical stimulation to a tissue site
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proximate at least one of the T3 to T6 thoracic vertebrae. In other examples, leads
28, 29 may be implanted to deliver electrical stimulation to other regions
proximate or within spinal cord 44, such as over or near other vertebrae.

[0081] In other examples, the neuro module may deliver electrical stimulation to
patient 12 independently of the electrical stimulation delivered by the cardiac
module. For example, as shown in FIG. 2, leads 28, 29 carry clectrodes that are
placed adjacent to the target tissue of spinal cord 44. In particular, leads 28, 29
may be implanted in the epidural space adjacent spinal cord 44, and coupled to the
neuro module within IMD 16. In the example of FIG. 2, stimulation energy may be
delivered to spinal cord 44 to eliminate or reduce pain perceived by patient 12.
However, the neuro module may be used with a variety of different therapies, such
as peripheral nerve stimulation (PNS), peripheral nerve field stimulation (PNFS),
deep brain stimulation (DBS), cortical stimulation (CS) and the like. The
stimulation may be configured to alleviate a variety of symptoms or conditions
such as chronic pain, tremor, Parkinson’s disease, or epilepsy.

[0082] Accordingly, in some aspects, the cardiac module and the neuro module
within IMD 16 may function in conjunction with one another to provide effective
cardiac therapy to patient 12. In some other aspects, the cardiac module and neuro
module may function independently of one another to provide therapy to patient
12. For example, if patient 12 suffers from a cardiac condition and neurological
condition, the cardiac module and neuro module may function independently to
alleviate the cardiac and neurological conditions. Moreover, though IMD 16 is
described as providing therapy for cardiac and neurological conditions, aspects of
this disclosure are not so limited. In some aspects, IMD 16 may provide electrical
stimulation to provide relief from urinary or fecal incontinence, sexual
dysfunction, obesity, or gastroparesis, as well as provide relief for cardiac or
neurological conditions or both. Additionally, aspects of this disclosure may be
used to provide isolation between a therapy delivery module of IMD 16 and other
component of IMD 16, such as a telemetry module. However, for purposes of

illustration, reference will be made to the neuro module and cardiac module within

IMD 16.
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[0083] The cardiac module and the neuro module of IMD 16 may interconnect
with at least one common component of the IMD. The interconnection between
the cardiac module, the neuro module and the at least one other component of IMD
16 may be referred to as “commonality” between the cardiac module and the neuro
module. The commonality results in an electrical path (direct or indirect) between
the cardiac and neuro modules, ¢.g., through the common component to which the
neuro and cardiac module interconnect. For example, the cardiac module and the
neuro module may reference a common ground (e.g., both be coupled to a housing
or case of IMD 16), couple to a common power supply, couple to a common
processor, or the like. When the cardiac module or the neuro module delivers
electrical therapy or stimulation (e.g., in the form of pulses or other electrical
signals) to patient 12, the commonality between the cardiac module and the neuro
module of IMD 16 may cause inadvertent effects on the module not delivering the
therapy. In other words, the delivery of the electrical stimulation or therapy may
result in crosstalk via the electrical path through the common component, which
may interfere with the second module due to the electrical path through the
common component.

[0084] As described in more detail below, the commonality may result from the
neuro module and cardiac module sharing common components. In some other
aspects, the commonality may result from the neuro module and cardiac module
sharing another common component or the common power source as well as the
other component or processing circuitry. In the case of a common power source,
for example, the power source may be a voltage source such as a battery. In one
aspect, a positive end of the battery may couple to the power input of the neuro
module and cardiac module (or components of the neuro and cardiac module), and
a negative end of the battery may couple to the case or housing of IMD 16. The
case or housing of IMD 16 may, in this case, function as a ground, a common or a
reference. The case of IMD 16 may comprise a conductive material, such as
titanium. In other instances, the case may not be ground but is indirectly tied to
ground (or common) through one or more components of IMD 16. In some
aspects, the cardiac module and neuro module of IMD 16 may share a common

ground that is not the case or housing of IMD 16. In other words, the common
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ground may not directly be the case or housing of IMD 16. To allow proper
current flow, e.g., a complete circuit, the neuro module and cardiac module are
also referenced to the ground. In the example described above, the neuro module
and the cardiac module may be referenced to the case or housing of IMD 16. For
example, various circuitry within the neuro module and cardiac module receive
power from the common power source and reference to the same ground as the
power source. In other examples, the neuro module and cardiac module of IMD 16
may receive power from different power sources, but reference the same ground
(e.g., the case or housing of IMD 16). In some examples, the cardiac module and
neuro module may be coupled to different power sources, but each of the power
sources may be coupled to same ground, ¢.g., the case of IMD 16.

[0085] The commonality between the cardiac module and the neuro module may
result in crosstalk between the modules in response to delivery of electrical
stimulation. In one example, delivery of electrical stimulation or therapy may
result in common-mode interference due to the commonality. Due to the shared or
common ground, a stimulation signal generated by either the neuro module or
cardiac module may impose a common voltage, e.g., common-mode signal or
interference, on each electrode of a pair of electrodes coupled to the other module
not delivering the therapy. The common-mode interference may affect the ability
of the other module to sense a signal. This may be particularly true when the
electrode pair is coupled to a differential amplifier and the common-mode signal is
larger than the amplifier can accurately reject. For example, upon a stimulation
generated by the neuro module of IMD 16 (e.g., via leads 28 or 29), common-
mode interference may be imposed on to the cardiac module of IMD 16, ¢.g.,
sensing electrodes of the cardiac module, causing the cardiac module to sense
arrhythmia when no arrhythmia actually exists. In response, the cardiac module
may unnecessarily provide stimulation to heart 14 of patient 12 to correct the
arrhythmia. This causes heart 14 to be stimulated even when heart 14 is
functioning correctly. Alternatively, in response, the cardiac module may withhold
stimulation when stimulation to heart 14 of patient 12 is necessary. The common-
mode interference may cause incorrect sensing of heart 14, ¢.g., not sensing an R-

wave. Not sensing the R-wave of heart 14 may cause the cardiac module to miss a
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ventricular tachycardia and/or ventricular fibrillation (VT/VF) episode, as one
example.

[0086] As another example, delivery of electrical stimulation or therapy may result
in shunt current due to the commonality. For example, an electrical therapy (e.g.,
defibrillation and/or cardioversion shock) generated by the cardiac module of IMD
16 may be sensed by electrodes of lead 28 or 29 coupled to the neuro module of
IMD 16. The high voltage electrical therapy may be imposed upon the neuro
module and induce shunt current through the case or housing of IMD 16, and/or
electrodes of leads 28 or 29, coupled to the neuro device. The tissue through
which the shunt current travels, e.g., the tissue between the electrodes of leads 28
or 29, may result in unnecessary and possible undesirable stimulation of the tissue.
The shunt current may also cause a current to flow through leads 28 or 29 to the
neuro module, creating stress on circuitry within the neuro module. Shunt current
may also be generated in the cardiac module in response to stimulation from the
neuro module.

[0087] Stated another way, as one example, the stimulation signal (e.g.,
defibrillation pulse) generated by the cardiac module generates a voltage that may
be sensed by at least one electrode coupled to the neuro module. The cardiac
module and the neuro module may be coupled to the same ground, e.g., the
housing of the IMD that encloses the cardiac and neuro module. Because the
cardiac and neuro module are coupled to the same ground, the defibrillation pulse
may generate a relatively large voltage with respect to ground on the electrodes
coupled to the neuro module. The large voltage may create a shunt current that
flows through leads 28 or 29 to the neuro module. The shunt current is provided
with a complete current path because the neuro module and cardiac module share a
common component, ¢.g., share a common ground. In accordance with this
disclosure, the various isolation circuits described herein reduce or eliminate the
commonality between the neuro and cardiac modules creating a high impedance
path for the shunt current.

[0088] As another example, the shunt current may also flow between electrodes.
In some examples, leads 28 and 29 may comprise clamping structures between the

electrodes coupled to leads 28 and 29. Examples of a clamping structure include a
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Zener diode, a silicone controlled rectifier (SCR), and the like. The clamping
structures activate when the electrodes sense a high voltage to limit the voltage
sensed by circuitry within the neuro module. Particularly, the clamping structures
activate in response to a sensed high voltage and generate a voltage short across
the electrodes. However, the activation of the clamping structures may have a
potentially negative effect of providing a low impedance path for the shunt current
to flow between the electrodes. Notably, clamping structures are provided as a
non-limiting example. In some examples, leads 28 and 29 may not comprise
clamping structures. Furthermore, examples of this disclosure may reduce or
climinate electrode-to-clectrode shunt current. However, the shunt current that
may flow from the leads into the neuro module may potentially place more stress
on the neuro module and proximate tissue than the electrode-to-electrode shunt
current. Accordingly, as described above, examples of this disclosure reduce or
eliminate the shunt current that may flow into the neuro module caused by a
stimulation generated by the cardiac module. Similarly, examples of this
disclosure may reduce or eliminate the shunt current that may flow into the cardiac
module caused by the stimulation generated by the neuro module.

[0089] In accordance with this disclosure, an isolation circuit is provided to reduce
or eliminate the commonality between the neuro module and cardiac module. In
some aspects, the isolation circuit may reduce and possibly remove the
commonality between the neuro module and cardiac module at the stimulation
output of either the neuro module, cardiac module or both. In other aspects, the
isolation circuit may remove the commonality between the neuro module and
cardiac module at the power input of either the neuro module, cardiac module or
both. The isolation circuit may, for example, cause either the output of the neuro
module or cardiac module or the power input of the neuro module or cardiac
module such that the outputs of the neuro module and cardiac module or the power
inputs of the neuro module or cardiac module no longer share a common ground or
other common component of IMD 16. Because the neuro module and the cardiac
module of IMD 16 no longer share a common ground or other common component
of IMD 16, crosstalk, e.g., in the form of common-mode interference or shunt

current, may be reduced and, possibly, eliminated. In other words, the isolation
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circuits described in this disclosure may break the electrical path between the first
module, the common component and the second module. As such, the crosstalk or
at least a portion of the crosstalk does not have an electrical path via which to
reach the other one of the modules. In other words, the crosstalk does not have an
appreciable electrical path via which to reach the other one of the modules. Thus,
the electrical path is relatively weak, such that the crosstalk is appreciably reduced.
[0090] The values for the therapy parameters that define the electrical stimulation
delivered by IMD 16 may be organized into a group of parameter values referred
to as a “therapy program” or “therapy parameter set.” “Therapy program” and
“therapy parameter set” are used interchangeably throughout this disclosure. In the
case of electrical stimulation, the therapy parameters may include an electrode
combination, an amplitude, which may be a current or voltage amplitude, and, if
IMD 16 delivers electrical pulses, a pulse width, and a pulse rate for stimulation
signals to be delivered to the patient. An electrode combination may include a
selected subset of one or more clectrodes of leads 18, 20, 22, 28, and 29. The
electrode combination may also refer to the polarities of the electrodes in the
selected subset. By selecting particular electrode combinations, a clinician may
target particular anatomic structures within patient 12. Electrode combinations
may be configured as bipolar, multi-polar or unipolar arrangements. A unipolar
arrangement may include, for example, an electrode on a lead and an electrode on
a housing or “can” of IMD 16. In some cases, IMD 16 may deliver stimulation to
patient 12 according to a program group that includes more than one therapy
program.

[0091] A user, such as a patient, physician, technician, or other clinician, may
interact with programmer 24 to communicate with the cardiac module and neuro
module within IMD 16. For example, the user may interact with programmer 24 to
retrieve physiological or diagnostic information from IMD 16. A user may also
interact with programmer 24 to program IMD 16, ¢.g., select values for operational
parameters of the cardiac module and neuro module, respectively.

[0092] For example, the user may use programmer 24 to retrieve information from
the cardiac module regarding the rhythm of heart 14, trends therein over time, or

tachyarrhythmia episodes. As another example, the user may use programmer 24
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to retrieve information from the cardiac module regarding other sensed
physiological parameters of patient 12, such as intracardiac or intravascular
pressure, activity, posture, respiration, or thoracic impedance. As another
example, the user may use programmer 24 to retrieve information from the cardiac
module regarding the performance or integrity of the cardiac module or other
components of system 10, such as leads 18, 20, and 22, or a power source of the
cardiac module.

[0093] The user may use programmer 24 to program a therapy progression, select
electrodes used to deliver defibrillation pulses, or select waveforms for the
defibrillation pulse for the cardiac module within IMD 16. The user may also use
programmer 24 to program aspects of other therapies provided by the cardiac
module within IMD 16, such as cardioversion or pacing therapies. In some
examples, the user may activate certain features of the cardiac module by entering
a single command via programmer 24, such as depression of a single key or
combination of keys of a keypad or a single point-and-select action with a pointing
device.

[0094] As another example, the user may use programmer 24 to retrieve
information from the neuro module regarding the performance or integrity of the
neuro module or leads 28, 29, or a power source of the neuro module. With the aid
of programmer 24 or another computing device, a user may select values for
therapy parameters for controlling therapy delivery by the neuro module within
IMD 16.

[0095] Programmer 24 may communicate with IMD 16 via wireless
communication using any techniques known in the art. Examples of
communication techniques may include, for example, low frequency inductive or
radiofrequency (RF) telemetry, but other techniques are also contemplated. In
some examples, programmer 24 may include a programming head that may be
placed proximate to the patient’s body near IMD 16 implant sites in order to
improve the quality or security of communication between IMD 16 and
programmer 24.

[0096] In some examples, programmer 24 may be a handheld computing device or

a computer workstation. Programmer 24 may include a user interface that receives
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input from a user. The user interface may include, for example, a keypad and a
display, which may for example, be a cathode ray tube (CRT) display, a liquid
crystal display (LCD) or light emitting diode (LED) display. The keypad may take
the form of an alphanumeric keypad or a reduced set of keys associated with
particular functions. Programmer 24 can additionally or alternatively include a
peripheral pointing device, such as a mouse, via which a user may interact with the
user interface. In some examples, a display of programmer 24 may include a touch
screen display, and a user may interact with programmer 24 via the display.

[0097] FIG. 3 is a conceptual diagram illustrating cardiac module within IMD 16
and leads 18, 20, 22, 28, and 29 of therapy system 11 in greater detail. Leads 18,
20, 22 may be electrically coupled to a stimulation generator, a sensing module, or
other modules of a cardiac module within IMD 16 via connector block 48. Leads
28 and 29 may be coupled to a stimulation generator, a sensing module, or other
modules of a neuro module within IMD 16 via connector block 47. As shown in
FIG. 3, leads 18, 20, and 22 couple heart 14 of patient 12, and leads 28 and 29
couple to spinal cord 44 of patient 12. In some examples, proximal ends of leads
18, 20, 22, 28, and 29 may include electrical contacts that electrically couple to
respective electrical contacts within respective connector blocks 47, 48. In
addition, in some examples, leads 18, 20, 22, 28, and 29 may be mechanically
coupled to respective connector blocks 47, 48 with the aid of set screws,
connection pins or another suitable mechanical coupling mechanism.

[0098] Each of the leads 18, 20, 22, 28, and 29 includes an elongated insulative
lead body, which may carry a number of concentric coiled conductors separated
from one another by tubular insulative sheaths. In the illustrated example, bipolar
electrodes 50 and 52 are located proximate to a distal end of lead 18. In addition,
bipolar electrodes 54 and 56 are located proximate to a distal end of lead 20 and
bipolar electrodes 58 and 60 are located proximate to a distal end of lead 22.
Similarly, electrodes 51, 53, and 55 are located proximate to a distal end of lead
28, and electrodes 57, 59, and 61 are located proximate to a distal end of lead 29.
[0099] Electrodes 50, 54 and 58 may take the form of ring electrodes, and
electrodes 52, 56 and 60 may take the form of extendable helix tip electrodes

mounted retractably within insulative electrode heads 62, 64, and 66, respectively.
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Each of the electrodes 50, 52, 54, 56, 58, and 60 may be electrically coupled to a
respective one of the coiled conductors within the lead body of its associated lead
18, 20, 22, and thereby coupled to respective ones of the electrical contacts on the
proximal end of leads 18, 20 and 22. Similarly, electrodes 51, 53, 55, 57, 59, and
61 may comprise ring electrodes or other types of electrodes and electrically
couple to a respective one of the coiled conductors within the lead body of its
associated lead 28, 29.

[0100] Electrodes 50, 52, 54, 56, 58, and 60 may sense electrical signals attendant
to the depolarization and repolarization of heart 14. The electrical signals are
conducted to the cardiac module within IMD 16 via the respective leads 18, 20, 22.
In some examples, the cardiac module also delivers pacing pulses via electrodes
50, 52, 54, 56, 58, and 60 to cause depolarization of cardiac tissue of heart 14. In
some examples, as illustrated in FIG. 2, the cardiac module includes one or more
housing electrodes, such as housing electrode 68, which may be formed integrally
with an outer surface of hermetically-sealed housing 70 of IMD 16 or otherwise
coupled to housing 70. As described above, housing 70 may provide the ground
for the power source and the various components within the cardiac module and
neuro module within IMD 16. In such cases, housing electrode 68 may couple
shunt current or common mode interference to the neuro module in response to
therapy delivered by the cardiac module. In some examples, housing electrode 68
is defined by an uninsulated portion of an outward facing portion of housing 70 of
IMD 16. Other division between insulated and uninsulated portions of housing 70
may be employed to define two or more housing electrodes. In some examples,
housing electrode 68 comprises substantially all of housing 70. Any of the
electrodes 50, 52, 54, 56, 58, and 60 may be used for unipolar sensing or pacing in
combination with housing electrode 68. As described in further detail with
reference to FIG. 4, housing 70 may enclose a stimulation generator that generates
cardiac pacing pulses and defibrillation or cardioversion shocks, as well as a
sensing module for monitoring the patient’s heart rhythm.

[0101] Electrodes 51, 53, 55, 57, 59, and 61 may provide stimulation to spinal cord
44 or alternatively sense signals proximate to spinal cord 44. The electrical signals

are conducted to the cardiac module within IMD 16 via the respective leads 28 and
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29. In some examples, the neuro module delivers stimulation pulses via electrodes
51, 53,55, 57,59, and 61 to cause stimulation on spinal cord 44. Electrodes 51,
53, 55,57, 59, and 61 may be fabricated from any suitable electrically conductive
material, such as, but not limited to, platinum, platinum alloy or other materials
known to be usable in implantable neuro electrodes.

[0102] Leads 18, 20, 22 also include elongated electrodes 72, 74, 76, respectively,
which may take the form of a coil. The cardiac module within IMD 16 may
deliver defibrillation pulses to heart 14 via any combination of elongated
electrodes 72, 74, 76, and housing electrode 68. Electrodes 68, 72, 74, 76 may also
be used to deliver cardioversion pulses to heart 14. Electrodes 72, 74, 76 may be
fabricated from any suitable electrically conductive material, such as, but not
limited to, platinum, platinum alloy or other materials known to be usable in
implantable defibrillation electrodes.

[0103] The configuration of the therapy systems 10, 11 illustrated in FIGS. 1-3 are
merely examples. In other examples, a therapy system may include epicardial
leads and/or patch electrodes instead of or in addition to the transvenous leads 18,
20, 22, 28, and 29 illustrated in FIG. 3. Further, IMD 16 need not be implanted
within patient 12. In examples in which IMD 16 is not implanted in patient 12, the
cardiac module within IMD 16 may deliver defibrillation pulses and other
therapies to heart 14 via percutancous leads that extend through the skin of patient
12 to a variety of positions within or outside of heart 14. In examples in which
IMD 16 is not implanted in patient 12, the neuro module within IMD 16 may
deliver electrical stimulation to target tissue sites within patient 12 via external
electrodes or via percutancous leads that extend through the skin of patient 12.
[0104] In other examples of therapy systems that provide electrical stimulation
therapy to heart 14, a therapy system may include any suitable number of leads
coupled to the cardiac module within IMD 16, and each of the leads may extend to
any location within or proximate to heart 14. For example, other examples of
therapy systems may include three transvenous leads located as illustrated in FIGS.
1 and 3, and an additional lead located within or proximate to left atrium 38. As
another example, other examples of therapy systems may include a single lead that

extends from the cardiac module within IMD 16 into right atrium 30 or right
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ventricle 32, or two leads that extend into a respective one of the right ventricle 26
and right atrium 28. In another example, one or more of the leads may not be
located within the heart, but instead outside and proximate to heart 14.

[0105] Similarly, in examples of therapy systems that provide electrical
stimulation therapy to spinal cord 44, a therapy system may include any suitable
number of leads coupled to the neuro module within IMD 16, and each of the leads
may extent to any location within or proximate to spinal cord 44. Furthermore, in
some examples, the neuro module may provide stimulation to extravascular tissue.
In such examples, each of the leads may extend to any location within or proximate
to the extravascular tissue. The neuro stimulator may deliver stimulation to an
extravascular tissue site and/or tissue proximate a nerve, which may or may not be
extravascular. That is, in some cases, the tissue proximate the nerve may be an
extravascular tissue site. In other cases, the lead may be positioned within
vasculature and provide stimulation to a tissue site proximate a nerve through the
wall of the vein, artery, or other vasculature. In addition, the extravascular tissue
site may or may not be proximate a nerve.

[0106] FIG. 4 is a conceptual diagram illustrating another example of therapy
system 80, which is similar to therapy system 10 of FIGS. 1-2, but includes two
cardiac leads 18, 22, rather than three leads. Leads 18, 22 are implanted within
right ventricle 32 and right atrium 30, respectively. Therapy system 80 shown in
FIG. 4 may be useful for providing defibrillation and pacing pulses to heart 14.
Therapy system 80 may further include the neuro module within IMD 16 which is
configured to deliver electrical stimulation therapy to one or more nerves or spinal
cord 44 (FIG. 2) of patient 14 in order to help prevent or mitigate an arrhythmia of
patient 12. Similar to FIG. 3, neuro leads 28 and 29 are coupled to neuro module
within IMD 16 via connector block 47.

[0107] FIG. 5 is a functional block diagram of a first example configuration of
IMD 16. As shown in FIG. 5, IMD 16 includes a cardiac module 82, neuro module
84, voltage regulator 98A, voltage regulator 98B, and power source 96. It should
be noted that in some configurations, IMD 16 may not include voltage regulators
98A and 98B. In the example illustrated in FIG. 5, cardiac module 82 and neuro

module 84 share a common power source, ¢.g., power source 96, and ground.
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Cardiac module 82 and neuro module 84 receive power at power input 99A and
99B, respectively, from power source 96 via voltage regulator 98 A and 98B,
respectively. In other examples, cardiac module 82 and neuro module 84 may
receive power from a common voltage regulator. Voltage regulator 98A and 98B
regulate the voltage generated by power source 96. For example, in some aspects,
cardiac module 82 and neuro module 84 may need a voltage that is greater than or
less than the voltage generated by power source 96. In such examples, voltage
regulator 98A and 98B regulate the voltage generated by power source 96 to the
appropriate level desired by cardiac module 82 and neuro module 84. In some
aspects, voltage regulator 98 A and 98B may not be necessary.

[0108] As seen in FIG. 5, cardiac module 82 and neuro module 84 share a common
power source 96 and ground (e.g., housing 70 in this example). Power source 96 is
referenced to the ground provided by housing 70, e.g., the voltage provided by
power source 96 is with respect to the ground provided by housing 70. Cardiac
module 82 and neuro module 84 are also coupled to housing 70 and thus share a
common ground, e.g., the ground provided by housing 70. Accordingly, because
cardiac module 82 and neuro module 84 share a common power source and a
common ground there is commonality between cardiac module 82 and neuro
module 84. In other words, there is an electrical path from cardiac module 82
through power source 96 to neuro module 84 and back to cardiac module 82 via
housing 70.

[0109] Cardiac module 82 and neuro module 84 include processor 86A and
processor 86B, memory 88A and memory 88B, stimulation generator 90A and
stimulation generator 90B, sensing module 92A and sensing module 92B, and
telemetry module 94A and telemetry module 94B, respectively. Processors 86A,
86B may store values in control registers that control the operation of stimulation
generators 90A, 90B, respectively, or transmit such values to a processor
associated with the stimulation generators. The processor may include any of a
variety of control or processing circuitry. The values may control activation,
timing, pulse width, pulse rate, amplitude, electrode combination, electrode
polarity and/or other aspects of the stimulation delivered by the stimulation

generators. Where appropriate, in some examples, analog-to-digital and/or digital-
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to-analog conversion circuitry may be provided to convert signals communicated
between components of neuro module or cardiac module. Sensing module 92B
may be optional in the case of neuro module 84. Memory 88A, 88B may include
computer-readable instructions that, when executed by processor 86A, 86B, cause
cardiac module 82, neuro module 84 and processor 86A, 86B to perform various
functions attributed to cardiac module 82, neuro module 84, and processor 86A,
86B. Memory 88A, 88B may include any volatile, non-volatile, magnetic, optical,
or electrical media, such as a random access memory (RAM), read-only memory
(ROM), non-volatile RAM (NVRAM), electrically-erasable programmable ROM
(EEPROM), flash memory, or any other digital media. In some cases, memory
86A, 86B may share common memory devices have separate memory devices.
[0110] Processor 86A, 86B may include any one or more of a microprocessor, a
controller, a digital signal processor (DSP), an application specific integrated
circuit (ASIC), a field-programmable gate array (FPGA), or equivalent discrete or
integrated logic circuitry. In some examples, processor 86A, 86B may include
multiple components, such as any combination of one or more microprocessors,
one or more controllers, one or more DSPs, one or more ASICs, or one or more
FPGAs, as well as other discrete or integrated logic circuitry. The functions
attributed to processor 86A, 86B herein may be embodied as software, firmware,
hardware or any combination thereof. In some cases, processors 86A, 86B may
share common processor components or have separate processor components.
[0111] Processor 86A controls stimulation generator 90A to deliver stimulation
therapy to heart 14 according to a selected one or more of therapy programs, which
may be stored in memory 88A. Specifically, processor 86 A may control
stimulation generator 90A to deliver electrical pulses with the amplitudes, pulse
widths, frequency, or electrode polarities specified by the selected one or more
therapy programs. For example, in some implementations, processor 86A may
store values in control registers that control the operation of stimulation generator
90A. The values may control activation, timing, pulse width, pulse rate, amplitude,
electrode combination, electrode polarity and/or other aspects of the stimulation
delivered by stimulation generator 90A. Similarly, processor 86B controls

stimulation generator 90B to deliver stimulation therapy to a tissue site, such as
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target tissue site 40, according to a selected one or more therapy programs, which
may be stored in memory 88B. Specifically, processor 86B may control
stimulation generator 90B to deliver electrical pulses with the amplitudes, pulse
widths, frequency, or electrode polarities specified by the selected one or more
therapy programs. Again, such parameters may be controlled by storing values in
control registers that control operation of stimulation generator 90B.

[0112] Stimulation generator 90A is electrically coupled to electrodes 100A, 100B,
102A, and 102B. Electrodes 100A, 100B, 102A, and 102B may be electrodes of
one or more leads 18, 20, and 22 (FIG. 1). Electrodes 100A and 100B may form an
electrode pair where electrode 100A is the anode and 100B is the cathode.
Similarly, electrodes 102A and 102B may form an electrode pair where electrode
102A is the anode and 102B is the cathode. Electrodes 100A, 100B, 102A, and
102B may comprise ring electrodes. In other examples, electrodes 100A, 100B,
102A, and 102B may be segmented electrodes arranged in a complex electrode
array that includes multiple non-contiguous electrodes at different angular
positions about the outer circumference of one or more leads 18, 20, and 22, as
well as different levels of electrodes spaced along a longitudinal axis of one or
more leads 18, 20, and 22. The configuration, type, and number of electrodes
illustrated in FIG. 5 are merely exemplary. In other examples, cardiac module 82
may be coupled to any suitable number of leads with any suitable number and
configuration of electrodes. Moreover, one or more of leads 18, 20, and 22 may
comprise a shape other than a cylindrical shape. As an example, one or more of
leads 18, 20, and 22 may comprise a paddle-shaped portion that carries electrodes
100A, 100B, 102A, and 102B.

[0113] Stimulation generator 90A is configured to generate and deliver electrical
stimulation therapy to heart 14. For example, stimulation generator 94 may deliver
defibrillation shocks to heart 14 via at least two electrodes 100A and 100B, and/or
an insulated electrode on the case or housing of IMD 16. Stimulation generator
90A may deliver pacing pulses via electrodes 100A and 100B. In some examples,
stimulation generator 90A delivers pacing, cardioversion, or defibrillation

stimulation in the form of electrical pulses or shocks.
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[0114] Stimulation generator 90B is electrically coupled to electrodes 104A, 104B,
106A, and 106B. Electrodes 104A, 104B, 106A, and 106B may be electrodes of
one or more leads 28 and 29 (FIG. 2). Electrodes 104A and 104B may form an
electrode pair where electrode 104A is the anode and 104B is the cathode.
Similarly, electrodes 106A and 106B may form an electrode pair where electrode
106A 1is the anode and 106B is the cathode. Electrodes 104A, 104B, 106A, and
106B may comprise ring electrodes. In other examples, electrodes 104A, 104B,
106A, and 106B may be segmented electrodes arranged in a complex electrode
array that includes multiple non-contiguous electrodes at different angular
positions about the outer circumference of lead 28, as well as different levels of
electrodes spaced along a longitudinal axis of lead 28. The configuration, type,
and number of electrodes illustrated in FIG. 5 are merely exemplary. In other
examples, neuro module 84 may be coupled to any suitable number of leads with
any suitable number and configuration of electrodes. Moreover, lead 28 may
comprise a shape other than a cylindrical shape. As an example, lead 28 may
comprise a paddle-shaped portion that carries electrodes 104A, 104B, 106A, and
106B. Stimulation generator 90B may deliver electrical pulses to spinal cord 44 or
target stimulation site 40.

[0115] Stimulation generator 90A, 90B may be a single- or multi-channel
stimulation generator. In particular, stimulation generator 90A, 90B may be
capable of delivering, a single stimulation pulse, multiple stimulation pulses, or a
continuous signal at a given time via a single electrode combination or multiple
stimulation pulses at a given time via multiple electrode combinations.

[0116] In some aspects, processor 86A may also control a switching module (not
shown) to apply the stimulation signals generated by stimulation generator 90A to
selected combinations of electrodes 100A, 100B, 102A, and 102B. In particular,
the switching module couples stimulation signals to selected conductors within
leads 18, 20, and 22 which, in turn, deliver the stimulation signals across selected
electrodes 100A, 100B, 102A, and 102B. The switching module may be a switch
array, switch matrix, multiplexer, or any other type of switching device suitable to
selectively couple stimulation energy to selected electrodes. Hence, in some

aspects stimulation generator 90A is coupled to electrodes 100A, 100B, 102A, and
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102B via the switching module. In some aspects, cardiac module 82 does not
include the switching module.

[0117] Similar to processor 86A, in some aspects, processor 86B may also control
a switching module (not shown) to apply the stimulation signals generated by
stimulation generator 90B to selected combinations of electrodes 104A, 104B,
106A, and 106B. In particular, the switching module couples stimulation signals
to selected conductors within lead 28 which, in turn, deliver the stimulation signals
across selected electrodes 104A, 104B, 106A, and 106B. The switching module
may be a switch array, switch matrix, multiplexer, or any other type of switching
device suitable to selectively couple stimulation energy to selected electrodes.
Hence, in some aspects, stimulation generator 90B is coupled to electrodes 104A,
104B, 106A, and 106B via the switching module. In some aspects, neuro module
84 does not include the switching module.

[0118] Sensing module 92A monitors signals from at least one of electrodes 100A,
100B, 102A, and 102B in order to monitor electrical activity of heart 14, ¢.g., via
an electrogram (EGM) signal, such as an electrocardiogram (ECG) signal. Sensing
module 92A may also include a switch module to select a particular subset of
available electrodes to sense the heart activity. In some examples, processor 86A
may select the electrodes that function as sense electrodes via the switch module
within sensing module 92A, ¢.g., by providing signals via a data/address bus. In
some examples, sensing module 92A includes one or more sensing channels, each
of which may comprise an amplifier. In response to the signals from processor
86A, the switch module within sensing module 92A may couple the outputs from
the selected electrodes to one of the sensing channels. Sensing module 92A may
also measure lead impedance or other tissue measurements that aid a clinician to
generate effective therapy programs. For example, the stored operating
instructions stored in memory 88A may include instructions for measuring the
impedance of electrodes 100A, 100B, 102A, and 102B.

[0119] Sensing module 92A includes one or more amplifiers, such as amplifier 95.
In some cases, the amplifiers may be configured to sense or detect particular
cardiac signals, such as R waves, P waves, or the like. Amplifier 95 may be a

differential amplifier that is coupled to electrodes 100A and 100B. Though only
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one amplifier is shown in FIG. 5, there may be an amplifier coupled to each
electrode pair or an amplifier coupled to each individual electrode. For example,
there may be another amplifier coupled to electrodes 102A and 102B. Amplifier
95, in the case of a differential amplifier, measures the voltage at electrode 100A
with respect to a reference electrode that may be coupled the ground provided by
housing 70, and measures the voltage at electrode 100B with respect to the
reference electrode that may be coupled to ground provided by housing 70.
Amplifier 95 then subtracts the two voltages to generate a sensed signal.

[0120] Sensing module 92B monitors signals from at least one of electrodes 104A,
104B, 106A, and 106B in order to monitor electrical activity of target stimulation
site 44 (FIG. 1) or spinal cord 44 (FIG. 2). Sensing module 92B may also include a
switch module to select a particular subset of available electrodes to sense the
activity. In some examples, processor 86B may select the electrodes that function
as sense electrodes via the switch module within sensing module 92B, ¢.g., by
providing signals via a data/address bus. In some examples, sensing module 92B
includes one or more sensing channels, each of which may comprise an amplifier.
In response to the signals from processor 86B, the switch module within sensing
module 92B may couple the outputs from the selected electrodes to one of the
sensing channels. Similar to sensing module 92A, sensing module 92B may also
measure lead impedance or other tissue measurements that aid a clinician to
generate effective therapy programs. For example, the stored operating
instructions stored in memory 88B may include instructions for measuring the
impedance at electrodes 104A, 104B, 106A, and 106B.

[0121] Though no amplifier is shown in sensing module 92B for ease of
illustration, in some examples, sensing module 92B may comprise one or more
sense amplifiers. The one or more amplifiers may be substantially similar to
amplifier 95 and perform in a substantially similar manner as amplifier 95. For
example, a differential amplifier may be coupled to electrodes 104A and 104B, and
another differential amplifier may be coupled to electrodes 106A and 106B used to
measure the respective voltages with respect to a reference electrode that may be
coupled to the ground provided by housing 70. The amplifiers may then subtract

the measured voltages to generate a sense signal.

35



WO 2010/051316 PCT/US2009/062399

[0122] Though FIG. 5 shows cardiac module 82 and neuro module 84 comprising
a stimulation generator and a sensing module, in some examples, cardiac module
82 and/or neuro module 84 may comprise only a stimulation generator or a sensing
module. In other words, cardiac module 82 or neuro module 84 may, in some
instances, only provide sensing functionality or only provide therapy delivery
functionality. For example, cardiac module 82 comprises stimulation generator
90A and sensing module 92A, and neuro module 84 comprises only stimulation
generator 90B, and does not comprise sensing module 92B. As another example,
cardiac module 82 comprises only sensing module 92A, and neuro module 84
comprises only stimulation generator 90B. Other permutations and combinations
are possible, and all are contemplated by this disclosure.

[0123] In accordance with this disclosure, since neuro module 84 and cardiac
module 82 interconnect via a common power source 96 and are referenced to the
same common (¢.g., housing 70 in this example), the stimulation generated by
neuro module 84 via stimulation generator 90B and electrodes 104A, 104B, 106A,
and 106B may interfere with the measurements of sensing module 92A. A
stimulation signal generate by stimulation generator 90B may impose a common
voltage, e.g., common-mode signal or interference, onto electrode pair 100A, 100B
and electrode pair 102A, 102B. The stimulation signal generated by stimulation
generator 90B of neuro module 84 is referenced to the ground provided by housing
70. For example, electrodes 104A and 104B may be located near a spine of patient
12. When referenced to the common ground (e.g., housing 70 of IMD 16), the
stimulation generated by electrodes 104A and 104B generates an electrical field
that extends from the electrodes 104A, 104B to housing 70. Since cardiac module
82 and neuro module 84 share the same ground, e.g., there is commonality between
cardiac module 82 and neuro module 84, the common-mode interference may
impose a larger common mode signal on the electrodes coupled to sensing module
92A and/or stimulation generator 90A of cardiac module 82 than would be the case
if the cardiac module 82 and neuro module 84 coupled to different grounds or
references. For example, if cardiac module 82 and neuro module 84 coupled to
different grounds or references, the electrical field generated by electrodes 104A,

104B would not extend to the housing 70, but instead only radiate with a smaller
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spread, e.g., the distance between the electrodes in turn causing a smaller
differential-mode signal.

[0124] However, because cardiac module 82 and neuro module 84 share a
common ground, the common- mode signal is large. This in turn may cause
sensing module 92A and/or stimulation generator 90A to function improperly. For
example, amplifier 95 may be unable to filter out the larger common-mode signal,
e.g., the signal level may be too large for amplifier 95, or amplifier 95 may be
unable to adequately attenuate the large signal, thus resulting in improper
operation. Sensing module 92A may, for instance, sense an arrhythmia on heart 14
when no such arrhythmia exists. In response to the incorrectly sensed arrhythmia,
stimulation generator 90A may stimulate heart 14 when no such stimulation may
be necessary. Alternatively, the common-mode signal may cause sensing module
92A to fail to sense an arrhythmia on heart 14 when such arrhythmia exists. In
response to not sensing an arrhythmia, simulation generator 90A may not stimulate
heart 14 when such stimulation may be needed. Similarly, a stimulation generated
by stimulation generator 90A of cardiac module 82 may cause common-mode
interference with sensing module 92B and/or stimulation generator 90B of neuro
module 84.

[0125] Furthermore, defibrillation pulse or stimulation generated by one of the
modules, e.g., cardiac module 82 or neuro module 84, may cause shunt current to
flow into the other module. As one example, if cardiac module 82 generates a
defibrillation pulse as its defibrillation output, the defibrillation pulse generated via
electrodes 100A and 100B may feed into the neuro module 84 via electrodes 104A
and 104B because the high voltage of the defibrillation pulse from cardiac module
82 is referenced to the same ground as neuro module 84. The shunt current is
provided a complete current path due to the shared common ground. The shunt
current may unintentionally stimulate tissue, particularly tissue proximate to
electrodes 104A and 104B. Additionally, the shunt current may stress neuro
module 84, and, in particular, stimulation generator 90B and sensing module 92B
of neuro module 84.

[0126] In some examples, the rise time of the defibrillation pulse generated by

electrodes 100A and 100B may be relatively rapid. The pulse width of the
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defibrillation pulse may be approximately 10 milliseconds (ms). In some
examples, there may be some capacitive coupling between electrodes 104A, 104B
and neuro module 84. Due to the rapid rise time of the defibrillation pulse, the
capacitive coupling may provide a relatively low impedance path for the shunt
current into the neuro module 84 for the duration of the rapid rise time of the
defibrillation pulse.

[0127] In accordance with this disclosure, various isolation circuits (not shown in
FIG. 5) may reduce or eliminate the commonality between neuro module 84 and
cardiac module 82 by isolating common circuitry that is shared by neuro module
84 and cardiac module 82. In other words, the isolation circuits described in this
disclosure may break the electrical path between cardiac module 82, power source
96, ground (housing 70) and neuro module 84. As such, the crosstalk or at least a
portion of the crosstalk does not have an electrical path, or has only a relatively
weak path or in other words a relatively high impedance path, via which to reach
the other one of the modules.

[0128] Various isolation circuits are described in this disclosure, particularly with
respect to FIGS. 16-21, which reduce or eliminate the commonality between
cardiac module 82 and neuro module 84. In one example, the isolation circuits
may couple power source 96 to a power input of either cardiac module 82 or neuro
module 84, e.g., power input 99A or 99B. In another example, the isolation
circuits may couple a stimulation output of either cardiac module 82 or neuro
module 84, e.g., stimulation generator 90A or 90B, and a conductor or electrode of
a lead. In a further example, the isolation circuits may couple a sensing input of
either cardiac module 82 or neuro module 84, ¢.g., sensing module 92A or 92B,
and a conductor or electrode of a lead. In other examples, there may be a plurality
of isolation circuits at various locations throughout IMD 16.

[0129] As described above, the isolation circuits may break the electrical path
between the cardiac module 82, the common power source 96, neuro module 84
and ground (e.g., housing 70). In one example, the isolation circuit may comprise
a plurality of switches and one or more capacitors, sometimes referred to as a
flying capacitor circuit. The switches may be opened and closed to charge the one

or more capacitors via input lines of the isolation circuit and discharge the stored
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charge via output lines of the isolation circuit. At no time, however, are the
switches closed such that a direct connection exists between power source 96 and
the component or module connected to the output of the isolation circuit. As such,
the power provided to the component or module connected to the output of the
isolation circuit is isolated from power source 96, ¢.g., references a different
ground.

[0130] In some instances, the isolation circuit may store charge received from
power source 96, and discharge the stored charge to power either cardiac module
82 or neuro module 84. Within the isolation circuit, a first set of switches may be
coupled to power source 96 and a second set of switches may be coupled to the
power input of cardiac module 82 or neuro module 84. The first set of switches
may be toggled to a closed state to charge the capacitors within the isolation circuit
while the second set of switches may be toggled to an open state. Capacitors are
provided as merely one example. Any device capable of storing energy may be
used, e.g., an inductor. After the capacitors are charged, the first set of switches
may then be toggled to an open state, i.e., opened, and the second set of switches
may be toggled to a closed state, i.e., closed, to discharge the stored charge to
power cardiac module 82 or neuro module 84. At no time, however, are the
switches closed such that a direct connection exists between power source 96 and
the component or module connected to the output of the isolation circuit. As such,
the power provided to the component or module connected to the output of the
isolation circuit is isolated from power source 96, ¢.g., references a different
ground. Stated another way, the output of the isolation circuit shares no
commonality with power source 96.

[0131] In other instances, the isolation circuit may be coupled to the stimulation or
sensing electrodes of either cardiac module 82 or neuro module 84. In this case,
the one or more capacitors may either store the charge that is to be delivered by the
respective stimulation generators, ¢.g., stimulation generator 90A and 90B, or may
store the charge sensed by the respective sensing modules, e.g., sensing module
92A and 92B. A first set of the switches may be coupled to the respective
stimulation generator or sensing module of cardiac device 82 or neuro device 84,

and a second set of switches may be coupled to the respective electrodes of cardiac
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module 82 and neuro module 84. As described in more detail with respect to FIG.
21, since the first set of switches are open every time the second set of switches are
closed, no shunt current may flow through the isolation circuit, thus reducing or
eliminating the commonality between cardiac module 82 and neuro module 84.
Additionally, since the stimulation generated by the either cardiac module 82 or
neuro module 84 is no longer referenced to the same ground as the other module,
the stimulation signal may not impose a common voltage, ¢.g., common-mode
interference, across electrode pairs coupled to the other module.

[0132] Isolation circuits may perform similar functions using other configurations,
such as using a transformer circuit, a barrier circuit, a photo-voltaic cell, as
described in FIGS. 18, 19 and 20, respectively. Regardless of the type of isolation
circuit used, the isolation circuit may reduce or eliminate common-mode
interference and/or shunt currents. As described above, in some instances, a
stimulation signal generated by either cardiac module 82 or neuro module 84 may
impose a common voltage on the other module due to the shared commonality.
This may cause common-mode interference by affecting the ability of either of the
modules to sense a signal. Also, in some instances, a stimulation signal generated
by either cardiac module 82 or neuro module 84 may be detected by electrodes of
the other module and feed into the other module as shunt current. The shunt
current may stimulate tissue that is not intended to be stimulated and/or cause
stress to circuitry of the modules.

[0133] Providing one or more isolation circuits may reduce or eliminate the shunt
current portion attributed to the presence of a common located at the case or
housing of IMD 16. Another shunt current that may not be mitigated by isolation is
the result of the interception of current between two electrodes located at the spine,
which is not related to having a common. By eliminating the shunt current portion
attributed to the case or housing of IMD 16, the shunt current at the spine
electrodes may be reduced to a more tolerable level. Reducing the shunt current at
the spine electrodes may reduce or eliminate tissue stress at the electrode/tissue
interface.

[0134] The various isolation circuits may reduce or eliminate the common-mode

interference generated by cardiac module 82 or neuro module 84 by eliminating
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the commonality. For example, assume the power input of neuro module 84 is
coupled to at least one of the isolation circuits described above and the power input
of cardiac module 82 is coupled to power source 96. A stimulation signal
generated by cardiac module 82 may not generate common-mode interference
because the stimulation signal is no longer referenced to the same ground as the
neuro module. In this manner, although within a common housing 70, the
crosstalk between the cardiac and neuro modules may be as if they are separate
devices.

[0135] The various isolation circuits may also reduce or eliminate the shunt current
by cardiac module 82 or neuro module 84 by eliminating a complete current path
between the modules 82, 84. The complete current path for the shunt current,
assuming no isolation circuit, would be from the stimulation generated by one of
cardiac module 82 or neuro module 84 into the other module and to a common
shared ground, e.g., the ground provided by housing 70. The various isolation
circuits may create a barrier for the shunt current. For example, assume the
isolation circuit is coupled to stimulation output and sensing input of neuro module
84, e.g., stimulation generator 90B and sensing module 92B, a shunt current
generated by cardiac module 82 may not feed into neuro module 84 because the
various switches within the isolation circuit will be toggled to an open state.
Similarly, if the isolation circuit is coupled to stimulation output and sensing input
of cardiac module 82, e.g., stimulation generator 90A and sensing module 92B, a
stimulation signal generated by neuro module 84 may not feed into cardiac module
82 because the various switches within the isolation circuit will be toggled to an
open state.

[0136] Telemetry module 94A and 94B support wireless communication between
cardiac module 82 and neuro module 84, respectively, and an external programmer
24 (FIG. 1) or another computing device. Processor 86A and 86B of cardiac
module 82 and neuro module 84, respectively, may receive, as updates to
programs, values for various stimulation parameters such as amplitude and
electrode combination, from programmer 24 via telemetry module 94A and 94B,
respectively. The updates to the therapy programs may be stored within memory

88A and 88B, respectively.
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[0137] The various components of cardiac module 82 and neuro module 84 are
coupled to power source 96, which may include a rechargeable or non-
rechargeable battery. A non-rechargeable battery may be selected to last for several
years, while a rechargeable battery may be inductively charged from an external
device, ¢.g., on a daily or weekly basis. In other examples, power source 96 may
be powered by proximal inductive interaction with an external power supply
carried by patient 12.

[0138] In some examples, to reduce common mode interference and shunt
currents, cardiac module 82 and neuro module 84 may each comprise separate
power supplies, e.g., rather than a single, shared power source 96. The power
supplies may not be coupled to one another. Furthermore, cardiac module 82 and
neuro module 84 may each comprise separate ground connections, ¢.g., separate
than housing 70. The ground connections may not be coupled to one another. In
such examples, there may not be commonality between cardiac module 82 and
neuro module 84. Accordingly, there may be reduction in common-mode
interference and shunt current. Cardiac module 82 and neuro module 84 may
communicate with one another via telemetry modules 94A and 94B.

[0139] However, the requirement for separate power supplies within cardiac
module 82 and neuro module 84 may increase costs. Additionally, the
functionality of each separate power source may need to be checked separately.
For example, a clinician may need to ensure that each power supply is functioning
properly instead of ensuring that only one power supply, e.g., power source 96, is
functioning properly. Furthermore, cardiac module 82 and neuro module 84 may
require different amounts of power. Each power supply may discharge at different
rates. The different discharge rates may cause the patient to make repeated trips to
the clinician’s office to recharge the power supplies. Accordingly, separate power
supplies for cardiac module 82 and neuro module 84 may potentially increase
costs, increase clinician time, and increase patient visits, but may be desirable in
providing isolation.

[0140] As shown in FIG. 5, the device that provides cardiac therapy, e.g., cardiac
module 82 and the device that provides neurostimulation, ¢.g., neuro module 84,

within IMD 16 share only a common voltage source and ground. However,
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aspects of this disclosure are not so limited. In some aspects, the devices that
provide cardiac therapy and neurostimulation may share other common
components or circuitry in addition to or instead of the common ground. For
example, in some aspects, the devices that provide cardiac therapy and
neurostimulation may share a common processor, memory, and telemetry module,
as well as share a common power source and ground.

[0141] FIG. 6 is a functional block diagram of another example configuration of
IMD 16. IMD 16 includes a power source 108, telemetry module 110, memory
112, cardiac module 114, neuro module 116, and processor 122. Cardiac module
114 includes sensing module 118A and stimulation generator 120A. Stimulation
generator 120A provides stimulation via electrodes 100A, 100B, 102A, and 102B.
Neuro module 116 includes sensing module 118B and stimulation generator 120B.
Stimulation generator 120B provides stimulation via electrodes 104A, 104B,
106A, and 106B. In some examples, the ground terminal of power source 108 may
be coupled to housing 70, but aspects of this disclosure are not so limited. In
examples where housing 70 is a metallic, the ground terminal of power source 108
may be coupled to housing 70. In examples where housing 70 is non-metallic, the
ground terminal of power source 108 may not be coupled to housing 70. However,
for purposes of clarity, as described herein, the ground terminal of power source
108 is coupled to housing 70. Lines extending from power source 108, cardiac
module 114 and neuro module 116 to housing 70 illustrate ground connections.
[0142] As shown in FIG. 6, cardiac module 114 and neuro module 116 may share
telemetry module 110, memory 112, processor 122, and power source 108.
Telemetry module 110 may perform the functions of telemetry module 94A and
94B (FIG. 5). For example, as described with respect to FIG. 5, telemetry module
94 A provides communication for cardiac module 82 with programmer 24, and
telemetry module 94B provides communication for neuro module 84 with
programmer 24. Telemetry module 110 provides communication for cardiac
module 114 and neuro module 116 with programmer 24 applying substantially
similar techniques as those described for telemetry module 94A and 94B.

[0143] Memory 112 may perform the functions of memory 88A and 88B (FIG. 5).

Mainly, memory 112 includes computer-readable instructions that, when executed
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by processor 122, cause cardiac module 114 and neuro module 116 and processor
122 to perform various functions attributed to cardiac module 114, neuro module
116, and processor 122. Memory 112 may include any volatile, non-volatile,
magnetic, optical, or electrical media, such as a random access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM), electrically-erasable
programmable ROM (EEPROM), flash memory, or any other digital media. As
shown in FIG. 6, instead of requiring two separate memories for providing cardiac
and neuro therapy, as shown in FIG. 5, IMD 16 requires only one memory for
providing cardiac and neuro therapy.

[0144] Processor 122 may perform the same functions as processor 86A and 86B.
Similar to processors 86A and 86B, processor 122 may include any one or more of
a microprocessor, a controller, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field-programmable gate array (FPGA), or
equivalent discrete or integrated logic circuitry. In some examples, processor 122
may include multiple components, such as any combination of one or more
microprocessors, one or more controllers, one or more DSPs, one or more ASICs,
or one or more FPGAs, as well as other discrete or integrated logic circuitry. The
functions attributed to processor 122 in this disclosure may be embodied as
software, firmware, hardware or any combination thereof. In some examples,
processor 122 may include integral memory.

[0145] Processor 122 controls stimulation generator 120A to deliver stimulation
therapy to heart 14 according to a selected one or more of therapy programs, which
may be stored in memory 112. Processor 122 also controls stimulation generator
120B to deliver stimulation therapy to therapy stimulation site 40 or spinal cord 44,
to name a few examples. Specifically, processor 122 may control stimulation
generator 120A and stimulation generator 120B to deliver electrical pulses with the
amplitudes, pulse widths, frequency, or electrode polarities specified by the
selected one or more therapy programs. Processor 122 may store values in control
registers for retrieval by a respective processor that may be associated with
modules 114 or 116 or particular components of modules 114, 116, or transmit
such values directly to such circuitry. The values may control activation, timing,

pulse width, pulse rate, amplitude, electrode combination, electrode polarity and/or
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other aspects of the stimulation delivered by stimulation generator 120A. Where
appropriate, in some examples, processors or other circuitry may include or be
coupled to analog-to-digital and/or digital-to-analog conversion circuitry to convert
signals communicated between processor 122, neuro module or cardiac module.
[0146] Stimulation generator 120A and stimulation generator 120B may be
substantially similar to stimulation generator 90A and stimulation generator 90B
(FIG. 5), and perform substantially similar functions. Sensing module 118A and
sensing module 118B may be substantially similar to sensing module 88A and
sensing module 88B (FIG. 5), and perform substantially similar functions. Power
source 108 may be substantially similar to power source 96 (FIG. 5), and perform
substantially similar functions.

[0147] As described above, in accordance with this disclosure, stimulation
generated by stimulation generator 120A or 120B may cause common-mode
interference on sensing module 118A or 118B. For example, the stimulation
generated by stimulation generator 120B may impose a common voltage, e.g.,
common-mode interference, across electrode pair 100A, 100B and electrode pair
102A, 102B. Because stimulation generator 120B and sensing module 118A share
the same common ground, ¢.g., the ground provided by housing 70, the common-
mode interference may feed into sensing module 118A. Due to the common-mode
interference, sensing module 118A may incorrectly sense arrhythmia of heart 14
when no arrhythmia exists or fail to sense arrhythmia when arrhythmia exists. For
example, as shown in FIG. 6, sensing module 118A includes amplifier 117.
Amplifier 117 may be substantially similar to amplifier 95 (FIG. 5), and perform in
a substantially similar manner. The common-mode interference may cause
amplifier 117 to function improperly, possibly causing sensing module 118A to
incorrectly sense a physiological condition. For example, amplifier 117 may be
unable to effectively reject the common-mode signal because the common-mode
interference is larger due to the coupling to the common ground. Similar to FIG. 5,
though only one amplifier is shown in FIG. 6, there may be more than one
amplifier in sensing module 118A. Each amplifier may couple to the electrode

pair. Furthermore, though no amplifier is shown in sensing module 118B, there
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may be one or more amplifiers in sensing module 118B that are substantially
similar to amplifier 117 and function in a substantially similar manner.

[0148] Furthermore, as described above, the stimulation generated by stimulation
generator 120A or 120B may create a shunt current that flows through the low
impedance electrodes, e.g., electrodes 100A, 100B, 102A, 102B, 104A, 104B,
106A, and 106B. For example, a stimulation generated by 120A may couple into
electrodes 104A and 104B as shunt current. The shunt current may stimulate tissue
that is unintended to be stimulated, particularly tissue proximate to electrodes
104A and 104B, as well as stress circuitry of the non-delivering device.

[0149] Nevertheless, even though cardiac module 114 and neuro module 116 share
more circuitry compared to cardiac module 82 and neuro module 84, various
isolation circuits located at various locations within IMD 16 may eliminate or
reduce the common-mode interference and/or shunt currents. For example, as
described with respect to FIG. 5, the various isolation circuits may be coupled to a
power input of either cardiac module 114 or neuro module 116, e.g., power input
99A or 99B, a stimulation output of either cardiac module 114 or neuro module
116, e.g., stimulation generator 120A or 120B, or a sensing input of either cardiac
module 114 or neuro module 116, e.g., sensing module 118A or 118B. The
isolation circuits may comprise at least one of a flying-capacitor circuit, a
transformer circuit, a barrier circuit, or a photo-voltaic cell.

[0150] When at least one of the isolation circuits is coupled to the power input of
either cardiac module 114 or neuro module 116, the isolation circuits may reduce
or eliminate the commonality between cardiac module 114 and neuro module 116.
By reducing or eliminating the commonality at the power input of cardiac module
114 or neuro module 116, the common-mode interference caused by the module
that provides stimulation may not couple into the other module. Also, by reducing
or eliminating the commonality at the power input of cardiac module 114 or neuro
module 116, a shunt current generated by the module that provides stimulation
may not couple into the other module because the isolation circuit creates a barrier
for the shunt current. When at least one of the isolation circuits is coupled to a
stimulation output or a sensing input of either cardiac module 114 or neuro module

116, a shunt current generated by the module that provides stimulation may not
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couple into the other module because the isolation circuit creates a barrier for the
shunt current.

[0151] FIG. 7 is a functional block diagram of an example configuration of IMD
16 comprising isolation circuits to reduce or eliminate commonality. As shown in
FIG. 7, IMD 16 includes cardiac module 114, neuro module 116, power source
108, processor 118, telemetry module 110, and memory 112. Cardiac module 114
is coupled to electrodes 100A, 100B, 102A, and 102B. Neuro module 116 is
coupled to electrodes 104A, 104B, 106A, and 106B. Cardiac module 114, neuro
module 116, power source 108, processor 118, telemetry module 110, memory 112,
and electrodes 100A, 100B, 102A, 102B, 104A, 104B, 106A, and 106B function
substantially similar to cardiac module 114, neuro module 116, power source 108,
processor 118, telemetry module 110, memory 112, and electrodes 100A, 100B,
102A, 102B, 104A, 104B, 106A, and 106B as described with respect to FIG. 6.
[0152] IMD 16 may also include isolation circuit 126 and isolation circuit 128.
Cardiac module 114 may also include isolation circuit 124. As described above
with respect to FIG. 6, the commonality between cardiac module 114 and neuro
module 116 may cause common-mode interference and/or shunt currents.
Isolation circuit 126 reduces or eliminates the power source commonality between
cardiac module 114 and ncuro module 116. As shown in FIG. 7, isolation circuit
126 receives voltage from power source 108. The voltage from power source 108
is referenced to ground, which may be the housing 70 of IMD 16. Isolation circuit
126 outputs floating power and floating ground on floating power line 130A and
floating ground line 130B, respectively. The output of isolation circuit 126 is
referred to as floating power and floating ground because neither power line 130A
nor ground line 130B are referenced to power source 108 or ground, e.g., housing
70. Instead, power line 130A and ground line 130B are referenced relative to one
another. Stated another way, power source 108 is referenced to the ground
provided by housing 70. Power line 130A is referenced to ground line 130B, and
neither power line 130A nor ground line 130B is referenced to either power source
108 or the ground provided by housing 70. Examples of isolation circuit 126
include a flying-capacitor circuit, a transformer circuit, a barrier circuit, and a

photo-voltaic cell and are shown in FIGS. 16, 18, 19, and 20.
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[0153] As described in more detail with respect to FIGS. 16, 18, 19, and 20,
isolation circuit 124 and 126 may comprise at least one of a flying-capacitor
circuit, a transformer circuit, a barrier circuit, or a photo-voltaic cell. The various
isolation circuits receive voltage from power source 108 and generate a voltage
that is not referenced to power source 108 or ground provided by housing 70. For
example, in a flying-capacitor circuit, as described in more detail with respect to
FIG. 16, power and ground lines are coupled to power source 108 and housing 70,
respectively. The power and ground lines may be coupled to one or more
capacitors via a first set of a plurality of switches, e.g., switches S7 and S8 of FIG.
16. A second set of the plurality of switches may be coupled to the floating power
and ground lines 130A, 130B which may be coupled to neuro module 116, e.g.,
switches S11 and S12 of FIG. 16. As shown in FIG. 7, floating power and ground
lines 130A, 130B are coupled to a power input and ground terminal, respectively,
of neuro module 116, but may be coupled to a power input and ground terminal,
respectively, of cardiac module 114, as shown in FIG. 8. The first set of switches
may be closed to charge the one or more capacitors, and the second set of switches
may be opened so no voltage is provided to the floating power and ground lines
while the capacitor is charging. Once the one or more capacitors are charged to a
proper level, the first set of switches may be opened, and the second set of switches
may be closed to provide voltage to the power input of either cardiac module 114
or neuro module 116. The voltage is provided across floating power and ground
lines 130A, 130B only when the first set of switches is open. Accordingly, there is
no direct connection, ¢.g., commonality, between power source 108 or ground
provided by housing 70 and the floating power and ground lines 130A, 130B
because the switches are never closed to directly couple power source 108 through
floating power and ground lines 130A, 130B.

[0154] In examples where the isolation circuit is a transformer circuit, as described
in more detail with respect to FIG. 18A and FIG. 18B, an oscillator receives power
from power source 108. The oscillator generates a voltage pulse. As one non-
limiting example, a voltage pulse with a 5 volt amplitude may be generated by the
oscillator. The 5 volt amplitude is with respect to the ground provided by housing

70. The oscillator provides the voltage pulse to a primary of a transformer, which
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in turn generates a voltage pulse on the secondary of the transformer. The output
of the transformer generates a voltage that is not referenced to power source 108
because there is no direct connection between the secondary of the transformer and
power source 108 or ground provided by housing 70. The output of the
transformer is provided to a rectifier that is coupled to one or more capacitors. The
output of the one or more capacitors is coupled to the floating power and ground
lines 130A, 130B. Because there is no direct connection, ¢.g., commonality,
between the primary side and secondary side of the transformer, the voltage across
the one or more capacitors is not referenced to power source 108 or ground
provided by housing 70. Accordingly, the voltage at the floating power and ground
lines 130A, 130B are referenced to one another, and not to power source 108 or
ground provided by housing 70. Various types of transformers may be used such
as electrical transformers and piezoelectric transformers.

[0155] In examples where the isolation circuit is a barrier circuit, as described in
more detail with respect to FIG. 19, an oscillator receives power from power source
108. The oscillator generates a voltage pulse. The oscillator provides the voltage
pulse to a plurality of coupling capacitors. The coupling capacitors create a barrier
for any direct current (DC) voltage, thereby removing any connection with power
source 108 or ground provided by housing 70. The output of the coupling
capacitors is provided to a rectifier that is coupled to one or more capacitors. The
output of the one or more capacitors is coupled to the floating power and ground
lines 130A, 130B. Due to the coupling capacitors there is no commonality
between floating power and ground lines 130A, 130B and the power source 108 or
the ground provided by housing 70.

[0156] In examples where the isolation circuit is a photo-voltaic cell, as described
in more detail with respect to FIG. 20, a light emitting diode (LED), as one non-
limiting example, or the like is coupled to power source 108 and the ground
provided by housing 70. Power source 108 causes the LED to illuminate. The
illumination of the LED causes photo-voltaic cell to create a voltage and current.
The output of the photo-voltaic cell is coupled to floating power and ground lines
130A, 130B. Due to the conversion of the voltage provided by power source 108

to a light, and the conversion of the light to a voltage there is no commonality
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between floating power and ground lines 130A, 130B and the power source 108 or
the ground provided by housing 70.

[0157] Accordingly, as shown in FIG. 7, power line 130A and ground line 130B
provide a voltage source for the various circuitry within neuro module 116. For
example, power line 130A and ground line 130B provide voltage to sensing
module 118B and stimulation generator 120B. Accordingly, the stimulation signals
generated by stimulation generator 120B are referenced to power line 130A and
ground line 130B, and are not referenced to power source 108 and the ground
provided by housing 70.

[0158] Isolation circuit 124 provides further reduction in commonality between
cardiac module 114 and neuro module 116. In some examples, isolation circuit
124 may not be necessary. As shown in FIG. 7, isolation circuit 124 receives
voltage from power source 108 which is referenced to the ground provided by
housing 70. Similar to isolation circuit 126, isolation circuit 124 outputs floating
power and floating ground via power line 134A and 134B, respectively. Floating
power line 134 couples to a power input of sensing module 118A and floating
ground line 134B couples to a ground terminal of sensing module 118A. Similar
to power line 130A and ground line 130B, power line 134A and ground line 134B
are not referenced to power source 108 and the ground provided by housing 70. As
described above with respect to isolation circuit 126, power line 134A and ground
line 134B are referenced to one another instead of power source 108 and ground
provided by housing 70. Power line 134A and ground line 134B are completely
independent of power line 130A and ground line 130B. Isolation circuit 124 may
be substantially similar to isolation circuit 126. Examples of isolation circuit 124
include a flying-capacitor circuit, a transformer circuit, a barrier circuit, and a
photo-voltaic cell and are shown in FIGS. 16, 18, 19, and 20.

[0159] Power line 134A and ground line 134B provide voltage to the various
circuitry within sensing module 118A. Accordingly, sensing module 118A is
referenced independent to stimulation generator 120B. In accordance with the
disclosure, isolation circuit 126 and 124 may provide reduction or elimination in
the common-mode interference and shunt currents. For example, a stimulation

generated by stimulation generator 120B may not impose a common-mode signal
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upon electrode pairs 100A, 100B and 102A, 102B because sensing module 118A
does not share any commonality with the ground provided by housing 70. Stated
another way, isolation circuit 124 creates a barrier for the common-mode
interference so that the common-mode interference cannot be imposed upon
sensing module 118A. Thus, although sensing module 118A may sense a
differential signal from the neurostimulation, the interference may be much smaller
than the common-mode signal that would be sensed if cardiac module 114 and
neuro module 116 shared a common ground.

[0160] Though not shown in FIG. 7, sensing module 118A and sensing module
118B may include amplifiers that are substantially similar to amplifier 95 (FIG. 5)
and amplifier 117 (FIG. 6). Particularly, the amplifiers may be coupled to
electrode pairs 100A, 100B and 102A, 102B with respect to sensing module 118A,
and coupled to electrode pairs 104A, 104B and 106A, 106B with respect to sensing
module 118B.

[0161] Isolation circuit 126 may also reduce or eliminate the shunt current. For
example a stimulation generated by stimulation generator 120B may not feed into
electrodes 100A, 100B, 102A, and 102B because there is not a complete current
path for the shunt current. Isolation circuit 126 creates a high impedance barrier
for the shunt current to flow from electrodes 104A, 104B, 106A, and 106B,
through electrodes 100A, 100B, 102A, and 102B, and back into stimulation
generator 120B because isolation circuit 126 reduces or eliminates any
commonality with cardiac module 114 and neuro module116 and the ground
provided by housing 70. Similarly, a stimulation generated by stimulation
generator 120A may not feed into electrodes 104A, 104B, 106A, and 106B because
there is no complete current path for the shunt current. Isolation circuit 126 creates
a high impedance path for the shunt current to flow from electrodes 100A, 100B,
102A, and 102B, through electrodes 104A, 104B, 106A, and 106B, and back into
stimulation generator 120A.

[0162] As shown in FIG. 7, processor 122 transmits data signals to and receives
data signals from cardiac module 114 and neuro module 116. Processor 122
controls stimulation generator 120A to deliver stimulation therapy to heart 14

according to a selected one or more therapy program(s), which may be stored in
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memory 112. Processor 122 may control stimulation generator 120A to deliver
electrical pulses with the amplitudes, pulse widths, frequency, or electrode
polarities specified by the selected one or more therapy programs. For example, in
some implementations, processor 122 may store values in control registers that
control the operation of stimulation generator 120A. The values may control
activation, timing, pulse width, pulse rate, amplitude, electrode combination,
electrode polarity and/or other aspects of the stimulation delivered by stimulation
generator 120A. In some cases, cardiac module 114 or stimulation generator 120A
of cardiac module 114 may include a processor or related circuitry for receiving
values from control registers or directly from processor 122. A processor of
cardiac module 114 or stimulation generator 120A may control stimulation
generator 120A to deliver stimulation therapy according to a selected one or more
therapy programs. For example, a processor may control stimulation generator
120A to generate an electrical stimulation waveform that conforms to the therapy
program parameters.

[0163] Processor 122 controls stimulation generator 120B to deliver stimulation
therapy to a tissue site, such as target tissue site 40, according to a selected one or
more therapy programs, which may be stored in memory 112. Specifically,
processor 122 may provide signals to a processor (not shown in FIG. 7) of neuro
module 116 or of stimulation generator 120B. Processor 122 may provide stored
values in control registers for retrieval by a processor or circuitry of neuro module
116 or stimulation generator 120B of neuro module 116, or provide values directly
to a processor of neuro module 116 or stimulation generator 120B. The values
may control activation, timing, pulse width, pulse rate, amplitude, electrode
combination, electrode polarity and/or other aspects of the stimulation delivered by
stimulation generator 120B. A processor of neuro module 116 or stimulation
generator 120B may control stimulation generator 120B to deliver stimulation
therapy according to selected one or more therapy programs. For example, the
processor may control circuitry within stimulation generator 120B that generates a
waveform that conforms to the therapy program parameters.

[0164] In some examples, processor 122 may also facilitate communication

between cardiac module 114 and neuro module 116. Without isolation for

52



WO 2010/051316 PCT/US2009/062399

processor 122, commonality may exist between cardiac module 114 and neuro
module 116 through processor 122. This commonality may also result in common-
mode interference or crosstalk between cardiac module 114 and neuro module 116.
As shown in FIG. 7, isolation circuit 128 provides isolation between the common
circuitry, e.g. processor 122, shared by cardiac module 114 and neuro module 116.
As shown in FIG. 7, processor 122 transmits or receives data on control line 132A
and 132B. Control line 132A is separated from control line 132B via isolation
circuit 128. In some aspects, control line 132A may be referenced to power source
108 and the ground provided by housing 70. Stated another way, the signal on
control line 132A may be with respect to power source 108 and the ground
provided by housing 70. For example, if there is a signal on control line 132A, the
voltage of that signal will be with respect to the ground provided by housing 70. In
some aspects, control line 132B is referenced to power line 130A and ground line
130B which are floating power and floating ground, respectively. Stated another
way, in some aspects, the signal on control line 132B may be with respect to
floating power and ground lines 130A, 130B. As described above, power line
130A and ground line 130B are independent of power source 108A and the ground
provided by housing 70. Accordingly, control line 132A and 132B are referenced
independent of one another.

[0165] It should be noted that a common connection between modules occurs
when the electrodes of both modules are connected to the patient, since the patient
is a relatively low impedance path. The commonality that may be eliminated or
reduced using the techniques of this disclosure is the commonality that would
otherwise occur within the device or circuit. Thus, some of the techniques of the
disclosure seek to avoid a complete circuit, through the device itself that may result
in a shunt current path completion or result in a common mode condition.

[0166] Furthermore, though control lines 132A and 132B are shown as single lines
for purposes of illustration, in some examples, control lines 132A and 132B may
comprise a plurality of control lines in parallel with one another. For example,
processor 122 may communicate multiple signals simultaneously to neuro module

116, or neuro module 116 may communicate multiple signals simultaneously to
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processor 122. In such examples, processor 122 and/or neuro module 116 may
communicate via the parallel control lines.

[0167] Isolation circuit 128 may be resistors, capacitors, a transformer, opto-
isolators, photo-voltaic cells, a solid state memory device, or a microprocessor. An
example of isolation circuit 128 comprising resistors is shown in FIG. 15A. An
example of isolation circuit 128 comprising capacitors is shown in FIG. 15B. An
example of isolation circuit 128 comprising a transformer is shown in FIG. 15C.
An example of isolation circuit 128 comprising opto-isolators is shown in FIG.
15D. An example of isolation circuit 128 comprising photo-voltaic cells is shown
FIG. 15E. An example of isolation circuit 128 comprising the solid state memory
device is shown in FIG. 15F. An example of isolation circuit 128 comprising the
microprocessor is shown in FIG. 15G.

[0168] In some examples, communication between neuro module 116 and
processor 122 may require a communication line and a reference. For example, in
some implementations, the output of processor 122 may be serial digital data. To
properly transmit a binary 1 or a binary 0, the digital values require a reference.
Similarly, the measurement of a voltage, e.g., binary 1 or binary 0, therefore
requires two lines, the communication line that transmits the digital data and a
reference line. The communication line may comprise control lines 132A and
132B. However, neuro module 116 and processor 122 do not share a common
reference. In other words, neuro module 116 and processor 122 are not referenced
the same, e.g., neuro module 116 is referenced to floating ground 130B and
processor 122 is referenced to the ground provided by housing 70. Accordingly, to
properly communicate between neuro module 116 and processor 122, in some
examples, a common reference may be needed to overcome the lack of reference
between neuro module 116 and processor 122. Isolation circuit 128 may provide
the common reference to allow communication between processor 122 and neuro
module 116.

[0169] The common reference between processor 122 and neuro module 116 may
potentially create commonality between processor 122 and neuro module 116. As
described in more detail below, isolation circuit 128 may provide weak

commonality between processor 122 and neuro module 116. Weak commonality
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allows there to be proper communication between processor 122 and neuro module
116. However, weak commonality does not provide a low-impedance path for the
shunt current. Nor does the weak commonality allow appreciable common-mode
interference.

[0170] Only in some examples does communication between processor 122 and
neuro module 116 require a communication line and a reference. In examples
where isolation circuit 128 comprises resistors, capacitors, or a transformer,
communication between neuro module 116 and processor 122 may require a
communication line and a reference. In examples where isolation circuit 128
comprises opto-isolators, photo-voltaic cells, and a solid state memory device,
communication between neuro module 116 and processor 112 may not require a
communication line and a reference. In examples that include an opto-isolator, a
photo-voltaic cell, and a solid state memory device, a communication line may not
be required.

[0171] Isolation circuit 128 may comprise two high impedance resistors as shown
in more detail with respect to FIG. 15A. Two high impedance resistors may
provide isolation between control line 132A and 132B. A first resistor may be
coupled between control line 132A and control line 132B. A second resistor may
be coupled between the ground provided by housing 70 and floating ground 130B.
Control line 132A coupled to control line 132B via the first resistor may comprise
the communication line and housing 70 coupled to floating ground 130B may
comprise the reference. Impedance values for the resistors may be within a range
of 10 kiloohms to 10 megaohms, as one non-limiting example. In examples where
isolation circuit 128 comprises high impedance resistors, there may still be
commonality between neuro module 116 and cardiac module 114 via processor
122. However, the commonality is greatly reduced. That is, because of the high
impedance resistors, coupling between neuro module 116 and cardiac module 114
is weak.

[0172] In one example (not shown), a coupling resistor may be utilized to connect
the ground provided by housing and floating ground together. The control lines do
not utilize a resistor, but instead a data line connects to the high impedance input of

an amplifier, or in some examples, two data lines are utilized in which a
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differential signal is applied as a signal that is detected by measuring the
differential signal of the receiving module.

[0173] In examples where control line 132A and 132B comprise a plurality of
control lines in parallel, isolation circuit 128 may comprise more than two
resistors. Isolation circuit 128 may comprise a plurality of resistors where each
resistor couples each one of the plurality of control lines. In such examples, only
one reference may be necessary. The reference may be provided by coupling
housing 70 to floating ground 130B via the high impedance resistor.

[0174] Isolation circuit 128 may comprise two capacitors as shown in more detail
with respect to FIG. 15B. A first capacitor may be coupled between control line
132A and control line 132B. A second capacitor may be coupled between the
ground provided by housing 70 and floating ground 130B. Control line 132A
coupled to control line 132B via the first capacitor may comprise the
communication line and housing 70 coupled to floating ground 130B may
comprise the reference. Capacitance values for the capacitors may be within a
range of approximately 10 pico-farads to 100 pico-farads, as one non-limiting
example. The capacitors may limit commonality between cardiac module 114 and
neuro module 116 via processor 122 because the capacitors provide DC voltage
isolation.

[0175] In examples where control line 132A and 132B comprise a plurality of
control lines in parallel, isolation circuit 128 may comprise more than two
capacitors. Isolation circuit 128 may comprise a plurality of capacitors where each
capacitor couples each one of the plurality of control lines. In such examples, only
one reference may be necessary. The reference may be provided by coupling
housing 70 to floating ground 130B via the capacitor.

[0176] Isolation circuit 128 may comprise a transformer as shown in more detail
with respect to FIG. 15C. The primary of the transformer may be coupled to
control line 132A and the ground provided by housing 70. The secondary of the
transformer may be coupled to control line 132B and the floating ground line
130B. Because the energy transfers inductively between the primary and
secondary windings of the transformer, there is no direct electrical connection

between processor 122 and neuro module 116. The signal on the primary of the
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transformer may be referenced to the ground provided by housing 70. The signal
on the secondary of the transformer may be referenced to floating ground line
130B. However there is no direct electrical connection between the ground
provided by housing 70 and floating ground line 130B. Similarly, there is no direct
connection between control line 132A and control line 132B. Accordingly, the
transformer may reduce or eliminate the commonality between cardiac module 114
and neuro module 116 via processor 122.

[0177] Isolation circuit 128 may comprise opto-isolators as shown in more detail
with respect to FIG. 15D. In such examples, a communication line and a reference
may not be necessary. A communication line may suffice. The opto-isolators may
provide isolation between control line 132A and 132B. One opto-isolator may
transmit data from processor 122 to neuro module 116. Another opto-isolator may
transmit data from neuro module 116 to processor 122. Opto-isolators may use a
short optical transmission path to transfer signals between processor 122 and neuro
module 116 while keeping them electrically isolated. The opto-isolators convert
the electrical signal into an optical signal and back to an electrical signal. The
electrical connection between control line 132A and 132B may be eliminated
because the data is provided optically. Examples of opto-isolators include opto-
relays, opto-transistors, opto-field effect transistors (FETs), opto-diodes, and opto-
silicon controlled rectifier (SCR). In examples where isolation circuit 128 is an
opto-isolator, there may be no commonality between neuro module 116 and cardiac
module 114 via processor 122 because the opto-isolator reduces or eliminates the
commonality. In examples where isolation circuit 128 is an opto-isolator, the opto-
isolator may receive power via isolation circuit 126.

[0178] Similar to above, in examples where control line 132A and 132B comprise
a plurality of control lines in parallel, isolation circuit 128 may comprise a plurality
of opto-isolators. Isolation circuit 128 may comprise a plurality of opto-isolators
where each opto-isolator couples each one of the plurality of control lines.
Notably, opto-isolators that transmit data from neuro module 116 to processor 122
may be needed for each of the plurality of control lines. Similarly, opto-isolators
that transmit data from processor 122 to neuro module 116 may be needed for each

of the plurality of control lines.
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[0179] Isolation circuit 128 may comprise photo-voltaic cells as shown in more
detail with respect to FIG. 15E. In such examples, a communication line and a
reference may not be necessary. A communication line may suffice. The photo-
voltaic cells may provide isolation between control line 132A and 132B. The
photo-voltaic cells may function substantially similar to opto-isolators.
Particularly, the photo-voltaic cells may receive a signal, convert the signal into an
optical signal, and convert the optical signal back to an electrical signal. Similar to
opto-isolators, two photo-voltaic cells may be needed. One photo-voltaic cell may
transmit data from processor 122 to neuro module 116. Another photo-voltaic cell
may transmit data from neuro module 116 to processor 122.

[0180] Similar to above, in examples where control line 132A and 132B comprise
a plurality of control lines in parallel, isolation circuit 128 may comprise a plurality
of photo-voltaic cells. Isolation circuit 128 may comprise a plurality of photo-
voltaic cells where each photo-voltaic cell couples each one of the plurality of
control lines. Notably, photo-voltaic cells that transmit data from neuro module
116 to processor 122 may be needed for each of the plurality of control lines.
Similarly, photo-voltaic cells that transmit data from processor 122 to neuro
module 116 may be needed for each of the plurality of control lines.

[0181] In some examples, isolation circuit 128 may comprise a solid state memory
device as shown in more detail with respect to FIG. 15F. The solid state memory
may be volatile or non-volatile memory, and may be used to exchange data
between processor 122 and a neuro or cardiac module (generally “therapy
module”) on an isolated basis. In some cases, the solid state memory may
comprise a resistor random-access memory (RRAM) using, for example,
memristors. In other cases, the solid state memory may comprise random-access
memory (RAM), static random access memory (SRAM), electrically erasable
programmable read-only memory (EEPROM), read-only memory (ROM), FLASH
memory, and the like. Example configurations that include volatile memory, ¢.g.,
RAM or SRAM, may require a capacitor or battery, for example, to power the
memory during transitions between modules, as well as a set of switches for the
power to the memory as provided by each module. The solid state memory device

may be a memory device similar or identical to memory chips commonly referred
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to as two-wire serial memory chips. In one example, the solid state memory
device may comprise four terminals: a power terminal, a ground terminal, a serial
read/write terminal, and a serial control terminal.

[0182] The power and ground terminals provide power to the memory device. The
serial read/write terminal allows a neuro module 116 or processor 122 to serially
write data into the solid state memory device, or serially read data out of the solid
state memory device. The serial control terminal may allow selection between
read and write modes. Similarly, for cardiac module 114, the serial read/write
terminal allows cardiac module 114 or processor 122 to serially write data into the
solid state memory device, or serially read data out of the solid state memory
device.

[0183] The power terminal may be selectively coupled to power source 108 via a
first switch and may be selectively coupled to the floating power line 130A via a
second switch. The ground terminal may be selectively coupled to the ground
provided by housing 70 via a third switch and may be selectively coupled to the
floating ground line 130B via a fourth switch. In this manner, the solid state
memory device can be alternately powered by grounded power and floating power.
The read/write terminal may be selectively coupled to processor 122 via the fifth
switch and may be selectively coupled to a therapy module (such as cardiac
module 114 or neuro module 116) via a sixth switch. In some examples, the
read/write terminal may be selectively coupled to a processor of a therapy module
via the sixth switch. The control terminal may be selectively coupled to processor
122 via a seventh switch and to neuro module 116, a processor within neuro
module 116, or a processor within stimulation generator 120B via an eighth switch.
[0184] In some examples, an enable signal may be generated based on a clock
signal from a clock source (not shown) to provide a signal to control the serial
loading of data in and out of the solid state memory device. Processor 122, or a
processor within stimulation generator 120B, may serially write data to or serially
receive data from the solid state memory device at different times based on
respective enable signals. In this manner, processor 122 utilizes the memory
device for read and write operations at selected times, while the therapy (neuro or

cardiac) module utilizes the memory device for read and write operations at
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different, selected times. Hence, processor 122 uses the memory device at
different times, providing an isolation interface for exchange of information
between processor 122 and a therapy module. When processor 122 uses the
memory device, the memory device may be powered by the grounded power
source 108. When the therapy (cardiac or neuro) module uses the memory device,
the memory device may be powered by a floating power supply that does not share
a common reference with power source 108.

[0185] When processor 122 has its own power during “fly time,” such as via a
capacitor or a battery, processor 122 may control the switches S5, S6, S39, and
S40 in FIG. 15F. Processor 122 may monitor the voltage across switches S1, S2,
S3, and S4 in order to determine when those switches toggle to an open state.
When switches S1, S2, S3, and S4 are opened, processor 122 closes switches S5,
S6, S39, and S40, thereby transferring data and power. When the transfer of data
and power is completed, processor 122 opens switches S5, S6, S39, and S40 in
anticipation for the next connection to switches S1, S2, S3, and S4. It should be
noted that data can be moved in either direction.

[0186] In operation, in response to a first enable signal, processor 122 may apply a
signal to the serial control terminal to permit reading of data by serially loading
data from the solid state memory device via the serial read/write terminal, and
apply a signal to the serial control terminal to permit writing of data by serially
loading data from the solid state memory device via the serial read/write terminal.
In response to a second enable signal, a processor or other circuitry associated with
a therapy module may perform similar operations at a different time. In this
manner, at alternating times, processor 122 may read data that was previously
written to the solid state memory device by the therapy module, and the therapy
module may read data that was previously written to the solid state memory device
by processor 122. In each case, along with reading data, the processor 122 or
therapy module may also write data to the solid state memory device, permitting
the processor 122 and therapy (cardiac or neuro) module to exchange data such as
control parameters, operational data, sensor data or the like across an isolation

interface that does not share a common reference.
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[0187] In some cases, the serial data stream loading to and from the read/write port
by processor 122 or the therapy module may include read commands, write
commands, addressing information, end of data markers, or other information to
control the operation of the solid state memory device in storing data from
processor 122 or the therapy module. In some examples, the solid state memory
device may recognize particular data bits or bit patterns of the serial data stream as
commands and store and retrieve a serial data stream in response to the commands.
The enable signal may cause processor 122 to start and stop transmitting the serial
data stream, and be used to control switches coupled to the various terminals of the
solid state memory device.

[0188] Processor 122 and the therapy module may use different clocks that are not
referenced to one another to produce the enable signals at different times, or use
isolated versions of the same clock signal to produce the enable signals at different
times. If different clocks are used in an asynchronous manner relative to one
another, the length of the enable signal, i.e., the time between rising and falling
edges of the enable signal that triggers read and write operations, may be selected
to be substantially smaller than the period of the enable signal so that that small
errors in the different clocks are less likely to cause the enable signals to overlap
with each other over an extended period of time. In some examples, the
asynchronous clocks may be periodically resynchronized to minimize the risk of
overlap of the enable signals generated for the processor 122 and the therapy
module. In this manner, it is possible to prevent the processor 122 from reading
and writing at the same time the therapy (neuro or cardiac) module is reading and
writing with respect to the solid state memory device.

[0189] As described above, separate clocks may be used to generate the enable
signals for the processor 22 and therapy module. Although a common clock signal
could be used to generate the enable signals, the common clock signal could cause
commonality between the therapy module and processor 122. Accordingly, in
examples where IMD 16 includes only one clock source, an additional isolation
circuit may be provided to isolate the clock signal for use by the therapy module.
The isolation circuit may be any one of isolation circuits described above (FIGS.

15A-15E). In the case of separate clock sources, the two clock sources may be
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independent of one another, and not share any common components. The two
clock sources may be considered to be asynchronous. A first clock source may be
referenced to power source 108 and the ground provided by housing 70, and the
second clock source may be referenced to floating power and ground lines 130A,
130B. The clock sources may be used to generate respective enable signals and, in
some cases, clock the serial data read from and written to the solid state memory
device.

[0190] In one example, a clock on the left side of memory device 178 may be used
to drive the rate of switch activation for switches on the left side of memory device
178. By virtue of the rate/timing at which processor 122 connects to the right side
of memory device 178, which corresponds directly with the timing that the
switches on the right side of memory device 178 toggles, the clock may be
conveyed from the left side to the right side of memory device 178. A processor
may monitor for when the right side switches toggle to a closed stated in order to
determine the corresponding clock rate/synchrony of the left side.

[0191] Referring again to FIG. 15F, using separate enable signals, processor 122
and a processor associated with the therapy (cardiac or neuro) module may be
controlled to open and close their respective switches so that the first, third, fifth,
and seventh switches (S1, S3, S5, and S39, respectively) are not in a closed state
when the second, fourth, sixth, and eighth switches (S2, S4, S6, and S40,
respectively) are in a closed state. Again, in some examples, processor 122 may
include integral memory and/or may be coupled to memory 112. For processor
122 to read or write data, assertion of a first enable signal causes closing of the
first, third, fifth, and seventh switches. Deassertion of the enable signal causes the
first, third, fifth and seventh switches to open. For processor 122 to read data,
processor 122 may provide a signal to the control terminal indicating that the solid
state memory device should be in read mode. Processor 122 may then read serial
data from the solid state memory device, thereby reading data that was previously
written by the therapy module, as applicable. To write data, processor 122 may
provide a signal to the control terminal indicating that the solid state memory
device should be in write mode. Processor 122 may then write the serial data to

the solid state memory device. Hence, read and write modes may be carried out
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sequentially in response to the same enable signal. For example, processor 122
may first read data and then write data. In some cases, the write operation may
overwrite the read data. In other examples, the processor 122 may perform read
and write operations at different times in response to different enable signals.
[0192] In some examples, rather than processor 122 controlling the second, fourth,
sixth, and eighth switches, the processor(s) within neuro module 116 may control
the second, fourth, sixth, and eighth switches. In these examples, when neuro
module 116 transmits or receives data, neuro module 116 may control the times
when neuro module 116 reads data from or writes data to the solid state memory
device. Alternatively, in some examples, the solid state memory device itself may
control the second, fourth, sixth, and eighth switches via a processor internal to the
solid state memory device. In these examples, solid state memory device may
determine when it should receive data from neuro module 116 or transmit data to
neuro module 116.

[0193] Similarly, for a processor or other circuitry associated with a therapy
module, assertion of a second enable signal causes closing of the second, fourth,
sixth, and eighth switches. Deassertion of the second enable signal causes the
second, fourth, sixth and eighth switches to open. In this example, a processor
carried by or coupled to a therapy module may provide a signal to the control
terminal indicating that the solid state memory device should be in read mode, in
which case serial data may be read from the serial read/write terminal. To write
data, a signal may be applied to the control terminal to indicate the write mode, in
which case a processor or other circuitry associated with a therapy module may
write data to the solid state memory device via the serial read/write port. Again,
read and write modes may be carried out sequentially in response to the same
enable signal, or performed at separate times in response to different enable
signals.

[0194] In the examples described above, the first, third, fifth, and seventh switches
are in an open state when the second, fourth, sixth, and eighth switches are in a
closed state, and vice versa. Accordingly, processor 122 and therapy module are
never coupled directly to one another, or to the solid state memory device at the

same time. In other words, due to the first, third, fifth, and seventh switches being
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open when the second, fourth, sixth, and eighth switches are closed, and vice versa,
there is no commonality between processor 122 and the therapy module. In these
examples, the solid state memory device may be considered as flying between
processor 122 and the therapy (neuro or cardiac) module because the solid state
memory device receives power from the same power source that provides power to
processor 122, ¢.g., power source 108, in one state, and receives power from the
same power source that provides power to the therapy module, e.g., floating power
and ground lines 130A, 130B for neuro module 116, in another state.

[0195] In examples where solid state memory device is volatile memory, e¢.g.,
RAM, the data stored within the solid state memory device may be erased when
power is removed. In such examples, to avoid loss of power to the solid state
memory device a component or device that stores power or provides power may be
coupled between the power and ground terminals of the solid state memory device
to provide power to the solid state memory device when power from power source
108 is removed. Examples of components or devices that store power or provide
power are a capacitor, e.g., a ceramic or electrolytic capacitor having a value of
about 0.1 microfarads to about 100 microfarads, a super capacitor, an ultra
capacitor, a rechargeable battery or cell, or a primary battery or cell coupled to a
diode. For example, when the first and third switches are closed power source 108
and the ground provided by housing 70 provide power to the solid state memory
device and charges the capacitor or the rechargeable battery. When the first and
third switches are opened but before the second and fourth switches are closed, the
capacitor, rechargeable battery, or the primary battery provide power to the solid
state memory device. When the second and fourth switches are closed, floating
power and ground lines 130A, 130B provide power to the solid state memory
device and the charges the capacitor or the rechargeable battery. When the second
and fourth switches are opened but before the first and third switches are closed,
the capacitor, rechargeable battery, or primary battery provide power to the solid
state memory device.

[0196] In examples where the solid state memory device is non-volatile memory, it
may be beneficial to include a component or device that stores power or provides

power when power from power source 108 is removed to the solid state memory
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device. In some examples of non-volatile memory, after power is removed and
then subsequently reapplied to the non-volatile memory, the non-volatile memory
may require a startup time before the memory is fully functional. Components that
provide power to the solid state memory device when power from power source
108 is removed may allow the solid state memory device to be functional without
the need for startup.

[0197] Use of a solid state memory device may reduce or eliminate the
commonality between cardiac module 114 and neuro module 116 or cardiac
module 114 while permitting the transfer of information such as control
parameters, operational data, sensor data or the like. As described above, when
processor 122 is coupled to the memory device, the cardiac or neuro module is not.
Accordingly, there is no commonality between neuro or cardiac module and
processor 122, yet the memory device stores data that can be accessed and written
by the respective processor and modules.

[0198] As shown in FIG. 7, cardiac module 114 and neuro module 116 share
processor 122, telemetry module 110, and memory 112. However, aspects of this
disclosure are not so limited. In some examples, cardiac module 114 and neuro
module 116 may each include a processor and share telemetry module 110 and
memory 112. In such examples, isolation circuits may be necessary on telemetry
module 110 and memory 112 to reduce or eliminate the commonality between
cardiac module 114 and neuro module 116. As another example, cardiac module
114 and neuro module 116 may each include memory and share telemetry module
110 and processor 122. In such examples, isolation circuits may only be necessary
on processor 122 since telemetry module 110 can communicate with cardiac
module 114 and neuro module 116 via processor 122. Different combinations may
be possible and are contemplated by this disclosure.

[0199] FIG. 8 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. In the
example shown in FIG. 8, isolation circuit 138 provides power to cardiac module
114 via power line 142A and ground line 142B. Isolation circuit 138 is
substantially similar to isolation circuit 126 (FIG. 7) but provides power to cardiac

module 114 instead of neuro module 116 via power line 142A and ground line
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142B. Power line 142A and ground line 142B are substantially similar to power
line 130A and ground line 130B, respectively but are coupled to cardiac module
114. Isolation circuit 136 is substantially similar to isolation circuit 124 but
provides power to sensing module 118B via power line 146A and ground line
146B. Power line 146A and ground line 146B are substantially similar to power
line 134A and ground line 134B but are coupled to sensing module 118B.

Isolation circuit 140 is substantially similar to isolation circuit 128. Control line
144B is substantially similar to control line 132B. Control line 144A is
substantially similar to control line 132A but is coupled to cardiac module 114.
[0200] In accordance with this disclosure, isolation circuits 136, 138, and 140 may
reduce or eliminate common-mode interference and shunt currents substantially
similar to the manner in which isolation circuit 126 and 128 reduce or eliminate
common-mode interference as described above with respect to FIG. 7. The
common-mode interference may be reduced or eliminated because a stimulation
signal may not impose a voltage common-mode voltage or impose a smaller
common-mode voltage on the module not providing stimulation. The stimulation
signal may not impose a voltage because the commonality between the modules
may be reduced or eliminated by isolation circuit 136 and 138. Similarly, no shunt
current may feed into electrodes 100A, 100B, 102A, and 102B or electrodes 104A,
104B, 106A, and 106B due to a stimulation generated by either stimulation
generator 120A or 120B because isolation circuit 138 provides a high impedance
barrier within the complete current path of the shunt current.

[0201] FIG. 9 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. The
example of IMD 16 shown in FIG. 9 is substantially similar to the example of IMD
shown in FIG. 7. However, in the example of IMD 16 shown in FIG. 9 there is no
stimulation generator 120B and isolation circuit 126 (FIG. 7). Instead, isolation
circuit 148 may provide all the functionality of stimulation generator 120B and
isolation circuit 126. For purposes of clarity, the functionality of cardiac module
114, sensing module 118A and 118B, stimulation generator 120A, power source
108, telemetry module 110, memory 112, isolation circuit 124 and 128, control line

134A and 134B, and control line 132A and 132B will be not be described with
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respect to FIG. 9 since their functionality has already been described with respect
to FIG. 7.

[0202] Isolation circuit 148 reduces or eliminates the power source commonality
between cardiac module 114 and neuro module 116. Isolation circuit 148 may
comprise a plurality of sub-isolation circuits, as described in more detail with
respect to FIGS. 21, 22, and 23. Examples of sub-isolation circuits include a
flying-capacitor circuit and a transformer circuit, as described in more detail with
respect to FIGS. 21, 22 and 23. For example, isolation circuit 148 may comprise
three sub-isolation circuits. The first sub-isolation circuit may provide power to
sensing module 118B. The remaining two sub-isolation circuits provide
stimulation signals to electrodes 104A, 104B, 106A, and 106B. For example, one
output of the second sub-isolation circuit may be coupled to electrode 104A, and
the other output of the second sub-isolation circuit may be coupled to electrode
104B. One output of the third sub-isolation circuit may be coupled to electrode
106A, and the other output of the third sub-isolation circuit may be coupled to
electrode 106B.

[0203] As described in more detail with respect to FIG. 21, in one example
isolation circuit 148 may comprise a plurality of sub-isolation circuits, where each
sub-isolation circuit is a flying-capacitor circuit as shown in FIG. 21. Each sub-
isolation circuit may comprise a plurality of switches and one or more capacitors.
To provide stimulation, processor 122 may close a first set of the switches and
open a second set of switches to charge up a first capacitor and second capacitor to
the stimulation voltage. After the first capacitor and second capacitor is charged to
its preset level, processor 122 may open the first set of switches, and processor 122
may close the second set of switches to discharge the first capacitor to electrodes
104A, 104B, and discharge the second capacitor to 106A, and 106B. The preset
level of the capacitor may be the amplitude of the stimulation signal set by the
therapy program. Since either the first set of switches or the second set of switches
will be open when the other is closed, there is no commonality and no current path
between neuro module 116 and electrodes 104A, 104B, 106A, and 106B.

[0204] As described in more detail with respect to FIG. 22, in another example

isolation circuit 148 may comprise a plurality of sub-isolation circuits, where each
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sub-isolation circuit is a transformer circuit as shown in FIG. 22. Each sub-
isolation circuit may comprise an oscillator, a plurality of switches, and at least one
transformer. The switches may be opened for each sub-isolation circuit for all
instances except for when neuro module 116 provides stimulation via isolation
circuit 148. Each oscillator within each sub-isolation circuit may be referenced to
power source 108 and ground provided by housing 70. In accordance with this
disclosure, to deliver stimulation, each oscillator within each sub-isolation circuit
may generate a pulse with an amplitude, pulse width, and frequency set by the
therapy program. The output of the oscillators may be coupled to a primary side of
cach of the transformers within each of the sub-isolation circuits. The secondary
side of the transformers may be coupled to the switches. Processor 122 may close
switches for one of the sub-isolation circuits so that the stimulation is provided
through the transformer to electrodes 104A, 104B. Simultaneously, processor 122
may close the switches for another one of the sub-isolation circuits so that the
stimulation is provided through the transformer to electrodes 106A, and 106B.
Since the switches are open at all times except for when neuro module 116 delivers
stimulation via a transformer, there is no commonality and no current path between
neuro module 116 and electrodes 104A, 104B, 106A, and 106B.

[0205] In accordance with this disclosure, processor 122 provides a control signal
via control lines 132A and 132B that are isolated from one another via isolation
circuit 128. In the example IMD 16 shown in FIG. 9, processor 122 may provide
control signals that cause isolation circuit 148 to output stimulation signals on
clectrodes 104A, 104B, 106A, and 106B. In examples where there are more
electrodes than 104A, 104B, 106A, and 106B, isolation circuit 148 comprises
additional sub-isolation circuits that provide stimulation to the additional
electrodes.

[0206] Similar to FIGS. 7 and 8, isolation circuit 148 reduces or climinates the
power source commonality between cardiac module 114 and neuro module 116
thereby reducing or eliminating common-mode interference. For example, a
stimulation generated by isolation circuit 148 may not impose a common voltage,
e.g., common-mode interference upon electrode pairs 100A, 100B and 102A, 102B

because there is no shared commonality between the output of isolation circuit 148
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and cardiac module 114. Accordingly, the common-mode interference may not
feed into sensing module 118A. Similarly, a stimulation generated by stimulation
generator 120A may not impose a common voltage upon electrode pairs 104A,
104B and 106A, and 106B because there is no shared commonality between the
output of isolation circuit 148 and cardiac module 114. Accordingly, the common-
mode interference may not feed into sensing module 118B. Furthermore, a shunt
current generated by stimulation generator 120A may not feed into electrodes
104A, 104B, 106A, and 106B because, as described above, at least the switches of
cach of the sub-isolation circuits with isolation circuit 148 may be opened thereby
creating a high impedance path for the shunt current. Also a shunt current
generated by isolation circuit 148 may not feed into electrodes 100A, 100B, 102A,
and 102B because isolation circuit 148 does not allow for a complete current path
for the shunt current.

[0207] FIG. 10 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. The
example of IMD 16 shown in FIG. 10 is substantially similar to the example of
IMD shown in FIG. 8. However, in the example of IMD 16 shown in FIG. 10 there
is no stimulation generator 120A and isolation circuit 138 (FIG. 8). Instead,
isolation circuit 150 may provide all the functionality of stimulation generator
120A and isolation circuit 138. In addition, in some examples, isolation circuit 150
may provide power to sensing module 118A. For purposes of clarity, the
functionality of neuro module 116, sensing module 118A and 118B, stimulation
generator 120A, power source 108, telemetry module 110, memory 112, isolation
circuit 136 and 140, control line 144A and 144B, and control line 146A and 146B
will be not be described with respect to FIG. 10 since their functionality has
already been described with respect to FIG. 8.

[0208] Similar to isolation circuit 148 of FIG. 9, isolation circuit 150 reduces or
eliminates the power source commonality between cardiac module 114 and neuro
module 116. Isolation circuit 150 may be substantially similar to isolation circuit
148. For example, similar to isolation circuit 148, isolation circuit 150 may
comprise a plurality of sub-isolation circuits, as described in more detail with

respect to FIGS. 21, 22 and 23. Examples of sub-isolation circuits include a
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flying-capacitor circuit and a transformer circuit, as described in more detail with
respect to FIGS. 21, 22 and 23. For example, isolation circuit 150 may comprise
three sub-isolation circuits. The first sub-isolation circuits may provide power to
sensing module 118A. The remaining two sub-isolation circuits provide
stimulation signals to electrodes 100A, 100B, 102A, and 102B. For example, one
output of the second sub-isolation circuit may be coupled to electrode 100A, and
the other output of the second sub-isolation circuit may be coupled to electrode
100B. One output of the third sub-isolation circuit may be coupled to electrode
102A, and the other output of the third sub-isolation circuit may be coupled to
electrode 102B. In accordance with this disclosure, processor 122 provides a
control signal via control lines 144 A and 144B that are isolated from one another
via isolation circuit 140. In the example IMD 16 shown in FIG. 10, processor 122
may provide control signals that cause isolation circuit 150 to output stimulation
signals on electrodes 100A, 100B, 102A, and 102B. In examples where there are
more electrodes than 100A, 100B, 102A, and 102B, isolation circuit 150 comprises
additional sub-isolation circuits that provide stimulation to the additional
electrodes.

[0209] Isolation circuit 150 may provide stimulation signals substantially similar
to isolation circuit 148, as described above with respect to FIG. 9. For example, in
instances where the sub-isolation circuits within isolation circuit 150 comprise a
flying-capacitor circuit, a capacitor may store charge. Processor 122 may toggle
switches within the flying-capacitor circuit that causes the flying-capacitor circuit
to discharge the capacitor thereby generating a stimulation signal that is provided
to the heart. As another example, as described in more detail below, in instances
where the sub-isolation circuit with isolation circuit 150 comprise a transformer
circuit, an oscillator within the transformer circuit may generate pulses with a
certain amplitude, pulse width, and frequency. When cardiac module 114 needs to
output a stimulation, processor 122 may toggle switches to output the signal from
the oscillator to a primary side of the transformer. The primary side of the
transformer may be coupled to the oscillator, and the secondary side of the

transform may be coupled to electrodes 100A and 100B that provide stimulation to
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the heart. In this manner, isolation circuit 150 may function as a stimulation
generator.

[0210] Isolation circuit 150 reduces or eliminates the power source commonality
between cardiac module 114 and neuro module 116 thereby reducing or
eliminating common-mode interference in a substantially similar manner as
described above with respect to isolation circuit 148. Additionally, isolation circuit
150 reduces or eliminates shunt currents in a substantially similar manner as
described above with respect to isolation circuit 148.

[0211] As described so far, the various examples of IMD 16 described with respect
to FIGS. 7-10 describe placing isolation circuits in various locations within IMD
16 to reduce or eliminate the commonality between cardiac module 114 and neuro
module 116. Particularly, in the examples described in FIGS. 7-10, cardiac module
114 and neuro module 116 share common circuitry such as a processor, telemetry
module, and memory. However, aspects of this disclosure are not so limited. As
described with respect to FIGS. 5, in some examples, cardiac module 114 and
neuro module 116 do not share a common processor, telemetry module, and
memory, but instead share a common power source. In such examples, isolation
circuits may be placed in various locations to reduce or eliminate the commonality
between cardiac module 114 and neuro module 116.

[0212] FIG. 11 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. As
shown in FIG. 11, IMD 16 comprises cardiac module 82, neuro module 84, and
power source 96. Cardiac module 82, neuro module 84, and power source 96 are
substantially similar to cardiac module 82, neuro module 84, and power source 96
(FIG. 5), respectively. For purposes of clarity, the various components within
cardiac module 82 and neuro module 84, as shown in FIG. 5, are not shown in FIG.
11. The example of IMD 16 shown in FIG. 11 also includes isolation circuit 152.
[0213] Isolation circuit 152 may be substantially similar to isolation circuit 124,
126 (F1G. 7) 136, or 138 (FIG. 8). Isolation circuit 152 reduces or eliminates the
commonality between cardiac module 82 and neuro module 84. Examples of
isolation circuit 152 include a flying-capacitor circuit, a transformer circuit, a

barrier circuit, and a photo-voltaic cell as shown in FIGS. 16, 18, 19, and 20.
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Cardiac module 82 and neuro module 84 share power source 96. Neuro module 84
receives power from power source 96 referenced to the ground provided by
housing 70. Isolation circuit 152 receives voltage from power source 96 is that
referenced to the ground provided by housing 70. Isolation circuit 152 outputs a
floating power and floating ground. The floating power and floating ground are
provided to cardiac module 82 via power line 154A and ground line 154B,
respectively. The outputs of isolation circuit 152 are referred to as floating power
and floating ground because neither are referenced to power source 96 or the
ground provided by housing 70. Instead, the outputs of isolation circuit 152 are
only referenced to one another. The various control lines within cardiac module 82
and neuro module 84 do not require isolation circuits because there is no
commonality between the various components within cardiac module 82 and neuro
module 84.

[0214] The common-mode interference and shunt currents may be reduced or
eliminated due to isolation circuit 152. A stimulation generated by neuro module
84 may not impose a common voltage upon electrode pairs 104A, 104B and 106A,
106B because the commonality between cardiac module 82 and neuro module 84
is reduced or eliminated. Additionally, a stimulation provided by cardiac module
82 may not impose a common voltage, ¢.g., common-mode interference, upon
electrodes coupled to neuro module 84 because the stimulation signal generated by
cardiac module 82 is not referenced to the ground provided by housing 70, e.g., the
commonality is reduced or eliminated. Furthermore, a shunt current generated by
cardiac module 82 may not feed into neuro module 84 because isolation circuit 152
provides a high impedance barrier within the complete current path for the shunt
current. Similarly, a shunt current generated by neuro module 84 may not feed into
cardiac module 82 because isolation circuit 152 provides a high impedance for the
shunt current.

[0215] FIG. 12 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. The
example of IMD 16 shown in FIG. 12 is substantially similar to the example of
IMD 16 shown in FIG. 11. Isolation circuit 156 is substantially similar to isolation

circuit 152, e.g., similar to isolation circuit 126, 128 (FIG. 7), 136, and 138 (FIG.
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8). However, isolation circuit 156 provides floating power and floating ground to
neuro module 84 via power line 158A and ground line 158B. Power source 96
provides power to cardiac module §2.

[0216] Similar to FIG. 11, the common-mode interference and shunt currents may
be reduced or eliminated due to isolation circuit 156. A stimulation generated by
cardiac module 82 may not impose a common voltage upon electrode pairs 100A,
100B and 102A, 102B because the commonality between cardiac module 82 and
neuro module 84 is reduced or eliminated. Additionally, a stimulation provided by
cardiac module 82 may not impose a common voltage, ¢.g., common-mode
interference, upon electrodes coupled to neuro module 84 because the stimulation
signal generated by cardiac module 82 is not referenced to the ground provided by
housing 70, e.g., the commonality is reduced or eliminated. Additionally, a
stimulation provided by neuro module 84 may not impose a common voltage, ¢.g.,
common-mode interference, upon electrodes coupled to cardiac module 82 because
the stimulation signal generated by neuro module 84 is not referenced to the
ground provided by housing 70, e.g., the commonality is reduced or eliminated.
Furthermore, a shunt current generated by neuro module 84 may not feed into
cardiac module 82 because isolation circuit 156 provides a high impedance barrier
within the complete current path for the shunt current. Similarly, a shunt current
generated by cardiac module 82 may not feed into neuro module 84 because
isolation circuit 156 provides a high impedance for the shunt current.

[0217] As described so far, the cardiac therapy module, e.g., cardiac module 82 or
cardiac module 114, and the neuro therapy module, ¢.g., neuro module 84 or neuro
module 116, are isolated from one another by isolating the power source and
control lines. However, in some examples, cardiac module 82 and neuro module
84, or cardiac module 114 and neuro module 116, may be isolated from one
another by isolating the stimulation output, e.g., stimulation generated by the
cardiac therapy device and the neuro therapy device, and/or isolating the sensing
input, e.g., signals sensed by the cardiac therapy module and the neuro therapy
module.

[0218] FIG. 13 is a functional block diagram of another example configuration of

IMD 16 comprising isolation circuits to reduce or eliminate commonality. The
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example of IMD 16 shown in FIG. 13 includes cardiac module 160, neuro module
162, power source 164, and isolation circuit 164. Cardiac module 160 may be
substantially similar cardiac module 82 or cardiac module 114. Neuro module 162
may be substantially similar to neuro module 84 or neuro module 116. For
purposes of clarity, the various other components within IMD 16 are not shown.
For example, in instances where cardiac module 160 is substantially similar to
cardiac module 82 and where neuro module 162 is substantially similar to neuro
module 84, the various components within cardiac module 82 and neuro module 84
(shown in FIG. 5) are not shown in FIG. 13. Similarly, in instances where cardiac
module 160 is substantially similar to cardiac module 114 and where neuro module
162 is substantially similar to neuro module 116, the various components within
cardiac module 114, neuro module 116, the common shared circuitry, and the
control line isolation circuits (shown in FIGS. 6 and 8) are not shown in FIG. 13.
[0219] In accordance with this disclosure, isolation circuit 164 reduces or
eliminates the commonality between the stimulation generated by a stimulation
output of neuro module 162 that may be sensed by a sensing input of cardiac
module 160 and the stimulation generated by a stimulation output of cardiac
module 160 that may be sensed by a sensing input of neuro module 162. Due to
the stimulation and sensing isolation between cardiac module 160 and neuro
module 162, the common-mode interference and the shunt current may be reduced
or eliminated. As shown in FIG. 13, isolation circuit 164 may be external to
housing 70. However, aspects of this disclosure are not so limited. In some
examples, isolation circuit 164 may be enclosed within housing 70. For example,
isolation circuit may be enclosed within housing 70 but external to neuro module
162. In some examples, isolation circuit 164 may be enclosed within, carried by or
otherwise integrated with neuro module 162. In some examples, isolation circuit
164 may be enclosed within a connector of a lead that includes electrodes 104A,
104B, 106A, and 106B. In some examples, isolation circuit 164 maybe enclosed
within a lead that includes electrodes 104A, 104B, 106A, and 106B.

[0220] As shown in FIG. 13, power source 168 provides power to both cardiac
module 160 and neuro module 162. Neuro module 162 generates stimulation

signals that are referenced to the power source 168 and the ground provided by
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housing 70. Isolation circuit 164 receives the stimulation signals and outputs
stimulation signals that are no longer referenced to power source 168. Instead, the
stimulation signals are referenced to one another. For example, a stimulation
signal may be referenced between 104A and 104B and not be referenced to power
source 168 and the ground provided by housing 70. Isolation circuit 164 may
comprise a plurality of sub-isolation circuits each coupled to an electrode pair. For
example, isolation circuit 164 may comprise two sub-isolation circuits. One output
of the first sub-isolation circuit may be coupled to electrode 104A, and the other
output of the first sub-isolation circuit may be coupled to electrode 104B. One
output of the second sub-isolation circuit may be coupled to electrode 106A, and
the other output of the second sub-isolation circuit may be coupled to electrode
106B. In this manner, the stimulation provided by electrodes 104A, 104B, 106A,
and 106B is not referenced cardiac module 160 which in turn reduces or eliminates
the crosstalk or common-mode interference. Moreover, for purposes of clarity,
isolation circuit 164 is shown outside of neuro module 162. However, in some
aspects, isolation circuit 164 may be comprised within neuro module 162.

[0221] As described in more detail below, examples of isolation circuit 164
include a flying-capacitor circuit and a transformer circuit, as shown in FIGS. 21,
22, and 23. In some examples, the processor or processors, €.g., processor 86B
(FIG. 5) or processor 122 (FIG. 6), within IMD 16 provide control signals that
cause isolation circuit 164 to output the stimulation signal. In examples where
isolation circuit 164 is a flying-capacitor circuit, isolation circuit 164 comprises a
plurality of sub-isolation circuits, each of the sub-isolation circuits may be a flying-
capacitor circuit, as shown in FIG. 21. Isolation circuit 164 may comprise a
plurality of switches and at least one capacitor. A first set of switches may be
coupled to neuro module 162 and a second set of switches may be coupled to
various electrode pairs, e.g. either electrodes 104A and 104B or 106A and 106B.
To provide stimulation, neuro module 162 may close the first set of switches to
charge the capacitor to a preset value, e.g., the stimulation amplitude level set by
the therapy program. After the capacitor is charged, the first set of switches may
open and the second set of switches may be closed to output the stimulation to

clectrodes 104A, 104B, 106A, and 106B. In another example, a processor within

75



WO 2010/051316 PCT/US2009/062399

neuro module 162 may toggle the second set of switches according to the pulse
width and frequency set by the therapy program to provide stimulation in
accordance with the therapy program. Either the first set of switches or the second
set of switches is opened while the other is closed. Accordingly, there is no
commonality between the stimulation generated by neuro module 162 and the
ground provided by housing 70.

[0222] To sense a signal, a processor within neuro module 162 may close the
second set of switches and open the first set of switches. The toggling of switches
may utilize a sampling of the sensed signal, typically at a sampling rate that is
sufficient to accurately capture the signal as it fluctuates. For example, the
sampling rate may be two or more times higher than the highest frequency
component intended to be present at the input to the switches. The capacitor may
be charged by the signal that is to be sensed. After the capacitor is charged, neuro
module 162 may open the second set of switches and close the first set of switches.
Similar to the stimulation, either the first set of switches or the second set of
switches is opened while the other is closed. Accordingly, there is no commonality
between the stimulation generated by neuro module 162 and the ground provided
by housing 70.

[0223] In examples where isolation circuit 164 is a transformer circuit, isolation
circuit 164 comprises a plurality of sub-isolation circuit, each of the sub-isolation
circuits may be a transformer circuit, as substantially shown in FIG. 23.
Accordingly, in examples where isolation circuit 164 is a transformer circuit, neuro
module 162 may couple directly to a plurality of switches. To provide stimulation
neuro module 162 may toggle the plurality of switches to provide the stimulation
to the transformer. In some examples, neuro module 162 may open and close the
plurality of switches at a frequency and pulse width set by the therapy program.
The switches may be open at all times except for when neuro module 162 provides
stimulation. Also, the transformer reduces or eliminates the commonality between
the stimulation generated by neuro module 162 and cardiac module 160.

[0224] To sense a signal, a processor within neuro module 162 may close the
switches to allow the signal to feed into neuro module 162. The switches may be

opened at all times except for when neuro module 162 senses the signal.

76



WO 2010/051316 PCT/US2009/062399

[0225] A stimulation generated by neuro module 162 may not impose a common
voltage upon electrode pairs 100A, 100B, and 102A, 102B as common-mode
interference because the stimulation generated by neuro module 162 shares no
commonality with the ground provided by housing 70 due to the transformer(s)
within isolation circuit 164. Furthermore, a shunt current generated by cardiac
module 160 may not feed into neuro module 162 because as described above, the
switches will be opened, creating a high impedance path for the shunt current.
[0226] In some examples, various switches within isolation circuit 164 may be
opened at all times expect for when neuro module 162 transmits a stimulation,
senses a physiological condition of the patient, or performs an impedance
measurement of the tissue or electrodes. The switches with isolation circuit 162
may be closed only to provide stimulation or to sense or measure impedance. In
this manner, the shunt current may be reduced or eliminated since the switches are
open at all times except for brief intervals when neuro module 162 provides
stimulation or to sense or measure impedance. In some examples, the impedance
measurement may be disabled when a shunt current condition is expected, e.g.,
when defibrillation is invoked.

[0227] As shown in FIG. 13, isolation circuits are provided on the stimulation
output and sensing input of neuro module 162. However, in some aspects,
isolation circuits may be provided on the stimulation output and sensing input of
cardiac module 160. The isolation circuit may perform substantially similar to
isolation circuit 164.

[0228] FIG. 14 is a functional block diagram of another example configuration of
IMD 16 comprising isolation circuits to reduce or eliminate commonality. The
example of IMD 16 shown in FIG. 14 includes cardiac module 160, neuro module
162, power source 168, and isolation circuit 170. Similar to FIG. 13, for purposes
of clarity, the various additional components within cardiac module 160, neuro
module 162, and any common shared circuitry is not shown.

[0229] Isolation circuit 170 may be substantially similar to isolation circuit 164. In
accordance with this disclosure, isolation circuit 170 reduces or eliminates the
common-mode interference and the shunt current between cardiac module 160 and

neuro module 162. As shown in FIG. 14, isolation circuit 170 may be external to
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housing 70. However, aspects of this disclosure are not so limited. In some
examples, isolation circuit 170 may be enclosed within housing 70. For example,
isolation circuit may be enclosed within housing 70 but external to cardiac module
160. In some examples, isolation circuit 170 may be enclosed within, carried by,
or otherwise integrated with cardiac module 162. In some examples, isolation
circuit 170 may be enclosed within a connector of a lead that includes electrodes
100A, 100B, 102A, and 102B. In some examples, isolation circuit 170 may be
enclosed within a lead that includes electrodes 100A, 100B, 102A, and 102B.
[0230] Similar to the example of IMD 16 shown in FIG. 13, power source 168
provides power to both cardiac module 160 and neuro module 162. Cardiac
module 160 generates stimulation signals that are referenced to the power source
168 and the ground provided by housing 70. Isolation circuit 170 receives the
stimulation signals and outputs stimulation signals that are no longer referenced to
power source 168. Instead, the stimulation signals are referenced to one another.
For example, a stimulation signal may be referenced between 100A and 100B and
not be referenced to power source 168 and the ground provided by housing 70.
Isolation circuit 170 may comprise a plurality of sub-isolation circuits each
coupled to an electrode pair. For example, isolation circuit 170 may comprise two
sub-isolation circuits. One output of the first sub-isolation circuit may be coupled
to electrode 100A, and the other output of the first sub-isolation circuit may be
coupled to electrode 100B. One output of the second sub-isolation circuit may be
coupled to electrode 102A, and the other output of the second sub-isolation circuit
may be coupled to electrode 102B. In this manner, the stimulation provided by
electrodes 100A, 100B, 102A, and 102B is not referenced neuro module 162 which
in turn reduces or eliminates the crosstalk or common-mode interference.
Moreover, for purposes of clarity, isolation circuit 170 is shown outside of cardiac
module 160. However, in some examples, isolation circuit 170 may be located
within cardiac module 160.

[0231] Isolation circuit 170 may reduce or eliminate commonality in a manner
substantially similar to isolation circuit 164. For example, isolation circuit 170
may comprise one or more sub-isolation circuits that are flying-capacitor circuits

as shown in FIG. 21. In some examples, isolation circuit 170 may comprise one or
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more sub-isolation circuits that are transformer circuits as substantially shown in
FIGS. 22 and 23. The stimulation generated by cardiac module 160 may not
impose a common voltage as common-mode interference because there is no
commonality between the stimulation generated by cardiac module 160 and the
ground provided by housing 70 due to isolation circuit 170. Similarly, no shunt
current may flow into cardiac module 160 because, as described above, the
switches within isolation circuit 170 may be open at all times except for when
cardiac module 160 provides stimulation or senses the signal.

[0232] Stated another way, in some examples, various switches within isolation
circuit 170 may be opened at all times expect for when cardiac module 160
transmits a stimulation signal, senses a physiological condition of the patient, or
performs an impedance measurement of the tissue or electrodes. The switches
with isolation circuit 170 may be closed only to provide stimulation or to sense or
measure impedance. In this manner, the shunt current may be reduced or
eliminated since the switches are open at all times except for brief intervals
immediately prior to and while cardiac module 160 provides stimulation or to
sense or measure impedance.

[0233] The various examples of IMD 16 shown in FIGS. 7-14 show one or more
isolation circuits located at various locations within IMD 16. In some aspects,
IMD 16 may be a combination of one or more examples of IMD 16 as shown in
FIGS. 7-14. For example, IMD 16 may comprise isolation circuits as shown in
FIGS. 7 and 8. As another example, IMD 16 may comprise isolation circuits as
shown in FIGS. 11 and 12. As yet another example, IMD 16 may comprise
isolation circuits as shown in FIGS. 11-14. Many such combinations are possible,
and all are contemplated by this disclosure.

[0234] FIG. 15Ais a circuit diagram of an example of an isolation circuit 172A.
Isolation circuit 172A may, for example, be one or more of isolation circuit 128
(FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG. 15A,
isolation circuit 172A comprises at least two resistors, resistors R1 and R2. Each
of resistors R1 and R2 may have a impedance value of approximately 10 kiloohms
to approximately 2 megaohms, as one non-limiting example. Resistor R1 may

couple processor 122 to a therapy module. For example, with respect to FIGS. 7

79



WO 2010/051316 PCT/US2009/062399

and 9, resistor R1 may couple processor 122 to neuro module 116. In such
examples, control line 132A may comprise the connection between processor 122
and resistor R1 and control line 132B may comprise the connection between
resistor R1 and neuro module 116. Control lines 132A and 132B may comprise a
communication line between processor 122 and neuro module 116. As another
example, with respect to FIGS. 8 and 10, resistor R1 may couple processor 122 to
cardiac module 114. In such examples, control line 144A may comprise the
connection between processor 122 and resistor R1 and control line 144B may
comprise the connection between resistor R1 and cardiac module 114. Control
lines 144A and 144B may comprise a communication line between processor 122
and cardiac module 114. In examples where control lines 132A, 132B or control
lines 144A, 144B comprise a plurality of control lines, isolation circuit 172A may
comprise resistors in addition to resistors R1 and R2, that couple each one of
control lines 132A or 144A to their respective control lines 132B or 144B.

[0235] Resistor R2 couples the ground provided by housing 70 to floating ground
line 130B (FIGS. 7 and 9) or floating ground line 142B (FIGS. 8 and 10). The
coupling of the ground provided by housing 70 to the floating ground provides a
reference voltage for proper measurement of the signals through control lines
132A, 132B, 144A, and 144B.

[0236] The coupling of processor 122 to the therapy module, ¢.g., cardiac module
144 or neuro module 116, may create some commonality between neuro module
116 and cardiac module 114 via processor 122. Similarly, the coupling of the
ground provided by housing 70 and floating ground line 132B or 142B may create
some commonality between neuro module 116 and cardiac module 114. Although
there may be some commonality between neuro module 116 and cardiac module
114, due to the high impedance of resistors R1 and R2, the shunt current may still
be mitigated, i.e., there is a high impedance path of the shunt current between
cardiac module 114 and neuro module 116. Similarly, the common-mode
interference may also be mitigated due to the high impedance of resistors R1 and
R2. In other words, the commonality created by resistors R1 and R2 may be
sufficient to allow proper transfer of signals between processor 122 and the therapy

module. However, the commonality may not be sufficient to appreciably affect the
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shunt current mitigation and common-mode interference mitigation described in
this disclosure.

[0237] FIG. 15B is a circuit diagram of another example of an isolation circuit
172B. Isolation circuit 172B may, for example, be one or more of isolation circuit
128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG.
15B, isolation circuit 172B comprises at least two capacitors, capacitors C1 and
C2. Each of capacitors C1 and C2 may have a capacitance value in a range of
approximately 100 pico-farads to about 1 micro-farad, as one non-limiting
example. Capacitor C1 may couple processor 122 to a therapy module. For
example, with respect to FIGS. 7 and 9, capacitor C1 may couple processor 122 to
neuro module 116. In such examples, control line 132A may comprise the
connection between processor 122 and capacitor C1 and control line 132B may
comprise the connection between capacitor C1 and neuro module 116. Control
lines 132A and 132B may comprise a communication line between processor 122
and neuro module 116. As another example, with respect to FIGS. 8 and 10,
capacitor C1 may couple processor 122 to cardiac module 114. In such examples,
control line 144A may comprise the connection between processor 122 and
capacitor C1 and control line 144B may comprise the connection between
capacitor C1 and cardiac module 114. Control lines 144A and 144B may comprise
a communication line between processor 122 and cardiac module 114. In
examples where control lines 132A,132B or control lines 144A, 144B comprise a
plurality of control lines, isolation circuit 172B may comprise additional
capacitors, more than capacitors C1 and C2, that couple each one of control lines
132A or 144A to their respective control lines 132B or 144B.

[0238] Capacitor C2 couples the ground provided by housing 70 to floating ground
line 130B (FIGS. 7 and 9) or floating ground line 142B (FIGS. 8 and 10). The
coupling of the ground provided by housing 70 to the floating ground provides a
reference voltage for proper measurement of the signals through control lines
132A, 132B, 144A, and 144B.

[0239] Similar to FIG. 15A, the coupling of processor 122 to the therapy module,
e.g., cardiac module 144 or neuro module 116, may create some commonality

between neuro module 116 and cardiac module 114 via processor 122. Similarly,
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the coupling of the ground provided by housing 70 and floating ground line 132B
or 142B may create some commonality between neuro module 116 and cardiac
module 114. However, capacitors C1 and C2 may block DC voltages since
capacitors C1 and C2 are high impedance for voltages at low frequencies. The
commonality created by capacitors C1 and C2 may be sufficient to allow proper
transfer of signals between processor 122 and the therapy module. However, the
commonality may not be sufficient to appreciably affect the shunt current
mitigation and common-mode interference mitigation described in this disclosure.
[0240] FIG. 15C is a circuit diagram of another example of an isolation circuit
172C. Isolation circuit 172C may, for example, be one or more of isolation circuit
128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG.
15C, isolation circuit 172C comprises at least one transformer. The primary
winding of the transformer may couple to processor 122 and the ground provided
by housing 70 via control line 132A (FIGS. 7 and 9) or control line 144A (FIGS. 8
and 10). The secondary winding of the transformer may couple to the therapy
module, e.g., neuro module 116 or cardiac module 114 and the floating ground
line, e.g., 130B or 142B. In examples where control lines 132A, 132B or control
lines 144A, 144B comprise a plurality of control lines, isolation circuit 172C may
comprise a multiple tap transformer where each tap couples each one of control
lines 132A or 144A to their respective control lines 132B or 144B. In some
examples, isolation circuit 172C may comprise a piczoelectric transformer.

[0241] The transformer may eliminate a direct electrical connection between
control lines 132A or 144A and control lines 132B and 144B. Similarly, the
transformer may eliminate a direct electrical connection between the ground
provided by housing 70 and floating ground line 130B or 142B. Stated another
way, the signal on the primary may be referenced to the ground provided by
housing 70 and the signal on the secondary may be referenced to floating ground
line 130B or 144B. Because the transformer transfers signals via inductively
coupled conductors, there is no direct electrical connection between control lines
132A and 132B and control lines 144A and 144B. Similarly, there is no direct
electrical connection between the ground provided by housing 70 and floating

ground line 130B or 142B. In some cases, processor 122 may provide digital
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signals to digital circuitry in neuro module 116 or cardiac module 114. In other
cases, processor 122 may include digital-to-analog (DAC) circuitry to provide
analog signals to neuro module 116 or cardiac module 114. In each case, isolation
circuit 172A, 172B, or 172C may be provided to reduce or eliminate commonality
between processor 122 and the pertinent module 114, 116. Accordingly, the
transformer may reduce or eliminate the commonality between cardiac module 114
and neuro module 116 via processor 122.

[0242] FIG. 15D is a circuit diagram of another example of an isolation circuit
172D. Isolation circuit 172D may, for example, be one or more of isolation circuit
128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG.
15D, isolation circuit 172D comprises opto-isolator 174A and opto-isolator 174B.
Opto-isolator 174A may allow transmission of signals from processor 122 to the
therapy module, e.g., cardiac module 114 or neuro module 116. Opto-isolator
174B may allow transmission of signals from the therapy module to processor 122.
The opto-isolators convert the electrical signal into an optical signal and back to an
electrical signal. The electrical connection between control line 132A and 132B or
control line 144A and 144B may be eliminated because the data is provided
optically. Accordingly, opto-isolators 174A and 174B may reduce or eliminate the
commonality between cardiac module 114 and neuro module 116 via processor
122. Examples of opto-isolators include opto-relays, opto-transistors, opto-field
effect transistors (FETS), opto-silicon controlled rectifier (SCR).

[0243] Similar to above, in examples where control lines 132A, 132B and control
lines 144A, 144B comprise a plurality of control lines in parallel, isolation circuit
172D may comprise a plurality of opto-isolators. Isolation circuit 172D may
comprise a plurality of opto-isolators where each opto-isolator couples each one of
the plurality of control lines. Notably, opto-isolators that transmit data from the
therapy module to processor 122 and opto-isolators that transmit data from the
processor to the therapy module may be needed for each of the plurality of control
lines.

[0244] FIG. 15E is a circuit diagram of another example of an isolation circuit
172E. Isolation circuit 172E may, for example, serve as one or more of isolation

circuit 128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown
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in FIG. 15E, isolation circuit 172E comprises photo-voltaic cell 176A and photo-
voltaic cell 176B. Photo-voltaic cells 176A may comprise an LED, or a similar
device, that illuminates in response to the signal provided by processor 122. When
the LED is illuminated a current and voltage is generated on the cell within photo-
voltaic cell 176A. The voltage from photo-voltaic cell 176A may form the signal
to the therapy module. It should be noted that an insulative barrier exists between
the cell and the LED. Similarly, photo-voltaic cell 176B may comprise an LED, or
a similar device, that illuminates in response to the signal provided by the therapy
module, ¢.g., cardiac module 114 or neuro module 116. When the LED is
illuminated a current and voltage is generated on the cell within photo-voltaic cell
176B. The voltage from photo-voltaic cell 176B may form the signal to processor
122.

[0245] Photo-voltaic cell 176A may provide power or allow transmission of
signals, e.g., in the form of voltage or current, from processor 122 to the therapy
module, ¢.g., cardiac module 114 or neuro module 116. Photo-voltaic cell 176B
may provide power or allow transmission of signals from the therapy module to
processor 122. The photo-voltaic cells convert the electrical signal into an optical
signal and back to an electrical signal. The electrical connection between control
line 132A and 132B or control line 144A and 144B may be eliminated because the
data is provided optically. Accordingly, photo-voltaic cells 176A and 176B may
reduce or eliminate the commonality between cardiac module 114 and neuro
module 116 via processor 122.

[0246] Similar to above, in examples where control lines 132A, 132B and control
lines 144A, 144B comprise a plurality of control lines in parallel, isolation circuit
172E may comprise a plurality of photo-voltaic cells. Isolation circuit 172E may
comprise a plurality of photo-voltaic cells where each photo-voltaic cell couples
cach one of the plurality of control lines. Notably, photo-voltaic cells that transmit
data from the therapy module to processor 122 and photo-voltaic cells that transmit
data from the processor to the therapy module may be needed for each of the
plurality of control lines.

[0247] FIG. 15F is a circuit diagram of another example of an isolation circuit

172F. Isolation circuit 172F may, for example, be one or more of isolation circuit
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128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG.
15F, isolation circuit 172F comprises solid state memory device 178 and switches
S1-S6, and S39 and S40. Solid state memory device 178 may be volatile memory
or non-volatile memory. Solid state memory device 178 may comprise a RRAM,
EEPROM, RAM, ROM, and the like.

[0248] Solid state memory device 178, as described above, may be similar to
devices often referred to as a two-wire serial memory chips. In the example of
FIG. 15F, solid state memory device 178 comprises four terminals: a power
terminal (Term. 1), a ground terminal (Term. 2), a serial read/write terminal (Term.
3), and a serial control terminal (Term. 4). In other examples, more or less
terminals may be possible. The power and ground terminals (1 and 2) provide
power to solid memory device 178. The serial read/write terminal (3) allows an
isolated therapy module, e.g., neuro module 116 (FIG. 7) or cardiac module (FIG.
8), or processor 122 to serially write data into solid state memory device 178,
and/or serially read data out of solid state memory device 178. The serial control
terminal (4) allows selection between read and write modes.

[0249] The power terminal may be selectively coupled to power source 108 via a
switch S1 at a first time and may be coupled to the floating power line 130A via a
switch S2 at a second time different from the first time. The ground terminal may
be selectively coupled to the ground provided by housing 70 via switch S3 at the
first time and may be coupled to the floating ground line 130B via switch S4 at the
second time. In general, switches S1, S3, S5, and S39 are closed when switches
S2, S4, S6 and S40 are open, and vice versa. The states of switches S1, S3, S5,
and S39 are switches S2, S4, S6 and S40 may be controlled by respective enable
signals that are asserted at different times. In this manner, the memory device 178
may be alternatively powered by ground power and floating power when accessed
by processor 122 or a therapy (cardiac or neuro) module, respectively. The
read/write terminal may be coupled to processor 122 via switch S5 at the first time
and may be coupled to the isolated therapy module via a switch S6 at the second
time. In some examples, the read/write terminal may be coupled to a processor of

the isolated therapy module via switch S6.
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[0250] In some examples, a processor of the isolated therapy module or
stimulation generator within the isolated therapy module, i.¢., a processor that
controls therapy parameters and causes the stimulation generator to generate
stimulation signals that conform to the therapy parameters, may be carried by or
integrated with solid state memory device 178. The control terminal may be
coupled to processor 122 via a switch S39 and to the isolated therapy module, a
processor within the isolated therapy module, or a processor within a stimulation
generator of the isolated therapy module via switch S40. For ease of description, a
processor or other control or processing circuitry associated with a therapy module
may be referred to as a module processor, which may be different than processor
122.

[0251] Enable signals generated at selected times based on respective clock
sources (not shown) may provide signals to serially load data in and/or serially
load data out of solid state memory device 178. For example, assertion of a first
enable signal may cause switches S1, S3, S5 and S39 to close, such that memory
device 178 is powered by power source 108 and ground provided by housing 70,
and processor 122 is coupled to read and/or write data with respect to the solid
state memory device. In this state, processor 122 applies a control signal to control
terminal 4 to initiate a read mode by which processor 122 reads data from solid
state memory device 178 via serial read/write terminal 3. In this manner, processor
122 may read data from device 178 that was previously written by the therapy
module or module processor associated with a therapy module. Processor 122 may
also apply a control signal to initiate a write mode in which processor may write
data to device 178. Data may be written to and read from different memory
locations or the same locations in solid state memory device 178. In some cases,
processor 122 may first read and then write, in which case processor 122 may in
some cases overwrite data that was already read. Switches S1, S3, S5 and S39
open upon deassertion of the first enable signal.

[0252] Assertion of a second enable signal may cause switches S2, S4, S6 and S40
to close, such that memory device 178 is powered by a floating power line and
floating ground line, and the therapy module (via a module processor in some

cases) is coupled to read and/or write data with respect to the solid state memory

86



WO 2010/051316 PCT/US2009/062399

device. In this state, the therapy module applies a control signal to control terminal
4 to initiate a read mode by which the therapy module reads data from solid state
memory device 178 via serial read/write terminal 3. In this manner, the therapy
module may read data from device 178 that was previously written by processor
122. The therapy module may also apply a control signal to initiate a write mode
in which the therapy module may write data to device 178. Again, data may be
written to and read from different memory locations or the same locations in solid
state memory device 178, and may be overwritten in some cases. Switches S2, S4,
S6 and S40 open upon deassertion of the second enable signal.

[0253] To ensure that switches S2, S4, S6, and S38 are not in a closed state when
switches S1, S3, S5, and S39 are in a closed state, the first and second enable
signals are asserted at different times. Processor 122 and the therapy module may
use different clocks that are not referenced to one another to produce the enable
signals at different times, or use isolated versions of the same clock signal to
produce the enable signals at different times. A common clock signal may be used
to generate enable signals that control switches S1, S3, S5, and S39 and switches
S2, 84, S6, and S40, but may cause commonality between the therapy module and
processor 122 via the clock source. Accordingly, in examples where IMD 16
includes only one clock source, an additional isolation circuit may be needed. The
switches S1, S3, S5, and S39 may be coupled to the clock source and the switches
S2, 84, S6, and S40 may be coupled to the clock source via an isolation circuit, or
vice versa. A first clock source may be referenced to power source 108 and the
ground provided by housing 70, and the second clock source may be referenced to
floating power and ground lines. An isolation circuit used to provide isolated clock
signals may be provided by any one of isolation circuits 172A-172E (FIGS. 15A-
15E).

[0254] In other examples, instead of a single clock source, IMD 16 may comprise
at least two clock sources (not shown). The two clock sources may be independent
of one another, i.¢., the two clock sources may not share any common components,
and may be unsynchronized with respect to one another. In this sense, the two
clock sources may be considered to be asynchronous relative to one another. If

different clocks are used in an asynchronous manner relative to one another, the
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length of the enable signal, i.¢., the time between rising and falling edges of the
enable signal that triggers read and write operations, may be selected to be
substantially smaller than the period of the enable signal so that small errors in the
different clocks are less likely to cause the enable signals to overlap with each
other over an extended period of time. In this manner, it is possible to prevent
processor 122 from reading and writing at the same time the therapy (neuro or
cardiac) module is reading and writing with respect to the solid state memory
device. In particular, the first enable signal is asserted at a first time when the
second enable signal is not asserted, and is deasserted well in advance of assertion
of the second enable signal, and vice versa. Although there may be significant
length of time between deassertion of one enable signal and assertion of the other
enable signal, in some cases, deassertion of one enable signal may be closely
followed by, but not overlap with, assertion of the other enable signal.

[0255] In some examples, separate clocks may be periodically resynchronized to
minimize the risk of overlap of the enable signals generated for the processor 122
and the therapy module. Due to possible changes in frequency as the clock sources
age, the frequency of the first clock signal and the frequency of the second clock
signal may deviate. Hence, the first and second clock sources may periodically
require a resynchronization signal that causes them to output clock signals at
substantially the same frequency. In some cases, a resynchronization signal may
be provided to the first clock source and a resynchronization signal may be
provided to a second clock source via an isolation circuit substantially similar at
least one of the isolation circuits described with respect to FIGS. 15A-15E.

[0256] The following describes techniques to transmit and receive data between
the isolated therapy module and processor 122. For purposes of illustration, the
described techniques utilize the example where two asynchronous clocks are
provided, although a signal clock source may be used with isolation in some cases.
For processor 122 to transmit data, a first enable signal (timed based on a first
clock signal) is asserted to close switches S1, S3, S5, and S39. In this example,
processor 122 may provide a signal to the control terminal indicating that solid
state memory device 178 should be in the read mode. Processor 122 may then read

serial data from device 178. For processor 122 to write data, the first clock signal
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closes switches S1, S3, S5, and S39. In this example, processor 122 may provide a
signal to the control terminal indicating that solid state memory device 178 should
be in write mode. Processor 122 may then write serial data to device 178. The
read and write operations may be performed successively in the same enable
period or performed separately in separate enable periods. The order of the read
and write operations may be read first, write second or write first, read second. In
the manner describe above, the processor 22 can transmit and receive information
to and from the therapy module via the isolation interface provided by device 178.
[0257] Similarly, for the therapy module, assertion of the second enable signal
closes switches S2, S4, S6, and S40. In this example, therapy module may provide
a signal to the control terminal indicating that solid state memory device 178
should be in read mode. The therapy module may then read serial data for device
178. For the therapy module to write data, the second enable signal is asserted (or
remains asserted) to close switches S2, S4, S6, and S40. In this example, the
therapy module may provide a signal to the control terminal indicating that solid
state memory device 178 should be in the write mode. The therapy module may
then write serial data to device 178. Again, the read and write operations may be
performed successively in the same enable period or performed separately in
separate enable periods. Also, the order of the read and write operations may be
read first, write second or write first, read second. In each case, the therapy
module can transmit and receive information to and from processor 122 via the
isolation interface provided by device 178.

[0258] In the examples described above, switches S1, S3, S5, and S39 are in an
open state when the switches S2, S4, S6, and S40 are in a closed state, and vice
versa. Accordingly, processor 122 and the isolated therapy module are never
coupled to one another. In other words, due to the switches S1, S3, S5, and S39
being open when switches S2, S4, S6, and S40 are closed, and vice versa, as a
function of the assertion and deassertion of the respective enable signals, there is
no commonality between processor 122 and the isolated therapy module. In these
examples, solid state memory device 178 may be considered as flying between
processor 122 and the isolated therapy module because solid state memory device

178 receives power from the same power source that provides power to processor
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122, e.g., power source 108 in one state, and receives power from the same power
source that provides power to isolated therapy module, ¢.g., floating power and
ground lines 130A, 130B (FIG. 7).

[0259] In examples where solid state memory device 178 is volatile memory, e.g.,
RAM, the data stored within solid state memory device 178 may be erased when
power is removed. In such examples, a capacitor, ¢.g., a super capacitor or an ultra
capacitor, a rechargeable battery or cell, or a primary battery or cell coupled to a
diode may be coupled between the power and ground terminals. For example,
when the switches S1 and S3 are closed, power source 108 and the ground
provided by housing 70 provide power to solid state memory device 178 and
charges the capacitor or the rechargeable battery. When switches S1 and S3 are
opened but before the switches S2 and S4 are closed, the capacitor, rechargeable
battery, or the primary battery provide power to solid state memory device 178.
When switches S2 and S4 are closed, the floating power and ground lines, e.g.,
floating power and ground lines 130A, 130B provide power to solid state memory
device 178 and the charges the capacitor or the rechargeable battery. When the
switches S2 and S4 are opened but before switches S1 and S3 are closed, the
capacitor, rechargeable battery, or primary battery provide power to solid state
memory device 178.

[0260] Solid state memory device 178 may reduce or eliminate the commonality
between cardiac module 114 and neuro module 116 (FIG. 7). As described above,
when switches S1, S3, S5, and S39 are closed, switches S2, S4, S6, and S40 are
open. Accordingly, in this state there is no commonality between the therapy
module, ¢.g., neuro module 116 and processor 122. As described above, when
switches S2, S4, S6, and S40 are closed, switches S1, S3, S5, and S39 are open.
Similarly, in this state there is no commonality between the therapy module, e.g.,
neuro module 116 and processor 122.

[0261] FIG. 15G is a circuit diagram of another example of an isolation circuit
172G.. Isolation circuit 172G may, for example, be one or more of isolation circuit
128 (FIGS. 7 and 9) and isolation circuit 140 (FIGS. 8 and 10). As shown in FIG.
15G, isolation circuit 172G comprises a microprocessor 400, a first group of

switches S50A, S50B, S50C, S50D (collectively “switch S507), a second group of
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switches S51A, S51B, S51C, S51D (collectively “switch S517°), C50, and C51.
Isolation circuit 172G, also known as a “flying processor,” is a control circuit that
may be utilized to convey data in one or both directions across the isolation barrier,
perform calculations on data, and operate switches associated with the
commutation connection to each side. In some examples, processor 400 is in
communication with a memory device (not shown). The memory device may be
integral with processor 400, or the memory device may be an external device that
is in communication with processor 400.

[0262] Processor 400 may be unpowered during times when it is not connected to
power on either side, i.e., while in fly. In one example, processor 400 may use a
capacitor or a battery (shown generally as voltage source 402 in FIG. 15QG) for
power during the time that it is not connected to the grounded power. The power
for processor 400 while flying may be a capacitor, a primary battery, or a
rechargeable battery that also is providing the power that is conveyed to the
isolated module. Processor 400 may be used to control the transfer of power
and/or data. In addition, processor 400 may control the switches, e.g., switches
S50 and S51, to connect/disconnect from the grounded module and from the
isolated module. Processor 400 may also process data before transferring it to the
other side. For example, processor 400 may compress data, perform algorithms,
and translate data formats.

[0263] In FIG. 15G, capacitor C50 is a flying storage capacitor that provides both
power to processor 400 and power to be transferred to the isolated side, which
charges capacitor C51. In some examples, though not shown in FIG. 15G,
capacitor C51 may be replaced by a rechargeable battery. In these examples,
rather than charging capacitor C51, the rechargeable battery is charged by the
power transfer to the isolated side. In operation, switch S50, 1.e., SS0A, S50B,
S50C, and S50D, closes, or is normally closed. Switch S50 may be closed by a
control signal from processor 400 via its S50 control line. Then, data is transferred
to processor 400. Processor 400 monitors the voltage on C50 via its voltage
monitor input. When processor 400 determines that capacitor C50 has reached a
sufficient voltage, has stabilized to full voltage, has been dwelling at a target

voltage for a target time, or when a command is issued to processor 400 via its
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“data in” input, processor 400 opens switch S50 and then closes S51, i.e., S51A,
S51B, S51C, and S51D. Both data and the energy stored in capacitor C1 are
transferred to the isolated module. Processor 400, via its switch S51 control
output, opens switch S51 after processor 400 has determined that sufficient energy
and data have been transferred to the isolated module, and after processor 400 has
received data from the isolated module. This determination may be based on a
predetermined time, a voltage level measured across capacitor C1, an
acknowledgment that the data transfer is complete, or upon receiving data from the
isolated module indicating that it is time for processor 400 to open switch S51.
Then, processor 400 closes switch S50 to recharge capacitor C50 and to convey
data to the grounded module. The process repeats as needed.

[0264] In some examples, processor 400, via its voltage monitor input, monitors
the voltage changes on capacitor C50 to determine the voltage on capacitor C51.
This may help processor 400 determine whether capacitor C51 needs to charge
further, and if so, how much additional charge is needed. Such a determination
may ensure that processor 400 is not operating more frequently than needed to
keep the power supply sufficient on the isolated side, thereby conserving power.
[0265] Processor 400 may be used to transfer power, transfer data, or transfer both
power and data. In one example configuration, there may be a first isolation circuit
172G used for power and a second isolation circuit 172G used for data,
independent of the first isolation circuit 172G, that run synchronously or
asynchronous of each other.

[0266] Isolation circuit 172G may be used to convey stimulation signals or to
convey input signals via a capacitor using the flying processor to control the
switches.

[0267] In one example, processor 400 may be used to control only the switches at
the isolated side, e.g., switch S51, and the grounded module controls the switch on
its side, e.g., switch S50. In such a configuration, processor 400 may monitor
switch S50 to detect when switch S50 opens, for example, when voltage on
capacitor C50 begins to slowly drop. Then, processor 400 closes switch S51.
Switch S51 is only closed for a predetermined amount of time, for example, about

1 millisecond to about 50 milliseconds. Switch S50 is not closed again for a
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predetermined amount of time to ensure that switch S51 is open prior to switch
S50 being closed again.

[0268] Processor 400 may be a microprocessor, microcontroller, peripheral
interface controller (PIC), field-programmable gate array (FPGA), or any other
type of programmable device, as well as an application specific integrated circuit
(ASIC), as well as, circuit comprised of discrete components such as FETs,
operational amplifiers, comparators, latches, timers, and the like.

[0269] FIG. 16 is a circuit diagram of another example of an isolation circuit 184.
Isolation circuit 184 may, for example, be used to form one or more of isolation
circuits 124 (FIG. 7), 126 (FIG. 7), 136 (FIG. 8), 138 (FIG. 8), 152 (FIG. 11), and
156 (FIG. 12). As illustrated in FIG. 16, isolation circuit 184 comprises a flying
capacitor that includes a capacitor circuit 180, capacitor C3, and switches S7-S13.
Switches S7-S13 may be any type of switches, including microelectromechanical
system (MEMS) switches or opto-isolators such as opto-relays, opto-transistors,
opto-FETs, and opto-SCRs. Switches S7-S13 may be controlled by processor 122
via isolation circuit 186.

[0270] In some examples, each one of switches S7-S13 may comprise a plurality
of MEMS switches in series, ¢.g., 2 to 20 MEMS switches. For example, switch
S7 may comprise five MEMS switches in series, switch S6 may comprise five
MEMS switches in series, and so on for switches S8-S13. A plurality of MEMS
switches in series may provide higher switching voltage capability compared to
using only one MEMS switch. Each of the MEMS switches within each of the
switches S7-13 may close and open at the same time, or may close and open
sequentially. In one example, the plurality of switches in series may be all of the
same type of switch. In other examples, the plurality of switches in series may be
a combination of types of switches.

[0271] In some examples where each one of switches S7-13 comprises a plurality
of MEMS switches in series, a resistor may be coupled across each MEMS switch
of the plurality of MEMS switches. Each resistor may have a resistance value in a
range of approximately 100 kiliohms to approximately 100 megaohms, as one non-
limiting example. The resistors may assure that when the MEMS switches are

open, the voltage at ecach open MEMS switch is relatively the same for all the
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MEMS switches within each one of switches S7-S13. Alternatively, the resistors
may ensure that the MEMS switches within each one of switches S7-S13 is kept
below a breakdown voltage of each MEMS switch. When the MEMS switches are
opened in each one of switches S7-S13, the resistors may allow some current to
flow through because the resistors are coupled across the MEMS switches.
However, due to the large resistance of the resistors, the resistors may limit the
amount of current that may flow through.

[0272] In some examples where switches S7-S13 include a plurality of MEMS
switches in series, in addition to or instead of resistors coupled across the MEMS
switches, transient voltage absorbers, voltage triggered current limiters, capacitors,
spark gap MEMS devices, or other devices may be coupled across the MEMS
switches. The transient voltage absorbers, voltage triggered current limiters,
capacitors, or spark gap MEMs devices may protect the MEMS switches from
over-voltage breakdown. When activated, the transient voltage absorbers, voltage
triggered current limiters, and spark gap MEMs devices may allow some current to
flow even though the MEMS switches may be open. However, the transient
voltage absorbers, voltage triggered current limiters, and spark gaps MEMS
devices may only briefly activate or may provide relatively high impedance,
thereby limiting the current that may flow through even though the MEMS
switches are open.

[0273] In some examples, where switches S7-S13 comprise a plurality of MEMS
switches, the MEMS switches may be coupled in a series-parallel configuration to
allow higher currents to pass through the MEMS switches when the MEMS
switches are closed. Furthermore, as described, switches S7-S13 may comprise
MEMS switches in series or in a series-parallel configuration. In some examples,
as alternatives, switches S7-S13 may comprise reed relays, field-effect transistors,
bipolar junction transistors, or other switching devices. In some examples, cach
one of switches S7-S13 may comprise a plurality of reed relays, FETs, or other
switching devices. In such examples, resistors, transient voltage absorbers, voltage
triggered current limiters, capacitors, or spark gaps MEMS devices as described
above with respect to MEMS switches may also be coupled across the reed relays,

FETs, or other switching devices.
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[0274] In some examples, switches S7-S13 may be electronic relays. The relays
may receive power via an isolation circuit. For example, relays may receive their
power from lines 182A and 182B. As described in more detail below, lines 182A
and 182B generate an output voltage that is independent of the power source and
the ground provided by housing 70. Capacitor circuit 180 may comprise a single
capacitor or a plurality of capacitors as described in more detail with reference to
FIG. 17.

[0275] Switches S7-S13 may be selectively opened and closed in accordance with
this disclosure to reduce or eliminate commonality between a first therapy and/or
sensing module (e.g., cardiac module 82, 114) of IMD 16 and a second therapy
and/or sensing module (e.g., neuro module 84, 116) of IMD 16. Switches S7-S13
may be opened and closed (e.g., toggled) based on a control commands from a
processor, such as one of processor 86A, 86B (FIG. 5) or 122 (FIG. 6) in order to
reduce or eliminate the commonality. In the example illustrated in FIG. 16,
isolation circuit 184 is located between a common power source and one of the
first and second sensing/therapy modules. For ease of illustration, isolation circuit
184 will be described in FIG. 16 as being placed between the common power
source and the cardiac module. However, isolation circuit 184 may be placed
between the common power source and the cardiac module or other therapy and/or
sensing module. Moreover, isolation circuit 184 may be placed between different
shared or common components of IMD 16 and the first and second modules.
[0276] Isolation circuit 184 may receive a supply voltage from the common power
source of IMD 16, e.g., power source 96 or power source 108. For example, power
line 182A may couple switch S7 of isolation circuit 178 to the common power
source and ground line 182B may couple switch S8 of isolation circuit 178 to the
common ground, e.g., provided by housing 70. Initially, switches S7, S8, and S13
are closed and switches S9-S12 are opened (e.g., via a control signal from
processor 122) for a first state. Closing switches S7 and S8 causes capacitor circuit
174 to charge up and store the charge provided by the common power source.
Closing switch S13 squelches any potential noise on floating power line 188A and

floating ground line 188B.
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[0277] In one aspect, after waiting a predetermined amount of time, the processor,
e.g., processor 122 or the processor within the therapy module, opens switches S7
and S8, and closes switches S9 and S10. For purposes of illustration, as described
below, processor 122 is referenced. However, the processor within the therapy
module may be utilized instead of or in addition to processor 122. In another
aspect, processor 122 may measure the voltage across capacitor circuit 180 and
open switches S7 and S8, and close switches S9 and S10 after the voltage across
capacitor circuit 180 reaches a preset (threshold) level for a second state. In either
aspect, after switches S7 and S8 are opened, and switches S9 and S10 are closed,
capacitor C3 receives the charge stored on capacitor circuit 180.

[0278] When switches S9 and S10 are closed, charge transfers from capacitor
circuit 180 to capacitor C3 until the voltage across capacitor circuit 180 is the same
as the voltage across capacitor C3. Stated another way, the voltage on capacitor
circuit 180 decreases and the voltage on capacitor C3 increases until the voltage on
capacitor C3 is the same as the voltage on capacitor circuit 180. During this charge
transfer or after the transfer is complete, processor 122 may measure the voltage
across capacitor C3 to determine whether the voltage has reached a desired level.
If the voltage across capacitor C3 is not at the desired level, processor 122 opens
switches S9 and S10, closes switches S7 and S8, and keeps switches S11 and S12
open. Capacitor circuit 180 receives charge from the common power source and
the voltage on capacitor circuit 180 increases. After either a predetermined amount
of time, or after processor 122 determines that the voltage across capacitor circuit
180 has reached a threshold or desired level, processor 122 opens switches S7 and
S8 and closes switches S9 and S10. Capacitor C3 receives the voltage from
capacitor circuit 180. The voltage on capacitor circuit 180 then decreases and the
voltage on capacitor C3, increases and once again, processor 122 determines
whether the voltage across capacitor C3 has reached the desired level. If the
voltage across capacitor C3 has not reached the desired level, the steps just
described are repeated until the voltage across capacitor C3 reaches the desired
level.

[0279] As one non-limiting example that illustrates how capacitor C3 may be

charged, assume switches S7 and S8 are closed and switches S9 and S10 are
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opened. Capacitor circuit 180 may receive charge from the power source and the
voltage on capacitor circuit 180 may increase to 8 V. Next, switches S7 and S8
may be opened and switches S9 and S10 may be closed. Capacitor circuit 180 may
discharge to capacitor C3 until the voltage on capacitor circuit 180 and capacitor
C3 is the same. Assume that after capacitor circuit 180 discharges to capacitor C3,
the voltage on capacitor circuit 180 is 4 V and the voltage on capacitor C3 is 4 V.
Next, processor 122 may determine that the voltage of 4 V on capacitor C3 is
insufficient. Processor 122 may then open switches S9 and S10, and close
switches S7 and S8.

[0280] Capacitor circuit 180 may currently be at 4 V, but after switches S7 and S8
close, capacitor circuit 180 may be charged back up to 8 V because switches S7
and S8 couple capacitor circuit 180 to the power source. Next, processor 122 may
open switches S7 and S8, and close switches S9 and S10. Since capacitor circuit
180 is at 8 V and capacitor C3 is at 4 V, capacitor circuit 180 may discharge to
capacitor C3 until the voltage on capacitor circuit 180 is the same as the voltage on
capacitor C3. In this example, the voltage on capacitor circuit 180 may decrease to
6V, and the voltage on capacitor C3 may increase to 6 V. Processor 122 may then
determine that 6 V on capacitor C3 is sufficient.

[0281] After capacitor C3 has reached the desired level, processor 122 opens
switches S9, S10, and S13, and closes switches S11 and S12 for a third state.
Capacitor C3 then discharges its charge to floating power line 188A and floating
ground line 188B. In this manner, capacitor C3 functions as the power source and
ground for the therapy and/or sensing module coupled to isolation circuit 184 via
floating power line 188A and floating ground 188B. Since the voltage across
capacitor C3 is no longer referenced to the common power source and the common
ground provided by housing 70, ¢.g., due to switches S9 and S10 being open, the
charge that is discharged from capacitor C3 is referred to as “floating.” In other
words, the signal ground of capacitor C3 is not connected to the can ground
(housing 70 in the example described above). As such, floating power line 188A
and floating ground line 188B are not referenced to the common power source and
the common ground provided by housing 70. In this manner, isolation circuit 184

reduces or eliminates the commonality between the cardiac module and the neuro
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module of IMD 16. It should be noted that in some examples, a dedicated circuit
may be used to control the switches rather than a processor, e.g., processor 122.
[0282] Floating power line 188A and floating ground line 188B may be
substantially equivalent to floating power line 130A and floating ground line 130B
(FIG. 7), floating power line 134A and floating ground line 134B (FIG. 7), floating
power line 142A and floating ground line 142B (FIG. 8), floating power line 146A
and floating ground line 146B (FIG. 8), floating power line 154A and floating
ground line 154B (FIG. 11), and floating power line 158A and floating ground line
158B (FIG. 12).

[0283] After processor 122 opens switches S9, S10, and S13, and closes switches
S11 and S12, processor 122 may close switches S7 and S8 to recharge capacitor
circuit 180. Processor 122 may continually measure the voltage across capacitor
C3. The voltage across capacitor C3 may slowly be reduced as capacitor C3
discharges its charge. After the voltage across capacitor C3 drops below a preset
level, processor 122 may open switches S7 and S8, close switches S9 and S10, and
keep switches S11 and S12 closed. Capacitor circuit 180 will then recharge
capacitor C3 while also providing voltage across floating power line 188A and
floating ground line 188B. After capacitor C3 is recharged to a preset level,
processor 122may open switches S9 and S10 and close switches S7 and S8. These
steps may be repeated every time the voltage across capacitor C3 drops below a
preset level.

[0284] In this manner, isolation circuit 184 receives voltage from the common
power source, and is capable of providing constant direct current (DC) voltage
across floating power line 188A and floating ground line 188B. To reiterate, the
voltage across floating power line 188A and floating ground line 188B is not
referenced to the common power source and the common ground provided by
housing 70. Accordingly, with reference to FIG. 7, where isolation circuit 128 is
equivalent to isolation circuit 184, the voltage received by stimulation generator
120B shares no commonality with the voltage received by stimulation generator
120A, and sensing module 118A shares no commonality with the neuro module
116. As described above, by reducing or eliminating the commonality, the

common-mode interference and the shunt current may be reduced or eliminated.

98



WO 2010/051316 PCT/US2009/062399

[0285] In some aspects, the signal provided by the processor may also require an
isolation circuit so as to reduce or eliminate commonality. For example, in aspects
where the cardiac module and the neuro module share a common processor, the
common processor may provide control signals to isolation circuit 184 via another
isolation circuit 186. However, in aspects where the cardiac module and the neuro
module do not share a processor, no isolation circuit is necessary if the processor
needs to provide a control signal to isolation circuit 184.

[0286] Isolation circuit 186 may be substantially similar to isolation circuit 172A
through isolation circuit 172F (FIGS. 15A-15F). However, isolation circuit 186 is
providing signals from the processor to isolation circuit 184 and not from the
processor to a therapy module as described in FIGS. 15A-15F.

[0287] FIG. 17 is an example circuit diagram of capacitor circuit 180. As shown in
FIG. 17, capacitor circuit 180 includes capacitors C4 and C5, and switches S14-
S16. Although illustrated in FIG. 17 as including two capacitors, capacitor circuit
180 may include more than two capacitors, which may boost the voltage provided
by the common power source. Alternatively, in some instances, capacitor circuit
180 may comprise a single capacitor.

[0288] Initially, e.g., when switches S7 and S8 of isolation circuit 184 are closed,
and switches S9-S10 are open (FIG. 16), processor 122 may provide a signal to
close switches S14 and S15, and open switch S16. Accordingly, the common
voltage source charges capacitors C4 and CS5 in parallel.

[0289] After processor 122 opens switches S7 and S8 of isolation circuit 184 and
closes switches S9 and S10 of isolation circuit 184, processor 122 may open
switches S14 and S15, and close switch S16. It should be noted that the switches
on the isolated side cannot be connected directly to processor 122 because
processor 122 is referenced to ground. Accordingly, capacitors C4 and C5 are
discharged in series providing a boost to the voltage stored on capacitors C4 and
C5. Discharging capacitors C4 and C5 in series provides a higher voltage stored
on capacitor C3 (FIG. 16). In some aspects, capacitor circuit 180 may comprise
additional capacitors and switches configured in the same manner as shown in FIG.
17 coupled together in series. This may allow capacitor circuit 180 to provide

additional voltage to capacitor C3.
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[0290] FIG. 18A s a circuit diagram of another example isolation circuit 200.
Isolation circuit 200 comprises a transformer circuit that includes an oscillator 194,
transformer 196, rectifier 198, and capacitor C6. Transformer 196 may be any type
of transformer such as but not limited to a piczoelectric transformer. Isolation
circuit 200 may, for example, serve as one or more of isolation circuit 148 (FIG. 9),
150 (FIG. 10), 164 (FIG. 12).

[0291] Like isolation circuit 184 of FIG. 16, isolation circuit 200 operates as
described below to reduce or eliminate the commonality caused by a first therapy
and/or sensing module (e.g., cardiac module 82, 114) and a second therapy and/or
sensing module(e.g., neuro module 84, 116) sharing a common power source.
Isolation circuit 200 may be located between the common power source and one of
the first and second sensing/therapy modules. Although described in the context of
a shared power source, isolation circuit 200 may be placed between a different
shared or common component of IMD 16 and the first and second modules to
reduce or eliminate the commonality.

[0292] Isolation circuit 200 receives voltage from the common power source of
IMD 16, e.g., power source 96 or power source 108. For example, power line
192A may couple a power input (or positive input) of oscillator 194 to a positive
voltage of the common power source and ground line 192B may couple a ground
(or negative) input of oscillator 194 to the ground provided by housing 70.
Oscillator 194 receives the voltage provide by the common power source and
generates an oscillating output based on a control signal provided by a processor,
such as one of processors 86A (FIG. 5), 86B (FIG. 5), or 122 (FIG. 6).

[0293] Transformer 196 receives the oscillating output of oscillator 194. The
output of oscillator 194 is referenced to the common power source and ground
provided by housing 70. Transformer 196 transfers electrical energy from received
from oscillator 194 between a first circuit to a second circuit through inductively
coupled electrical conductors. In particular, the AC current from oscillator 194 is
fed to the first circuit (the transformer primary) and creates a changing magnetic
field. In turn, this magnetic field induces a changing voltage in the second circuit
(the transformer secondary). Transformer 196 may be a transformer with a 1:1

ratio, e.g., such that the input and output voltage of the transformer are the same.
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However, in some aspects, transformer 196 may provide step up or step down in
the input voltage ¢.g. transformer 196 may have 1:2 or 1:3 ratio. In a 1:2 ratio
transformer, for example, the voltage may be stepped up by a factor of two. One
example of transformer 196 may include, for example, an isolation transformer.
Transformer 196 may provide any ratio between the input and output of
transformer 196. For example, transformer 196 may provide a 1:1 ratio, or a 1:2
ratio, etc. Transformer 196 may have a dielectric isolation between input and
output of, for example, 20 volts to 9000 volts AC. The output of transformer 196
is no longer referenced to power source 96 or 108. Consequently, there is no
commonality between the output of transformer 196 and the input of transformer
196.

[0294] Rectifier 198 receives and rectifies the output of transformer 196. Rectifier
198 may be a full-wave rectifier or a half-wave rectifier. Capacitor C6 receives the
output of rectifier 198. Capacitor C6 smoothes the output of rectifier 198 to
provide a constant DC voltage output. As described above, transformer 196
decouples the input of the transformer from the output of the transformer. As such,
the output of rectifier 198 is also not referenced to the common power source or
the ground provided by housing 70. In this manner, isolation circuit 200 receives
voltage from a common power source and is capable of providing an uncoupled,
constant direct current (DC) voltage across floating power line 202A and floating
ground line 202B. To reiterate, the voltage across floating power line 202A and
floating ground line 202B is not referenced to common power supply or the ground
provided by housing 70. Therefore, there is no commonality between the cardiac
module and the neuro module through the common power supply or ground, thus
reducing or eliminating the common-mode interference or the shunt current.

[0295] In some examples, the oscillator signal utilized for power transfer may also
serve as a data line. In addition, an oscillator on the isolated side can drive a
transformer, either transformer 196 or another transformer, which conveys data
across to the grounded side. Examples where the oscillator signal may also serve
as a data line is shown in more detail with respect to FIG. 18B.

[0296] Similar to FIG. 16, in some aspects, the signal provided by processor 122 to

isolation circuit 200 and, in particular, oscillator 194, may require an isolation
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circuit. Accordingly, in aspects that require isolation, the control signal is isolated
via isolation circuit 190, which may be substantially similar to isolation circuit 186
(FIG. 16). The control signal may be provided to control the oscillation frequency
and/or other aspects of the signal produced by oscillator 194.

[0297] FIG. 18B is a circuit diagram of another example isolation circuit 200. FIG.
18B may be substantially similar to FIG. 18A but may include data demodulator
199. In some examples, transformer 196 of FIG. 18 A may also be used to send
data from the processor, e.g., processor 122, to a therapy module, e.g., neuro
module 116 or cardiac module 114 (FIG. 7). For example, in examples where
isolation circuit 128 comprises a transformer (as shown in FIG. 15C), isolation
circuit 128 and isolation circuit 126 (FIG. 7) may be merged into a single isolation
circuit with data input 192C and power inputs 192A, 192B and data output 202C
from data demodulator 199 and power outputs 202A, 202B, as shown in FIG. 18B.
[0298] As shown in FIG. 18B, oscillator 194 may be controlled by data input
signal 192C which is provided by processor 122, in one example. Oscillator 194 is
connected to the power source through input line 192A and ground through input
line 192B. The control signal on data input 192C may modulate amplitude,
frequency, phase, or pulse width of oscillator 194 to enable transmission of
amplitude modulated, frequency modulated, phase modulated, or pulse width
modulated data signals from processor 122 through transformer 196.

[0299] Similar to FIG. 18A, rectifier 198 receives and rectifies the output of
transformer 196. Rectifier 198 may be a full-wave rectifier or a half-wave rectifier.
Capacitor C6 receives the output of rectifier 198. Capacitor C6 smoothes the
output of rectifier 198 to provide a constant DC voltage output. As described
above, transformer 196 decouples the input of the transformer from the output of
the transformer. As such, the output of rectifier 198 is also not referenced to the
common power source or the ground provided by housing 70. In this manner,
isolation circuit 200 receives voltage from a common power source and is capable
of providing an uncoupled, constant direct current (DC) voltage across floating
power line 202A and floating ground line 202B.

[0300] Data demodulator 199 recovers amplitude modulate, frequency modulated,

phase modulated, or pulse width modulated data signals from the output of
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transformer 196. The output of demodulator 199 is provided on data output line
202C. Data output line 202C may be coupled to one of neuro module 114 or
cardiac module 116. In this manner, one way data transmission is provided
through a transformer that also provides power that is floating relative to the
voltage source and common ground.

[0301] One way data transmission should be considered as non-limiting. There
may be other schemes to enable transmission of power and bi-directional (two
way) data through a single transformer. One such technique is disclosed in U.S.
Patent No. 7,139,613 by James Reinke and Robert Ecker and assigned to
Medtronic, Inc. Medtronic, Inc. is also the assignee of this application. U.S.
Patent No. 7,139,613 discloses at least one example of how power and bi-
directional data pulses can be transmitted between two modules across a pair of
wires. The techniques of the U.S. Patent No. 7,139,613 may be used in
conjunction with a transformer to provide isolated power transfer and data
communications between modules.

[0302] FIG. 19 is a circuit diagram of another example of isolation circuit 212.
Isolation circuit 212 is a barrier circuit that includes an oscillator 206, resistors R3
and R4, capacitors C7, C8, and C9, and rectifier 210. In one aspect, isolation
circuit 212 may serve as one or more of isolation circuit 124 (FIG. 7), 126 (FIG. 7),
136 (FIG. 8), 138 (FIG. 8), 152 (FIG. 11), and 156 (FIG. 12)

[0303] Like isolation circuits 184 and 200 of FIGS. 16 and 18, respectively,
isolation circuit 212 operates as described below to reduce or eliminate the
commonality caused by a first therapy and/or sensing module (e.g., cardiac module
82, 114) and a second therapy and/or sensing module (e.g., neuro module 84, 116)
sharing a common power source. Isolation circuit 212 may be located between the
common power source and one of the first and second sensing/therapy modules.
Although described in the context of a shared power source, isolation circuit 212
may be placed between a different shared or common component of IMD 16 and
the first and second modules to reduce or eliminate the commonality.

[0304] Isolation circuit 212 receives voltage from the common power source of
IMD 16, e.g., power source 96 or power source 108. For example, power line

204 A may couple a power input (or positive input) of oscillator 206 to a positive

103



WO 2010/051316 PCT/US2009/062399

voltage of the common power supply and ground line 204B may couple a ground
(or negative) input of oscillator 206 to the ground provided by housing 70.
Oscillator 206 receives the voltage provided by the common power source and
generates an oscillating output based on a control signal provided by a processor,
such as one of processors 86A (FIG. 5), 86B (FIG. 5), or 122 (FIG. 6). The control
signal may be provided to oscillator 206 via an isolation circuit, such as isolation
circuit 213 shown in FIG. 19. The control signal may be provided to control the
oscillation frequency and/or other aspects of the signal produced by oscillator 206.
[0305] The oscillating output generated by oscillator 206 may be one of any
number of different shapes, for example, a pulse, a sine wave, or other types of
waveforms. The oscillating output may also be continuous, duty cycled, or
provided on an as-needed basis to conserve battery power, including an on-demand
approach.

[0306] In some examples, the output of oscillator 206 may be filtered. For
example, capacitors C7 and C8 may be used to couple the energy from oscillator
206 to rectifier 210. In other examples, resistors R3 and R4 may be included to
provide additional filtering. The output of oscillator 206 is referenced to power
source 96 or 108 and the ground provided by housing 70. Capacitors C7 and C8
are coupling capacitors that remove the DC component of the output of oscillator
206. At low frequencies, coupling capacitors C7 and C8 behave as open circuit
connections, not allowing significant DC current to flow through them. With AC
coupling, the outputs of capacitor C7 and C8 are no longer referenced to power
source 96 or 108 and the ground provided by housing 70.

[0307] It should be noted that oscillator 206 may have a unipolar output, which has
a DC component, or oscillator 206 may have an AC output with no appreciable DC
component. Even if oscillator 206 has no DC component, the capacitors may
provide isolation of circuits.

[0308] In addition, output parameters such as frequency, modulation, duty cycle,
voltage, for example, of oscillator 206 may be controlled such that the output
conveys data as well as power. The data may be measured on the isolated side. In

some examples, the data may be measured prior to rectifier 210, or may be
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measured subsequent to rectifier 210. Measuring the data prior to rectifier 210
may be preferred to measuring the data after rectifier 210.

[0309] Rectifier 210 receives and rectifies the output of capacitors C7 and CS.
Capacitor C9 receives the output of rectifier 210. Capacitor C9 smoothes the
output of rectifier 210 to provide a constant DC voltage output. As described
above, resistors R3 and R4 and capacitors C7 and C8 decouple the output of
oscillator 206 from the input to rectifier 210. As such, the output of rectifier 210 is
also not referenced to common power source or the ground provided by housing
70. In this manner, isolation circuit 212 receives voltage from common power
source and is capable of providing an uncoupled, constant direct current (DC)
voltage across floating power line 214A and floating ground line 216B. To
reiterate, the voltage across floating power line 214A and floating ground line
216B is not referenced to common power supply or the ground provided by
housing 70. Therefore, there is no commonality between the cardiac module and
the neuro module through the common power supply or ground, thus reducing or
eliminating the common-mode interference or the shunt current.

[0310] In some examples, isolation circuit 212 may further include a voltage
multiplier (not shown). The voltage multiplier may provide voltage gain to
generate a higher voltage across floating power line 214A and floating ground line
214B. In one example, the voltage multiplier may be coupled to the output of
oscillator 206, but before resistor R3. In another example, the voltage multiplier
may be coupled to the output of rectifier 210. Also, in some aspects, the control
signal provided by processor 122 may require an isolation circuit. Accordingly, in
aspects that require isolation, the control signal is isolated via isolation circuit 213,
which may be substantially similar to isolation circuit 186 (FIG. 16) and isolation
circuit 190 (FIG. 18A and FIG. 18B).

[0311] FIG. 20 is a circuit diagram of another example of an isolation circuit 216.
Isolation circuit 216 comprises LED 218 and a photo-voltaic cell 220. In one
aspect, isolation circuit 216 may be used as one or more of isolation circuit 124
(FIG. 7), 126 (FI1G. 7), 136 (FIG. 8), 138 (FIG. 8), 152 (FIG. 11), and 156 (FIG. 12)
[0312] Like isolation circuits 184, 200, 212 of FIGS. 16, 18, and 19 respectively,

isolation circuit 216 operates as described below to reduce or eliminate the
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commonality caused by a first therapy and/or sensing module (e.g., cardiac module
82, 114) and a second therapy and/or sensing module (e.g., neuro module 84, 116)
sharing a common power source. Isolation circuit 216 may be located between the
common power source and one of the first and second sensing/therapy modules.
Although described in the context of a shared power source, isolation circuit 216
may be placed between a different shared or common component of IMD 16 and
the first and second modules to reduce or eliminate the commonality.

[0313] LED 218 receives voltage from the common power source of IMD 16, ¢.g.,
power source 96 or power source 108. For example, power line 222A may couple
a positive input of LED 218 to a positive voltage of the common power supply and
ground line 222B may couple a ground (or negative) of LED 218 to the ground
provided by housing 70. The connection to the power source and ground may
cause LED 218 to illuminate. Photo-voltaic cell 220 may sense the illumination of
LED 218 and in response generate a voltage and current. There may not be any
direct connection between the common power source, ¢.g., voltage source 98 or
108 and the output of photo-voltaic cell 220. The voltage generated by photo-
voltaic cell 220 may not share any commonality with the common power source,
e.g., power source 96 or 108 and the ground provided by housing 70.

[0314] In this manner, isolation circuit 216 receives voltage from common power
source and is capable of providing an uncoupled, constant direct current (DC)
voltage across floating power line 224A and floating ground line 224B. To
reiterate, the voltage across floating power line 224 A and floating ground line
224B is not referenced to common power supply or the ground provided by
housing 70, i.e., is not referenced to power line 222A and ground line 222B.
Therefore, there is substantially no commonality between the cardiac module and
the neuro module through the common power supply or ground, thus reducing or
eliminating the common-mode interference or the shunt current.

[0315] In some examples, LED output parameters such as frequency, modulation,
duty cycle, and brilliance, for example, may be controlled such that the output
conveys data as well as power. The data may be measured on the isolated side.
[0316] FIG. 21 is a circuit diagram of another example of an isolation circuit 216.

Isolation circuit 236 comprises a flying capacitor circuit. Isolation circuit 236 may,
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for example, be used as one or more of isolation circuit 148 (FIG. 9), 150 (FIG. 10),
164 (FIG. 13), and 170 (FIG. 14).

[0317] Isolation circuit 236 may comprise a plurality of sub-isolation circuits. For
example, as shown in FIG. 21, isolation circuit 236 comprises sub-isolation circuit
234A and 234B, collectively referred to as sub-isolation circuits 234. Although
only two sub-isolation circuits are shown in FIG. 21, in different aspects, there may
be more or fewer sub-isolation circuits 234. The number of sub-isolation circuits
that may be needed may be based on the number of electrode pairs coupled to
cardiac module 114 or cardiac module 82 and neuro module 116 or neuro module
84. For example, as shown in FIG. 9, isolation circuit 148 provides stimulation to
two electrode pairs, e.g., one electrode pair comprising electrodes 104A and 104B
and another electrode pair comprising electrodes 106A and 106B. In particular,
sub-isolation circuits 234A and 234B may provide stimulation to electrode pairs
104 and 106, respectively. However, if there are more electrode pairs in addition to
electrode pairs 104 and 106, isolation circuit 236 may comprise additional sub-
isolation circuits 234 to provide stimulation to the additional electrode pairs. In
other words, each of the sub-isolation circuits 234 illustrated in FIG. 21 is capable
of providing stimulation to a single electrode pair.

[0318] As shown in FIG. 21, sub-isolation circuit 234A comprises input lines
226A and 226B. Input lines 226A and 226B may be coupled to various
components. For example, with respect to FIG. 9, isolation circuit 148 of FIG. 9
may be used to form isolation circuit 236 as shown in FIG. 21. In this example,
input lines 226A and 226B may be coupled to power source 108 and the ground
provided by housing 70, respectively. As another example, with respect to FIG. 13,
isolation circuit 164 of FIG. 13 may be used to form isolation circuit 236 as shown
in FIG. 21. In this example, input lines 226A and 226B may be coupled to the first
two outputs of neuro module 162.

[0319] Sub-isolation circuit 234B is coupled to input lines 230A and 230B.

Similar to input lines 226A and 226B, input lines 230A and 230B may be coupled
to various components. For example, with respect to FIG. 9, isolation circuit 148
of FIG. 9 may serve as isolation circuit 236 as shown in FIG. 21. In this example,

input lines 230A and 230B may be coupled to power source 108 and the ground
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provided by housing 70. As another example, with respect to FIG. 13, isolation
circuit 162 of FIG. 13 may be isolation circuit 236 as shown in FIG. 21. In this
example, input lines 230A and 230B may be coupled to a second set of outputs of
neuro module 162, where input lines 226A and 226B of sub-isolation circuit 234A
are coupled to the first two outputs of neuro module 162. Output lines 228 A and
228B may be coupled to electrodes, e.g., electrodes 104A and 104B of FIG. 9 or
electrodes 104A and 104B of FIG. 13. Output lines 232A and 232B may be
coupled to electrodes, ¢.g., electrodes 106A and 106B of FIG. 9 or electrodes 106A
and 106B of FIG. 13.

[0320] Isolation circuit 236 may receive control commands from a processor, such
as one of processor 86A, 86B (FIG. 5) or processor 122 (FIG. 6) to provide the
stimulation signal to one or more electrodes. For purposes of illustration,
processor 122 is referenced below. In some aspects, the control signal provided by
processor 122 may require an isolation circuit, e.g., with processor 122 provides
commonality between two therapy or sensing modules. Accordingly, in aspects
that require isolation, the control signal may be isolated via isolation circuit 237,
which may be substantially similar to isolation circuit 186 (FIG. 16), isolation
circuit 190 (FIG. 18A and FIG. 18B), and isolation circuit 213 (FIG. 19).

[0321] Sub-isolation circuits 234 comprise a plurality of switches. For example,
sub-isolation circuit 234A comprises switches S17-S23 and isolation circuit 234B
comprises switches S24-S30. Switches S17-S30 may be MEMS switches, opto-
isolators (e.g., opto-relays, opto-transistors, opto-FETSs, and opto-SCRs) or any
other type of switch. Sub-isolation circuit 234A and 234B may further comprise
capacitors C10 and C11, respectively.

[0322] As described above, processor 122 executes a therapy program that
provides a stimulation signal on electrodes. The therapy program may specify the
pulse width, frequency, and amplitude of the stimulation signal. When the therapy
program specifies that the stimulation therapy is a single electrical pulse, processor
122 may provide a control signal to close switches S17, S18, and S21, and open
switches S19, S20, S22, and S23. In this switch configuration, capacitor C10
receives charge from the power source and stores the charge. Toggling close

switch S21 may squelch any output noise. After a predetermined amount of time
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or when the voltage across capacitor C10 reaches a desired level, which may
correspond to a desired stimulation signal amplitude, processor 122 opens switches
S17, S18, and S21, closes switches S19 and S20, and keeps switches S22 and S23
open. In this switch configuration, the voltage stored on capacitor C10 discharges
to provide the stimulation signal to electrodes coupled to output lines 228 A and
228B.

[0323] As another example, to provide a stimulation signal to electrodes via output
lines 228A and 228B, processor 122 may provide a control signal to close switches
S17, S18, and S21, and open switches S19, S20, S22, and S23. As described
above, such a switch configuration causes capacitor C10 to receive charge from the
power source and stores the charge. Toggling switch S21 to a closed state
squelches any output noise. After a predetermined amount of time or when the
voltage across capacitor C10 reaches a desired level, processor 122 opens switches
S17, S18, and S21. After capacitor C10 is charged by the power source for the
predetermined amount of time or to the desired voltage level, processor 122 may
open and close switches S19 and S20 at the frequency and pulse width specified by
the therapy program to deliver a plurality of electrical pulses. For example, if the
therapy program specified a pulse width of 1 milliseconds and a frequency of 120
Hz, switches S19 and S20 may be opened and closed for 1 milliseconds every 8
milliseconds (1/120). In this manner, the stimulation signal provided to the
electrodes coupled to output lines 228 A and 228B matches the therapy parameters
set by the therapy program.

[0324] In some examples, it may be desirable to change (reverse) the polarity of
the electrodes coupled to output lines 228A and 228B. To reverse the polarity of
the electrodes, processor 122 may close switches S22 and S23, instead of toggling
closed switches S19 and S20. In this manner, the electrode that was the positive
electrode is now the negative electrode and the electrode that was the negative
electrode is now the positive electrode.

[0325] Sub-isolation circuit 234B may provide the stimulation signal to electrodes
coupled to output lines 232A and 232B in a similar way as described above with
respect to sub-isolation circuit 234A. In particular, processor 122 may close

switches S24, S25, and S26, and open switches S26 and S27 to charge capacitor
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C11. After capacitor C11 reaches a desired level or after a predetermined amount
of time, processor 122 opens switches S24, S25, and S28, and closes switches S26
and S27 to deliver the electrical stimulation via output lines 232A and 232B. To
provide stimulation signals in accordance with the therapy program parameters,
processor 122 may, in some instances, open and close switches S26 and S27 at the
frequency and pulse width defined by the therapy program.

[0326] The voltage across input lines 226A and 226B is referenced to power
source 108 and the ground provided by housing 70. Similarly, the voltage across
input lines 230A and 230B is referenced to power source 108 and the ground
provided by housing 70. The voltage across output lines 228A and 228B is not
referenced to power source 108 and the ground provided by housing 70. Instead,
the voltage across output lines 228A and 228B is referenced to one another.
Similarly, the voltage across output lines 232A and 232B is not referenced to
power source 108 and the ground provided by housing 70.

[0327] In this manner, isolation circuit 236 receives voltage from power source
108, and is capable of providing stimulation signals that are not referenced to
power source 108. To reiterate, the voltage across output lines 228A, 228B, 232A,
and 232B is not referenced to power source 108 and the ground provided by
housing 70. Accordingly, as one example, assume isolation circuit 148 (FIG. 9) is
substantially equivalent to isolation circuit 236, ¢.g., replace isolation circuit 148
with isolation circuit 216. The stimulation signal provided to electrodes 104A,
104B, 106A, and 106B shares no commonality with the signals sensed by sensing
module 118A. As described above, by reducing or eliminating the commonality,
the common-mode interference and the shunt current may be reduced or
eliminated.

[0328] Because the voltage across output lines 228A, 228B, 232A, and 232B is not
referenced to power source 108 or the ground provided by housing 70 a stimulation
generated by output lines 228A, 228B, 232A, and 232B may not impose a common
voltage as common-mode interference. For example, with respect to FIGS. 9 and
13, where isolation circuit 148 and 164 are equivalent to isolation circuit 236.
Stimulation generated by neuro module 116 or 162, respectively, may not impose a

common voltage as common-mode interference because isolation circuit 148 and
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164 reduce or eliminate the commonality between the stimulation generated by
neuro module 116 and 162 and the ground provided by housing 70. Similarly, with
respect to FIGS. 10 and 14, where isolation circuit 150 and 170 are equivalent to
isolation circuit 236. A stimulation generated by cardiac module 114 and 160 may
not impose a common voltage as common-mode interference because isolation
circuit 150 and 170 reduce or eliminate the commonality between the stimulation
generated by cardiac module 114 and 160 and the ground provided by housing 70.
[0329] The shunt current may be reduced or eliminated because at least some of
the switches with isolation circuit 236 will be open at all times. For example, with
respect to FIG. 13, during normal operation, switches S17, S18, S24, and S25 may
be open at all times except when neuro module 162 needs to sense the signals on
electrodes 104A, 104B, 106A, and 106B to, for example, perform impedance
measurements or provide stimulation. Since switches S17, S18, S24, and S25 may
be open most of time, the stimulation generated by cardiac module 160 cannot feed
into neuro module 162 because there is no path for the shunt current to flow.
Stated another way, when switches S17, S17, S24, and S25 are open, they create a
high impedance path for the shunt current.

[0330] Furthermore in some examples, cardiac module 160 may provide a signal
to neuro module 162 every time cardiac module 160 is about to provide a
stimulation signal. For example, in instances where neuro module 162 and cardiac
module 160 do not share a common processor, ¢.g., neuro module 84 and cardiac
module 82 (FIG. 5), cardiac module 160 may transmit a signal via its telemetry
interface to neuro module 162 indicating that cardiac module 160 is about to
provide a stimulation signal. In response, neuro module 162 may insure that
switches S17, S18, S24, and S25 are opened so that no shunt current may feed into
neuro module 162. As another example, in instances where neuro module 162 and
cardiac module 160 share a common processor, ¢.g., neuro module 116 and cardiac
module 114 (FIG. 6), cardiac module 160 may transmit a signal via the shared
processor to neuro module 162 indicating that cardiac module 160 is about to
provide a stimulation signal. In response, neuro module 162 may ensure that
switches S17, S18, S24, and S25 are opened so that no shunt current may feed into

neuro module 162.
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[0331] Also, to reiterate, with respect to FIG. 10, FIG. 13, and FIG. 14, isolation
circuit 150, 164, and 170 may be substantially equivalent to isolation circuit 236.
For example, with respect to FIG. 13, input lines 226A and 226B may be coupled
to the first two outputs of neuro module 162. Input lines 230A and 230B may be
coupled to the second two outputs of neuro module 162. Output lines 228A and
228B may be coupled to electrodes 104A and 104B, respectively, and output lines
232A and 232B may be coupled to electrodes 106A and 106B, respectively.

[0332] With respect to FIG. 13, neuro module 116 may sense a signal, e.g., an
impedance measurement, in a substantially similar manner as neuro module 116
may generate stimulation via isolation circuit 216. For example, with respect to
FIG. 13, lines 228 A and 228B may be coupled to electrodes 104A and 104B,
respectively. Lines 232A and 232B may be coupled to electrodes 106A and 106B,
respectively. In such instances, the processor, which may be processor 96 or 122,
and referred to as just the processor, may close switches S19, S20, S26, and S27,
and open switches S17, S18, S21, S22, S23, S24, S25, S28, S29, and S30. The
signal sensed by electrodes 104A and 104B may be stored as a charge across
capacitor C10. The signal sensed by electrodes 106A and 106B may be stored as a
charge across capacitor C11. Subsequently, the processor may open switches S19,
S20, S26, and S27, and close switches S17, S18, S24, and S25. The signal sensed
by electrodes 104A, 104B, 106A, and 106B and stored across capacitor C10 and
C11 may then be discharged to the sensing module within neuro module 162.
[0333] FIG. 22 is a circuit diagram of another example of an isolation circuit 252.
Isolation circuit 252 comprises a transformer circuit. In one aspect, one or more of
isolation circuit 148 (FIG. 9) and 150 (FIG. 10) may be substantially similar to
isolation circuit 252. For example, in the example IMD 16 of FIGS. 9 and 10,
isolation circuit 148 and 150 may be substantially similar to isolation circuit 252.
[0334] Isolation circuit 252 comprises a plurality of sub-isolation circuits. For
example, as shown in FIG. 22, isolation circuit 252 comprises sub-isolation circuit
246A and 246B, collectively referred to as sub-isolation circuits 246. Although
only two sub-isolation circuits are shown in FIG. 22, in different aspects, there may
be more or fewer sub-isolation circuits 246. The number of sub-isolation circuits

that may be needed is based on the number of electrode pairs coupled to cardiac
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module 114 or cardiac module 82 and neuro module 116 or neuro module 84. For
example, as shown in FIG. 9, isolation circuit 148 provides stimulation to two
electrode pairs, e.g. one electrode pair is 104A and 104B, another electrode pair is
106A and 106B. In examples where isolation circuit 148 is equivalent to isolation
circuit 252, isolation circuit 252 may comprise two sub-isolation circuits to provide
stimulation to electrodes 104A, 104B, 106A, and 106B. However, if there are
more clectrodes pairs other than 104A, 104B, 106A, and 106B, isolation circuit
252 may comprise additional sub-isolation circuits 246 to provide stimulation to
the additional electrode pairs.

[0335] As shown in FIG. 22, sub-isolation circuit 246A comprises input lines
242A and 242B. Input lines 242A and 242B may be coupled to various
components. For example, with respect to FIG. 9, input lines 242A and 242B may
be coupled to power source 108 and the ground provided by housing 70.

[0336] Sub-isolation circuit 246B comprises input lines 248A and 248B. Similar
to input lines 242 A and 242B, input lines 248 A and 248B may be coupled to
various components. For example, with respect to FIG. 9, input lines 248A and
248B may be coupled to power source 108 and the ground provided by housing 70.
[0337] Isolation circuit 252 receives control commands from one of processor
86A, 86B (FIG. 5) or processor 122 (FIG. 6) referred to as just the processor for the
description of FIG. 22. Similar to FIGS. 16-20, in some aspects, the control signal
provided by the processor may require an isolation circuit. Accordingly, in aspects
that require isolation, the control signal is isolated via isolation circuit 253 which is
equivalent to isolation circuit 186 of FIG. 16, isolation circuit 190 of FIG. 18A and
FIG. 18B, isolation circuit 213 of FIG. 19, and isolation circuit 237 of FIG. 21.
[0338] Each one of sub-isolation circuits 246 comprises a plurality of switches, a
transformer, and an oscillator. For example, sub-isolation circuit 246A comprises
oscillator 238A, and sub-isolation circuit 246B comprises oscillator 238B. As
shown in FIG. 22, sub-isolation circuit 246A comprises switches S31 and S32, and
isolation circuit 246B comprises switches S33 and S34. Switches S31-S34 may be
MEMS switches or opto-isolators such as opto-relays, opto-transistors, opto-FETs,
opto-SCRs, field-effect transistors, bipolar junction transistors, as well as other

suitable semiconductors.
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[0339] Sub-isolation circuit 246A further comprises transformer 240A, and sub-
isolation circuit 246B further comprises transformer 240B. Transformer 240A and
240B may each be a 1:1 transformer. In some aspects transformer 240A and 240B
may comprise any possible ratio. Examples of transformer 240A and transformer
240B include, for example, an isolation transformer or an auto-transformer where
the transformer primary and transformer secondary do not share a common
connection. Transformers 240 may provide any ratio between the input and output
of transformers 240. For example, transformer 240A may provide a 1:1 ratio, or a
1:2 ratio, etc. Transformers 240 may have a diclectric isolation between input and
output of, for example, 20 volts to 9000 volts AC. Furthermore, in some examples,
the wiring to transformers 240 may be reversed to provide an opposite polarity
stimulation signal. In some examples, transformer 240A and 240B may be 3-tap
transformers. The center tap of the 3-tap transformers may be coupled to the
ground provided by housing 70. Transformers 240 may also reduce shunt currents
because transformers 240 may reduce the amount of stimulation that is intercepted
by the electrodes. For example, transformers 240 may make neuro module 116 act
like an independent stimulator source away from cardiac module 114.
Transformers 240 may also provide a low impedance to drive the electrodes
coupled to 244A, 244B, 250A, and 250B. Transformers 240 may provide
impedance conversion from the primary to the secondary whereby the secondary
has a lower impedance which is coupled to clectrodes 244A, 244B, 250A, and
250B. In this manner, transformers 240 may enable more effective driving of
electrodes 244A, 244B, 250A, and 250B.

[0340] With respect to FIG. 9 where isolation circuit 148 is equivalent to isolation
circuit 252, input lines 242 A and 248 A may be coupled to power source 108, and
input lines 242B and 242B may be coupled to the ground provided by housing 70.
Input lines 242 A and 242B may provide power to oscillator 238A, and input lines
248A and 248B may provide power to oscillator 238B. Output lines 244A and
244B may be coupled to electrodes 104A and 104B, respectively. Output lines
250A and 250B may be coupled to electrodes 106A and 106B, respectively.

[0341] As described above, processor 122 executes a therapy program that

provides a stimulation signal on electrodes. The therapy program may specify the
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pulse width, frequency, and amplitude of the stimulation signal. With respect to
FIGS. 9 and 10, to provide the stimulation signal in accordance with the therapy
program, processor 122 may cause oscillator 238A and 238B to generate a pulse
comprising an amplitude set by the therapy program. Oscillators 238A and 238B
may be powered by the common power source and referenced to the ground
provided by housing 70. Switches S31-S35 may be open in most instances except
for when the therapy module, e.g., neuro module 116 (FIG. 9) or cardiac module
114 (FIG. 10), desires to provide a stimulation signal. Prior to when the therapy
module desires provides a stimulation signal, processor 122 may close switches
S31-S35.

[0342] The pulse generated by oscillators 238A and 238B may then be provided to
transformers 240A and 240B. Transformers 240A and 240B receive the pulse
output of oscillators 238A and 238B. The output of oscillators 238A and 238B is
referenced to the common power source and ground provided by housing 70.
Transformers 240A and 240B inductively transfer electrical energy received from
oscillators 238 A and 238B to output lines 244A, 244B and 250A, 250B.
Transformers 240A and 240B may remove any direct connection between
oscillators 238 A and 238B and output lines 244A, 244B and 250A, 250B. The
output of transformers 240A and 240B is no longer referenced to power source 96
or 108. Stated another way, there is no commonality between the output of
transformers 240A and 240B and the input of transformers 240A and 240B. As
described above, by reducing or eliminating the commonality, the common-mode
interference and/or the shunt current may be reduced or eliminated.

[0343] In some examples, to reduce power consumption by oscillators 238A and
238B, oscillators 238A and 238B may be powered down at all times except for
prior to and while the therapy module transmits a stimulation. Processor 122 may
provide a signal that turns on oscillators 238A and 238B when processor 122
closes switches S31-S35. In other words, processor 122 toggles on oscillators
238A and 238B when processor 122 closes switches S31-S35. Processor 122
toggles off oscillators 238A and 238B when processor 122 opens switches S31-
S3s.
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[0344] FIG. 23 is a circuit diagram of another example of an isolation circuit 266.
Isolation circuit 266 comprises a transformer circuit. In one aspect, one or more of
isolation circuit 164 (FIG. 13) and 170 (FIG. 14) may be substantially similar to
isolation circuit 266. For example, in the example IMD 16 of FIGS. 13 and 14,
isolation circuit 164 and 170 may be substantially similar to isolation circuit 266.
[0345] Isolation circuit 266 comprises a plurality of sub-isolation circuits. For
example, as shown in FIG. 23, isolation circuit 266 comprises sub-isolation circuit
262A and 262B, collectively referred to as sub-isolation circuits 262. Though only
two sub-isolation circuits are shown in FIG. 23, in different aspects there may be
more or fewer sub-isolation circuits 262. The number of sub-isolation circuits that
may be needed is based on the number of electrode pairs coupled to cardiac
module 114 or cardiac module 82 and neuro module 116 or neuro module 84. For
example, as shown in FIG. 13, isolation circuit 164 provides stimulation to two
electrode pairs, e.g. one electrode pair is 104A and 104B, another electrode pair is
106A and 106B. In examples where isolation circuit 164 is equivalent to isolation
circuit 266, isolation circuit 266 may comprise two sub-isolation circuits 262 to
provide stimulation to electrodes 104A, 104B, 106A, and 106B. However, if there
are more electrodes pairs other than 104A, 104B, 106A, and 106B, isolation circuit
266 may comprise additional sub-isolation circuits 262 to provide stimulation to
the additional electrode pairs.

[0346] As shown in FIG. 23, sub-isolation circuit 262A comprises input lines 256A
and 256B. Input lines 256A and 256B may be coupled to various components. For
example, with respect to FIG. 13, input lines 256A and 256B may be coupled to the
first two outputs of neuro module 162. Sub-isolation circuit 262B comprises input
lines 260A and 260B. Similar to input lines 256A and 256B, input lines 260A and
260B may be coupled to various components. For example, with respect to FIG.
13, input lines 260A and 260B may be coupled to the last two outputs of neuro
module 162, where input lines 256A and 256B of sub-isolation circuit 262A are
coupled to the first two outputs of neuro module 162.

[0347] Isolation circuit 266 receives control commands from one of processor
86A, 86B (FIG. 5) or processor 122 (FIG. 6) referred to as just the processor for the
description of FIG. 23. Similar to FIGS. 16-20, in some aspects, the control signal
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provided by the processor may require an isolation circuit. Accordingly, in aspects
that require isolation, the control signal is isolated via isolation circuit 267 which is
equivalent to isolation circuit 186 of FIG. 16, isolation circuit 190 of FIG. 18A and
FIG. 18B, isolation circuit 213 of FIG. 19, isolation circuit 237 of FIG. 21, and
isolation circuit 253 (FIG. 22).

[0348] Each one of sub-isolation circuits 262 comprises a plurality of switches and
a transformer. For example, sub-isolation circuit 262A comprises switches S35
and S36, and isolation circuit 262B comprises switches S37 and S38. Switches
S35-S38 may be MEMS switches or opto-isolators such as opto-relays, opto-
transistors, opto-FETs, and opto-SCRs.

[0349] Sub-isolation circuit 262 A further comprises transformer 254A, and sub-
isolation circuit 262B further comprises transformer 254B. Transformers 254A
and 254B may be substantially similar to transformers 240A and 240B (FIG. 22).
[0350] As described above, processor 122 executes a therapy program that
provides a stimulation signal on electrodes. The therapy program may specify the
pulse width, frequency, and amplitude of the stimulation signal. With respect to
FIGS. 13 and 14, sub-isolation circuits 262 may receive the amplitude for the
stimulation from cardiac module 160 and neuro module 162. For example, with
respect to FIG. 13, input lines 256A and 256B may be coupled to the first two
outputs of neuro module 162 and input lines 260A and 260B may be coupled to the
last two outputs of neuro module 162. In some examples, the voltage and/or
current levels on lines 256A, 256B or lines 260A, 260B may be used to control the
respective amplitudes of the stimulation signals applied via transformers 254A,
254B.

[0351] Processor 122 may toggle switches S35-S38 in accordance with the
frequency and pulse width parameters. For example, assume the therapy program
specifies that the frequency is 100 Hz and the pulse width is 1 milliseconds for the
stimulation provided by electrodes 104A and 104B. The therapy program specifies
that the frequency is 50 Hz and the pulse width is 3 milliseconds for the
stimulation provided by electrodes 106A and 106B. Accordingly, processor 122
may close switches S35 and S36 for 1 milliseconds every 10 milliseconds (1/100).

Processor 122 may open switches S35 and S36 the remainder of the time.
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Similarly, processor 122 may close switches S37 and S38 for 3 milliseconds every
20 milliseconds (1/50). Processor 122 may open switches S37 and S38 the
remainder of the time.

[0352] The voltages received by transformers 254 are referenced to power source
108 and the ground provided by housing 70. However, the outputs of transformers
254 are not referenced to power source and the ground provided by housing 70.
Instead, the outputs of transformers 254 are referenced to one another.
Accordingly, the stimulation signal provided to electrodes 104A, 104B, 106A, and
106B shares no commonality with the signals sensed by cardiac module 160 (FIG.
13). As described above, by reducing or eliminating the commonality, the
common-mode interference and the shunt current may be reduced or eliminated.
Furthermore, transformers 254 provide an additional benefit of allowing, for
example, cardiac module 160 to output a stimulation signal with a polarity that is
different than the polarity of the stimulation generated by, for example, neuro
module 162.

[0353] With respect to FIG. 13, neuro module 162 may sense a signal, ¢.g. an
impedance measurement, in a substantially similar manner as neuro module 162
may generate stimulation via isolation circuit 266. For example, with respect to
FIG. 13, lines 258A and 258B may be coupled to electrodes 104A and 104B,
respectively. Lines 260A and 260B may be coupled to electrodes 106A and 106B,
respectively. In such instances, the processor, which may be processor 96 or 122,
and referred to as just the processor, may close switches S35-S38. The signal
sensed by electrodes 104A and 104B may be transferred across transformer 254A.
The signal sensed by electrodes 106A and 106B may be transferred across
transformer 254B. Subsequently, the processor may open switches S35-S38.
[0354] With respect to FIG. 13, during normal operation, switches S35-S38 may be
open at all times except when neuro module 162 needs to sense the signals on
clectrodes 104A, 104B, 106A, and 106B to, for example, perform impedance
measurements. Since switches S35-S38 may be open most of time, the stimulation
generated by cardiac module 160 cannot feed into neuro module 162 because there
is no path for the shunt current to flow. Hence, when switches S35-S38 are open,

they create a high impedance path for the shunt current.
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[0355] Furthermore in some examples, cardiac module 160 may provide a signal
to neuro module 162 every time cardiac module 160 is about to provide a
stimulation signal. For example, in instances where neuro module 162 and cardiac
module 160 do not share a common processor, ¢.g., neuro module 84 and cardiac
module 82 (FIG. 5), cardiac module 160 may transmit a signal via its telemetry
interface to neuro module 162 indicating that cardiac module 160 is about to
provide a stimulation signal. In response, neuro module 162 may insure that
switches S35-S38 are open so that no shunt current may feed into neuro module
162. As another example, in instances where neuro module 162 and cardiac
module 160 share a common processor, ¢.g., neuro module 116 and cardiac module
114 (FIG. 6), cardiac module 160 may transmit a signal via the shared processor to
neuro module 162 indicating that cardiac module 160 is about to provide a
stimulation signal. In response, neuro module 162 may insure that switches S35-
S38 are open so that no shunt current may feed into neuro module 162.

[0356] FIG. 24 is a flow diagram illustrating an example technique of reducing or
eliminating commonality. A first medical device provides cardiac therapy to
patient 12 (268). Examples of the first medical device include cardiac module 82
(FIG. 5, 11, and 12), cardiac module 114 (FIGS. 6-10), and cardiac module 160
(FIGS. 13 and 14). A second medical device provides cardiac therapy to patient 12
(270). Examples of the second medical device include neuro module 84 (FIGS. 5,
11, and 12), neuro module (FIGS. 6-10), and neuro module 162 (FIGS. 13 and 14).
At least one or more isolation circuits are provided that reduce or eliminate the
commonality between the first medical device and the second medical device
(272). The isolation circuits may be coupled to at least one of a power input to the
first medical device, a power input to the second medical device, a stimulation
output of the first medical device, a stimulation output of the second medical
device, a sensing input of the first medical device, and a sensing input of the
second medical device. Examples of the isolation circuits are described with
respect to FIGS. 16 and 18-23. The various locations of the isolation circuits are
described with respect to FIGS. 7-14.

[0357] FIG. 25 is a flow diagram illustrating a first example technique of reducing

or eliminating commonality at the power input of a medical device. The flow
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diagram of FIG. 25 may be applicable for isolation circuit 124 (FIGS. 7 and 9),
isolation circuit 126 (FIG. 7), isolation circuit 136 (FIGS. 8 and 10), isolation
circuit 140 (FIG. 8), isolation circuit 152 (FIG. 11), and isolation circuit (FIG. 12).
For purposes of clarity, reference will be made to FIG. 16. Also, processor 122 will
be referenced solely for purposes of illustration. A flying-capacitor circuit receives
voltage from a power source (274). The processor opens switches S9 and S10 and
closes switches S7 and S8 for a first state (276). The closing of switches S7 and
S8 causes capacitor circuit 180 to charge and store the voltage received from the
power source (278). Processor 122 measures the voltage across capacitor circuit
180. Processor 122 next determines whether the voltage across capacitor circuit
180 is at a preset value (280). If the voltage across capacitor circuit 180 is not at
the preset value (NO of 280), capacitor circuit 180 keeps charging and storing the
voltage received from the power source (278). If the voltage across capacitor
circuit 180 is at the preset value (YES of 280), processor 122 opens switches S7,
and S8 for a second state (282), which cause capacitor C3 to be charged (284).
Next, processor 122 determines whether the voltage across capacitor C3 is at the
preset value (286). If the voltage across capacitor C3 is not at the preset value (NO
of 286), capacitor C3 keeps charging and storing the voltage received from
capacitor circuit 180 (284). If the voltage across capacitor C3 is at the preset value
(YES of 286), processor 122 opens switches S9 and S10, and closes switches S7,
S8, S11, and S12 for a third state (288). Capacitor C3 provides a constant DC
voltage to either a cardiac module or a neuro module.

[0358] FIG. 26 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the power input of a medical device. The
flow chart of FIG. 26 may be applicable for isolation circuit 124 (FIGS. 7 and 9),
isolation circuit 126 (FIG. 7), isolation circuit 136 (FIGS. 8 and 10), isolation
circuit 140 (FIG. 8), isolation circuit 152 (FIG. 11), and isolation circuit (FIG. 12).
For purposes of clarity, reference will be made to FIGS. 18A and 19. A
transformer circuit (FIG. 18A) or a barrier circuit (FIG. 19) receives voltage from a
power source (290). Oscillator 194 or oscillator 206 generates an oscillating
output based on control signal provided by processor 122 (292). With respect to

FIG. 18A, transformer 196 generates an output that is not referenced to the power
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source (294). With respect to FIG. 19, coupling capacitors C7 and C8 generate an
output that is not referenced to the power source (294). Rectifier 198 or rectifier
210 rectifies the output that is not referenced to the power source (296). Capacitor
C5 or C9 smoothes the output of the rectifier to generate a constant DC voltage
(298).

[0359] FIG. 27 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the power input of a medical device. The
flow chart of FIG. 27 may be applicable for isolation circuit 124 (FIGS. 7 and 9),
isolation circuit 126 (FIG. 7), isolation circuit 136 (FIGS. 8 and 10), isolation
circuit 140 (FIG. 8), isolation circuit 152 (FIG. 11), and isolation circuit (FIG. 12).
For purposes of clarity, reference will be made to FIG. 20. LED 218 receives
voltage from power source (300). LED 218 illuminates in response to the voltage
(302). The illumination of LED 218 causes a voltage to be generated by photo-
voltaic cell 220 (304). The voltage generated by photo-voltaic cell 220 provides a
constant DC voltage to either a cardiac module or a neuro module.

[0360] FIG. 28 is a flow diagram illustrating a first example technique of reducing
or eliminating commonality at the stimulation output of a medical device. The
flow chart of FIG. 28 may be applicable for isolation circuit 148 (FIG. 9), isolation
circuit 150 (FIG. 10), isolation circuit 164 (FIG. 13), and isolation circuit 170 (FIG.
14). For purposes of clarity, reference will be made to FIG. 21. Input lines 226A,
226B, 230A, and 230B receive a voltage or signal (306). For example, isolation
circuit 148 and isolation circuit 150 receive a voltage from power source 108,
while isolation circuit 164 and isolation circuit 170 receive a signal from neuro
module 162 or cardiac module 160. Processor 122 opens switches S19, S20, S26,
and S27 (308). Processor 122 closes switches S17, S18, S24, and S25 (310).
Processor 122 determines whether the voltage across capacitors C10 and C11 are
equal to the amplitude level set by the therapy program (312). If the voltage level
across capacitors C10 and C11 is less than the amplitude level set by the therapy
program (NO of 312), capacitors C10 and C11 keep being charged by the voltage
across input lines 226A, 226B, 230A, and 230B. If the voltage level across
capacitors C10 and C11 is equal to the amplitude level set by the therapy program
(YES of 312), processor 122 closes switches S19, S20, S26, and S27 and opens
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S17, S18, S24, and S25 based on the frequency and pulse width parameters set by
the therapy program (314).

[0361] FIG. 29 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the stimulation output of a medical device.
The flow chart of FIG. 29 may be applicable for isolation circuit 148 (FIG. 9) and
isolation circuit 150 (FIG. 10). For purposes of clarity, reference will be made to
FIG. 22. Oscillator 238 A and oscillator 238B receive power from power source
108 via input lines 242A, 242B, 248A, and 248B (316). Oscillators 238A and
238B generate a pulse based on the therapy parameter of the therapy program
(318). Prior to when the therapy module, e.g., cardiac module 114 or neuro
module 116, outputs a stimulation signal, processor 122 toggles switches S31-S34
(320). Transformer 240A and 240B receive the signal from oscillators 238A and
238B and generate a stimulation signal that is not referenced the power source by
inductively coupling to a conductor (322). In some examples to reduce power
consumption, processor 122 may toggle off oscillators 238 A and 238B when
processor 122 closes switches S31-S35. Processor 122 may toggle on oscillators
238A and 238B when processor 122 opens switches S31-S35.

[0362] FIG. 30 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the stimulation output of a medical device.
The flow chart of FIG. 30 may be applicable for isolation circuit 164 (FIG. 13) and
isolation circuit 170 (FIG. 13). For purposes of clarity, reference will be made to
FIG. 23. Sub-isolation circuits 262A and 262B within isolation circuit 266 may
receive a signal from a therapy module via input lines 256A, 256B, 260A, and
260B (324). The signal may be generated by neuro module 162 (FIG. 13) or
cardiac module 160 (FIG. 14). Processor 122 may toggle switches S35-S38 based
on the therapy parameters of the therapy program to generate the stimulation signal
in accordance with the therapy program (326). Transformer 254A and 254B
receive the signal via switches S35-S38 and generate a stimulation signal that is
not referenced the power source by inductively coupling to a conductor (328).
[0363] FIG. 31 is a flow diagram illustrating a first example technique of reducing
or eliminating commonality at the sensing input of a medical device. For purposes

of clarity, reference will be made to FIG. 21. Lines 228A, 228B, 232A, and 232B
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couple to sensing electrodes. Lines 226A, 226B, 230A, and 230B couple to the
sensing module within the therapy module. Processor 122 opens switches S19,
S20, S26, and S27 (330). When processor 122, for example, measures the
impedance, processor 122 opens switches S17, S18, S24, and S25 (332). Processor
122 then closes switches S19, S20, S26, and S27 (334). Capacitors C10 and C11
are charged by the signal that is being sensed, ¢.g., the signal on electrodes 104A,
104B, 106A, and 106B (336). Processor 122 then opens switches S19, S20, S26,
and S27 (338). Processor 122 then closes switches S17, S18, S24, and S25 to
discharge the sensed signal to sensing module within the therapy module (340).
[0364] FIG. 32 is a flow diagram illustrating another example technique of
reducing or eliminating commonality at the sensing input of a medical device. For
purposes of clarity, reference will be made to FIG. 23. Processor 122 opens
switches S35-S38 (342). When processor 122 for example, measures the
impedance, processor 122 closes switches S35-S38 (344).

[0365] FIG. 33 is a functional block diagram of another example configuration of
IMD 16. IMD 16 shown in FIG. 33 may be substantially similar to IMD 16 shown
in FIG. 6. In addition to the components shown in FIG. 6, IMD 16 shown in FIG.
33 includes isolation circuit 408, switch S54, and power device 406. As shown in
FIG. 33, neuro module 116 includes processor 404.

[0366] Switch S54 may also be considered an isolation circuit. Switch S54 may be
any type of switches, including microelectromechanical system (MEMS) switches
or opto-isolators such as opto-relays, opto-transistors, opto-FETs, and opto-SCRs.
[0367] Also, though power device 406 is shown external to neuro module 116, in
some examples, neuro module 116 may include power device 406. Power device
406 may be any component or device that can store and provide power to neuro
module 116. Examples of power device 406 include a capacitor, e.g., a ceramic or
electrolytic capacitor having a value of about 0.1 microfarads to about 100
microfarads, a super capacitor, an ultra capacitor, or a rechargeable battery or cell.
Power device 406 may be charged by power source 108.

[0368] Processor 404 may include any one or more of a microprocessor, a
controller, a digital signal processor (DSP), an application specific integrated

circuit (ASIC), a field-programmable gate array (FPGA), or equivalent discrete or
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integrated logic circuitry. In some examples, processor 404 may include multiple
components, such as any combination of one or more microprocessors, one or
more controllers, one or more DSPs, one or more ASICs, or one or more FPGAs,
as well as other discrete or integrated logic circuitry. The functions attributed to
processor 404 herein may be embodied as software, firmware, hardware or any
combination thereof.

[0369] As shown in FIG. 33, isolation circuit 408 includes switches S52 and S53.
Switches S52 and S54 may be any type of switches, including
microelectromechanical system (MEMS) switches or opto-isolators such as opto-
relays, opto-transistors, opto-FETs, and opto-SCRs. Processor 404 may control
switches S52 and S53. Switches S52 and S53 may generally be closed. Similarly,
processor 404 may control switch S54 which may generally be closed. When
switches S52, S52, and S53 are closed, there is commonality between neuro
module 116 and cardiac module 114.

[0370] In operation, when cardiac module 114 is about to transmit a stimulation
signal, cardiac module 114 may convey a signal to processor 404 via processor 122
that cardiac module 114 is about to transmit a stimulation signal. In response,
processor 404 may open switches S52, S53, and S54. After switches S52 and S53
are open, neuro module 116 may be powered by power device 406. Notably, after
switches S52, S53, and S54 are open, there is no commonality between neuro
module 116 and cardiac module 114.

[0371] In the example of FIG. 33, isolation circuit 408 may provide intermittent
isolation between cardiac module 114 and neuro module 116. In other words, there
may be commonality between cardiac module 114 and neuro module 116 during
some modes of operation. However, during some other modes of operation,
particularly when cardiac module is about to transmit a stimulation signal, the
commonality between cardiac module 114 and neuro module 116 is reduced or
eliminated.

[0372] In the example of FIG. 33, little to no shunt current may flow from cardiac
module 114 into neuro module 116 because there is no complete current path for
the shunt current to flow from cardiac module 114 into neuro module 116 and back

into cardiac module 114. Again, when cardiac module 114 transmits a stimulation
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signal, switches S52 and S53 of isolation circuit 408 are open, and similarly,
switch S54, which may be considered an isolation circuit, is also open.

[0373] Notably, during times when cardiac module 114 is transmitting a
stimulation signal, neuro module 116 may not need to measure signals such as
impedance or other signals. Accordingly, the common mode interference that may
be caused by the simulation signal of cardiac module 114 may not impact neuro
module 116. Nevertheless, electrodes 104, 106 may experience little to no
common mode interference due to the stimulation generated via cardiac module
114 because the stimulation generated by cardiac module 114 is not referenced to
the same voltage and ground as electrodes 104, 106. As described above, when
cardiac module 114 transmits a stimulation signal, neuro module 116 may be
powered by power device 406. In this mode of operation, electrodes 104, 106 are
referenced to the voltage and ground provided by power device 406. When
switches S52 and S53 of isolation circuit 408 are open, the output of power device
406 is not referenced to power source 108 and ground provided by housing 70.
[0374] After opening switches S52, S53, and S54, processor 404 may close
switches S52, S53, and S54 after a predetermined amount of time. In some
examples, the predetermined amount of time may be between about 0.1 seconds to
about 20 seconds. After switches S53 and S54 of isolation circuit 408 are closed,
power source 108 recharges power device 406.

[0375] In some examples, cardiac module 114 may not transmit a signal to neuro
module 116 indicating the cardiac module 114 is about to transmit a stimulation
signal. In these examples, processor 404 may monitor the voltage across
electrodes 104, 106 and/or monitor the current through electrodes 104, 106. If the
voltage across electrodes 104, 106 and/or current through electrodes 104, 106 is
greater than a threshold value, processor 404 may open switches S52, S53, and S54
thereby reducing or eliminating the commonality between cardiac module 116 and
neuro module 114.

[0376] In the example shown in FIG. 33, prior to and while neuro module 116
outputs a stimulation signal or sense a signal, processor 404 may open switches
S52, S53, and S54 before transmitting the stimulation signal or before sensing a

signal. Accordingly, when neuro module 116 transmits its stimulation signal, there
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is no commonality between the neuro module 116 and cardiac module 114. In this
example, the shunt current that may flow into cardiac module 114 may be reduced
or eliminated because there is no complete circuit for the shunt current to flow
from neuro module 116 into cardiac module 114 and back into neuro module 116.
Also, the common mode interference experienced by cardiac module 114 may be
reduced or eliminated because there is no commonality between cardiac module
114 and neuro module 116. Also, because there is no commonality between
cardiac module 114 and neuro module 116 when switches S52, S53, and S54 are
open, neuro module 116 may not experience common mode interference while
neuro module 116 senses signals.

[0377] In some alternate examples, processor 404 may not open switches in
response to a signal from cardiac module 116 and may not monitor the voltages on
or currents through electrodes 104, 106. Instead, processor 404 may periodically
or pseudo-randomly open and close switches S52 and the switches of isolation
circuit 408, e.g., S53, and S54. In these examples, switches S52, S53, and S54
may generally be open. In some examples, when processor 404 may monitor the
voltage on power device 406. If the voltage on power device 406 falls below a
predetermined threshold voltage, processor 404 may close the switches in isolation
circuit 408, e.g., switches S52 and S53, to recharge power device 406. Prior to
when processor 404 receives data from or transmit data to processor 122, processor
404 may close switches S52, S53, and S54 to receive or transmit the data.

[0378] The duration of time that processor 404 closes switches S52, S53, and S54
may be relatively small. For example, the duration may be approximately 0.1
microseconds to 10 milliseconds. Such a duration may be sufficient to convey data
from processor 122 to processor 404, and may be sufficient to convey a burst of
power to power device 406.

[0379] In some examples, rather than processor 404 closing switches only when
processor 404 receives or transmits data to processor 122 or when the voltage
across power device 406 drops below a threshold level, processor 404 may
periodically toggle switches S52, S53, and S54. For example, processor 404 may

close switches S52, S53, and S54 for a duration between approximately 0.1
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microseconds to 10 milliseconds and open switches S52, S53, and S54 for a
duration between approximately 1 second and 10 seconds.

[0380] In examples where processor 404 toggles switches pseudo-randomly or
periodically, the common-mode interference and shunt current may be reduced to a
point where the common-mode interference and shunt current is inconsequential.
Due to the brief times when there is commonality, e.g., for 0.1 microsecond to 10
milliseconds, the possibility that there may be common-mode interference and/or
shunt current is drastically reduced. In other words, it is unlikely that cardiac
module 114 may generate a stimulation signal during the brief times that there is
commonality between cardiac module 114 and neuro module 116. Furthermore,
even if there happens to be a stimulation signal generated by cardiac module 114
when there is commonality between cardiac module 114 and neuro module 116,
the duration of the shunt current may be brief and inconsequential because the
duration where there is commonality between cardiac module 114 and neuro
module 116 is brief.

[0381] Moreover, the common-mode interference may be inconsequential if, in
some examples, the duration when there is commonality between neuro module
116 and cardiac module 114 is asynchronous to times when cardiac module 114
may measure a signal. Also, the common-mode interference may be
inconsequential if, in some examples, where the duration of the commonality is
periodic, processor 404 may toggle switches S52, S53, and S54 at a rate that may
be substantially slower than the rate at which cardiac module 114 may measure
signals. In these examples, cardiac module 114 may convey to neuro module 116
the rate at which cardiac module 114 may measure signals. The common-mode
interference may be inconsequential if, in some examples, where the duration of
the commonality is periodic, processor 404 closes switches S52, S53, and S54
during a “blanking” period of cardiac module 114. The blanking period of cardiac
module 114 may be times when cardiac module 114 is not measuring signals.
[0382] FIG. 34 is a functional block diagram of another example configuration of
IMD 16. FIG. 34 may be substantially similar to FIG. 33. However, as shown in
FIG. 34, neuro module 116 is powered directly by power source 108. In FIG. 34,

cardiac module 114 is powered by isolation circuit 414. In the example of FIG. 34,
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switch 57 may be considered as an isolation circuit that isolates processor 122 from
cardiac module 114.

[0383] In FIG. 34, power device 412 may be substantially similar to power device
406 of FIG. 33. Isolation circuit 414 may be substantially similar to isolation
circuit 408 of FIG. 33. Processor 410 may be substantially similar to processor 404
of FIG. 33. Switches S55, S56, and S57 may be substantially similar to switches
S52, S53, and S54 of FIG. 33.

[0384] Similar to FIG. 33, the effects of common-mode interference and shunt
current generated by neuro module 116 on cardiac module 114 may be reduced or
eliminated. Switches S55, S56, and S57 may be open prior to and while neuro
module 116 transmits a stimulation signal. In this manner the commonality
between cardiac module 114 and neuro module 116 may be reduced or eliminated.
As described above, the reduction of commonality between cardiac module 114
and neuro module 116 may sufficiently reduce or eliminate common-mode
interference and shunt current.

[0385] In general, the example IMD 16 shown in FIG. 34 may function essentially
the same as the example IMD 16 shown in FIG. 33. However, as shown in FIG. 34,
is some examples, isolation circuit 414 may isolate the power to cardiac module
114 from power source 108. Also, as shown in FIG. 34, in some examples, switch
57 may isolate processor 122 from the processor within cardiac module 114, e¢.g.,
processor 410.

[0386] The examples shown in FIGS. 33 and 34 are for illustration purposes and
should not be considered as limiting. In some examples, IMD 16 may include
components shown in both FIGS. 33 and 34.

[0387] The techniques described in this disclosure, including those attributed to
cardiac module 82, 114, and 160 and neuro module 84, 116, and 162, programmer
24, or various constituent components, may be implemented, at least in part, in
hardware, software, firmware or any combination thereof. For example, various
aspects of the techniques may be implemented within one or more processors,
including one or more microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic circuitry, as well as any combinations of

such components, embodied in programmers, such as physician or patient
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programmers, stimulators, image processing devices or other devices. The term
“processor” or “processing circuitry” or “control circuitry” may generally refer to
any of the foregoing logic circuitry, alone or in combination with other logic
circuitry, or any other equivalent circuitry.

[0388] Such hardware, software, firmware may be implemented within the same
device or within separate devices to support the various operations and functions
described in this disclosure. While the techniques described in this disclosure are
primarily described as being performed by processor 86A, 86B, and 122, any one
or more parts of the techniques described in this disclosure may be implemented by
a processor of one of the cardiac or neuro modules or another computing device,
alone or in combination with the cardiac or neuro modules.

[0389] In addition, any of the described units, modules or components may be
implemented together or separately as discrete but interoperable logic devices.
Depiction of different features as modules or units is intended to highlight different
functional aspects and does not necessarily imply that such modules or units must
be realized by separate hardware or software components. Rather, functionality
associated with one or more modules or units may be performed by separate
hardware or software components, or integrated within common or separate
hardware or software components.

[0390] When implemented in software, the functionality ascribed to the systems,
devices and techniques described in this disclosure may be embodied as
instructions on a computer-readable medium such as RAM, ROM, NVRAM,
EEPROM, FLASH memory, magnetic data storage media, optical data storage
media, or the like. The instructions may be executed to support one or more

aspects of the functionality described in this disclosure.
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CLAIMS:
1. An implantable medical device (IMD) comprising:
a housing;

a first means, in the housing, for delivering electrical stimulation therapy to
a patient, wherein the first means is powered via a power source; and

a second means, in the housing, for delivering electrical stimulation therapy
to the patient or sensing a physiological condition of the patient, wherein the
second means is powered via at least one means for isolating that couples to the
power source,

wherein the means for isolating isolates the power source from the second
means to reduce at least one of common-mode interference and shunt current on
the second means, and

wherein delivering electrical stimulation via the first means causes the at

least one of common-mode interference and shunt current.
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2. The IMD of claim 1, wherein the means for isolating comprises:

first and second switches coupled to first and second input lines,
respectively, wherein the first and second input lines are coupled to the power
source and a ground of the power source, respectively;

first and second output lines coupled to a power input of the second means
and a ground terminal of the second means, respectively;

a capacitor circuit coupled to the first and second switches;

third and fourth switches, wherein the capacitor circuit is coupled to the
third and fourth switches, and wherein the third switch is further coupled to the
first switch and the fourth switch is further coupled to the second switch;

a capacitor coupled to the third and fourth switches;

fifth and sixth switches coupled to the first and second output lines,
respectively, wherein the capacitor is coupled to the fifth and sixth switches;

means for closing the first and second switches and opening the third,
fourth, fifth, and sixth switches to charge the capacitor circuit;

means for opening the first and second switches and closing the third and
fourth switches to discharge the capacitor circuit by charging the capacitor to a
voltage level to generate an isolated voltage;

means for opening the third and fourth switches and closing the fifth and
sixth switches to power the second means with the isolated voltage by discharging
the capacitor via the first and second output lines coupled to the power input and
ground terminal of the second means, respectively;

means for closing the first and second switches to charge the capacitor
circuit; and

means for opening the first and second switches and closing the third and
fourth switches, after the capacitor discharges, to charge the capacitor to the

voltage level by discharging the capacitor circuit.
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3. The IMD of claim 1, wherein the means for isolating comprises:

first and second output lines coupled to a power input of the second means
and a ground terminal of the second means, respectively;

means for generating a first oscillating pulse coupled to first and second
input lines, wherein the first and second input lines are coupled to the power source
and a ground of the power source, respectively, and wherein the power source
provides power to the means for generating the first oscillating pulse;

means for generating a second oscillating pulse, wherein the means for
generating the second oscillating pulse receives the first oscillating pulse from the
means for generating the first oscillating pulse to generate the second oscillating
pulse, and wherein the means for generating the second oscillating pulse isolates
the second oscillating pulse from the first oscillating pulse;

means for rectifying the second oscillating pulse; and

means for smoothing the rectified second oscillating pulse to generate an
isolated direct current (DC) voltage across the first and second output lines to

provide the isolated DC voltage to the second means.
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4. The IMD of claim 1, wherein the means for isolating comprises:

a first switch that couples the power source to a first terminal of a power
device; and

a second switch that couples a ground of the power source to a second
terminal of the power device,

wherein a third terminal of a power device is coupled to a power input of
the second means and a fourth terminal of the power device is coupled to a ground
terminal of the second means,

wherein the power device is charged, via the first and second terminals,
respectively, to a voltage that is sufficient to power the second means when the
first and second switches are closed,

wherein, prior to the first means delivering a stimulation signal, the first
means transmits an indication signal to the second means that indicates that the
first means is about to delivery the stimulation signal,

wherein the second means, in response to the indication signal, opens the
first and second switches, and

wherein the power device provides the voltage sufficient to power the
second means to the second means via the third and fourth terminals, respectively,

to power the second means when the first and second switches are open.

5. The IMD of claim 1, wherein a voltage at a power input of the second
means is floating with respect to a voltage of the power source due to the means

for isolating.

6. The IMD of claim 1, wherein the first means comprises a cardiac module
that is configured to deliver cardiac electrical stimulation therapy and the second
means comprises a neurostimulation module that is configured to deliver

neurostimulation electrical stimulation therapy.
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7. The IMD of claim 1, wherein the means for isolating comprises a first
means for isolating, the IMD further comprising;:

a second means for isolating that couples the second means to a common
component shared with the first means, wherein the common component is
configured to transfer data between the first and second means, and wherein the
common component comprises at least one of a processor, a telemetry module, and

a memory device.

8. The IMD of claim 7, wherein the second means for isolating comprises at
least one of:

a first resistor that couples at least one of an input and an output of the
second means to the common component and a second resistor that couples a
ground terminal of the second means to a ground of the power source,

a first capacitor that couples at least one of the input and the output of the
second means to the common component, and a second capacitor that couples the
ground terminal of the second means to the ground of the power source,

a transformer, wherein a primary side of the transformer is coupled to the
common component and the ground of the power source, and a secondary side of
the transformer is coupled to at least one of the input and the output of the second
means and the ground terminal of the second means,

a first opto-isolator that couples at least one of the input and the output of
the second means to the common component and a second opto-isolator that
couples the ground terminal of the second means to the ground of the power
source, and

a first photo-voltaic cell that couples at least one of the input and the output
of the second means to the common component and a second photo-voltaic cell
that couples the ground terminal of the second means to the ground of the power

source.
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9. The IMD of claim 7, wherein the second means for isolating comprises:

a processor;

a capacitor coupled to a power terminal of the processor and a ground
terminal of the processor;

a first group of switches, wherein at least one switch of the first group of
switches is coupled to at least an input and an output of the first means; and

a second group of switches, wherein at least one switch of the second group
of switches is coupled to at least an input and an output of the second means,

wherein the processor is configured to close the first group of switches and
open a second group of switches to charge the capacitor from the power source and
to transfer data between the processor and the first means through the at least one
switch of the first group of switches,

wherein the processor is further configured to open the first group of
switches and close the second group of switches to transfer data between the
processor and the second means through the at least one switch of the second
group of switches, and

wherein the capacitor provides power to the processor when the first group

of switches are open.
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10. A method comprising:

delivering, via a first module within a housing of an implantable medical
device (IMD), electrical stimulation therapy to a patient, wherein the first module
is powered via a power source;

delivering, via a second module within the housing of the IMD, electrical
stimulation therapy to the patient or sensing, via the second module within the
housing of the IMD, a physiological condition of the patient, wherein the second
module is powered via at least one isolation circuit that couples to the power
source; and

isolating the power source from the second module via the at least one
isolation circuit to reduce at least one of common-mode interference and shunt
current on the second module,

wherein delivering electrical stimulation via the first module causes the at

least one of common-mode interference and shunt current.

I1. The method of claim 10, wherein a voltage at a power input of the second
module is floating with respect to a voltage of the power source due to the at least

one isolation circuit.

12. The method of claim 10, wherein the first module comprises a cardiac
module configured to deliver cardiac electrical stimulation therapy and the second
module comprises a neurostimulation module configured to deliver

neurostimulation electrical stimulation therapy.

136



WO 2010/051316 PCT/US2009/062399

13.

The method of claim 10,
wherein the at least one isolation circuit comprises:

first and second switches coupled to first and second input lines,
respectively, wherein the first and second input lines are coupled to the
power source and a ground of the power source, respectively;

first and second output lines coupled to a power input of the second
module and a ground terminal of the second module, respectively;

a capacitor circuit that is coupled to the first and second switches;

third and fourth switches, wherein the capacitor circuit is coupled to
the third and fourth switches, and wherein the third switch is further
coupled to the first switch and the fourth switch is further coupled to the
second switch;

a capacitor, wherein the capacitor is coupled to the third and fourth
switches; and

fifth and sixth switches coupled to the first and second output lines,
respectively, wherein the capacitor is coupled to the fifth and sixth
switches, and

wherein isolating the power source from the second module via the at least

one isolation circuit to reduce at least one of common-mode interference and shunt

current on the second module comprises:

closing the first and second switches and opening the third, fourth,
fifth, and sixth switches to charge the capacitor circuit;

opening the first and second switches and closing the third and
fourth switches to discharge the capacitor circuit by charging the capacitor
to a voltage level to generate an isolated voltage;

opening the third and fourth switches and closing the fifth and sixth
switches to power the second means with the isolated voltage by
discharging the capacitor via the first and second output lines coupled to
the power input and ground terminal of the second means, respectively;

closing the first and second switches to charge the capacitor circuit;

and
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after the capacitor discharges, opening the first and second switches
and closing the third and fourth switches to charge the capacitor to the

voltage level by discharging the capacitor circuit.

14. The method of claim 10, wherein isolating the power source from the
second module via the at least one isolation circuit to reduce at least one of
common-mode interference and shunt current on the second module comprises:

generating a first oscillating pulse via an oscillator coupled to first and
second input lines, wherein the first and second input lines are coupled to the
power source and a ground of the power source, respectively, wherein the power
source provides power to the oscillator, and wherein the at least one isolation
circuit includes the oscillator;

generating a second oscillating pulse via a transformer, wherein the at least
ong isolation circuit includes the transformer, and wherein the transformer receives
the first oscillating pulse to generate the second oscillating pulse;

rectifying the second oscillating pulse; and

smoothing, via a capacitor, the rectified second oscillating pulse to generate
an isolated direct current (DC) voltage across first and second output lines coupled
to a power input of the second module and a ground terminal of the second
module, respectively, to provide the isolated DC voltage to the second module,

wherein the at least one isolation circuit includes the capacitor.
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15.

The method of claim 10,
wherein the at least one isolation circuit comprises:

a first switch that couples the power source to a first terminal of a
power device; and

a second switch that couples a ground of the power source to a
second terminal of the power device,

wherein a third terminal of a power device is coupled to a power
input of the second module and a fourth terminal of the power device is
coupled to a ground terminal of the second module, and

wherein the power device is charged, via the first and second
terminals, respectively, to a voltage that is sufficient to power the second
module when the first and second switches are closed, and

wherein isolating the power source from the second module via the at least

one isolation circuit to reduce at least one of common-mode interference and shunt

current on the second module comprises:

prior to the first module delivering a stimulation signal, transmitting

an indication signal from the first module to the second module that indicates that

the first module is about to delivery the stimulation signal; and

opening, via the second module, the first and second switches in

response to the indication signal, wherein the power device provides the voltage

sufficient to power the second module to the second module via the third and

fourth terminals, respectively, to power the second module when the first and

second switches are open.
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