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SYSTEMS AND METHODS FOR MODIFYING IMPEDANCE ALONG ELECTRICAL

PATHS OF ELECTRICAL STIMULATION SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial

No. 61/602,881 filed on February 24, 2012, which is incorporated herein by reference.

FIELD

The present invention is directed to the area of implantable electrical stimulation

systems and methods of making and using the systems. The present invention is also

directed to impedance circuitries for modifying impedances of electrical paths of systems

during exposure of patients to applied electromagnetic fields, as well as methods of

making and using the impedance circuitries and electrical stimulation systems.

BACKGROUND

Implantable electrical stimulation systems have proven therapeutic in a variety of

diseases and disorders. For example, spinal cord stimulation systems have been used as

a therapeutic modality for the treatment of chronic pain syndromes. Peripheral nerve

stimulation has been used to treat chronic pain syndrome and incontinence, with a

number of other applications under investigation. Functional electrical stimulation

systems have been applied to restore some functionality to paralyzed extremities in

spinal cord injury patients.

Stimulators have been developed to provide therapy for a variety of treatments.

A stimulator can include a control module (with a pulse generator), one or more leads,

and an array of stimulator electrodes on each lead. The stimulator electrodes are in

contact with or near the nerves, muscles, or other tissue to be stimulated. The pulse

generator in the control module generates electrical pulses that are delivered by the

electrodes to body tissue.

Conventional implanted electrical stimulation systems are often incompatible

with magnetic resonance imaging ("MRI") due to the large radio frequency ("RF")

pulses used during MRI. The RF pulses can generate transient signals in the conductors

and electrodes of an implanted lead. These signals can have deleterious effects



including, for example, unwanted heating of the tissue causing tissue damage, induced

currents in the lead, or premature failure of electronic components.

BRIEF SUMMARY

In one embodiment, an implantable medical device system for providing

electrical stimulation includes a control module configured and arranged to electrically

couple to a lead. The control module includes a sealed housing having an interior and an

exterior, an electronic subassembly disposed in the interior of the housing, and a

connector assembly coupled to the exterior of the housing. The connector assembly

defines a port configured and arranged for receiving the lead. A plurality of connector

contacts are disposed in the port. The connector contacts are configured and arranged to

electrically couple with terminals of the lead when the lead is operationally received by

the port. The plurality of connector contacts include a first connector contact and a

second connector contact. A plurality of feedthrough interconnects extend from the

connector assembly into the interior of the sealed housing. The plurality of feedthrough

interconnects electrically couple the plurality of connector contacts to the electronic

subassembly. The plurality of feedthrough interconnects include a first feedthrough

interconnect and a second feedthrough interconnect. The first feedthrough interconnect

electrically couples the first connector contact to the electronic subassembly and the

second feedthrough interconnect electrically couples the second connector contact to the

electronic subassembly. Impedance circuitry is disposed in the control module and is

configured and arranged for modulating impedance associated with terminals and

conductors of the lead. The impedance circuitry includes a plurality of impedance

elements. Each of the plurality of impedance elements is electrically coupled to a

different feedthrough interconnect of the plurality of feedthrough interconnects. Each

impedance element of the plurality of impedance elements has a pre-defined impedance.

The plurality of impedance elements include a first impedance element electrically

coupled to the first feedthrough interconnect and a second impedance element

electrically coupled to the second feedthrough interconnect. The pre-defined impedance

of the first impedance element is different than the pre-defined impedance of the second

impedance element.



In another embodiment, an implantable medical device system for providing

electrical stimulation includes a control module configured and arranged to electrically

couple to a lead. The control module includes a sealed housing having an interior and an

exterior, an electronic subassembly disposed in the interior of the housing, and a

connector assembly coupled to the exterior of the housing. The connector assembly

defines a port configured and arranged for receiving the lead. A plurality of connector

contacts are disposed in the port. The connector contacts are configured and arranged to

electrically couple with terminals of the lead when the lead is operationally received by

the port. A plurality of feedthrough interconnects extend from the connector assembly

into the interior of the sealed housing. The plurality of feedthrough interconnects

electrically couple the plurality of connector contacts to the electronic subassembly.

Impedance circuitry is disposed in the control module and is configured and arranged for

modulating impedance associated with terminals and conductors of the lead. The

impedance circuitry includes a plurality of impedance elements. Each of the plurality of

impedance elements is electrically coupled to a different feedthrough interconnect of the

plurality of feedthrough interconnects. At least one of the impedance elements is

configured and arranged for enabling adjustment of impedance along the feedthrough

interconnect to which the at least one of the impedance elements is electrically coupled.

In yet another embodiment, an implantable medical device system for providing

electrical stimulation includes a control module configured and arranged to electrically

couple to a lead. The control module includes a sealed housing having an interior and an

exterior, an electronic subassembly disposed in the interior of the housing, and a

connector assembly coupled to the exterior of the housing. The connector assembly

defines a port. A plurality of connector contacts are disposed in the port. The connector

contacts are configured and arranged to electrically couple with terminals of the lead

when the lead is operationally received by the port. The plurality of connector contacts

includes a first connector contact and a second connector contact. A plurality of

feedthrough interconnects extend from the connector assembly into the interior of the

sealed housing. The plurality of feedthrough interconnects electrically couple the

plurality of connector contacts to the electronic subassembly. The plurality of

feedthrough interconnects include a first feedthrough interconnect and a second

feedthrough interconnect. The first feedthrough interconnect electrically couples the first

connector contact to the electronic subassembly and the second feedthrough interconnect



electrically couples the second connector contact to the electronic subassembly. An

adapter is electrically coupleable to the connector assembly. The adapter includes

impedance circuitry configured and arranged for modulating impedance associated with

terminals and conductors of the lead. The impedance circuitry includes a plurality of

impedance elements. Each of the plurality of impedance elements is electrically

coupleable to a different connector contact of the plurality of connector contacts. The

plurality of impedance elements either have impedances that are pre-defined or include at

least one impedance element that is configured and arranged for enabling adjustment of

impedance along the feedthrough interconnect to which the at least one impedance

element is electrically coupled. When the plurality of impedance elements have

impedances that are pre-defined, the plurality of impedance elements include a first

impedance element electrically coupled to the first feedthrough interconnect and a

second impedance element electrically coupled to the second feedthrough interconnect.

The pre-defined impedance of the first impedance element is different than the pre-

defined impedance of the second impedance element.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the present invention are

described with reference to the following drawings. In the drawings, like reference

numerals refer to like parts throughout the various figures unless otherwise specified.

For a better understanding of the present invention, reference will be made to the

following Detailed Description, which is to be read in association with the accompanying

drawings, wherein:

FIG. 1 is a schematic view of one embodiment of an electrical stimulation system

that includes a paddle lead with a paddle body coupled to a control module via lead

bodies, according to the invention;

FIG. 2 is a schematic view of another embodiment of an electrical stimulation

system that includes a percutaneous lead coupled to the control module of FIG. 1,

according to the invention;

FIG. 3A is a schematic view of one embodiment of a connector assembly

disposed in the control module of FIG. 1, the connector assembly configured and



arranged to receive the proximal portion of one of the lead bodies of FIG. 1, according to

the invention;

FIG. 3B is a schematic view of one embodiment of a plurality of connector

assemblies disposed in the control module of FIG. 1, the connector assemblies

configured and arranged to receive the proximal portions of the lead bodies of FIG. 1,

according to the invention;

FIG. 3C is a schematic view of one embodiment of a proximal portion of one of

the lead bodies of FIG. 1, a lead extension, and the control module of FIG. 1, the lead

extension configured and arranged to couple the lead body to the control module,

according to the invention;

FIG. 4 is a schematic view of one embodiment of a portion of a lead inserted into

a connector assembly of a control module having a sealed housing, the connector

assembly having a plurality of connector contacts that are electrically coupled to an

electronic subassembly in the sealed housing via a plurality of feedthrough interconnects,

according to the invention;

FIG. 5A is a schematic view of one embodiment of impedance circuitry disposed

between the connector contacts of FIG. 4 and the electronic subassembly of FIG. 4,

according to the invention;

FIG. 5B is a schematic view of another embodiment of the impedance circuitry of

FIG. 5A disposed between the connector contacts of FIG. 4 and the electronic

subassembly of FIG. 4, according to the invention;

FIG. 5C is a schematic view of yet another embodiment of the impedance

circuitry of FIG. 5A disposed between the connector contacts of FIG. 4 and the

electronic subassembly of FIG. 4, according to the invention;

FIG. 6 is a schematic view of another embodiment of the impedance circuitry of

FIG. 5A, the impedance circuitry disposed between terminals of the lead of FIG. 4 and

the connector contacts of FIG. 4, according to the invention; and



FIG. 7 is a schematic overview of one embodiment of components of a

stimulation system, including an electronic subassembly disposed within a control

module, according to the invention.

DETAILED DESCRIPTION

The present invention is directed to the area of implantable electrical stimulation

systems and methods of making and using the systems. The present invention is also

directed to impedance circuitries for modifying impedances of electrical paths of systems

during exposure of patients to applied electromagnetic fields, as well as methods of

making and using the impedance circuitries and electrical stimulation systems.

Suitable implantable electrical stimulation systems include, but are not limited to,

an electrode lead ("lead") with one or more electrodes disposed on a distal end of the

lead and one or more terminals disposed on one or more proximal ends of the lead.

Leads include, for example, percutaneous leads, paddle leads, and cuff leads. Examples

of electrical stimulation systems with leads are found in, for example, U.S. Patents Nos.

6,181,969; 6,516,227; 6,609,029; 6,609,032; 6,741,892; 7,244,150; 7,672,734;

7,761,165; 7,949,395; 7,974,706; 8,175,710; and 8,224,450; and U.S. Patent

Applications Publication Nos. 2005/0165465 and 2007/0150036, all of which are

incorporated by reference.

Figure 1 illustrates schematically one embodiment of an electrical stimulation

system 100. The electrical stimulation system includes a control module (e.g., a

stimulator or pulse generator) 102, a paddle body 104, and one or more lead bodies 106

coupling the control module 102 to the paddle body 104. The paddle body 104 and the

one or more lead bodies 106 form a lead. The paddle body 104 typically includes an

array of electrodes 134. The control module 102 typically includes an electronic

subassembly 110 and an optional power source 120 disposed in a sealed housing 114. In

Figure 1, two lead bodies 106 are shown coupled to the control module 102.

The control module 102 typically includes one or more connector assemblies 144

into which the proximal end of the one or more lead bodies 106 can be plugged to make

an electrical connection via connector contacts (e.g., 316 in Figures 3A-3B; and 340 of

Figure 3C) disposed in the connector assembly 144 and terminals (e.g., 310 in Figures



3A-3C) on each of the one or more lead bodies 106. The connector contacts are coupled

to the electronic subassembly 110 and the terminals are coupled to the electrodes 134. In

Figure 1, two connector assemblies 144 are shown.

The one or more connector assemblies 144 may be disposed in a header 150. The

header 150 provides a protective covering over the one or more connector assemblies

144. The header 150 may be formed using any suitable process including, for example,

casting, molding (including injection molding), and the like. In addition, one or more

lead extensions 324 (see Figure 3C) can be disposed between the one or more lead

bodies 106 and the control module 102 to extend the distance between the one or more

lead bodies 106 and the control module 102.

It will be understood that the electrical stimulation system can include more,

fewer, or different components and can have a variety of different configurations

including those configurations disclosed in the electrical stimulation system references

cited herein. For example, instead of a paddle body 104, the electrodes 134 can be

disposed in an array at or near the distal end of the lead body 106 forming a percutaneous

lead, as illustrated in Figure 2 . A percutaneous lead may be isodiametric along the

length of the lead body 106.

The electrical stimulation system or components of the electrical stimulation

system, including one or more of the lead bodies 106, the control module 102, and, in the

case of a paddle lead, the paddle body 104, are typically implanted into the body of a

patient. The electrical stimulation system can be used for a variety of applications

including, but not limited to, spinal cord stimulation, brain stimulation, neural

stimulation, muscle stimulation, cardiac stimulation, and the like.

The electrodes 134 can be formed using any conductive, biocompatible material.

Examples of suitable materials include metals, alloys, conductive polymers, conductive

carbon, and the like, as well as combinations thereof. In at least some embodiments, one

or more of the electrodes 134 are formed from one or more of: platinum, platinum

iridium, palladium, titanium, or rhenium.

The number of electrodes 134 in the array of electrodes 134 may vary. For

example, there can be two, three, four, five, six, seven, eight, nine, ten, eleven, twelve,

thirteen, fourteen, fifteen, sixteen, or more electrodes 134. As will be recognized, other



numbers of electrodes 134 may also be used. As will be recognized, other numbers of

electrodes 134 may also be used. In Figure 1, sixteen electrodes 134 are shown. The

electrodes 134 can be formed in any suitable shape including, for example, round, oval,

triangular, rectangular, pentagonal, hexagonal, heptagonal, octagonal, or the like.

The electrodes of the paddle body 104 or one or more lead bodies 106 are

typically disposed in, or separated by, a non-conductive, biocompatible material

including, for example, silicone, polyurethane, and the like or combinations thereof. The

paddle body 104 and one or more lead bodies 106 may be formed in the desired shape by

any process including, for example, molding (including injection molding), casting, and

the like. Electrodes and connecting wires can be disposed onto or within a paddle body

either prior to or subsequent to a molding or casting process. The non-conductive

material typically extends from the distal end of the lead to the proximal end of each of

the one or more lead bodies 106. The non-conductive, biocompatible material of the

paddle body 104 and the one or more lead bodies 106 may be the same or different. The

paddle body 104 and the one or more lead bodies 106 may be a unitary structure or can

be formed as two separate structures that are permanently or detachably coupled

together.

Terminals (e.g., 310 in Figures 3A-3C) are typically disposed at the proximal end

of the one or more lead bodies 106 for connection to corresponding conductive contacts

(e.g., 316 in Figures 3A-3B; and 340 of Figure 3C) in connector assemblies (e.g., 144 in

Figures 1-3C) disposed on, for example, the control module 102 (or to other devices,

such as conductive contacts on a lead extension, an operating room cable, a splitter, an

adaptor, or the like).

Conductive wires (not shown) extend from the terminals (e.g., 310 in Figures 3A-

3C) to the electrodes 134. Typically, one or more electrodes 134 are electrically coupled

to a terminal (e.g., 310 in Figures 3A-3C). In some embodiments, each terminal (e.g.,

310 in Figures 3A-3C) is only coupled to one electrode 134.

The conductive wires may be embedded in the non-conductive material of the

lead or can be disposed in one or more lumens (not shown) extending along the lead. In

some embodiments, there is an individual lumen for each conductive wire. In other

embodiments, two or more conductive wires may extend through a lumen. There may



also be one or more lumens (not shown) that open at, or near, the proximal end of the

lead, for example, for inserting a stylet rod to facilitate placement of the lead within a

body of a patient. Additionally, there may also be one or more lumens (not shown) that

open at, or near, the distal end of the lead, for example, for infusion of drugs or

medication into the site of implantation of the paddle body 104. In at least one

embodiment, the one or more lumens may be flushed continually, or on a regular basis,

with saline, epidural fluid, or the like. In at least some embodiments, the one or more

lumens can be permanently or removably sealable at the distal end.

As discussed above, the one or more lead bodies 106 may be coupled to the one

or more connector assemblies 144 disposed on the control module 102. The control

module 102 can include any suitable number of connector assemblies 144 including, for

example, two three, four, five, six, seven, eight, or more connector assemblies 144. It

will be understood that other numbers of connector assemblies 144 may be used instead.

In Figure 1, each of the two lead bodies 106 includes eight terminals that are shown

coupled with eight conductive contacts disposed in a different one of two different

connector assemblies 144.

In at least some embodiments, leads are coupled to connectors disposed on

control modules. Figure 3A is a schematic perspective view of one embodiment of a

single connector assembly 144 disposed on the control module 102. Figure 3B is a

schematic perspective view of one embodiment of a plurality of connector assemblies

144 disposed on the control module 102. In at least some embodiments, the control

module 102 includes two connector assemblies 144. In at least some embodiments, the

control module 102 includes four connector assemblies 144.

In Figures 3A and 3B, the proximal ends 306 of one or more lead bodies 106 are

shown configured and arranged for insertion to the control module 102. In Figures 3A

and 3B, the one or more connector assemblies 144 are disposed in the header 150. In at

least some embodiments, the header 150 defines one or more ports 304 into which a

proximal end 306 of the one or more lead bodies 106 with terminals 310 can be inserted,

as shown by directional arrows 312, in order to gain access to the connector contacts

disposed in the one or more connector assemblies 144.



The one or more connector assemblies 144 each include a connector housing 314

and a plurality of connector contacts 316 disposed therein. Typically, the connector

housing 314 defines a port (not shown) that provides access to the plurality of connector

contacts 316. In at least some embodiments, one or more of the connector assemblies

144 further includes a retaining element 318 configured and arranged to fasten the

corresponding lead body 308 to the connector assembly 144 when the lead body 106 is

inserted into the connector assembly 144 to prevent undesired detachment of the lead

body 106 from the connector assembly 144. For example, the retaining element 318 may

include an aperture through which a fastener (e.g. , a set screw, pin, or the like) may be

inserted and secured against an inserted lead body or lead extension.

When the one or more lead bodies 106 are inserted into the one or more ports

304, the connector contacts 316 can be aligned with the terminals 310 disposed on the

one or more lead bodies 106 to electrically couple the control module 102 to the

electrodes (134 of Figure 1) disposed at a distal end of the one or more lead bodies 106.

Examples of connector assemblies in control modules are found in, for example, U.S.

Patent Nos. 7,244,150 and 8,224,450, which are incorporated by reference.

In Figure 3C, a lead extension connector assembly 322 is disposed on a lead

extension 324. The lead extension connector assembly 322 is shown disposed at a distal

end 326 of the lead extension 324. The lead extension connector assembly 322 includes

a contact housing 328. The contact housing 328 defines at least one port 330 into which

a proximal end 306 of the lead body 106 with terminals 310 can be inserted, as shown by

directional arrow 338. The lead extension connector assembly 322 also includes a

plurality of connector contacts 340. When the lead body 106 is inserted into the port

330, the connector contacts 340 disposed in the contact housing 328 can be aligned with

the terminals 310 on the lead body 106 to electrically couple the lead extension 324 to

the electrodes (134 of Figure 1) disposed at a distal end (not shown) of the lead body

106.

The proximal end of a lead extension can be similarly configured and arranged as

a proximal end of a lead body. The lead extension 324 may include a plurality of

conductive wires (not shown) that electrically couple the connector contacts 340 to a

proximal end 348 of the lead extension 324 that is opposite to the distal end 326. The

conductive wires disposed in the lead extension 324 can be electrically coupled to a



plurality of terminals (not shown) disposed on the proximal end 348 of the lead

extension 324. In at least some embodiments, the proximal end 348 of the lead extension

324 is configured and arranged for insertion into a lead extension connector assembly

disposed in another lead extension. In other embodiments (as shown in Figure 3C), the

proximal end 348 of the lead extension 324 is configured and arranged for insertion into

the connector assembly 144 disposed on the control module 102.

Turning to Figure 4, in at least some embodiments the connector assembly is

disposed in a header of the control module. In at least some embodiments, the connector

contacts of the connector assembly are electrically coupled to the electronic subassembly

within the sealed housing via one or more feedthrough interconnects. Figure 4 is a

schematic view of one embodiment of a control module 402 having a header 450 and a

sealed housing 414. A connector assembly 444 is disposed in the header 450. An

electronic subassembly 410 and an optional power source 420 are

disposed in the sealed housing 414.

A plurality of connector contacts, such as connector contact 416, are disposed in

the connector assembly 444 and are configured and arranged for coupling with terminals

(see e.g., 602 in Figure 6) disposed on a lead 404 when the lead 404 is disposed in the

connector assembly 444. In Figure 4, and in other figures, the connector assembly 444 is

shown having four connector contacts 416. It will be understood that any suitable

number of connector contacts 416 may be utilized including, for example, one, two,

three, four, five, six, seven, eight, nine, ten, eleven, twelve, fourteen, sixteen, twenty,

twenty- four, thirty-two, or more connector contacts 416. The connector contacts 416 are

electrically coupled to the electronic subassembly 410 via a plurality of feedthrough

interconnects 426 that extend into the sealed housing 414.

Turning to Figure 5A, conventional electrical stimulation systems may be

potentially unsafe for use with magnetic resonance imaging ("MRI") due to the effects of

electromagnetic fields {e.g., radio frequency fields) in an MRI environment. A common

mechanism for causing the electrical interactions between the electrical stimulation

system and radiofrequency ("RF") irradiation is common-mode coupling of the applied

electromagnetic fields that act as a series of distributed sources along elongated

conductive structures, such as leads, or conductors within leads. Common-mode induced



RF currents can reach amplitudes of greater than one ampere in MRI environments.

Such currents can cause heating and potentially disruptive voltages within electronic

circuits, such as electronic circuits disposed within the electronic subassembly.

Some of the effects of RF irradiation may include, for example, inducing current

in the lead, causing undesired heating of the lead that may potentially cause tissue

damage, undesired or unexpected operation of electronic components, or damage to, or

premature failure of, electronic components. Additionally, when an electrical

stimulation system is used within an MRI scanner environment, the electrical

interactions between the electrical stimulation system and the MRI may cause distortions

in images formed by the MRI system.

When the lead is exposed to electromagnetic fields, RF energy may be induced

along the length of the lead. When the lead is coupled to the control module, at least

some of the RF energy induced along the lead may propagate from the lead to the control

module. The RF energy may, for example, propagate between the terminals of the lead

and the connector contacts of the connector assembly of the control module. Once the

induced RF energy reaches the control module, the RF energy may propagate along a

plurality of different conductive paths to the electronic subassembly. Each of the

conductive paths may include one or more conductive structures including, for example,

a particular connector contact and a particular feedthrough interconnect.

One or more characteristics of the induced RF energy may vary along different

conductive structures of the lead (e.g., electrodes, lead conductors, and terminals).

Variability may be caused by many different factors including, for example, differences

in the surroundings of the conductors, differences in presentation to the RF field, or the

like). In at least some instances, one or more particular terminals of the plurality of

terminals may be more sensitive to RF energy than one or more of the remaining

plurality of terminals. In which case, during exposure to RF energy the RF energy that

reaches the control module may not be uniformly distributed along each conductive path

within the control module. For example, more of the RF energy may propagate along the

conductive path of the control module that is electrically coupled to one or more

sensitive terminals than the RF energy propagating along one or more of the other, less

sensitive terminals.



In some cases, the cumulative amount of RF energy propagating from the lead to

the electronic subassembly may be tolerable to the electronic subassembly. However,

when the RF energy is more unevenly distributed along a plurality of different

conductive paths within the control module, the conductive paths having relatively-high

concentrations of RF energy may develop one or more undesirable RF "hot spots"

having concentrations of RF energy that are significantly higher than RF energy

concentrations along other conductive paths. In some cases, one or more of the "hot

spots" may have RF energy concentrations that are high enough to cause damage to

electronic circuits within the electronic subassembly. Accordingly, when a plurality of

conductive paths electrically couple the lead to the electronic subassembly, it may be

desirable to distribute RF energy propagating along the different conductive paths more

uniformly to prevent RF "hot spots" from developing.

As herein described, impedance circuitry is disposed between the terminals of the

lead and the electronic subassembly of the control module. The impedance circuitry is

configured and arranged such that, when the lead is electrically coupled to the control

module, the impedance circuitry alters at least one of the characteristics of at least one of

multiple conductive paths extending between the lead and the electronic subassembly in

order to facilitate a more uniform distribution of undesired RF energy propagating

between the lead and the electronic subassembly. Promoting a more even distribution of

RF energy may reduce the development of "hot spots" along one or more particular

conductive paths. Promoting a more even distribution of RF energy along multiple

conductor paths may also increase the cumulative amount of RF energy that can be

tolerated by the electronic subassembly during, for example, an MRI procedure.

The impedance circuitry can be disposed in any suitable location between the

terminals of the lead and the electronic subassembly. In some embodiments, the

impedance circuitry is disposed in the control module. In other embodiments, the

impedance circuitry is disposed in an adapter configured and arranged to electrically

couple the lead to the control module.

The impedance circuitry provides impedance elements along one or more of the

conductive paths. The impedance circuitry may be disposed as elements in series in the

conductive paths, or connected between the conductive paths, or connected between

conductive paths and one or more common connection points between conductive paths,



or any combination thereof. These impedance elements may affect the propagation of

RF energy to the electronic subassembly by modifying the propagation amplitude, or the

phase (or both) of RF energy passing through the impedance elements if disposed in

series in the conductive paths, or modifying the amplitude and phase of the propagating

RF energy by shunting a portion of the RF energy between paths, or between paths and a

common connection point (or both). In at least some embodiments, impedance elements

are connected from each conductive path to a common point consisting of a metal

enclosure containing the electronic subassembly.

In at least some embodiments, different impedance elements are provided for

each conductive path. In some embodiments, the impedance elements are pre-set such

that at least one of the impedance elements provides an impedance along at least one

conductive path that is different than an impedance provided along another conductive

path by at least one other of the impedance elements. In at least some embodiments, at

least one of the impedance elements is adjustable. In which case, the impedance element

can be adjusted to promote either increases or decreases of RF energy propagation along

individual conductive paths, as needed, to promote a more uniform flow of RF energy

along each of the plurality of the conductor paths.

In at least some embodiments, the impedance circuitry is designed to promote

modification of the phase of the RF energy propagating along one or more of the

conductive paths. The phases can be offset by any suitable number of degrees. It may

be advantageous to modify the phases along one or more conductive paths by 180

degrees to provide destructive superposition of at least some of the RF energy input from

the lead.

For example, in the case where the lead includes a first terminal and a second

terminal, the amplitude of the RF energy propagating along the terminals may be

affected by adding a 90 degree phase to the RF energy propagating along the first

terminal and reducing the phase by 90 degrees of the RF energy propagating along the

second terminal so that the RF energy in the first terminal is offset 180 degrees from the

RF energy in the second terminal. In which case, if the RF energy propagating along the

first terminal is similar in amplitude to the RF energy propagating along the second

terminal, the impedance circuitry may enable the RF energy along the first terminal to



cancel out the RF energy along the second terminal so that the net RF energy

propagating to the electronic subassembly from the first and second terminals is zero.

It will be understood that a 180-degree phase offset between RF energy

propagating along a first conductive structure (e.g. , a particular terminal) and RF energy

propagating along one or more other conductive structures (e.g. , other terminals) can be

achieved using any suitable combination of degrees of phase offsets, where the sums of

the offsets between the two or more conductive structures are 180 degrees, or

approximately 180 degrees. In the case of two conductive structures promoting phase

offsets of propagating RF energy, the relative degrees of phase offsets for the two

conductive structures may include, for example, 90-90, 100-80, 110-70, 120-60, 130-50,

140-40, 150-30, 160-20, 170-10, 180-0, or other combination of degrees of phase offset.

More generally, the relative degrees of phase offsets may be combined to achieve

cancellation of the RF propagating from multiple conductive structures by ensuring that

the resulting vector sum of the RF magnitude and phase at the point of combination is

zero or near zero.

The impedance circuitry can be disposed in any suitable location between the

terminals and the electronic subassembly. In at least some embodiments, the impedance

circuitry is disposed in the control module (e.g. , in the header, or in the sealed housing,

or both). Figure 5A is a schematic view of one embodiment of impedance circuitry 502

disposed in the control module 402. In Figure 5A, the impedance circuitry 502 is shown

disposed in the sealed housing 414 and along the feedthrough interconnects 426, between

the connector contacts 416 and the electronic subassembly 410. Figure 5B is a schematic

view of another embodiment of the impedance circuitry 502. In Figure 5B, the

impedance circuitry 502 is shown disposed on the electronic subassembly 410, between

the feedthrough interconnects 426 and the electronics disposed on the electronic

subassembly 410. Figure 5C is a schematic view of yet another embodiment of the

impedance circuitry 502. In Figure 5C, the impedance circuitry 502 is shown disposed

in the header 450, between the connector contacts 416 and the electronic subassembly

410.

In other embodiments, the impedance circuitry is disposed external to the control

module. For example, in at least some embodiments the impedance circuitry is formed

as a stand-alone device (e.g., an adapter) that can be disposed between the lead and the



control module and that electrically couple the terminals of the lead to the connector

contacts of the control module via adapter contacts and conductors.

Figure 6 is a schematic view of another embodiment of the impedance circuitry

502. The impedance circuitry 502 is disposed between terminals, such as terminal 602,

of the lead 404 and the connector contacts 416. In Figure 6, the impedance circuitry 502

is shown as an adapter that is configured and arranged to receive a proximal end 604 of

the lead 404 and that is also configured and arranged for insertion into the connector

assembly 444 of the control module 402.

The impedance circuitry 502 (as shown in Figures 5A-6) includes a plurality of

impedance elements, such as impedance element 504, electrically coupled (either directly

or via one or more other conductive structures) to the feedthrough interconnects 426 and

to one another. In at least some embodiments, the number of different impedance

elements 504 is equal to the number of conductive paths, in parallel with one another,

along which the impedance elements 504 are disposed. For example, in Figures 5A-5C

the number of impedance elements 504 is equal to the number of feedthrough

interconnects 426. In Figure 6, the number of impedance elements is equal to the

number of terminals 602. In Figure 6, the number of impedance elements is also equal to

the number of connector contacts 416.

In at least some embodiments, the number of feedthrough interconnects is equal

to the number of terminals. In at least some embodiments, the number of feedthrough

interconnects is equal to the number of connector contacts. In at least some

embodiments, the number of feedthrough interconnects is equal to each of the number of

terminals and the number of connector contacts.

In at least some embodiments, the impedance elements 504 are adjustable (i.e.,

programmable). Modulation of impedance may enable the impedance circuitry 502 to

account for potential changes in RF energy distribution along different conductive

structures of a given conductive path due to changes in one or more of: lead properties

(e.g., multiple lead designs, lead migration over time due to scar tissue formation,

soaking, or the like), lead configuration, patient variability, or the like. The impedance

modulation can be performed automatically (e.g., by sensing change in the power

distribution), or manually, or both.



In at least some embodiments, the impedance elements 504 are individually

adjusted by impedance matching or mismatching. In which case, each of the impedance

elements 504 may have an associated reflection coefficient that either inhibits or

promotes RF energy propagation. When, for example, it is desired to increase RF energy

propagation along a particular conductive path, a reflection coefficient magnitude of the

impedance element 504 disposed on that conductive path may be reduced in magnitude.

As an example, the impedance element 504 disposed along a given conductive path in

the control module 402 may be designed to have an impedance that matches the

impedance of the lead as seen from the connector contact associated with the given

conductive path. In which case, RF energy propagating along the lead to the connector

contact tends to continue propagating along the given conductive path.

When, for example, it is desired to reduce RF energy propagation along a

particular conductive path, the magnitude of the reflection coefficient of the impedance

element 504 disposed on that conductive path may be increased (i.e., made more positive

or more negative, depending on the desired phase). As an example, the impedance

element 504 disposed along a given conductor path in the control module 402 may be

designed to have an impedance that differs from the impedance of the lead as seen from

the connector contact associated with the given conductive path. In which case, at least

some of the RF energy propagating along the lead to the connector contact tends to resist

propagating along the given conductive path.

Impedance elements 504 may be adjusted using any suitable materials or

components. In at least some embodiments, the impedance elements 504 include one or

more linear components (e.g., resistors, capacitors, inductors, or the like). In at least

some embodiments, the impedance elements 504 include, in turn, one or more non-linear

elements (e.g., diodes, switches, or the like).

In at least some embodiments, one or more of the impedance elements 504 are

configured and arranged for promoting modification of the phase of RF energy

propagating along the conductive structures on which the one or more impedance

elements 504 are disposed. Promotion of phase changes can be achieved using any

suitable technique. In at least some embodiments, phase changes are promoted using one

or more electrical components (e.g., capacitors, inductors, surface acoustic wave filters,

or the like). Phase changes may be promoted using other techniques in lieu of, or in



addition to, using one or more electrical components. For example, in at least some

embodiments, phase changes are promoted using one or more transmission line stubs, or

varying the length of a particular conductive structure, or some combination thereof.

In at least some embodiments, the impedance elements 504 are configurable to

control RF energy transmission for different lead types which may be used with the

control module 402 (see e.g., Figure 1 and Figure 2). In at least some embodiments, the

impedance elements 504 may be configured at the time of lead implant (or replacement)

to provide improved RF performance with the stimulation system.

In some instances, a given control module may be configured to receive multiple

leads or different types of leads. In at least some embodiments, the control module 402

is configured and arranged to receive a parameter set for the impedance elements

accompanying each particular lead 402 that is suitable for use with the control module

402. The parameter set may, optionally, configure the impedance elements for a

particular interface to that lead for reduced power transmission to tissue, or to the control

module 402, or both. These parameter sets may be specific for each physical lead, or for

a particular lead model (or type).

It will be understood that the impedance circuitry 504 may be used in conjunction

with any suitable implantable electrical medical device that includes a relatively long

element with a plurality of conductive paths including, for example, neurostimulators,

cardiac stimulators, cochlear implants, or the like.

Figure 7 is a schematic overview of one embodiment of components of an

electrical stimulation system 700 including an electronic subassembly 710 disposed

within a control module. It will be understood that the electrical stimulation system can

include more, fewer, or different components and can have a variety of different

configurations including those configurations disclosed in the stimulator references cited

herein.

Some of the components (for example, power source 712, antenna 718, receiver

702, and processor 704) of the electrical stimulation system can be positioned on one or

more circuit boards or similar carriers within a sealed housing of an implantable pulse

generator, if desired. Any power source 712 can be used including, for example, a

battery such as a primary battery or a rechargeable battery. Examples of other power



sources include super capacitors, nuclear or atomic batteries, mechanical resonators,

infrared collectors, thermally-powered energy sources, flexural powered energy sources,

bioenergy power sources, fuel cells, bioelectric cells, osmotic pressure pumps, and the

like including the power sources described in U.S. Patent No. 7,437,193, incorporated

herein by reference.

As another alternative, power can be supplied by an external power source

through inductive coupling via the optional antenna 718 or a secondary antenna. The

external power source can be in a device that is mounted on the skin of the user or in a

unit that is provided near the user on a permanent or periodic basis.

If the power source 712 is a rechargeable battery, the battery may be recharged

using the optional antenna 718, if desired. Power can be provided to the battery for

recharging by inductively coupling the battery through the antenna to a recharging unit

716 external to the user. Examples of such arrangements can be found in the references

identified above.

In one embodiment, electrical current is emitted by the electrodes 134 on the

paddle or lead body to stimulate nerve fibers, muscle fibers, or other body tissues near

the electrical stimulation system. A processor 704 is generally included to control the

timing and electrical characteristics of the electrical stimulation system. For example,

the processor 704 can, if desired, control one or more of the timing, frequency, strength,

duration, and waveform of the pulses. In addition, the processor 704 can select which

electrodes can be used to provide stimulation, if desired. In some embodiments, the

processor 704 may select which electrode(s) are cathodes and which electrode(s) are

anodes. In some embodiments, the processor 704 may be used to identify which

electrodes provide the most useful stimulation of the desired tissue.

Any processor can be used and can be as simple as an electronic device that, for

example, produces pulses at a regular interval or the processor can be capable of

receiving and interpreting instructions from an external programming unit 708 that, for

example, allows modification of pulse characteristics. In the illustrated embodiment, the

processor 704 is coupled to a receiver 702 which, in turn, is coupled to the optional

antenna 718. This allows the processor 704 to receive instructions from an external



source to, for example, direct the pulse characteristics and the selection of electrodes, if

desired.

In one embodiment, the antenna 718 is capable of receiving signals (e.g., RF

signals) from an external telemetry unit 706 which is programmed by a programming

unit 708. The programming unit 708 can be external to, or part of, the telemetry unit

706. The telemetry unit 706 can be a device that is worn on the skin of the user or can be

carried by the user and can have a form similar to a pager, cellular phone, or remote

control, if desired. As another alternative, the telemetry unit 706 may not be worn or

carried by the user but may only be available at a home station or at a clinician's office.

The programming unit 708 can be any unit that can provide information to the telemetry

unit 706 for transmission to the electrical stimulation system 700. The programming unit

708 can be part of the telemetry unit 706 or can provide signals or information to the

telemetry unit 706 via a wireless or wired connection. One example of a suitable

programming unit is a computer operated by the user or clinician to send signals to the

telemetry unit 706 .

The signals sent to the processor 704 via the antenna 718 and receiver 702 can be

used to modify or otherwise direct the operation of the electrical stimulation system. For

example, the signals may be used to modify the pulses of the electrical stimulation

system such as modifying one or more of pulse duration, pulse frequency, pulse

waveform, and pulse strength. The signals may also direct the electrical stimulation

system 700 to cease operation, to start operation, to start charging the battery, or to stop

charging the battery. In other embodiments, the stimulation system does not include an

antenna 718 or receiver 702 and the processor 704 operates as programmed.

Optionally, the electrical stimulation system 700 may include a transmitter (not

shown) coupled to the processor 704 and the antenna 718 for transmitting signals back to

the telemetry unit 706 or another unit capable of receiving the signals. For example, the

electrical stimulation system 700 may transmit signals indicating whether the electrical

stimulation system 700 is operating properly or not or indicating when the battery needs

to be charged or the level of charge remaining in the battery. The processor 704 may

also be capable of transmitting information about the pulse characteristics so that a user

or clinician can determine or verify the characteristics.



The above specification, examples and data provide a description of the

manufacture and use of the composition of the invention. Since many embodiments of

the invention can be made without departing from the spirit and scope of the invention,

the invention also resides in the claims hereinafter appended.



CLAIMS

What is claimed as new and desired to be protected by Letters Patent of the United States is:

1. An implantable medical device system for providing electrical stimulation, the

system comprising:

a control module configured and arranged to electrically couple to a lead, the control module

comprising

a sealed housing having an interior and an exterior,

an electronic subassembly disposed in the interior of the housing,

a connector assembly coupled to the exterior of the housing, the connector assembly

defining a port configured and arranged for receiving the lead,

a plurality of connector contacts disposed in the port, the connector contacts

configured and arranged to electrically couple with terminals of the lead when the lead is

operationally received by the port, wherein the plurality of connector contacts comprise a

first connector contact and a second connector contact, and

a plurality of feedthrough interconnects extending from the connector assembly into

the interior of the sealed housing, the plurality of feedthrough interconnects electrically

coupling the plurality of connector contacts to the electronic subassembly, wherein the

plurality of feedthrough interconnects comprises a first feedthrough interconnect and a

second feedthrough interconnect, the first feedthrough interconnect electrically coupling the

first connector contact to the electronic subassembly and the second feedthrough

interconnect electrically coupling the second connector contact to the electronic

subassembly; and

impedance circuitry disposed in the control module and configured and arranged for

modulating impedance associated with terminals and conductors of the lead, the impedance circuitry

comprising a plurality of impedance elements, wherein each of the plurality of impedance elements

is electrically coupled to a different feedthrough interconnect of the plurality of feedthrough

interconnects, the plurality of impedance elements each having pre-defined impedances, the



plurality of impedance elements comprising a first impedance element electrically coupled to the

first feedthrough interconnect and a second impedance element electrically coupled to the second

feedthrough interconnect, wherein the pre-defined impedance of the first impedance element is

different than the pre-defined impedance of the second impedance element.

2 . The system of claim 1, wherein the impedance circuitry is disposed in the connector

assembly.

3. The system of claim 1, wherein the impedance circuitry is disposed in the interior of

the sealed housing.

4 . The system of claim 1, wherein the impedance circuitry is disposed on the electronic

subassembly.

5. The system of claim 1, wherein the plurality of impedance elements each comprise at

least one of a resistor, a capacitor, or an inductor.

6. The system of claim 1, wherein the plurality of impedance elements each comprise at

least one of a diode or a switch.

7. The system of claim 1, further comprising a lead configured and arranged for

insertion into a patient, the lead comprising

a lead body having a distal end, a proximal end, and a longitudinal length,

a plurality of electrodes disposed on the distal end of the lead body,

a plurality of terminals disposed on the proximal end of the lead body, the plurality of

terminals comprising a first terminal and a second terminal, wherein the first terminal is configured

and arranged for electrically coupling with the first connector contact when the lead is operationally

received by the port, and wherein the second terminal is configured and arranged for electrically

coupling with the second connector contact when the lead is operationally received by the port, and



a plurality of conductors electrically coupling the plurality of electrodes to at least one of the

terminals.

8. The system of claim 7, wherein the first impedance element is configured and

arranged to promote modification of a phase of RF energy propagating along the first feedthrough

interconnect when the lead is exposed to an applied electromagnetic field and resulting RF energy is

propagated from the lead to the first feedthrough interconnect.

9. The system of claim 7, wherein the first impedance element is configured and

arranged to promote modification of a phase of RF energy propagating along the first feedthrough

interconnect with respect to a phase of RF energy propagating along the second feedthrough

interconnect to provide destructive superposition between the RF energy propagating along the first

feedthrough interconnect and the RF energy propagating along the second feedthrough interconnect

when the lead is exposed to an applied electromagnetic field and resulting RF energy is propagated

from the lead to each of the first feedthrough interconnect and to the second feedthrough

interconnect.

10. The system of claim 7, wherein the first impedance element comprises at least one of

a capacitor or an inductor for promoting modification of the phase of the RF energy propagating

along the first feedthrough interconnect when the lead is exposed to applied electromagnetic fields

resulting in RF energy propagating along the first feedthrough interconnect.

11. The system of claim 7, wherein the first impedance element comprises at least one

transmission line stub for promoting modification of a phase of RF energy propagating along the

first feedthrough interconnect when the lead is exposed to an applied electromagnetic field resulting

in RF energy propagating along the first feedthrough interconnect.

12. The system of claim 7, wherein the first impedance element has a first conductive

length and the second impedance element has a second conductive length that is different from the



first conductive length, the difference in conductive length between the first impedance element and

the second impedance element providing destructive superposition between RF energy propagating

along the first feedthrough interconnect and RF energy propagating along the second feedthrough

interconnect when the lead is exposed to an applied electromagnetic field resulting in RF energy

propagating along the first feedthrough interconnect.

13. The system of claim 1, wherein the connector assembly is disposed in a header

coupled to the exterior of the housing.

14. An implantable medical device system for providing electrical stimulation, the

system comprising:

a control module configured and arranged to electrically couple to a lead, the control module

comprising

a sealed housing having an interior and an exterior,

an electronic subassembly disposed in the interior of the housing,

a connector assembly coupled to the exterior of the housing, the connector assembly

defining a port configured and arranged for receiving the lead,

a plurality of connector contacts disposed in the port, the connector contacts

configured and arranged to electrically couple with terminals of the lead when the lead is

operationally received by the port, and

a plurality of feedthrough interconnects extending from the connector assembly into

the interior of the sealed housing, the plurality of feedthrough interconnects electrically

coupling the plurality of connector contacts to the electronic subassembly; and

impedance circuitry disposed in the control module and configured and arranged for

modulating impedance associated with terminals and conductors of the lead, the impedance circuitry

comprising a plurality of impedance elements, wherein each of the plurality of impedance elements

is electrically coupled to a different feedthrough interconnect of the plurality of feedthrough

interconnects, and wherein at least one of the impedance elements is configured and arranged for



enabling adjustment of impedance along the feedthrough interconnect to which the at least one of

the impedance elements is electrically coupled.

15. The system of claim 14, wherein at least one of the impedance elements is configured

and arranged to promote modification of a phase of RF energy propagating along the at least one

feedthrough interconnect to which the at least one impedance element is electrically coupled when

RF energy is propagated to the control module from the electrically-coupled lead.

16. A method of implanting an electrical stimulation system, the method comprising:

coupling the system of claim 14 to a lead inserted into a patient; and

adjusting a reflective coefficient of one of the plurality of impedance elements to modify

impedance of the feedthrough interconnect to which the impedance element is electrically coupled.

17. The method of claim 16, further comprising adjusting at least one of the plurality of

impedance elements to promote a modification of a phase of RF energy propagating along the at

least one feedthrough interconnects to which the at least one of the plurality of impedance elements

is electrically coupled when the lead is exposed to an applied electromagnetic field resulting in RF

energy propagating into the control module from the lead.

18. The method of claim 16, wherein adjusting the reflective coefficient of one of the

plurality of impedance elements comprises reducing a magnitude of the reflection coefficient of the

impedance element to promote an increase in RF energy propagating along the electrically-coupled

feedthrough interconnect when the lead is exposed to an applied electromagnetic field resulting in

RF energy propagating into the control module from the lead.

19. The method of claim 16, wherein adjusting the reflective coefficient of one of the

plurality of impedance elements comprises increasing a magnitude of the reflection coefficient of

the impedance element to promote a decrease in RF energy propagating along the electrically-



coupled feedthrough interconnect when the lead is exposed to an applied electromagnetic field

resulting in RF energy propagating into the control module from the lead.

20. An implantable medical device system for providing electrical stimulation, the

system comprising:

a control module configured and arranged to electrically couple to a lead, the control module

comprising

a sealed housing having an interior and an exterior,

an electronic subassembly disposed in the interior of the housing,

a connector assembly coupled to the exterior of the housing, the connector assembly

defining a port,

a plurality of connector contacts disposed in the port, the connector contacts

configured and arranged to electrically couple with terminals of the lead when the lead is

operationally received by the port, wherein the plurality of connector contacts comprise a

first connector contact and a second connector contact, and

a plurality of feedthrough interconnects extending from the connector assembly into

the interior of the sealed housing, the plurality of feedthrough interconnects electrically

coupling the plurality of connector contacts to the electronic subassembly, wherein the

plurality of feedthrough interconnects comprises a first feedthrough interconnect and a

second feedthrough interconnect, the first feedthrough interconnect electrically coupling the

first connector contact to the electronic subassembly and the second feedthrough

interconnect electrically coupling the second connector contact to the electronic

subassembly; and

an adapter electrically coupleable to the connector assembly, the adapter comprising

impedance circuitry configured and arranged for modulating impedance associated with terminals

and conductors of the lead, the impedance circuitry comprising a plurality of impedance elements,

wherein each of the plurality of impedance elements is electrically coupleable to a different

connector contact of the plurality of connector contacts;



wherein the plurality of impedance elements either have impedances that are pre-defined or

comprise at least one impedance element that is configured and arranged for enabling adjustment of

impedance along the feedthrough interconnect to which the at least one impedance element is

electrically coupled;

wherein when the plurality of impedance elements have impedances that are pre-defined the

plurality of impedance elements comprise a first impedance element electrically coupled to the first

feedthrough interconnect and a second impedance element electrically coupled to the second

feedthrough interconnect, and wherein the pre-defined impedance of the first impedance element is

different than the pre-defined impedance of the second impedance element.
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additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report covers
' ' only those claims for which fees were paid, specifically claims Nos. :

4 . I I No required additional search fees were timely paid by the applicant. Consequently, this international search report i
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
' ' payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
' ' fee was not paid within the time limit specified in the invitation.

I INo protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

Continuati on of Box I I . 1

Cl aims Nos. : 16-19

Rule 39 . 1( i ) PCT - Method of treatment of the human or animal bei ng by
surgery. Method c l aims 16-19 are di rected toward a method of implanting
an electri cal stimulation system, whi ch as such, i s c l early concerned
wi t h operating on the l ivi ng body. I t i s accordingly consi dered that
c l aims 16-19 define a method of treatment of the human or animal being by
surgery, for whi ch no international search needs t o be carried out (Rule
39. 1(i v ) PCT) .
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