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Abstract

Peripheral nerve injuries are relatively common and can be caused by a variety of traumatic events such as
motor vehicle accidents. They can lead to long-term disability, pain, and financial burden, and contribute
to poor quality of life. In this review, we systematically analyze the contemporary literature on peripheral
nerve gap management using nerve prostheses in conjunction with physical therapeutic agents. The use of
nerve prostheses to assist nerve regeneration across large gaps (> 30 mm) has revolutionized neural sur-
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gery. The materials used for nerve prostheses have been greatly refined, making them suitable for repairing

large nerve gaps. However, research on peripheral nerve gap management using nerve prostheses reports
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inconsistent functional outcomes, especially when prostheses are integrated with physical therapeutic

agents, and thus warrants careful investigation. This review explores the effectiveness of nerve prostheses
for bridging large nerve gaps and then addresses their use in combination with physical therapeutic agents.
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Introduction

The basic structure of a peripheral nerve fiber comprises an
axon, myelin sheath (if myelinated) and the endoneurium.
Damage to any of these components, whether temporary or
permanent, is likely to hamper nerve functionality. Among
nerve lesions, complete transection is the most severe as it
involves the total severing of the nerve fiber, causing a dis-
continuity of electrical transmission and thereby making the
affected innervated region dysfunctional. This form of nerve
trauma invariably warrants surgical intervention to bridge
the gap between the resected ends; however, even with the
aid of modern surgical techniques, the regenerative period
may span months to years (Menorca et al., 2013).

Nerve prostheses are being widely employed in clinical
settings to bridge neural gaps of various lengths. In addition
to natural materials, they can be manufactured from a wide
range of biocompatible synthetic materials. Nerve prosthesis
materials, in conjunction with the use of physical therapeu-
tic agents (PTAs), such as electrical stimulation, electromag-
netic excitation, ultrasound, and laser therapy, play a vital
role in successful nerve regeneration. However, much of the
literature has only considered modest gap lengths (less than
10 mm) in rodents, which have a high nerve regeneration
capacity. Thus, the true efficacy of nerve prostheses in hu-
mans is unknown. In this review, we first focus on the use of
nerve prostheses (with different materials) for bridging large
nerve gap defects (= 10 mm) and then focus particularly on
nerve prostheses integrated with PTAs. The extracorporeal
use of PTAs has recently gained much popularity in clinical
practice. These therapeutic tools can accelerate peripheral
nerve regeneration by mitigating the loss of muscle function
and up-regulating growth factors at the injury site.

A systematic literature search was performed (Figure 1)
which resulted in the collection of 616 studies from online

databases related to peripheral nerve gap management us-
ing nerve prostheses and the use of PTAs to enhance nerve
regeneration. The selection criterion (Figure 1) for the first
half of this review was studies related to complete nerve
transections with gap lengths > 10 mm. The second half in-
cluded studies considering complete nerve transections of
any gap length, as there is a lack of literature on the use of
nerve prostheses with integrated PTAs. All studies based on
models of nerve crush injuries, as well as duplicate studies,
were discarded; subsequently, a total of 68 studies were re-
tained. Figure 2 provides the publication trend for studies
on the use of nerve prostheses to repair large segmental
defects in peripheral nerves and use of PTAs to assist nerve
regeneration processes. It is apparent that research into the
use of PTAs to ameliorate nerve repair has increased over
the last two decades.

Scope of the manuscript

The scope of this manuscript is to highlight the variety of
nerve prostheses that are suitable for nerve regeneration
across large gaps and the use of PTAs to promote nerve re-
generation. This review is significant as it provides insight
into the selection of suitable biomaterials for engineering
nerve prostheses for large gaps.

Nerve Prostheses

Nerve prostheses, also known as nerve guides, nerve cuffs,
nerve protectors, nerve couplers, and nerve conduits, are
surgical options for creating favorable environments for
nerve fibers to regenerate in large nerve gap injuries. Nerve
prostheses essentially provide scaffolding for regenerating
nerve fibers without necessitating biological graft material
(nerves, veins, etc.). The main concept of every nerve pros-
thesis is to facilitate continuity of the resected nerve ends
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616 Research Publications
identified through PubMed,
Scopus, and Web of Science

\ 4

543 studies, after duplicated
removed

73 studies excluded by
title and abstract

Y

475 studies excluded on the

y basis of the following reasons.
68 articles assessed for eligibility - Incomplete nerve injury model
(crush injury).

- Use of chemical cues to
increase nerve growth.

Y \4

35 studies on the use of PTAs.
- Complete nerve transection
- Gap length is not considered.

33 studies on the use of nerve
prostheses

- Complete nerve transection

- Gap length 210 mm

Figure 1 Literature search scheme and selection criteria to enroll
studies in this review.
PTAs: Physical therapeutic agents.

by encasing them and allowing the proximal nerve stump
to grow and orientate toward the distal nerve stump. These
prostheses can be derived from natural sources such as
veins, gut fibers, and skeletal muscles, or synthetically man-
ufactured from a variety of biocompatible materials. Nerve
repair using prostheses is employed when the end-to-end
distance between the resected nerve ends is greater than 10
mm; although once gaps reach 30 mm, outcomes are gener-
ally poor (Babu et al., 2008).

Nerve prostheses are credited with providing several ben-
efits such as enhancing nerve regeneration, mitigating scar
tissue development, and preventing the leakage of intraneural
fluid. However, due to the lack of any clinical standard, select-
ing the most suitable nerve prosthesis remains contentious
and relies on individual surgical judgment. Nerve prosthe-
ses may be classified as degradable and non-degradable and
include single or multi-internal channels, permeable mem-
branes, and embedded electrodes for electrical stimulation.

Non-degradable prostheses

The use of non-degradable prostheses dates back to the
1980s. These prostheses are derived from natural resourc-
es or synthesized from a variety of polymers. Among
non-degradable prostheses, silicone and latex are sourced
from natural rubber and have demonstrated neurological
recovery superior to autologous nerve repair (Ganga et
al., 2012), while axons regenerated in a silicone prosthesis
showed properties comparable to suture repair across a 10
mm gap two months postoperatively (Fields and Ellisman,
1986). Similarly, a polyester prosthesis coated with laminin
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Figure 2 Trend of publications on peripheral nerve regeneration
using nerve prostheses.
PTAs: Physical therapeutic agents.

showed better nerve regeneration across a 10 mm gap in the
sciatic nerve of a rat compared to a control (Yoshii et al.,
1987). A polytetrafluoroethylene prosthesis was reported
to be beneficial in bridging a gap of 29 mm in a human ul-
nar nerve, where the patient achieved excellent motor and
sensory recovery (Stanec and Stanec, 1998). A three-year
post-operative review revealed normal nerve tissue within
the prosthesis. Furthermore, in a poly-hydroxyethyl-meth-
acrylate prosthesis, axonal regeneration was comparable to
autografting a 10 mm gap in rat sciatic nerves, but signs of
calcification were noted (Belkas et al., 2005).

Unlike degradable materials, non-degradable materials
are often non-permeable and, thus, completely isolate the
repaired nerve from other tissue. Moreover, non-degradable
material may induce inflammation due to a lack of biocom-
patibility and, hence, require removal once nerve regener-
ation is achieved. For instance, a silicone prosthesis caused
fibrosis when allowed to remain in situ over a period of 6-12
months (Merle et al., 1989); unfortunately, this limits the ef-
fectiveness of such prostheses. To overcome this limitation,
prosthetic materials and structural designs have been refined
in a quest to achieve more effective prostheses. Along with
many structural variations, permeability has been enhanced
in silicone prostheses; this approach displayed better out-
comes than impermeable prostheses (Jenq and Coggeshall,
1987) because porous membranes allow prostheses to ex-
change material with the external environment and main-
tain a chemical milieu and ionic balance across the material.
The use of degradable prostheses in repairing longer seg-
mental defects has increased in popularity as they are, at
least theoretically, superior to non-degradable prostheses
because of their ability to self-degrade and reabsorb, thereby
eliminating the need for surgical retrieval. These benefits,
among others, have increased the quest for other natural
materials that are suitable for manufacturing a variety of
nerve prostheses to support nerve regeneration.

Degradable prostheses

Collagen, a structural protein, and chitosan, a linear poly-
saccharide, are both materials used to manufacture nerve
prostheses and have recently attracted significant attention
due to their biocompatibility, biodegradability, ease of man-
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ufacture, and unique physicochemical properties (Busilacchi
et al., 2013; Haastert-Talini et al., 2013). Initially, both ap-
peared to have only a limited benefit on nerve regeneration
(Eppley and Delfino, 1988; Ruskin, 1991), probably due to
the lack of advanced micromanufacturing technologies, but
now their use appears indispensable. Collagen prostheses
are known to promote nerve regeneration by increasing
re-myelination and neurite extension in rats, and improving
lost sensation in humans, compared to autografting (Ar-
chibald et al., 1991). On bridging a gap of 20 mm in a rat
sciatic nerve, collagen prostheses had significantly higher
numbers and diameters of regenerated myelinated axons
compared to autografts (Yoshii et al., 2001). Moreover, a
collagen prosthesis cross-linked with poly(N-isopropylacryl-
amide) produced a significant increase in neurite extension
and the number of axons increased three-fold compared to
using the prosthesis alone (Newman et al., 2006). Chitosan
prostheses are credited with creating favorable physiological
environments for nerve generation (Li et al., 1999; Tansey et
al., 2011) and helping to bridge gaps more efficiently when
cross-linked with dibasic sodium phosphate (Fregnan et al.,
2016). In gap lengths of 30 mm (rat sciatic nerves), although
regeneration was observed 12 weeks postoperatively, no ax-
ons reached the distal end (Yoshii et al., 2002). This suggests
that chitosan and collagen prostheses are suited for repairs
of less than 30 mm, as their ability to support nerve regener-
ation beyond this limit appears inadequate.

Poly e-caprolactone and poly L-lactide-co-g-caprolac-
tone have the potential to facilitate nerve regeneration (Jin
et al., 2012) and are credited with restoring lost sensation
in humans; while in rodents they produced a good sciatic
function index, increased the numbers of myelinated axons
and sensory and motor cell bodies, and allowed progres-
sive degradation of the prosthesis (Aldini et al., 1996). The
effectiveness of poly e-caprolactone prostheses was tested
in gaps of 5, 15, and 45 mm in rats. Favorable nerve regen-
eration and functional recovery were observed for the 5 and
15 mm-sized defects six months post-repair, but due to poly
e-caprolactone’s mechanical stiffness, the 45 mm defects
failed to produce any functional recovery (Chiono et al.,
2009). In humans, recovery of sensation in affected patients
was observed to be comparable with the surgical standard
autograft group (Bertleft et al., 2005).

Poly-glycolic acid (PGA) and poly-lactic acid are bio-
degradable, thermoplastic polymers with some degree of
mechanical strength. Nerve prostheses made of these mate-
rials and/or their respective copolymers have demonstrated
successful recovery of sensory loss in humans, increased the
diameter of regenerated nerves in rabbits, and facilitated
better functional repair in rats compared to suture repairs.
Successtul recovery of sensory loss in lingual nerve repairs
with gaps of 50 mm was achieved using a PGA prosthesis
(Seo et al., 2008); however, functional recovery was inconsis-
tent. Moreover, PGA repairs were found to be functionally
equivalent to monofascicular suture repairs (Marshall et al.,
1989), although myelinated axons were larger than those re-
paired by autografts (Nakamura et al., 2004). In dogs, PGA

prostheses established successful functional recovery of in-
jured phrenic nerves (Yoshitani et al., 2007) and an 80 mm
gap in a dog’s peroneal nerves were bridged using a PGA
prosthesis coated with collagen fibers (Matsumoto et al.,
2000), which effectively restored the dog’s walking pattern
12 months post-implantation.

Similarly, using a microporous poly-lactic acid prosthesis,
magnetic resonance imaging showed that a 20 mm gap in
a rabbit sciatic nerve was successfully bridged four months
postoperatively. The diameter of the regenerated fibers con-
tinued to increase while the prosthesis degraded over 18
months (Hsu et al., 2011). However, on repairing 30 mm
gaps in the ulnar nerves of monkeys, nerve regeneration was
observed but there were no significant differences compared
with the control group in terms of mean fiber diameter, am-
plitude and conduction velocity (Dellon and Mackinnon,
1988). PGA prostheses, therefore, may be considered superior
to nerve grafting for nerve gaps of up to 30 mm. However,
collagen prostheses are reported to support regeneration
better than PGA prostheses in terms of greater myelinated
axon diameters and functional recovery (Waitayawinyu et al.,
2007).

A variety of other biodegradable nerve prostheses has been
reported to yield promising results. A poly-3-hydroxybu-
tyrate nerve prosthesis supported nerve regeneration in a 40
mm gap in a rabbit common-peroneal model, with a signifi-
cantly greater number of fibers than in an autograft group
(Young et al., 2002). Functional recovery upon repair of a
30 mm gap using a poly 3-hydroxybutyrate-co-3-hydroxy-
valerate prosthesis was superior to nerve grafting, where
the sciatic function indexes were 40.1 and 66.2, respectively
(Biazar et al., 2013). A nerve prosthesis manufactured from
freeze-dried alginate gel covered by PGA mesh was found to
be helpful in improving both motor and sensory functional
recovery across a 50 mm gap in cat sciatic nerves 13 weeks
post-implantation and the prosthesis degraded completely
with minimal inflammation (Suzuki et al., 1999). Figure 3
provides a summary of the research groups involved in the
studies discussed above and highlights the gap lengths they
have successfully repaired.

Nerve Prostheses with Physical Therapeutic
Agents

It is evident that nerve prostheses are widely utilized to
reconstruct large gap nerve defects; however, no clinically
available prostheses are known to guarantee full functional-
ity. Subsequently, this has made the reconstruction of larger
nerve defects a significant clinical challenge. Many com-
mercially available prostheses are unable to sustain nerve
regeneration across defects longer than 30 mm because of
limitations in their fabrication, short degradation times and
imprecise mechanical properties. Advances in biomedical
engineering and the discovery of PT As have made noticeable
progress in restoring the functionality of repaired peripheral
nerves. The use of PTAs involves the systematic application
of various sources of energy, which will now be explored.
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Figure 3 The use of various nerve prostheses in bridging a variety of
gap lengths.

ePTFE: Polytetrafluoroethylene; PCL: poly e-caprolactone; PLA: po-
ly-lactic acid; PHBV: poly 3-hydroxybutyrate-co-3-hydroxyvalerate;
PHB: poly-3-hydroxybutyrate; PGA: poly-glycolic acid.

Electrical and magnetic stimulation

The topical use of controlled electric fields to excite nerve
growth rates in order to increase the number of regenerating
axons has been reported widely. The ethos behind the appli-
cation of electrical stimulation (ES) is to promote functional
recovery and reinnervation, even after delayed repair. The ES
technique has many clinical applications and is being used in
neuromuscular reinnervation and to accelerate wound heal-
ing (Michlovitz, 2005). It elevates neuronal cyclic adenosine
monophosphate and, in turn, the expression of neurotrophic
factors and other growth-associated genes, including cyto-
skeletal proteins (Gordon, 2016). Recent attempts have been
made to engineer electrically conductive prostheses by em-
bedding electrodes and carbon nanotubes in their structures
to increase the regrowth rate of motor axon. Prostheses with
embedded gold electrodes in thin polyamide films have been
reported to maximize axonal sprouting (Lacour et al., 2008)
while the addition of multiwalled carbon nanotubes in poly
2-hydroxyethyl methacrylate prostheses improved electrical
conductivity up to 11-fold (Arslantunali et al., 2014). Stud-
ies have demonstrated that a weak electric field enhances
neurite outgrowth both in vitro (Zhang et al., 2007; Nguyen
et al., 2014) and in vivo (Zealear et al., 2002; Al-Majed et al.,
2004). Electrical stimulation at 20 Hz for 1 hour was found
to promote motor axonal regeneration in-vivo (Brushart et
al., 2002). Interestingly, electrical stimulation (0.1 ms square
pulse at 20 Hz) of a rat femoral nerve for 1 hour, even before
repairing a gap of 2 mm using a polyethene prosthesis, result-
ed in accelerated functional recovery and increased the soma
size of regenerated motoneurons, which indicates that they
are projecting correctly (Ahlborn et al., 2007). However, the
axonal thickness and myelination density of the regenerated
axons remained inferior to those of controls. One hour of ES
is reported to accelerate both axonal regeneration and prefer-
ential motor reinnervation in a rat femoral nerve transection
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model (Al-Majed et al., 2000). On using a silicone prosthesis
to repair a 10 mm gap in a rat sciatic nerve, the application of
ES (2 Hz at 1 mA) immediately after surgery and every oth-
er day for two weeks resulted in significantly larger evoked
muscle action potential and amplitude of the reinnervated
gastrocnemius muscle than that of the control group (Lin et
al., 2015). Gaps of 15 mm in rat sciatic nerves with perforated
chitosan prostheses displayed better electrophysiology and
functional recovery than did the control group when electri-
cally stimulated for 1 hour at 20 Hz shortly after repair (Huang
et al,, 2010). In a prosthesis made up of deacetyl chitin, ES
(0.1 ms, 3V, 20 Hz) for 1 hour resulted in superior nerve
conduction velocity and an increased number of myelinated
fibers (Zhang et al., 2014). In a comparative study, a daily
15-minute percutaneous application of low-frequency ES (1
mA at 2 Hz) from 1-6 weeks post-surgery resulted in a great-
er number of myelinated fibers, higher axon density, and a
higher ratio of blood vessels compared to the control group
(Lu et al., 2008). The best timing for ES is yet to be elucidated;
however, a short delay of approximately eight days has shown
promise (Yeh et al., 2010). In a repair performed 24 weeks
after injury, nerve conduction velocity was greatly improved
on using brief ES (3 V, 20 Hz, 20 minutes) applied prior to
inserting the resected ends of a sciatic nerve into a prosthesis
(Huang et al., 2013). In contrast, a delay of one month result-
ed in poorer outcomes due to tissue degeneration and distal
stump fibrosis (Han et al., 2015).

Similar to ES, daily exposure to 400 electromagnetic puls-
es per second for 15 minutes resulted in a greater number
of myelinated nerve fibers (Raji, 1984). A weak magnetic
field (0.5 mT, 50 Hz) when applied for 4 hours/day starting
at three weeks post-repair helped to attain a high functional
recovery after 32 weeks (Bervar, 2005). Similar results were
found using a weak electromagnetic field (0.3 mT, 2 Hz)
while repairing resected sciatic nerves using a chitosan pros-
thesis (Mohammadi et al., 2014).

However, some studies have reported that electromagnetic
and ES therapies have negligible and/or negative effects on
nerve regeneration (Kelleher et al., 2006; Xia et al., 2007),
while increased neuromuscular activity due to ES can reduce
sprouting in partially denervated muscles and, thus, be det-
rimental (Tam et al., 2001). The use of ES after facial nerve
repair made no statistical difference in terms of functional re-
covery between a control and treatment group (Mendez et al.,
2016). Similarly, the use of a static electromagnetic field did
not enhance regeneration of a resected median nerve inside
a biodegradable polymer prosthesis in sheep (Kelleher et al.,
2006). These disparate findings suggest that ES and electro-
magnetic therapy could have different effects, thus necessitat-
ing protocols to prevent detrimental stimulation (Chen, 2011).

Ultrasound therapy

Ultrasound therapy is believed to facilitate nerve regenera-
tion after peripheral nerve injury by reducing pain, which
appears dependent on its ability to limit the upregulation of
the neurokinin-1 receptor, substance-P, tumor necrosis fac-
tor-a, and interleukin-6 around the injured nerve (Chen et
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al,, 2015). The use of ultrasound therapy at an intensity of 1.6
uW/m’ for 20 min/d for 12 days demonstrated an increased
number and size of regenerated axons, as well as improved
myelination in rat sciatic nerves compared to controls (Crisci
and Ferreira, 2002). Similarly, using a prosthesis manufac-
tured from poly(lactic-co-glycolic acid) to bridge a gap of
10 mm in a rat sciatic nerve, then using ultrasound therapy
(1 MHz, 4 x 10~ W/mm?®) for two minutes once per week
for eight weeks revealed that axons reached the distal stump
faster than those in the control group (Park et al., 2010).

Laser therapy

Laser therapy involves irradiating an area of tissue with a
beam of low-energy photons to raise the temperature of
damaged tissue, thereby increasing neuronal activity and
promoting healing. It is reported to have a protective and
immediate effect in maintaining the functional activity of
injured nerves by decreasing scar tissue formation and signifi-
cantly increasing axonal growth (Rochkind et al., 2009). Simi-
larly, one hour of optical treatment of an injured sciatic nerve,
even applied prior to repair, can help to attain a significantly
greater evoked electromyography response in rats (Ward et
al., 2016). Low-level laser therapy (660 nm aluminum gallium
indium phosphide laser at an energy density of 0.576 J/m®),
focused on an injured nerve for 30 minutes immediately after
surgery, resulted in successful regeneration across a 15 mm
gap in a rat sciatic nerve repaired with a biodegradable nerve
prosthesis (Shen et al., 2013a, b). Furthermore, transcutaneous
laser therapy for nine consecutive days (5 min/day at an ener-
gy density of 96 pJ/m’) resulted in a significantly higher sciatic
functional index and improved functional recovery 12 weeks
after implantation. A significant increase in axonal growth

Table 1 Studies using nerve prostheses in combination with PTAs

in the peroneal nerve of a rabbit was also observed after ap-
plication of laser therapy (980 nm wavelength, 2 W output
power, 43 seconds exposure time, 800 x 10° m” area and total
energy of 65 J; Anders et al. (2014)). Contrary to this, the use
of low-level laser therapy (aluminum gallium arsenide; 660
nm, 40 kJ/m’, 26.3 mW, beam area of 63 mm®) on a rat sciatic
nerve did not aid functional recovery (dos Reis et al., 2009).
Table 1 shows a summary of works cited in the context of
using PTAs for nerve regeneration. All studies reported here
used complete nerve transection models with gaps of various
sizes. Most of the studies support the idea that the excitation of
nerves repaired using PTAs, applied soon after repair, is most
helpful in increasing nerve regeneration rates; however, a few
studies (marked with asterisks) reported inferior outcomes.

Conclusions

Peripheral nerve injuries remain a significant source of
long-lasting morbidity, disability, and economic burden. Pe-
ripheral nerve gap management using nerve prostheses does
not always produce reliable results in terms of nerve regener-
ation and functional recovery. It is noteworthy, however, that
many studies demonstrate benefits (such as increased axon
regeneration, myelination, and superior functional recovery)
from using nerve prostheses to bridge large nerve gaps. Nev-
ertheless, in most cases, the outcomes were not translated
into clinical trials. This highlights the importance of adopting
a hybrid approach where nerve prostheses are integrated with
regeneration support such as PTAs to maximize functional
recovery. The materials used for nerve prosthesis should be
selected carefully, as should the internal orientation needed
to support axonal growth, and their porosity is a crucial fac-

Animal model Nerve Prosthesis material Therapeutic conditions Study
Rat Dorsal root  Polypyrrole-polycaprolactone 10 V/m for 2 h Nguyen et al. (2014)
ganglia laminated with PLGA
Rat Sciatic Silicone 2 Hz at 1 mA every other day for 2 weeks starting Lin et al. (2015)
one day after surgery
Rat Sciatic Chitosan 1 h at 20 Hz soon after repair Huang et al. (2010)
Rat Sciatic Deacetyl chitin 20 Hz, 0.1 ms, 3 V for 1 h after surgery Zhang et al. (2014)
Rat Sciatic Silicone 2 Hz at 1 mA daily for 15 min from 1-6 weeks Lu et al. (2008)
post-surgery
Rat Sciatic Prosthesis material not mentioned ~After delayed repair (24 weeks), single ES of 3 V, 20 Huang et al. (2013)
Hz for 20 min applied prior to inserting resected
ends in the prosthesis
“Rat Sciatic Chitosan After delayed repair (1 month), 100 ms pulse Han et al. (2015)
width at 20 Hz and direct current voltage of 3 V
Rat Femoral Polyethene 0.1 ms square pulse at 20 Hz for 1 h before Ahlborn et al. (2007)
resection
Rat Sciatic Chitosan Pulsed electromagnetic field (0.3 mT, 2 Hz) Mohammadi et al. (2014)
“Sheep Median Inorganic biodegradable polymer ~ Exogenously applied static electromagnetic field ~ Kelleher et al. (2006)
Rat Sciatic N/A 160 W/m’ for 20 min/day for a period of 12 days ~ Crisci and Ferreira (2002)
Rat Sciatic EDC-gelatin-TCP 660 nm AlGalnP laser beam with energy density ~ Shen et al. (2013a, b)

of 57.6 kJ/m’ for 30 min

A few studies (marked with asterisks) reported inferior outcomes. PTAs: Physical therapeutic agents; PLGA: poly(lactic-co-glycolic acid); N/A: not
applicable; EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; TCP: B-tricalcium phosphate; h: hour(s); min: minutes.
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tor to be controlled. Using PTAs is helpful in initiating the
neuronal activity needed to increase nerve regeneration rates;
therefore, it is recommended that the use of PTAs (electrical,
magnetic or laser) should not be delayed beyond the forma-
tion of scar tissue and fibrosis at the nerve stumps.

In this review, the use of nerve prostheses with adjunct
technologies to repair gap defects in peripheral nerves was
discussed. Several studies used PTAs to enhance peripheral
nerve regeneration, an approach that shows potential for clin-
ical translation. Given the complexity of nerve regeneration,
further research is required to observe the limits and ideal
parameters of PTAs in nerve regeneration and to explore the
use of PTAs in maximizing functional outcomes. Optimal
nerve regeneration cannot be achieved by a single element;
both the structure and material of prostheses must support
axonal growth, and the addition of PTAs should further ac-
celerate this process. Care is necessary in applying PTAs, as
inappropriate electrical, magnetic and/or laser stimulation
can negatively affect axonal growth. Commercially available
nerve prostheses integrated with the use of PTAs provide a
promising avenue for bridging large nerve gaps, but these
techniques remain in their infancy and research is still yield-
ing unreliable results. New therapeutic agents that allow
modulation of physical stimuli will be key to improving large
gap nerve repairs.

Author contributions: Manuscript conception and design: MSUS; lit-
erature search and initial manuscript drafting: MSUS and MB; critical
revision: MB and GDT; Final approval for publication: MSUS and GDT.
Conflicts of interest: We declare no conflicts of interest related to this
manuscript.

Financial support: None.

Copyright license agreement: The Copyright License Agreement has
been signed by all authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak,
and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms.
Open peer reviewer: David Romeo-Guitart, Universitat Autonoma de
Barcelona Facultat de Biociéncies, Spain.

Additional file: Open peer review report 1.

References

Ahlborn P, Schachner M, Irintchev A (2007) One hour electrical stim-
ulation accelerates functional recovery after femoral nerve repair.
Exp Neurol 208:137-144.

Al-Majed AA, Neumann CM, Brushart TM, Gordon T (2000) Brief
electrical stimulation promotes the speed and accuracy of motor ax-
onal regeneration. ] Neurosci 20:2602-2608.

Al-Majed AA, Tam SL, Gordon T (2004) Electrical stimulation acceler-
ates and enhances expression of regeneration-associated genes in re-
generating rat femoral motoneurons. Cell Mol Neurobiol 24:379-402.

Aldini NN, Perego G, Cella GD, Maltarello MC, Fini M, Rocca M,
Giardino R (1996) Effectiveness of a bioabsorbable conduit in the
repair of peripheral nerves. Biomaterials 17:959-962.

Anders JJ, Moges H, Wu X, Erbele ID, Alberico SL, Saidu EK, Smith JT,
Pryor BA (2014) In vitro and in vivo optimization of infrared laser
treatment for injured peripheral nerves. Lasers Surg Med 46:34-45.

Archibald SJ, Krarup C, Shefner J, Li ST, Madison RD (1991) A col-
lagen-based nerve guide conduit for peripheral nerve repair: An
electrophysiological study of nerve regeneration in rodents and non-
human primates. ] Comp Neurol 306:685-696.

1114

Arslantunali D, Budak G, Hasirci V (2014) Multiwalled CNT-pHEMA
composite conduit for peripheral nerve repair. ] Biomed Mater Res
Part A 102:828-841.

Babu P, Behl A, Chakravarty B, Bhandari P, Bhatti T, Maurya S (2008)
Entubulation techniques in peripheral nerve repair. Indian J Neu-
rotrauma 5:15-20.

Belkas JS, Munro CA, Shoichet MS, Johnston M, Midha R (2005)
Long-term in vivo biomechanical properties and biocompatibility of
poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) nerve
conduits. Biomaterials 26:1741-1749.

Bertleff MJ, Meek MF, Nicolai JP (2005) A prospective clinical evalua-
tion of biodegradable neurolac nerve guides for sensory nerve repair
in the hand. ] Hand Surg Am 30:513-518.

Bervar M (2005) Effect of weak, interrupted sinusoidal low frequency
magnetic field on neural regeneration in rats: Functional evaluation.
Bioelectromagnetics 26:351-356.

Biazar E, Keshel SH, Pouya M (2013) Efficacy of nanofibrous conduits
in repair of long-segment sciatic nerve defects. Neural Regen Res
8:2501-2509.

Brushart TM, Hoffman PN, Royall RM, Murinson BB, Witzel C, Gor-
don T (2002) Electrical stimulation promotes motoneuron regen-
eration without increasing its speed or conditioning the neuron. J
Neurosci 22:6631-6638.

Busilacchi A, Gigante A, Mattioli-Belmonte M, Manzotti S, Muzzarelli
RAA (2013) Chitosan stabilizes platelet growth factors and modu-
lates stem cell differentiation toward tissue regeneration. Carbohydr
Polym 98:665-676.

Chen YS (2011) Effects of electrical stimulation on peripheral nerve
regeneration. Biomedicine 1:33-36.

Chen YW, Tzeng JI, Huang PC, Hung CH, Shao DZ, Wang JJ (2015)
Therapeutic ultrasound suppresses neuropathic pain and upregula-
tion of substance P and neurokinin-1 receptor in rats after peripher-
al nerve injury. Ultrasound Med Biol 41:143-150.

Chiono V, Vozzi G, Vozzi F, Salvadori C, Dini F, Carlucci F, Arispici M,
Burchielli S, Di Scipio F, Geuna S, Fornaro M, Tos P, Nicolino S, Au-
disio C, Perroteau I, Chiaravalloti A, Domenici C, Giusti P, Ciardelli
G (2009) Melt-extruded guides for peripheral nerve regeneration. Part
I: Poly(e-caprolactone). Biomed Microdevices 11:1037-1050.

Crisci AR, Ferreira AL (2002) Low-intensity pulsed ultrasound accel-
erates the regeneration of the sciatic nerve after neurotomy in rats.
Ultrasound Med Biol 28:1335-1341.

Dellon AL, Mackinnon SE (1988) An alternative to the classical nerve
graft for the management of the short nerve gap. Plast Reconstr Surg
82:849-856.

dos Reis FA, Belchior AC, de Carvalho Pde T, da Silva BA, Pereira
DM, Silva IS, Nicolau RA (2009) Effect of laser therapy (660 nm) on
recovery of the sciatic nerve in rats after injury through neurotmesis
followed by epineural anastomosis. Lasers Med Sci 24:741-747.

Eppley BL, Delfino JJ (1988) Collagen tube repair of the mandibular
nerve: a preliminary investigation in the rat. ] Oral Maxillofac Surg
46:41-47.

Fields RD, Ellisman MH (1986) Axons regenerated through silicone
tube splices: I. Conduction properties. Exp Neurol 92:48-60.

Fregnan F, Ciglieri E, Tos P, Crosio A, Ciardelli G, Ruini F, Tonda-Tu-
ro C, Geuna S, Raimondo S (2016) Chitosan crosslinked flat scaf-
folds for peripheral nerve regeneration. Biomed Mater 11:045010.

Ganga MVM, Coutinho-Netto J, Colli BO, Marques Junior W, Catalao
CHR, Santana RT, Oltramari MRP, Carraro KT, Lachat JJ, Lopes
Lda S (2012) Sciatic nerve regeneration in rats by a nerve conduit
engineering with a membrane derived from natural latex. Acta Cir
Bras 27:885-891.

Gordon T (2016) Electrical stimulation to enhance axon regeneration
after peripheral nerve injuries in animal models and humans. Neu-
rotherapeutics 13:295-310.

Haastert-Talini K, Geuna S, Dahlin LB, Meyer C, Stenberg L, Freier T,
Heimann C, Barwig C, Pinto LF, Raimondo S, Gambarotta G, Samy
SR, Sousa N, Salgado AJ, Ratzka A, Wrobel S, Grothe C (2013) Chi-
tosan tubes of varying degrees of acetylation for bridging peripheral
nerve defects. Biomaterials 34:9886-9904.

Han N, Xu CG, Wang TB, Kou YH, Yin XF, Zhang PX, Xue F (2015) Elec-
trical stimulation does not enhance nerve regeneration if delayed after
sciatic nerve injury: the role of fibrosis. Neural Regen Res 10:90-94.



Sahar MSU, Barton M, Tansley GD (2019) Bridging larger gaps in peripheral nerves using neural prosthetics and physical therapeutic agents.

Neural Regen Res 14(7):1109-1115. doi:10.4103/1673-5374.251186

Hsu SH, Chan SH, Chiang CM, Chen CC, Jiang CF (2011) Peripheral
nerve regeneration using a microporous polylactic acid asymmetric
conduit in a rabbit long-gap sciatic nerve transection model. Bioma-
terials 32:3764-3775.

Huang ], LuL, Hu X, Ye Z, Peng Y, Yan X, Geng D, Luo Z (2010) Elec-
trical stimulation accelerates motor functional recovery in the rat
model of 15-mm sciatic nerve gap bridged by scaffolds with longitu-
dinally oriented microchannels. Neurorehabil Neural Repair 24:736-
745.

Huang J, Zhang Y, Lu L, Hu X, Luo Z (2013) Electrical stimulation
accelerates nerve regeneration and functional recovery in delayed
peripheral nerve injury in rats. Eur ] Neurosci 38:3691-3701.

Jenq CB, Coggeshall RE (1987) Permeable tubes increase the length of
the gap that regenerating axons can span. Brain Res 408:239-242.

Jin J, Park M, Rengarajan A, Zhang Q, Limburg S, Joshi SK, Patel S,
Kim HT, Kuo AC (2012) Functional motor recovery after peripheral
nerve repair with an aligned nanofiber tubular conduit in a rat mod-
el. Regen Med 7:799-806.

Kelleher MO, Al-Abri RK, Lenihan DV, Glasby MA (2006) Use of a
static magnetic field to promote recovery after peripheral nerve inju-
ry. ] Neurosurg 105:610-615.

Lacour SP, Atta R, FitzGerald JJ, Blamire M, Tarte E, Fawcett ] (2008)
Polyimide micro-channel arrays for peripheral nerve regenerative
implants. Sensors Actuators A Phys 147:456-463.

Li J, Zhong Y, Gong Y, Zhao N, Zhang X (1999) Chitosan conduit for
peripheral nerve regeneration. Tsinghua Sci Technol 4:1515-1518.
Lin YC, Kao CH, Chen CC, Ke CJ, Yao CH, Chen YS (2015) Time-
course effect of electrical stimulation on nerve regeneration of dia-

betic rats. PLoS One 10:e0116711.

Lu MC, Ho CY, Hsu SF, Lee HC, Lin JH, Yao CH, Chen YS (2008) Effects
of electrical stimulation at different frequencies on regeneration of
transected peripheral nerve. Neurorehabil Neural Repair 22:367-373.

Marshall DM, Grosser M, Stephanides MC, Keeley RD, Rosen JM
(1989) Sutureless nerve repair at the fascicular level using a nerve
coupler. ] Rehabil Res Dev 26:63-76.

Matsumoto K, Ohnishi K, Kiyotani T, Sekine T, Ueda H, Nakamura T,
Endo K, Shimizu Y (2000) Peripheral nerve regeneration across an
80-mm gap bridged by a polyglycolic acid (PGA)-collagen tube filled
with laminin-coated collagen fibers: a histological and electrophysi-
ological evaluation of regenerated nerves. Brain Res 868:315-328.

Mendez A, Seikaly H, Biron VL, Zhu LF, C6té DWJ (2016) Brief elec-
trical stimulation after facial nerve transection and neurorrhaphy:
a randomized prospective animal study. ] Otolaryngol Head Neck
Surg 45:7.

Menorca RMG, Fussell TS, Elfar JC (2013) Nerve physiology. Hand Clin
29:317-330.

Merle M, Lee Dellon A, Campbell JN, Chang PS (1989) Complications
from silicon-polymer intubulation of nerves. Microsurgery 10:130-133.

Michlovitz SL (2005) Is there a role for ultrasound and electrical stimula-
tion following injury to tendon and nerve? ] Hand Ther 18:292-296.

Mohammadi R, Faraji D, Alemi H, Mokarizadeh A (2014) Pulsed elec-
tromagnetic fields accelerate functional recovery of transected sciatic
nerve bridged by chitosan conduit: An animal model study. Int J
Surg 12:1278-1285.

Nakamura T, Inada Y, Fukuda S, Yoshitani M, Nakada A, Ttoi S, Kane-
maru S, Endo K, Shimizu Y (2004) Experimental study on the regen-
eration of peripheral nerve gaps through a polyglycolic acid-collagen
(PGA-collagen) tube. Brain Res 1027:18-29.

Newman KD, McLaughlin CR, Carlsson D, Li F, Liu Y, Griffith M
(2006) Bioactive hydrogel-filament scaffolds for nerve repair and
regeneration. Int J Artif Organs 29:1082-1091.

Nguyen HT, Sapp S, Wei C, Chow JK, Nguyen A, Coursen J, Luebben S,
Chang E, Ross R, Schmidt CE (2014) Electric field stimulation through
a biodegradable polypyrrole-co-polycaprolactone substrate enhances
neural cell growth. ] Biomed Mater Res Part A 102:2554-2564.

Park SC, Oh SH, Seo TB, Namgung U, Kim JM, Lee JH (2010) Ultra-
sound-stimulated peripheral nerve regeneration within asymmet-
rically porous PLGA/Pluronic F127 nerve guide conduit. ] Biomed
Mater Res B Appl Biomater 94:359-366.

Raji AM (1984) An experimental study of the effects of pulsed electro-
magnetic fleld (Diapulse) on nerve repair. ] Hand Surg Br 9:105-112.

Rochkind S, Geuna S, Shainberg A (2009) Chapter 25: Phototherapy
in peripheral nerve injury: effects on muscle preservation and nerve
regeneration. Int Rev Neurobiol 87:445-464.

Ruskin JD (1991) The effects of chitosan on nerve regeneration. J Oral
Maxillofac Surg 49:78-79.

Seo K, Inada Y, Terumitsu M, Nakamura T, Horiuchi K, Inada I,
Someya G (2008) One year outcome of damaged lingual nerve repair
using a PGA-collagen tube: a case report. ] Oral Maxillofac Surg
66:1481-1484.

Shen CC, Yang YC, Huang TB, Chan SC, Liu BS (2013a) Neural regen-
eration in a novel nerve conduit across a large gap of the transected
sciatic nerve in rats with low-level laser phototherapy. ] Biomed Ma-
ter Res Part A 101:2763-2777.

Shen CC, Yang YC, Liu BS (2013b) Effects of large-area irradiated laser
phototherapy on peripheral nerve regeneration across a large gap in
a biomaterial conduit. ] Biomed Mater Res Part A 101A:239-252.

Stanec S, Stanec Z (1998) Ulnar nerve reconstruction with an expanded
polytetrafluoroethylene conduit. Br J Plast Surg 51:637-639.

Suzuki Y, Tanihara M, Ohnishi K, Suzuki K, Endo K, Nishimura Y
(1999) Cat peripheral nerve regeneration across 50 mm gap repaired
with a novel nerve guide composed of freeze-dried alginate gel. Neu-
rosci Lett 259:75-78.

Tam SL, Archibald V, Jassar B, Tyreman N, Gordon T (2001) Increased
neuromuscular activity reduces sprouting in partially denervated
muscles. ] Neurosci 21:654-667.

Tansey KE, Seifert JL, Botterman B, Delgado MR, Romero MI (2011)
Peripheral nerve repair through multi-luminal biosynthetic im-
plants. Ann Biomed Eng 39:1815-1828.

Waitayawinyu T, Parisi DM, Miller B, Luria S, Morton H]J, Chin SH,
Trumble TE (2007) A comparison of polyglycolic acid versus type 1
collagen bioabsorbable nerve conduits in a rat model: an alternative
to autografting. ] Hand Surg Am 32:1521-1529.

Ward PJ, Jones LN, Mulligan A, Goolsby W, Wilhelm JC, English AW
(2016) Optically-induced neuronal activity is sufficient to promote
functional motor axon regeneration in vivo. PLoS One 11:e0154243.

Xia R, Berger F, Piallat B, Benabid AL (2007) Alteration of hormone
and neurotransmitter production in cultured cells by high and low
frequency electrical stimulation. Acta Neurochir (Wien) 149:67-73.

Yeh CC, Lin YC, Tsai FJ, Huang CY, Yao CH, Chen YS (2010) Timing
of applying electrical stimulation is an important factor deciding the
success rate and maturity of regenerating rat sciatic nerves. Neurore-
habil Neural Repair 24:730-735.

Yoshii S, Oka M, lkeda N, Akagi M, Matsusue Y, Nakamura T (2001)
Bridging a peripheral nerve defect using collagen filaments. ] Hand
Surg Am 26:52-59.

Yoshii S, Oka M, Shima M, Taniguchi A, Akagi M (2002) 30 mm re-
generation of rat sciatic nerve along collagen filaments. Brain Res
949:202-208.

Yoshii S, Yamamuro T, Ito S, Hayashi M (1987) In vivo guidance of re-
generating nerve by laminin-coated filaments. Exp Neurol 96:469-473.

Yoshitani M, Fukuda S, Itoi S, Morino S, Tao H, Nakada A, Inada Y,
Endo K, Nakamura T (2007) Experimental repair of phrenic nerve
using a polyglycolic acid and collagen tube. ] Thorac Cardiovasc
Surg 133:726-732.e3.

Young RC, Terenghi G, Wiberg M (2002) Poly-3-hydroxybutyrate
(PHB): a resorbable conduit for long-gap repair in peripheral nerves.
Br J Plast Surg 55:235-240.

Zealear DL, Rodriguez R], Kenny T, Billante MJ, Cho Y, Billante CR,
Garren KC (2002) Electrical stimulation of a denervated muscle pro-
motes selective reinnervation by native over foreign motoneurons. J
Neurophysiol 87:2195-2199.

Zhang Z, Li X, Zuo S, Xin J, Zhang P (2014) Bridging peripheral nerves
using a deacetyl chitin conduit combined with short-term electrical
stimulation. Neural Regen Res 9:1075-1078.

Zhang Z, Rouabhia M, Wang Z, Roberge C, Shi G, Roche P, Li ], Dao
LH (2007) Electrically conductive biodegradable polymer composite
for nerve regeneration: electricity-stimulated neurite outgrowth and
axon regeneration. Artif Organs 31:13-22.

P-Reviewer: Romeo-Guitart D; C-Editors: Zhao M, Yu J;
T-Editor: Liu XL

1115



