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proximal end; and multiple electrodes disposed along the longitudinal surface of the lead body near the distal end of the lead body.
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LEADS WITH SPIRALLY ARRANGED SEGMENTED
ELECTRODES AND METHODS OF MAKING AND USING THE LEADS

CROSS-REFERENCE TO RELATED APPLICATIONS

(9,1

This application claims the benefit of U.S. Provisional Patent Application Serial No.

61/440,529 filed on February 8, 2011, which is incorporated herein by reference.

FIELD

The invention is directed to the arca of electrical stimulation systems and leads and

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

10 to electrical stimulation leads with segmented electrodes having internal retention features,
as well as methods of making and using the segmented clectrodes, leads, and electrical

stimulation systems.

BACKGROUND
18 Electrical stimulation can be useful for treating a variety of conditions. Deep brain

stimulation can be useful for treating, for example, Parkinson's disease, dystonia, essential
tremor, chronic pain, Huntington’s Disease, levodopa-induced dyskinesias and rigidity,
bradykinesia, epilepsy and seizures, eating disorders, and mood disorders. Typically, a lead
with a stimulating electrode at or near a tip of the lead provides the stimuiation to target

20 neurons in the brain. Magnetic resonance imaging (“MRI”) or computerized tomography
{("CT7) scans can provide a starting point for determining where the stimulating electrode

should be positioned to provide the desived stimulus to the target neurons.

After the lead is implanted into a patient’s brain, electrical stimulus carrent can be

delivered through selected electrodes on the lead to stimulate target neurons in the brain.

|
9,

Typieally, the electrodes are formed into rings disposed on a distal portion of the lead. The
stimulus current projects from the ring electrodes equally in every divection. Because of the
ring shape of these electrodes, the stimulus current cannot be directed to one or more
specific positions around the ring electrode (e.g., on one or morve sides, or points, around the
lead). Consequently, undirected stimulation may result in unwanted stimulation of

A

30 neighboring neuaral tissue, potentially resulting in undesired side effects.
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BRIEF SUMMARY

One embodiment is a stimulation lead including a lead body comprising a longitudinal
surface, a distal end, and a proximal end; and multiple electrodes disposed along the
tongitudinal surface of the lead body near the distal end of the lead body. The multipte
electrodes include multiple segmented electrodes with each of the segmented electrodes
having an exterior surface, an interior surface opposite the exterior surface, a proximal end,
and a distal end. At least one of the segmented electrodes includes at least one channel
formed in the segmented electrode and extending from the proximal end to the distal end of

the segmented electrode,

Another embodiment is a stimulation lead including a lead body comprising a
longitudinal surface, a distal end, and a proximal end; and multiple electrodes & sposed along
the longitudinal surface of the lead body near the distal end of the lead body. The multiple
electrodes include multiple segmented electrodes with each of the segmented clectrodes
having an exterior surface, an interior surface opposite the exterior surface, a proximal end,
and a distal end. At least one of the segmented electrodes includes an arcuate groove formed

in at least one of the distal end swrface or the proximal end surface.

Yot another embodiment is a stimulation lead including a lead body COMPLISIng a
longitudinal surface, a distal end, and a proximal end; and multiple electrodes disposed alopg
the longitudinal surface of the lead body near the distal end of the lead body. The nmultiple
electrodes include muoltiple segmented electrodes with each of the segmented electrodes
having an exterior surface, an interior surface opposite the exterior surface, a proximal end,
and a distal end. At least one of the segmented electrodes includes a notch formed in the
segmented electrode and extending from the proximal end to the distal end of the segmented

electrode,

A further embodiment is a method of making a stimulation lead that includes
disposing at least one pre-electrode along a longitudinal surface of a lead body near a distal
ond of the lead body. The at least one pre-electrode includes multiple segmented electrodes
with each of the segmented electrodes having an exterior surface, an interior surface oppostie
the exterior surface, a proximal end, and a distal end. At least one of the segmented
electrodes has at least one channel, at least one notch, ot a combination thereof formed in the

segmented electrode and extending from the proximal end to the distal end of the scpmented
5 3 £
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electrode. The method further includes inserting non-conductive material into the at least one
channel; and reflowing the non-conductive material within the at least one channe! to facilitate

retention of the segmented clectrode with the stimulation lead.

BRIBF DESCRIPTION OF THE DRAWINGS

5 Non-fimiting and non-exhaustive embodiments of the present invention are
deseribed with reference to the following drawings. In the drawings, like reference

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

For a better understanding of the present invention, reference will be made to the
foliowing Detailed Description, which is to be read in association with the accompanying

10 drawings, wherein;

FIG. 1 1s a schematic side view of one embodiment of a device for brain stimulation,

according to the invention;

FIG. 215 a schematic perspective view of one embodiment of a portion of a lead

having a plurality of segmented electrodes, according to the invention:
L >

15 FIG. 3A 18 a perspective view of a third embodiment of a portion of a lead having a

plurality of segmented electrodes, according to the invention;

FIG. 3B is a perspective view of a fourth embodiment of a portion of a lead having a

plurality of segmented electrodes, according to the invention;

F1G. 4 1s a schematic diagram of radial current steering along various electrode

20 levels along the length of a lead, according to the invention;

FIG. 5 is a schematic perspective view of another embodiment of a portion of a lead
having a plurality of segmented electrodes arranged in a staggered orientation, according to

the invention;

FIG. 6A 1s a sehematic cross-sectional view of one embodiment of a pre-electrode

25 having channels, according to the invention;

el

FiG. 6B is a schematic cross-sectional view of a second embodiment of a pre-

electrode having channels, according to the invention;
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FIG. 6C is a schematic cross-sectional view of a third embodiment of a pre-electrode

having channels, according to the invention;

FIG. 6D 1s a schematic cross-sectional view of a fowth embodiment of a pre-

electrode having channels, according to the invention;

FIG. OF is a schematic cross-sectional view of one embodiment of a pre-clectrode

having notches and flanges, according to the invention;

FIG. 6F is a schematic cross-sectional view of a second embodiment of a pre-

electrode having notches and flanges, according to the invention;

FIG. 7A 18 a schematic cross-sectional view of one embodiment of a pre-electrode

having grooves in the exterior surface of the pre-electrode, according to the invention:

FIG. 78 is & schematic perspective view of the pre-eloctrode assembly of FIG. 7A,

according to the invention;

FIG. 8A is a schematic perspective view of one embodiment of a pre-electrode with
an arcuate groove in a distal or proximal end of the pre-clectrode, according to the

invention;

FIG. 8B is a schematic perspective view of a second embodiment of a pre-electrode
with an arcuate groove in a distal or proximal end of the pre-clectrode, according to the

X

invention;

FIG. 9A 15 a schematic perspective view of a portion of a lead body with a ring
electrode disposed thereon in oue embodiment of a method of making a lead, according to

the invention:

FIG. 9B is a schematic perspective view of a portion of a lead body with a ring
electrode and spacer disposed thereon in one embodiment of a method of making a lead,

according to the invention;

FIG. 9C is a schematic perspective view of a portion of a lead body with a ring
electrode, spacer, and pre-electrode disposed thereon in one embodiment of a method of

making a lead, according to the invention;
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FIG. 9D is a schematic perspective view of a portion of a 1ead body with a ring
electrode, spacer, and pre-clectrode disposed thereon in one embodiment of a method of

making a lead, according to the invention;

FIG. 9K is a schematic perspective view of a portion of a lead body with a ring

electrode, spacer, and pre-electrode disposed thereon and non-conductive material for

N

insertion in openings in the pre-electrode in one embodiment of a method of making a lead,

according to the invention:
2

F1G. OF is a schematic pesspective view of a portion of a Jead body with a tubing
formed over the lead body, electrodes, and spacers in one embodiment of a method of

10 making a lead, according to the invention;

FIG. 9G is a schematic perspective view of a lead body in which the pre-electrodes
have been ground to release segmented electrodes in one embodiment of a method of

making a lead, according to the invention;

FI1G. 9H is a schematic perspective view of a portion of a lead in one embodiment of

15 amethod of making a lead, according to the invention;

FIG. 10A is a schematic perspective view of one embodiment of a pre-electrode with
non-conductive material inserted in notches of the pre-electrode, according to the invention;

and

F1G. 10B is a schematic cross-sections view of the pre-electrode assembly of FIG.

B3
<

10A, according to the invention.

DETAILED DESCRIPTION

The juvention is directed to the area of electrical stimulation systems and methods of
making and using the systems. The present invention is also directed to forming electrical
stimulation leads with multiple sets of segmented electrodes, as well as methods of making

25 and using the segmented electrodes, leads, and electrical stimulation systems.

A lead for deep brain stimulation may include stimulation electrodes, recording
electrodes, or a combination of both. At least some of the stimalation electrodes, recording

clectrodes, or both are provided in the form of segmented electrodes that extend only
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partially around the circumference of the lead. These segmented electrodes can be provided
in sets of electrodes, with each set having electrodes radially distributed about the lead at a

particular fongitadinal position.

A practitioner may determine the position of the target nevrons using the recording
electrode(s) and then position the stimulation electrode(s) accordingly without removal of
recording lead and insertion of a stimulation lead. In some embodiments, the same
clectrodes can be used for both recording and stimulation. In some embodiments, separate
leads can be used; one with recording electrodes which identify target neurons, and a second
lead with stimulation electrodes that replaces the first after target neuron identification. A
lead may include recording electrodes spaced around the circumference of the lead to more
precisely determine the position of the target newrons. In at least some embodiments, the
lead is rotatable so that the stimulation electrodes can be aligned with the target negrons
after the neurons have boen located using the recording electrodes. For illustrative
purposes, the leads are deseribed herein refative to use for deep brain stimulation, but it will
be understood that any of the leads can be used for applications other than deep brain

stimulation.

Dieep brain stimulation devices and leads are described in, for example, U.S. Patent

No. 7,809,446 ("Devices and Methods For Brain Stimulation™), U.S. Patent Application

Publication No. 2010/0076535 Al (“Leads With Non-Circular-Shaped Distal Ends For
-ain Stimulation Systems and Methods of Making and Using™), U 5. Patent Application

Publication 2007/0150036 Al (“Stimulator Leads and Methods For Lead | “abrication™),
U.S. Patent Application Ser. No. 12/177,823 (*“Lead With Transition and Methods of
Manufacture and Use™), U.S. Patent Application Publication No. 2009/0276021 A1
{“Electrodes For Stimulation Leads and Methods of Manufacture and Use™), U.S. Patent
Application Ser. No. 61/170,037 (“Deep Brain Stimulation Current Steering with Split
Electrodes™), UL, Patent Application Ser. No. 61/022,953, U.S. Patent Application Ser. No.
61/316,759, and U.3. Patent Application Publication No. 2009/0187222 Al. Each of the

references is incorporated herein by reference.

Figure | illustrates one embodiment of a device 100 for brain stimulation. The
device includes a lead 110, a plurality of electrodes 125 disposed at least partially about a

circumierence of the lead 110, a plurality of terminals 135, a connector 130 for connection

(@28
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of the electrodes to a control unit, and a stylet 140 for assisting in insertion and positioning
of the lead in the patient's brain. The stylet 140 can be made of a i igid material. Examples
of suitable materials for the stylet include, but are not limited to, tungsten, stainless steel,
and plastic. The stylet 140 may have a handle 150 to assist insertion into the lead 110, as
well as votation of the stylet 140 and lead 110. The connector 130 fits over a proximal end

of the lead 110, preferably afier removal of the stylet 140.

The control unit (not shown) is typically an implantable pulse generator that can be
implanted into a patient’s body, for example, below the patient’s clavicle area. The pulse
generator can have eight stimulation channels which may be independently programmable
o control the magnitude of the cwrrent stimulus from each channel. In some cases the pulse
generator may have more than eight stimulation channels {e.g., 16-, 32, or more stimulation
chanuels). The control unit may have one, two, three, four, or more connector ports, for

receiving the plorality of terminals 135 at the proximal end of the lead 110,

In one exampile of operation, access to the desired position in the brain can be
accomplished by drilling a hole in the patient’s skull or cranium with a cranial drill
{(commonly referred to as a burr), and coagulating and incising the dura mater, or brain
covering. The lead 110 can be inserted into the crantum and brain tissue with the assistance
of the stylet 140. The lead 110 can be guided to the target location within the brain using,
for example, a stereotactic frame and a microdrive motor system. In some embodiments,
the microdrive motor system can be fally or partially automatic. The microdrive motor
system may be contigured to perform one or more the following actions (alone or in

combination): msert the lead 1310, retract the lead 110, or rotate the lead 110,

In some embodiments, measurement devices coupled to the wuscles or other tissues
stimulated by the target neurons, or & unit responsive to the patient or clinician, can be
coupled to the control unit or microdrive motor systemn. The measurement device, user, or
clinician can indicate a response by the target muscles or other tissues to the stimulation or
recording eloctrode(s) to further identify the target neurons and facilitate positioning of the
stumulation electrode(s). For example, if the target neurons are directed to 2 muscle
experiencing fremors, a measurement device can be used to observe the muscle and indicate
changes in tremor frequency or amaplitude in response to stimulation of newrons,

Alternatively, the patient or clinician may observe the muscle and provide feedback.
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The lead 110 for deep brain stimulation can include stimulation electrodes, recording
electrodes, or both. In at least some embodiments, the lead 110 is votatable so that the
stimulation electrodes can be aligned with the farget neurons after the neurons have been

located using the recording electrodes.

Stivpulation electrodes may be disposed on the circumterence of the lead 110 to
stinulate the target newrons.  Stimulation electrodes may be ring-shaped so that current
projects from each electrode equa}ly in every direction from the position of the electrode
along alength of the lead 110, Ring electrodes, however, typically do not enable stintulns
current to be directed to only one side of the lead. Segmented electrodes, however, can be
used to direct stimulus current to one side, or even a portion of one side, of the lead. When
segmented electrodes are used in conjunction with an implantable pulse gencrator that
delivers constant current stimulus, current steering can be achieved to more precisely deliver
the stimulus {0 a position around an axis of the lead (i.e., radial positioning around the axis

of the lead).

Te achieve current steering, segmented electrodes can be utilized in additional to, or
as an alternative to, ring electrodes. Though the following description discusses stimulation
clectrodes, it will be understood that all configurations of the stimulation electrodes

discussed may be utilized in arvanging recording electrodes as weil.

Figure 2 iilustrates one embodiment of a distal portion of a lead 200 for brain
stimulation. The lead 200 includes a lead body 210, one or more optional ring electrodes
220, and a plurality of sets of segmented electrodes 230. The lead body 210 can be formed
of a biocompatible, non-conducting material such as, for example, a polymeric material.
Suitable polymeric materials include, but are not limited to, silicone, polyurethane,
polyethylene, polyurea, polyurethane-urea, or the like. Once hmplanted in the body, the lead
200 may be in contact with body tissue for extended periods of time. In at least some
embodiments, the lead 200 has a cross-sectional diameter of no move than 1.5 mm and may
be in the range of 1 to 1.5 mm. In at least some embodiments, the lead 200 has a length of

at least 10 cm and the length of the lead 200 may be in the range 0f 25 to 70 em.

The electrodes may be made using s metal, alloy, conductive oxide, or any other
suitable conductive biocompatible material. Examples of suitable materials include, but are

not limited to, platinum, platimun iridium alloy, iridium, titanium, tungsten, palladium, or
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the like. Preferably, the electrodes are made of a material that is biccompatible and does not
substantially corrode under expected operating conditions in the operating environment for

the expected duration of use.

Each of the electrodes can either be used or unused (OFF). When the electrode is
used, the electrode can be used as au anode or cathode and carry anodic or cathodic current.
In some instances, an electrode might be an anode for a period of time and a cathode for a

period of time.

Stinulation electrodes in the form of ring electrodes 220 may be disposed on any
part of the lead body 210, usually near a distal end of the lead 200. In Figure 2, the lead 200
includes two ring electrodes 220, Any number of ring eloctrodes 220 may be disposed
along the length of the lead body 210 including, for example, one, two three, four, five, SiX,
seven, eight, ning, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen or more rin g
electrodes 220. It will be understood that any number of ring electrodes may be di 1ISPOSe
along the tength of the lead body 210. In some embodiments, the ring electrodes 220 are
substantially eylindrical and wrap around the entire circumference of the lead body 210, In
some embodiments, the outer diameters of the ring electrodes 220 are substantiaily equal to
the outer dianeter of the Iead body 210. The length of the ring electrodes 220 may vary
according to the desired treatment and the location of the target neurons. In some
embodiments the length of the ring electrodes 220 are less than or equal to the diameters of
the ring electrodes 220. In other embodiments, the lengths of the ring electrodes 220 are

greater than the diameters of the ring electrodes 220.

Deep brain stimulation leads may include one or more sets of segmented electrodes.
Segmented electrodes may provide for superior current steering than ring electrodes because
target structures n deep brain stimulation are not typically symmetric about the axis of the
distal electrode array. Instead, a target may be located on one side of 2 plane running
through the axis of the lead. Through the use of a radially segmented electrode array
("RSEA”), current steering can be performed not only along a length of the lead but also
around a circumference of the lead. This provides precise three-dimensional targeting and
delivery of the current stimulus to nenral target tissue, while potentially avoiding

stimulation of other tissue.
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In Figure 2, the lead 200 is shown having a plurality of segmented electrodes 230,
Any number of segmented electrodes 230 may be disposed on the lead body 210 including,
for example, one, two three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen,
fourteen, fifteen, sixieen or more segmented electrodes 230. It will be understood that any

number of segmented electrodes 230 may be disposed along the length of the lead body 210.

oy

The segmented electrodes 230 may be grouped into sets of segmented electrodes,
where each set is disposed around a circumference of the lead 200 at a particular
longitudinal portion of the lead 200. The lead 200 may have any number segmented
electrodes 230 in a given bﬁi of segmented electrodes. The lead 200 may have one, two,
three, four, five, six, seven, eight, or more segmented electrodes 230 in a given set. In at
teast some embodiments, cach set of segmented electrodes 230 of the lead 200 contains the
same number of segmented electrodes 230, The segmented electrodes 230 disposed on the
lead 200 may include a different number of electrodes than at least oue other set of

segmented electrodes 230 disposed on the lead 200.

The segmented electrodes 230 may vary in size and shape. In some embodiments,
the segmented electrodes 230 are all of the same size, shape, diameter, width or area or any
combination thereof. In some embodiments, the segmented electrodes 230 of each
oircumnferential set {or even all segmented electrodes disposed on the lead 200) may be

tdentical in size and shape.

Each set of segmented electrodes 230 may be disposed around the circumnference of

5

the lead body 210 to form a substantially cylindrical shape around the Iead body 210. The
spacing betweent individual electrodes of a given set of the segmented electrodes may be the
same, or different from, the spacing between individual electrodes of another set of
segmented electrodes on the lead 200, o at least some embodiments, equal spaces, gaps or
cutouts are disposed between each segmented electrode 230 around the circumference of the
lead body 210. In other embodiments, the spaces, gaps or cutouts between the segmented
electrodes 230 may differ in size or shape. Iu other embodiments, the spaces, gaps, or
cutouts between segmented electrodes 230 may be uniform for a particular set of the
segmented electrodes 230, or for all sets of the segmented electrodes 230, The sets of
segmented electrodes 230 may be positioned in irregular or regular intervals along a length

the ead body 210.
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Conductor wires (see e.g., conductor wires 640 of Figure 6) that attach to the ring
electrodes 220 or segmented electrodes 230 extend along the lead body 210. These
conductor wires may extend through the material of the lead 20 or along one or more
tamens defined by the lead 200, or both. The conductor wires are presented at a connector

{via terminals) for coupling of the electrodes 220, 230 fo a contro! unit (not shown).

When the lead 200 includes both ring electrodes 220 and segmented electrodes 230,
the ring electrodes 220 and the segmented electrodes 230 may be arranged in any suitable
configuration. For example, when the lead 200 includes two sets of ring electrodes 220 and
two sets of segmented electrodes 230, the ring electrodes 220 can flank the two sets of
segmented electrodes 230 (see e.g, Figure 2). Alternately, the two sets of ring electrodes
220 can be disposed proximal to the two sets of segmented electrodes 230 (see e.g., Figure
3A}, or the two sets of ring electrodes 220 can be disposed distal to the two sets of
segmented electrodes 230 (see e.g., Figure 3B). It will be understood that other
configurations are possible as well (e.g., alternating ring and segmented elecirodes, or the

itke).

By varying the location of the segmented electrodes 230, different coverage of the
target neurons may be selected. For example, the electrode arrangement of Figure 3A may
be useful if the physician anticipates that the newral target will be closer to a distal tip of the
lead body 210, while the electrode arvangement of Figure 3B may be useful if the physician

anticipates that the neural target will be closer to a proximal end of the lead body 210.

Any combination of ring electrodes 220 and segmented electrodes 230 may be
tisposed on the lead 200, For example, the lead may include a first ring electrode 120, two
sets of segmented electrodes, each set formed of three segmented electrodes 230, and a final
ring electrode 120 at the end of the lead. This configuration may simply be referred to as a
1-3-3-1 configuration. It may be usefil to refer to the electrodes with this shorthand
notation. Thus, the embodiment of Figure 3A may be referved to as a 1-1-3-3 configuration,
while the embodiment of Figure 3B may be referred to as a 3-3-1-1 configuration. Other
eight-electrode configurations include, for example, a 2-2-2-2 configuration, where four sets
of segmented electrodes are disposed on the lead, and a 4-4 confi guration, where two sets of
segimented electrodes, each having four segmented electrodes 230 are disposed on the lead.

In some embodiments, the lead includes 16 electrodes. Possible configarations for a 16-

1
il
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electrode lead include, but are not limited 10 4-4-4-4; 8-8; 3-3-3-3.3-1 {and all

rearrangementts of this configuration); and 2-2-2-2-2-2-.2.2.

Figure 4 is a schematic diagram to illustrate radial current steering along various
electrode levels along the length of the lead 200. While conventional lead configurations
with ring electrodes are only able to steer current along the length of the lead (the Z-axis),
the segmented electrode configuration is capable of steering current in the y-axis, y-aX18 as
well as the z-axis. Thus, the centroid of stimulation may be steered in any direction in the
three-dimensional space surrounding the lead 200, In some embodiments, the radial
distance, #, and the angle § around the circumterence of the lead 200 may be dictated by the
percentage of anodic current (recognizing that stimulation predominantly occurs near the
cathode, although strong anodes may cause stimulation as well) introduced to each
electrode. In at least some embodiments, the configuration of anodes and cathodes along
the segmented electrodes allows the centroid of stimulation to be shifted to a variety of

different locations along the lead 200.

As can be appreciated from Figure 4, the ceniroid of stimulation can be shifted at
each level along the length of the lead 200. The use of multiple sets of segmented
electrodes at different lovels along the length of the lead allows for three-dimensional
current steeving. In some embodiments, the sets of segmented electrodes are shified
collectively {i.e., the centroid of simulation is similar at cach level along the length of the
lead). In af least some other embodirents, each set of segmented electrodes is controlled
independently. Fach set of segmented electrodes may contain two, three, four, five, six,
seven, eight or more segmented electrodes, 1t will be understood that different stimulation
profiles may be produced by varying the number of segmented electrodes at each level. For
example, when each set of segmented electrodes includes only two segmented electrodes,
uniformly distributed gaps {inability to stimulate selectively) may be formed in the
stimulation profile. In some embodiments, at least three segmented electrodes 230 in a set

are otilized to allow for true 360° selectivity,

As previously indicated, the foregoing configurations may also be used while
utilizing recording electrodes. In some embodiments, measurement devices coupled to the
muscles or other tissues stimulated by the target neurons or a unit responsive to the patient

or elinician can be coupled to the control unit or microdrive motor system. The

12
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measurement device, user, or clinician can indicate a response by the target muscles or other
tissues to the stimulation or recording electrodes to further identify the target neurons and
facilitate positioning of the stimulation electrodes. For example, if the target neurons are
directed to a muscle experiencing tremors, a measurement device can be used to ohserve the
muscle and indicate changes in tremor frequency or amplitude in response to stimulation of
neurons. Alternatively, the patient or clinician may observe the miuscle and provide

feedback.

The reliability and durability of the lead will depend heavily on the design and
method of manufacture. Fabrication technigues discussed below provide methods that can

produce mannfacturable and reliable leads.

When the lead 200 includes a plurality of sets of segmented electrodes 230, it nay
be desirable to form the lead 200 such that corresponding electrodes of different sets of
segmented electrodes 230 are radially aligned with one another along the length of the lead
200 {sce e.g., the segmented electrodes 230 shown in Figure 2). Radial alignment between
corresponding electrodes of different sets of segmented electrodes 230 along the len gth of
the lead 200 may reduce uncertainty as to the location or orientation between corr esponding
segmented electrodes of different sets of segmented electrodes. Accordingly, it may be
beneficial to form electrode arrays such that corresponding electrodes of different sets of
segmented electrodes along the length of the lead 200 are radially aligned with one another

and do not radially shift in relation to one another during manufacturing of the lead 200.

Figure 5 is a side view of another embodiment of the lead 200 having a plurality of
sets of segmented electrodes. As shown in Figore 5, individual electrodes in the two sets of
segmented electrodes 230 are staggered relative to one another along the length of the lead
body 210. In some cases, the staggered positioning of corresponding electrodes of different
sete of segmented electrodes along the length of the lead 200 may be designed for a specific

application.

A number of issues can arise in the manufacture of leads containing segmented
electrodes. For exampie, it may be difficult to maintain the position and spacing between
segmented electrodes during or after manufacture, particularly during operations in which
parts of the lcad body are heated for reflow. The segmented electrodes may shift within the

beated polymer, altering the spacing between segmented electrodes, Furthermore, electrode

,m
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retention after manufacture may be of concern. Segmented electrodes and methods of
manufacture can be designed to address these and other issues. For example, U.S.
Provisional Patent Application Serial No. 61/356,529, incorporated herein by reference,

srovides some examples of segmenied electrodes and method of manufacture,
<

In at least some embodiments, the segmented electrode can include features that
facilitate retention and maintenance of position and spacing during or afier (or both during
and after} manufacture. For example, the segmented electrode can include at least one
channel formed in the segmented electrode and extending from a proximal end to the distal
ond of a segmented electrode. During manufacture, the channe! can be at least partially
filled (preferably, completely filled) with matertal from the lead body or other portions of
the lead to facilitate maintenance of the position and spacing, as well as retention, of the

segnmented electrode.

Figures GA-OF illustrate, in cross-section, several different embodiments of a pre-
electrode 600. The pre-electrode is used to form a set of radially-disposed segmented
electrodes. The pre-electrode may be formed of a conductor such as a metal, alloy,
conductive oxide, or any other suitable conductive material. In some embodiments, the pre-
electrode 600 is formed of platinum, platinum-iridium, iridium, 616L stainless stee! {or any
other suitable staintess steel), tantalum, nitinol, iridium rhodium, or a conductive polymer.
The pre-electrode 600 includes individual segmented electrodes 602 joined by connecting
material 604. The connecting material 604 can be removed (for example, by grinding,
machining, etching, ablating, or otherwise removing the connecting material 604) to leave
the separated segmented electrodes 602 when the pre-electrode is in place on the lead. The
pre-electrode 600 defines cutouts 606 between the individual segmented electrodes, which
typically define the spacing between the segmented electrodes of a particular set of
scgmented electrodes. The connecting material 604 may correspond only to the material
between the segmented clectrodes 602 or may inchude other portions of the pre-electrode
600 {¢.g., an outer ring of material that can be ground away to release the underlying

segmented electrodes),

The pre-electrode 600 may be formed in the shape of a disk or ring or any other
suitable shape. In some embodiments, the pre-electrode 600 is formed of a substantially

cylindrical member having a diameter larger than the desired final diameter of the lead, A
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cylindrical lead may be obtained by Gzlndmg e.g., centerless grinding), machining, etching,
or ablating the outer diameter of the pre-clectrode 600. The grinding can also release the
individual segmented electrodes. The pre-electrodes in Figures 6A-6F illustrate
embodiments with three segmented electrodes, but it will be recogiized that other
emmbodiments of a pre-¢lectrode can have two, four, five, six, sever, ei ght, or more

segmented electrodes.

The pre-clectrode 600 further includes one or more channels 608 formed in the
segrented electrodes 602, Preferably, there is at least one channel 608 formed in each of
the segmented electrodes 602. There may be two, three, four, or more channels formed in
each of the segmented electrodes. The number of channels in each segmented electrode
may be the same or different from the number of channels in other segmented electrodes.
These channels can allow material, such as material from the lead body (m"’ua:ng Spacers
positioned, for exarmple, between sets of segmented electrodes or between a set of
segmentod electrodes and a ring electrode) or other material, to be placed, or flowed, into
the channels, The material within the channels can facilitate maintenance of the position

and spacing, as well as retention, of the segmented electrode.

Figure 6A iilustrates one embodiment in which the channels 608 have a circular
cross-sectional shape and the channels are surrounded by the segmented electrode. It will
be recognized that other embodiments, similar to those illustrated in Figure 6A, could
include channels with other regular or irregular cross-sectional shapes including, but not

limited to, triangular, oval, square, rectangular, pentagonal, hexagonal, octagonal, “17-
shaped, “L7-shaped, and other cross-sectional shapes. [t will be recognized that the cross-
sectional shape of the channel need not be uniform along the length of the channel. It will
be further recognized that the channels need not be identical and that different segmented
clectrodes may have differently shaped channels or that channels in a particular segmented
electrode may be differently shaped. In some embodiments, the channels do not extend
fully through the segmented electrode, but only extend partially (e.g., one half or one third
of the distance} through the segmented electrode. In such embodiments, two channels may

extend towards each other from opposing sides of the segmented electrode.

In other embodiments, the channels 608 are open along at least part of the width of

the segmented electrodes 602, particularly along the interior surface 610 of the segmented

t5
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electrodes. These channels may be considered grooves or notches in an interior surface of
the segmented electrodes. Figure 6B illustrates one embodiment in which the channels 608
are open along the interior swrface 610 of the segmented electrodes 602, These channels
have a circular cross-sectional shape. Figure 6C illustrates another embodiment in which

5 the channels 608 ave open along the interior surface 610 of the segmented electrodes 602,
These channels have a trapezoidal cross-sectional shape. Figure 6D illustrates yet another
embodiment in which the channels 608 have a “T” cross-sectional shape and are open at the

mntenior surface 610 of the segmented electrodes 602,

It will be recognized that other embodiments, similar to those iltustrated in Figures
10 6B, 6C, and 6D, could include channels with other regular or irregular cross-sectional
shapes including, but not Hmited to, triangular, oval, square, rectangular, pentagonal,
hexagonal, octagonal, “L7-shaped, and other cross-sectional shapes. It will be recognized
that the cross-sectional shape of the channel need not be uniform along the length of the
channel or that the channel need not be open along its entire length. It will be further
{5 recognized that the channels need not be identical and that different segmented electrodes
may have differently shaped channels or that chaunels in a particular segmented clectrode

may be differently shaped.

Figures 6F and 6F iltustrate embodiments that use notches 612 and flanges 614 to
provide retention features. In the embodiment Hustrated in Figure 6F, the segmented
20 electrodes 602 have an “1” shape {outlined for the bottom segmented elecirode in Figure
6E}. Each segmented electrode 602 includes at least one notch 612 extending into the
segmented electrode from one of the lateral side surfaces 616 of the segmented electrode.
The noteh 612 preferably extends from the distal end of the segmented electrode to the

proximal end. Preferably, there is at least one noteh 612 extending into the segmented

]
[Us

electrode 602 from each of the lateral side surfaces 616. Each notch 612 defines a flange

614 between the notch and the interior surface 610 of the segmented electrode.

In the embodiment iilustrated in Figure 6F, the segmented electrodes 602 have a “C”
shape (outlined for the bottom segmented electrode in Figure 6F), Hach segmented
electrode 602 includes af least one notch 612 extending away from a center of the

30 segmented electrode toward one of the lateral side surfaces 616. The notch 612 preferably

extends from the distal end of the segmented electrode to the proximal end. Preferably,

16
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there 15 at least one notch 612 extending toward each of the lateral side surfaces 616 of the
segmented electrode 602, The opening formed by the notches is also open at the interior
surface 610 of the segmented electrode. Each notch 612 defines a flange 614 between the
notch and the interior surface 610 of the segmented electrode. In some embodiments, the

flanges may appear to be more rounded or hook-shaped than those illustrated in Figure 6F.

These notches can aliow material, such as material from the lead body {including
spacers positioned, for example, between sets of segmented electrodes or between a set of
segmented electrodes and a ring electrode) or other material, to be placed, or flowed, into
the notches. This material can facilitate maintenance of the position and spacing, as well as
retention, of the segmented electrode. It will be recognized that the notches and flanges
need not be identical and that different segmented electrodes may have differently shaped
notehes and tlanges or that notches or flanges in a particular segmented electrode may be

differently shaped.

In some embodiments, a pre-electrode may have one or more grooves formed on the
exterior surface of the pre-electrode. In at least some embodiments, a groove on the exterior
surface of the pre-electrode is aligned with one of the scgmented electrodes. Figures 7A
and 7B iflustrate one embodiment of a pre-electrode 700 with one or more grooves 720
formed on the exterior surface 722 of the pre-electrode. The pre-electrode 700 also includes
segrented electrodes 702 and optional channels 708 in the segmented electrodes. 1t will be
understood that any of the channels, notches, or flanges described above can be used with

this pre-clectrode.

Une or more of the grooves 720 may be aligned individually with a segmented
electrode. The grooves 720 may be used to mark the exterior surface of the pre-clectrode to
indicate the position of a segmented electrode beneath to facilitate manufacture and
orientation of the pre-electrode in the desired position during manufacture. Such grooves
720 may facilitate aligning several pre-electrodes 700 so that the underlying segmented
electrodes will have the proper relative positions after completion of the manufacture of the
lead. In at least some embodiments, the grooves extend paraliel to a longitudinal axis of the

re-electrode, as tllustrated in Figures 7A and 78,
P g

The grooves 720 may also provide an area for welding a conductor to a segmented

electrode. Additionally or alternatively, the grooves 720 may be used to reduce the local
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wall thickness 724 of the pre-electrode to facilitate welding (e.g., by reducing the thermal

mass at the point of welding,)

In some embodiments, the groove 720 does not extend into the segmented electrode
702, 50 that when the connecting material of the pre-electrode 700 is removed by, for
5 example, grinding, to release the individual segmented electrodes, the groove is no longer
visible. In other embodiments, the groove 720 does extend into the segmented electrode

702 and may be used to mark the segmented electrode.

Arcuate grooves in the proximal end, distal end, or both ends of the segmented
electrodes can also act as retention features. Figures 8A and 8B illustrated two
10 embodiments of a pre-glectrode 800 with arcuate grooves 830 on a distal or proximal end
832 {or both} of the segmented electrodes 802 of the pre-electrode. Figure 8A illustrates an
embodiment which also includes optional grooves 820 in the exterior surface 822 of the pre-
clectrode 800. Figure 8B illustrates an embodiment that further includes notches 812 and

flanges 814 similar to those in the pre-clectrode embodiment of Figure 68, 1t will be

ey

i 43

understood that any of the other channels, notches, or flanges described above can be used

in corgunction with the arcuate grooves.

T
A

hese arcuate grooves 830 cau allow material, such as material from the lead body
{including spacers positioned, for cxample, between sets of segmented electrodes or
between a set of segmented electrodes and a ring electrode) or other material, to be placed,

20 orflowed, into the arcuate grooves. This material can facilitate maintenance of the position
and spacing, as well as retention, of the segmented electrode. It will be recognized that the
arcuate grooves need not be identical and that different segmented electrodes m ay have

differently shaped arcuate grooves.

Leads can be formed by a variety of methods. In some embodiments of the method
25 of manufacturing a lead with segmented electrodes having channels, notches, Brooves, or
cutouts, material can be introduced into the channel, noteh, groove, or cutout and then
reflowed 1o facilitate maintenance of the position and spacing, as well as retention, of the

segmented electrode. Figures QA-9H iftustrate one embodiment of a suitable method.

Figure 9A illustrates a distal end of a lead 900 with one ring electrode 902 disposed

30 on a conductor carrier 804 and a mandrel 906 disposed in the conductor carrier 904, A
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portion of a fead body 908 is also illustrated. The conductor carrier 904 provides one or
more lumens through which the conductors (not shown) are carried along the lead from the
terminals (not shown) at a proximal end of the lead to the electrodes at the distal end of the
lead. Each lumen can be opened (e.g., ablated to form an opening) at a particular point to
aliow the conductor carried within the hwmen to be attached to a corresponding electrode.
The lead body 908 can be formed of a biocompatible, non-conducting material such as, for
example, a polymeric material. Suitable polymeric materials include, but are not limited to,

silicone, polyurethane, polysthylene, polyurea, polyurethane-urea, or the like.

A non-conductive spacer 910 can then be added to the lead assembly next to the ring
clectrode 902, as illustrated in Figure 98. The spacer 910 can be formed of a
biocompatible, non-conducting matexial such as, for example, a polymeric material.
Suitable polymeric materials include, but are not limited to, stlicone, polyurethane,
polyethylene, polyurea, polyurethane-urea, or the like. The spacer 910 can be made of the

same or different non-conductive material as the lead body 908,

S

A pre-electrode 912 is added to the lead assembly next to the spacer 9190, as
dlustrated in Figure 9C. The pre-elecirode 912 can be, for example, any of the
embodiments described above or a variation thereof. Figure 9D illustrates a pre-clectrode
912a which correspouds to the embodiment of Figure 7A. This pre-electrode 9124 includes
cylindrical channels 914 formed through each of the segmented electrodes 916, cutouts 918
between the segmented electrodes, and grooves 915 formed in the exierior surface of the

pre-electrode.

Nos-conductive material 920 is inserted into the channels 914 and optionally into
the cutouts 918, as illustrated in Figure 9E. The non-conductive material 920 s preferably a
reflowable polymer material and may be the same material as the material of the lead body
908, the material of the spacer 810, or both. The non-conductive material 920 can be
formed ot a biocompatible, non-condacting material such as, for example, a polymeric
material. Suitable polymeric materials include, but are not limited to, silicone,
polyurethane, polyethylene, polvurea, polyurethane-urea, or the Hke. The non-conductive
material may take any suitable form including monofilament, shaped inter-segment fillers,

and the like. It will be recognized that non-conductive material can be placed in the

3
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channels of any of the pre-clectrodes of Figures 9A-9D, the notches of the pre-glectrodes of

Figroes 9F and OF, and the arcuate grooves of the pre-electrodes of Figures 8A and 8B,

Figures 10A and 108 iliustrate another embodiment using a pre-electrode 912b that
is similar to the pre-electrode of Figure 6E. In this particular embodiment, non-conductive
material 920 is inserted into the notches 922 in the segmented clectrodes 916 of the pre-
clectrode 912b. As illustrated in Figure 108, this non-conductive material may take the
form of two strands of monofilamsent. It will be understood that other forms of non-

conductive material may also be used.

The process of adding spacers and pre-electrodes or ving electrodes is repeated until
all of the pre-electrodes and ring electrodes are added to the lead, as illustrated in Figure OF.
Tt will be recognized that any arrangement of pre-electrodes and ring electrodes (including

arrangements with no ring electrodes) can be formed.

A terminal portion 924 of the lead body is then added, as illustrated in Figure 9F and
tubing 926 is placed over the distal portion of the lead, including the electrodes and spacers.
The polymeric components {i.¢., spacers 910, the non-conductive material 920, and
optionally the lead body 908 and terminal portion 924 of the lead body) are retlowed.
During the reflow process, the non-conductive material 920 bonds with the spacers 910, and
optionally the lead body 908 and terminal portion 924, to facilitate retention of the

segmented electrodes 916 in the lead.

The distal portion of the lead is then ground down to the desired outer diameter
which also separates the segmented electrodes, as illustrated in Figare 9G. It will be
recognized that methods other than grinding can be used to separate the segmented
electrodes, as described above. The mandrel s removed and the distal end of the lead is
formed into tip 928, as illustrated in Figure ¥H. The manufacturing process provides
segmented electrodes which are retained within the lead by material formed in channels

within the segrented electrodes.

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

manufacture and use of the composition of the invention. Since many embodiments of the
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invention can be made without departing from the spirit and scope of the invention, the

invention also resides in the claims hereinafter appended.
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CLAIMS
What is claimed as new and desired to be protected by Letters Patent is:

i A stimulation lead, comprising;
a lead body comprising a longitudinal surface, a distal end, and a proximal end; and
5 a plurality of electrodes disposed along the Jongitudinal surface of the lead body near
the distal end of the lead body, the plurality of electrodes comprising a plurality of
segmented clectrodes, each of the segmented electrodes comprising an exterior surface, an
interior surface opposite the exterior surface, a proximal end, and a distal end, at least one of
the segmented electrodes comprising at least one channel formed in the segmented electrode

10 and extending from the proximal end to the distal end of the segmented elecirode.

2. The stimulation lead of claim 1, wherein the channel is open along the

interior surface.

is 3 The stimulation lead of claim 1, wherein the channel has a circular cross-
section.
4, The stimulation lead of clain 1, wherein the channel has a trapezoidal or

triangular cross-section.
28
5. The stimulation lead of claim 1, wherein the channel has a T-shaped or L-
shaped cross-section.
5. The stimulation lead of claim 1, wherein each segmented electrodes
25  comprises at least one channel formed in the segmented electrode and extending from the

proximal end to the distal end of the segmented electrode.

7. The stimulation lead of claim 1, wherein the at least one channel is a plurality
of channels.
36
8. The stimulation lead of claim 1, wherein at least one of the segmented

electrodes comprises a groove formed in the exterior surface and extending from the

proximal end to the distal end of the segmented electrode.
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S The stimulation lead of claim 1, wherein each segmented electrode further
comprises a distal end surface and a proximal end surface, wherein at least one segmented
electrode comprises an arcuate groove formed in at least one of the distal end surface or the

5 proximal end surface.

10, A stimulation lead, comprising:
a lead body comprising a longitudinal surface, a distal end, and a proximal end; and
a plurality of electrodes disposed along the longitudinal surface of the lead body near
16 the distal end of the lead body, the plurality of electrodes comprising a plurality of
segmented electrodes, each of the segmented electrodes comprising an exterior surface, an
interior surface opposite the exterior surface, a proximal end, and a distal end, at least one of
the segmented electrodes comprising an arcuate groove formed in at least one of the distal

end surface or the proximal end surface,

5
1. The stimulation lead of claim 10, wherein the at least one of the segmented
electrodes comprises arcuate grooves formed in both the distal end surface and the proximal
end surface.

20 12, The stimulation lead of claim 10, wherein the at least one of the segmented
electrodes further comprisces at least one notch formed in the segmented electrode and
extending from the proximal end to the distal end of the segmented electrode.

13, A stimulation lead, comprising:
25 a lead body comprising a longitudinal surface, a distal end, and a proximal end; and

a plurality of electrodes disposed along the longitudinal surface of the lead body near
the distal end of the lead body, the plurality of electrodes comprising a plurality of
segmented electrodes, cach of the segmented electrodes coraprising an exterior surface, an
interior surface opposite the exterior surface, a proximal end, and a distal end, at least one of

30 the segmented electrodes comprising a notch formed in the segmented electrode and

extending from the proximal end to the distal end of the segmented clectrode.

i4. The stimulation lead of claim 13, wherein the notch extends from a lateral

surface of the segmented electrode inward toward a center of the segmented electrode.
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i3, The stimulation lead of ¢laim 13, wherein the notch extends from a center of

the segmented electrode outward toward g lateral surface of the segmented electrode.

5 186, The stimulation lead of claim 13, wherein the at least one of the segmented

electrodes comprises two notches.

17. A method of making a stimulation lead, the method COMprising
disposing at least one pre-electrode along a longitudinal surface of a lead body near
10 adistal end of the lead body, the at least one pre-clectrode comprising a plurality of
segmented electrodes, each of the segmented electrodes comprising an exterior surface, an
intertor surface opposite the exterior surface, a proximal end, and a distal end, at least one of
the segmented electrodes comprising at least one channel, at least one notch, or a
combination thereof formed in the segmented clectrode and extending from the proximal
15  endto the distal end of the segmented electrode;
inserting non-conductive material into the at least one channel: and
retlowing the non-conductive material within the at least one channel to facilitate

retention of the segmented electrode with the stimulation lead.

20 18. The method of claim 17, wherein the pre-electrode defines a cutout between
each of the segmented electrodes of the pre-electrode, the method further comprising
nserting non-conductive material into the cutout between each of the segmented electrodes
and reflowing the non-conductive material within the cutout between each of the segmented
electrodes.

25

19, The method of claim 17, wherein the non-conductive material is a
monofiiament.
24, The method of claim 17, the method of claim 17, wherein the at least one

30 pre-clectrode comprises at least two pre-electrodes, the method further comprising disposing
at least one spacer between two of the at least two pre-electrodes,

wherein refiowing the non-conductive material comprises reflowing the at least one
spacer and the non-conduactive material within the af least one channel to facilitate retention

of the segmented electrode with the stimulation lead.
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