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SYSTEMS AND METHODS FOR VISUALIZING AND CONTROLLING

OPTOGENETIC STIMULATION USING OPTICAL STIMULATION SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. § 119(e) of U.S. Provisional

Patent Application Serial No. 62/524,921, filed June 26, 2017, which is incorporated

herein by reference.

FIELD

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

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

directed to systems and methods for visualizing and controlling optogenetic stimulation

using optogenetic stimulation leads and systems, as well as methods of making and using

the leads and optical stimulation systems.

BACKGROUND

Implantable optical stimulation systems can provide therapeutic benefits in a

variety of diseases and disorders. For example, optical stimulation can be applied to the

brain either externally or using an implanted stimulation lead to provide, for example,

deep brain stimulation, to treat a variety of diseases or disorders. Optical stimulation may

also be combined with electrical stimulation.

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

stimulator can include a control module (for generating light or electrical signals sent to

light sources in a lead), one or more leads, and one or more light sources coupled to, or

disposed within, each lead. The lead is positioned near the nerves, muscles, or other

tissue to be stimulated.

BRIEF SUMMARY

One embodiment is an optical stimulation system that includes an optical

stimulation lead, a control module, and a control interface. The optical stimulation lead

includes a lead body having a distal portion and a proximal portion, and light emitters

disposed along the distal portion of the lead body. The light emitters are configured and

arranged to emit light having wavelengths that activate light-sensitive neurons within a

target stimulation location. The light-sensitive neurons generate either an excitatory

response or an inhibitory response when activated, depending on the wavelength of the



emitted light. The control module is coupleable to the optical stimulation lead and is

configured and arranged to direct the emission of light from the light emitters using a set

of stimulation parameters. The control interface is communicatively coupleable to the

control module and includes user-selectable controls to adjust stimulation parameters of

the set of stimulation parameters. The user-selectable controls include a graphical

representation of a light emitter for each of the light emitters. Each graphical

representation includes one or more user-selectable emitter controls to indicate whether

that light emitter emits light and, if so, whether the emitted light includes a first

wavelength that generates an excitatory response from activated light-sensitive neurons,

or a second wavelength that generates an inhibitory response from activated light-

sensitive neurons. In at least some embodiments, the light emitter is configured and

arranged to emit light having one or more wavelengths that activate light-sensitive

neurons within a target stimulation location into which genetic agents were previously

introduced.

In at least some embodiments, for each graphical representation the corresponding

one or more user-selectable emitter controls enable the user to switch between selecting

that the light emitter emits light that generates an excitatory response from activated light-

sensitive neurons, and selecting that the light emitter emits light that generates an

inhibitory response from activated light-sensitive neurons. In at least some embodiments,

the control interface displays a graphical representation of the optical stimulation lead. In

at least some embodiments, for each graphical representation, the graphical representation

of the light emitter is disposed along the graphical representation of the optical

stimulation lead.

In at least some embodiments, the control interface is configured and arranged to

display a graphical representation of an activation volume based on user selection of the

light emitters, the graphical representation of the activation volume depicting an

estimated region where emitted light from the optical stimulation lead is sufficient to

activate the light-sensitive neurons. In at least some embodiments, a size and shape of the

graphical representation of the activation volume is based, at least in part, on at least one

stimulation parameter of the set of stimulation parameters.

In at least some embodiments, the optical stimulation lead further includes a

sensing electrode disposed along the distal portion of the lead body and coupleable to the



control module, the sensing electrode configured and arranged to sense electrical activity

from the light-sensitive neurons. In at least some embodiments, the sensing electrode is

configured and arranged to sense electrical activity from the light-sensitive neurons

during activation of the light-sensitive neurons. In at least some embodiments, the

sensing electrode is configured and arranged to sense changes in electrical activity from

the activated light-sensitive neurons in response to the emitted light. In at least some

embodiments, for each of the graphical representations of activation volumes, the size and

shape of that graphical representation of the activation volume is based, at least in part, on

sensed electrical activity from the light-sensitive neurons received from the sensing

electrode. In at least some embodiments, the control interface includes a user-selectable

control for selecting which type of electrical activity from the light-sensitive neurons is

sensed by the sensing electrode. In at least some embodiments, the sensing electrode is

configured and arranged to sense at least one of a level of neuronal activation or neuronal

firing rate of the light-sensitive neurons in response to the emitted light. In at least some

embodiments, the sensing electrode is configured and arranged to sense at least one

surrogate electrical signal from the light-sensitive neurons in response to the emitted

light, the surrogate electrical signal usable for determining at least one of a level of

neuronal activation or neuronal firing rate of the light-sensitive neurons in response to the

emitted light. In at least some embodiments, the at least one surrogate electrical signal

comprises one of an evoked compound action potential, a local field potential, a multiunit

activity signal, an electroencephalogram signal, an electrophysiology signal, an

electrospinogram signal, or an electroneurogram signal.

In at least some embodiments, the set of stimulation parameters includes at least

one of intensity, pulse width, pulse frequency, cycling, or electrode stimulation

configuration.

Another embodiment is a method for optically stimulating a patient. The method

includes advancing the optical stimulation lead of the optical stimulation system

described above in proximity to a target stimulation location within the patient, the target

stimulation location containing light-sensitive neurons, the light-sensitive neurons

generating either an excitatory response when activated by light of a first wavelength, or

an excitatory response when activated by light of a second wavelength; selecting, for each

light emitter, whether that light emitter emits light and, if so, whether the emitted light



includes the first wavelength or the second wavelength; selecting at least one stimulation

parameter of the set of stimulation parameters displayed by the control interface of the

optical stimulation system; and emitting light towards the target stimulation location from

each light emitter selected to emit light. In at least some embodiments, advancing the

optical stimulation lead of the optical stimulation system described above in proximity to

a target stimulation location within the patient includes advancing the optical stimulation

lead in proximity to a target stimulation location into which genetic agents were

previously introduced.

In at least some embodiments, selecting at least one stimulation parameter of the

set of stimulation parameters includes selecting at least one of intensity, pulse width,

pulse frequency, cycling, or electrode stimulation configuration. In at least some

embodiments, selecting at least one stimulation parameter of the set of stimulation

parameters includes selecting at least one stimulation parameter based, at least in part, on

the size and shape of a graphical representation of an activation volume displayed on the

control interface of the optical stimulation system. In at least some embodiments,

selecting at least one stimulation parameter of the set of stimulation parameters includes

selecting at least one stimulation parameter based, at least in part, on sensed electrical

activity from the light-sensitive neurons. In at least some embodiments, selecting at least

one stimulation parameter based, at least in part, on sensed electrical activity from the

light-sensitive neurons includes selecting which type of electrical signals are sensed.

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 side view of one embodiment of an optical stimulation

system that includes a lead coupled to a control module, according to the invention;



FIG. 2A is a schematic side view of one embodiment of the control module of

FIG. 1 configured and arranged to couple to an elongated device, according to the

invention;

FIG. 2B is a schematic side view of one embodiment of a lead extension

configured and arranged to couple the elongated device of FIG. 2A to the control module

of FIG. 1, according to the invention;

FIG. 3 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;

FIG. 4 is a schematic overview of one embodiment of an optical stimulation lead

with a light source, a processor, and a control interface, according to the invention;

FIG. 5 is a schematic side view of one embodiment of a distal portion of an

optical stimulation lead and an activation field generated by light emitters of the optical

stimulation lead, according to the invention;

FIGS. 6A-6G are schematic side views of various embodiments of a distal portion

of a lead with different combinations of exciting light emitters, inhibiting light emitters,

and light emitters that are turned off, according to the invention;

FIG. 7A is a schematic view of one embodiment of a graphical display of a lead

with light emitters and user options for selecting stimulation parameters for the light

emitters, according to the invention;

FIG. 7B is a schematic view of one embodiment of the graphical display of FIG.

7A with an exemplary set of selected stimulation parameters, according to the invention;

FIG. 8 is a schematic view of one embodiment of a graphical display of several

different activation-field contours extending from virtual light emitters based on different

stimulation parameters, according to the invention; and

FIG. 9 is a schematic view of one embodiment of a graphical display of user-

selectable options for electrical signals for sensing electrodes to sense, according to the

invention.



DETAILED DESCRIPTION

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

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

directed to systems and methods for visualizing and controlling optogenetic stimulation

using optogenetic stimulation leads and systems, as well as methods of making and using

the leads and optical stimulation systems.

In some embodiments, the implantable optical stimulation system only provides

optical stimulation. Examples of optical stimulation systems with leads are found in, for

example, U .S. Patent Application Serial No. 15/450,969 which is incorporated by

reference in its entirety. In other embodiments, the stimulation system can include both

optical and electrical stimulation. In at least some of these embodiments, the optical

stimulation system can be a modification of an electrical stimulation system to also

provide optical stimulation. Suitable implantable electrical stimulation systems that can

be modified to also provide optical stimulation include, but are not limited to, a least one

lead with one or more electrodes disposed along a distal portion of the lead and one or

more terminals disposed along the one or more proximal portions 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; 6,5 16,227; 6,609,029; 6,609,032; 6,741 ,892; 7,244, 150; 7,450,997;

7,672,734;7,761 ,165; 7,783,359; 7,792,590; 7,809,446; 7,949,395; 7,974,706; 6,1 75,71 0;

6,224,450; 6,271 ,094; 6,295,944; 6,364,278; and 6,391 ,985; U .S. Patent Applications

Publication Nos. 2007/0150036; 2009/01 87222; 2009/0276021 ; 2010/0076535;

201 0/0268298; 201 1/0004267; 201 1/0078900; 201 1/01 3081 7; 201 1/01308 18;

201 1/0238 129; 201 1/03 13500; 2012/001 6378; 2012/004671 0; 2012/007 1949;

2012/01 6591 1; 2012/01 97375; 2012/02033 16; 2012/0203320; 2012/0203321 ;

2012/03 16615; and 201 3/0105071 ; and U .S. Patent Applications Serial Nos. 12/177,823

and 13/750,725, all of which are incorporated by reference in their entireties.

Figure 1 illustrates schematically one embodiment of an optical stimulation

system 100. The optical stimulation system includes a control module (e.g. , a stimulator)

102 and a lead 103 coupleable to the control module 102. The lead 103 includes one or

more lead bodies 106. In Figure 1, the lead 103 is shown having a single lead body 106.

In Figure 2B, the lead 103 includes two lead bodies. It will be understood that the lead



103 can include any suitable number of lead bodies including, for example, one, two,

three, four, five, six, seven, eight or more lead bodies 106.

At least one light emitter 135 is provided along a distal portion of the lead 103.

The light emitter 135 can be a light source, such as a light-emitting diode ("LED"), laser

diode, organic light-emitting diode ("OLED"), or the like, or can be a terminus of a light

transmission element, such as an optical fiber, in which case the light source is distant

from the distal portion of the lead (for example, in the control module or in a proximal

portion of the lead). The lead also includes electrodes 134 disposed along the lead body

106, and one or more terminals (e.g., 310 in Figure 2A-2B) disposed along each of the

one or more lead bodies 106 and coupled to the electrodes 134 by conductors (not

shown). In at least some embodiments, one or more terminals (e.g., 310 in Figure 2A-2B)

may also be used to convey electrical signals to a light source that acts as the light emitter

135 by conductors (not shown) extending along the lead.

The electrodes 134 include at least one sensing electrode for sensing electrical

activity. Optionally, the one or more electrodes 134 can include at least one stimulation

electrode for providing electrical stimulation in addition to, or in lieu of, optical

stimulation provided via the at least one light emitter 135.

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, palladium rhodium, or titanium. In at least some embodiments, at

least one of the electrodes 134 is formed from an optically -transparent material. Any

suitable number of electrodes 134 can be disposed on the lead including, for example,

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

twenty -four, thirty -two, or more electrodes 134.

The lead 103 can be coupled to the control module 102 in any suitable manner. In

some embodiments, the lead is permanently attached to the control module 102. In other

embodiments, the lead can be coupled to the control module 102 by a connector (e.g.,

connector 144 of Figure 2A). In Figure 2A, the lead 103 is shown coupling directly to the

control module 102 through the connector 144. In at least some other embodiments, the



lead 103 couples to the control module 102 via one or more intermediate devices, as

illustrated in Figure 2B. For example, in at least some embodiments one or more lead

extensions 324 (see e.g., Figure 2B) can be disposed between the lead 103 and the control

module 102 to extend the distance between the lead 103 and the control module 102.

Other intermediate devices may be used in addition to, or in lieu of, one or more lead

extensions including, for example, a splitter, an adaptor, or the like or combinations

thereof. It will be understood that, in the case where the stimulation system 100 includes

multiple elongated devices disposed between the lead 103 and the control module 102,

the intermediate devices may be configured into any suitable arrangement.

The control module 102 can include, for example, a connector housing 112 and a

sealed electronics housing 114. An electronic subassembly 110 and an optional power

source 120 are disposed in the electronics housing 114. A control module connector 144

is disposed in the connector housing 112. The control module connector 144 is

configured and arranged to make an electrical connection between the lead 103 and the

electronic subassembly 110 of the control module 102.

In some embodiments, the control module 102 also includes one or more light

sources 111 disposed within the sealed electronics housing 114. In alternate

embodiments, the one or more light sources 111 are external to the control module. The

one or more light sources can be, for example, a light-emitting diode ("LED"), laser

diode, organic light-emitting diode ("OLED"), or the like. When the control module 102

includes multiple light sources, the light sources can provide light in at a same

wavelength or wavelength band or some, or all, of the light sources can provide light at

different wavelength or different wavelength bands. When the one or more light sources

111 are external to the lead(s), the light emitted by the light sources can be directed to one

or more optical fibers (for example, optical fibers 420a, 420b in Figure 4) or other light-

transmitting body. The optical fiber, or a series of optical fibers, can transmit the light

from the one or more light sources 111 through the control module 102 and lead 103 to

the light emitter 135 (which can be terminus of the optical fiber). In at least some

embodiments, the optical fiber is a single mode optical fiber. In other embodiments, the

optical fiber is a multi-mode optical fiber. In some embodiments, the system includes a

single optical fiber. In other embodiments, the system may employ multiple optical fibers

in series or in parallel.



In other embodiments, the light emitter 135 can also be the light source (a light-

emitting diode ("LED"), laser diode, organic light-emitting diode ("OLED"), or the like),

or a combination of light sources, with conductors extending along the lead 103 and

coupled to the electronic subassembly 110 to provide signals and power for operating the

light source. In yet other embodiments, the light source can be disposed elsewhere in the

control module 102, on the lead 103, in another element such as a lead extension, splitter,

adaptor, or other stand-alone element.

The stimulation system or components of the stimulation system, including the

lead 103 and the control module 102, are typically implanted into the body of a patient.

The stimulation system can be used for a variety of applications including, but not limited

to brain stimulation, deep brain stimulation, neural stimulation, spinal cord stimulation,

muscle stimulation, sacral nerve stimulation, dorsal root ganglion stimulation, peripheral

nerve stimulation, and the like.

The one or more lead bodies 106 are made of a non-conductive, biocompatible

material such as, for example, silicone, polyurethane, polyether ether ketone ("PEEK"),

epoxy, and the like or combinations thereof. The 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.

One or more terminals (e.g., 310 in Figures 2A-2B) are typically disposed along

the proximal end of the one or more lead bodies 106 of the stimulation system 100 (as

well as any splitters, lead extensions, adaptors, or the like) for electrical connection to

corresponding connector contacts (e.g., 314 in Figures 2A-2B). The connector contacts

are disposed in connectors (e.g., 144 in Figures 1-2B; and 322 Figure 2B) which, in turn,

are disposed on, for example, the control module 102 (or a lead extension, a splitter, an

adaptor, or the like). Electrically conductive wires, cables, or the like (not shown) extend

from the terminals to the light emitter 135 or electrodes 134.

The electrically-conductive wires ("conductors") may be embedded in the non-

conductive material of the lead body 106 or can be disposed in one or more lumens (not

shown) extending along the lead body 106. In some embodiments, there is an individual

lumen for each conductor. In other embodiments, two or more conductors extend through

a lumen. There may also be one or more lumens (not shown) that open at, or near, the



proximal end of the one or more lead bodies 106, for example, for inserting a stylet to

facilitate placement of the one or more lead bodies 106 within a body of a patient.

Additionally, there may be one or more lumens (not shown) that open at, or near, the

distal end of the one or more lead bodies 106, for example, for infusion of drugs or

medication into the site of implantation of the one or more lead bodies 106. In at least

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

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

lumens are permanently or removably sealable at the distal end.

Figure 2A is a schematic side view of one embodiment of a proximal portion of

one or more elongated devices 300 configured and arranged for coupling to one

embodiment of the control module connector 144. The one or more elongated devices

may include, for example, one or more of the lead bodies 106 of Figure 1, one or more

intermediate devices (e.g., a splitter, the lead extension 324 of Figure 2B, an adaptor, or

the like or combinations thereof), or a combination thereof.

The control module connector 144 defines at least one port into which a proximal

end of the elongated device 300 can be inserted, as shown by directional arrows 312a and

312b. In Figure 2A (and in other figures), the connector housing 112 is shown having

two ports 304a and 304b. The connector housing 112 can define any suitable number of

ports including, for example, one, two, three, four, five, six, seven, eight, or more ports.

The control module connector 144 also includes a plurality of connector contacts,

such as connector contact 314, disposed within each port 304a and 304b. When the

elongated device 300 is inserted into the ports 304a and 304b, the connector contacts 314

can be aligned with a plurality of terminals 310 disposed along the proximal end(s) of the

elongated device(s) 300 to electrically couple the control module 102 to the electrodes

(134 of Figure 1) disposed on the paddle body 104 of the lead 103. Each of the terminals

310 can couple to the light emitter 135 or one or more of the electrodes 134. Examples of

connectors in control modules are found in, for example, U.S. Patents Nos. 7,244,150 and

8,224,450, which are incorporated by reference.

Figure 2B is a schematic side view of another embodiment of the stimulation

system 100. The stimulation system 100 includes a lead extension 324 that is configured

and arranged to couple one or more elongated devices 300 (e.g., one of the lead bodies



106 of Figure 1, a splitter, an adaptor, another lead extension, or the like or combinations

thereof) to the control module 102. In Figure 2B, the lead extension 324 is shown

coupled to a single port 304 defined in the control module connector 144. Additionally,

the lead extension 324 is shown configured and arranged to couple to a single elongated

device 300. In alternate embodiments, the lead extension 324 is configured and arranged

to couple to multiple ports 304 defined in the control module connector 144 (e.g., the

ports 304a and 304b of Figure 1), or to receive multiple elongated devices 300 (e.g., both

of the lead bodies 106 of Figure 1), or both.

A lead extension connector 322 is disposed on the lead extension 324. In Figure

2B, the lead extension connector 322 is shown disposed at a distal portion 326 of the lead

extension 324. The lead extension connector 322 includes a connector housing 328. The

connector housing 328 defines at least one port 330 into which terminals 310 of the

elongated device 300 can be inserted, as shown by directional arrow 338. Each of the

terminals 310 can couple to the light emitter 135 or one or more of the electrodes 134.

The connector housing 328 also includes a plurality of connector contacts, such as

connector contact 340. When the elongated device 300 is inserted into the port 330, the

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

terminals 310 of the elongated device 300 to electrically couple the lead extension 324 to

the electrodes (134 of Figure 1) disposed along the lead (103 in Figure 1).

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

similarly configured and arranged as a proximal end of the lead 103 (or other elongated

device 300). The lead extension 324 may include a plurality of electrically-conductive

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

portion 348 of the lead extension 324 that is opposite to the distal portion 326. In at least

some embodiments, the conductive wires disposed in the lead extension 324 can be

electrically coupled to a plurality of terminals (not shown) disposed along the proximal

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

portion 348 of the lead extension 324 is configured and arranged for insertion into a

connector disposed in another lead extension (or another intermediate device). In other

embodiments (and as shown in Figure 2B), the proximal portion 348 of the lead extension

324 is configured and arranged for insertion into the control module connector 144.



Figure 3 is a schematic overview of one embodiment of components of an optical

stimulation system 300 including an electronic subassembly 311 disposed within a

control module. It will be understood that the optical 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, a power source 312, an antenna 318, a

receiver 302, and a processor 304) of the optical 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 312 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 318 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 312 is a rechargeable battery, the battery may be recharged

using the optional antenna 318, if desired. Power can be provided to the battery for

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

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

identified above.

In one embodiment, light is emitted by the light emitter 135 of the lead body to

stimulate nerve fibers, muscle fibers, or other body tissues near the optical stimulation

system. The processor 304 is generally included to control the timing and other

characteristics of the optical stimulation system. For example, the processor 304 can, if

desired, control one or more of the intensity, wavelength, amplitude, pulse width, pulse

frequency, cycling (e.g., for repeating intervals of time, determining how long to



stimulate and how long to not stimulate), and electrode stimulation configuration (e.g.,

determining electrode polarity and fractionalization) of the optical stimulation.

Additionally, the processor 304 can select which, if not all, of the sensing

electrodes are activated. Moreover, the processor 394 can control which types of signals

the sensing electrodes detect. In at least some embodiments, the sensing electrodes detect

a level of neuronal activation, or neuronal firing rates, or both, received directly from the

target stimulation location. In other embodiments, the sensing electrodes detect one or

more other signals received from the target stimulation location in addition to, or in lieu

of the level of neuronal activation or neuronal firing rates, such as evoked compound

action potentials, local field potentials, multiunit activity, electroencephalograms,

electrophysiology, or electroneurograms. In at least some embodiments, one or more of

the received signals (e.g., evoked compound action potentials, local field potentials,

multiunit activity, electroencephalograms, electrophysiology, electroneurograms, or the

like) can be used to indirectly measure the level of neuronal activation, or neuronal firing

rates, or both, at the target stimulation location.

Optionally, the processor 304 can select one or more stimulation electrodes to

provide electrical stimulation, if desired. In some embodiments, the processor 304 selects

which of the optional stimulation electrode(s) are cathodes and which electrode(s) are

anodes.

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

example, produces optical stimulation at a regular interval or the processor can be capable

of receiving and interpreting instructions from an external programming unit 308 that, for

example, allows modification of stimulation characteristics. In the illustrated

embodiment, the processor 304 is coupled to a receiver 302 which, in turn, is coupled to

the optional antenna 318 . This allows the processor 304 to receive instructions from an

external source to, for example, direct the stimulation characteristics and the selection of

electrodes, if desired.

In one embodiment, the antenna 318 is capable of receiving signals (e.g. , R

signals) from an external telemetry unit 306 which is programmed by the programming

unit 308. The programming unit 308 can be external to, or part of, the telemetry unit 306.

The telemetry unit 306 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 306 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 308 can be any unit that can provide information to the telemetry

unit 306 for transmission to the optical stimulation system 300. The programming unit

308 can be part of the telemetry unit 306 or can provide signals or information to the

telemetry unit 306 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 306.

The signals sent to the processor 304 via the antenna 318 and the receiver 302 can

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

example, the signals may be used to modify the stimulation characteristics of the optical

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

frequency, waveform, and stimulation amplitude. The signals may also direct the optical

stimulation system 300 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 the antenna 318 or receiver 302 and the processor 304 operates as programmed.

Optionally, the optical stimulation system 300 may include a transmitter (not

shown) coupled to the processor 304 and the antenna 318 for transmitting signals back to

the telemetry unit 306 or another unit capable of receiving the signals. For example, the

optical stimulation system 300 may transmit signals indicating whether the optical

stimulation system 300 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 304 may also

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

or clinician can determine or verify the characteristics.

Turning to Figure 4, optogenetics is a type of optical stimulation that uses light to

control, measure, or monitor activities of neurons into which one or more genetic agents

have been introduced. The introduced genetic agents cause a measurable effect in the

neurons (e.g., excitation, inhibition) when optically stimulated at certain wavelengths.

Cells that have not received the genetic agent typically do not elicit a similar effect from

the optical stimulation as cells that receive the genetic agents. In some instances, cells



that have not received the genetic agent may elicit a smaller (e.g., subthreshold) effect

from the optical stimulation than cells that receive the genetic agents.

Any suitable technique can be used for introducing the genetic agent(s) to cells at

a target stimulation location including, for example, transduction, transfection, or both.

In at least some embodiments, the genetic agents are introduced into cells using viral

vectors. Delivery of the genetic agent(s) can be intravenously, intracranially, or the like

or combinations thereof. Optogenetics can be used to provide therapy for a variety of

different disorders or conditions including, for example, chronic pain, spinal cord injury

sensory function (e.g., transfecting sensory neurons to reactivate them), spinal cord injury

motor function (e.g., transfecting sensory neurons to reactivate them), chronic itch,

inflammatory pain (e.g., arthritis), pain associated with cancer, overactive bladder,

incontinence, sexual dysfunction following spinal cord injury/neuropathy, diabetic

neuropathy/peripheral neuropathy, multiple sclerosis, and other disorders or conditions

that might have a peripheral/spinal etiology which could be modulated by controlling the

activity of spinal sensory or motor neurons.

Optogenetics may provide advantages over electrical stimulation. Optogenetics

may provide increased specificity of stimulation, as compared to electrical stimulation.

For example, a light emitter may be much smaller in size than an implanted electrical

stimulation electrode. Optical stimulation specificity may be further affected by other

factors, such as absorbance of light, the amount/uptake of introduced genetic agents,

inhibition in and around the target optical stimulation location. Accordingly, the region

of tissue stimulated by optical stimulation may be much smaller in size than a region of

tissue stimulated by electrical stimulation. Increased specificity of stimulation at a target

location may potentially reduce undesired side effects caused by collateral stimulation of

untargeted patient tissue.

Additionally, optogenetics can enable concurrent sensing/recording of electrical

activity (e.g., neural activity, such as a level of neuronal activation or neuronal firing

rates) during stimulation. In contrast, electrical stimulation may mask base-line electrical

activity because the current needed to depolarize cells at a target stimulation location may

obscure the base-line electrical activity within (or in proximity to) the target stimulation

location.



Light-sensitive neurons have at least one channel, tertiary protein structure, etc.

that undergoes a distinct conformal, physiological, electrophysiological, and/or electrical

change of at least a portion of the neuron in response to one or more specific wavelengths

of light. Genetic agent(s) introduced into the cells can encode for one or more light-

sensitive proteins, such as opsins, related to the production of ion channels. The encoded

light-sensitive proteins are activated (e.g. stimulated to open or close a channel, drive a

pump to raise or lower the membrane potential of a cell, or the like) within a particular

range of wavelengths.

Suitable light-sensitive proteins include, for example, channelrhodopsins,

halorhodopsins, archaerhodopsins, or other ion-channel-related proteins. The particular

wavelength ranges over which the encoded proteins are activated may be different for

different proteins. In at least some embodiments, channelrhodopsin is responsive in the

range of 425 nm-475 nm, while halorhodopsin is responsive in range of 550 nm-600 nm.

The activation wavelength ranges for different genetic agents may, or may not, overlap

with one another.

Suitable target stimulation locations include, but are not limited to, at least one of

the patient's brain, spinal cord, cauda equina, one or more dorsal root entry zones, one or

more dendritic cells, one or more dorsal root ganglia, or one or more spinothalamic tracts,

peripheral sensory and motor nerves, peripheral plexi (e.g. brachial, solar, mesenteric, and

the like), peripheral receptors, free nerve endings, rootlets, distal axons of dorsal root

ganglia (peripheral nerves), dorsal columns.

In at least some embodiments, genetic agents are delivered to multiple target

stimulation locations (e.g., dorsal root ganglion and dendritic cells) from the same

location either concurrently or sequentially.

The optical stimulation lead can be positioned in proximity to the target

stimulation location(s) before, during, or after introduction of the genetic agent(s) into

cells of the target stimulation location. In some embodiments, one or more excitatory

genetic agents are exclusively delivered to cells. In other embodiments, one or more

inhibitory genetic agents are exclusively delivered to cells. In at least some

embodiments, multiple types of genetic agents are delivered to cells. In some instances,

the delivered genetic agents include at least one type of excitatory genetic agent and at



least one type of inhibitory genetic agent, where the excitatory genetic agent and the

inhibitory genetic agent are activated at different wavelengths, or ranges of wavelengths.

In at least some embodiments, an excitatory agent and an inhibitory agent are delivered

into cells together. For example, an excitatory agent and an inhibitory agent can be part

of the same viral vector.

At some point after expression of the genetic agents begins within the cells at the

target stimulation location, light is emitted by the optical stimulation lead towards the

target stimulation location from a position in proximity to the target stimulation location.

Light is emitted via the one or more light emitters. In at least some embodiments, one or

more electrical signals output from neurons within the target stimulation location are

sensed by one or more sensing electrodes.

Figure 4 schematically shows one embodiment of an optical lead system 400 that

includes a lead 403 with a lead body 406. Optical fibers 420a, 420b disposed in the lead

403 couple light emitters 435a, 435b, respectively, disposed along a distal portion 426 of

the lead 403 to a light source 4 11 (for generating light) and a processor 404 (for applying

one or more stimulation parameters to the generated light, turning off one or more of the

light emitters, or the like). The light emitters 435a, 435b may, optionally, be disposed

beneath optically-transparent regions 470a, 470b, respectively, through which light

emitted from the light emitters passes. Optional sensing electrodes 434 are disposed

along the distal portion 426 of the lead and are also coupled to the processor 404 via one

or more electrical conductors (not shown).

The light source 4 11 generates the light emitted by the light emitters 435a, 435b.

Optionally, the light is passed through one or more optical components 414 (e.g.,

collimators, optical lenses, optical filters, or the like) to alter characteristics of the light

prior to emission from the light emitters 435a, 435b. In the illustrated embodiment, the

optical components 414 are shown positioned between the light source 4 11 and the

processor 404. It will be understood that the one or more optical components 414 can,

alternatively or additionally, be disposed between the processor 404 and the lead 403,

along the exterior of the lead body 406, embedded within the lead body, or any

combination thereof.



The light generated by the light source can be within any suitable range of

wavelengths for providing optical therapy, including infrared, visible, or ultraviolet

wavelengths. In at least some embodiments, the light is emitted in one or more narrow

bands of wavelengths (e.g., a band having a range of no more than 100 nm, 50 nm, 25

nm, 20 nm, 15 nm, 10 nm, or 5 nm). In at least some embodiments, the wavelengths are

no less than 400 nm. In at least some embodiments, the wavelengths are no greater than

650 nm. In at least some embodiments, the wavelengths are no less than 425 nm and no

greater than 600 nm. In at least some embodiment, the wavelengths are no less than 425

nm and no greater than 475 nm. In at least some embodiment, the wavelengths are no

less than 550 nm and no greater than 600 nm.

The illustrated embodiment shows two optical fibers 420a, 420b. Any suitable

number of optical fibers may be utilized including, one, two, three, four, five, six, seven,

eight, nine, ten, eleven, twelve, fourteen, sixteen, eighteen, twenty, thirty, or more optical

fibers. In at least some embodiments, there is an optical fiber for every light emitter.

As an alternative to the optical fibers, one or more light emitting diodes (LEDs),

organic light emitting diodes (OLEDs), laser diodes, or other light sources may be

disposed along the distal portion of the lead to provide the light. For example, one or

more white light sources can be disposed along the distal portion of the lead.

Alternatively, one or more light sources for each of multiple colors, wavelengths, or

wavelength bands can be disposed along the distal portion of the lead. These light

sources can be electrically coupled to the control module by conductors that extend along

the lead. The control module can then direct turning on and off the light sources, leads (if

multiple leads are implanted), as well as other stimulation parameters such as intensity,

wavelength, amplitude, pulse width, pulse frequency, cycling, electrode stimulation

configuration, and the like using signals sent to the light source(s) over the conductors.

Light is emitted to the target stimulation location(s) via the one or more light

emitters. In the illustrated embodiment, the light emitter 435a is disposed along a side of

the lead and is side-facing (i.e., light is emitted outwardly from a side of the lead), and the

light emitter 435b is disposed at a distal tip of the lead and is forward-facing (i.e., light is

emitted distally outwardly from the distal tip of the lead). Alternatively, all of the light

emitters can be side-facing, or all of the light emitters can be forward-facing. In at least

some embodiments, therapy is directed towards two or more target stimulation locations



that are stimulated concurrently or sequentially from the same lead position. In which

case, one or more of the light emitters can be directed to one of the target stimulation

locations, while one or more of the remaining light emitters are directed to a different

target stimulation location. In at least some embodiments, multiple light emitters are

directed towards the same target stimulation location.

As mentioned above, some genetic agents delivered to cells cause an excitatory

response, while others cause an inhibitory response. The wavelengths at which the

particular genetic agents are activated may be different. Thus, a first stimulation

wavelength may activate a first genetic agent that generates an excitatory response, while

a second stimulation wavelength that is different than the first stimulation wavelength

may activate a second genetic agent that generates an inhibitory response.

Accordingly, activation by optical stimulation can cause neurons to become

excited or become inhibited, depending on which type of genetic agent is introduced into

those neurons, and which wavelengths of light are used to stimulate those neurons. In

some instances, both excitatory and inhibitory genetic agents are introduced into the same

neurons. In which case, selectively switching between an excitatory range of

wavelengths and an inhibitory range of wavelengths (i.e., steering) can be used to elicit

either an excitatory response or an inhibitory response from those neurons.

Figure 5 shows one embodiment of a distal portion of a lead 503 disposed within a

target stimulation location 575. Multiple neurons (indicated as lightly-stippled circles),

such as neuron 590, are disposed in the target stimulation location 575. Both excitatory

and inhibitory genetic agents have been introduced into the neurons within the target

stimulation location 575, such that neurons can either be inhibited by light emitted at a

first activation wavelength or excited by light emitted at a second activation wavelength.

Light emitters are disposed along opposing sides of the lead. In Figure 5, and in

other figures, light emitters configured for emitting light at an inhibitory activation

wavelength, such as light emitters 535 'in Figure 5, are shown in solid white and are

hereinafter referred to as "inhibiting emitters", while light emitters configured for

emitting light at an excitatory activation wavelength, such as light emitters 535" in Figure

5, are shown as heavily stippled and are hereinafter referred to as "exciting emitters". In

some embodiments, the light emitters can be individually programmed to emit light at



either the first wavelength or the second wavelength. In some embodiments, the light

emitters can also be individually programmed to turn off. Individually adjusting the light

emitters to be inhibiting, exciting, or off, can potentially change the sizes, shapes, and

locations of the activation volumes.

In the illustrated embodiment, a first activation volume 580' is shown extending

generally outwards from the inhibiting emitters 535' in response to light emitted at the

first activation wavelength. Neurons 590' within the first activation volume 580' are

inhibited, as indicated by no stippling, while neurons that are inside the target stimulation

location 575 yet outside of the first activation volume 508', are not inhibited. A second

activation volume 580" is shown extending generally outwards from the exciting emitters

535" in response to light emitted at the second activation wavelength. Neurons 590"

within the second activation volume 580" are excited, as indicated by heavy stippling,

while neurons that are inside the target stimulation location 575 yet outside of the second

activation volume 580", are not excited.

Turning back to Figure 4, the sizes and shapes of the activation volumes are

influenced by the stimulation parameters of the emitted light. The sizes and shapes

obtained using a given set of stimulation parameters can, optionally, be sensed using

sensing electrodes. The one or more sensing electrodes 434 are disposed along the distal

Turning back to Figure 4, the sizes and shapes of the activation volumes are influenced by

the stimulation parameters of the emitted light. The sizes and shapes obtained using a

given set of stimulation parameters are sensed using sensing electrodes. The one or more

sensing electrodes 434 are disposed along the distal portion of the lead and adapted to

sense one or more electric signals. The electric signals can include background signals,

signals emitted in response to optical stimulation, or both. The one or more sensed

electrical signals can include sensing changes in electrical activity in at least some cells

within the target stimulation location in response to the optical stimulation. The sensing

electrodes can be adapted to sense various different types of signals from targeted cell

populations including, for example, one or more of sensing a level of neuronal activation,

or neuronal firing rates, or both.

Signals from targeted cell populations can be sensed directly, or indirectly (i.e., a

surrogate) using any electrical signal recordable from the nervous system that indicates

neural activity. Suitable surrogate signals include, for example, evoked compound action



potentials, local field potentials, multiunit activity signals (e.g., determining neuronal

firing rates by counting spikes per unit of time), electroneurogram signals (e.g.,

measuring activity in peripheral nerves based on a response-to-noise ratio),

electroencephalogram signals, electrophysiology signals, or the like or combinations

thereof received from the target stimulation location. In at least some embodiments, the

changes in the sensed signals correspond to one or more disorders or conditions of

interest.

As shown in Figure 4, an optional closed-loop feedback subsystem 450 couples

the processor 404 to the sensing electrodes 434. Electrical signals sensed from the

sensing electrodes may provide information about the sizes and shapes of the activation

volumes which, in turn, can be used to adjustment stimulation to improve therapy.

Accordingly, the closed-loop feedback subsystem 450 can be used to adjust one or more

parameters of the emitted light (e.g., intensity, wavelength, amplitude, pulse width, pulse

frequency, cycling, electrode stimulation configuration, and the like) based on the sensed

electrical signals (e.g., sensing of a new signal, sensing a change in the amount or quality

of a signal, the disappearance of a signal, or the like).

The one or more sensing electrodes can be disposed at any location suitable for

sensing and recording electrical activity from cells at the target stimulation location. The

sensing electrodes can be disposed along the lead body. In some embodiments, the

sensing electrodes are disposed along one or more optically-transparent regions of the

lead body. In some instances, one or more of the sensing electrodes are disposed on, or in

proximity to, one or more of the light emitters. In some instances, one or more of the

sensing electrodes are disposed on, or in proximity to, one or more of the optical fibers.

In the embodiment illustrated in Figure 4, sensing electrodes 434 are shown

disposed in the lead body 406, and also on the optical fiber 420b in proximity to the

forward-facing light emitter 435b (and aligned with the distal-tip optically-transparent

region 470b). Additionally, the embodiment illustrated in Figure 4 shows one of the

sensing electrodes formed as a transparent material disposed along the segmented

optically-transparent region 470a. It will be understood that, in various embodiments, an

optical stimulation lead assembly can include one or more sensing electrodes disposed at

any suitable location along one or more optical fibers, the lead body, one or more

optically-transparent regions, or any combination thereof.



In some embodiments, the number of sensing electrodes of a lead assembly is

equal to the number of light emitters. In some embodiments, the number of sensing

electrodes of a lead assembly is greater than the number of light emitters. In other

embodiments, the number of sensing electrodes of a lead assembly is fewer than the

number of light emitters.

The light emitter(s) and sensing electrode(s) can be disposed on any implantable

lead suitable for emitting light and sensing electrical activity. In the embodiment

illustrated in Figure 4, the light emitter(s) and sensing electrode(s) are shown disposed

along a percutaneous lead. It will be understood that the light emitter(s) and sensing

electrode(s) can be disposed along other types of lead including, for example, paddle lead,

cuff leads, or the like. Figure 4 shows a single lead. It will be understood that an optical

stimulation system can include multiple leads, with at least one light emitter disposed

along each of the leads. In some instances, a sensing electrode disposed along a first lead

may sense electrical activity in response to stimulation from a second lead.

The optical lead system 400 includes a control interface 455 coupled to the

processor 404. The control interface 455 displays various parameters of the lead before

stimulation, during stimulation, or both. The control interface 455 also enables a user to

control one or more stimulation parameters. In at least some embodiments, user-selected

changes to one or more of the stimulation parameters are reflected in the displayed

activation volumes. In some embodiments, the control interface 455 generates and

displays estimated activation volumes. In at least some embodiments, the control

interface 455 receives information from the feedback subsystem 450 (e.g., sensed

electrical signals received from the one or more sensing electrodes).

In at least some embodiments, the optical lead system 400 determines which light

emitters are emitting light at an excitatory wavelength, which light emitters are emitting

light at an inhibitory wavelength, and which emitters are not emitting light at an

activation wavelength (or are not emitting light at all). In some embodiments, the optical

lead system 400 may be able to determine one or more stimulation parameters for one or

more of the light emitters, such as intensity, pulse frequency, pulse width, wavelength,

cycling, electrode stimulation configuration, or combinations thereof. In at least some

embodiments, a desired activation volume can be used to estimate changes in stimulation

parameters needed to obtain the desired activation volume.



Turning to Figures 6A-6G, when an array of light emitters is emitting light into a

target stimulation location that contains neurons that, in turn, contain genetic agents for

exciting or inhibiting those neurons (or both), the sizes or shapes (or both) of activation

volumes may be affected by how many of the light emitters are inhibiting emitters,

exciting emitters, or turned off (or emitting light at a non-activating wavelength, or

emitting light at a sub-threshold intensity, or the like). In some instances, both excitatory

and inhibitory genetic agents are introduced into the same neurons. In which case,

selectively switching between an excitatory range of wavelengths and an inhibitory range

of wavelengths (i.e., programming an emitter to switch between functioning as an

exciting emitter or functioning as an inhibiting emitter) can steer stimulation. It may be

advantageous to be able to steer stimulation to fine-tune therapy. It will be understood

that different disease/pain etiologies may require different stimulation parameters for

generating effective therapy.

Figures 6A-6G show a distal portion of a lead 603 with five light emitters

disposed along the lead in three levels (i.e., axial positions along the longitudinal length

of the lead). It will be understood that the lead can be arranged with any suitable number

of light emitters (e.g., one, two, three, four, five, six, seven, eight, nine, ten, eleven,

twelve, fourteen, sixteen, eighteen, twenty, thirty, or more), with any suitable number of

levels (e.g., one, two, three, four, five, six, seven, eight, or more), and with any suitable

number of light emitters positioned along each level (e.g., one, two, three, four, five, or

more). In at least some embodiments, at least one ring-shaped light emitter can be

utilized, where the light emitter is capable of emitting light around the entire

circumference of the lead via, for example, rotation of the light emitter (or a mirror). In

the embodiments illustrated in Figures 6A-6E, the five light emitters are arranged into a

proximal-most (along the length of the lead) set of light emitters, an intermediately-

positioned (along the length of the lead) set of light emitters, and a distal-tip light emitter

(i.e., at the distal tip of the lead).

In at least some embodiments, each light emitter along a given level is either an

exciting emitter or an inhibiting emitter. Figure 6A shows the proximal-most set of light

emitters functioning as exciting emitters 635", the intermediately-positioned light emitters

functioning as inhibiting emitters 635 ' , and the distal-tip light emitter functioning as an

exciting emitter 635". Figure 6B shows the proximal-most set of light emitters



functioning as inhibiting emitters 635 ' , the intermediately-positioned light emitters

functioning as exciting emitters 635", and the distal-tip light emitter functioning as an

inhibiting emitter 635 ' .

In at least some embodiments, each level that includes multiple light emitters

includes both an exciting emitter and an inhibiting emitter. Figure 6C shows one of the

proximal-most set of light emitters functioning as an inhibiting emitter 635 ' and the other

of the proximal-most light emitters functioning as an exciting emitter 635". Likewise,

one of the intermediately-positioned light emitters functioning as an inhibiting emitter

635' and the other of the intermediately-positioned light emitters functioning as an

exciting emitter 635". The distal-tip light emitter functioning as an inhibiting emitter

635' . Figure 6D shows one of the proximal-most set of light emitters functioning as an

inhibiting emitter 635 ' and the other of the proximal-most light emitters functioning as an

exciting emitter 635". Likewise, one of the intermediately-positioned light emitters

functioning as an inhibiting emitter 635' and the other of the intermediately-positioned

light emitters functioning as an exciting emitter 635". The distal-tip light emitter

functioning as an exciting emitter 635".

In at least some embodiments, when there are multiple levels with multiple light

emitters each, at least one level includes both an exciting emitter and an inhibiting emitter

and at least one level includes all exciting members or all inhibiting members. Figure 6E

shows one of the proximal-most set of light emitters functioning as an inhibiting emitter

635' and the other of the proximal-most light emitters functioning as an exciting emitter

635". Each of the intermediately-positioned light emitters functioning as an exciting

emitter 635". The distal-tip light emitter functioning as an inhibiting emitter 635' .

In at least some embodiments, all of the light emitters functioning as either

exciting emitters or inhibiting emitters. Figure 6F shows all of the light emitters

functioning as exciting emitters 635".

In at least some embodiments, one or more of the light emitters can be turned off.

Figure 6G shows one of the intermediately-positioned light emitters functioning as an

inhibiting emitter 635' and the other of the intermediately-positioned light emitters

functioning as an exciting emitter 635", while the proximal-most light emitters and the

distal-tip light emitter are turned off 685. It will be understood that, in at least some



embodiments, any of the light emitters can be turned off individually, or along a

particular radial positioning along the circumference of the lead, or along a particular

level (i.e., axial position along the longitudinal length of the lead).

Turning to Figure 7A, the control interface 455 enables a user to adjust at least

one stimulation parameter of at least one light emitter of a lead. The control interface 455

may also enable a user to view a graphical representation of the lead and the light

emitters. In some embodiments, a single set of stimulation parameters is selected for all

light emitters of the lead. In some embodiments, a separate set of stimulation parameters

is individually selected for each light emitter of the lead. In at least some embodiments,

light-emitter stimulation parameters are adjustable either universally or individually.

Figure 7A shows a display 701 that includes an input portion 751 and a

visualization portion 753. The input portion 75 1 includes one or more user-selectable

controls for selecting stimulation parameters and the visualization portion 753 includes a

graphical representation of a lead 703 ' (i.e., virtual lead 703 ' ) disposed within a graphical

representation of a target stimulation locations 775 (i.e., virtual target stimulation location

775).

Optionally, the virtual target stimulation location can be set to be excitatory or

inhibitory (or both), as desired, to correspond to an actual implantation procedure. In the

illustrated embodiment, the virtual target stimulation location 775 represents a region

where both excitatory and inhibitory genetic agents were introduced into neurons.

Accordingly, neurons within the virtual target stimulation location 775 can exhibit either

an inhibitory response or an excitatory response when activated, depending on the

wavelengths of emitted light.

Graphical representations of light emitters (i.e., virtual light emitters), such as

virtual light emitter 735 ' , are disposed along the virtual lead 703' . The number and

positioning of the virtual light emitters can vary, as desired, to correspond to the number

and positioning of light emitters disposed on/in an actual lead implanted (or to be

implanted) into a patient.

The virtual light emitters can be represented by any suitable shape. In at least

some embodiments, the virtual light emitters are represented as geometric shapes (e.g.,



rectangles, circles, ovals, or the like). In some embodiments, each virtual light emitter is

individually recognizable by its relative positioning along the virtual lead.

The input portion 751 includes a set of multiple stimulation parameters for which

a user can set values. In the illustrated embodiment, the stimulation parameters include

intensity 717, pulse width 727, and pulse frequency 737. In some instances, the input

portion 751 may include one or more preset (e.g., default) values to choose between, or a

finite range of values for a user to choose from for each particular stimulation parameter.

In the illustrated embodiment, each stimulation parameter includes an input field for a

user to enter a desired value. In at least some embodiments, particular values for each of

the different options 7 17, 727, 737 can be set and toggled between, as desired.

In at least some embodiments, the input portion 75 1 also includes a virtual lead

(i.e., a second virtual lead 703") with graphical representations of light emitters (i.e.,

virtual light emitters), such as virtual light emitter 735". Each of the virtual light emitters

disposed along the second virtual lead 703" has three different settings to choose

between: excitatory 7 11, inhibitory 721, and OFF 73 1. Selecting between each of the

options 7 11, 721 , 731 effectively selects the wavelength of emitted light, with excitatory

7 11 including at least one wavelength within the band of wavelengths causing an

excitatory response within the neurons of interest, inhibitory 721 including at least one

wavelength within the band of wavelengths causing an inhibitory response within the

neurons of interest, and OFF 731 preventing light from being emitted from the light

emitter. Optionally, OFF 73 1 can enable light to be emitted that is exclusively outside of

the band of wavelengths that cause an excitatory response and the band of wavelengths

that cause an inhibitory response, or is emitted at an intensity that is below a threshold

intensity needed to excite or inhibit the neurons of interest. In at least some

embodiments, the different options 711, 721 , 731 can be toggled between by a user, as

desired.

Turning to Figure 7B, in at least some embodiments the control interface 455

displays one or more graphical representations of activation volume(s) (i.e., virtual

activation volume(s)) positioned around virtual light emitters. Figure 7B shows the

display 701 after an exemplary set of stimulation parameters is input into the input

portion 751. In Figure 7B, user-selected values are shown for each of the stimulation

parameters 7 17, 727, 737.



Figure 7B also shows one of the virtual light emitters 735" of the input portion

751 set to the excitatory wavelength 7 11, while the remaining virtual light emitters are set

to OFF 731. The virtual lead 703 ' of the visualization portion 753 shows a virtual

activation volume 780 within the virtual target stimulation location 775 and positioned

about the corresponding virtual light emitter 735 ' selected in the input portion 751.

In the case of wavelength, different wavelengths can be used to control whether an

activated neuron is producing an excitatory response or an inhibitory response to

stimulation. In some instances, the control interface 455 may enable toggling between

two or more wavelengths that may elicit a difference activation response from the same

neurons. For example, as mentioned above, selectively switching between an excitatory

range of wavelengths and an inhibitory range of wavelengths can be used to elicit either

an excitatory response or an inhibitory response from those neurons.

In at least some embodiments, the estimated size and shape of the virtual

activation volume(s) corresponds to the user-selected values for the stimulation

parameters. In at least some embodiments, the virtual activation volume(s) can

alternately, or additionally, be based on information received from the sensing electrodes

of the actual lead assembly, via the feedback subsystem 450 (e.g., sensing of a new

electrical signal, sensing a change in the amount or quality of an electrical signal, the

disappearance of an electrical signal, or the like).

The virtual activation volumes may also take into account known properties of

light and the local environment through which the light travels from the actual lead to the

target stimulation location(s). For example, the virtual activation volumes may take into

account the Beer-Lambert law (relating to the attenuation of light to the properties of the

material through which the light is traveling). Additionally, the virtual activation

volumes may also take into account light scattering, as exemplified by scattering laws,

such as Rayleigh scattering, Mie scattering, and the like. Other light properties taken into

account may include, for example, reflection, refraction, dispersion, interference,

diffraction, polarization, diffusion, absorption, or the like.

Turning to Figure 8, in some embodiments the control interface 455 adjusts the

size or shape (or both) of the virtual activation volume(s) positioned around the virtual

representations of the light emitters in the visualization portion of the display in response



to user-selected values for the stimulation parameters. Adjusting the contours of the

activation volumes can affect the number of neurons that are activated, as well as which

particular neurons are activated within a target stimulation location. Thus, providing a

visualization of the size or shape (or both) of an activation volume for a given set of

stimulation parameters may facilitate the fine-tuning of therapy.

Figure 8 shows a visualization portion 853 of a display 801 that includes virtual

light emitters 835a, 835b, 835c, 835d, 835e, 835f. The virtual light emitters can be

displayed with or without a virtual lead. Virtual light emitters 835a, 835b, 835c, and

835e are excitatory and have activation volumes 880a, 880b, 880c, and 880e,

respectively, extending therefrom. Below is one narrow example showing some possible

ways of showing how the virtual activation volumes can be displayed to enable a user to

select a particular size and shape of an activation volume by selecting different

stimulation parameters.

In the embodiment illustrated in Figure 8, the activation volume 880a represents a

default setting, where the pulse frequency is 40 Hz and the pulse width is Ι ΟΟµβ . Each of

the contours, such as contour 882, represents different potential outer boundaries of the

activation volume at a particular number of spikes per second (e.g., the innermost contour

corresponding to 40 spikes per second, the adjacent contour corresponding to 20 spikes

per second, and the outermost contour corresponding to 10 spikes per second). Note that,

spikes/second is a figure that denotes neuronal activation. Neuronal electrical activity, or

neuronal firing, is the overall neuron response that is the cumulative effect of many

actions potentials. Each action potential or combination of action potentials (if the

electrode is not small enough and cannot distinguish between action potentials) can be

considered a spike.

In the embodiment illustrated in Figure 8, the activation volume 880b represents a

change in pulse width from the default activation volume 880a. The activation volume

880b has a pulse frequency of 40 Hz and a pulse width of 500µ . The contours for the

activation volume 880b are, for example, 80 spikes per minute for the innermost contour,

40 spikes per second for the adjacent contour, 20 spikes per second for the next adjacent

contour, and 10 spikes per second for the outermost contour.



In the embodiment illustrated in Figure 8, the activation volume 880c represents a

change in pulse frequency from the default activation volume 880a. The activation

volume 880c has a pulse frequency of 20 Hz and a pulse width of Ι ΟΟµβ . The contours

for the activation volume 880c are, for example, 20 spikes per minute for the innermost

contour, 10 spikes per second for the adj acent contour, and 5 spikes per second for the

outermost contour.

In the embodiment illustrated in Figure 8, the activation volume 880e represents

the added effect of inhibitory stimulation from flanking light emitters 835d and 835f. The

contours for the activation volume 880e are, for example, 40 spikes per minute for the

innermost contour, 20 spikes per second for the adjacent contour, and 10 spikes per

second for the outermost contour. As shown in the activation volume 880e, with the

addition of flanking inhibitory stimulation the shape of the activation volume 880e

narrows at it extends away from the light emitter 835d, as compared to the activation

volumes 880a, 880b, 880c, due to the inhibitory stimulation of light emitters 835d, 835f.

Turning to Figure 9, as mentioned above the estimates of the activation contours

can be based, at least in part, on one or more of stimulation parameters, known principles

of light, and the local environment. In some instances, the estimates of the activation

contours are based, at least in part, on sensed electrical signals from the sensing

electrodes of the actual lead (see e.g., Figure 4). In at least some embodiments, the

control interface enables a user to select which electrical signals are being sensed by the

sensing electrodes.

Figure 9 shows a sensing portion 955 of a display 901 that includes one or more

different electrical signals that a user can select between for determining which electrical

signal are being detected by one or more actual sensing electrodes disposed on/in an

actual lead. In the illustrated embodiment, electrical signals include options for direct

sensing of electrical activity of neurons: neuronal activation 979; and neuronal firing rates

981. Additionally, the illustrated embodiment includes detectable surrogate signals that

can be used to indirectly determine one or more of neuronal activation, neuronal

response, or neuronal firing rates. The illustrated surrogate signals include evoked

compound action potentials 983, local field potentials 985, multi-unit activity signals 987,

electroencephalogram signals 989, electrophysiology signals 991 , and electroneurogram

signals 993. Other surrogate signals are possible.



In at least some embodiments, when both excitatory and inhibitory neurons are

introduced into neurons within a target stimulation location the control interface 455 can

determine a net effect of stimulation. The net effect of stimulation can be determined by

comparing, for a determined location, the relative intensity of light emitted having

wavelengths that generate excitatory activation to the relative intensity of light emitted

having wavelengths that generate inhibitory activation. In at least some embodiments, the

net effect of stimulation can be determined using fractionalizations.

The control interface 455 includes one or more controllers (e.g., buttons, switches,

knobs, levers, toggles, or the like) that enable a user to select stimulation parameters, or

select which sensed electrical signals are being recorded. The controllers can be

implemented in any suitable way, such as mechanically (e.g., toggles, knobs, switches,

levers, or the like or combinations thereof) or electronically (e.g., a touch screen or

display screen coupled to a mouse, touch pad, keyboard, or the like or combinations

thereof). In some embodiments, the control interface 455 can determine the location of

the neurons emitting the sensed electrical signal. In some embodiments, the control

interface 455 can determine which light emitter emitted the light that stimulated the

neuron emitting the sense electrical signal.

Selection, by a user, of one or more stimulation parameters in the input portion

751 causes the actual lead to emit light at the selected stimulation parameters. Selection

of one of the settings 717, 727, 737, 7 11, 721 , 731 can cause an immediate action in the

actual lead. Alternatively, selection of one of the settings 7 11, 721 , 73 1 can cause a

future action based on an amount of time, another action, a threshold being exceeded, or

the like. In at least some embodiments, the actual lead does not implement the input

settings until after the input settings are displayed on the visualization portion 753 and a

user confirms implementation of those selections (e.g., clicking a confirmation indicator,

or the like).

The methods and systems described herein may be embodied in many different

forms and should not be construed as limited to the embodiments set forth herein.

Accordingly, the methods and systems described herein may take the form of an entirely

hardware embodiment, an entirely software embodiment or an embodiment combining

software and hardware aspects. Systems referenced herein typically include memory and

typically include methods for communication with other devices including mobile



devices. Methods of communication can include both wired and wireless (e.g., RF,

optical, or infrared) communications methods and such methods provide another type of

computer readable media; namely communication media. Wired communication can

include communication over a twisted pair, coaxial cable, fiber optics, wave guides, or

the like, or any combination thereof. Wireless communication can include RF, infrared,

acoustic, near field communication, Bluetooth™, or the like, or any combination thereof.

It will be understood that each of the methods disclosed herein, can be

implemented by computer program instructions. These program instructions may be

provided to a processor to produce a machine, such that the instructions, which execute

on the processor, create means for implementing the actions specified in the flowchart

block or blocks disclosed herein. The computer program instructions may be executed by

a processor to cause a series of operational steps to be performed by the processor to

produce a computer implemented process. The computer program instructions may also

cause at least some of the operational steps to be performed in parallel. Moreover, some

of the steps may also be performed across more than one processor, such as might arise in

a multi-processor computer system. In addition, one or more processes may also be

performed concurrently with other processes, or even in a different sequence than

illustrated without departing from the scope or spirit of the invention.

The computer program instructions can be stored on any suitable computer-

readable medium including, but not limited to, RAM, ROM, EEPROM, flash memory or

other memory technology, CD-ROM, digital versatile disks ("DVD") or other optical

storage, magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic

storage devices, or any other medium which can be used to store the desired information

and which can be accessed by a computing device.

The above specification and examples provide a description of the manufacture

and use 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 optical stimulation system, comprising:

an optical stimulation lead comprising

a lead body having a distal portion and a proximal portion, and

a plurality of light emitters disposed along the distal portion of the lead

body and configured and arranged to emit light having wavelengths that activate

light-sensitive neurons within a target stimulation location, the light-sensitive

neurons generating either an excitatory response or an inhibitory response when

activated depending on the wavelength of the emitted light;

a control module coupleable to the optical stimulation lead, the control module

configured and arranged to direct the emission of light from the plurality of light emitters

using a set of stimulation parameters; and

a control interface communicatively coupleable to the control module, the control

interface comprising a plurality of user-selectable controls to adjust stimulation

parameters of the set of stimulation parameters, wherein the user-selectable controls

comprise a graphical representation of a light emitter for each of the plurality of light

emitters, wherein each graphical representation comprises one or more user-selectable

emitter controls to indicate whether that light emitter emits light and, if so, whether the

emitted light comprises a first wavelength that generates an excitatory response from

activated light-sensitive neurons, or a second wavelength that generates an inhibitory

response from activated light-sensitive neurons.

2 . The optical stimulation system of claim 1 wherein, for each graphical

representation, the corresponding one or more user-selectable emitter controls enable the

user to switch between selecting that the light emitter emits light that generates an

excitatory response from activated light-sensitive neurons, and selecting that the light



emitter emits light that generates an inhibitory response from activated light-sensitive

neurons.

3 . The optical stimulation system of any one of claims 1-2, wherein the

control interface displays a graphical representation of the optical stimulation lead.

4 . The optical stimulation system of claim 3 wherein, for each graphical

representation the graphical representation of the light emitter is disposed along the

graphical representation of the optical stimulation lead.

5 . The optical stimulation system of claim 4, wherein the control interface is

configured and arranged to display a graphical representation of an activation volume

based on user selection of the light emitters, the graphical representation of the activation

volume depicting an estimated region where emitted light from the optical stimulation

lead is sufficient to activate the light-sensitive neurons.

6 . The optical stimulation system of claim 5, wherein a size and shape of the

graphical representation of the activation volume is based, at least in part, on at least one

stimulation parameter of the set of stimulation parameters.

7 . The optical stimulation system of claim 6, wherein the optical stimulation

lead further comprises a sensing electrode disposed along the distal portion of the lead

body and coupleable to the control module, the sensing electrode configured and arranged

to sense electrical activity from the light-sensitive neurons.

8 . The optical stimulation system of claim 7, wherein the sensing electrode is

configured and arranged to sense electrical activity from the light-sensitive neurons

during activation of the light-sensitive neurons.



9 . The optical stimulation system of claim 7, wherein the sensing electrode is

configured and arranged to sense changes in electrical activity from the activated light-

sensitive neurons in response to the emitted light.

10. The optical stimulation system of claim 7 wherein, for each of the

graphical representations of activation volumes, the size and shape of that graphical

representation of the activation volume is based, at least in part, on sensed electrical

activity from the light-sensitive neurons received from the sensing electrode.

11. The optical stimulation system of claim 10, wherein the control interface

comprises a user-selectable control for selecting which type of electrical activity from the

light-sensitive neurons is sensed by the sensing electrode.

12. The optical stimulation system of claim 11, wherein the sensing electrode

is configured and arranged to sense at least one of a level of neuronal activation or

neuronal firing rate of the light-sensitive neurons in response to the emitted light.

13. The optical stimulation system of claim 11, wherein the sensing electrode

is configured and arranged to sense at least one surrogate electrical signal from the light-

sensitive neurons in response to the emitted light, the surrogate electrical signal usable for

determining at least one of a level of neuronal activation or neuronal firing rate of the

light-sensitive neurons in response to the emitted light.

14. The optical stimulation system of claim 13, wherein the at least one

surrogate electrical signal comprises one of evoked compound action potential, local field

potential, a multiunit activity signal, an electroencephalogram signal, an

electrophysiology signal, an electrospinogram signal, or an electroneurogram signal.



15. The optical stimulation system of any one of claims 1-14, wherein the set

of stimulation parameters comprises at least one of intensity, pulse width, pulse

frequency, cycling, or electrode stimulation configuration.
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