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ABSTRACT

Informational density and relative accessibility of the peripheral nervous system make it an attractive site for
therapeutic intervention. Electrode-based electrophysiological interfaces with peripheral nerves have been
under development since the 1960s and, for several applications, have seen widespread clinical implementation.
However, many applications require a combination of neural target resolution and stability which has thus far
eluded existing peripheral nerve interfaces (PNIs). With the goal of aiding PNI designers in development of
devices that meet the demands of next-generation applications, this review seeks to collect and present practical
considerations and best practices which emerge from the literature, including both lessons learned during early
PNI development and recent ideas. Fundamental and practical principles guiding PNI design are reviewed,
followed by an updated and critical account of existing PNI designs and strategies. Finally, a brief survey of in
vitro and in vivo PNI characterization methods is presented.
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C.E. Larson and E. Meng

1. Introduction

The peripheral nervous system (PNS) carries control (efferent) and
informational (afferent) signals between the central nervous system and
other parts of the body. In cases of neurological or other dysfunction
due to injury or disease, the informational density and relative acces-
sibility of the peripheral nervous system presents an attractive target for
therapeutic intervention. To this end, a wide variety of implantable
peripheral nerve interfaces (PNIs) have been developed to enable
monitoring and modulation of peripheral nerve signals.

Clinical implementation of implanted PNIs was first achieved in the
1960s. The first applications included diaphragmatic pacing (Judson,
1968) and treatment of urinary incontinence (Alexander and Rowan,
1968). Though these early devices were merely looped wires, they were
sufficient to produce the desired muscle contractions. The 1970s and
80s saw refinement of devices and methods for these same applications
(Brindley, 1977; Brindley et al., 1986, 1982; Glenn and Phelps, 1985;
Schmidt et al., 1978) and further exploration of functional electrical
stimulation (FES) via PNIs, including chronic pain management (Avery
and Wepsic, 1973; Picaza et al., 1977) and lower limb activation for
walking and standing assistance in cases of paralysis (Brindley et al.,
1979; McNeal and Bowman, 1985; Waters et al.,, 1975). Similar
methods were later applied to upper body control in spinal cord injury
patients (Popovic et al., 2002). FES applications of PNIs continue to be
an important area of development. For example, a recently approved
commercial FES system stimulates the hypoglossal nerve overnight,
maintaining a slight contraction of the tongue muscle to treat ob-
structive sleep apnea (Eastwood et al., 2011; FDA Approves Inspire
Upper Airway Stimulation Therapy for Obstructive Sleep Apnea, 2014;
Schwartz et al., 2001)

Concurrent with advances in robotics and computing, a new focus of
PNI application beginning in the late 1990s, though anticipated much
earlier (Hoffer and Loeb, 1980; Stein et al., 1975), was that of hybrid
bionic systems, or brain-machine interfaces (BMI) (Micera et al., 2006;
Navarro et al., 2005; Wright et al., 2016). BMIs aim to directly link the
nervous system with a computer or robotic prosthesis, ideally utilizing
two-way communication of sensory and control signals and thereby
enabling possibilities such as neurally-controlled prosthetic limbs for
amputees (Ciancio et al., 2017; Lebedev and Nicolelis, 2006; Lu et al.,
2012; Micera et al., 2010; Pasluosta et al., 2018; Schultz and Kuiken,
2011). While many BMIs directly interface with the cerebral cortex, the
PNS may be an attractive alternative in cases where the target nerve is
intact due to lower surgical risk and greater isolation of the desired
neural targets.

There are also a range of non-motor applications of PNIs. The vagus
nerve, which carries autonomic signals between visceral organs and the
brain stem, was targeted for therapeutic stimulation as early as the late
1800s (Guiraud et al., 2016). Vagus nerve stimulation (VNS) was first
shown to offer reduction of epileptic seizures in 1985 (Zabara, 1985),
and since 1988, VNS systems have been implanted in more than
168,000 patients around the world (VNS Therapy, 2019). Because of
the vagus nerve’s innervation of visceral organs, it is a potential site of
intervention for many disorders that would otherwise be treated with
limited success by medications, including depression (Rush et al.,
2000), hypertension (Plachta et al., 2014), obesity (Banni et al., 2012;
Cork et al., 2018; Guiraud et al., 2016), heart failure (Guiraud et al.,
2016), and autoimmune or inflammatory diseases such as rheumatoid
arthritis (Koopman et al., 2016; Payne et al., 2019; Zitnik, 2011). The
use of peripheral nerve recording and stimulation, especially of the
vagus nerve and its branches, for such applications is often called
bioelectronic medicine, or “electroceuticals” (Birmingham et al., 2014;
Giagka and Serdijn, 2018). While bioelectronic medicine has largely
focused on use of pre-programmed or “open-loop” stimulation sche-
dules, recent approaches not only modulate organ function via stimu-
lation, but also monitor organ status via recording of vagus nerve sig-
nals with the aim of eventually closing the feedback loop to
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autonomously maintain healthy organ function (Ganzer and Sharma,
2019; Plachta et al., 2014; Sun and Morrell, 2014; Zanos, 2019).

Despite five decades of development and multiple instances of
clinical translation, each of the PNI application areas described above
remain highly active areas of research. Successful clinical applications
have largely been limited to those that rely only on non-specific sti-
mulation. Chronically stable, high-resolution PNIs for ambitious ap-
plications such as neurally-integrated prosthetic limbs and closed-loop
organ modulation have not yet been realized. From the late 1990s to
present, the variety of PNI designs being investigated at the research
level has expanded dramatically thanks to new technologies from fields
such as biomedical microelectromechanical systems (bioMEMS) and
microelectronics. Development continues to expand as PNI designers
strive for devices that can record and stimulate with increased resolu-
tion and maintain performance in the body for decades.

Previous reviews have covered, in varying detail, particular PNI
applications, fundamental concepts of PNI function, and anecdotal ex-
amples from the most prominent types of PNI designs (del Valle and
Navarro, 2013; Giagka and Serdijn, 2018; Grill et al., 2009; Heiduschka
and Thanos, 1998; Kim and Romero-Ortega, 2012; Micera and Navarro,
2009; Mortimer and Bhadra, 2004; Navarro et al., 2005; Ortiz-Catalan
et al., 2012; Russell et al., 2019; Rutten, 2002; Saal and Bensmaia,
2015; Schultz and Kuiken, 2011; Tyler, 2018). This review presents an
updated, comprehensive survey that closely examines critical design
choices, strategies, and best practices that can inform next generation
PNI designs. This review purposefully encompasses a broad range of
work to counteract symptoms of recency-bias. Much of the foundational
knowledge and practical wisdom regarding PNI design and use was
ascertained in the 1960s to 1990s. Lastly, there is a need to collect, in
one place, the methods and best practices to guide in vitro and in vivo
characterization of a PNI towards the goal of clinical impact. In sum,
the present review aims to aid the PNI designer in development of next-
generation devices by reviewing principles guiding PNI design, ex-
amining different PNI design strategies that have been explored, and
surveying methods of PNI characterization.

2. Guiding principles for peripheral nerve interface design
2.1. Peripheral nerve anatomy

PN fibers are extensions of neurons which have their cell body in or
near the central nervous system (CNS). Their ability to function as
neural conductors is dependent on the support of complex, composite
tissue structures which provide nutrition and protection (Lundborg,
2004). Coarsely described, the anatomical structure of a PN trunk is “a
bundle of bundles” (Fig. 1). Myelinated and unmyelinated nerve fibers
of varying diameter and function (e.g. motor and sensory) are tightly
packed together in fascicles. A specialized sheath-like structure called
the perineurium forms the outer boundary of each fascicle. The peri-
neurium is the primary source of mechanical strength for the nerve
trunk and is comprised of up to 15 dense layers of cells and collagen
(Lundborg, 2004). Analogous to the crucial blood-brain barrier of the
CNS, the perineurium additionally serves as a blood-nerve barrier to
maintain the privileged microenvironment of the enclosed endoneurial
space. In addition to nerve fibers, the endoneurium consists of Schwann
cells, immune cells, capillaries, and a matrix of collagen and other
connective tissue fibers (Grill et al., 2009; Lundborg, 2004). Finally,
holding multiple fascicles together to form the outer bundle of a com-
pound nerve trunk is the epineurium. The epineurium is a relatively
loose matrix of collagen, fat, elastin fibers and blood vessels, which,
besides holding the bundle together, also serves to cushion the fascicles
from compressive forces (Sunderland, 1965). Blood vessels, being cru-
cial to nerve fiber health and function, form a dense intraneural net-
work along the entire length of the nerve trunk, as shown in Fig. 2b
(Rydevik et al., 1990; Sunderland, 1978). “Extrinsic” vessels running
alongside the nerve are connected to intraneural vessels via frequent
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Fig. 1. Illustration of nerve trunk anatomy, highlighting the epineurium (epi), fascicles (arrow), perineurium (p), and endoneurium (end). Also shown is the network
of extrinsic (exv) and regional (rv) blood vessels and internal vascular structures (*). Reprinted from (Lundborg, 2004) with permission from Elsevier.

“regional” vessels which obliquely penetrate into the nerve trunk’s
connective tissue layers (Fig. 1, Lundborg, 2004). The smallest en-
doneurial capillaries are 6-10 pm in diameter and possess looping and
coiling forms which help accommodate motion (Lundborg, 2004).
Nerves vary widely in terms of size, fascicle count, and fiber count
across species, nerve types, and proximal to distal positions within the
same nerve. The number of fascicles in a nerve trunk ranges from 1 to
100, and the number of individual fibers ranges from hundreds to tens
of thousands (Sunderland, 1990). To give a sense of the numbers in a
common model for PNI study, the rat sciatic nerve has four fascicles
comprised of approximately 8,000 myelinated fibers and 19,000 un-
myelinated fibers in total. The number of myelinated and unmyelinated
fibers in each fascicle ranges from 300 to 5,000 and 2,000 to 9,000,
respectively (Schmalbruch, 1986). The cross-section of a PN trunk is

generally presumed to be circular or ovicular, though the gradual se-
paration and eventual branching of fascicles at more distal locations
produces a more flattened or irregular shape, as evident in Fig. 3
(Schmalbruch, 1986).

A remarkable feature of PN anatomy, especially in the extremities, is
its accommodation of relative motion among nerve components and
surrounding tissues. Peripheral nerves in high-motion areas such as
limbs, and especially joints, are served by a loose, fatty, lubricating
layer of paraneural connective tissue to facilitate gliding in the nerve
groove (Millesi et al., 1995). Within the nerve, the epineurium is only
loosely connected to perineurium so that individual fascicles can slide
past one another and rearrange under transverse compression
(Lundborg, 2004; Millesi et al., 1995; Sunderland, 1990). Undulated
patterns are found throughout the microanatomy of the nerve in its

Fig. 2. A) A photograph of an unstretched nerve shows bands of Fontana caused by the undulating pattern of the tissue structure. These bands reversibly disappear
when the nerve is stretched. B) An injected and cleared sample of a peripheral nerve trunk shows the dense microvascular network. Reprinted from (Sunderland,

1978) with permission from Elsevier.
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Fig. 3. A) Surgically exposed rat sciatic nerve, with the trochanter (t) and knee (k) marked by pins. B), C), and D) show cross-sections of the nerve at positions 1, 2,
and 3, respectively. The cross-section becomes flatter as the sural (s), tibial (t), peroneal (p), and cutaneous (c) fascicles separate and eventually branch off. Reprinted

from (Schmalbruch, 1986) with permission from Wiley.

unstretched state, such as the wavy shape of nerve fibers within a fas-
cicle and the arrangement of collagen fibers in the epi- and en-
doneurium (Millesi et al., 1995; Stolinski, 1995; Sunderland, 1978).
The nerve trunk and fascicles default to a wavy form when unstretched
(Sunderland, 1978). Visible striations, known as bands of Fontana
(Fig. 2a), reversibly disappear when the nerve is stretched, attesting to
their role in allowing dynamic elongation and shortening (Sunderland,
1978). During length changes, volume of a PN trunk is conserved; the
diameter decreases when elongated and increases when shortened
(Millesi et al., 1995).

In summary, the structural and dynamic features of PN anatomy
have profound implications for PNI design.

2.2. Electrodes

From an extracellular perspective, the inward rush of sodium ions
during the rising phase of an action potential is a strong current sink,
accompanied by adjacent current sources: ahead, a weak source arising
from the initial discharging of the membrane; behind, a strong source
arising from the efflux of potassium ions. Given the current sources and
sinks occurring at any instant during an action potential, there are
necessarily currents passing between them in the extracellular space. It
is these extracellular currents that may be measured by the electrodes
of a PNI (Loeb and Gans, 1986; Stein and Oguztoreli, 1978).

While charge in neural signalling is carried by ions, in metallic
conductors it is carried by electrons. Thus, at the metal-saline interface
of an implanted PNI electrode, there is necessarily some translation
between the two. The flow of charge across this interface can occur by
two types of mechanisms: capacitive and faradaic. Water molecules
orient themselves on the electrode surface, forming what is known as
the double layer and collectively act as a dielectric between ionic
charges in the saline and electronic charges in the metal. Up to about 20
uC/cm?, the transfer of charge occurs only by Columbic attraction and
repulsion across this layer, with no charge-carrying species crossing the
interface (capacitive, Robblee and Rose, 1990). Above this limit, the
double layer breaks down and both reversible and irreversible faradaic
reactions can occur. In reversible faradaic processes, also called pseu-
docapacitive, charge carriers cross the boundary and new chemical
species are created in oxidation and reduction (redox) reactions, how-
ever they do not leave the electrode surface and are readily reversed by
a flow of charge in the opposite direction. Irreversible faradaic processes
produce new chemical species that are not bound to the electrode
surface. They lead to corrosion or dissolution of the electrode, release of
toxic products into the surrounding fluid and tissue, potentially harmful
shifts in pH, and gas formation from electrolysis of water. The regime in

which an electrode operates depends on a variety of factors such as
electrode size, location, and stimulation protocol. Methods for char-
acterizing PNI electrodes and finding the limits between charge injec-
tion regimes are discussed in Section 4.1.1.

Several surface modification strategies exist to increase the amount
of charge that an electrode can capacitively and pseudocapacitively
deliver. The charge injection required by PNIs is usually beyond the
capacitive limit of common noble metal electrodes (namely, platinum
and platinum-iridium alloys) so these electrodes predominantly operate
in the pseudocapacitive regime (Robblee and Rose, 1990). However, an
electrode’s capacitive limit can be increased to a usable range by
coating it with a thin dielectric layer which imparts a higher dielectric
strength and prevents transfer of charge carriers; these are known as
capacitive electrodes (Howell and Grill, 2015). Assuming the electrode-
dielectric-electrolyte system exhibits parallel plate capacitor behavior,
the electrode’s capacitance is C = e,e.A./d where ¢, is the permittivity
of free space, ¢, is the relative permittivity of the dielectric, A, is the
electrode’s electrochemical surface area, and d is the thickness of the
dielectric. An effective dielectric coating for an electrode provides in-
creased e, while minimizing d (Howell and Grill, 2015). Electrode ca-
pacitance can be further enhanced by increasing the electrochemical or
“real” surface area (ESA). Surface roughness increases ESA without
increase of the geometric surface area (GSA). Titanium nitride is often
selected for its electrical conductivity, amenability to thin film de-
position, and surface roughness when deposited by sputtering (Cogan,
2008).

In some cases, such as with small electrodes (tens of pm), not even
pseudocapacitive mechanisms may provide enough charge transfer
with unmodified Pt or Pt-Ir electrodes (Cogan, 2008; Robblee and Rose,
1990). One method to increase the reversible charge transfer limit is
application of faradaic electric coatings, also called valence change oxides
(Howell and Grill, 2015; Robblee and Rose, 1990). Iridium oxide films
are the most common example; these possess two oxidative states and
readily accept or donate electrons during pulsing of the electrode.
Another method is to roughen the surface by etching, abrading, or
coating for increased ESA (Cogan, 2008; Geddes and Roeder, 2003; Lee
et al., 2016a; Ordonez et al., 2014; Robblee and Rose, 1990; Weremfo
et al., 2015). The advantages of surface roughening may reach a limit
when significant roughness or porosity increases the so-called pore re-
sistance. As the conductive path through solution reaches deeper into
the roughened electrode surface, a time constant may be added to the
electrode’s response, and the deep surfaces of the electrode may not be
utilized (Cogan, 2008; Robblee and Rose, 1990). Rough electrode sur-
faces may also be less mechanically robust and more prone to bio-
fouling by protein adhesion (Cogan, 2008; Straka et al., 2018; Wellman
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et al., 2018).

Low electrode impedance yields improved stimulation efficiency
and noise reduction. Depending on the design, placement, and appli-
cation of a PNI, geometric dimensions of the electrodes on the order of
hundreds of pm or even single mm may be appropriate and can achieve
low impedance (tens of kQ at 1 kHz) without any further modification
to a platinum surface. For smaller dimensions, faradaic coatings and
increased ESA also decrease electrode impedance (Howell and Grill,
2015).

2.2.1. Stimulation

PN stimulation initiates an action potential by depolarization of the
axonal membrane to the threshold potential. This is accomplished by
injecting negative charge (i.e. a cathodic pulse) into the tissue, which,
as it approaches the membrane, locally cancels the net positive charge
outside the cell and repels negative charges on the inside of the cell.
Though without any physical transfer of ions in or out of the cell, the
spatial shifting of charges produces a local outward current and dis-
charging of the membrane, thereby activating the sodium channels of
that region and initiating the action potential (Mortimer and Bhadra,
2018). The goals of PN stimulation are to accomplish this activation
safely and efficiently while ideally affecting only the targeted nerve
fibers.

As for safety, general recommendations are to avoid irreversible
faradaic reactions and combinations of high charge density and charge
per phase. A long-established technique for the former is to use charge-
balanced biphasic pulses. The second phase of opposite polarity re-
verses any surface-bound faradaic products that result from the initial
pulse, thereby avoiding charge accumulation on the electrode or in the
tissue after repeated cycles and keeping the electrode potential within a
safe range (Cogan, 2008; Donaldson and Donaldson, 1986). A general
guide for safe charge density, though it does not account for all relevant
factors (Cogan et al.,, 2016), is the Shannon limit, given by
log(D) = k — log(Q) where Q is the charge per phase or time integral of
the current, D = Q/A is the charge density or charge per phase divided
by the geometric area of the electrode, and k is a constant usually set at
1.85, or 1.5 for a more conservative guideline (Shannon, 1992). Any
combination of parameters above this limit is expected to induce tissue
damage. While these guidelines may serve as a starting point, tissue
damage resulting from stimulation is a complex topic and the reader is
referred to a number of other reviews and studies (Agnew et al., 1999,
1990; Agnew and McCreery, 1990; Cogan et al., 2018; Giinter et al.,
2019; McCreery et al., 1995, 1990; Pasluosta et al., 2018).

Stimulation efficiency is concerned with the amount of electrical
energy needed to achieve the desired neural activation, or, equiva-
lently, the time integral of electrical power, which is the product of
current and voltage. Therefore, efficiency is increased by minimizing
the current, voltage, or duration of stimulation waveforms. Low elec-
trode impedance contributes to efficiency by decreasing the voltage
required to deliver a given current. Another tactic is to shape the ex-
tracellular potential such that greater activation is achieved for the
same amount of current. Activation is proportional to the second spatial
difference in the longitudinal direction of the potential on the surface of
an axon (Howell and Grill, 2015; Rattay, 1986). Positioning two return
electrodes longitudinally on either side of a central cathode, known as a
tripolar configuration, can achieve a greater second spatial difference
for the same amount of current as compared with a single (monopolar)
electrode with distant return (Howell and Grill, 2015). PNIs may also
take advantage of insulative materials and other electrode arrange-
ments to shape the electric field and “steer” the current for more effi-
ciency and localization to the targeted nerve fibers (Tarler and
Mortimer, 2004, 2003).

How best to limit activation to only the targeted nerve fibers is one
of the prevailing considerations of PNI development. The most
straightforward approach is to position small electrodes as close as
possible to the nerve fibers, taking advantage of activation that
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decreases sharply with distance. However, this tactic involves other
crucial compromises in PNI performance. Other strategies that have
been explored include current steering and differential activation based
on fiber size. These and other examples of design strategies for im-
proved stimulation performance will be discussed in Section 3.

Stimulation with varied parameters can also be used for the purpose
of blocking, rather than activating neural activity, as discussed by
Bhadra and Kilgore (2018). Several reviews provide further discussion
regarding strategic parameters and waveforms for enhanced stimula-
tion (Cogan et al., 2016; Grill, 2018; Mortimer, 1990; Mortimer and
Bhadra, 2004; Pasluosta et al., 2018).

2.2.2. Recording

A crucial consideration for peripheral nerve recording is the relative
amplitudes of extracellular neural signals and noise sources. Electric
fields produced by nerve fibers are about three orders of magnitude
smaller than the electomyographic (EMG) fields produced by nearby
muscles (i.e. microvolts versus millivolts). Hoffer and Kallesge (2001)
draw an analogy by equating the signal amplitudes to audio decibels, in
which case recording a PN signal in the body is like listening to a quiet
voice while a loud horn is sounding one meter away.

The simplest recording arrangement is a monopolar electrode
placed near the nerve and a distant electrode used as reference.
However, this arrangement is highly susceptible to EMG noise sources.
Differential or bipolar recording is effective in cancelling some of this
noise by subtracting the signals of two electrodes placed near the nerve
and outputting their difference. Bipolar electrodes should be oriented
along the length of the nerve, ideally spaced to match the distance
between source and sink of a propagating action potential which will
maximize the amplitude of the measured differential signal. This dis-
tance can be approximated by multiplying the nerve fiber’s conduction
velocity and the time between maximum inward and outward currents,
or about half the period of an action potential. As a rule of thumb,
myelinated fiber conduction velocity, in m/s, is approximately six times
the fiber diameter in um; for unmyelinated fibers it is a factor of two
(Kandel, 2013). A “medium” diameter myelinated nerve fiber of 10 um,
for example, has a conduction velocity of ~60 m/s. Combined with the
nominal 1 ms duration of an action potential, we can estimate an ideal
(though not necessarily practical) electrode spacing of 30 mm. The
most effective electrode arrangement for rejecting noise is the tripolar
configuration in which a central electrode is measured differentially
with respect to electrodes on either side. The tripolar electrode con-
figuration and its variations, along with other strategies for enhanced
PN recording, are discussed in Section 3.1.1.1.

A general principle for optimal recording of neural signals is to
position the electrode(s) as close as possible to the signal source, which
for PNIs is the axonal membrane exposed at nodes of Ranvier. As dis-
tance between the signal source and electrode increases, more current is
shunted away through the tissue and the signal is attenuated. Another
factor affecting recording quality is tissue impedance. Differential re-
cording of a nerve, perhaps counterintuitively, can gain increased
signal amplitude from increased tissue impedance between the elec-
trodes, assuming the source-to-electrode distance remains the same. To
flow from current source to sink, extracellular currents must flow par-
allel to nerve fiber and the bipolar electrode alignment. Thus, increased
impedance of this path yields an increased voltage difference between
the electrodes.

2.3. Invasiveness versus selectivity

As described above, for optimal stimulation and recording perfor-
mance it is desirable to position electrodes close to the targeted nerve
fibers. However, the layered, bundled, densely-vascularized anatomical
structure of PN conflicts with this goal. Directly inserting electrodes
into nerve fibers may allow high stimulation and recording selectivity,
but breaching the blood-nerve barrier and inducing other injuries to
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Fig. 4. Plot illustrating the strategic tradeoff between invasiveness to the nerve
and selectivity. Existing PNI types generally lie on the diagonal, while a variety
of strategies attempt to enhance performance toward the “ideal” region of the
plot. Categories omitted from the plot are optical PNIs (Sec. 3.5) and hybrid
approaches (Sec. 3.6).

nerve tissues may increase likelihood of interface failure in the long-
term. On the other hand, positioning electrodes outside of the nerve is
more likely to maintain long-term interface stability but suffers from
poor selectivity and signal discrimination. Such trade-offs can be de-
scribed in multiple ways: invasiveness versus selectivity; stability versus
resolution; safety versus efficacy; chronic viability versus acute func-
tionality (Fig. 4). Section 3 will highlight approaches that balance or
circumvent trade-offs towards the combined goal of selectivity and
long-term performance.

2.4. Host response

Implantation of any object triggers an immune reaction which is
intended to facilitate healing by destroying, removing, or containing
the intruding object, clearing debris from the area, and increasing local
fluid for migration of repair cells (Coleman et al., 1974). This “foreign
body response” generally involves, at a minimum, immediate blood
clotting around the implantation site, acute inflammation, and ensuing
encapsulation of the implant in fibrotic tissue (Stroncek and Reichert,
2008). If the implant continues to have some injurious effect other than
its presence, such as chemical or mechanical irritation, the response
may intensify and include worse effects such as extreme inflammation,
edema, hemmorage, or necrosis (Naples et al., 1990). Therefore, a PNI
implementation should minimize or tailor host response to maximize its
operational lifetime.

Naples et al. (1990) provide a useful framework to summarize the
multiple aspects of biocompatibility that the PNI designer should con-
sider in order to minimize the host response: chemical, mechanical, and
geometric. It is important to note that in and among these properties,
which are mostly intrinsic to the device, there are also a number of
extrinsic considerations such as implant site and stimulation char-
acteristics.

Chemical biocompatibility is chiefly a material issue. The interface
between tissue and the implant surface is the target of chemical reac-
tions that will progress until an equilibrium is reached. In the process,
the implant may degrade and release noxious products into the body.
Therefore, inert or near-inert materials are preferred (Naples et al.,
1990). Furthermore, the materials should remain inert and intact when
subjected to prolonged electrical stimulation (White and Gross, 1974).

Mechanically, an implant should ideally possess similar properties
to the nerve and also accommodate relative motion, either by moving
with the tissue or avoiding friction at the interface (Naples et al., 1990).
Accordingly, the chosen implantation site may play a large role in the
apparent mechanical biocompatibility of a device; the same device
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implanted at different locations (e.g. extremity versus core) may incite
vastly different host responses due to different degrees of nerve
movement (Naples et al., 1990).

Geometry also plays an important role in biocompatibility. While
macroscale geometry of PNIs will be discussed in Section 3, a general
recommendation provided here is to avoid sharp edges and bulky
masses. Surface geometry may be adjusted to achieve a desired effect
depending on the application. A smooth surface minimizes tissue ad-
hesion and facilitates device mobility. A porous or perforated surface
will encourage tissue ingrowth, which may be desirable for anchoring
to the nerve and in some cases for increasing recorded signal amplitude,
but will make future removal of the device difficult (Hoffer and
Kallesge, 2001; Marks and Loeb, 1976; Naples et al., 1990; Stein and
Oguztoreli, 1978).

In addition to the generalized host response discussed here, other
potential agents of neural damage must be considered in all aspects of
PNI design, including surgical implantation and connection methods
(Sections 2.6 and 2.7). Furthermore, different types of PNI designs
come with their own considerations of implicit nerve damage, as dis-
cussed in Section 3.

2.5. Material selection

Based on the multiple facets of biocompatibility discussed above,
there exists no list of universally-accepted materials for use in PNIs.
Rather, material selection must account for interplay of multiple as-
pects of the design and application. Materials commonly used in PNIs
include silicone, polyimide, and Parylene C as insulation and platinum
and iridium as conductors. Among these, only silicone, platinum, and
platinum-iridium have been clinically implemented in PNIs on a large
scale. Parylene is known for its biological inertness and use in many
approved medical devices and has seen success in neural interfaces used
in research (Hara et al., 2016; Lecomte et al., 2017; Scholten and Meng,
2015; Sohal et al., 2016). Polyimide has seen similar success in research
applications but with limited historical use in approved medical devices
(Hassler et al., 2011; Stieglitz et al., 2011, 2005). However, these
polymer materials suffer from moisture permeation, delamination, and
fabrication difficulties and limitations (Hassler et al., 2011; Ortigoza-
Diaz et al., 2018; Rubehn and Stieglitz, 2010; Srinivasan et al., 2016).
When inserted into the endoneurium, Parylene and polyimide can
provoke growth of a significant encapsulation layer (de la Oliva et al.,
2018a,c; del Valle et al., 2015; Wurth et al., 2017). Silicone elastomer
may eventually degrade in the body (Garrido et al., 1993). According to
the physician’s manual for a commercially distributed PNI, the integrity
of silicone is not guaranteed after about 25 years (Finetech-Brindley
Sacral Anterior Root Stimulator (CPC2): Notes for Surgeons and
Physicians, 2016). Even platinum, with its reputation for robustness
and excellent characteristics, cannot completely avoid dissolution
under chronic stimulation (Robblee and Rose, 1990; Wellman et al.,
2018).

New materials being explored for PNIs include hydrogels, liquid
crystal polymer, SU-8, conductive polymers, carbon fiber, graphene,
carbon nanotubes, and even collagen (Fattahi et al., 2014; Green and
Abidian, 2015; Kim and Romero-Ortega, 2012; Tian et al., 2018;
Wellman et al., 2018; Woloszko et al., 1998). If clinical translation of
devices using exploratory materials is desired, the associated regulatory
obstacles should be evaluated. Materials selected may impact a device’s
safety profile which is determined following a rigorous battery of bio-
compatibility tests, such as those outlined by the widely accepted
standard ISO 10993-1, “Biological evaluation of medical devices”
(Standards and Guidances for Neurological Devices, 2018). As Wellman
et al. (2018) pointed out, beyond in vitro and animal demonstrations of
safety, any “new” material will also need substantial historical data to
warrant the financial risk of a clinical trial (which typically exceeds
$100 million). Overall strategy should not be limited to optimization of
one or several material variables such as softness or conductivity, but
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Fig. 5. Illustrations of common forms (blue) representing the main PNI categories. The PNI forms contain both the electrode, insulation, and any additional

supporting structure.

entail a careful balance of numerous interdependent trade-offs across
all material-related design factors.

2.6. Surgical implantation

PNI design should incorporate the entire scope of a device’s use,
including handling and surgical implantation (Mortimer et al., 1995).
Devices should be robust and the handling instructions straightforward.
Some designs may benefit from auxiliary features, such as tabs, loops,
or handles that solely serve as a grasping point during device pre-
paration and installation (Payne et al., 2019; VNS Therapy System
Epilepsy Physician’s Manual (US), 2018). Such features can be designed
for easy in situ removal after installation.

The implantation process itself should be made as efficient and
failproof as possible. Something as simple as an “up” label on an
otherwise transparent polymer device can help avoid the easy but
terminal mistake of installing it inside-out (Cobo et al., 2019). Chances
of accidental damage to the nerve during the installation process should
be minimized, such as pinching trauma resulting from premature clo-
sure of a nerve cuff. Several groups have devised special tools to fa-
cilitate installation of the PNI, such as a syringe-like electrode injector
(Yim et al., 2018), or purpose-made forceps for opening, positioning,
and closing a helical or spiral electrode (Bakula and Mortimer, 2000;
Bullara, 1990; Rise and Klepinski, 1992). It is a prudent choice to make
these tools in forms that are already familiar to surgeons. Others have
incorporated installation mechanisms into the device itself, such as an
eyelet for leading the device around or through the nerve with a suture
(Boretius et al., 2010; Cobo et al., 2019; Yoshida et al., 2000).

2.7. Packaging

Another crucial aspect of any PNI is the series of supporting com-
ponents which facilitate connection to the interface from outside the
body, frequently referred to as packaging. In practice, packaging has
many more potential points of failure than the interface itself (Mortimer
et al., 1995). Most PNI packaging is concerned with electrical connec-
tions, but newer devices may also include fluidic connections for drug
delivery.

Usually, the minimum arrangement of components consists of the
interface connected to either a telemetry and control module for clinical
and long-term use, or a percutaneous connector for shorter-term stu-
dies. The main principles of successful packaging for PNIs are to avoid
any transfer of tension from the leads to the interface, protect the leads
from breakage, and ensure sealing of any components that should re-
main isolated from tissues and fluids (Naples et al., 1990).

The standard practice of accessing each of a PNI’s electrodes via its
own lead wire with a percutaneous connection is not scalable to high
channel counts (dozens or more); increased channel counts are in-
evitable as advanced PNIs seek more degrees of freedom. To reduce the
number of electronic connections, a number of groups have integrated
amplifying and multiplexing electronics into the device or the cable
(Ballini et al., 2017; Lancashire et al., 2018, 2019; Lertmanorat et al.,

2009; Ramachandran et al., 2006; Schuettler et al., 2000; Wodlinger
et al., 2015) and others have replaced the cable entirely with wireless
approaches (Larson and Towe, 2011; Lee et al., 2018a,b; Park et al.,
2015a,b; SetPoint Medical, 2019; Sharma et al., 2011).

A recently proposed packaging solution involves routing the re-
maining nerve ending of an amputated limb into the interior of the
bone, which offers a protected space for housing the interface and other
components, and also a convenient site for direct connection to a ro-
botic prosthesis (Israel et al., 2018).

Section 4.2.1.2 will cover packaging in more detail with specific
considerations for implementation in animal studies. Though some of
the same principles apply to clinical use of PNIs in humans, packaging
of implantable devices for human use is a highly specialized topic in the
medical device industry and will not be specifically covered.

3. Types of peripheral nerve interfaces

This section surveys the different PNI approaches that have been
explored. The categorized approaches (Fig. 5) are presented along with
design considerations and best practices that have emerged. Particular
attention is given to strategies for optimizing efficacy and safety, and,
where available, in vivo longevity of the interface is reported.

3.1. Extraneural

Extraneural PNIs are situated outside the nerve; this placement can
preserve nerve health at the cost of greater distance to individual fibers.
However, extraneural PNIs may injure the nerve by constriction which
prevents crucial nutritional and metabolic transport through neural
blood vessels and the axons (Ju et al., 2006; Krarup et al., 1989). Ju
et al. (2006) observed a decrease in blood prefusion beginning at 30.5
mmHg of nerve constriction. Constriction may inadvertently arise when
a circumneural electrode is fitted too closely around a nerve trunk. The
ensuing acute inflammation that follows implantation temporarily in-
creases the nerve diameter and after the swelling subsides, a layer of
fibrotic encapsulation invariably forms between the nerve and the in-
terface, effectively increasing its diameter (Hoffer and Kallesge, 2001).
Nerve diameter will also change with motion since volume is conserved
during changes in length, though the literature does not specify if this
change is significant enough to be affected by PNIs.

The anatomical groove in which a nerve trunk resides may induce
lateral compression as it attempts to accommodate the extra bulk of an
extraneural PNI. Mechanical pressure from adjacent tissues can be
transmitted through the compliant material of an extraneural PNI to the
nerve. Rydevik et al. (1981) observed blood flow in a nerve to be af-
fected starting at 20 mmHg of lateral compression and complete oc-
clusion at 60 mmHg.

Relative motion between the PNI and the nerve can also be a source
of damage. Cabling connected to the PNI can apply tension, creating
irregular pressure points on the nerve via lateral pulling or torquing
(Hoffer and Kallesge, 2001; Restaino et al., 2014). Before fibrotic en-
capsulation anchors a PNI to the nerve, there may be motion between
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them, causing abrasion and an aggravated response (Naples et al.,
1990). If fibrotic tissue on the outside of the PNI anchors it in place
relative to the surrounding tissues, the nerve may also become an-
chored and experience damaging levels of tension (Hoffer and Kallesge,
2001; Sunderland, 1990).

The following explores extraneural PNI strategies, highlighting best
practices for mitigating nerve damage and enhancing recording and
stimulation.

3.1.1. Cuff

Extraneural cuffs are the most widely used and studied of PNIs.
Their general form is an insulative tube wrapped around the nerve
containing exposed metal sites on its inner wall. In 1948, Sarnoff et al.
described a method of looping wires around the phrenic nerve and
wrapping the assembly with a piece of polyethylene sheeting. Sarnoff
explains: “In this way the phrenic nerve could not escape contact with
the electrode but was not compressed by it and the latter could not
deliver an impulse to any other structure” (Sarnoff et al., 1948). A more
standardized cuff design emerged consisting of wires sewn into the wall
of a section of silicone tubing with a longitudinal slit across its length
(Loeb and Peck, 1996; Stein et al., 1977). New fabrication technologies
enabled greater dimensional precision, design flexibility, and a wider
choice of material properties. Hoffer and Kallesge (2001) provide a
thorough and practical review on the design and use of nerve cuffs
using traditional fabrication techniques.

3.1.1.1. Strategies for enhanced recording with extraneural cuffs. The
goals of neural recording are rejection of noise from extraneural
sources (namely, EMG) and discrimination of signals from different
nerve fibers.

3.1.1.1.1. Noise rejection. An effective and widely used method to
reject large extraneural noise sources in cuffs is the tripolar electrode
configuration: a central electrode is connected to one input of a
differential amplifier and two equidistant surrounding electrodes are
shorted together and connected to the other input (Stein et al., 1975).
The external EMG source can only access the cuff electrodes by entering
one end and leaving the other; the resultant voltage gradient is linearly
dependant on distance. The two shorted electrodes effectively measure
the average potential between them, and therefore any EMG voltage
picked up by them is equivalent to the potential at their midpoint.
Consequently, the EMG signal measured by the amplifier is the
difference between the central electrode and a virtual electrode at
that same point, which is zero. Meanwhile, signals generated within the
cuff, i.e. the electroneurogram (ENG), are not spatially linear and are
not cancelled. Mathematically, the measured ENG is the second spatial
difference of the voltage across the length of the cuff (Stein et al.,
1977).

Stein et al. (1977) provided a demonstration of EMG cancellation
with a tripolar cuff, shown in Fig. 6. Monopolar, bipolar, and tripolar
cuff recordings were recorded in the presence of EMG from nearby
muscles, after which the muscles were denervated and the recordings
were repeated. In the monopolar and bipolar recordings, the neural
signal is dominated by EMG and only revealed following denervation,
while the tripolar recording captures the major features albeit with
some EMG contamination.

Several conditions must be met in order for tripolar cancellation of
extraneural noise to be effective (Loeb and Gans, 1986). First, the im-
pedance of the two end electrodes must be as similar as possible.
Second, the middle electrode must be equidistant between the two
ends. Third, the impedance of the amplifier inputs should be similar,
accounting for the fact that one input is coming from a single electrode
and the other input is coming from two electrodes. Fourth, the voltage
gradient is slightly nonlinear at the entrance and exit of the cuff, so the
end electrodes should be positioned away from the cuff ends (generally
by a few mm) (Rahal et al., 2000a). Finally, the cuff must be well-sealed
and insulated to ensure a constant voltage gradient from one end to the
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other. The first four requirements are readily met by leveraging the
precision and layout flexibility of microfabrication techniques. The
latter requirement has bearing on design of the cuff’s closure me-
chanism which will be discussed in more detail below.

Several improvements to this historical quasi-tripolar configuration
have been explored to further enhance its noise cancellation abilities
(Fig. 7). Fibrotic tissue growth over time may affect the impedance
balance between the two end electrodes or the linearity of the voltage
gradient inside the cuff. To compensate for this, Struijk and Thomsen
(1995) connected the two end electrodes with a potentiometer, al-
lowing for adaptive balancing of the asymmetric tissue effects. This
adaptive tripolar configuration decreased the EMG artifact by 30 %
while only decreasing the ENG by 3 %. Pflaum et al. (1997) amplified
the central electrode with respect to each end electrode separately then
added the two outputs in a configuration called true tripolar. This re-
solved the dissimilar impedance between one and two-electrode inputs
and yielded a 10 % improvement in signal-to-noise ratio (SNR). Plachta
et al. (2014) later used the true tripolar configuration to perform
adaptive balancing by making adjustments to the first amplification
stage. In a revised quasi-tripolar configuration, Chu et al. (2012)
achieved an 11 % improvement in SNR by replacing the central elec-
trode with a pair of shorted electrodes separated by a strategic distance.
The mechanism by which this improvement is achieved is subtle: as the
separation distance between the center electrodes increases from zero
(ie. a single electrode), the EMG signal decreases linearly while the
ENG decreases non-linearly, remaining near its maximum value at short
separation distances. Therefore, the ratio ENG/EMG is maximized with
a short separation between a pair of central electrodes (Chu et al., 2012;
Lee et al., 2016a).

Other strategies for noise rejection include passive shunting or
shielding features. The screened tripole devised by Rahal et al. consists of
two additional electrodes which are shorted together and positioned
outside the end electrodes. They serve to provide a low-resistance path
for shunting the external signal around the lumen of the cuff rather than
through it. The effect is a shallower voltage gradient through the cuff so
that the recording is less affected by asymmetries in the tripole, similar
to what would be achieved by a longer cuff (Rahal et al., 2000b). An-
other approach is to include a conductive shield layer covering the
entire outside of the cuff. Modelling by Sadeghlo (2013) estimated a 70
% reduction in noise using this technique, and Sabetian et al. (2017)
found it reduced stimulus artifacts by 63 %.
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Fig. 7. Electrode configurations for recording with extraneural cuffs.

Finally, filtering can further improve noise rejection. ENG generally
occupies the range of 100-5000 Hz with most of its power between 1
and 3 kHz, while EMG is 1-500 Hz with most of its power between 100
and 300 Hz (Tyler, 2018). A notch filter around 60 Hz is also usually
necessary to reject room noise.

3.1.1.1.2. Signal discrimination. The signals recorded by a cuff are a
summation of all the signals from the nerve fibers it encircles, which
often number in the thousands. The use of small electrodes may
enhance the ability to localize signals coming from fascicles near the
surface of the nerve. However, arraying small electrodes around the
inner wall of a cuff may only yield modest improvements due to
extracellular currents’ spreading throughout the cuff lumen (Hoffer and
Kallesge, 2001; Lichtenberg and De Luca, 1979; Sahin and Durand,
1997; Struijk et al., 1997). Such a strategy is most effective when
combined with distal placement on the nerve where there is greater
separation among fascicles as they near branching points (Silveira et al.,
2018).

Discrimination of signals based on location in the nerve may be
helped by modification of the cuff’s inner wall, as proposed by Hoffer
et al. (Hoffer et al., 1998; Hoffer and Kallespe, 2001). The multi-
chambered cuff has parallel ridges on the inside wall which are in-
tended to contact the surface of the nerve and form isolated extraneural
chambers, each with its own tripolar set of electrodes. This would po-
tentially limit the spreading of extracellular currents that would
otherwise be picked up on multiple electrodes around the cir-
cumference.

One long-established method for isolating a signal is coherent
averaging, also called spike-triggered averaging (Hoffer et al., 1981;
Mendell and Henneman, 1971). A signal which is too small to distin-
guish in one recording may emerge after tens or hundreds of the re-
cordings are averaged. Coherent averaging requires a repeated signal
that is time-coupled to some other detectable signal such as a stimulus
or biological signal. Plachta et al. (2014), for example, averaged re-
cordings of baroreceptor signals in the vagus nerve using the rising edge
of the electrocardiogram as a trigger.

Discrimination between efferent and afferent signals may be pos-
sible given the reversal of the recorded signal shape. However, a

tripolar configuration may make it more difficult to distinguish because
of the symmetric electrode arrangement. It is possible to maintain di-
rectionality with the use of multiple tripoles in a single cuff, perhaps
interleaved or sharing electrodes in each set (Hoffer et al., 1981).

Extending the idea of using multiple electrodes to distinguish signal
direction, Taylor and co-workers demonstrated the ability to dis-
criminate signal sources by conduction velocity (Al-Shueli et al., 2014;
Donaldson et al., 2008; Metcalfe et al., 2018, 2014; Schuettler et al.,
2013; Taylor et al., 2004). Conduction velocity of a fiber correlates to
its size, and different sized fibers generally correlate to different types
of signals within the nerve. For example, pain signals are carried by
small, slow fibers while proprioceptive signals are carried by large, fast
fibers. Velocity-selective recording is based on a “delay-and-add” pro-
cess using a cuff with about ten electrodes longitudinally arranged with
even spacing. A delay, corresponding to position in the row of elec-
trodes, is added to the output of each overlapping tripole before the
signals of all tripoles are summed. The result is that a neural signal
propagating at a particular velocity will end up being summed con-
structively with itself in all of the outputs. The resulting peak reveals
the propagation velocity of the signal and its amplitude is multiplied by
the number of electrodes (Taylor et al., 2015). An extension of this
method may be used to extract the amount of activity occurring in a
nerve at each velocity, called the “velocity spectral density” (Metcalfe
et al., 2014). These methods have recently been demonstrated to cap-
ture distinct physiological neural signals from the vagus nerve of a pig,
discriminated by direction and velocity (Metcalfe et al., 2018).

An emerging technique for recordings of higher spatial resolution is
fast neural electrical impedance tomography (EIT) (Aristovich et al.,
2018). In this technique, the impedance changes among an array of
extraneural electrodes are measured while a constant current is passed
between any two of them. The measurements are used to reconstruct
tomographic “images” of the nerve cross-section using a process similar
to inverse source analysis for electroencephalography. The changes in
membrane conductivity as ion channels open and close are captured in
the image and thereby give an indication of neural activity. Fast neural
EIT has been demonstrated to localize compound action potentials to a
particular fascicle in rat sciatic nerve with temporal resolution of 0.3 ms
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and spatial resolution of 100 pm. This technique currently requires
averaging over tens of seconds or minutes (Aristovich et al., 2018).
Relatedly, a more direct adaptation of inverse source analysis techni-
ques was investigated by Zariffa et al. (2011) though with limited
success. Wodlinger and Durand (2010, 2009) also present a source-lo-
calization technique utilizing spatial filters determined by the interface
geometry and demonstrated localization of activity in two fascicles.

3.1.1.2. Strategies for enhanced stimulation with extraneural cuffs. Goals
of neural stimulation are efficiency and selectivity. Extraneural cuffs
derive their efficiency from the insulative wall which confines
stimulation currents. A well-sealed cuff is not as crucial for
stimulation as it is for recording, but prevents wasteful spill-over of
current which may cause unwanted side effects (Hoffer and Kallesge,
2001). A tripolar electrode configuration with return electrodes near
the cuff ends helps confine current and also shapes the generated field
to have a higher second spatial difference for the same amount of
current (as compared with a monopole) thereby more efficiently
initiating action potentials (Howell and Grill, 2015).

To achieve selectivity, it is straightforward to install cuffs at distal
locations after branch points (Payne et al., 2019). However, this ap-
proach is often undesirable because the branched nerves are smaller,
more fragile, and less accessible. It also requires multiple implantations,
cables, and connectors if multiple degrees of freedom are required. It is
preferable to implant a single PNI on a larger compound nerve trunk.

The primary mechanisms for differential activation of nerve fibers
are spatial selectivity and fiber size selectivity. Grill (1995) provided an
in-depth review of selective stimulation strategies using cuffs. A sum-
mary is provided here along with recent advancements.

Spatial selectivity is based on the increase in a fiber’s stimulus
threshold as distance from the electrode increases. A given stimulus
pulse can activate fibers within a certain radius. Spatial selectivity may
be improved by arraying and positioning electrodes around the cuff
with reference to the fascicle positions in the nerve trunk. Furthermore,
the spatial pattern of activated fibers can be shaped via electrode ar-
rangement. A tripolar arrangement is generally used with the cathode
at center and anodes at the ends, though Tarler and Mortimer found a
monopolar arrangement to be nearly as selective (Tarler et al., 1995;
Tarler and Mortimer, 2003). A transverse anode, i.e. on the other side of
the cuff, may also be used to “steer” the current depending on the
amplitude of the anodal pulse (Grill et al., 1991; Sweeney et al., 1990;
Veraart et al., 1993). Grill and Mortimer (1996a) found the use of
shortened pulses can exaggerate the effect of spatial selectivity, in-
creasing the difference in stimulation threshold for fibers at different
distances from the electrode. An inversion of the distance-threshold
relationship can be achieved by use of sub-threshold depolarizing pre-
pulses before the main stimulation pulse. These pre-pulses deactivate
the sodium channels in nearby fibers while those farther away are
unaffected. In such a manner, fibers at the center can be activated
without activating those near the surface (Grill and Mortimer, 1997).
Other waveforms for blocking can also be used for this purpose
(Vuckovic et al., 2008).

Beyond these guidelines, spatially selective activation of fascicles
with cuffs is a case-by-case practice. A period of characterization and
“tuning” after implantation will generally be required to find the
electrode combinations that achieve the desired effects. Tarler and
Mortimer (2004) demonstrated selective activation of each of four
fascicles in cat sciatic nerve using only four monopolar electrodes in
combination with anodic and cathodic steering currents. Veraart et al.
(1998) implanted a cuff on a human optic nerve and with four elec-
trodes elicited a range of percepts roughly corresponding to four
quadrants in the visual field. Good selectivity was achieved in human
upper extremity using a combination of monopolar electrodes and
current steering (Polasek et al., 2009). Plachta et al. (2014), with a
tripolar configuration, achieved activation of baroreceptors in rat vagus
nerve that was at least selective enough to avoid cardiac and respiratory
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side effects.

Fiber size selectivity is based on the fact that larger diameter fibers
have a lower stimulation threshold. Gorman and Mortimer (1983)
found that shortened pulse durations exaggerate the effect as they do
for spatial selectivity, by increasing the differences in threshold for
different fiber sizes. Notably, the tendency to recruit large fibers before
small fibers is opposite to the physiological recruitment order for vo-
luntary muscle contractions which begins with low-force, fatigue-re-
sistant motor units and progresses to high-force, quickly-fatiguing
motor units. Consequently, graded stimulation levels intended to re-
produce natural-like motor control will instead produce poor gradation
of force and quick onset of fatigue. This is evident in the steep slope of
most recruitment curves (plots of a muscle’s contraction force versus
stimulation amplitude) found in the literature. Sub-threshold depolar-
izing pre-pulses before the main pulse, as with the distance-threshold
relationship, have been found to invert the diameter-threshold re-
lationship, which can be used to achieve a more natural recruitment
order (Sassen and Zimmermann, 1973).

Lertmanorat and Durand (2006; 2004) proposed an extraneural
method to recruit small myelinated fibers before large ones that does
not rely on use of a long pre-pulse and large amounts of charge injec-
tion, but instead strategically shapes the extracellular voltage profile
using an array of electrodes. This technique is based on the pro-
portionality of fiber excitation to the second spatial difference of the
voltage profile along the nerve, and internodal spacing to fiber dia-
meter. The electrode configuration is an evenly spaced array of 5-11
alternating anodes and cathodes. A fiber whose internodal spacing
approximately matches the spacing between cathodes will see a more
uniform voltage profile and thus a drastically diminished second spatial
difference. Meanwhile, fibers with smaller internodal spacing, espe-
cially those matching the cathode-anode spacing, will have a larger
second spatial difference and thus can be activated independently of the
larger fibers. This technique was demonstrated to be effective at pre-
ferably recruiting smaller myelinated fibers in both simulations and
experiments and decreased the slope of recruitment curves by at least a
factor of four as compared to a tripolar cuff (Lertmanorat et al., 2006).

3.1.1.3. Cuff closure mechanisms. Cuffs are largely differentiated from
each other by the mechanisms by which they close around a nerve.
Closure mechanism design should consider sealing, sizing, and ease of
installation. As previously mentioned, complete sealing along the entire
length of the cuff is crucial for maximal recording quality. The seal
should also deny the aggressive ingrowth of fibrotic tissue at any point
other than the ends of the cuff. The host immune response will breach
and expand even the tiniest gap or crack in the seal by packing it with
fibrotic tissue, which then provides a path for internal signals to leak
out and for external noise to invade (Hoffer and Kallesge, 2001; Loeb
and Gans, 1986; Loeb and Peck, 1996; Naples et al., 1990).

Sizing of a cuff’s diameter must balance several factors. A fit that is
too tight will compromise nerve health by constriction during post-
operative swelling, tissue encapsulation, and motion. If it is too loose,
the recording and stimulation performance will be impaired. The pre-
vailing convention for cuff sizing is to use an inner diameter that is
1.2-1.5 times the nerve diameter. Hoffer and Kallesge (2001) note that
a looser fit may increase nerve damage because it has a tendency to
allow misalignment of the cuff’s and nerve’s axes, resulting in sharp
pressure points at either end of the cuff. Likewise, Naples et al. (1990)
suggested that a closer fit may improve stabilization of the cuff on the
nerve, and that the greater cause of damage is incongruous motion
between the two. Naples’ review found a variety of confounding factors
in reports of health or harm caused by various cuff diameters, including
various implantation sites subject to different amounts of motion and
different cabling qualities that may serve to either aggravate or stabilize
the interface. From these discussions, when selecting a fixed cuff dia-
meter, it seems prudent to aim for 1.2-1.3 times the nerve diameter.

3.1.1.3.1. Split cuffs. Split cuffs possess a simple design and were
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Fig. 8. Extraneural electrodes. A) Cuff with “piano hinge” closure mechanism (Kallesge et al., 1996). B) Silicone spiral cuff. Image reproduced courtesy of Ardiem
Medical, Inc (Neural Cuff | Ardiem Medical, 2019). C) Two-electrode helical array (McCreery, 2004).

preferred throughout the first two decades of PNI research. They consist
of a sheet of insulation folded around the nerve or a piece of tubing with
a longitudinal end-to-end slit. To close and seal split cuffs, sutures and/
or silicone can be applied and the silicone cured in situ. This method is
still widely used for its simplicity (Avery and Wepsic, 1973; Caravaca
et al., 2017; Gonzalez-Gonzalez et al., 2018; Hoffer and Kallesge, 2001;
Loeb and Peck, 1996; Stein et al., 1977; Tian et al., 2018). However, the
obvious drawbacks are imprecision and inconsistency. Sutures on the
exterior of a cuff may cause problematic adhesion to surrounding
tissues (Hoffer and Kallespe, 2001).

Alternatively, an outer shell can be applied which gives form to the
flexible inner cuff, holding it closed via spring force (Micro-Leads
Research Products, 2019). A double-layered cuff design used an outer
split cuff wrapped around the inner cuff with its longitudinal slit po-
sitioned on the opposite side of the nerve, which was then sealed with
silicone (Loeb and Peck, 1996). This design is particularly resistant to
tissue ingrowth but at the expense of a bulkier profile.

Kallesge et al. presented a split cuff having inter-locking teeth that
are aligned and linked by inserting a single nylon suture (Fig. 8a), much
like the hinge of a piano lid (Hoffer and Kallesge, 2001; Kallesge et al.,
1996).

A few examples in literature have bendable metal skeletons, or ar-
matures, embedded inside the cuff wall, giving it a formable structure.
An armature cuff intended for acute experiments by Foldes et al. (2011)
is simply pinched closed to hold it in place around the nerve. A design
by Crampon et al. (1999) used a temperature sensitive shape-memory
alloy which can maintain an open state for easy installation around the
nerve, followed by automatic closing once it warms to body tempera-
ture.

3.1.1.3.2. Spiral cuffs. Unlike split cuffs that require additional
closure mechanisms to achieve appropriate fitting around a nerve,
spiral cuffs were introduced that could “self-size” (Naples et al., 1988,
1986). Spiral cuffs (Fig. 8b) have a dynamically adapting diameter and
can be installed with a snug fit (a resting diameter of about 0.9 times
the nerve diameter), keeping electrodes in contact with the surface of
the epineurium while accommodating swelling, fibrosis, and motion.
The accommodating fit can minimize abrasion of the nerve before tissue
encapsulation can anchor it (Naples et al., 1990).

Models showed that a spiral cuff could accommodate a 21 % ex-
pansion of the nerve diameter before reaching the 20 mmHg pressure
safety threshold Rydevik observed as the starting point of effects on
blood flow (Naples et al., 1988). Later, in vitro measurements by Cuoco
and Durand (2000) revised this limit to at least 33 % expansion of the
nerve. A seven-month implantation on cat sciatic nerves showed mor-
phological changes only attributed to cabling issues while a subsequent
four-month implantation showed no significant morphological differ-
ences as compared with controls (Grill and Mortimer, 2000; Romero
et al., 2001). The majority of investigations on cuff-based stimulation
by Mortimer and co-workers at Case Western Reserve University in the
1990s and 2000s were also performed using spiral cuffs (Grill et al.,
1991; Grill and Mortimer, 1998, 1997, 1996b, 1996a; Tarler et al.,
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1995; Tarler and Mortimer, 2004, 2003; Veraart et al., 1998, 1993).
Spiral cuff implantations in humans have seen stable function without
adverse effects up to 11 years in limbs (Christie et al., 2017; Fisher
et al., 2009; Polasek et al., 2009), and up to 7 years on an optic nerve
(Brelén et al., 2005).

Most spiral cuffs have been made from silicone and platinum foil,
like the example shown in Fig. 8b. It is desirable to minimize the
thickness of the cuff in order to avoid a bulky discontinuity in the lumen
where the inner edge of the spiral ends. For this purpose, and to take
advantage of the other benefits of microfabrication, several groups have
microfabricated spiral cuffs from the thin-film polymers polyimide and
Parylene (Kang et al., 2015; Lee et al., 2016a; Plachta et al., 2014;
Rodriguez et al., 2000; Schuettler et al., 2000).

3.1.1.3.3. Other closure mechanisms. Several other cuff closure
mechanisms can be found in literature. Ratchet or zip-tie inspired
mechanisms presented by Yu et al. (2014) and Cobo et al. (2019)
involve microfabricated teeth on the edge of a tab which is passed
around the nerve and through a slit, the edges of which lock the teeth
into place. The tooth spacing offers a set of discrete, though fixed, sizes
from which a precise fit can be selected. Chronic experiments have not
yet shown if the longitudinal slit in these designs may compromise the
integrity of the cuff seal.

Another interesting closure mechanism is the hook-and-loop fas-
tener proposed by Seki et al. (2017). Made from Parylene, one end of
this cuff is patterned with three-dimensional microscale loops that
project from the surface, while the other is patterned with hooks. After
wrapping the device around the nerve, the two ends are pressed to-
gether and the arrays of hooks and loops become entangled. It is un-
clear how the design will fare in chronic studies as the cuff does not seal
and the microstructures may irritate the nerve.

3.1.1.4. Cuff length. To optimize a tripolar cuff for recording purposes,
its length would ideally match the wavelength of action potentials in
the fibers of interest. For a medium-sized myelinated fiber of 10 ym
diameter, this can be estimated to be about 60 mm, and for the largest
fibers it would be twice that. This excessive cuff length is not practical,
however making the cuff as long as possible given anatomical and
surgical constraints can aid in maximizing the recorded signal (Marks
and Loeb, 1976; Rahal et al., 2000a).

Andreasen and Struijk (2002) estimate that single-fiber action po-
tential amplitude begins to saturate when about 22 nodes of Ranvier are
included within the ends of the tripole. Internodal spacing is 100 times
the fiber diameter (Hursh, 1939), so the tripole length to maximally
record from a 10 pum fiber is about 22 mm. Short of maximal recordings,
Tyler (2018) gives the rule of thumb that the tripole should cover at
least 10 nodes of Ranvier, which, by the same calculation, would yield
about 10 mm. In other words, a minimum cuff length for recording
might be estimated by simply transliterating the targeted fiber diameter
from pm to mm and adding a few mm to account for the non-linearities
at the ends of the cuff, as discussed in Section 3.1.1.1.

Hoffer and Kallespe (2001) state that adequate recording during
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behavioural tasks in animals is achieved using a cuff length that is 10
times its diameter. However, longer cuffs yield better recordings. If
even a few mm can be added, Andreasen and Struijk (2002) state that
the extra length may have a significant impact on the RMS value of the
ENG.

For the purposes of stimulation, cuff length is much less important
and has not received special treatment in literature. A longer cuff will
improve efficiency and current containment, and otherwise it is the
desired electrode arrangements and field shaping capabilities that will
dictate length (Hoffer and Kallesge, 2001). For stimulation with a tri-
polar configuration, length comparable to a short recording cuff, as
described above, should be sufficient.

3.1.1.5. Cuffs for small nerves. Sizing extraneural cuffs for use on small,
fragile nerves 500 pm in diameter and smaller introduces additional
challenges. Cuffs having thin walls and constructed from soft,
compliant materials are necessary. Soft, thin-film polymer substrates
may offer significant advantages in this case. A 30 um-thick cuff was
microfabricated from shape memory polymer and used to acutely
record from the pelvic nerve of rat, which has a diameter of 200 pm
(Gonzalez-Gonzélez et al., 2018). The shape memory polymer can form
a very thin cuff wall that also softens upon implantation, in contrast to
other commonly used materials like silicone, polyimide, and Parylene
that do not have this combined feature set.

Smaller nerves require cuffs capable of tighter bending radius. The
metal conductors used in larger cuffs may not accommodate small
bending radii without significant stress. One strategy to address this is
use of microfabrication methods to pattern thin metal layers (approxi-
mately 200 nm thick) as opposed to methods that involve metal foils
(25 pm thick). Ordonez et al. decreased the stress in a circumneural
metal electrode for a 350 um diameter cuff by longitudinally dividing
the electrode into two sections and reconnecting them with a serpentine
metal trace (2014).

3.1.2. Book

Book electrodes, introduced by Brindley (1972), consist of deep
grooves in a silicone block with platinum foil electrodes in each groove,
where nerves are to be placed (Brindley, 1977, 1972). The flaps se-
parating each groove are reminiscent of the pages of a book, thus the
name. After placing the nerves, a silicone cover is placed and sealed
with silicone adhesive. This device was designed for implantation on
the sacral nerve roots near the spine for bladder control in spinal cord
injury patients. Book electrodes were first commercially introduced in
1982 by Finetech Medical and have been implanted in thousands of
patients (About us — Finetech Medical, 2019). The manufacturer states
that longevity of the device is expected to be 20-25 years, limited by
degradation of the silicone rubber, though it has not been observed
(Finetech-Brindley Sacral Anterior Root Stimulator (CPC2): Notes for
Surgeons and Physicians, 2016). In a 2018 survey of 33 patients who
were implanted with the Brindley stimulator at one hospital, the
average time since implant was 16 years and overall satisfaction with
the device was 87.5 % (Deberge et al., 2018). A large advantage of the
device is its stable implant location, which avoids complications of the
relatively bulky geometry. Owing to the selectivity problem, installa-
tion of the device unfortunately includes cutting some of the afferent
dorsal sacral roots so that reflex circuits do not interrupt function,
which also eliminates other reflexes such as gastric emptying and sexual
functions (Navarro et al., 2005).

3.1.3. Helical

The helical or helicoidal PNI, shown in Fig. 8c, is another extra-
neural design that has been successfully commercialized. It was ori-
ginally developed at Huntington Medical Research Institute by Agnew
and co-workers in the 1980s, and nowadays is found in stimulation
systems by LivaNova (previously Cyberonics) (Agnew et al., 1989;
Bullara, 1986; Naples et al., 1990; VNS Therapy, 2019). The design
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consists of a silicone substrate formed into an open-matrix helix with
platinum foil electrodes. Like the spiral cuff, helical electrodes offer an
adaptive fit to the nerve, accommodating changes in diameter. They
have been widely successful for clinical non-selective stimulation of the
vagus nerve, however the open-matrix form is not suited for sensitive
ENG recording. Multiple design iterations have included a bidirectional
helix with separate sections turning in opposite directions to prevent
travel along the nerve, and “finger-like” gripping forms that resemble
the open matrix of the helix but allow for easier implantation by ob-
viating the need to completely wrap behind the nerve (Baker, 1993;
Bullara, 1990; Rise and Klepinski, 1992; Weinberg, 1993).

At least one thin-film polyimide version of a helical electrode was
proposed, though it has not been specifically compared with the tra-
ditional silicone helix (Xiang et al., 2016).

3.1.4. Flat interface neural electrode (FINE)

The flat interface neural electrode (FINE), introduced by Tyler and
Durand (1997a), offers a powerful strategy for increasing extraneural
access to individual fascicles in a nerve trunk. The concept is that the
nerve will tolerate atraumatic rearrangement of the fascicles under
limited transverse compression. The FINE aims to gently flatten the
nerve, thereby bringing all fascicles closer to the nerve’s surface and
increasing the cross-sectional perimeter while maintaining cross-sec-
tional area. In addition to spreading out the fascicles to improve access
to them, the increased perimeter allows for a greater number of elec-
trode sites to contact the nerve (Tyler, 2018).

Individual fascicle selectivity and independent addressability of the
FINE on cat sciatic nerve was demonstrated in acute studies (Tyler and
Durand, 2002). A study of the four-week response to varying degrees of
reshaping forces (via varying wall thickness) on rat sciatic nerve found
that the low forces exerted by a 0.4 mm silicone wall were best-toler-
ated and still capable of achieving the desired reshaping (Tyler and
Durand, 2003). Three-month studies of FINE on cat sciatic nerve de-
monstrated stable selectivity and no significant histological evidence of
nerve damage in FINEs with low or medium degrees of reshaping
(Leventhal et al., 2006; Leventhal and Durand, 2004). Modelling by
Leventhal and Durand (2003) suggests that selectivity is maximized by
designing FINEs to particularly match the dimensions of the targeted
nerve, and that doing so may yield sub-fascicle selectivity.

Later, a FINE was designed, modelled, and intraoperatively tested
on human femoral nerve with the aim of eventual use in a neuro-
prosthesis for standing and walking. At least four of the six targeted leg
muscles were selectively and independently activated in each of the
seven subjects tested, and all six muscles in one subject (Schiefer et al.,
2010, 2008). Similar studies were performed on other lower-limb
nerves (Schiefer et al., 2013, 2012). Stable and selective sensory per-
cepts were stimulated in upper arm amputees for up to two years using
FINE (Tan et al., 2015).

Several variations of the initial FINE have been produced. A liquid
crystal polymer version was designed to take advantage of micro-
fabrication (Hess et al., 2007). A FINE was designed to close more
slowly for more gradual reshaping of the nerve by integration of a
biodegradable polymer, allowing a tuneable reshaping period ranging
from 12 h to 16 days (Caparso et al., 2009). The latest generation of
FINE is designed with regionally specific stiffness such that the flat-
tening effect is still possible but with greater flexibility in the long-
itudinal direction to accommodate bending of the nerve. Stiffness was
modulated by a strip of PEEK embedded in the center of the silicone
wall (Freeberg et al., 2017). This composite-FINE was implanted in
human trans-tibial amputees and stably elicited multiple sensory per-
cepts in the missing limb over a period of seven months (Charkhkar
et al., 2018).

3.1.5. Other extraneural PNIs
Other notable extraneural PNI designs are introduced here. A micro-
scale, printable “nanoclip” was designed for nerves as small as 50 um
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(Lissandrello et al., 2017). The clip itself does not offer insulation but
serves to hold the electrodes near the nerve. It features a “trap-door”
closure for ease of installation. Non-active clips were installed on zebra
finch tracheal syringeal nerve for 74 days and changes in bird song
were monitored as an indicator of nerve health. Bird song deviated si-
milarly to a nerve crush injury after implantation, but recovered to
baseline after about 10-20 days while the clip was still present. While
further characterization and optimization of this design are likely
needed, the 200 nm-resolution 3D printing technique may provide a
simple solution for interfacing with small nerves.

The split-ring polyimide PNI proposed by Lee et al. (2017) prior-
itizes ease of fabrication and installation. No subsequent fabrication
steps are required after removing the microfabricated device from its
carrier wafer, and the flexible split ring shape is intended to easily slip
around the nerve and apply minimal pressure while keeping the elec-
trodes in contact with the nerve. A drawback of this design is the
transverse positioning of electrodes around the perimeter which is not
optimal for either recording or stimulation. Furthermore, the sharp
edges of the thin film are oriented normal to the nerve and the adjacent
tissues and are likely to cause injury when implanted chronically.

A paperclip-inspired polyimide PNI is similarly flat and requires
little manipulation after microfabrication (Lee et al., 2018a,b). This
design is intended for use on small nerves, as it was implanted on rat
pelvic nerves of 250 —300 um diameter and used to initiate bladder
voiding in acute experiments. The fixture mechanism depends on ap-
plying constant pressure to slightly kink the nerve, and the long-term
safety of this remains to be seen in chronic experiments.

Ong et al. (2018) presented a sticky hydrogel-based PNI with me-
chanical compliance more similar to nerve tissue than most PNI ma-
terials. Embedded in the hydrogel substrate, platinum electrodes are
insulated by Parylene, and SU-8 structures provide a gradual change in
mechanical stiffness between the connection end and the interface end.

Another intriguing hydrogel-based PNI presented by Liu et al.
(2019) uses micropatterned electrically-conductive hydrogel (ECH) in
place of the metal electrodes and traces, insulated by a layer of
stretchable insulative polymer and embedded in a hydrogel sheet. The
ECH possesses excellent electrical characteristics and showed minimal
host response when implanted around sciatic nerves of mice for six
weeks. While the mechanical characteristics of hydrogels are near op-
timal for PNIs, a hydrogel PNI in a cuff-like form will not provide the
same noise rejection and current containment as a cuff made from
traditional insulative materials, and so a method to combine the merits
of both material types remains to be explored.

3.2. Interfascicular

Interfascicular PNIs penetrate into the epineurium, however they do
not breach the blood-nerve barrier. Modelling has shown that elec-
trodes placed closer to fascicles may preferentially activate nerve fibers
within the fascicle but not other fibers in the nerve trunk; this effect is
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more pronounced for electrodes placed directly adjacent to the peri-
neurium (Tyler et al., 2011). Intrafascicular electrodes discussed in the
next section are situated within a fascicle. When comparing their sti-
mulation windows, intrafascicular electrodes have a narrower window
of stimulation amplitudes that achieve 100 % activation before spilling-
over into other fascicles.

According to Sunderland (1978), disruption or removal of the epi-
neurium, as in the medical removal of neural scar tissue known as
neurolysis, has no harmful effects as long as the perineurium is not
damaged. Unfortunately, there are not many examples of interfascicular
PNIs in literature from which to learn. One example is the multigroove
interfascicular PNI, proposed by Koole et al. (1997). This PNI takes
inspiration from Brindley’s book electrodes, except instead of placing
entire nerves between the pages of a “book,” the epineurium is surgi-
cally dissected and each fascicle is placed in its own groove. It is not
clear whether in vivo studies were ever performed with this device.

Another example is the slowly-penetrating interfascicular nerve
electrode (SPINE) (Tyler and Durand, 1997b). This device consists of a
silicone cuff that has four partial longitudinal slits at one end, produ-
cing “beams” around the circumference which project fin-like elements
toward the center of the nerve. As the name suggests, these elements
are intended to slowly penetrate into the epineurium, allowing gradual
rearrangement of the nerve trunk’s organization as the electrodes settle
into position between the fascicles. 24 -h implantations on cat sciatic
nerve yielded promising results, demonstrating improved selectivity as
compared to extraneural cuffs and no acute injury to the perineurium
(Tyler and Durand, 1997b). Nielsen et al. (2014, 2012) introduced a
roughly-constructed fin-like device with two electrodes on each side,
led by a suture to be placed in between the tibial and peroneal fascicles
of sciatic nerve in rabbits. Although acute results were promising for
both interfascicular PNIs, no follow-up chronic experiments have been
reported.

A device intended for intrafascicular interfacing was determined
following histology to have instead an interfascicular interface with
electrodes positioned between fascicles. Even so, the device could se-
lectively stimulate five muscles (Kundu et al., 2014).

The few examples of interfascicular PNIs in literature suggest that
the primary design concerns are the placement of electrodes among
fascicles of irregular shape and size, electrical isolation between the
fascicles, and the severity of host response under chronic use.

3.3. Intrafascicular

Despite the unavoidable damage to the nerve, much research has
explored the use of intrafascicular PNIs (Fig. 9) which benefit from the
insulating properties of the perineurium and may offer more efficient
stimulation, sub-fascicular selectivity, and higher SNR and signal dis-
crimination than other PNIs (Jung et al., 2018a,b).

The primary concern with intrafascicular PNIs is risk of damage to
the nerve fibers and intraneural blood vessels and thus poor chronic

Fig. 9. Intrafascicular PNIs. A) Structural diagram of the poly-LIFE (not to scale). Reprinted from (Lawrence et al., 2003) with permission from Elsevier. B) Transverse
intrafascicular multichannel electrode (TIME) implanted in a rat sciatic nerve. Scale bar = 1 mm. Reprinted from (Boretius et al., 2010) with permission from
Elsevier. C) Right: Utah slant electrode array (USEA). Left: high-definition Utah slanted electrode array (hd-USEA). Reprinted from (Wark et al., 2013). Scale bar =3

mm.



C.E. Larson and E. Meng

performance. The host response to an object in the sensitive en-
doneurial space may be especially consequential as there is no barrier
to safeguard the nerve fibers. Expected reactions are endoneurial edema
and fibrosis, potentially leading to increased endoneurial pressure,
compression of nerve fibers, and consequent neural damage including
demyelination, decreased axon size, and degeneration of the fibers’
distal portions (known as Wallerian degeneration) (Grill et al., 2009;
Rydevik et al., 1990).

Despite these concerns, a variety of studies have shown fairly stable
responses to intrafascicular electrodes, as reviewed by Yoshida et al.
(2010) and Jung et al. (2018a,b). After a recovery period from the
implantation (about one to four weeks), any functional deficits are
often subtle and morphological changes in the nerve are limited, be-
sides the usual significant fibrotic capsule surrounding the device. The
intrafascicular PNIs that fare best tend to minimize the encapsulation
and potential for re-injury by prioritizing small size and flexibility.

3.3.1. Longitudinal intrafascicular electrode (LIFE)

The longitudinal intrafascicular electrode (LIFE) is thread-like and
implanted parallel to the nerve fibers. Installation is accomplished by
attachment to an electro-sharpened tungsten needle which, after careful
dissection of the epineurium, pierces into the perineurium, exits about 1
cm away, and is then pulled to position the electrode site inside the
fascicle (Mortimer et al., 1995).

The first LIFE consisted of a 25 pm diameter Pt-Ir wire insulated by
Teflon, with about 1 mm of insulation removed at its midpoint to form
the electrode site (Malagodi et al., 1989). The length of the site was
intended to ensure positioning near a node of Ranvier. A bipolar version
used a twisted pair of 5 pm diameter carbon fibers instead of the Pt-Ir
wire (Veltink et al., 1989). In another iteration, the polyLIFE utilized a
12 pym diameter metallized Kevlar thread and silicone insulation for
greater flexibility (Lawrence et al., 2003; McNaughton and Horch,
1996). An 11 pm-thick thin-film version (tf-LIFE) was microfabricated
from polyimide, enhancing precision, flexibility, and number of elec-
trode sites (Lago et al., 2007b; Yoshida et al., 2000, 2006). The tf-LIFE
is folded in half to position electrodes on opposite sides and also to
provide a loop that can be led by suture into the fascicle. A further
enhancement of the tf-LIFE was the integration of a shape-memory
alloy that could be actuated in situ to achieve finer positioning and
counteract positional drift (Bossi et al., 2007).

Early experiments demonstrated chronic stability of LIFE over six
months in cats and the ability to record distinct signals from about 10
single fibers at a time, though the Pt-Ir wire was prone to drift within
the fascicle and the population of fibers gradually changed (Goodall
et al., 1991). Histology from a similar six-month experiment found
significant encapsulation and a 40 % decrease in axon diameters at the
implant site, but sections about 1 cm distal and proximal from the site
showed no apparent changes (Lefurge et al., 1991). Implantation of the
more flexible polyLIFE in rabbits for six months still showed en-
capsulation but no significant effects on axon count or diameter
(Lawrence et al., 2002). A three-month evaluation of tf-LIFE in rats
revealed a slight functional decline after one month which recovered at
the two and three-month points and was attributed to recovery after the
implantation procedure. Histology in this case showed encapsulation
but no significant changes in axon count or diameter (Lago et al.,
2007b; Navarro et al., 2007). In a two-week implantation in human
amputees, polyLIFEs were able to stimulate sensory percepts and record
volitional motor signals (Dhillon et al., 2005). In another human study,
tf-LIFEs recorded output signals for four weeks and stimulated sensory
percepts for 10 days, though stimulation ability decreased after that
(Rossini et al., 2010).

A significant limitation of the LIFE design is low throughput in
terms of the number of fibers accessed per implantation. The im-
plantation process is relatively tedious and time consuming, and if
multiple degrees of freedom are desired, multiple devices will need to
be implanted. Thota et al. (2015) proposed a supporting system of
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sheaths, leads, and connectors to facilitate handling and implantation of
multiple LIFEs, which they call a distributed intrafascicular multi-
electrode (DIME). LIFEs and other intrafascicular PNIs must address the
problem of interfering EMG signals (Mortimer et al., 1995; Yoshida
et al.,, 2010). Some groups have placed Faraday cages around the
nerves, either in the form of a carbon fiber mesh, or a metal-and-in-
sulator cuff (Djilas et al., 2007; Mortimer et al., 1995).

3.3.2. Transverse intrafascicular multichannel electrode (TIME)

The transverse intrafascicular multichannel electrode (TIME) takes
a form similar to the tf-LIFE, except it is implanted perpendicularly
through one or more fascicles so that multiple active sites gain access to
a greater number of nerve fibers (Boretius et al., 2012, 2010). A 90-
degree bend is positioned at the point where the TIME enters the nerve
so that the insulated traces leading to the connector run longitudinally
(Badia et al., 2011b).

Following two-month implantation through the three main fascicles
of rat sciatic nerves, slight electrophysiological and functional deficits
at one week, but recovery by one and two months were observed. There
was also 30-60 um thick encapsulation and an 8-25 % decrease in
myelinated fibers of the smaller fascicles. (Badia et al., 2011b). Though
limited to monopolar electrode configurations by having all contacts at
one longitudinal position, good selectivity in stimulation and recording
were demonstrated in acute experiments in rats (Badia et al., 2016,
2011a).

TIMEs have also been implanted into human amputees. Ranging
from 4 to 12 months post-implantation, studies have demonstrated
stimulation of sensory percepts, usually perceived as tingling, elec-
tricity, or vibration in a small region of the phantom limb (Rognini
et al., 2018; Valle et al., 2018b, 2018a). Another study implanted the
TIME for one month in the median nerve and, using an artificial fin-
gertip with integrated microelectromechanical systems-based “tactile”
sensors for mechano-transduction, the subject was able to distinguish
between textures with 96 % accuracy (Oddo et al., 2016).

TIME is inserted through multiple fascicles, which anchors them
together and disallows relative motion between them. This may explain
the higher loss of myelinated fibers observed in the smaller fascicles, as
the larger fascicle has an increased “hold” on the TIME due to increased
area of interaction and the smaller fascicles must therefore endure more
trauma to accommodate motion of the device. Also, the size of the
device and its encapsulation are proportionally larger in the smaller
fascicles, which may lead to greater impact on the nerve fibers there
(Badia et al., 2011b). Another concern is that slight repositioning of the
TIME by approximately 0.1 mm was found to significantly change its
selectivity and its population of interfaced nerve fibers, which may be
seen as an advantage for versatility but also a concern for the stability
of input-output characteristics over the long term (Badia et al., 2016,
2011a).

A variation on the TIME design is the self-opening intrafascicular
neural interface (SELINE) (Cutrone et al., 2015, 2013, 2011). Upon
insertion into the nerve, SELINE is pulled back a short distance, which
causes a set of “wings” on each side to spread from the plane of the
device, helping to anchor it in place. Each of the four wings has a pair of
electrodes on it, so another benefit is expanded access to reach addi-
tional nerve fibers which are not near the original insertion track.
Three-month implantations in rats demonstrated selectivity and nerve
health with the SELINE and also enhanced stability over the TIME
(Cutrone et al., 2015). A thorough six-month characterization of the
SELINE in rats found increasing stimulation thresholds and impedances
during the first month corresponding to formation of a significant en-
capsulation layer, followed by stable thresholds and impedances over
the final five months (Wurth et al., 2017). 60 % of the total channels
were functional at three months post-implantation and 25 % at six-
months, though the cause of lost channels was not specified. At six
months, cross-sectional area of the nerve trunk near the implant was
approximately doubled due to the fibrotic capsule. Despite the
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Fig. 10. Cross-section of the implant site at one shank of the Utah electrode
array. Fibers were compressed under the tip and sheared adjacent to the in-
sertion track. Reprinted from (Branner and Normann, 2000) with permission
from Elsevier. Scale bar = 100 um.

significant encapsulation, selectivity over the experiment duration re-
mained stable, as did the number of axons distal and proximal to the
implant.

3.3.3. Utah slanted electrode array (USEA)

The Utah electrode array (UEA) was originally designed as an in-
tracortical neural interface (Nordhausen et al., 1996). Its use in per-
ipheral nerves was first explored by Branner and Normann (2000), who
demonstrated its ability to record single-unit responses from mechan-
oreceptors and efficiently evoke twitches in individual digits during 36-
h studies in felines. Histology of the implantation site showed a dra-
matic “compression wave” surrounding each shank, consisting of ax-
onal cross-sections which were compressed under the tip and sheared
adjacent to the insertion track, as shown in Fig. 10.

An adaptation of the intracortical UEA better suited to peripheral
nerves is the Utah slanted electrode array (USEA) which has varied
shank lengths so that a greater number of nerve fibers may be accessed,
rather than only those that lie in a single plane (Branner et al., 2001).
The shanks are spaced 400 um apart and range from 0.5 to 1.5 mm in
length. Acute implantations of USEA in cats demonstrated four times
broader recruitment curves and one tenth the required stimulus current
as compared with extraneural cuffs (Branner et al., 2001).

A high-density version of the USEA (hd-USEA) was introduced by
Wark et al. (2013) with a shank spacing of 200 um, yielding a density of
25 electrodes/mm? (compared with 6.25 electrodes/mm? for the
USEA). Shank lengths of the hd-USEA range from 300 to 800 um. Acute
experiments in rats and felines demonstrated single unit recording,
selective stimulation of motor units, and histological confirmation of
electrode placement in the fascicles (Wark et al., 2013). In another
acute study, the hd-USEA was implanted in the feline pudendal nerve
and was able to selectively record and distinguish among neural signals
that corresponded to different genitourinary functions including
bladder filling and distension-evoked contractions (Mathews et al.,
2014b).

In contrast to the successful intrafascicular array demonstrations in
acute studies, chronic experiments have yielded mixed results. USEAs
implanted in felines for up to seven months resulted in limited func-
tional deficits which recovered in most cases, inconsistent stimulation
capabilities which seemed to depend on surgical technique, and poor
recording capabilities which completely receded by one month
(Branner et al., 2004). In some cases, histology showed that the shanks
either did not penetrate the perineurium or were pushed out by con-
nective tissue. In another study, USEAs were implanted in feline sciatic
nerves for up to one year to study the foreign body reaction
(Christensen et al., 2014). The reaction was poor, including persistent
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activation of inflammatory cells at the implant site and a downward
shift in distribution of fiber diameters.

Early on, an array similar to the UEA was implanted in the median
nerve of a healthy human volunteer for 96 days (Gasson et al., 2004).
Anecdotal stimulation and recordings were broadcast to and from a
robotic hand, though only in a non-specific threshold-detection scheme.
The subject experienced no deficits in sensation or motor control while
the array was implanted, nor up to nine months after removal. More
recently, USEAs were implanted in median and ulnar nerves of two
human amputees for 30 days and achieved promising results (Davis
et al.,, 2016). Recordings of volitional motor signals from the USEAs
allowed the subjects to control a virtual robotic hand, performing 15
different movements including proportional control of individual fin-
gers. In one of the subjects, stimulation via various combinations of
electrodes produced more than 80 different sensations in the phantom
limb. SNR and stimulation thresholds did not significantly change
throughout the implantation period. In another study, USEAs were
implanted in the median and ulnar nerves of an amputee for 14 months
(Page et al., 2018). They were used for stimulation of sensory percepts
from a sensor-equipped prosthetic hand in combination with in-
tramuscular recording electrodes for motor control. This study quanti-
fied an increase of prosthesis embodiment and a decrease in phantom
limb pain arising from integration with the nervous system.

Christensen et al. (2016) performed a study in which USEAs were
implanted in two human amputees for 30 days and subsequent his-
tology of the nerve was performed. While electrophysiological tests had
demonstrated success in both recording multiple units and stimulating
sensory percepts, histology revealed that the electrode tips had only
slightly penetrated into the outermost fascicles in the best cases, and in
other cases had not penetrated the perineurium at all, as shown in
Fig. 11. Still, in the penetrated cases, axons and myelin were found in
close proximity to the electrode. Activated macrophages were present
on the explanted device and at the implant site, though the adminis-
tration of medication to the subjects likely affected the inflammatory
response.

As the evidence from multiple studies suggests, the densely spaced
silicon shanks have difficulty penetrating the tough perineurium.
Attempting insertion by simply pressing the array into the nerve is
likely result in a crush injury before penetration into the endoneurium.
Therefore, implantation is assisted by a pneumatically powered tool
that rapidly accelerates the array into the tissue (Branner and Normann,
2000). As illustrated by the examples above, this technique is not al-
ways effective. A study designed to assess the safety of pneumatic im-
plantation of the hd-USEA in rat sciatic nerve found the amplitude of
signals propagating across the implantation site before and after im-
plantation dropped by 13-38% on average. Furthermore, signal pro-
pagation across the site ceased completely in 1 of 8 implantations
(Mathews et al., 2014a).

After implantation, Utah arrays intended for chronic use are en-
closed with the nerve inside of a silicone cuff or other wrap to hold it in
place. This may be an additional source of nerve injury to consider, as
discussed in Section 3.1.1. If the PNI is implanted near active muscles,
EMG will be a significant problem for recording, and so a cuff/wrap
may also serve a shielding role (Branner et al., 2004). Recent im-
plantations in human amputees with favorable results report wrapping
the nerve and array in a sheet of manufactured collagen or other de-
cellularized biological material (Christensen et al., 2016; Davis et al.,
2016; Page et al., 2018).

The literature on rigid penetrating arrays such as the Utah array
seems to suggest use in sites that experience little motion, have minimal
connective tissue, and have less fascicular division. The nerve roots
match this description, and, indeed, several studies have shown rigid
penetrating arrays to be highly effective when implanted there, though
chronic stability is yet to be investigated (Aoyagi et al., 2003; Gaunt
et al., 2009; Holinski et al., 2013; Stein et al., 2004; Weber et al., 2007).



C.E. Larson and E. Meng

Journal of Neuroscience Methods 332 (2020) 108523

Fig. 11. Cross-sections of human nerve fascicles under the USEA implant at the locations of two rows of different-length shanks. It can be seen that neither row of
shanks penetrated into the fascicle (red). Reprinted from (Christensen et al., 2016) with permission from Elsevier. Scale bar =500 pm.

3.4. Regenerative

Regenerative PNIs aim to take advantage of the long-known ability
of peripheral nerves to regenerate and reconnect after transection
(Guth, 1956). Instead of inserting electrodes into the nerve, the nerve
fibers can integrate with electrodes in the PNI. If successful, re-
generative PNIs could potentially offer far greater resolution and sta-
bility than any other of the PNI types discussed thus far. However, the
drawback of the approach is the requirement for nerve transection so
that the interface may be inserted between the proximal and distal
portions. Because of this, any applications that require the interfaced
nerve to remain intact, such as bioelectronic medicine, are excluded.
This approach may be best suited to applications where distal in-
nervation is unnecessary or not crucial, as in neural prosthesis in-
tegration with amputated limbs.

A number of difficult challenges face the implementation of re-
generative PNIs. Foremost is the formation of healthy, mature nerve
fibers, sufficiently reconnected after transection through and not
around the interface. According to Sunderland (1990), axons have no
particular compulsion to reconnect with the original distal axon, or
even to grow into the same fascicle; they readily grow into other fas-
cicles, the interfascicular space, or even out of the nerve. Furthermore,
the foreign body response to the implanted device may interfere by
blocking the path with fibrotic tissue before axons can grow through it.
This is especially the case for mammals, in which fibrosis is more ex-
tensive as compared with amphibians or fish (Stein et al., 1975). An-
other challenge is interconnection when a large number of electrode
sites are desired. Several regenerative PNIs were developed to address
these challenges.

3.4.1. Sieve

Sieve electrodes (Fig. 12) consist of a planar structure with a dense
pattern of holes through it, some or all of which are ringed by a metal
electrode site. Each end of the transected nerve is positioned against the
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sieve, usually supported by a section of tubing, so that the axons grow
through the holes to reconnect the two ends. Mannard et al., in 1974,
fabricated a sieve electrode by drilling through silver wires embedded
in an epoxy wafer, and successfully recorded sensory and motor signals
in amphibians from 12 to 25 weeks after implantation (Mannard et al.,
1974). Most sieve designs over the next few decades were made from
silicon to take advantage of microfabrication techniques (Akin et al.,
1994; Bradley et al., 1997; Della Santina et al., 1997; Edell, 1986;
Kovacs et al., 1992; Mensinger et al., 2000), and since the late 1990s,
several polyimide-based designs have been introduced (Jeong et al.,
2016; Park et al., 2018; Stieglitz et al., 2002, 1997). In 1997, Bradley
et al. (1997) briefly summarized the short history of sieve electrodes up
to that time, stating that many had been designed but not published
except in abstract form because chronic recordings were rarely suc-
cessful. In one successful example, Bradley et al. (1997) were able to
record spontaneous and mechanically evoked signals in rat with a si-
licon sieve electrode from week 7 post-implant up to week 20.
Ramachandran et al. (2006) demonstrated axon conduction through a
polyimide sieve by proximal nerve stimulation and measurement of
resulting EMG distal to the sieve, and also captured recordings of me-
chanically and electrically stimulated afferent signals, though not re-
liably.

A few design considerations for sieve electrodes include “porosity”
or “transparency,” referring to the ratio of the summed hole areas to the
total substrate area in the path of the nerve (Jeong et al., 2016; Stieglitz
et al., 2002). Higher porosity generally achieves greater axon growth
but has adverse implications for mechanical strength. Hole size is also a
trade-off. Spearman et al. (2018) state that there tends to be a sharp
tipping point between holes that are too small (discouraging axon
growth and constricting those that do grow), and too large (allowing
too many axons to grow through a single hole and thereby diminishing
selectivity). The hole size recommended in the literature is 40-65 pm
(Lago et al., 2007a; Navarro et al., 2005). Some notable design en-
hancements include coating the sieve with bioactive proteins to



C.E. Larson and E. Meng

NERVE STUMP

A

THIN SILICON

RIBBON CABLE /

SILASTIC GUIDE TUBE

Journal of Neuroscience Methods 332 (2020) 108523

Fig. 12. Sieve electrodes. A) Diagram showing arrangement of transected nerve stumps, guide tube, and sieve. B) SEM of a silicon sieve. A) and B) reprinted from
(Bradley et al., 1997) with permission from Elsevier. Scale bar = 100 um. C) Polyimide sieve. Holes are 40 um in diameter. Reprinted from (Stieglitz et al., 2002)

with permission from Elsevier.

encourage growth (Mensinger et al., 2000), and a multi-layered design
that helps address the trace-routing problem of many electrode sites on
a planar structure (Jeong et al., 2016).

3.4.2. Microchannel

The microchannel electrode array, or tubular electrode array, de-
veloped alongside the sieve electrode. The design may be considered as
a sieve that is extruded in the longitudinal direction, so that, instead of
growing through holes in a plane, the axons grow through tubes in a
volume. The microchannel electrode array has advantages akin to those
of an extraneural cuff except applied to multiple smaller groups of fi-
bers. These include confinement and amplification of the extracellular
signals, and ability to incorporate multiple electrodes in a single lumen
for noise rejection and selectivity techniques (FitzGerald et al., 2008).
After early demonstrations of nerve regeneration through various
plastic conduits and microscale gold cylinders in the late 1960s, a
number of designs were explored to use electrodes inside of micro-
channels, though none of the early designs demonstrated successful
regeneration and recording (Loeb et al., 1977; Marks, 1969; Spearman
et al., 2018). In the last two decades, there has been a relative pro-
liferation of regenerative microchannel PNIs.

One method to form conduits is casting of a silicone substrate
around a bundle of microwires or filaments. The microwires are re-
moved after casting, leaving behind an array of densely packed mi-
crochannels (Fig. 13a). A limitation is that electrodes are introduced
after casting, obscuring part of the channel; microwires with diameters
smaller than the conduit diameter can be placed in several of the
channels (FitzGerald et al., 2012; Gore et al., 2015; Kim et al., 2015).

Alternatively, a bundle of conduits can be assembled from a planar
structure. The rolled microchannel array is made by first

microfabricating a flat, flexible array of open-ended microchannels
with integrated electrodes, comparable to a sheet of corrugated card-
board. This structure is then rolled up, creating a cylinder of multiple
layers of microchannels (Fig. 13b). Virtues of this design include its
amenability to standard microfabrication techniques, simple assembly
into a 3D structure, and natural cylindrical form to match the cross
section of the nerve. A variety of polymers were explored as the sub-
strate for rolled microchannel arrays, including Parylene, polyimide,
silicone, and SU-8 (FitzGerald et al., 2012; Lacour et al., 2008;
Srinivasan et al., 2011; Suzuki et al., 2006).

Similarly, the stacked microchannel array is formed by stacking
multiple flat arrays. This design was proposed by Loeb et al. in 1977
and the concept was recently revisted (Lancashire et al., 2016; Loeb
et al., 1977; Musick et al., 2015). Advantages of the stacked array are
better control of sealing separate layers of microchannels and greater
amenability to dense electrical connections, though the overall shape is
block-like and potentially incongruous with the nerve and the nerve
groove.

Several regenerative microchannel PNIs achieved promising in vivo
results. One study found axon growth into more than 95 % of a device’s
microchannels and recording of spontaneous and evoked single- and
multiple-unit action potentials from anesthetized rats (Srinivasan et al.,
2015). Other studies achieved similar recording success in ambulatory
rats (Gore et al., 2015; Musick et al., 2015; Srinivasan et al., 2016).

As with sieve electrodes, open area ratio and channel size are key
design considerations. In a study of in vitro neuron cultures, Lacour
et al. (2008) found optimal growth of axons into microchannels when
transparency was at least 50 %. FitzGerald et al. (2012) found greater
axon growth in vivo with 62 % transparency as opposed to 21 %, though
the two devices compared had other differences. Smaller microchannels

Fig. 13. Microchannel PNIs. A) Microchannel array formed by casting silicone around microwires. Reprinted from (Kim et al., 2015) with permission from Springer.
B) Rolled microchannel array made of PDMS and SU-8. Reprinted from (Srinivasan et al., 2015) with permission from Elsevier.
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may increase selectivity by isolating groups of fewer nerve fibers,
however the channel must also accommodate vasculature and other
supportive tissues if the regenerated fibers are to be healthy and robust.
Several studies reported growth of “mini-fascicles” into channels whose
cross sections were 75-200 um in diameter (FitzGerald et al., 2012;
Gore et al., 2015; Srinivasan et al., 2015). These mini-fascicles included
tens of nerve fibers, Schwann cells, a few blood vessels, and an outer
sheath of connective tissue. While far from the ideal isolation of only a
few fibers in each microchannel, this still represents a potentially
higher electrode density than other PNI types and may be a productive
compromise to achieve healthy integration. Inclusion of selectivity-
enhancing techniques already used in cuffs could further improve the
capabilities of interacting with each smaller group of regenerated nerve
fibers.

The conduits need not be limited to a straight path; bifurcating or
diverging microchannel arrays have also been explored. In this design,
the microchannels bifurcate and grow smaller as they progress distally,
with the purpose of having larger groups of regenerating fibers pro-
gressively divide until small numbers of fibers are isolated in each
microchannel each with an electrode for increased selectivity
(Stoyanova et al., 2013). In vitro and in vivo studies demonstrated fea-
sibility of inducing the growth and separation of nerve fibers into such
microchannels (Stoyanova et al., 2013; Wieringa et al., 2010a, 2010b).
Further studies have shown that the bifurcating approach could pos-
sibly be used to induce separation of based on fiber type (e.g sensory
and motor) by preferential attraction to different neurotrophic factors
(Lotfi et al., 2011).

3.4.3. Scaffold

A variety of synthetic supportive structures have been used to fa-
cilitate the repair of injured nerves. Several regenerative PNI designs
position electrodes within these scaffolds to reduce distance to the re-
generated nerve, as recently reviewed by Spearman et al. (2018). Dis-
tinct from the regenerative microchannel arrays described above, this
approach incorporates techniques from the field of tissue engineering,
using materials such as hydrogels and collagen to mimic properties of
the nerve’s extracellular matrix. Various biomolecules and growth
factors can also be incorporated to further enhance nerve regeneration.

A design called the regenerative multielectrode interface (REMI)
places an array of microwires, similar in form to the Utah array, pro-
jecting transversely into a scaffold of collagen inside a section of
polyurethane tubing, as shown in Fig. 14a (Garde et al., 2009; Seifert
et al., 2012). REMI implantations of up to 120 days were able to record
single units starting at 7 days post-implantation and remained stable
throughout the study duration (Desai et al., 2014). Another design
places individual SU-8 and gold probes longitudinally into a biode-
gradable agarose scaffold and achieved robust recordings for up to 51

ToPCB

SIS Wrap

Journal of Neuroscience Methods 332 (2020) 108523

weeks (Cho et al., 2008).

Several designs orient thin-film planar microfabricated electrode
substrates parallel to the nerve axis (Clements et al., 2013, 2007;
Delgado-Martinez et al., 2017; Judy et al., 2018; Kuliasha et al., 2018).
Planar electrodes like these are maximally transparent in terms of cross-
section, and potentially more scalable than others since they could be
stacked to access a greater volume of the nerve (Spearman et al., 2018).
The regenerative scaffold electrode (RSE) places a thin-film SU-8 elec-
trode array onto a sheet of aligned nanofibers which serve as the
scaffold (Clements et al., 2007). The RSE demonstrated recording of
evoked potentials during an 8-week implantation (Clements et al.,
2013). A similar design to the RSE is the double-aisle regenerative
electrode, which instead uses a polyimide substrate with electrodes on
both sides (Delgado-Martinez et al., 2017). This design explores the use
of the electrode as a septum to divide the regenerating fibers into two
fascicles. The tissue-engineered electronic nerve interface (TEENI),
shown in Fig. 14b, consists of multiple thread-like arms suspended in a
full-volume, carefully-designed, biodegradable composite hydrogel
scaffold (Judy et al., 2018; Spearman et al., 2018). A 6-week im-
plantation of the TEENI yielded single-unit recordings with good SNR
(Kuliasha et al., 2018).

3.5. Optical

The present discussion of PNIs has focused solely on electrical
means of stimulation and recording. However, recently-devised opto-
genetic methods have raised the possibility of interfacing with the nerve
via light. While the majority of optogenetics research has focused on the
brain, several groups have begun to adapt the methods for use in PNIs,
as reviewed by Anderson and Weir (2019). Incorporation of light-sen-
sitive ion channels into the axonal membrane can enable optical acti-
vation or inhibition of action potentials. Likewise, incorporation of
voltage- or calcium-sensitive fluorescing proteins can enable optical
read-out of neural activity. So, to implement an optical PNI, the ne-
cessary components are these light-transducing proteins, a method for
introducing the proteins into the targeted nerve fibers, a light source,
and a microscope.

A variety of optogenetic proteins were developed to provide spectral
variety and specificity and optimize their temporal response (Anderson
and Weir, 2019; Yizhar et al., 2011). Incorporation of these proteins
into target cells is accomplished by deployment of the genetic material
(transgenes) for transcription and translation by the cell. Use of trans-
genic animal models is common for optogenetic research purposes and
yields the most stable long-term expression of the transgenes, though
practical implementation of optical PNIs will require delivery by other
means, namely viral or non-viral vectors (Anderson and Weir, 2019;
Yizhar et al., 2011).
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Fig. 14. Regenerative scaffold-type PNIs. A) Regenerative multielectrode interface (REMI) consisting of a microwire array projecting into a scaffold tube to be filled
with collagen. Scale bar = 2 mm. Reprinted from (Garde et al., 2009). B) Tissue-engineered electronic nerve interface (TEENI) and cross section diagrams showing
the potential for scaling by adding additional arrays. C is a reprint of Fig. 2 in: Kuliasha et al., “Robust and Scalable Tissue-Engineered Electronic Nerve Interfaces
(TEENTI),” 2018 Hilton Head Workshop on Sensors and Actuators, reprinted with the permission of the author and the Transducer Research Foundation.
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While studies in anesthetized animals have successfully demon-
strated and refined optical PNI concepts (Fontaine et al., 2017; Kapur
et al., 2014; Liske et al., 2013; Sharp and Fromherz, 2011), hardware
implementation of the light source and microscope in awake, freely-
moving animals requires further development. For optical stimulation,
extraneural silicone cuffs incorporating LEDs (Llewellyn et al., 2010;
Park et al., 2015a,b; Song et al., 2018) and fiber optic connections
(Michoud et al., 2018; Towne et al., 2013) were demonstrated. Optical
read-out of peripheral nerve activity with an implanted device has not
yet been demonstrated. A multi-modal approach may provide a stopgap
until miniaturized optical PNI read-out methods are developed, such as
the cuff presented by Song et al. (2018) which includes an LED for
optical stimulation and platinum electrodes to record the response.

Other issues remaining to be addressed in optical PNI development
include signal attenuation and distortion by the nerve tissue (Fontaine
et al., 2018; Futia et al., 2018), management of heat generation during
optical stimulation (Park et al., 2015a,b; Yizhar et al., 2011), and im-
mune response to vector delivery (Anderson and Weir, 2019). Though
much development remains, optical PNIs could eventually offer single-
fiber resolution with low invasiveness to the nerve by combining spatial
localization, optogenetic proteins that operate in distinct bandwidths,
and targeted delivery of those proteins to particular sets of fibers

3.6. Hybrid approaches and other enhancements

Several devices combine design concepts and as such do not fit
neatly into the above categories. A polyimide-based helical PNI was
developed having probe shanks periodically projecting into the nerve
along its length (Kim et al., 2017a,b; Park et al., 2018). The intraneural
shanks potentially provide a thorough sampling of fibers throughout
the nerve’s cross section while the extraneural helical arrangement
avoids both circumneural constriction and concentrated displacement
of the nerve tissue.

A design that combines elements of extraneural cuffs and re-
generative PNIs is the lyse-and-attract cuff electrode (LACE) shown in
Fig. 15 (Cobo et al., 2019). The LACE is a Parylene-based extraneural
cuff with integrated microfluidic channels inside which electrodes are
embedded. Like a regenerative PNI, the LACE aims to induce growth of
nerve fibers among its electrodes. However, it aims to do this from
outside the nerve by inducing collateral sprouting of axons rather than
transection and regeneration. Collagenase is delivered through the
microfluidic channels to focally lyse an opening in the collagen-rich
connective tissues, followed by a gradient of growth factors to induce
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sprouting of the axons and growth into the microfluidic channels where
the electrodes are located. Acute in vivo experiments with the LACE
have demonstrated successful lysing of the epineurium, though chronic
experiments are yet to be performed to demonstrate axonal sprouting
into the channels (Larson et al., 2018).

Another proposed regenerative design without nerve transection is a
direct adaptation of Kennedy’s neurotrophic cone cortical probe, which
aims to encourage axonal growth into a polyimide cone where several
wires are housed (Jung et al., 2019, 2018a,b; Kennedy, 1989). After 19
weeks of implantation in rat, naturally-evoked potentials were captured
by the electrode, and histology revealed axonal generation and minimal
scar tissue inside the cone (Jung et al., 2019).

Other design enhancements which do not necessarily belong to a
particular PNI category include integration of pH sensing as means of
feedback towards closed-loop vagus nerve stimulation (Cork et al.,
2018) and glucose sensing as a means of in situ inflammation mon-
itoring around the PNI (Lee et al., 2016Db).

Drug delivery is a PNI enhancement that can be used for several
purposes and takes on several forms. Multiple studies have incorporated
catheters into cuffs in order to modulate nerve activity with pharma-
cological agents (Hoffer and Kallesge, 2001; Pohlmeyer et al., 2009)
and several designs use microfabrication techniques to directly in-
tegrate microfluidic channels (Cobo et al.,, 2019; Schuettler et al.,
2011). PNI studies have also explored the use of drug-eluting coatings
(Heo et al., 2016; Mensinger et al., 2000; Park et al., 2015a,b).

Aside from modulatory and regenerative goals, a common aim of
drug delivery is mitigation of the host response. An early demonstration
of dexamethasone elution from pacemaker leads showed a thinner fi-
brotic capsule, fewer activated immune -cells, lower stimulation
threshold, and lower interface impedance as compared with controls
(Radovsky and Van Vleet, 1989). Following these results, dex-
amethasone coatings and various vehicles for controlled dex-
amethasone release from neural probes were investigated, including
polypyrrole, hydrogels, and carbon nanotubes (Abidian and Martin,
2009; Luo et al., 2011; Wadhwa et al., 2006; Zhong and Bellamkonda,
2007). Park et al. (2015a,b) patterned dexamethasone-loaded coatings
onto a polyimide cuff. Heo et al. (2016) developed a polyimide cuff
with surface microwells and a hydrogel coating loaded with cyclos-
porine A, another anti-inflammatory agent. Five-week in vivo assess-
ment of the microwell design showed increased ENG amplitude, de-
creased fibrotic thickness, and increased myelination as compared with
controls (Kim et al., 2017a, b). Improved host response to PNIs has also
been achieved with systemic delivery of dexamethasone (de la Oliva
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Fig. 15. The lyse-and-attract cuff electrode (LACE) has integrated microfluidic channels with embedded electrodes, combining extraneural and regenerative ap-

proaches to grow axons near the electrodes without nerve transection.
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et al., 2019, 2018b) and anti-TNF-a (Vince et al., 2005).

4. Characterization of peripheral nerve interfaces

Fundamental principles guiding PNI design and a survey of ap-
proaches and strategies used in PNI design were presented. Here we
complement the prior discussion by highlighting concepts, guidelines,
and best practices that emerged from literature and can be employed in
evaluation of a PNI design both in vitro and in vivo. Many of these
techniques also extend to evaluating certain aspects of other neural
interface types.

4.1. In vitro characterization

After successful PNI fabrication, a variety of in vitro tests evaluate a
device’s performance-related characteristics, either informing refine-
ment of the design and fabrication methods or proving readiness for in
vivo studies. The main categories of in vitro evaluations are electro-
chemical characterization, longevity testing, simulated implantations,
and other tests particular to the unique features of a device.

4.1.1. Electrochemical characterization

Electrochemical characterization is performed to evaluate the
ability of an electrode site to deliver sufficient charge for stimulation
and record signals with sufficiently low noise and estimate safe oper-
ating parameters. Common tests performed include cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and pulse testing.
The metrics usually reported from these tests are cathodal charge sto-
rage capacity (CSC.), impedance, and reversible charge injection limit.

4.1.1.1. Cyclic voltammetry. CV characterizes the modes and quantities
of charge transfer that occur on the surface of an electrode. A
potentiostat sweeps the potential of an electrode (in solution) through
a triangle wave profile between two potentials while it measures the
current between the electrode (set as the working electrode, WE) and a
large counter electrode (CE, typically platinum for inertness) (Elgrishi
et al, 2018). A standard, specially-packaged Ag/AgCl electrode
typically serves as the reference electrode (RE), though hydrogen
electrodes and saturated calomel electrodes have also been used
(Robblee and Rose, 1990). The applied potential drives charge
transfer at the WE by mechanisms such as double layer charging and
oxidation/reduction (redox) reactions, and the resulting current i is
proportional to the rate at which these mechanisms occur (Cogan,
2008).

4.1.1.1.1. Voltammogram interpretation. The resulting
voltammogram shows current plotted against potential over the entire
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sweep (Fig. 16). At any point on the voltammogram, the equivalent
capacitance is given by C = i/(dE/dt) where dE/dt is the scan rate (V/s)
(Robblee and Rose, 1990). The negative and positive peaks are
associated with reduction-oxidation reactions on the surface of the
electrode, such as oxide formation and reduction and hydrogen
adsorption/desorption on platinum, as illustrated in Fig. 16. At the
relatively flat region (for platinum, approximately —0.2 V versus Ag/
AgCl in PBS), C is the capacitance of the double layer. The CV of a
purely capacitive electrode will be smoother, lacking the peaks
associated with redox reactions. The cathodal charge storage capacity
is calculated as the negative area enclosed within the CV “loop” and is
often divided by GSA to focus on the electrode material’s surface
quality. CSC. is roughly interpreted as the amount of charge available
for a stimulation pulse. However, in practice, the equilibrium potential
of the electrode from which a stimulation pulse starts limits the usable
stored charge to a fraction of the total CSC. (Cogan, 2008). Strategies
exist to increase use of the available CSC,, such as modified waveforms
and positively biasing the electrode prior to pulse delivery (Cogan,
2008; Robblee and Rose, 1990).

4.1.1.1.2. Water window. The potential range swept during CV is
designed to remain just inside the “water window,” beyond which H,
(at negative potentials) and O, (at positive potentials) gas evolve—this
gas evolution is an irreversible process since the newly formed gas
molecules diffuse away from the electrode surface (Hudak et al., 2010;
Robblee and Rose, 1990). Because this diffusion prevents the immediate
saturation and nucleation of gas bubbles, visual detection of
microscopic bubble formation is not a reliable technique to estimate
safe operating potentials (Robblee and Rose, 1990). Instead, excursions
beyond the water window during CV may show as sharp increases in
current at the extremes of the voltammogram (Hudak et al., 2010;
Robblee and Rose, 1990). The water window of platinum and iridium in
1x phosphate-buffered saline (PBS, pH ~ 7.2) is taken to be
approximately —0.6 to 0.8 V versus Ag/AgCl, and in sulfuric acid
(0.05 M H,SO4, pH ~ 1) it is approximately -0.2 to 1.2 V (Cogan,
2008; Hudak et al., 2010).

4.1.1.1.3. Factors influencing CV. Factors influencing the CV include
scan rate, solution composition and pH, temperature, and GSA of the
electrode; any report of CV results should also state these parameters. A
typical scan rate is 100 mV/s. Faster scan rates generally yield higher
currents and may better reflect the frequencies involved in stimulation
waveforms, though lower scan rates are often used to determine an
estimate of CSC, (Cogan, 2008; Elgrishi et al., 2018; Robblee and Rose,
1990). Two standard solutions used for CV are sulfuric acid (typically
0.05 to 0.15 M) and PBS. Within their respective water windows, the
two solutions will yield similar voltammograms. However, PBS is a
closer approximation of the in vivo fluid environment and, outside the
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Fig. 16. Illustration of a typical cyclic voltammogram of a platinum electrode in PBS. Electrochemical processes corresponding to particular features are labelled.
Sharp increases in current magnitude just outside the water window correspond to gas evolution.
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Fig. 17. Illustration showing removal of the access voltage (iR error) from pulse testing. A) Voltage measured during delivery of a biphasic current pulse includes
offsets from the access voltage V,. B) Same data with V, removed, giving an accurate measure of the maximum cathodic and anodic potentials (E. and E,). Most
commercial electrochemical instruments offer automatic correction of this error.

water window, shows additional electrochemical activity involving
chloride and phosphate which may be relevant to some electrodes
and stimulation protocols (Hudak et al., 2010). Solution conductivity
and redox reaction rates increase with temperature, so it is ideal to
perform CV (and other electrochemical characterizations) at body
temperature rather than room temperature (Cogan, 2008).

0O, dissolved in solution is not inert and can interfere with the CV, so
standard practice is to prepare the solution by purging with nitrogen
gas, for example by bubbling pure nitrogen directly into the solution
through a submerged section of polyetheretherketone (PEEK) or poly-
tetrafluoroethylene (PTFE) tubing before and during the CV. However,
when simulating the in vivo electrochemical environment, it should be
considered that dissolved oxygen will be present. Hudak et al. (2010)
compared CVs performed in PBS with nitrogen and oxygen purging, the
latter of which yielded a cathodic current due to oxygen reduction that
dominates at potentials below about 0.25 V versus Ag/AgCl, lowering
the entire left half of the CV into the negative current range. It is sug-
gested that the high amount of oxygen reduction in this range may not
easily be reversed and may be a mechanism of stimulation-induced
tissue damage; further investigation is warranted. Another possible
source of distortion in CV is inaccurate potential measurement due to
“ohmic drop,” also called iR error, which arises from the solution re-
sistance between the WE and RE. To minimize this effect without
changing the solution conductivity, the WE and RE should be posi-
tioned close together (Elgrishi et al., 2018). Many commercial elec-
trochemical instruments offer automatic compensation of this error (iR
Compensation: Potentiostat Fundamentals / Basics of EIS, 2019).

4.1.1.1.4. Electrode cleaning. Besides characterization, CV is also
used to electrochemically clean electrodes and is a recommended step
before other electrochemical characterizations (Rose and Robblee,
1990). During fabrication, by-products of machining processes or
other contaminants from handling may deposit on the electrodes,
decreasing the effective surface area. Cleaning is usually performed in
sulfuric acid. As the cycles progress, cleaning of the surface is evidenced
by increased currents. Depending on the initial electrode cleanliness,
30-50 cycles is usually sufficient to reach stabilized currents.

4.1.1.2. Electrochemical impedance spectroscopy. In electrochemical
impedance spectroscopy (EIS), the impedance and phase of an
electrode in PBS is measured in response to a small (~10 mV)
sinusoidal signal across a range of frequencies (typically 1 to 10° Hz)
(Cogan, 2008). The impedance at 1 kHz is typically reported to serve as
an approximate predictor of an electrode’s recording merits, with 1 kHz
presumably chosen to represent the frequency range of neural activity.
Low impedance is generally desirable, however this is traded off with
factors such as electrode size and placement. Consequently, a wide
range of 1 kHz impedances is found in literature, ranging from single
kQ to tens of MQ. The 1 kHz impedance is limited in its usefulness as it
may not even indicate broken electrode leads, especially when the
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intact electrodes have relatively high impedance (Straka et al., 2018;
Takmakov et al., 2015). Another confounding factor in interpretation of
EIS is that the reported impedance is contributed by the entire
conductive path including the traces and insulation; compromised
insulation may be difficult to isolate among other factors. Since most
PNIs involve some polymer construction and polymers are not
hermetic, EIS contributions arising from the polymer must also be
considered. The impedance and phase data gained from EIS are perhaps
most powerful when used to derive equivalent circuit models, yielding
insight into electrode surface characteristics and insulation quality
(Franks et al., 2005; Ortigoza-Diaz et al., 2018; Straka et al., 2018).

4.1.1.3. Pulse testing. The goal of pulse testing is to directly estimate
the range of parameters for stimulation that can be delivered without
excursion of the electrode potential beyond the water window. Current
pulses are delivered to the WE, submerged in PBS with a RE and large
return electrode, while the resulting potential transients are measured
and compared to the water window. The ohmic drop (sometimes called
“access voltage” to include other sources of offset) between the WE and
RE can add a significant offset to the measured potential during
cathodic and anodic pulses. Since this test relies on accurate
measurement of the electrode potential, simply placing the WE and
RE close together will not suffice as with CV. If the electrochemical
instrument being used does not offer automatic iR compensation, the
offset should be manually subtracted from each phase as demonstrated
by Rose and Robblee (1990) and illustrated in Fig. 17. As noted by
Cogan (2008), the value of this offset may be made clearer by inserting
a brief interphase period during which i = 0; the nearly instantaneous
change in potential at the start of this period is the offset to be
subtracted.

Another possible indicator of unsuitable stimulation parameters to
be found during pulse testing is drift of the electrode’s equilibrium
potential. For example, a long interphase period (> 1 ms, i = 0) will
allow the potential to settle to an equilibrium. If the potential after
cathodic pulses of the same charge per phase settles to different equi-
libria, irreversible charge transfer is likely occurring (Cogan, 2008).

As previously stated, solution conductivity and reaction rates in-
crease with temperature, so pulse testing at room rather than body
temperature may underestimate the range of suitable stimulation
parameters. This may be especially true for porous electrodes which
rely temperature-sensitive transport mechanisms occurring within their
pore structure (Cogan, 2008).

4.1.2. Longevity testing

The warm, saline, chemically active in vivo environment is inhos-
pitable toward devices and over time can induce multiple failure modes
including electrode damage and insulation breakdown. However, cur-
rent benchtop models to simulate this environment are limited. Even so,
there is utility in conducting exposure studies to determine
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improvements to device construction and performance that will max-
imize success of future animal studies.

4.1.2.1. Simulating the in vivo environment. A basic simulated in vivo
environment is a PBS bath set at 37 °C. In accordance with the
Arrhenius equation, the chemical reactions involved in device aging
can be exponentially accelerated by increasing temperature (Takmakov
et al., 2015). To approximate the equivalent rate of aging imparted by
elevated temperature, the “ten degree rule” states that every increase of
10 °C above the reference temperature doubles the rate of aging
reactions in polymers (Hukins et al, 2008). Mathematically
expressed, the ten degree rule’s accelerated aging factor f,, is given by

fa = 2(T—Tref)/10

where T, is body temperature. 57-87 °C is a common temperature
range for accelerated aging as it provides a significant increase in
testing throughput (f,, = 4-32) while being relatively safe for handling
and avoiding initiation of other chemical processes that may invalidate
the approximation, such as boiling. Selection of temperature should
take into account the suggested operating temperature range for the
materials and whether thermally induced changes to the materials can
result that are not representative of expected in vivo failure modes.

Takmakov et al. proposed an enhancement to the simulation of in
vivo device aging by including reactive oxygen species (ROS) in the
solution—namely, hydrogen peroxide (Street et al., 2018; Takmakov
et al., 2015). ROS are released by activated immune cells and are likely
one of the agents responsible for in vivo device failure, so raising the
performance standard by evaluating devices against harsh simulated
environments including ROS should yield improved chronic perfor-
mance.

4.1.2.2. Evaluation techniques. Several techniques are used to evaluate
device performance and function during longevity testing. The first is
EIS. Impedance tends to decrease over time for many devices when
soaked. This decrease is thought to be attributed to insulation
compromise that effectively increases the area of the electrode, but
EIS alone does not provide enough information to differentiate among
delamination, cracks, or moisture absorption through the bulk of the
material, nor does it give information about the location of insulation
defects (Takmakov, 2017). Matching the Bode plot of an electrode to
that of an equivalent circuit model may lend some insight (Ortigoza-
Diaz et al., 2018; Straka et al., 2018). As previously noted, monitoring
impedance only at 1 kHz is insufficient to capture significant changes in
electrode condition (Straka et al., 2018; Takmakov et al., 2015).
Takmakov et al. (2015) found impedance at frequencies < 10 Hz to
be most sensitive to aging processes.

Comparison of slow and fast CVs can also provide insight into
electrode failure over time. In an example given by Cogan (2008), a
scan rate of 50,000 mV/s provides information only on the exposed
electrode site and should change minimally over time if the electrode
surface is stable, or show decreased currents in the case of deteriora-
tion. On the other hand, a scan rate of 50 mV/s will access areas of the
conductor where the insulation has been compromised by delamination
or solution ingress, showing increased current magnitudes as the in-
sulation deteriorates.

While EIS and CV may capture decreased impedance suggestive of
compromised insulation, these data do not necessarily indicate a
functional failure—an electrode with imperfect insulation may still be
able to sufficiently stimulate and record. The functional deficit of
concern with compromised insulation is loss of electrical isolation
among electrodes, or cross-talk. Cross-talk degrades stimulation and
recording selectivity by spreading the signals from one electrical
channel to others, and so any attempts in the PNI design to increase
selectivity will be negated. EIS performed between two electrodes may
quantify changes in their mutual isolation, however the solution path
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between the exposed electrode sites will likely obscure the smaller
changes of interest which arise from insulation defects. To avoid this
problem, test structures with insulated electrodes may be included, or
interdigitated electrodes insulated by the same material can be used.
These alternatives do not accurately represent the devices to be im-
planted, however, and may not reproduce the same failure modes. As of
yet, no standard technique has emerged to monitor the development of
cross-talk among electrodes in complete, unmodified devices.

Interpretation of data from the above techniques is helped im-
mensely by visual inspection of the device via microscopy. Simple op-
tical inspection can be performed repeatedly throughout the trial and
may reveal the progression of structural damage. However, some fea-
ture sizes and damage indications may require the higher resolution of
scanning electron microscopy (SEM) which, for many device types, is
destructive and thus can only be performed at the end of the testing
period.

4.1.3. Simulated implantation

Since durability during handling and simplicity in surgical im-
plantation are key determinants of PNI success (Section 2.6), a re-
commended benchtop study is to simulate the installation process.
While a section of compliant tubing may provide the simplest geome-
trically-similar nerve phantom, fabrication of phantoms that mechani-
cally approximate peripheral nerve is non-trivial due to inhomogeneous
tissue composition and anisotropic mechanical properties. For example,
agarose gel, which is often used as a phantom for other neural tissues,
can be made to have similar transverse compressibility but lacks similar
longitudinal tensile strength. A nerve phantom used by Cobo et al.
(2019) to simulate dye absorption on the nerve surface consisted of
paper tissue wrapped around a silicone core. In the field of anesthesia, a
creative variety of nerve-in-tissue phantoms are used for training of
local anesthetic delivery including gelatin, tofu, pork loin, and pro-
cessed meats (Pollard, 2008; Rathbun et al., 2018; Sparks et al., 2014;
Wells and Goldstein, 2010). 3D printing of hydrogels and composite
structures may also offer a new method to fabricate more accurate
nerve-like models. Until more refined nerve phantoms are developed,
the most accurate implantation simulations are performed on cadaver
nerve.

4.1.4. Other in vitro tests

In addition to the generalized in vitro tests described above, the PNI
designer should carefully consider what other tests should be performed
to validate idiosyncratic features of a device. Examples from literature
include neuron cultures to study regenerative approaches (Wieringa
et al., 2010b), flow and pressure characterizations for microfluidic
channels (Cobo et al., 2019), deformation tests for delicate structures
(Ordonez et al., 2014), and force tests for insertion and anchoring
mechanisms (Cutrone et al., 2015). Packaging components such as
cables and connectors should also be subjected to a battery of bench top
tests, as exemplified by Pena et al. (2017). It is noted that none of the in
vitro tests mentioned can adequately simulate potential host response
issues or disruption of devices by behaving animals.

4.2. In vivo characterization

Borrowing the FDA’s framework, the goals of in vivo characteriza-
tion are to discern a PNI's merits in terms of safety and efficacy. More
specifically, this includes the PNI’s effects on nerve health and function,
and its ability to initiate and measure nerve activity. Presented here is
an introductory set of considerations and best practices which emerge
from literature regarding in vivo characterization. Successful animal
studies will depend on decisions made early in the development pro-
cess, such as animal model selection. The reader is advised to consult
examples in literature for more detailed guidance regarding methods of
animal studies. Additionally, works by Loeb and Gans (1986) and
Hoffer (1990) are recommended for foundational techniques and
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practical tips.

4.2.1. General considerations for in vivo studies
Some general considerations for in vivo studies include animal
model selection, packaging, and device sterilization.

4.2.1.1. Animal model selection. Several factors should be considered
when deciding whether to adopt one animal model or select another.
Rat sciatic nerve has become the default model for PNI studies, offering
a well-characterized, inexpensive, trainable mammalian model with
established, consistent strains, a workable size-scale, and compliant
behavior (Varejao et al., 2001). Concerning size and morphology, cat
and rabbit models offer a larger size scale compared with rats, allowing
implantation of multiple PNIs or interface with more distal,
differentiated branches. Prior to the 1990s, cat was the model of
choice for PN studies as its size accommodated the bulkier technologies
of the time and the model was supported by a substantial body of
research (Hoffer, 1990). Pig median nerve has been used to better
approximate the large diameter and high fascicle count of human
median nerve (Kundu et al., 2014). On the other hand, smaller animals
(e.g mice and song birds) may offer other desirable traits which must be
weighed against the challenges that accompany smaller nerves and
bodies, including microsurgical techniques and strict packaging weight
limitations.

For long term experiments, it is important to select an animal model
that will not grow substantially throughout the implantation period, as
this will require length accommodation from the cabling and possibly
other dimensions of the device. For this reason, it is advisable to im-
plant in fully- or near-fully grown animals. Both male and female rats
exhibit asymptotic growth trajectories, though female rats may be
preferred over males since they remain smaller and their size stabilizes
more quickly (Reichling and German, 2000). A controlled diet may
slow the rate of growth, but final size will remain the same (Reichling
and German, 2000).

Another factor in animal and nerve selection is the set of techniques
that will be used to evaluate nerve health and device performance.
Some useful characterization techniques found in literature (Sections
4.2.2 and 4.2.3) depend on particular behaviors such as fine motor
tasks, walking patterns, or birdsongs (Lissandrello et al., 2017; Varejao
et al., 2001; Wurth et al., 2017). Others depend on particular limb sizes
and nerve targets in order to use specially-built measurement appara-
tuses (Grill and Mortimer, 1996b; Riso et al., 2000). PNIs intended for
particular bioelectronic medicine applications must select from a subset
of animals that offer an appropriate disease model.

Regenerative PNI studies are especially sensitive to animal model
selection. Early regenerative studies experienced difficulties in mam-
mals due to connective tissue proliferation while more success was
achieved in amphibians (Stein et al., 1975). However, mammal models
are preferable, assuming a goal of eventual use in humans. Tos et al.
(2009) gave an account of multiple animal models used in nerve re-
generation studies. While Lewis, Sprague Dawley, and Wistar rat strains
are all used in PNI studies, regenerative PNI studies almost exclusively
use Lewis rats, reportedly because they exhibit the least-problematic
behavioral response to the limb numbness which follows nerve trans-
ection.

In summary, several animal models exist and selection can be
guided by examples in literature that share similar goals. The animal
model will dictate device dimensions and packaging design and should
be decided upon at the beginning as designs may not always be inter-
changeable across models.

4.2.1.2. Packaging for in vivo studies. It is common for long-term in vivo
studies to terminate not because of interface failure, but instead
because of a packaging failure such as lead breakage (Bradley et al.,
1997; Desai et al., 2014; Grill and Mortimer, 2000; Hoffer, 1990;
Kuliasha et al.,, 2018; Stein et al., 1978). Therefore, careful
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consideration of packaging is critical to gaining useful in vivo results,
especially in chronic studies, and deserves significant attention from the
PNI designer (Mortimer et al., 1995). Since PNI outcomes are so
sensitive to packaging, successful packaging designs and experiences
should be reported in detail to advance the field.

4.2.1.2.1. Device-level connection. In early PNI designs consisting of
wires stitched into the wall of a silicone cuff, the lead wire and
electrode were a single continuous conductor. In most other PNI
designs, the electrodes and leads are separate conductors which must
be electrically and mechanically connected. Since most contemporary
and next-generation devices are microfabricated, “breaking out”
microscale electrodes to interface with macroscale components is
non-trivial. Most thin-film polymer devices include a short ribbon
cable which carries the leads away and scales up the conductive
traces to facilitate connection to macroscale leads.

Traditional ultrasonic and thermal wirebonding techniques used in
the semiconductor industry are a well-established option for PNIs
which have a rigid substrate, such as the Utah array. A similar method
of connection is resistance welding, which involves application of
pressure and a high current pulse to heat up the contact point between a
wire and the electrode (Loeb and Gans, 1986; Ordonez et al., 2014;
Rozman et al., 2018). However, the thin metals and flexible substrates
of thin-film polymer devices may be prone to failure during these
processes (Ortigoza-Diaz et al., 2018).

The “MicroFlex” technique introduced by Meyer et al. is an adap-
tation of wirebonding for flexible devices. A ball bond acts as a rivet
through a hole in the thin-film conductor, connecting it electrically and
mechanically to a rigid substrate (Meyer et al., 2001; Schuettler et al.,
2008). This substrate may be an integrated circuit or an intermediate
connector between the device and larger lead wires, such as the ceramic
interconnect plate with screen-printed conductive tracks described by
Yoshida et al. (Boretius et al., 2012; Yoshida et al., 2006).

Another tactic for device-level connection is to design the PNI for
compatibility with off-the-shelf electrical connectors. In particular, the
back end of thin-film polymer PNIs can easily be designed to mimic
standard flat flexible cables (FFCs), and thus can be inserted into FFC
connectors such as zero insertion force (ZIF) connectors (Gutierrez
et al., 2011; Ortigoza-Diaz et al., 2018). Currently-available ZIFs are
best mounted on printed circuit boards (PCBs) which can be used to
facilitate connection to lead wires.

For all connection methods, the connection sites must be thoroughly
potted with biocompatible epoxy and/or silicone to insulate the ex-
posed conductors from fluids and tissues. Potting also lends crucial
mechanical support to the connection and provides a smooth surface to
minimize tissue irritation, though bulky potting should be avoided.

Based on the literature on packaging of neural interfaces, a few best
practices are suggested. First, the materials used at the connection site
should be biocompatible, which excludes many standard non-medical
materials, such as solder and conductive epoxy. Second, junctions be-
tween dissimilar metals should be avoided. If such a junction comes
into contact with saline, it will produce a battery effect, leading to a
low-but-steady DC current and thus metal corrosion and possible tissue
damage (Loeb and Gans, 1986). Finally, mechanical discontinuities
should be avoided, as these present preferential bending sites. For this
purpose, a tapered layer of silicone may be used to support a gradual
transition between stiff and flexible regions. If including non-bio-
compatible materials or bi-metallic junctions, as would be the case with
a PCB-mounted ZIF connector, these delicate connections must be
thoroughly potted and insulated to prevent contact with body fluid.
Potting may be sufficient for studies of limited duration but are a likely
site of failure in long term studies. Overall, we note that the limited
methods and materials available to the PNI designer make chronically
reliable packaging a challenge and there is a need to develop more
options for device-level connections.

4.2.1.2.2. Cabling. Electrode leads conduct signals from the PNI to
a percutaneous connector and their design and placement is crucial to
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PNI success (Naples et al., 1990). Multi-stranded lead wires, as opposed
to solid core, exhibit best flexibility and dependability. A long-time
standard wire for this purpose has been the stainless steel, multi-
stranded, 40 AWG Cooner Wire AS 631. From the 1970s to the present,
the most successful multi-conductor cable formation has been helically
wound (individually insulated) wires embedded in silicone, thanks to
its accommodation of bending, twisting, stretching, and, to a lesser
degree, crushing (Boretius et al., 2012; Brindley, 1977; Donaldson,
1983). A modular connector for this type of cable is described by
Donaldson (1985).

Mechanical force transmitted from the cable to the PNI and there-
fore the nerve has been suspected as a primary cause of nerve damage
by PNI (Grill and Mortimer, 2000; Mortimer et al., 1995). Besides
maximizing cable flexibility, careful cable placement can also help
minimize this force transmission. The cable should be routed to leave
the PNI longitudinally, though it also should not contact the nerve
(Hoffer and Kallesge, 2001; Naples et al., 1990). Moreover, increased
strain relief has been achieved by routing the cable to leave the PNI's
distal end and then form a 180° loop for routing in the proximal di-
rection, anchored with a suture to the muscle (Grill and Mortimer,
2000; Larsen et al., 1998; Romero et al., 2001). Commercial VNS sys-
tems similarly advise installation of several strain-relief anchor points
and formation of a strain-relief loop in the cable (VNS Therapy System
Epilepsy Physician’s Manual (US), 2018). Letechipia et al. devised a
“spring-sleeve” cable connector which includes a strain relief me-
chanism and was used successfully in human studies (Letechipia et al.,
1991; Tan et al., 2015).

4.2.1.2.3. Percutaneous connection. While some modular
implantable wireless systems for electrophysiology are becoming
available (Micro-Leads Research Products, 2019; Triangle BioSystems
International, 2019; Pederson et al., 2019), percutaneous connection
currently remains the most straightforward approach for most animal
studies. In a rat model, percutaneous connector mounts or pedestals
may be placed on the head or the back. While head-mounted connectors
may limit tampering and damage by the animal, back-mounted
connectors avoid repetitive cable bending at the neck, and the shorter
cable is less susceptible to “antenna” noise. In general, a percutaneous
connector should be located at a point where skin movement is minimal
(i.e. the midline), require as small a skin opening as possible, not have
any sharp or irritating edges, and be easy to clean. Commercial
pedestals are available which are generally designed for screw- or
dental cement-mounting onto solid bone—typically the skull, though
the pelvis may also be suitable (Barrese et al., 2013; Seifert et al., 2012).
Recently, high-resolution 3D printing services offer a convenient means
to produce custom plastic and/or or metal connector mounts (Straka
et al., 2018; Vasudevan et al., 2016; Wurth et al., 2017). For mounting
to the lumbar fascia instead of bone, a sheet of surgical mesh cloth may
be attached to the bottom of the pedestal which is placed under the skin
and encourages tissue ingrowth for stabilization (Straka et al., 2018). A
back-mounted pedestal, or at least its top, is best made of metal to
protect the connector from gnawing by the animal (Straka et al., 2018;
Yaghouby et al., 2018). It is good practice to apply a coating of silicone
to any surface of the pedestal that will contact soft tissues (Straka et al.,
2018; Yaghouby et al., 2018). If a pedestal is not suited to the site, as
with percutaneous connections located on a limb, Tan et al. (2015)
reported use of individually-passed open-matrix helical leads which
minimize the opening size and allow skin to better anchor the
connection, thereby avoiding piston-like motion of the lead and
decreasing the risk of infection.

The same considerations also apply to the connection between the
cable and the external connector. If possible, the electrical junction
between the two should be positioned outside the skin so that com-
promised potting poses less of a risk (Loeb and Gans, 1986). The cus-
tomizability of 3D-printed pedestals makes it possible to mount any off-
the-shelf external connectors for connection to electrophysiology
equipment. In general, connectors which require significant force to
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connect and disconnect from an external cable should be avoided, as
this increases the risk of injuring the animal or breaking the mount.
Loeb and Gans (1986) recommend that the mechanical and electrical
roles of an external connector should be carried by separate elements in
order to avoid wear and motion artifacts. Furthermore, the mechanical
anchoring should be easily overcome in order to avoid damage or injury
in the process of connection/disconnection, or in the case that the an-
imal applies tension (Loeb and Gans, 1986). One possible solution is to
use magnetic mating between the connector mount and the cable, easily
achieved by placing magnets into the face of the connector mount and
the mating face of the external cable (Yaghouby et al., 2018).

4.2.1.2.4. Fluidic packaging. Though there are fewer examples in
literature, connections for fluidic access to a PNI presumably follow
many of the same guidelines as electrical packaging. In contrast to the
out-of-plane connections often used to connect to chip-type
microfluidic devices, Cobo et al. (2019) made an in-plane connection
to the Parylene microfluidic channel of an extraneural cuff by inserting
a length of catheter and sealing it with a flexible, biocompatible
cyanoacrylate glue (Loctite 4902). At the other end of the catheter, a
number of different methods exist to drive infusion, including
implantable active or osmotic pumps, subcutaneous injection ports
(Pohlmeyer et al., 2009), or standard percutaneous ports for connection
to an external pump. For rats, a backpack-like harness is conventionally
used to support connection between a percutaneous catheter and an
external catheter/tether system for continuous infusion. Harnesses may
require supervision and regular human intervention to fix problems
such as skin irritation and entanglement of limbs or teeth in the straps
(Bellinger, 2015). An alternative to the infusion harness is a back-
mounted pedestal-like infusion button, which omits the problematic
straps and may be protected and kept clean with a magnetic metal cap
(Instech Laboratories Inc., 2019).

An additional consideration for fluidic devices is maintaining pa-
tency. For this purpose, Hoffer and Kallesge (2001) recommend peri-
odic saline flushes to prevent connective tissue ingrowth from clogging
the outlet.

4.2.1.3. Device sterilization. In vivo studies typically require thorough
sterilization of the components to be implanted. Selection of an
appropriate sterilization technique depends on multiple factors.
Autoclaving is a widely available method which has been used to
sterilize silicone and platinum foil devices, however the high
temperature and moisture of autoclaving may damage other PNIs.
Lower-temperature, dry methods include ethylene oxide and hydrogen
peroxide plasma processes, with hydrogen peroxide plasma becoming
the preferred choice for environmental and safety
Electromagnetic radiation methods are often not ideal for PNIs as
they tend to degrade many polymers (Ortigoza-Diaz et al., 2018).
Whichever method is chosen, characterization should be performed
before and after sterilization to confirm that the integrity of the device
(and packaging components) remains intact.

reasons.

4.2.2. Characterizing PNI safety

A primary aim of in vivo studies is to characterize a PNI’s effects on
nerve health and function. The methods for accomplishing this can be
grouped into functional tests, electrophysiological tests, and histology.
In all of these characterizations, experimental controls should be
carefully conceived and executed in order to elucidate the cause of any
damage to the nerve. For further reading, an exceptionally thorough
and authoritative reference on the topic of nerve injuries is provided by
Sunderland (1978).

4.2.2.1. Functional tests. Of the methods used to evaluate PNI safety,
functional tests are the most indirect, aiming to infer information about
nerve health by observing the end results of nerve activity, i.e. sensory
responses and motor tasks.

The general form of sensory tests is to apply a stimulus to the distal
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part of the limb, and either quantify the degree of response or vary the
stimulus intensity to determine the threshold at which a certain re-
sponse is achieved. For example, the traditional von Frey test consists of
poking the foot with a series of monofilaments of increasing stiffness
and noting the stiffness which provokes a response (Chaplan et al.,
1994; Nedic et al., 2013). A similar “foot flick” test uses electrical shock
as the stimulus (Sta et al., 2014). Lago et al. (2007b) describe a pinprick
test in which the foot is pricked at five different points, each response is
scored on a simple 0-2 scale (absent, decreased, or normal), and scores
are summed. Algesiometry tests follow a similar process but aim to
separate pain fiber activation from mechanical stimulation, for example
by irradiating the foot with heat and measuring the time to response
(Lago et al., 2007b).

The primary functional motor test for the rat model is walking track
analysis, in which video of the rat’s gait viewed from below is analysed
for parameters such as foot spreading and toe spacing (Varejao et al.,
2001; Vasudevan et al., 2017). These parameters are fed into a calcu-
lation which yields a value called the sciatic function index (SFI).
Manifestation of nerve health in finer motor control tasks may be ob-
served by kinematic tests. For example, Wurth et al. (2017) reported
filming the rat’s leg motion (marked with infrared markers) as it ran
over a ladder of unevenly-spaced rungs. The percentage of missed steps
was taken as an indicator of motor control.

Overall, existing functional tests offer more qualitative value than
quantitative as they are susceptible to a number of behavioral variables
which cannot be tightly controlled. They also tend to quantify responses
into broad ranges (i.e. absent, diminished, or normal function) and thus
have low sensitivity. Furthermore, while each variety of functional test
seems to emphasize one modality of nerve fiber over others, the output
is truly a measure of entire-circuit function. For example, a diminished
response to a pain stimulus does not necessarily correlate to damaged
pain fibers; rather, it may be the motor fibers which are damaged and
cannot conduct reflexive signals to the limb. Similarly, diminished
motor control may be an indication of damaged motor neurons, or it
may actually be a consequence of absent sensory feedback.

4.2.2.2. Electrophysiological tests. Electrophysiological tests possibly
offer a more direct and quantitative measure of nerve health. The
essence of nerve damage is degeneration and demyelination of nerve
fibers, and these changes in the nerve’s fiber population can potentially
be detected in electrophysiological measurements (Somann et al.,
2018). The general form of these tests is to proximally/distally evoke
action potentials in the nerve trunk and distally/proximally record the
signals which are conducted across the implant site. Alternatively, a
signal evoked at a third site may be recorded both proximally and
distally to the implant site, providing a more direct comparison. A
compound action potential (CAP) resulting from evocation is a
relatively large signal which is the summation of the extracellular
signals of all recruited fibers. Peak amplitude of the CAP depends in
part on the synchronized arrival of individual APs at the recording
electrode. Thus, variation among fibers’ conduction velocities gives rise
to desynchronization which increases with distance from the
stimulation site, accompanied by temporal spreading of the CAP and
decrease of its peak amplitude. Alternatively, the integrated rectified
value of a recorded CAP provides a more reliable reflection of the
quantity of nerve fibers which are carrying a signal. Thus, a decrease in
the CAP area as it crosses the implant may indicate fiber degeneration.
Demyelination of fibers without complete degeneration manifests as a
decrease in conduction velocity, which may be directly measured by
multiple recording sites or observed as an increased latency in a portion
of signals contributing to the CAP.

A limitation of using electrophysiological tests to evaluate nerve
health is difficulty in achieving reproducible recording and stimulation
on either side of the PNI. Acute insertion of needle probes is highly
sensitive to changes in placement between tests. Surface EMG may be a
more reproducibly recordable distal signal but yields limited

25

Journal of Neuroscience Methods 332 (2020) 108523

information (Krarup and Loeb, 1988). For a longitudinal study, the
most effective option may be implantation of simple, well-characterized
extraneural cuffs proximal and distal to the PNI under test, if space
allows. Krarup et al. provided a rigorous example of this approach in a
series of studies observing the conduction of cat nerve through nerve
injury and recovery using multiple implanted cuffs and patch electrodes
(Krarup et al., 1989, 1988; Krarup and Loeb, 1988). Experimental
methods and controls should be firmly established to minimize any
confounding nerve damage from the implanted electrodes other than
the PNI under test.

4.2.2.3. Histology. The most direct and precise method of measuring a
PNI’s effects on nerve health is visual observation of the nerve’s
microanatomy. Histological methods for peripheral nerve vary
widely, and once again the reader is advised to follow specific
examples in literature which possess similar histological goals, and to
consult further resources on the topic (Cold Spring Harbor Protocols,
2019; Ghnenis et al., 2018; Highley and Sullivan, 2018; Raimondo
et al., 2009; Yuste, 2011). In general, excised nerve is prepared through
a multi-step process of fixation, dehydration, embedding, sectioning,
and staining. An osmium tetroxide pre-stain prior to embedding is
recommended in most cases (Raimondo et al., 2009). Embedding is
most often performed in paraffin, resin, or optimal cutting temperature
medium (Highley and Sullivan, 2018; Raimondo et al., 2009).
Transverse sections should be taken at three positions: proximal to,
distal to, and at the location of the implant (Grill and Mortimer, 2000;
Larsen et al., 1998; Naples et al., 1990). A longitudinal section at the
implant site may also be valuable (Grill and Mortimer, 2000;
Vasudevan et al., 2017). Silver-based preparations have been largely
replaced by a number of simpler and more reliable stains, the most
common of which are hematoxylin and eosin (H&E), Masson’s
trichrome, and toluidine or methylene blue, though H&E does not
stain myelin (Highley and Sullivan, 2018; Raimondo et al., 2009).
Immunohistochemical labelling has become increasingly favored for its
ability to differentially visualize specific cellular features and
biomarkers, providing more detailed information about the nerve’s
structural condition and immune response to an implant (Christensen
et al., 2014; Highley and Sullivan, 2018; Raimondo et al., 2009; Wurth
et al.,, 2017). In addition to post-sacrificial labelling, Somann et al.
(2018) demonstrated administration of fluorogold tracer several days
prior to sacrifice, revealing axonal transport as an indicator of fiber
integrity across the implant site.

Variety is also found regarding microscopy techniques. In addition
to light microscopy, transmission electron microscopy has also long
been used to provide the highest resolution and is most effective to
visualize small, unmyelinated fibers (Raimondo et al., 2009; Thomas,
1963). Confocal microscopy, in combination with immunofluorescent
labelling, offers three-dimensional imaging and differentiation of
structures and cells. Multiphoton microscopy (MPM) also offers ima-
ging at depth up to several hundred microns. MPM additionally enables
imaging by second harmonic generation (SHG) which acts as a non-
photobleaching, label-free contrast (Vijayaraghavan et al., 2014). In
SHG, emission from molecules of non-centrosymmetric structure is
exactly half the excitation wavelength. Collagen has such a molecular
structure and thus the collagen-rich connective tissue of peripheral
nerve is well-suited for SHG imaging (Vijayaraghavan et al., 2014).
Jung et al. (2014) applied tissue-clearing techniques to enhance ima-
ging depth of whole-mount nerve after transection and regeneration.

As an alternative to the necessarily destructive techniques of nerve
excision and sectioning, Vasudevan et al. (2019) presented a method for
real-time in vivo imaging of nerve using optical coherence tomography
(OCT) and a mechanically-stabilizing fixture. This method provides
another mode of nerve health characterization by using OCT angio-
graphy to measure changes in microvasculature and blood flow.

After cross-sectional images of the nerve are acquired, morpho-
metric (also called stereologic) analysis should be performed. The fiber
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Fig. 18. In this example of software-aided morphometry, tiled images were stitched together to form an image of the whole nerve, followed by isolation of individual
fibers and sorting into rejected (red), suspect (blue), or accepted (green) categories based on parameters that indicate distortion from sectioning or imaging. The
suspect category is manually sorted by the researcher and the other categories are confirmed before morphometric analysis is performed. Reprinted from (Christensen

and Tresco, 2018) with permission from Elsevier.

population is quantified in terms of number, density, size distribution,
and myelination. A commonly reported measurement is the g-ratio
which is the axon diameter divided by total fiber diameter which in-
cludes the myelin sheath (Raimondo et al., 2009). Previously, mor-
phometry was a tedious, manual process prone to error and bias. Al-
gorithms for sampling and counting were developed to standardize the
process and remove bias, and readily-available software tools for image
analysis have since improved efficiency (Christensen and Tresco, 2018;
Jung et al., 2014; Larsen, 1998; Raimondo et al., 2009; Silva et al.,
2007; Wurth et al., 2017). Shown in Fig. 18, Christensen and Tresco
(2018) demonstrated an image processing method to help the re-
searcher isolate and sort fibers prior to morphometric measurements.

4.2.3. Characterizing PNI efficacy
For most PNIs, evaluation of efficacy includes stimulation and/or
recording performance, plus long-term stability.

4.2.3.1. Stimulation performance. A common gauge of stimulation
performance in vivo is the recruitment curve, which is an s-shaped
plot of output signal as a function of the stimulation charge (or other
stimulus parameter such as amplitude, duration, or frequency). The
measured output may be neural CAP area, EMG amplitude, limb
motion, muscle force, or joint torque, however these should not be
taken to be equivalent or reliably correlated (Loeb and Gans, 1986).
EMG for stimulation characterization can be recorded by multiple patch
or wire electrodes implanted on/in the main muscles innervated by a
nerve (Kundu et al., 2014; Loeb and Gans, 1986; Wurth et al., 2017).
Limb motion can be recorded by film or multi-camera motion-capture
systems for subsequent analysis and quantification (Gonzalez-Gonzéalez
et al., 2018; Wurth et al., 2017). Muscle force has been measured by
attaching the tendons to load cells or by implanting tendon force
transducers, though success with these methods was limited to acute or
sub-chronic studies (Grill and Mortimer, 1996b; Hoffer, 1990; Loeb and
Gans, 1986; Veraart et al.,, 1993). Grill and Mortimer (1996b)
introduced an apparatus for non-invasive three-dimensional isometric
joint torque measurements of the cat foot consisting of an aluminium
boot coupled to a 3D force transducer. They found that the peak of the
torque measurement correlated well with its time integral and thus
served as a sufficient representation of fiber activation. Stieglitz et al.
(2003) developed a similar apparatus for rat.
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A shallow slope in the recruitment curve is generally desirable as it
corresponds to more finely graded control of fiber recruitment. The
recruitment curve also provides an indication of stimulus efficiency in
terms of threshold and the amount of stimulus needed to achieve sig-
nificant activation. Another desirable characteristic is to have one re-
cruitment curve left-shifted from all other curves which arise from a
particular stimulation condition (e.g a given electrode or combination
of electrodes). This indicates an ability to selectively achieve that
output.

Quantification of selectivity varies based on the mode of output
measurement. A common calculation in cases which involve multiple
simultaneous measurements (e.g. EMGs from multiple patch electrodes)
is the selectivity index (SI). Defined by Veraart et al. (1993), SI is the
normalized output of the muscle of interest divided by the sum of the
normalized outputs of all measured muscles for a given set of stimulus
conditions. For example, for forces F measured from N muscles, the SI of
activating muscle j is given by
il
N
i=1

SI (stimulusconditions) =
E

SI yields a range of values from O to 1. To summarize a device’s
ability to selectively activate multiple targets, Badia et al. (2011a) in-
troduced a device selectivity index which is a product of the highest SIs
achieved by each measured muscle. However, as Kundu et al. (2014)
pointed out, this definition is biased towards smaller muscle counts and
strongly penalizes a device for one low SI though its others may be high;
instead, a simple mean of the SIs was proposed.

Leventhal and Durand (2003) offered another quantification of se-
lectivity based on 3D joint torque measurements. Two electrodes of the
PNI were independently stimulated, yielding different torque vectors.
Then they were stimulated simultaneously. If the simultaneous stimu-
lation yielded a torque vector that did not match the sum of the two
independent vectors, it was presumed that there was some overlap in
the fiber populations activated by each electrode. This measure of se-
lectivity S is summarized by comparison of the experimental (simulta-
neous) and theoretical (summed) vectors, and calculated by

_ (7, — ) em
|‘L'1 [2

where 7, is the simultaneous torque vector, and 7, and 7, are the are the
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higher- and lower-magnitude independent vectors, respectively.

Non-motor applications of PN stimulation may have a wide variety
of other physiological biomarkers to serve as the performance indicator.
For example, with vagus nerve stimulation the physiological outputs of
interest may be changes in heart rate, blood pressure, or concentration
of blood analytes (Plachta et al., 2014; Somann et al., 2018). In cases
like these, selectivity is presumed to manifest as the absence of un-
wanted side effects, though such studies will benefit from standardi-
zation and a more thorough accounting of all the potentially affected
targets (Birmingham et al., 2014).

4.2.3.2. Recording performance. Fewer examples in literature
demonstrate rigorous in vivo characterization of PNI recording
performance. The signals recorded may be electrically evoked,
naturally evoked, or spontaneous. Recording of large, electrically
evoked CAPs may serve as a rudimentary demonstration of a PNI’s
basic recording functionality but provide little value as a performance
indicator since such a signal would not naturally arise during clinical
use. More meaningful signals can be evoked by natural mechanisms,
such as mechanical stimulation via brushing or pinching of the foot.
Spontaneous nerve activity can also be recorded, but without
correlative observations provides little information. Wodlinger and
Durand (2010) elicited “pseudo-spontaneous” nerve activity by
stimulating with sine waves at 5 or 10 kHz which resulted in a
random firing pattern.

The end goal of PNI recordings is to meaningfully distinguish signals
(or functional ensembles of signals) from one another and correlate
them to specific origins or functions, such as volitional motor control
signals or proprioceptive muscle afferents. Riso et al. (2000) used an
apparatus for precise rotation of the ankle of a rabbit which allowed
detailed study of muscle afferent signals recorded via cuff. Many of the
same output measurements described for stimulation performance can
potentially serve as correlative signals to help interpret recorded sig-
nals, as can a variety of naturally evoked stimuli. To characterize a
PNI’s ability to localize signals within the nerve trunk, separate distal
branches of the nerve may be stimulated so that the afferent CAPs are
confined to a known fascicle (Aristovich et al., 2018; Wodlinger and
Durand, 2010; Zariffa et al., 2011).

Signal-to-noise ratio (SNR) is frequently mentioned in PNI literature
but not often clearly defined. In many cases, SNR is reported simply as
the ratio of peak-to-peak amplitudes of a spike and the steady back-
ground noise. However, it should be noted that this definition may not
be consistent with adjacent disciplines which use power rather than
amplitude (Schultz, 2007). Furthermore, what is interpreted as noise
may in some cases be ongoing spontaneous activity, and so the ratio
might be better described as evoked-to-spontaneous.

Since PNI experimental setups can be prone to multiple interference
signals such as EMG, motion artifacts, and stimulus artifacts, the neural
nature of recorded signals should be verified by subsequent application
of local anesthetic to the nerve, such as lidocaine or bupivacaine, which
block action potential propagation and should suppress the previously
recorded signal (Elyahoodayan et al., 2019; Lissandrello et al., 2017;
Riso et al., 2000). Temporary placement of parafilm or plastic wrap
under or around the nerve can also help reject EMG interference in
acute setups, and also limits dehydration of the nerve during extended
surgical exposures (Vasudevan et al., 2017, 2016).

4.2.3.3. Stability. In both stimulation and recording characterizations,
a crucial dimension of PNI performance is long-term stability. Clinical
usefulness of a PNI will depend on predictable operation throughout the
implant duration. Host response, tissue rearrangement, and device
deterioration may cause changes in a PNI’s input-output properties
and signal capturing. Throughout a long-term study, the researcher
should monitor for changes in such benchmarks as electrode
impedance, stimulation threshold, and stimulated or recorded targets.
After a long-term trial, close examination of the explanted device and
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histology should be performed to illuminate causes of change or to
reveal detrimental changes which were not previously detected.

5. Conclusion

This review has covered guiding principles for PNI design, PNI types
and strategies for enhancing performance, and methods of PNI char-
acterization. These topics may serve as a starting point for a new en-
trant to the field who wishes to design a PNI. They may also serve as a
starting point for further discussion in the PNI community and a call to
conduct further comparative studies of different approaches so that the
strengths of each approach might be more definitively elucidated.
While an attempt has been made to provide an initial collection of best
practices in PNI design and development, there is a strong need for PNI
designers to further consider and converge on the most effective paths
to further the field toward highly functional, long-lasting PNIs.
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