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CHARGE STEERING HIGH DENSITY ELECTRODE ARRAY

RELATED APPLICATIONS

This application claims the benefit of and hereby incorporates by reference U.S.
Provisional Patent Application Serial No. 61/647,780, filed May 16, 2012, with an attorney

docket number 00846-U5123.PROV.

FIELD OF THE INVENTION

The present invention relates generally to technology for deep brain stimulation (DBS).
Accordingly, the present invention involves using an array of electrodes which can be implanted

in the brain to provide controllable electrical fields for DBS.

BACKGROUND OF THE INVENTION

Deep brain stimulation (DBS) is a surgical treatment involving the implantation of a
medical device that sends electrical current pulses to specific regions of the brain. DBS in select
brain regions has provided various therapeutic benefits for otherwise treatment-resistant
movement and affective disorders such as chronic pain, Parkinson's disease, tremor, dystonia,
and the like. DBS directly changes brain activity in a controlled manner. DBS effects can be
reversible, unlike changes affected by lesioning techniques.

Most DBS systems include three component parts: an implanted pulse generator (IPG), a
lead, and an extension. The IPG can use a battery-powered neurostimulator encased in a
titanium housing that sends electrical current pulses to the brain in order to interfere with or
otherwise modify neural activity at a target site. The lead can be a coiled insulated wire with
four platinum iridium electrodes placed in the brain. The lead can be connected to the IPG by

the extension, an isulated wire that runs from the head, down the side of the neck, behind the
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ear to the IPG. The IPG can be placed subcutancously below the clavicle or in some cases, the
abdomen.

While DBS can be helpful for some patients, DBS also has the potential for serious side
effects. Reports in the literature describe the possibility of apathy, hallucinations, compulsive
gambling, hypersexuality, cognitive dysfunction, and depression. Such side effects may be
related to the incorrect placement and calibration of the stimulator. Because the brain can shift
slightly during surgery, there is the possibility that the electrodes can become displaced or
dislodged. The misplacement of the lead (e.g., electrode) may cause more profound

complications such as personality changes, potentially requiring electrode repositioning.

SUMMARY OF THE INVENTION

Deep brain stimulating devices, systems, and associated methods are provided. In one
aspect, a deep brain stimulating device can include a semiconductor substrate, an array of
electrodes coupled to the semiconductor substrate, and circuitry operable to control the array of
electrodes. Each electrode can be operable to function as an anode, a cathode, a common, or a
float independent of other electrodes in the array. The common can be a specified voltage
between the anode and cathode. The semiconductor substrate can include at least two surfaces
and each surface can include at least two columns of electrodes and at least two rows of
electrodes. In one specific aspect, the array of electrodes includes from about 50 to about 25,000
electrodes. In another aspect, the array of electrodes includes from about 5000 to about 15,000
electrodes. In yet another aspect, the array of electrodes includes greater than 25,000 electrodes.

Various structural configurations are contemplated to support the array of electrodes. In
one aspect, for example, the semiconductor substrate includes at least two surfaces that are

perpendicular to one another, where each of the two surfaces includes a portion of the array of
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electrodes. In another aspect, the semiconductor substrate is formed into a plus shape having
eight perpendicularly opposed surfaces, wherein each of the eight perpendicularly opposed
surfaces includes a portion of the array of electrodes. The semiconductor substrate can include
the circuitry operable to control the array of electrodes. The circuitry can also include a shift
register.

In another aspect, a deep brain stimulating system is provided. Such a system can
include a deep brain stimulating device including a semiconductor substrate an array of
electrodes coupled to the semiconductor substrate, and circuitry operable to control the array of
electrodes. Each electrode can be operable to function as an anode, a cathode, a common, or a
float independent of other electrodes in the array. The system can also include an implanted
pulse generator and an electrical connection extension electrically coupling the circuitry of the
deep brain stimulating device to the implanted pulse generator.

In yet another aspect, a method of stimulating a neural region in vivo is provided. Such a
method can include identifying a region of neural tissue to be electrically stimulated, where the
region of neural tissue has an irregular three dimensional surface area, inserting a stimulating
electrode into a location in proximity to the region of neural tissue, and delivering an electric
field from the stimulating electrode that substantially matches the three dimensional boundaries
of the region of neural tissue. In one specific aspect, the location in proximity to the region of
neural tissue is in a portion of the three dimensional volume. In another aspect, the electric field
is delivered in an asymmetrical pattern relative to a longitudinal axis of the stimulating electrode.
In yet another aspect, the electric field is delivered in an asymmetrical pattern relative to a lateral
axis of the stimulating electrode. The stimulating electrode can include an array of electrodes

with at least two columns of electrodes and at least two rows of electrodes.
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In a configuration, the operation of delivering an electric field from the stimulating
electrode that substantially matches the three dimensional volume of the region of neural tissue
can further include: delivering an electric field from the stimulating electrode that estimates the
three dimensional boundaries of the region of neural tissue; measuring the electric field from the
stimulating electrode relative to the region of neural tissue; and adjusting the electric field of the
stimulating electrode to substantially spatially match the three dimensional boundaries of the
region of neural tissue. In another configuration, the operation of delivering an electric field
from the stimulating electrode that substantially matches the three dimensional boundaries of the
region of neural tissue can further include: delivering an electric field from the stimulating
electrode that estimates the three dimensional volume of the region of neural tissue; evaluating
the effect of the electric field from the stimulating electrode; and adjusting the electric field of
the stimulating electrode based on the effect to minimize an adverse side effect of the electric
field.

In another aspect, an array of electrodes for deep brain stimulation (DBS) can include
computer circuitry. The computer circuitry can be configured to generate an electric field to
stimulate a specified region of neural tissue using the array of electrodes, and adjust the electric
field using a configurable pattern of pulses generated by the array of electrodes. Each electrode
can be operable to function as an anode, a cathode, a common, or a float independent of other
electrodes in the array. The computer circuitry can include at least two columns of electrodes
and at least two rows of electrodes. The computer circuitry can include a shift register to control
the array of electrodes. The electric field is generated in an asymmetrical pattern relative to a

longitudinal axis or lateral axis of the array of electrodes.
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There has thus been outlined, rather broadly, the more important features of the
disclosure so that the detailed description that follows may be better understood, and so that the
present contribution to the art may be better appreciated. Other features of the disclosure will
become clearer from the following detailed description of the disclosure, taken with the

accompanying drawings and claims, or may be learned by the practice of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the disclosure will be apparent from the detailed description
which follows, taken in conjunction with the accompanying drawings, which together illustrate,
by way of example, features of the disclosure.

FIG. 1 illustrates a cross-sectional view graphical representation of the generation of an
electric field using a deep brain stimulating device in accordance with an example;

FIG. 2A illustrates a cross-sectional view graphical representation of simulation data
showing two simultancous asymmetrical electric fields using a deep brain stimulating device in
accordance with an example;

FIG. 2B illustrates a side view graphical representation of simulation data showing two
simultaneous asymmetrical electric fields using a deep brain stimulating device in accordance
with an example;

FIG. 2C illustrates a side view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device in accordance
with an example;

FIG. 3A illustrates a side view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device including an

array of electrodes in accordance with an example;
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FIG. 3B illustrates an axial view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device including an
array of electrodes in accordance with an example;

FIG. 4A illustrates a side view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device in accordance
with an example;

FIG. 4B illustrates an axial view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device in accordance
with an example;

FIG. 5A illustrates a side view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device in accordance
with an example;

FIG. 5B illustrates an axial view graphical representation of simulation data showing
isopotential surfaces (e.g., electric fields) using a deep brain stimulating device in accordance
with an example;

FIG. 6A illustrates a side view graphical representation of simulation data showing a
heart-shaped electric field using a deep brain stimulating device in accordance with an example;

FIG. 6B illustrates an axial view graphical representation of simulation data showing a
heart-shaped electric field using a deep brain stimulating device in accordance with an example;

FIG. 7 illustrates a circuit diagram of circuitry used a deep brain stimulating device in
accordance with an example;

FIG. 8 illustrates a generalized semi-conductor layout (e.g., transistor level view) of

circuitry used a deep brain stimulating device in accordance with an example;
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FIG. 9 illustrates a graphical representation of silicon chip pieces during assembly of a
deep brain stimulating device in accordance with an example;

FIGS. 10A-C illustrate a graphical representation of silicon chip pieces formed into a plus
shape during assembly of a deep brain stimulating device in accordance with an example;

FIGS. 11 illustrates a graphical representation of directing charge of a deep brain
stimulating device in accordance with an example;

FIG. 12 depicts a flow chart of a method of stimulating a neural region in vivo in
accordance with an example; and

FIG. 13 depicts functionality of computer circuitry of an array of electrodes for deep
brain stimulation (DBS) in accordance with an example.

These drawings merely depict exemplary embodiments of the disclosure, therefore, the
drawings are not to be considered limiting of its scope. It will be readily appreciated that the
components of the disclosure, as generally described and illustrated in the figures herein, could
be arranged, sized, and designed in a wide variety of different configurations. Nonetheless, the
disclosure will be described and explained with additional specificity and detail through the use

of the accompanying drawings.

DETAILED DESCRIPTION

Before the present invention is disclosed and described, it is to be understood that this
invention is not limited to the particular structures, process steps, or materials disclosed herein,
but is extended to equivalents thereof as would be recognized by those ordinarily skilled in the
relevant arts. It should also be understood that terminology employed herein is used for the
purpose of describing particular embodiments only and is not intended to be limiting. The same

reference numerals in different drawings represent the same element.
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It must be noted that, as used in this specification and the appended claims, the singular

(13 2% ¢
a

forms an,” and “the” include plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to “an electrode” includes one or more of such electrodes, reference
to “the conductor” includes reference to one or more of such conductors, and reference to
“stimulating” includes one or more of such steps.

In describing and claiming the present invention, the following terminology will be used
in accordance with the definitions set forth below.

As used herein, the term “substantially” refers to the complete or nearly complete extent
or degree of an action, characteristic, property, state, structure, item, or result. For example, an
object that is “substantially” enclosed would mean that the object is either completely enclosed
or nearly completely enclosed. The exact allowable degree of deviation from absolute
completeness may in some cases depend on the specific context. However, generally speaking
the nearness of completion will be so as to have the same overall result as if absolute and total
completion were obtained. The use of “substantially” is equally applicable when used in a
negative connotation to refer to the complete or near complete lack of an action, characteristic,
property, state, structure, item, or result.

As used herein, a plurality of items, structural elements, compositional elements, and/or
materials may be presented in a common list for convenience. However, these lists should be
construed as though each member of the list is individually identified as a separate and unique
member. Thus, no individual member of such list should be construed as a de facto equivalent of

any other member of the same list solely based on their presentation in a common group without

indications to the contrary.
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Numerical data may be expressed or presented herein in a range format. It is to be
understood that such a range format is used merely for convenience and brevity and thus should
be interpreted flexibly to include not only the numerical values explicitly recited as the limits of
the range, but also to include all the individual numerical values or sub-ranges encompassed
within that range as if each numerical value and sub-range is explicitly recited. As an
illustration, a numerical range of “about 0.6 mm to about 0.3 mm” should be interpreted to
include not only the explicitly recited values of about 0.6 mm and about 0.3 mm, but also include
individual values and sub-ranges within the indicated range. Thus, included in this numerical
range are individual values such as 0.4 mm and 0.5, and sub-ranges such as from 0.5 -0.4 mm,
from 0.4 -0.35, etc. This same principle applies to ranges reciting only one numerical value.
Furthermore, such an interpretation should apply regardless of the breadth of the range or the
characteristics being described.

As used herein, the term “about” means that dimensions, sizes, formulations, parameters,
shapes and other quantities and characteristics are not and need not be exact, but may be
approximated and/or larger or smaller, as desired, reflecting tolerances, conversion factors,
rounding off, measurement error and the like and other factors known to those of skill in the art.
Further, unless otherwise stated, the term “about” shall expressly include “exactly,” consistent
with the discussion above regarding ranges and numerical data.

In the present disclosure, the term “preferably” or “preferred” is non-exclusive where it is
intended to mean “preferably, but not limited to.” Any steps recited in any method or process
claims may be executed in any order and are not limited to the order presented in the claims.
Means-plus-function or step-plus-function limitations will only be employed where for a specific

claim limitation all of the following conditions are present in that limitation: a) “means for” or
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“step for” is expressly recited; and b) a corresponding function is expressly recited. The
structure, material or acts that support the means-plus function are expressly recited in the
description herein. Accordingly, the scope of the disclosure should be determined solely by the
appended claims and their legal equivalents, rather than by the descriptions and examples given
herein.

Neural stimulation electrodes, electrode arrays, and methods of making and using such
devices are provided. Inone aspect, for example, such an electrode can be a deep brain
stimulating (DBS) device that includes an electrode array capable of generating a wide variety of
electric field patterns. The patterns of electric fields can range from relatively uniform spherical
patterns (FIGS. 3A-3B) to complex asymmetrical patterns (FIGS. 2A-C), which are described in
more detail below. To achieve such configurability, the device can include an array of
configurable anodes and cathodes spatially arranged such that selective activation of various
anodes and cathodes create different patterns of electric fields. The device can include any
number of anode and cathode electrodes, and these electrodes can be arranged into any useful
configuration. The number and arrangements of electrodes can also affect the complexity of the
electric field patterns that can be generated. For example, in one aspect, a DBS device can have
up to 10,000 electrodes or more. If each of these electrodes is assumed to have 4 states (anode,
cathode, common, floating), the device would be capable of 4" or ~4x10°**° combinations of
electrode settings. Such flexibility can facilitate precise control over how electrical charge is
delivered to the brain tissue, allowing electrical charge steering and unique activation geometries
not previously achievable with traditional DBS devices.

FIG. 1 shows one example of a DBS device 100 having a plus-shape (+). FIG. 1 shows a

cross section through the plus-shaped device, with a gradient showing the strength of the electric
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field in one particularly unique configuration. The near electric field 112 to the DBS device can
have a greater intensity (e.g., larger gradient) than the middle electric field 114, and the far
electric field 116 electric field can have less intensity (e.g., smaller gradient) than the middle
electric field. Thus, the electric field can be adjusted to spatially match a region of tissue and to
also adjust the intensity of the electric field throughout the electric field. FIGS. 2A-2C illustrate
an asymmetrical surface of one iso-potential shell of two simultaneous asymmetrical electric
fields 122 and 124 from different angles. FIG. 2A illustrates a cross-sectional view or axial view
of the iso-potential shell (e.g. an electric field at a specified voltage). FIG. 2A illustrates a
cross-sectional view or axial view of the iso-potential shell. FIG. 2B illustrates a side view or
view along the longitudinal axis of the iso-potential shell. FIG. 2B also depicts individual
electrode contacts 142 of the electrode array 140 on the DBS surface.

As shown in FIG. 2A, electrodes in two sections (e.g., quarters) of the DBS device can be
activated to generate clectric fields 122 and 124, while two sections 126 and 128 can be
inactivated and thus do not generate electric fields 16. Similar spatial activation lengthwise
along the DBS device can generate a similar configurability of electrical fields 122 and 124
along the longitudinal axis of the device, as shown in FIG. 2B. FIG. 2C illustrates yet another
potential configuration for configurable electric fields with three different iso-potential shells
132, 134 and 136, having decreasing strength respectively. As such, stimulating current can be
steered (see FIG. 11) to a targeted brain region, providing at least substantially complete
coverage of the neural target and thus better symptom alleviation, and eliminating or reducing
excess stimulation outside the target region, thereby removing side effects. Thus, the device has
a configurable electric field radially and longitudinally across the device. It is noted that the

shape and overall configuration of a DBS device may not be limited to a plus shape, and that the
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device is contemplated to have any shape capable of allowing configuration of the electric field
according to aspects of the present disclosure are considered to be within the present scope.
Non-limiting examples can include asterisks (*), ‘L’ shapes (including obtuse, acute and 90°
angles), planar shapes, semicircular shapes, circular shapes, gammadion shapes, asymmetric
shapes, and the like. The shape of the device can typically be configured to facilitate insertion of
the device into tissue while minimizing tissue damage. As such, in some embodiments, the
cross-sectional shape can include flatted features such that the smallest dimension is substantially
less than the longest dimension (i.e. a high ratio of thickness to width).

The DBS device can be fabricated from a variety of materials, and any such material is
considered to be within the present scope. Materials can be chosen based on mechanical
strength, device performance, and ease of manufacturing. For example, many semiconductor
materials (e.g., silicon) have sufficient mechanical strength while also providing a suitable
substrate into which the configurable electrode array can be formed. Although other materials
may be used, the DBS device can be fabricated from a semiconductor material, insulating
material (e.g., ceramic, glass or other insulators), polymers, or the like. Any useful
semiconductor material can be used; however, one example includes silicon.

In another example, the DBS device can include onboard circuitry to connect bus lines to
the electrode contacts (see FIGS. 7-8). Any number of bus lines is contemplated, however in one
aspect the DBS device can include three bus lines: An anode bus line, a cathode bus line, and a
common bus line. The circuitry can be formed on a common semiconductor substrate with the
electrodes, however a separate substrate may be used. For example, the circuitry can be
fabricated in the manner, although "flip chip" bonding can be used to bond a secondary substrate,

connecting the thousands of contacts in a single step. The secondary substrate could be made out
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of any suitable material, and processing of bond pads can be done to match the "flip chip" sites
on the circuit.

In one specific aspect, silicon members can be arranged into a plus (“+”) shape such that
electrode contacts in the silicon members are facing each of four directions with each substrate
face being isolated from the 180 degree opposite face as shown in FIG. 1. In other words, an
electrical field activated in one direction can be inhibited from flowing in the opposite direction.
Further, the plus shape configuration allows for four segmented regions each of which includes
two orthogonal faces having a respective array of electrodes.

The physical dimensions of the DBS device can vary depending on particular
configurations and desired uses. In one aspect, the device can be from about 0.1 millimeter
(mm) to about 3 mm wide. In another aspect, however, the device can be sized to approximate
the width of traditional DBS devices. Some traditional devices are approximately 1.27 mm
wide. Many of these devices, however, have a greater cross-sectional area due to the more or
less cylindrical or solid shapes throughout this 1.27 mm width. The DBS device having a plus
shape, however, can be less than 10% of the cross-sectional area of such traditional devices with
over 25% more cross-sectional perimeter, thus reducing the degree of neural damage as the DBS
device is inserted and positioned, while increasing the surface area accessible for charge
delivery. Typically, the cross-sectional shape can be formed of various intersecting planes having
a width and thickness. Plane thickness can vary from about 0.01 mm to about 0.5 mm, although
in most cases ranges from about 0.05 mm to about 0.2 mm. Accordingly, the cross-sectional arca
can be less than 20%, in some cases less than 10%, and in other cases less than 6% of a circular
area having the same overall width. In addition, the present DBS device can reduce the number

of insertions as the electric field is configurable to be moved off-center from the device, as
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described below. Each insertion of a lead (e.g., electrode) or traditional DBS device can create
approximately 150 mm” of neural lesions. A traditional DBS can take up to an average of ~5
insertions for correct placement, which can destroy approximately 750 mm’ of brain tissue. The
present device may lesion approximately 10-30 mm’ of tissue. However, with charge steering
capabilities, far fewer insertions can be involved to obtain effective positioning.

Additionally, the DBS device can be made in a variety of lengths, depending on the
design and usage of the device. In one aspect, the DBS device has a length sufficient to
penetrate into a target neural area of a subject. In another aspect, the DBS device has a length
sufficient to contain the array of electrode contacts. Furthermore, the electrode contacts can be
distributed over a narrow to wide region of the device body, depending on the desired use of the
device. Although electrode contacts can vary in size, typical dimensions can range from about
0.05 mm to about 0.2 mm, and in some cases 0.01mm to about 1.0 mm. As such, a DBS device
can be designed in numerous ways to allow effective stimulation and electrical current steering
in the brain and in many cases such designs can be tailored to particular medical uses. In other
words, it is contemplated that one level of configurability is encompassed by the pattern of
activation of the electrode contacts, while another level of configurability is encompassed by the
physical design of the device and/or the distribution pattern of electrode contacts.

In another aspect, distal semiconductor circuitry (312 of FIG. 9), which can also be the
site for charge delivery, can be wire bonded with conductive traces such as 75 micron gold wires
to a connector that sits outside the skull and can be connected to an Implantable Pulse Generator
(IPG), located in the chest of the subject. The IPG can include control circuitry, power and
stimulation settings, and a power supply (e.g., charging coil). The IPG can be used to control the

array of electrodes of the DBS device, generate pulsatile signals for stimulation, and
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communicate wirelessly with an external device (e.g., ex vivo). The wireless protocol between
the external device and the IPG can be a proprietary standard. Although not typically used, in an
example, the wireless protocol may also use the Institute of Electrical and Electronics Engineers
(IEEE) 802.15 (or Bluetooth) standard or the IEEE 802.11 (or WiFi) standard. The conductive
traces can be encased in a bio-compatible epoxy to stiffen the device for insertion into brain
tissue.

The following description relates to a plus shape DBS device 100 although these
principles can also be applied to alternative shapes. The description of the DBS device using a
plus shape is for simplicity of illustration, and it is noted that the description applies to devices
having other geometrical shapes, numbers of electrodes or other variations. To show the
functionality of a plus shape DBS device, the charge steering capabilities can be simulated by
modeling (e.g. COMSOL 4.2, a finite element modeling program). COMSOL Multiphysics is a
finite element analysis (FEA), solver and simulation software/FEA software package for various
physics and engineering applications. Such computer simulations can show backwards-
compatibility with traditional DBS devices, such as the state of the art DBS (e.g., sotaDBS)
device. As such, as is shown in FIGS. 3A-3B, the plus shape DBS devices can generate similar
electrical fields as compared to cylindrical DBS devices 102 (FIGS. 4A-4B). FIG. 3A shows a
side view of a simulated electric field from a plus shape DBS e¢lectrode, and FIG. 3B shows an
axial view of a simulated electric field from a plus shape DBS electrode according to aspects of
the present disclosure. FIG. 4A shows a side view of a simulated electric field from a cylindrical
DBS clectrode (¢.g., sotaDBS), and FIG. 4B shows an axial view of a simulated electric field
from a cylindrical DBS electrode (e.g., sotaDBS). FIGS. 3A-6B indicate electric fields

generated by a stimulation amplitude of 3V. Various shading indicates iso-voltage boundaries at
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2.7 volts (V) (150, 160, 170, and 180), 2.1 V (152, 162, 172, and 182), 1.5 V (154, 164, 174, and
184), 0.9 V (156, 166, 176, and 186) and 0.3 V (158, 168, 178, and 188). The nearly identical
fields may only differ within 300 microns of the present DBS device surface, where voltage
contours follow the geometry of the device. As demonstrated, the plus shaped DBS device can
generate nearly identical electric fields to those made by traditional sotaDBS devices.
Accordingly, replacing a sotaDBS with the present DBS device may not result in a loss of
functionality.

As has been described, intricate contact geometries can be simulated to show various
capabilities of electrical charge steering. FIG. 5A-5B shows a simulation whereby a generic
charge spheroid can be moved off-center (i.c., the center of the charge spheroid field lies outside
of the electrode boundaries). The axial view of the plus shape DBS device showing the voltage
contours, illustrated in FIG. 5A, shows the capability of the plus shape DBS device to direct
charge in a specified direction away from the center of the device. Voltage contours can be
rotated axially around the device with precision by controlling the device settings to allow
customizability of the charge field for an individual patient.

Additionally, the present DBS device can produce numerous unique electrical charge
distributions. For example, electrical charge can be driven precisely in one direction away from
the electrode, using the geometry of the electrode itself to steer the charge and prevent leakage
into neighboring areas, as shown in FIGS. 6A-6B. FIG. 6B illustrates a side view of a shape of
iso-potential shells with a complex geometry (e.g., a heart shape). FIG. 6A illustrates an axial
view of the complex geometry of FIG. 6B. In addition, by selecting the appropriate electrode
contacts, various non-spheroidal shapes of electrical charge distribution can be produced. The

capabilities of such a device can provide treatment benefits which are enabled by a high level of
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control over the placement of electrical charge. Such controllability allows for significant
customization of the electrical field over a given tissue volume while considering unique patient
anatomy of target structures that the device will be used to stimulate. For example, deep brain
structures are rarely if ever spherical, and the configurable clectrode allows a fitting of electrical
charge distribution to the anatomy and response profile of the subject. Indeed, even if the
anatomy did consist of spheres, it is unlikely that the electrode can be placed in the exact center
of such a sphere (e.g., errors in placement). Traditional DBS devices, such as the sotaDBS, may
not be able to effectively control the electrical charge distribution. Accordingly, when such
traditional DBS devices are placed off-center, stimulation settings may be reduced so that
electrical charge does not leak outside of the neural area to be stimulated in order to prevent side
effects, which can result in a less effective treatment with the traditional DBS devices.

The circuitry design utilized to provide functionality to a DBS device can be highly
varied depending on numerous design paradigms. In one aspect, the circuitry can be designed
and configured to couple to and be functionally integrated with traditional stimulator devices and
medical insertion and delivery protocols. In other aspects, the device and or circuitry can be
designed to correspond to future stimulator devices. In one specific aspect, however, the circuit
design for a DBS stimulator can use a cascade of flip flops (e.g., shift register), thus allowing up
to many thousands or more electrical contacts without the need for a large quantity of physical
wires. A flip-flop or latch (e.g., delay or data flip-flop (D flip-flop)) is a circuit that can have
two stable states (e.g., one or zero; active or inactive) and can be used to store state information.
A flip-flop can be a bistable multivibrator.

In an example, a shift register can limit the number of wires running from the DBS

device (e.g., in the brain) to the IPG (e.g., in the chest) to a minimum. Other circuitry may also
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be used to reduce the number of wires used in the extension which can achieve a similar effect.
In another example, other circuitry and more extension wires may be introduced into the design.

A continuous shift register for the entire device can be used to serially control the DBS
device. For example, an array of electrodes on a face of a substrate can have 8 contacts wide by
55 contacts deep for a total of 440 positions. Storing 2 bits at each position (e.g., 4 states), the
440 positions can have 880 latches, yielding 4**° possible configurations. Since each chip or face
of the substrate can have its own bond pads, the chips can either be daisy-chained together to
make one continuous device, or each chip can be wire-bond to a dedicated signal/clock line,
which can create four independent registers. Daisy-chaining the chips together can reduce the
number of wire and registers, but may be prone to greater failure due to a longer register. An
advantage to separating and addressing each chip individually can be a 75% reduction in
programming time, but a disadvantage can be using more wires. In addition, addressing each
chip individually can provide isolation between chips if one chip goes bad, the other three chips
can still be useful.

With a shift register, the contact states may not be addressed in parallel. Although,
recording and stimulating with the DBS device may occur in parallel. When recording with the
DBS device, many contacts can be set to a same channel (e.g., parallel to serial) for recording on
that line.

FIG. 7 illustrates digital logic to control a contact transmission gate 236 and 238 for a
single electrode 224 using two latches 230. The two bits of information from the latches can
switch the electrode from an anode 210, cathode 212, or common 214, where the common is a
voltage between the anode and cathode voltages. In an example, a common connection can be a

ground voltage. Each electrode can be controlled by a single input 220 and a clock 222. The
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shift register can store a bit of information at each position in the register. When a clock signal
222 is presented to the register, the bit can move to the next position. The cycle of the clock and
the bit movement can be repeated many times so that each position in the register can be
assigned its own bit, where each bit (or each two bits) can represent control signaling for an
electrode in the array of electrodes of the DBS device. The digital logic can also include AND
gates 232 and inverters 234. It can be beneficial for a DBS device to have each electrical
contact/electrode function as an anode, a cathode, floating, or a common. In such cases, the
anode and cathode are used for stimulation purposes. Floating refers to an electrode having no
electrical connection to any circuitry. Common is similar to floating, only with all common
contacts connected together. Common mode may be useful for recording purposes, for example,
to aide in the surgical placement of the device. Since each position in the shift register can store
one bit of information, and two bits can be useful to control the four possible connections at each
contact, two register positions can be used for each electrical contact. To get four control signals
from two bits of information, digital logic can be utilized. In essence, both bits can be split and
cach passed through an inverter 234, thus yielding four lines. Combinations of the first and
second bit can be passed through AND gates 232 in a way that only one AND gate is ever active
at atime. The active AND gate activates a switch that connects the electrode contact to the
specified line: Anode, cathode, or common. FIG. 7 shows a circuit schematic for a single
electrode contact. In this schematic, two flip flops 230 read in the two bits of information from
an input (one input is delayed). The information from the flip-flops is transmitted to the AND
gates as a combination of first and second bits, with some lines being inverted. The AND gates
output is inverted so that it may control a transmission gate which can require both high and low

signals to be ON.

19



10

15

20

WO 2013/173551 PCT/US2013/041292

The circuit illustrated in FIG. 7, which can be sufficient for controlling one contact, can
be repeated in an array, one for each metal contact as is shown in FIG. 8. FIG. 8 illustrates a
generalized layout of a digital circuit for a single electrode in the array of electrodes. The
generalized layout can include an electrode contact area 250 controlled by switches 260A-C to
bus lines 252 A-C for the anode, common and cathode, respectively (252C bus not shown). The
circuitry can include a shift register 262, and digital logic 264 (e.g., inverters and AND gates).
By chaining together the information from one electrode contact circuit to the next, only one
signal and a clock line can control all contacts, passing contact state down the register. In this
way, the number of wires from the DBS can be reduced. For example, a need for thousands of
wires coming from the DBS device to the wire bond contacts can be eliminated.

Post-fabrication modifications can be made to the silicon chips following complementary
metal-oxide—semiconductor (CMOS) processing. For example, it may be useful to trim the
wafer to a desired shape for making the DBS device, as illustrated in FIG. 9. The desired shape
can be created using Deep Reactive Ion Etching (DRIE) or any other suitable technique which
can include, but is not limited to CNC machining, etching, and the like. In other words, structural
changes can be made to facilitate insertion and delivery of the device into neural tissue. For
example, an assembly groove 314 and 316 can be inserted and the ends of the wafers can be
formed to a point. Anode and cathode bus lines, which deliver stimulation power to each contact
in the circuit, can be fabricated on top of the circuit components. Thus, a several-micron-thick
metal layer can be laid down on the entire wafer piece, and then portions selectively removed by
lift-off. An insulating layer can also be applied over the entire chip. It can also be useful to etch
vias to the electrode contacts 312 and then plate metal thereon. The metal can be etched to reveal

electrode contacts of a biocompatible material such as, for example, platinum, gold, or sputtered
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iridium-oxide. After finishing circuit modifications it can also be useful to thin the wafer to its
final thickness. Thinning can be accomplished using any known technique, such as for example,
using a dicing saw that will make multiple passes across the back and chemical etching of the
wafer itself (e.g. by chemical mechanical polishing (CMP)).

Each semiconductor substrate 300, 302, 304, and 306 can include electrode array surface,
circuitry to control the electrode array 310, and contacts 312 for wire bonds used to connect the
DBS device 100 to an external device (e.g., implanted pulse generator external to the DBS
device) via an extension.

In one aspect, a DBS device 100 can be constructed having a plus shape by attaching
multiple silicon chip assemblies together to form each electrode array surface. For example, 50
micron (um) thick wafers sections 300-306 can be placed back-to-back 300 with 304 and 302
with 306 (i.e., the array of electrodes 310 facing outward) with glue and allowed to cure, as
shown in FIG. 9. In the initial gluing, pairs (300 with 304 and 302 with 306) of silicon chips can
be bonded together back-to-back. Non-limiting examples of suitable glue can include silicone,
polyamide and biocompatible acrylic or epoxy. Matching assembly grooves 314 and 316 can be
aligned, glued, and allowed to bond, with care taken to keep glue from the groove. The glued
pieces 320 and 322 can then be aligned and assembled by aligning the assembly grooves, as is
shown in FIGS. 10A-10C. In this case, assembly can start with two halves that were previously
glued (FIG. 9) being slid together at the assembly grooves (FIGS. 10A-10B). Once inserted fully
into position (FIG. 10C), the glue between the two halves can be remelted with pressure applied
to external faces of the device. This pressure can squeeze a small amount of glue from between
the thinned chips that can then adhere to the perpendicular face of the opposite chip pieces. The

glue can be allowed to cure, thus binding the pieces together along the center line. As an
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alternative, glue can be applied to the two halves for attachment, either prior to or following
assembly.

In another example, the DBS device 100 can be assembled without melting glue. Stiff
epoxy can encase the wire bonds (e.g., attached to the contact 312) at the upper end of the +' in
the DBS device. The pointy end (e.g., the other end) can be lightly dipped into a very thin glue
(e.g., biocompatible cyanoacrylate), which can flow up the cracks and between the chips for a
couple mm due to capillary action. The small amount of glue can be sufficient to hold the two
substrate planes together in the plus shape.

Further packaging can be performed on the assembled silicon chip device. For example,
wire bonding among the various silicon chip elements can be performed to enable electrical
interconnectivity. Electrical interconnectivity can be useful for the sharing of the one serial line
and the one signal line, but can also have the benefit of eliminating or reducing a four-time
repetition of wires common to all chips. In one aspect, one of the silicon chips can have wire
connections that lead to the connector located outside the skull of the subject. For example, the
wire connections can include seven 75 pm gold insulated wire bonds. By varying the length of
the wire connections, the DBS device length can be altered to target brain regions at different
depths. The wire connections can be encased in a biocompatible epoxy that can lend the whole
assembly a greater stiffness to further support the device during implantation.

Sample Implementation

In an example, to assess the robustness of a silicon plus-shaped DBS device during
handling and assembly, blank silicon wafers that had been thinned to about 100pm were etched
to the shape of one DBS device plane, enabling mechanical testing of the silicon substrate. As a

first test, the setup of Deep Reactive Ion Etching (DRIE) equipment for etching wafer pieces was
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evaluated. The high-aspect-ratio DRIE process can cut nearly-vertical trenches in silicon wafers.
To accomplish this, a wafer with exposed, thick, SU-8, photoresist was placed in the DRIE
chamber. The chamber was evacuated to low pressure. A plasma was lit inside the chamber that
selectively etches silicon and not the photoresist. To overcome isotropic etching, the plasma was
cycled with a passivation stage every few seconds. Thus, each newly etched trench was
completely passivated, and when the next round of plasma began, the plasma etched the bottom
of the trench first, leaving the sidewalls intact. Throughout this process, inert helium flowed
along the back of the wafer to prevent heating from plasma striking the surface. The helium and
all other components were kept cool by liquid nitrogen.

For etching the DBS wafer pieces, a blank, 100 pum thin silicon wafer was mounted onto
a substrate wafer with wafer wax. This substrate is convenient for handling as the substrate
gives a user something more substantial to hold, and useful for DRIE so that when individual
pieces have been etched from the thin wafer, the pieces can be held in place to the substrate and
not lost in the helium flow. The substrate was placed on a hot plate, and solid wax, which is
soluble in acetone, was melted directly onto the surface. The solid wax was applied directly to a
hot wafer which caused melting of the wax. While still liquid, a thinner wafer was placed on top
and air bubbles were removed. The stacked assembly (i.c., a thick wafer on the bottom, an
intermediate wax adhesion layer, and a thin wafer on top) was then removed from the hot plate
and allowed to cool. When processing was complete, acetone was used to remove the wax,
which released the thinned wafer pieces from the thicker substrate holder.

After testing the DRIE setup and having several good runs through the process, some
silicon wafer pieces were assembled into a plus-shaped device. Pieces having distal and

proximal center cuts were fitted together by hand. No special tools or jigs may be needed to
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slide the pieces together. However, pieces that are not cleaned of photoresist can sometimes
stick and then break. It was thus useful to make sure the pieces were cleaned well of photoresist
prior to assembly. Also, this test differs from final assembly in another matter. For a net
thickness of 100 pum, a pair of 50 pm thick CMOS silicon pieces can be joined back-to-back to
have circuitry present on both sides. Joining silicon pieces together can be completed before
assembly, however, as joining can provide an advantage. When gluing pieces back-to-back, a
slight excess of glue can be applied to the pieces. After assembly, the glue can be remelted with
slight pressure placed on both faces of the device. The process can squeeze excess glue onto the
perpendicular wafer, securing the +' shape. Although glue was used to join the silicon pieces
together in this example, other examples can form the plus shape without excess glue between
the pieces, as previously described.

To test the ability of the wafer to be placed into brain tissue, a mechanical simulant of
brain tissue was used. An agar gel, mixed at 0.6% agar to water has roughly the same
mechanical properties as brain tissue. The +' shaped silicon pieces made in this mechanical
testing phase easily penetrated the gel and showed no signs of breakage after being inserted and
removed many times. Indeed, the assembled +' shape of the device can be remarkably more
robust mechanically then the individual pieces themselves due to the geometrical arrangement.

FIG. 11 illustrates an example of directing charge or charge steering using the DBS
device 100. FIG. 11 illustrates a single row of electrodes of a plus shaped array of electrodes
with 8 faces (A-H), where each face has 4 electrodes. The eight faces are unfolded into a single
line of 32 electrodes (e.g., 8 faces times 4 electrodes per face) at one axial (radial) depth of the
electrodes. Each electrode can be active 402 (e.g., acting as an anode or cathode) or be inactive

404 (e.g., a float or common). Based on the configuration of the 32 electrodes, the charge can be
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steered at various angles relative to the quadrant. FIG. 11 illustrates 9 different directions of
isopotential shells (i.e., at 1.0 V) for a first quadrant of the DBS device. The directions can range
from 90° (410) to 0° (426). Other directions can include 65° (412), 55° (414), 50° (416), 45°
(418), 40° (420), 35° (422), and 25° (424). The nine illustrated examples of FIG. 11 show
pushing a sphere-like electric field off-axis of the electrode at angles between 0° (426) and 90°
(410). With other variation of the active and inactive electrode patterns other directions or
angles of the isopotential shells may also be available. With a corresponding change in the
electrode pattern, different directions of isopotential shells can be generated for the other three
quadrants of the of the DBS device, in a similar manner to the first quadrant, as illustrated,
radially covering 0° to 360° of the DBS device. While FIG. 11 illustrates different directions of
isopotential shells in the axial axis, similar patterns and principles can be used to generate
various charge steering isopotential shells in the longitudinal axis.

Another example provides a method 500 of stimulating a neural region in vivo, as shown
in the flow chart in FIG. 12. In an example, at least a portion of the method may be executed as
instructions on a machine, computer circuitry, or a processor, where the instructions are included
on at least one computer readable medium or one non-transitory machine readable storage
medium. The method includes the operation of identifying a region of neural tissue to be
electrically stimulated, wherein the region of neural tissue has a three dimensional area, as in
block 510. In one example, an anatomical MRI can be used to register the DBS electrode to the
patient-specific anatomy. The patient anatomy can then be isomorphically fit to a generic brain
model from a standard atlas. Known targets of optimal stimulation from the standard atlas can
then be isomorphically mapped back onto the patient-specific brain. An automated computer

algorithm can then be used to identify the DBS contact pattern of anodes and cathodes that will
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provide desired stimulation of the desired anatomical target. The operation of inserting a
stimulating electrode into a location in proximity to the region of neural tissue follows, as in
block 520. In another example, a DBS electrode can be intentionally implanted to the boundary
of an anatomical target. An MRI can be used to register the DBS electrode to the patient-specific
anatomy. The patient anatomy can then be isomorphically fit to a generic brain model from a
standard atlas. The target structure from the standard atlas can then be isomorphically mapped
back onto the patient-specific brain. An automated computer algorithm can then be used to
identify the DBS contact pattern of anodes and cathodes that will provide optimal stimulation
only in the direction of the desired anatomical target. The next operation of the method can be
delivering an electric field from the stimulating electrode that substantially matches the three
dimensional area of the region of neural tissue, as in block 530.

Another example provides functionality 600 of computer circuitry of an array of
electrodes for deep brain stimulation (DBS), as shown in the flow chart in FIG. 13. The
functionality may be implemented as a method or the functionality may be executed as
instructions on a machine, where the instructions are included on at least one computer readable
medium or one non-transitory machine readable storage medium. The computer circuitry can be
configured to generate an electric field to stimulate a specified region of neural tissue using the
array of electrodes, wherein each electrode is operable to function as an anode, a cathode, a
common, or a float independent of other electrodes in the array, as in block 610. The computer
circuitry can be further configured to adjust the electric field using a configurable pattern of
pulses generated by the array of electrodes, as in block 620.

Various techniques, or certain aspects or portions thereof, may take the form of program

code (i.e., instructions) embodied in tangible media, such as floppy diskettes, compact disc-read-
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only memory (CD-ROMSs), hard drives, non-transitory computer readable storage medium, or
any other machine-readable storage medium wherein, when the program code is loaded into and
executed by a machine, such as a computer, the machine becomes an apparatus for practicing the
various techniques. Circuitry can include hardware, firmware, program code, executable code,
computer instructions, and/or software. A non-transitory computer readable storage medium can
be a computer readable storage medium that does not include signal. In the case of program
code execution on programmable computers, the computing device may include a processor, a
storage medium readable by the processor (including volatile and non-volatile memory and/or
storage elements), at least one input device, and at least one output device. The volatile and non-
volatile memory and/or storage elements may be a random-access memory (RAM), erasable
programmable read only memory (EPROM), flash drive, optical drive, magnetic hard drive, solid
state drive, or other medium for storing electronic data. The switch may also include a
transceiver module (i.e., transceiver), a counter module (i.e., counter), a processing module (i.e.,
processor), and/or a clock module (i.e., clock) or timer module (i.e., timer). One or more
programs that may implement or utilize the various techniques described herein may use an
application programming interface (API), reusable controls, and the like. Such programs may be
implemented in a high level procedural or object oriented programming language to
communicate with a computer system. However, the program(s) may be implemented in
assembly or machine language, if desired. In any case, the language may be a compiled or
interpreted language, and combined with hardware implementations.

It should be understood that many of the functional units described in this specification
have been labeled as modules, in order to more particularly emphasize their implementation

independence. For example, a module may be implemented as a hardware circuit comprising
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custom very-large-scale integration (VLSI) circuits or gate arrays, off-the-shelf semiconductors
such as logic chips, transistors, or other discrete components. A module may also be
implemented in programmable hardware devices such as field programmable gate arrays,
programmable array logic, programmable logic devices or the like.

Modules may also be implemented in software for execution by various types of
processors. An identified module of executable code may, for instance, comprise one or more
physical or logical blocks of computer instructions, which may, for instance, be organized as an
object, procedure, or function. Nevertheless, the executables of an identified module need not be
physically located together, but may comprise disparate instructions stored in different locations
which, when joined logically together, comprise the module and achieve the stated purpose for
the module.

Indeed, a module of executable code may be a single instruction, or many instructions,
and may even be distributed over several different code segments, among different programs,
and across several memory devices. Similarly, operational data may be identified and illustrated
herein within modules, and may be embodied in any suitable form and organized within any
suitable type of data structure. The operational data may be collected as a single data set, or may
be distributed over different locations including over different storage devices, and may exist, at
least partially, merely as electronic signals on a system or network. The modules may be passive
or active, including agents operable to perform desired functions.

Reference throughout this specification to "an example" or “exemplary” means that a
particular feature, structure, or characteristic described in connection with the example is

included in at least one embodiment of the present invention. Thus, appearances of the phrases
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"in an example" or the word “exemplary” in various places throughout this specification are not
necessarily all referring to the same embodiment.

As used herein, a plurality of items, structural elements, compositional elements, and/or
materials may be presented in a common list for convenience. However, these lists should be
construed as though each member of the list is individually identified as a separate and unique
member. Thus, no individual member of such list should be construed as a de facto equivalent of
any other member of the same list solely based on their presentation in a common group without
indications to the contrary. In addition, various embodiments and example of the present
invention may be referred to herein along with alternatives for the various components thereof.
It is understood that such embodiments, examples, and alternatives are not to be construed as
defacto equivalents of one another, but are to be considered as separate and autonomous
representations of the present invention.

Furthermore, the described features, structures, or characteristics may be combined in any
suitable manner in one or more embodiments. In the following description, numerous specific
details are provided, such as examples of layouts, distances, network examples, etc., to provide a
thorough understanding of embodiments of the invention. One skilled in the relevant art will
recognize, however, that the invention can be practiced without one or more of the specific
details, or with other methods, components, layouts, etc. In other instances, well-known
structures, materials, or operations are not shown or described in detail to avoid obscuring
aspects of the invention.

While the forgoing examples are illustrative of the principles of the present invention in
one or more particular applications, it will be apparent to those of ordinary skill in the art that

numerous modifications in form, usage and details of implementation can be made without the
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exercise of inventive faculty, and without departing from the principles and concepts of the
invention. Accordingly, it is not intended that the invention be limited, except as by the claims

set forth below.
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CLAIMS

What is claimed is:
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1. A deep brain stimulating device, comprising:

a semiconductor substrate;

an array of electrodes coupled to the semiconductor substrate, wherein each electrode
is operable to function as an anode, a cathode, or a float independent of other electrodes
in the array; and

circuitry operable to control the array of electrodes.

The device of claim 1, wherein each electrode is further operable to function as a
common, which is independent of other electrodes in the array, wherein the common is a

specified voltage between the anode and cathode.

The device of claim 1, wherein the semiconductor substrate includes at least two surfaces
and each surface includes at least two columns of electrodes and at least two rows of

electrodes.

The device of claim 1, wherein the array of electrodes includes from about 50 to about

25,000 clectrodes.

The device of claim 1, wherein the array of electrodes includes from about 5000 to about

15,000 clectrodes.

The device of claim 1, wherein the array of electrodes includes greater than 25,000

clectrodes.
The device of claim 1, wherein the semiconductor substrate includes at least two surfaces

that are perpendicular to one another, wherein each of the two surfaces includes a portion

of the array of electrodes.
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10.

11.

12.

13.

14.

The device of claim 7, wherein the semiconductor substrate is formed into a plus shape
having eight perpendicularly opposed surfaces, wherein each of the eight perpendicularly

opposed surfaces includes a portion of the array of electrodes.

The device of claim 1, wherein the semiconductor substrate includes the circuitry

operable to control the array of electrodes, and the circuitry includes a shift register.

A deep brain stimulating system using the deep brain stimulating device of claim 1,
comprising:

the deep brain stimulating device of claim 1;

an implanted pulse generator; and

an electrical connection extension electrically coupling the circuitry of the deep brain

stimulating device to the implanted pulse generator.

A method of stimulating a neural region in vivo, comprising

identifying a region of neural tissue to be electrically stimulated, wherein the region
of neural tissue has a three dimensional area;

inserting a stimulating electrode into a location in proximity to the region of neural
tissue; and

delivering an electric field from the stimulating electrode that substantially matches

the three dimensional area of the region of neural tissue.

The method of claim 11, wherein the location in proximity to the region of neural tissue

is in a portion of the three dimensional area.

The method of claim 11, wherein the electric field is delivered in an asymmetrical pattern

relative to a longitudinal axis or lateral axis of the stimulating electrode.

The method of claim 11, wherein delivering an electric field from the stimulating
electrode that substantially matches the three dimensional area of the region of neural

tissue further comprises:
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15.

16.

17.

18.

delivering an electric field from the stimulating electrode that estimates the three
dimensional area of the region of neural tissue;

measuring the electric field from the stimulating electrode relative to the region of
neural tissue; and

adjusting the electric field of the stimulating electrode to substantially match the three

dimensional area of the region of neural tissue.

The method of claim 11, wherein delivering an electric field from the stimulating
electrode that substantially matches the three dimensional area of the region of neural
tissue further comprises:

delivering an electric field from the stimulating electrode that estimates the three
dimensional area of the region of neural tissue;

evaluating the effect of the electric field from the stimulating electrode; and

adjusting the electric field of the stimulating electrode based on the effect to minimize

adverse side effects of the electric field.

The method of claim 11, wherein the stimulating electrode includes an array of electrodes

with at least two columns of electrodes and at least two rows of electrodes.

An array of electrodes for deep brain stimulation (DBS), having computer circuitry
configured to:

generate an electric field to stimulate a specified region of neural tissue using the
array of electrodes, wherein each electrode is operable to function as an anode, a cathode,
a common, or a float independent of other electrodes in the array; and

adjust the electric field using a configurable pattern of pulses generated by the array

of electrodes.

The computer circuitry of claim 17, wherein the computer circuitry includes at least two

columns of electrodes and at least two rows of electrodes.
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19. The computer circuitry of claim 17, wherein the computer circuitry includes a shift

register to control the array of electrodes.
20. The computer circuitry of claim 17, wherein the electric field is generated in an

asymmetrical pattern relative to a longitudinal axis or lateral axis of the array of

electrodes.
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