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MULTI-SITE PROBE AND COMBINATORIC METHOD
BACKGROUND

[0001] The central nervous system (GNS) 1s one of the most important biological
systems in any organism. The ability to accurately monitor the electrical activity of the
central nervous system 1is important for diagnosing neurophysiological problems such as
nerve diseases, sleep disorders, comas, encephalopathies, and brain death, and as such is a
crucial element of modern medicine. A means of measuring electrical activity is the
electrode, which pierces the neural tissue in order to interface directly with the nervous
system. Another means of interfacing with the CNS originates from the field of
optogenetics, which uses pulses of light to control and monitor the activities of individual
neurons within living tissue. Optogenetic methods deliver light to such cells by means of
an electrode analogue called an ‘optrode.” However, a major constraint on current
multielectrode and optrode designs is that interaction with the CNS is limited to one
recording site per tether wire, or one release site per fiber optic light guide. The unique
single site on the tether wire or 'optrode' places the recording or light delivery at a unique
spatial location - chosen by the investigator or clinician. Each additional spatial site that is
to be sampled requires another trace, tether wire or light-guide fiber as part of the
implant.
[0002] Current conventional wisdom in extracellular recording is that ~1.3
neurons/units can be recorded per fether wire, in either single wire or tetrode arrangements.
This limitation is more properly ~1.3 units at each recording wire site. In optogenetics,
optic fibers acting as 'optrodes' are also usually limited to single release sites for the
illuminating light at a location. In addition to this, current multielectrode and optrode
designs suffer from relatively high long-term inflammatory responses, insufficient probe
compliance and tolerance of micromotion, and inadequate means for precise deployment
in deep brain, cortex, or spinal cord CNS targets. As such, there exists a distinct need for

an electrode or optrode configuration that can address these deficiencies.

SUMMARY OF THE EMBODIMENTS
[0003] A multi-site probe for interfacing with the central nervous system includes one

or more structures which may be disposed perpendicularly on a backing layer, where
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each structure comprises a braided sleeve over a flexible or rigid core, and a delivery-
vehicle. The structures may include optrodes and electrodes. The location of the probe

may be determined through the application of combinatorics.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] FIG. 1 shows the elements of an individual probe.
[0005] FIG. 2 shows the process by which the electrode 1s implanted in neural tissue.
[0006] FIG. 3 shows the multi-site probe.
[0007] FIG. 4 shows a cross section through the braid.
[0008] FIG. 5 shows elements multiple probes on a backing layer.
[0009] FIG. 6 depicts partial schematic views 6A, 6B, and 6C, of exemplary
embodiments of a microbraided sensing probe.
[0010] FIG. 7 depicts example sensing sites on a braided sensing probe for example
embodiments 7A, 7B, and 7C.
[0011] FIG. 8, including 8A-8C, depicts certain biodegrading elements which dissolve

or degrade in vivo leaving areas of exposed conductor behind on non-biodegradable

elements.

DETAILED DESCRIPTION OF THE EMBODIMENTS
[0012] MULTI-SITE PROBE
[0013] One constraint on probe design 1s that each wire or trace terminates in a
single site, which gives high spatial specificity, but only ~1.3 neural units are on average
recorded at each site. It is possible to overcome this limitation in carefully structured
multielectrode or multioptrode probes. Combined with modern signal processing and
electrode fabrication strategies, multi-site probes incorporating novel recording
configurations may increase yield.
[0014] Stiff multi-site probes can be divided into four technologies: Silicon-based
wafer or ceramic probes, 3D multi-tine geometries, and multiple tetrode assemblies in a
microdrive, and microwire arrays. In addition, several other local and highly customized

approaches are in use but are less widespread. Because of the size of these multi-site
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probes, pneumatics or other means may be used to place them into the brain or PNS.
Flexible electrodes such as microwires, hatpin designs, tetrode wires, and conventional
single electrodes are stiff enough to avoid buckling during implantation yet laterally
flexible enough to comply somewhat with nervous tissue motion. While these probes can
be chronically reliable, the exact spatial arrangement of many electrodes is difficult,

increases infection risk, and implantation can take a long time.

[0015]  The proposed multi-site probe stands to address these issues by reducing tissue
inflammation, and facilitating controlled electrode/optrode site placements in
combinations along the braid lengths. This apparatus is suitable for both wire and optic
fiber recording and light deliver sites.

[0016] The braiding and sensing methods discussed herein may be further
understood by reviewing US patents 8,639,311 and 8,534,176, which share the same
inventors as the current application and the contents of which are incorporated by
references as if fully set forth herein.

[0017] A dissolvable polymer-based delivery-vehicle may be created by micro-
fabrication and precision assembly techniques, and could also deliver drug or virus to
targeted tissue during insertion.

[0018] As shown in FIG. 1, each individual probe 100 may comprise a fine but stff
insertion wire 110, made of a material such as tungsten. Such a wire/probe can be made
of any appropriate material and take other forms beyond those mentioned herein. Over
the insertion wire 110, a braid 120 of ultra-fine electrically conducting wires or optic
fibers in known geometries is disposed to form a thin compliant sleeve. As shown in FIG.
2 that shows insertion and removal of a wire/tip 110, this sleeve-like braided mesh 120
remains in the neural tissue 210 after the insertion wire is removed following insertion, as
per step 200, allowing the electrodes/optrodes to be moved with the tissue 210 and,
hence, reduce tissue reaction and increase stability. In FIG. 3, the braid 120 is on the left
shown disposed around insertion wire 110, and on the right is shown after the insertion
wire 110 withdraws from the braided sleeve 120. This braid 120 is comprised of ultrafine
wires or optic fibers and such wires/fibers support geometries derived from the proposed

combinatoric models, significantly reduce inflammation around the multi-site probe, and
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produce improvements in longevity of recording and operation, especially compared to
larger (e.g. 50 micron) microwires.

[0019] The braiding process resembles a modified maypole dance (see FIGS. 6-8 for
exemplary braiding schemes). In one embodiment, braided probes with 24 wires
comprise six bundles of four wires each; at least 12 bundles of 2 wires each control the
position of each wire pair in the braid which will may be used for constructing the multi-
site probes. Simple algorithms allow for construction of a braid with wires arranged in
different combinations through the braid, as shown in FIG. 4 by the simple procession
400. The wires are arranged on the shuttle plate 410 in groups of two 420. The braid
structure in FIG. 4 allows the different combination sites to all be accessed along a single
line on one side of a braid, reducing the degrees of freedom needed in piece manipulation
on a laser manufacturing apparatus and simplifying manufacture of combinatoric braids.
[0020] Braided electrode design provides a solution to the need for easy wire
recombination, in tissue flexibility and deep placement. Braids support site combination
during the braiding process. Braided probes can also be either flexible, or stiffened for
insertion by means of a central form or coating, or by using braid jamming behaviors;
thus, braided probes are suited for placement anywhere that would be suitable for a
multielectrode probe, or needle. Precise insertion is similar to the insertion of a needle or
single electrode, but what is left in the tissue consists of a braid of ultrafine, highly
compliant wires. The braid topology and mechanical weave constraints will (regardless of
stiffness) preserve local spatial relations among combination sites in a tissue.

[0021] Where the multi-site probe comprises electrodes, a suitable wire for use in the
braid may include 9.6 or 12.7 pm Nichrome wire, which has 4 to 21 times better
compliance than a standard, single 50 pm wire. Additionally, 9.7 micron NiChrome wire
may be suitable, as it matches or exceeds spatial and compliance properties of those wires
which show the best published longevity of recording in a primate (<7 years). It is
desirable to keep wire impedance within the 200-250 kOhm range; for some diameters
and compositions of wire, electroplating or sonicoplating may achieve this range. The
wires may be electroplated with gold and multi-walled carbon nanotubes to achieve down
to desirable impedances on the tip of such electrode wires. Electroplating with a gold /

MWCNTs slurry may bring individual wire site impedances into the 200-250Kohm
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range. For the multi-site wires, the site on a wire to be plated can employ insulating (e.g.,
oil) gaps at other sites on the wire to isolate along the probe. Alternatively, electroplating
may involve sonicoplating using either a platinum solution or a gold solution with
MWCNTs.

[0022] Laser insulation ablation along a wire is possible and such laser use will allow
better control of the precise impedances of the individual sites. An Excimer laser (KrIf
(248 nm)) is capable of cutting the braids and precisely removing insulation.

[0023]  Where the multi-site probe comprises optrodes, optical fibers may comprise
polymers polyetherimide (PEI}, polyphenylsulfone (PPSU), polycarbonate (PC), cyclic
olefin copolymer (GOC), polymer composites (carbon-loaded conductive PG, GPC, and
polyethylene, CPLE), and a low melting temperature metal (tin, Sn). A combination of
polymers with similar Tg points, different refractive indexes (for the core and the

cladding), and high transmission in the visible spectrum may fabricate polymer multi-
mode wave-guides (WG). PC (Tg=140-145 °C) and COC (Tg=150 °C) may be suitable
materials for the waveguide optical core and cladding, respectively; both PC and COC

are highly transparent in the visible range. In order to deliver light power densities
sufficient for ChR2-facilitated neural excitation, polymer wave guides may use a power
input of <50 mW for a device length of 1-5 cm, which 1s readily accessible with common
diode pumped solid state (DPSS) laser systems. The optical WGs may be connectorized to
pig-tailed ferrules for ferrule-to-ferrule coupling to laser sources with zirconia sleeves. The
cladding of WG fibers is selectively etched along the length of the fiber to enable optical
delivery to specific depths along the implant. Further miniaturization of the braid
assemblies for optrodes 1s possible using state of the art wire drawing and fiber drawing
methods.

[0024] As illustrated in FIG. 1, between the insertion wire 110 and the braid 120
there may a layer 130 of dissolvable material. Upon insertion, this layer 130 of dissolvable
material may immediately start to absorb water and dissolve. This may induce not only a
lubricated interface between the insertion wire 110 and the braid 120, but also a layer of
empty space, thereby facilitating easy, damage free removal of the insertion wire. The
small amount of biocompatible dissolvable material will then dissolve away fully. This

dissolvable coating 130 may comprise such substances as CMC, trehalose, and glucose.
-5-
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The applicator may apply the coating to the insertion wire 110 through such methods as
dip-coating and spray coating. The dip-coating method dips the insertion wire into the
dissolveable polymer hydrogel. After the evaporation of the DI water (the solvent used for
the aforementioned dissolvable materials), the coating solidifies. This step can also
comprise lyophilization or freeze drying of the coating, which induces porosity thereby
further accelerating the dissolution of the polymer. The second method is spray coating
using a rotary setup. In one embodiment, the insertion wire rotates at 100-500 rpm. A
pressurized spray gun applies a low concentration (5-8%) of the dissolvable polymer to
the rotating insertion wire. This gun atomizes the polymer-water mixture, with micron-
to-sub-micron droplet sizes. The rotation of the wire and the small size of the individual
droplets allow uniform application of the dissolvable material onto the wire. After
application for a few minutes, the spray stops, and a fan blows heated air onto the wire to
remove excess water and to solidify the coating. These steps repeat multiple times until
the coating reaches the required thickness. In either method, a user may modify the
surface of the insertion wire (e.g., by oxygen plasma cleaning) to enable better adhesion of
the polymer onto the wire.

[0025] As shown in FIG. 1, the end of the probe 100 is coated with an insulating
layer 140 that prevents possible electrical shorting and facilitates a lower-force insertion of
the probes that minimizes damage to the tissue. This insulating layer 140 covers the
exposed portion of the braided mesh 120, and comprises an electrically insulating,
biocompatible and bio-inert polymer. Examples of insulating polymers suitable for this
insulating layer 140 include Polydimethylsiloxane (PDMS), Polymethyl methacrylate
(PMMA) and Fluorotherm (FEP). Processes may produce this layer by such methods as
dipcoating the probe tip 150 using a thermal aging or casting process, or micro-molding
the tip 150. For dipcoating, the technician attaches the probes to a precision motion stage,
and places the liquid form of the bio-inert polymer on a small container. The probe tip is
then dipped into the liquid polymer in a controlled fashion. Subsequently, the tips are
removed and allowed to to cross-link or cool down to be solidified. For micromolding, a
set of molds may be prepared with wells, and the wells may be filled with the liquid
polymer. Aligning the tips and placing them in the wells follows. After solidification, the

technician separates the probes with the insulated tip coatings from the mold.
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[0026] On top of this layer 140 is disposed a sharp tip 150 designed to pierce neural
tissue 210, which is capable of detaching from the insertion wire 110 upon insertion and
eventually either removing from the body or even dissolving within the body. Current
insertion methods use a blunt braid with a sharp core which takes significant practice to
use. Farlier designs used a 'chaperone tip' to penetrate pia and tissue, to support and
protect the braid. This leaves a stiff core behind, obviating many benefits of braids for
chronic use. User feedback suggests a permanent or slowly dissolving tip is preferable to
the sharp core design, as the sharp core design is hard to use without practice.

[0027] This tip can be produced as follows; prepare a master mold with sharp tipped
projections using a mechanical micromilling process. Then create PDMS production
molds with wells (with the negative shape of the sharp tips) from the master mold. Then
uses desired amounts of dissolvable polymer (as a hydrogel) to fill the wells of the PDMS
production molds. Subsequently, a centrifuging process reduces the solvent (water)
concentration to 60 wt.%-40 wt.% level. Next, using special attachment and alignment
features, place the insulated tips of the probes inside the hydrogel. The PDMS mold with
the probes is then placed into a vacuum oven to fully evaporate solvent. After the
evaporation, probes with sharp insertion tips are separated from the PDMS molds.
[0028] As shown in FIG. 5, one or more individual probes 100 may be placed into a
rigid backing layer 500 through molding and precision assembly techniques while
ensuring that the probes 100 are standing out of plane and will be perpendicular to the
surface of the backing layer 500. This completes the multi-site probe 510. The backing
layer 500 may be made of resin. For each probe 100, the braid 120 connects through the
backing layer 500 to a tether cable 520, which transmits electrical or optical signals to and
from the probe 100. The tether cable 520 may be attached to an off-the-shelf headstage
connector that uses gold pinning to secure the wires on the connector. The base of the
connector board may be small, as the smaller the base the more ideal it is for precision
applications, although larger bases are suitable for proof-of-concept applications.

[0029] These multi-site probes represent a distinct improvement over the current
methods; namely, they offer lower long term inflammatory responses and higher probe

compliance and tolerance of micromotion, lower local long-term diffusion barrier in the
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tissue due to the open lattice of the braid and open lumen of the braid tube, coupled with
means for precise deployment in deep brain, in cortex, or in spinal cord CNS targets.

[0030] FIG. 6 depicts partial schematic views of an exemplary embodiment of a
microbraided probe. Such a probe as shown in FIG. 6 and also 7 and 8, as mentioned
herein, may be used both for delivery of light through optrodes, as well as sensing. Thus
combinatoric advantage may be had in both sensing and delivery. FIG. 6 depicts
relatively simple braided probes (e.g., Maypole braid) in accordance with example
configurations of the probe comprising multiple, spatially separate, sensing sites. For
example, fibers 10 are braided together over a braiding form 12. FIG. 6A shows a conical
structure for the tip of the probe. It also shows sites on the conductive fibers that are
exposed to the environment and useful for sensing/delivering electrical potential, for
achieving differential electrical stimulation, or both. In an example embodiment, these
are regularly arrayed in a geometric pattern defined by the braid. In this embodiment,
the braiding form may also be active. For example, the form may be a fiberoptic device, a
cannula, a micropipette or other element, which is itself useful intracorporeally. FIG.

6A shows one sensing/actuation site per conductor for the sake of simplicity. It is to be
understood however, that multiple sites per conductor are applicable. While in FIG. 6,
each filament or fiber 10 is depicted a being a single conductor, insulated except for at the
activation/sensing site, each filament or fiber can also comprise pluralities of individual
conductors or other fibers, fibrils, or filaments. In such cases, increased density of
conductors and actuation/sensing sites can be achieved.

[0031] FIG. 6B shows how a tubular braided sensing probe can be made by braiding
fibers 10 over braiding form 12. Change in the geometry of the probe can be achieved
through appropriate shaping of the form, here into a pencil-like shape. It is also useful to
form the braided probe into a simple tubular configuration for many embodiments,
whereupon use of a conical section is not made. FIG. 6C depicts a conical braiding
arrangement of the probe tip with sensing/stimulation sites 14 arrayed generally
longitudinally along the braid.

[0032] FIG. 7 depicts sites on a braided sensing probe. FIGS. 7A, 7B and 7C show
three embodiments, each generally tubular in braid structure. FIG. 7 depicts different

arrangements and geometries of sensing/stimulation sites on the braids. A single
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conductor can communicate with pluralities of sites or vice versa. FIG. 7 is intended to
imply that the braided probes can be removed from the braiding form after formation
and used independently and in different configurations. Such release can be performed
after insertion intracorporeally or otherwise.

[0033] FIG. 8 depicts example biodegrading elements which dissolve or degrade in
vivo leaving areas of exposed conductor behind on non-biodegradable elements. FIG.
8A is of a tubular braided probe comprising conducting, biologically stable filaments 22
and biologically soluble or degradable filaments 20 braided together over a form 12. As
shown, the two types of fibers are braided clockwise and anticlockwise. In this case, the
braided probe, formed of both degradable or soluble fibers and non degradable or
insoluble fibers, can be removed from the braiding form after braiding. After exposure to
biological conditions or to solvent, stable filaments 22, most or all of which include
conducting elements, are released and form a new geometry, here a helical pattern. FIGS.
6B and 6C depict this along with the sensing/stimulation sites 24. The geometry can
further change, as shown, by relaxing, or otherwise. In this way, relative small, loosely
organized conductors can be delivered to a biological situs in a relatively rigid, structured
form and released to assume a relative loose, form. This arrangement permits delivery of
very small sensing probe units and ones having minimal impact upon the organism into
which the sensing probes have been implanted.

[0034] COMBINATORIC METHOD

[0035] Coupling the proposed multi-site probes with a method of positioning them on
the body facilitates subsequent separation of units recorded at different sites on the wire
and thereby enables useful signal processing strategies. In recording, it is possible to
monitor more than one site on each wire or channel (i.e., wires or optic fibers can now be
multi-site) in such probes, without loss of spatial precision, if the site elements used for
recording on the wires conform to a precise pattern of combinations in the tissue. For
such multi-site probes, the use of precise patterning of the recording sites in combinations
will enforce correlations of discrete action potential signals recorded on subsets of wires
from a given spatial location. The presence of these correlations may allow for separation
of the signals through modern signal processing methods to precisely identify the location

of the signal's origin.
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[0036] The proposed method comprises the use of combinatorics in placing the
multi-site probes. The combinatoric design uses the rapid expansion of the numbers of
uniquely identifiable spatial locations and wire combinations possible with an increasing
number of wires and numbers of sites on the wires. The rapid explosion of possible
combinations allows a large expansion of the number of spatial locations in the CINS that
are concurrently sampled using multi-site wires, together with algorithms to separate the
signals from the different spatial locations recorded on the probe.

[0037] Combinatorics the branch of mathematics studying the enumeration,
combination, and permutation of sets of elements and the mathematical relations that
characterize their properties. This math underpins the proposed method strategy. The
strategy exploits combinatorics to organize large numbers of multisite wires.
Combinations of items selected from larger sets can rapidly become huge. To grasp the
power of this approach, consider the following: There are only three ways to choose 2
items from 3. However, there are 15 ways to choose 2 items from 6. This means that
organizing 6 multi-site probes into combinations of two sites results in 15 sites. Each
multi-site probe will necessarily participate in 5 combinations, and so should have no
more than 5 sites. These combination site locations are usable for differential recordings
relative to a reference. At each combination location the two probe sites at that location
will generate recordings that will possess specific correlations of their action potentials,
but these will mix on the wire with the signals picked up from other sites.

[0038] Using these specific correlations of discrete action potential events and the
combination map to separate these mixed signals may locate the recorded unit's spatial
origin on the probe. Extending this picture to more multi-site probes and more
combinations, the numbers rapidly increase. There are 66 ways to choose 2 items from
12, but 495 ways to choose 4 items (i.e., tetrode combinations at locations) from 12, and
10,626 ways to choose 4 items from 24. Thus, with 24 wires, if neural firing was
sufficiently sparse, more than ten thousand tetrode spatial locations could be defined from
combinations of the multi-site probes. More conservative designs in defining tetrodes
when considering spike (action potential) coincidences on multiple tetrodes, digitization
resolution and noise, or other issues that might degrade the ability to achieve high

resolution signal separation. Exploiting only a twentieth of the tetrode combinations
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possible in the "24 Choose 2" case using multisite probes, however, could nonetheless
have >500 tetrodes using 24 probes, or almost two orders of magnitude more tetrodes
available than the 6 tetrodes that could build conventionally using 24 probes.

[0039] The significance of such potential gains may be within a fixed form factor
implant that may increase single unit yield per wire and the numbers of sites recorded
electrically or stimulated optically by a factor of from four to eight, or perhaps more.
Further, a designer may customize the numbers of probes co-located at the combination
sites: sites on a given probe could be hexode, or octode rather than tetrode if desired, with
these potentially enabling more sophisticated signal processing at each combination site.
Additionally, the application of combinatorics shows improvements in spike yield per wire
over conventional methods as well as recovered source location along the probe. These
locations could (in a long braided probe) each be in different brain regions or different
parts of nuclei, an advantage for studies focusing on interactions within or among nuclei.
[0040] One embodiment employs the following principles for multisite wire
combinations and algorithms for subsequent recording analysis. It is possible to record
multiple classifiable single unit action potentials from multiple 5-10 pm exposed recording
sites along a 10 pm tungsten microelectrode. Signals from separate 200Kohm recording
sites along one electrode wire will roughly add. Wire impedance is negligible compared
with recording site impedance. The multisite wire therefore acts as a summing or mixing
junction for the neural sources originating at each recording site along its length. Defining
multisite wire combinations may be enumerated based on the numbers of wire (n) and the
numbers of wires combined at a combination site (k) as the operation n Choose k (abbrev.

nCk). nCk is enumerated as:

- il
nCk = Tnok) Tk

[0041] Consider 3 wires taken in pairs. 3C2 = 3. Each wire can be made multi-site,

(Equation 1)

with two sites, each paired with one other wire. The neurons recorded on each of the two
sites on a single wire form signals on the wire that are mixed together and must be
unmixed. This is a classical well-posed blind separation of sources problem. Blind
separation of sources is the cocktail party problem of picking conversations out in a room

full of noise where Independent Components Analysis (ICA) helps achieve sound

-11-
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separation. One embodiment uses an Infomax variant implemented in MATLAB.
Consider 6 wires with multisites arranged into pairs. 6 Choose 2 is the number of sites.
Unfortunately, for the simple ICA method 6C2 is 15. But 6 wires can only separate 6
sources. However, the combination strategy for recording may also indicate one solution.
[0042] Virtual wires, 30 in all, may represent the signals of each wire at each specific
site. When no spike collision occurs, just as in real world recording systems, a system can
excerpt the spike from the time series. When spikes occur on two wires simultaneously
and nowhere else on the interval, the spikes can be readily assigned to the virtual wires at
that site using knowledge of recording probe’s structure, i.e., in situations where the signal
is not blinded and information is available. Placement of all such pure spikes on the
appropriate virtual wires may assign them to locations. Effectively these signals are
unmixed based on their clean coincidence. For brain regions with low firing rates this
may be sufficient to lose relatively few spikes to the 'nowhere else' discussion noted above,
and relatively little spike information may be lost by omitting the potentially ambiguous
collisions (in our simulations at 10 Hz 4.6% of spikes were lost to such collisions, at 20Hz
9.2% and at 30Hz 12.1%). However, this rate of loss may be unacceptable. If spike
coincidence is an important encoding mechanism in a brain area, this heuristic of
dropping all collisions on the probe from analysis would omit the events of most interest.
[0043] When spikes at different site locations collide in time, the sensors record spikes
on more than two wires at a time and are mixed. In some cases, the wires do not have
common sites, and this presents no difficulty in the analysis. However, often signals can
occur on wires shared at 2 sites thereby causing potential ambiguity. Unsurprisingly, this
is more frequent at higher rates and higher firing rate periods are often the more
interesting times to analyze activity. Collision management is a key issue in such probes.
[0044]  Various heuristic and principled strategies to manage collisions on the wires,
and to assign signal to virtual wires could be possible. One heuristic is to place all the
collision data on the appropriate virtual wires, based on the possible sites involved, and

thus trying to capture the degree of ambiguity. Managing total signal power may be done

by dividing the signals by the numbers of wires they are duplicated on. A spike activity

coincidence on three wires could only come from collisions originating at three sites, so it

-19-
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is placed only on the virtual wires representing recording at those sites, and so on for four
wires with shared sites.

[0045] At this point, when whatever assignment heuristic or signal processing method
is completed, the process has distributed original spike information, from 6 wires in the
6C2 simulation example, across 30 virtual wires and has segregated it in patterns that
reflect the probability of possible origin given the known wire/site structure. The method
thereby organizes the problem for blind source separation into a matrix that is 30XN
where N 1s the recording length. Tuning the creation of signals on the 30 virtual wires
may reflect several known structural relations in the data. An ideal heuristic now gives
blind separation of source methods 'freedom to operate' to extract 30 sources, some
representing the separate wire signals at each site. Accordingly, applying ICA to the 30
virtual wires may seek to cleanly separate the original combination site sources.
Applicants have used this method in proof of concept simulations of a 6G2 probe
recording units at each site, with simple signal heuristics. Applicants ran the simulation at
multiple spike rate intensities using Poisson spike generation. To simulate real world
ambiguities, in simulations applicants dropped higher order collision spikes from the
virtual wire recordings. Recovery of spikes was very good at low rates (<15Hz), even after
loss of higher order signals and their statistics from the ICA setup runs. In effect, the
simulation showed wires in the 6CG2 multi-site wire arrangement could record almost 5
times more activity than single site wires, and assign that activity to locations with only a
little loss of signal fidelity in some cases. More sophisticated signal processing should be
able to significantly improve on this, for higher rate activity and collisions, using more of
the structural and waveform information. These initial simulations show that the
combinatoric design strategy and one proposed signal decomposition methods can
support increased yield per wire on the order of our hypothesis (>4X current yield).
[0046] One may also apply the proposed combination of multi-site wire and
combinatorics to optical stimulation, by using fiber optic optrodes with multiple spatially
separated light release sites to combine light to suprathreshold intensity only at an
addressed location on a probe. In addition, any multi-electrode design platform that
supports precise 3D rearrangements of fiber and wire geometry in combinatoric

arrangements may support the proposed combination in the future.
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[0047] While the invention has been described with reference to the embodiments
above, a person of ordinary skill in the art would understand that various changes or

modifications may be made thereto without departing from the scope of the claims.
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CLAIMS

1. A probe comprising:

a plurality of electrical conductors, each conductor of the plurality of conductors
comprising a plurality of delivery sites; and

a plurality of combined delivery sites configured to deliver light, each combined
delivery site of the plurality of combined delivery sites being formed by proximate
portions of multiple conductors of the plurality of conductors, each combined delivery site
of the plurality of delivery sensing sites being spatially separate, wherein no two combined
delivery sites are formed by a same combination of conductors.

2. The probe of claim 1, wherein the plurality of electrical conductors are
formed as a braid.

3. The probe of claim 2, wherein the plurality of electrical conductors are
formed as a braid is formed around a core.

4. The probe of claim 3, wherein the core is made of tungsten.

5. The probe of claim 1, wherein the conductor is formed a a braid of
electrically conductive wires.

6. The probe of claim 5, wherein the wires are made of an alloy principally

comprising nickel and chromium.

7. The probe of claim 5, wherein the wires are less than 50 microns in
diameter.

8. The probe of claim 5, wherein the braid comprises fiber-optic waveguides.

9. The probe of claim 5, wherein the braid comprises fiber optic optrodes,

and each of the fiber optic optrodes emits light that acts as a potential stimulator.

10.  The probe of claim 9, wherein stimulation occurs at a threshold and
emitted light from any one optrode may be emitted below the threshold.

11.  The probe of claim 9, wherein stimulation occurs at a threshold and
emitted light from a combination of optrodes may be emitted above the threshold.

12. The probe of claim 11, wherein stimulation occurs based on a
combinatoric delivery of light through the optrodes.

13. The probe of claim 5, comprising an electrically insulating layer disposed

between a pointed tip and the braid.

-15-



WO 2017/048828 PCT/US2016/051709

14. The probe of claim 13, where the insulating layer is made of one or more
materials selected from a group consisting of: polydimethylsiloxane (PDMS), polymethyl
methacrylate (PMMA) and fluorotherm (FEP).

15. The probe of claim 13, wherein the insulating layer is made using one or
more means selected from a group consisting of: dip-coating and micro-molding.

16.  The probe of claim 5, wherein the braid is formed as a maypole of
conductive wires.

17.  The probe of claim 1, wherein each delivery site is also a sensing site,
capable of recording data.

18. The probe of claim 1, wherein one or more probes are disposed
perpendicularly on a backing layer, where each probe comprises a braided electrical
conductor formed as a braided sleeve over a flexible or rigid delivery-vehicle.

19.  The probe of claim 1, wherein at least some of the conductors are
separated from each other at delivery sites.

20. The probe of claim 1, wherein a position along the probe on a patient’s

body is selected using combinatorics.
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