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Abstract

Background—Several neural interface technologies that stimulate and/or record from groups of
axons have been developed. The longitudinal intrafascicular electrode (LIFE) is a fine wire that
can provide access to a discrete population of axons within a peripheral nerve fascicle. Some
applications require, or would benefit greatly from, technology that could provide access to
multiple discrete sites in several fascicles.

New Method—The distributed intrafascicular multi-electrode (DIME) lead was developed to
deploy multiple LIFEs to several fascicles. It consists of several (e.g. six) LIFEs that are coiled
and placed in a sheath for strength and durability, with a portion left uncoiled to allow insertion at
distinct sites. We have also developed a multi-lead multi-electrode (MLME) management system
that includes a set of sheaths and procedures for fabrication and deployment.

Results—A prototype with 3 DIME leads was fabricated and tested in a procedure in a cadaver
arm. The leads were successfully routed through skin and connective tissue and the deployment
procedures were utilized to insert the LIFES into fascicles of two nerves.

Comparison with Existing Method(s)—Most multi-electrode systems use a single-lead,
multi-electrode design. For some applications, this design may be limited by the bulk of the multi-
contact array and/or by the spatial distribution of the electrodes.

Conclusion—We have designed a system that can be used to access multiple sets of discrete
groups of fibers that are spatially distributed in one or more fascicles of peripheral nerves. This
system may be useful for neural-enabled prostheses or other applications.
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1 Introduction

The past few decades have seen significant advances in the development of neurotechnology
to stimulate neural tissue to replace function lost due to neurological disability or
neurotrauma. Although the most widely clinically deployed systems stimulate the cochlea
(Clark, 2006; von llberg et al., 2011), deep brain structures (Farris and Giroux, 2011) or the
spinal cord (Cruccu et al., 2007), the peripheral nervous system has also been targeted
extensively. For example, systems have been developed that utilize stimulation of the
peroneal nerve for foot drop (Kottink et al., 2004), the vagal nerve to treat epilepsy or
depression (Groves and Brown, 2005), the sacral nerve to treat urinary urge (Brazzelli et al.,
2006) or fecal incontinence (Jarrett et al., 2004), gastric nerves to treat gastroparesis (Zhang
and Chen, 2006), and motoneurons of ventilatory and abdominal muscles to provide
sufficient ventilation (Creasey et al., 1996; Walter et al., 2011).

These systems typically use an arrangement in which a single lead is used to target one or
more stimulation sites. In some instances, a single lead contains multiple electrode contacts
in concentric circles along its longitudinal axis to stimulate sites at pre-determined distances
along the lead (Cameron, 2004; Clark, 2006; Farris and Giroux, 2011; von llberg et al.,
2011), while other designs use multi-contact cuffs (Tyler and Durand, 2002), 2-dimensional
grids of electrode shanks (Branner and Normann, 2000), or a set of contacts on a single
flexible substrate (tfLIFE: (Lago et al., 2007; Micera et al., 2010), TIME: (Badia et al.,
2011a; Badia et al., 2011b)). In all of these designs, the contacts are embedded in a substrate
such that the electrodes are spaced at fixed, predetermined distances from each other. This
arrangement provides the opportunity for post-surgical selection of a single active channel
or the selection and use of multiple channels while enabling a relatively simple implantation
procedure and providing mechanical durability of the contact and its connection to the lead.

This single-lead, multi-electrode design has proven to be highly useful, but for some
applications, the design may be limited by the bulk of the multi-contact array and/or by the
spatial distribution of the electrodes. For example, there is great interest in interfacing with
peripheral nerves of amputees in order to stimulate afferent fibers to provide sensation
(Boretius et al., 2010; Dhillon et al., 2005; Dhillon et al., 2004; Micera and Navarro, 2009)
and/or to record from efferent fibers to derive motor commands to control a prosthesis
(Dhillon et al., 2005; Dhillon et al., 2004; Micera et al., 2010; Micera and Navarro, 2009).
These systems require (or at least would benefit greatly from) interfaces at distinct sites at
different locations in order to provide multiple channels of communication with a variety of
fibers.

Previous work has demonstrated the feasibility of using longitudinal intrafascicular
electrodes (LIFE) to provide access to small groups of axons within a peripheral nerve
fascicle (Dhillon et al., 2005; Dhillon et al., 2004). LIFEs were made from Teflon-coated
Pt/Ir wire (27.5um diameter) by de-insulating approximately 1 mm of the wire (Lefurge et
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al., 1991; Malagodi et al., 1989) to form one active site. In human amputees, these
electrodes were used to stimulate nerve fibers to elicit discrete sensations (Dhillon et al.,
2005; Dhillon et al., 2004) and to record motor activity to drive the movement of a
prosthetic arm (Dhillon et al., 2005; Dhillon et al., 2004). The small size of these fine-wire
electrodes and their longitudinal orientation provides a safe and stable interface to the nerve
subpopulations within a nerve fascicle (Lefurge et al., 1991; Yoshida and Stein, 1999). Since
this system utilizes individual wires, it is possible to place multiple LIFEs in one fascicle, in
different fascicles within one nerve or in multiple nerves to provide access to multiple sites
that are distributed in a region of the body. The small diameter of the fine wire that comprise
the electrode/lead provides a high degree of mechanical compatibility with the nerve fibers,
but also presents risks of entanglement during surgical deployment and breakage if the fine
wire lead is routed in a manner that subjects it to high mechanical stress.

This manuscript reports on the development of a system that can be used to access multiple
sets of discrete populations of fibers that are spatially distributed in one or more peripheral
nerves. Our approach utilizes LIFE technology because it has been demonstrated to provide
a stable interface to a small group of fibers. This work addresses the challenge of scaling this
technology for use in distributed multi-channel systems by facilitating the surgical
implantation of several LIFEs at various sites in the periphery and enhancing the strength
and durability of the leads. We have developed a novel distributed intrafascicular multi-
electrode (DIME) lead consisting of multiple-LIFEs packaged in a single lead and an
approach to deploy a plurality of these leads.

2 Materials and methods

2.1.1 DIME Design objectives

In the peripheral nervous system, groups of nerve fibers are surrounded by perineurium to
form a fascicle; groups of fascicles are surrounded by epineurium to form a nerve bundle. In
humans, the diameter of the fascicles range from 0.1- 1mm and the diameter of peripheral
nerves range from 2-12mm (Gustafson et al., 2009; Gustafson et al., 2005). In the human
arm the diameters of the median and ulnar nerves are approximately 3mm (Heinemeyer and
Reimers, 1999) and the number of fascicles and distribution of motor and sensory fascicles
vary along the length of the nerve (Stewart, 2003; Sun et al., 2009).

The primary objective in the design of the DIME was to provide access to small groups of
axons from different fascicles within a single nerve or from different nerves within a region
of the body. The system should be suitable for chronic use and therefore should not induce
trauma or physiological reactions that would impair nerve function or degrade health. The
system should be sterilizable and implantation should utilize procedures that can be
executed readily and reliably by a trained surgeon.

2.1.2 DIME design overview

Each LIFE consists of a highly flexible insulated wire (typically platinum-iridium
approximately 25 pm in diameter) with an exposed area that forms the single electrode
contact and a rigid needle that is used to insert the wire into an exposed fascicle; the needle
is removed after the wire is inserted. The DIME lead (Figure 1) consists of multiple LIFEs
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to enable several channels of communication with small groups of nerve fibers within
neighboring fascicles. The proximal ends of the LIFEs within a DIME lead are coiled and
housed in a sheath to provide robustness and ease of handling during the implantation
procedure and for durability when implanted for extended periods of time. For systems that
require access to nerves at different sites, multiple DIME leads can be deployed individually
or clustered to form a single lead to further facilitate routing and connections.

Because the individual wires are very fine and flexible and there are rigid needles attached at
the end, the DIME has been designed with a system of sheaths to protect the electrodes and
prevent entanglement of the wires while handling during surgery. The multi-lead multi-
electrode (MLME) management system consists of a set of sheaths for each LIFE and an
outer sheath that covers the bundle of individual sheathed LIFEs. The outer sheath and then
the individual sheaths are sequentially removed during the implantation procedure. Implant-
grade materials are used in the construction of all components and the system is suitable for
sterilization using standard ethelyne-oxide processes.

2.1.3 DIME fabrication process

Steps 1 to 3 in Figure 1 show a schematic of the process for fabrication of a DIME with six
electrodes. In step 1, the proximal portions of six insulated electrode wires (25um diameter
Pt/Ir coated with 6 um thick PTFE (polytetrafluoroethylene) to result in 37um diameter
insulated wire, A-M Systems, Carlsborg, WA) are coiled to provide strain relief and
flexibility. In step 2, the coiled portion of the bundle is ensheathed within an implant-grade
silicone tube (MED4515, Nusil, Carpinteria, CA) of 300um inner diameter (ID) and 640um
outer diameter (OD) to protect the coiled bundle and provide strain relief, while maintaining
flexibility. In step 3, the active site is created by de-insulating an approximately 1mm
portion of each of the free hanging wires at a distance of approximately 2cm from the distal
end. De-insulation is achieved by a using a heated tungsten rod (or, alternatively, by using a
narrow laser beam). The distance between active site and the distal end of the wire can be
varied depending upon anchoring requirements. This set of free hanging portions of
individual wires can be used as 6 LIFEs for stimulation or as 5 LIFEs and 1 extrafascicular
reference electrode for recording.

2.1.4 DIME packaging process

The DIME packaging process is illustrated in steps 4 to 8 of Figure 1. In step 4, each of the
free hanging LIFEs is inserted into a protective sheath. The protective sheath is a polyimide
tube (160 pm 1D, 179 um OD, A-M Systems, Carlsborg, WA) that ensheathes each LIFE
and is shorter in length, such that a portion of the LIFE emerges from the protective sheath.
Polyimide was selected as the material for these sheaths because it provides suitable
protection and because the sheaths can be custom fabricated with multiple micro-apertures
to accelerate the diffusion of gas during sterilization (although microapertures were not
incorporated into the samples used in the prototypes). In step 5, using a process that has
been modified from that described by Malagodi and colleagues (Malagodi et al., 1989),
tungsten needles are prepared from tungsten rods (we have used rods of 1.5cm length, 75um
diameter; and rods of 2.5cm length, 100um diameter in prototypes) by etching one end to
create a sharp tip and grinding the other end to create a saddle, the saddled portion is then
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welded to the distal end of each LIFE, and a thin coat of conforming medical epoxy
(Epotek-301, Billerica, MA) is applied to smoothen the wire and needle junction in order to
limit the potential for nerve damage (see inset in Figure 1, step 5). After attaching the
needles, the protective sheaths are moved to cover the needles entirely. In step 6, the six
protective sheaths (with LIFEs and needles encased) are bundled and inserted into the end
sheath, a silicone tube (508 um ID, 939 pm OD). In step 7, the end sheath, protective
sheaths, and part of the coil sheath are inserted into the outer sheath, which is a silicone tube
(1.5mm ID, 2mm OD), that is slit along its length (shown as dotted lines in Figure 1, step 7).
The purpose of the outer sheath is to protect the junction where wires come out of the coil
sheet and to provide mechanical stability while routing during surgery; the slit is included to
facilitate insertion and removal of its contents without damage. The outer sheath is closed
using suture at the distal end and at the proximal end, where it overlaps the coil sheath. Note
that the coil sheath has silicone rings (0.65mm ID and 1.2mm OD) to help stabilize the
suture that holds the outer sheath on the coil sheath.

Although our long-term objective is to use the DIME with implanted electronics, to allow
for short term (weeks to months) studies with implanted electrodes we have fabricated a
system that uses percutaneous leads and an external connector. The external connector
sytem was designed to enable a set of 3 DIMEs and a ground electrode to be quickly and
reliably connected to external electronics during sessions in the laboratory and to have a
low-profile and conformable structure to protect the exposed portion of the percutaneous
leads when not in use (Figure 3B, C). To fabricate the external connector (step 8), individual
wires are soldered (using SMD291SNL10, Chip-quick, Mashpee, MA) to the pads of a
custom-fabricated PCB that houses a multi-channel connector (Hirose LX, Hirose Electric
Ltd, Simi Valley, CA) and the pads were insulated with medical grade epoxy (Epotek-301,
Billerica, MA). Susequently, custom fabricated stainless steel molds were used to
encapsulate the external connector assembly in silicone. The assembly has a low profile
(approximately 6 mm) and the taper allows strain relief for the leads. The silicone tabs allow
the external connector to be firmly and comfortably attached to the skin using medical-grade
adhesive tape.

3 DIME deployment process

The DIME deployment process is illustrated in Figure 2. In step 1, the nerve is exposed and
isolated from the surrounding tissue. In step 2, the sutures securing the outer sheath are
removed and discarded and the bundle of protective sheaths is removed from the outer
sheath through the longitudinal slit. In step 3, the end sheath is removed and discarded and
then one of the protective sheaths is removed to free an individual LIFE. In step 4, the
attached needle is used to thread the LIFE longitudinally into a nerve fascicle until the active
region is inside the fascicle. The arrows in the picture show one implanted LIFE and another
which is in the process of being implanted in a different fascicle of the same nerve. For each
of the remaining electrodes, the end sheath is removed and the LIFE is inserted into a
fascicle. In step 5, the coil sheath and the bundle of distal ends of the electrode wires are
sutured to the epineurium. The needles and excess wires are clipped and discarded.
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4 System tests

A prototype system consisting of three DIMESs was fabricated to assess the feasibility of
using several DIMEs and the multi-lead multi-electrode (MLME) system to interface with
peripheral nerves at multiple sites in the upper arm. In this application, the objective is to
stimulate small groups of fibers within fascicles of peripheral nerves to elicit discrete
sensations of grip force or hand opening (Dhillon et al., 2005) and/or to record from small
groups of fibers to record motor signals to control movements of a prosthesis (Dhillon et al.,
2005; Dhillon et al., 2004). To elicit a range of sensations or to control multiple degrees of
freedom, it would be desirable to interface with groups of axons from several fascicles from
two or more nerves. A prototype was fabricated with three DIMEs, a separate ball ground
electrode and an external connector (Figure 3).

The prototype system was tested in a human cadaver arm. The objective of the surgery was
to place the external connector on the lateral aspect of the upper arm and insert electrodes
from 2 DIMEs into the median nerve (at two different sites) and electrodes from the third
DIME into the ulnar nerve through a medial exposure. This preparation therefore presented
a significant challenge because it required the leads to be routed through the skin and fascial
planes and it required insertion of electrodes into multiple fascicles of two nerves.

The surgical procedure was initiated by making a 8-10 cm incision on the medial side of the
arm approximately at the midpoint between the elbow and the shoulder. For each DIME lead
the skin was punctured with a trocar on the lateral aspect of the arm near the insertion of the
deltoid tendon. Each DIME lead was routed through the skin using a guide tube and then the
set of three leads was routed across the arm using a tendon passer. The DIME leads were
routed between the belly of the brachialis muscle and the humerus to the site of the exposed
median and ulnar nerves. Once the leads were routed, the DIME deployment process (Figure
2) was followed to implant LIFEs from 2 DIMEs (12 electrodes) in the median nerve and
LIFEs from 1 DIME (6 electrodes) in the ulnar nerve.

The procedure in the cadaver arm was successful in routing the leads, and the MLME
system with the protective sheaths enabled efficient handling of the DIME electrode wires
without becoming entangled. No mechanical damage was noted upon visual inspection of
the leads and individual wires. Using other prototypes of the system in acute studies in
rodents, LIFEs implanted in tibial and peroneal fascicles of sciatic nerve were demonstrated
to be functional by stimulating to selectively produce ankle movements and/or record
afferent activity produced by passively manipulating the limb. An example of a recording
from a LIFE inserted in the tibial fascicle is shown in Figure 4. Furthermore, preliminary
results from extended fatigue tests of the wires and wire bundles of the DIME have
demonstrated high durability (Pena et al., 2014).

5 Discussion

The design of the DIME enables deployment of multiple LIFESs to access discrete and
spatially distributed subpopulations of axons in peripheral nerves while reducing the surgical
complexity and risk of entanglement. This capability opens up new opportunities for
scientific investigations of sensory, motor or autonomic systems. Perhaps more importantly,
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the technology may open new opportunities for clinical intervention. Neural sensation,
computation and control are inherently distributed processes that involve interactions
between nearby and distant neuronal populations. Interpreting the pattern of activity across a
set of peripheral nerves may require simultaneous recording from multiple sites; specific and
accurate control of organ function without side effects may require the production of precise
patterns of activity across distributed populations of axons. The design of the DIME enables
these types of interfaces because multiple electrodes can be implanted at a single site to
enable access to several distinct groups of axons within one fascicle or at separate sites to
enable access to distinct distributed axons across fascicles and/or nerves.. These capabilities
may prove to be highly advantageous in systems designed to control or influence epileptic
seizures (Penry and Dean, 1990), pain (Cameron, 2004), motility in various parts of the
alimentary canal (Zhang and Chen, 2006), appetite (McNearney, 2007; Shikora et al., 2009),
immunological responses (Borovikova et al., 2000; Famm et al., 2013), metabolism (Ruffin
and Nicolaidis, 1999; Vijgen et al., 2013) or bladder and bowel function (Creasey et al.,
2001; Johnston et al., 2005). In sensorimotor systems, the DIME may be particularly useful
in systems that require coordinated activation of distributed sets of muscles, such as systems
that activate the diaphragm, chest wall and airway musculature to provide ventilatory
assistance to people with high level spinal cord injury (Creasey et al., 1996; DiMarco,
2005).

Recently, one of the primary drivers of the development of peripheral neural interface
technology has been the need to provide amputees with sensation and multiple degree of
freedom control of a prosthesis (Micera et al., 2010; Micera and Navarro, 2009). In
considering the relative merits of the DIME and other electrode systems, there clearly are
tradeoffs that may make one type more suitable than the others for a given application. For
example, the multi-contact cuff (Tyler and Durand, 2002) has the advantages of relatively
straightforward surgical deployment and it is less invasive to the nerve, but its selectivity
may be a limiting factor for some applications. The Utah Slanted Electrode Array (Branner
and Normann, 2000) is also relatively simple to implant and may provide high-resolution,
multi-channel access to the peripheral nerve, but the mechanical impedance mismatch with
the nerve may trigger tissue responses that hinder long-term functionality. The tfLIFE and
TIME (Boretius et al., 2010; Yoshida et al., 2000) are also both relatively simple to deploy
and are less invasive and much more compliant (Badia et al., 2011b; Lago et al., 2007) than
the Utah Slanted Electrode Array, but transverse deployment of the TIME across fascicles
may limit the ability of fascicles to glide with respect to eachother (Millesi et al., 1990).
Both the tfLIFE and the TIME have multiple contacts and therefore may provide access to
discrete populations within a fascicle (Badia et al., 2011a; Badia et al., 2011b; Kundu et al.,
2014), but the spatial distribution of the sites on each device is small and therefore the range
of sensations and/or control sites may be limited. For applications that require access to
distributed sites, the key concepts of the system described here (bundling of leads and a
management system) could be adopted to facilitate the deployment of several tfLIFE or
TIME devices. Although the design of the DIME simplifies the implantation of multiple
LIFEs, surgical deployment of this system clearly requires more surgical time and effort
than the other approaches. The LIFE is more invasive than a cuff, but the size, flexibility and
orientation of the electrode may make it more compatible with peripheral nerve than the
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other invasive approaches and it can provide higher selectivity than a multi-contact cuff.
Given that the diameter of some of the targeted fascicles may be more than 30 times larger
than the diameter of the electrode, it may be possible to place several LIFEs at a single point
along the fascicle to access distinct subgroups of axons. If multiple insertions at a single site
raises concerns for a particular deployment, the DIME could be fabricated as described here
or with different wire lenths within a given bundle and the individual wires could be inserted
at locations distributed along a fascicle.

6 Conclusion

We have developed a system that can be used for recording or stimulation of multiple
discrete sites from one or more peripheral nerves. The system utilizes a set of LIFEs, each of
which provides discrete access to a small group of axons within a fascicle. The DIME lead
allows each of the electrodes to be inserted individually and allows for some distance
between insertion sites. A MLME management system includes a set of sheaths and
procedures for surgical deployment that were designed to avoid entanglement of the fine
wires. A prototype of an electrode and connector assembly for recording from multiple
peripheral nerves of the upper extremity was fabricated using DIME leads and the MLME
management system. The DIME leads were routed successfully through the skin and
between the muscles to the vicinity of the median and ulnar nerve in a cadaver arm. LIFEs
were successfully implanted and secured at two sites in the median and in one site in the
ulnar nerve. This system may be particularly useful in systems that require access to
multiple discrete sets of axons in peripheral nerves, such as neural-prostheses for amputees.
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‘ @ Prepare individual insulated electrode wires
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Bundle the wires at one end, coil the 'bundle and insert into the coil sheath
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Bundle all protective sheaths and insert into end sheath
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Insert all sheaths into a slit outer sheath and tie with suture at the end of the coil‘
and over the bundle of needles

v

Attach the proximal ends of the electrode wires to a connector or to
a stimulation/recording device

Figure 1.

DIME fabrication process: Illustrations of steps involved in fabrication of DIME lead with
multiple sheaths. See text for descriptions of each step. Diagrams are not to scale to allow
illustration of thin, long components; for reference, the length of the needle is 2.5 cm and the

diameter of the silicone-encased coiled bundle is 640 um.
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Expose the nerve; remove fascia and other connective tissue to isolate @
the nerve

Remove the sutures from the outer sheath; lift the end sheath and bundle of
protective sheaths along the slit of the outer sheath

!

Reove th end sheath to free the individual LIFEs encased in protective
sheaths; remove one protective sheath to expose a LIFE

Active site
Fascicles

so that the active site is inside the fascicle; remove protective sheaths and |nsert 1
each of the other LIFEs. White arrow: implanted LIFE, Yellow arrow: LIFE
in the process of being implanted

Suture

Suture the coil sheath and the distal ends of each wire to epineurium;
Cut the distal ends of the wires to remove the needles.

Figure 2.
DIME deployment process: Illustrations of steps involved in deployment of DIME lead

during surgical implantation of LIFEs in peripheral nerves. See text for descriptions of each
step. Diagrams are not to scale to allow illustration of thin, long components; for reference,
the length of the needle is 2.5 cm and the diameter of the silicone-encased coiled bundle is
640 pm.
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Figure 3.
A: Electrode and connector assembly: Fabricated system with 3 percutaneous DIME leads, a

ball ground electrode with a percutaneous lead and an external connector assembly. B: The
mold that was used to encapsulate the external connector in silicone. C: The external
connector assembly that was designed for use with percutaneous leads.
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1 Sec

Figure 4.
Differential recording of neural activity from a rodent model using a LIFE inserted into the

tibial fascicle of the sciatic nerve and aLIFE used as a reference inserted outside the fascicle
within the nerve. In this experiment, the length and diameter of the needle used for insertion
were 1.5 cm and 75 pum, respectively; the diameter of the Pt/Ir wire was 25 pm. The location
of the electrode into the tibial fascicle was first confirmed by observing a plantarflexion
twitch in response to stimulation. During the recording of afferent activity shown in the plot,
the foot was manipulated to repeatedly dorsiflex (periods of high activity) and plantarflex
the ankle.

J Neurosci Methods. Author manuscript; available in PMC 2016 April 15.



