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Abstract
The gold standard of peripheral nerve repair is nerve 
autograft when tensionless repair is not possible. Use 
of nerve autograft has several shortcomings, however. 
These include limited availability of donor tissue, 
sacrifice of a functional nerve, and possible neuroma 
formation. In order to address these deficiencies, 
researchers have developed a variety of biomaterials 
available for repair of peripheral nerve gaps. We 
review the clinical studies published in the English 
literature detailing outcomes and reconstructive options. 

Regardless of the material used or the type of nerve 
repaired, outcomes are generally similar to nerve 
autograft in gaps less than 3 cm. New biomaterials 
currently under preclinical evaluation may provide 
improvements in outcomes.
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Core tip: Nerve autograft is the gold standard for 
peripheral nerve reconstruction with gap. However, 
shortcomings of autograft have led researchers to 
investigate various biomaterials to improve outcomes. 
Clinical studies of peripheral nerve reconstruction with 
conduit other than autograft show similar outcomes in 
gaps less than 3 cm.
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INTRODUCTION
The gold standard of peripheral nerve repair is primary 
end-to-end coaptation of nerves. Unfortunately, this 
treatment is not always feasible in clinical situations. 
Avoidance of tension during repair is the ultimate 
goal to enhance potential nerve regeneration[1,2]. Prior 
studies have shown that injury tends to occur when 
nerves are stretched to greater than 10% of their 
original length. It may even initiate the process with 
stretching as little as 4%-6%[3,4]. Negative outcomes 
have been reported with tension greater than 25 g[5]. 
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Most surgeons do not attempt primary closure when 
encountering gaps greater than 4 mm[6]. Tensionless 
closure is paramount to satisfactory clinical outcomes 
in nerve repair.

Primary treatment for repair of a nerve gap 
is autologous nerve grafting[7,8]. However, limited 
availability of donor tissue, sacrifice of a functional 
nerve, and possible neuroma formation make this 
option less than ideal[9-11]. Gluck[12] first reported use 
of a nerve guide in 1880, bridging with a segment 
of decalcified bone. Other early attempts were 
equally unsuccessful. In order to overcome these 
shortcomings, researchers and surgeons continued 
to improve nerve repair methods. The ideal conduit 
must be readily available, biocompatible, size 
matched to the nerve stumps, prevent axonal escape, 
and prevents ingress of fibroblasts and inflammatory 
cells. Simultaneously it should allow growth and 
chemotactic factors to positively influence axonal 
growth. Also it should prevent compression and 
injury to the nerve once healed. The conduit should 
be flexible, yet resilient enough to resist collapse[13]. 
Currently, such a conduit remains unavailable. 
Ongoing studies continue to improve the qualities of 
available biomaterials. Our goal is to present a survey 
of clinical studies published in the English literature 
detailing outcomes and reconstructive options.

REGENERATION BY CONDUIT
Williams et al[14] demonstrated the basic steps of 
nerve regeneration with an inert silicone conduit. In 
the immediate postoperative period, a fluid containing 
proteins, clotting factors and growth factors fills within 
the conduit. By 1 wk, a longitudinally oriented fibrin 
matrix develops. In the second week, fibroblasts, 
Schwann cells, macrophages, and endothelial cells 
enter the matrix. At the same time, axons from the 
proximal nerve cone extend forward. By four weeks 
the nerve cone has extended about 10 mm.

RESEARCH
Silicone 
Silicone is a non-resorbable, nonporous, biologically 
inert material. Silicone in medical devices and 
implants are clinically ubiquitous. Since silicone is 
non-resorbable, presence of conduit material can lead 
to compression and decreased axonal conduction[15-17]. 
For this reason, the tubing is frequently removed[18]. 
With the advent of resorbable synthetic grafts and 
processed allografts, clinical utilization of silicone 
conduits have declined.

Lundborg et al[19] first reported in a prospective 
randomized study the clinical use of silicone tubes 
in peripheral nerve reconstruction. He reconstructed 
median nerve gaps of 3 to 5 mm. He then compared 
silicone conduit to standard repair. He found no 

differences in motor function. Patients experienced 
improved sensory recovery within the silicone group. 
Braga-Silva[20] reported a case series of 26 patients 
with median, ulnar, or median and ulnar nerve 
injury. Patients presented with a nerve gap ranging 
from 2.5 to 5.5 cm. While motor scores for each 
patient were not published, size of the nerve gap 
negatively correlated with motor function outcomes.

Expanded polytetrafluoroethylene 
Expanded polytetrafluoroethylene (ePTFE) is another 
nonresorbable, biologically inert material. It is 
commercially available as Gore-Tex (W.L. Gore and 
Assoc., Flagstaff, AZ). Like silicone, reports of ePTFE 
have declined over the years.

Stanec et al[21] first reported clinical use of ePTFE 
in 43 patients exhibiting median and ulnar nerve gaps 
ranging from 1.5 to 6 cm. Patients with smaller gaps 
(up to 4 cm) had significantly improved outcomes vs 
larger gaps (78.6% vs 13.3% functional recovery).

Pogrel et al[22] utilized ePTFE conduits for recon
struction of lingual and inferior alveolar nerve (IAN) 
injuries in 5 patients. Patients with negative outcomes 
had nerve gaps greater than 1.0 cm. Pogrel et al[22] 
reported their series of 6 patients with lingual or IAN 
continuity defects greater than 1 cm. Mixed results 
were reported.

VEIN
Vein grafts are among the first non-neural biological 
conduits used for peripheral nerve Usually they 
are harvested from the dorsum of the hand during 
digital, median, or ulnar nerve repair. During the 
regeneration period, they were found to be at risk 
for kinking or collapse[23-25].

Wrede[26] recorded the first successful use of 
a vein graft. He repaired a median nerve defect 
with a 45 mm graft. Platt[27] (1919) also described 
bridging nerve grafts with autogenous vein. It failed 
to produce functional return of the musculospiral 
nerve[27]. Gibb[28] reported a single case of functional 
restoration using a vein conduit to reconstruct a 1 
cm facial nerve gap. It was not until several animal 
studies demonstrated efficacy that further clinical 
studies were explored[29,30]. Walton et al[25] reported 
return to normal two point discrimination (2PD; less 
than 4 mm) in 50% of patients undergoing repair of 
digital nerves. Nerve gaps ranged from 1 to 3 cm. 
Poor outcomes were associated with larger gaps. In 
1990, Chiu et al[24] reported a series of 15 repairs 
on patients receiving vein grafts for “nonessential” 
peripheral nerve gaps up to 3 cm. After an average 
follow-up of 27 mo, the cohort receiving vein graft 
repair had similar outcomes to autologous nerve graft. 
However it was inferior to direct repair cohort. Tang 
et al[23] reported 61% good or excellent outcomes 
in 15 patients undergoing digital nerve repair, with 
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gaps ranging 0.5 to 5.8 cm[23]. Patients generally had 
favorable outcomes when gaps were less than 3 cm, 
thereby corroborating the results from Chiu et al[29]. 
Two years later, Tang published outcomes in median 
and radial nerve vein grafts. In this study, he inserted 
nerve fragments from the proximal nerve stump into 
the vein lumen. His data suggested positive outcomes 
could be achieved with this technique for gaps up to 
4.5 cm[31].

Pogrel et al[32] reported a series of 16 patients 
treated for lingual or IAN nerve defects, ranging from 
2 to 14 mm. Using saphenous vein or facial vein, he 
found that negative outcomes were associated with 
gaps greater than 5 mm. The author discussed that 
nerves of trigeminal origin have had poorer outcomes 
versus other peripheral nerves. It is likely the cause 
of difficulty in repair of such small gaps (see below).

COLLAGEN
Collagen is a naturally occurring, resorbable structural 
protein. Purified bovine collagen, the most common 
source for collagen conduits, has low immunogenicity. 
Resorption rate can be controlled by the degree of 
crosslinking induced during preparation. Depending 
on fabrication method, degradation occurs from 
1 to 48 mo[33,34]. Furthermore, preclinical studies 
have demonstrated that collagen conduits enhance 
growth and differentiation of many cell types. It is 
flexible yet durable. This increases its facility as a 
conduit material[35]. Finally, its permeability allows 
for diffusion of chemotactic and neurotrophic agents 
in the extracellular fluid. This type of conduit is 
commercially available under the name NeuraGen® 
(Integra LifeSciences, Plainsboro, NJ). Conduit sizes 
range from 1.5 to 7 mm diameter and are 2 or 3 cm 
long. Neuromatrix® and Neuroflex® (Collagen Matrix, 
Inc) are also Type I collagen conduits. No published 
studies are currently available evaluating its clinical 
efficacy.

In 2005, Taras et al[36] reported the use of 
commercially available type I bovine collagen in 
the repair of a variety of peripheral nerves[36]. A 
prospective series of 22 digital nerve repairs using 
NuraGen® achieved excellent or good sensory 
outcomes in 15 of 22 digits. They excluded nerve 
gaps greater than 20 mm[37].

Ashley et al[38] reported treatment of brachial 
plexus birth injuries with nerve gaps less than 2 cm 
using collagen conduits. Four of the five patients 
had favorable outcomes at 2 years postoperative. 
Lohmeyer et al[39] reported a case series of 6 patients 
undergoing repair of nerve gaps in digital and palmar 
nerves up to 18 mm. Two-thirds of the patients had 
excellent 2PD at 12 mo postoperative. They extended 
follow-up with nine of twelve patients achieving 
excellent or good sensory scores at 12 mo follow 
up[40]. Bushnell et al[41] reported a series of 12 patients 
undergoing digital nerve repair for gaps ranging from 1 

to 2 cm. Most (88%) had good or excellent 2PD after 
at least 1 year. In a larger study of 126 nerve injuries 
in 96 patients, Wangensteen et al[42] reported their 
experience using NeuraGen®. Mean nerve gap was 
12.8 (range 2.5 to 20 mm). Overall, nerve function 
recovery was only 43%. A variety of nerves were 
repaired, and seven surgeons were involved in the 
study. Haug et al[43] added 45 digital nerve repairs with 
type Ⅰ collagen to the body of literature. Mean defect 
was 12 mm (range 5 to 26 mm). All sensory measures 
improved over 3-, 6-, and 12-mo follow-up interval.

Farole et al[44] reported their experience with 
the NeuraGen® conduit for challenging lingual and 
IAN repair. In their study, all patients underwent 
neurolysis with or without resection of neuroma (if 
present) and placement of the collagen conduit as 
a “cuff” over coapted nerve ends. They chose this 
technique to prevent axonal escape, minimize scar 
ingrowth and nerve entrapment, and to concentrate 
growth factors at the repair site. Eight of nine 
patients had improvement after at least one year.

Kuffler et al[45] reported a single case of ulnar 
nerve reconstruction after 3 years. Nerve gap was 
12 cm. Using a sheet of collagen, they fashioned 
a custom-sized conduit. Then they filled it with 
autologous platelet-rich fibrin. By three months, the 
patient experienced improvement in neuropathic 
pain. By 2 years the patient no longer required 
analgesics. Within 1.5 years, the patient had 4 mm 
2PD. Motor function had returned by 2 years. This 
study showed promising results in the reconstruction 
of large caliber, mixed function peripheral nerves 
using collagen conduits. Dienstknecht et al[46] 
recently published a series of 9 patients undergoing 
median nerve repair. All gaps were 1 to 2 cm long 
and repaired within 24 h of injury. Average return to 
work was 8 wk (range 1 to 17). Motor, sensory, pain, 
and disability scores were satisfactory in 8 of the 9 
enrolled patients.

DECELLULARIZED NERVE ALLOGRAFT
Nerve allograft is an alternative to nerve autograft 
for repair of gaps, but requires the additional 
administration of immunosuppression for 18 mo. 
Using a decellularized nerve allograft preserves the 
three-dimensional collagen scaffolding of a nerve 
while avoiding immunosuppression[47]. This scaffolding 
promotes cell migration, nerve fiber elongation, and 
diffusion of growth factors[48,49]. Laminin, also present, 
facilitates axonal outgrowth[50]. Human decelullarized 
nerve is commercially available as Avance® (AxoGen, 
Inc, Alachua, FL). Available grafts encompass lengths 
ranging 15 to 70 mm and diameters between 1 and 5 
mm.

Karabekmez et al[51] were the first to publish 
clinical data on Avance®. Ten digital nerve repairs 
were included in the study. Gap length ranged 
from 0.5 to 3 cm. After an average follow-up of 
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nearly 9 mo, static 2PD was 5.50 mm and moving 
2PD was 4.4 mm. Brooks et al[52] then reported a 
multicenter prospective study with Avance®. These 
authors examined repair of sensory, motor, and 
mixed nerves. Of the patients that met follow-up 
requirements, acceptable outcomes were achieved 
in every group. Sensory, mixed, and motor nerves 
recovered at 88.6%, 77%, and 85.7%, respectively. 
With regards to nerve gap length, short (5 to 14 
mm) recovered at 100%, medium (15 to 29 mm) 
recovered at 76.2%, and long (30 to 50 mm) 
recovered at 90.9% (mean follow up 265-279 d). 
Meaningful recovery was defined as S3-4 or M3-5 on 
the Medical Research Council Classification. Guo et 
al[53] supplemented previous digital nerve repair data 
with their own case series. Their five patients had 
a mean nerve gap of 22.8 mm and a mean follow 
up of 13.2 mo. At the time of final follow up, static 
2PD averaged 6 mm and monofilament test ranged 
positive for monofilaments 4.31 to 4.56. Recently, 
Taras et al[54] reported 18 digital nerve gap repairs 
treated with processed allograft[54]. Average gap 
length was 11 mm (range 5 to 30 mm). Overall, 
83% of patients had good or excellent results.

Shanti et al[55] reported a single case using 
Avance® for repair of an iatrogenic IAN injury. They 
did not record the length of the nerve gap. However, 
they did report improvements in sensory testing at 5 
mo postoperative. 

POLYGLYCOLIC ACID
Polyglycolic acid (PGA) is a bioabsorbable substance 
initially used for suture material or mesh[56,57]. Mean 
resorption time is 90 d[58]. Typically it appears as a 
tight-weave mesh rolled tube. Its pores are small 
enough to permit nutrients while impeding invasion 
by fibroblasts[59]. A tube of PGA is more expensive 
than suture material used in standard nerve repair[59]. 
Additionally, PGA is at risk for extrusion prior to 
complete resorption[59]. PGA is commercially available 
as Neurotube® (Synovis Life Technologies, Inc.), 
which has an internal diameter of 2.3, 4, or 8 mm 
and 2 or 4 cm length.

Initial clinical use of PGA was by Mackinnon et 
al[60] in 1990. Repairing nerve gaps ranging from 
0.5 to 3.0 cm, they were able to achieve excellent 
or good 2PD in 86% of the 15 patients undergoing 
reconstruction. Weber et al[59] (2000) reported his 
randomized prospective study of 136 nerve injuries 
treated with either autologous graft or PGA conduit. 
Although the mean gap length was greater in the 
PGA conduit group, there was no difference in either 
moving or static 2PD between the two groups. For 
either small (less than 4 mm) or large (greater than 8 
mm) gaps, the PGA conduit group had better sensory 
outcomes. Kim et al[61] reported successful treatment 
of a plantar neuroma in an 11-year-old male using a 
PGA conduit to span a 2.0 cm defect. Pain from the 

neuroma resolved. Normal sensation returned by 8 
mo. In 2005, Navissano et al[62] reported their case 
series of seven patients treated with PGA conduits for 
traumatic facial nerve terminal branch injuries. Five 
of seven patients had good or excellent recovery of 
motor function compared to contralateral side. Nerve 
gap ranged from 1 to 3 cm.

Battiston et al[63] prospectively compared Neur
otube® repair of digital nerves to patients treated 
with vein-muscle grafts. Even though nerve gaps 
were larger in the Neurotube® group, there were no 
significant differences in sensory outcomes between 
the two cohorts. Most (76.9%) of the muscle-vein 
group had very good results, as did 76.5% of the 
Neurotube group. Rinker et al[64] performed a similar 
study. They prospectively compared Neurotube repair
® to vein graft repair. PGA conduit group was similar 
to the vein conduit cohort, including length of nerve 
gap (9.1 mm mean vs 10.3 mm, respectively). There 
was no significant difference between the cohorts 
with regards to sensory outcomes. This was true for 
short (less than 10 mm) or long (greater than 10 
mm) gaps.

Rosson et al[65] reported 6 cases of PGA used to 
repair motor nerves. One patient had accessory nerve 
injury. The remainder had median or ulnar nerve 
injuries. Nerve gaps ranged from 1.5 to 4 cm (mean 
2.8). Follow up ranged from 4 mo to 5.5 years. All 
patients achieved significant improvement in motor 
function (rated M3 or greater).

PGA-COLLAGEN
PGA-collagen conduits are composed of a PGA tube 
coated with 1% amorphous collagen solution. It is 
then filled with collagen sponge[66]. Fibers usually 
undergo crosslinking to prevent rapid resorption. 
To date, this construct is not yet commercially 
available. Japan was the site of clinical studies of 
PGA-collagen[67]. Initially it was initially used for 
reconstruction of intrapelvic nerves damaged during 
rectal cancer extirpation. Clinical improvement in the 
patient prompted continued use of the conduit.	

In 2004, Nakamura et al[67] reported 2 cases using 
PGA-collagen conduits. The first patient had a 20 mm 
digital nerve gap. Following treatment, function within 
normal range by 4 mo. The second patient had a 65 
mm superficial peroneal nerve defect with normal 
sensation by 3 mo. The same group later reported 
their experience with treatment of Complex Regional 
Pain Syndrome type Ⅱ[68]. In the two case reports, 
they described successful resolution of an otherwise 
challenging clinical entity. It tends to follow a vicious 
cycle of relapsing pain due to nerve sprouting after 
injury or resection. The authors theorized that placing 
the cut ends into the conduit would prevent nerve 
sprouting and guide the nerve cone to the distal 
stump. In 2007, Inada et al[69] also reported their 
experience with repair of a frontal branch of the 
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facial nerve using the same type of conduit, bridging 
gaps measuring 11 to 30 mm[69]. In both patients, 
functional recovery was noted by 5 mo. Recently, they 
also reported chorda tympani nerve reconstruction 
using their PGA-collagen construct[70]. Average nerve 
gap was 7 mm among the three patients studied. 
Electrogustometry measurements returned to 
normal limits by two weeks postoperative. Dysgeusia 
resolved between 2 wk to 3 mo.

POLY (DL-LACTIDE-ε-CAPROLACTONE) 
Poly (DL-Lactide-ε-Caprolactone) (PLC) is another 
synthetic bioabsorbable material. Degradation occurs 
at 1 year. Initial constructs had thicker walls that 
caused swelling. This negatively impacted nerve 
healing. Thinner-walled tubes tended to collapse[71]. 
Increasing the lactide content to 65% reduced the 
amount of swelling, but lost mechanical strength 
after 10 wk of implantation[72]. Clinically available 
PLC may be too rigid for small needles, requiring 
some softening in water before use[71]. PLC is also 
transparent, facilitating placement of nerve stumps. 
It is commercially available by the name of Neurolac® 
(Polyganics BV, Groningen, Netherlands). They offer 
1.5 to 10 mm inner diameters and a length of 3 cm.

After publishing initial clinical studies in 2003, 
Bertleff et al[73] published their follow up findings from 
a blinded, randomized multicenter trial comparing 
standard treatment to PLC in repair of peripheral 
nerve defects of the hand in 54 patients. In treatment 
of nerve gaps less than 20 mm, they found no 
significant difference in sensory outcomes compared 
to controls. Follow up was 12 mo.

FUTURE DIRECTIONS
In addition to the above clinically-tested materials, 
there is a multitude of materials undergoing 
preclinical evaluation. These include non-mammalian 
biodegradable polymers, artificial biodegradable 
polymers manufactured with electrospinning, cond
ucting polymers, and combinations of the above with 
Schwann-like neural stem cells and mesenchymal 
stem cells. Conduits seeded with stem cells, stem-
like cells, or support cells theoretically improve nerve 
regeneration through delivery of growth factors and 
neurotropic factors into the conduit lumen. Several 
excellent reviews documenting these advances have 
been published. They are beyond the scope of the 
current discussion[74-80].

CONCLUSION
While preclinical studies are essential to bringing 
new technologies to reconstructive surgeons, 
further in depth clinical evaluation of materials 
is warranted. Almost all of the published studies 

consist of small case series. Outcomes measures are 
inconsistent from study to study. Furthermore, nerve 
type, cause of injury, and gap size are extremely 
variable, making comparison of repair materials and 
technique difficult. Nevertheless, the above studies 
suggest that small gaps up to 3 cm can be repaired 
with available conduits with outcomes similar to 
nerve autograft. Efficacy of bridging longer gaps with 
available conduits has yet to be demonstrated. Also, 
several roadblocks prevent developing technologies 
from becoming clinically available. Feasibility of stem 
cell harvest and cost of cutting-edge biomaterials 
are problematic. These will further delay human 
studies for these promising therapies.

REFERENCES
1	 Terzis J, Faibisoff B, Williams B. The nerve gap: suture under 

tension vs. graft. Plast Reconstr Surg 1975; 56: 166-170 [PMID: 
1096197]

2	 Wang WZ, Crain GM, Baylis W, Tsai TM. Outcome of digital 
nerve injuries in adults. J Hand Surg Am 1996; 21: 138-143 [PMID: 
8775209]

3	 Speidel CC. Studies of Living Nerves III. Phenomena of nerve 
irritation and recovery, degeneration, and repair. J Comp Neurol 
1935; 61: 79

4	 Liu CT, Benda CE, Lewey FH. Tensile strength of human nerves; 
an experimental physical and histologic study. Arch Neurol 
Psychiatry 1948; 59: 322-336 [PMID: 18874264]

5	 Miyamoto Y. Experimental study of results of nerve suture under 
tension vs. nerve grafting. Plast Reconstr Surg 1979; 64: 540-549 
[PMID: 482439]

6	 Smith KG, Robinson PP. An experimental study of three methods 
of lingual nerve defect repair. J Oral Maxillofac Surg 1995; 53: 
1052-1062 [PMID: 7643275]

7	 Millesi H. Reappraisal of nerve repair. Surg Clin North Am 1981; 
61: 321-340 [PMID: 7233326]

8	 Millesi H. Nerve grafting. Clin Plast Surg 1984; 11: 105-113 [PMID: 
6368092]

9	 Hu J, Zhu QT, Liu XL, Xu YB, Zhu JK. Repair of extended 
peripheral nerve lesions in rhesus monkeys using acellular allogenic 
nerve grafts implanted with autologous mesenchymal stem cells. 
Exp Neurol 2007; 204: 658-666 [PMID: 17316613 DOI: 10.1016/
j.expneurol.2006.11.018]

10	 Marchesi C, Pluderi M, Colleoni F, Belicchi M, Meregalli M, 
Farini A, Parolini D, Draghi L, Fruguglietti ME, Gavina M, Porretti 
L, Cattaneo A, Battistelli M, Prelle A, Moggio M, Borsa S, Bello 
L, Spagnoli D, Gaini SM, Tanzi MC, Bresolin N, Grimoldi N, 
Torrente Y. Skin-derived stem cells transplanted into resorbable 
guides provide functional nerve regeneration after sciatic nerve 
resection. Glia 2007; 55: 425-438 [PMID: 17203471 DOI: 10.1002/
glia.20470]

11	 Kingham PJ, Kalbermatten DF, Mahay D, Armstrong SJ, Wiberg 
M, Terenghi G. Adipose-derived stem cells differentiate into a 
Schwann cell phenotype and promote neurite outgrowth in vitro. 
Exp Neurol 2007; 207: 267-274 [PMID: 17761164]

12	 Gluck T. Ueber neuroplastik auf dem wege der transplantation. 
Arch Klin Chir 1880; 25: 696

13	 Hudson TW, Evans GR, Schmidt CE. Engineering strategies for 
peripheral nerve repair. Orthop Clin North Am 2000; 31: 485-498 
[PMID: 10882473]

14	 Williams LR, Longo FM, Powell HC, Lundborg G, Varon S. 
Spatial-temporal progress of peripheral nerve regeneration within a 
silicone chamber: parameters for a bioassay. J Comp Neurol 1983; 
218: 460-470 [PMID: 6619324 DOI: 10.1002/cne.902180409]

15	 Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. Chronic 
nerve compression--an experimental model in the rat. Ann Plast 

February 16, 2015|Volume 3|Issue 2|WJCC|www.wjgnet.com 145

Gerth DJ et al . Peripheral nerve reconstruction with Conduits



Surg 1984; 13: 112-120 [PMID: 6476732]
16	 Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. A primate 

model for chronic nerve compression. J Reconstr Microsurg 1985; 1: 
185-195 [PMID: 4057158]

17	 Mackinnon SE, Dellon AL. Experimental study of chronic nerve 
compression. Clinical implications. Hand Clin 1986; 2: 639-650 
[PMID: 3793765]

18	 Dellon AL. Use of a silicone tube for the reconstruction of a nerve 
injury. J Hand Surg Br 1994; 19: 271-272 [PMID: 8077806]

19	 Lundborg G, Rosén B, Abrahamson SO, Dahlin L, Danielsen 
N. Tubular repair of the median nerve in the human forearm. 
Preliminary findings. J Hand Surg Br 1994; 19: 273-276 [PMID: 
8077807]

20	 Braga-Silva J. The use of silicone tubing in the late repair of the 
median and ulnar nerves in the forearm. J Hand Surg Br 1999; 24: 
703-706 [PMID: 10672808 DOI: 10.1054/jhsb.1999.0276]

21	 Stanec S, Stanec Z. Reconstruction of upper-extremity peripheral-
nerve injuries with ePTFE conduits. J Reconstr Microsurg 1998; 
14: 227-232 [PMID: 9618088 DOI: 10.1055/s-2007-1000173]

22	 Pogrel MA, McDonald AR, Kaban LB. Gore-Tex tubing as a 
conduit for repair of lingual and inferior alveolar nerve continuity 
defects: a preliminary report. J Oral Maxillofac Surg 1998; 56: 
319-321; discussion 321-322 [PMID: 9496843]

23	 Tang JB, Gu YQ, Song YS. Repair of digital nerve defect with 
autogenous vein graft during flexor tendon surgery in zone 2. J 
Hand Surg Br 1993; 18: 449-453 [PMID: 8409654]

24	 Chiu DT, Strauch B. A prospective clinical evaluation of autogenous 
vein grafts used as a nerve conduit for distal sensory nerve defects 
of 3 cm or less. Plast Reconstr Surg 1990; 86: 928-934 [PMID: 
2236318]

25	 Walton RL, Brown RE, Matory WE, Borah GL, Dolph JL. 
Autogenous vein graft repair of digital nerve defects in the finger: a 
retrospective clinical study. Plast Reconstr Surg 1989; 84: 944-949; 
discussion 944-949 [PMID: 2587658]

26	 Wrede L. Uberbruckung eines nervendefektesmittels seidennhat 
und lebenden venenstuckes. Dtsch Med Wochenschr 1909; 35: 1

27	 Platt H. On the results of bridging gaps in injured nerve trunks by 
autogenous fascial tubulization and autogenous nerve grafts. Br J 
Surg 1919; 7: 6

28	 Gibb AG. Facial nerve sleeve graft. J Laryngol Otol 1970; 84: 
577-582 [PMID: 5428927]

29	 Chiu DT, Janecka I, Krizek TJ, Wolff M, Lovelace RE. Autogenous 
vein graft as a conduit for nerve regeneration. Surgery 1982; 91: 
226-233 [PMID: 7058501]

30	 Rice DH, Berstein FD. The use of autogenous vein for nerve 
grafting. Otolaryngol Head Neck Surg 1984; 92: 410-412 [PMID: 
6435060]

31	 Tang JB. Vein conduits with interposition of nerve tissue for 
peripheral nerve defects. J Reconstr Microsurg 1995; 11: 21-26 
[PMID: 7714875]

32	 Pogrel MA, Maghen A. The use of autogenous vein grafts for 
inferior alveolar and lingual nerve reconstruction. J Oral Maxillofac 
Surg 2001; 59: 985-988; discussion 985-988 [PMID: 11526560 
DOI: 10.1053/joms.2001.25821]

33	 Itoh S, Takakuda K, Kawabata S, Aso Y, Kasai K, Itoh H, 
Shinomiya K. Evaluation of cross-linking procedures of collagen 
tubes used in peripheral nerve repair. Biomaterials 2002; 23: 
4475-4481 [PMID: 12322967]

34	 Jiang X, Lim SH, Mao HQ, Chew SY. Current applications and 
future perspectives of artificial nerve conduits. Exp Neurol 2010; 223: 
86-101 [PMID: 19769967 DOI: 10.1016/j.expneurol.2009.09.009]

35	 Archibald SJ, Krarup C, Shefner J, Li ST, Madison RD. A 
collagen-based nerve guide conduit for peripheral nerve repair: an 
electrophysiological study of nerve regeneration in rodents and 
nonhuman primates. J Comp Neurol 1991; 306: 685-696 [PMID: 
2071700]

36	 Taras JS, Nanavati V, Steelman P. Nerve conduits. J Hand Ther 
2005; 18: 191-197 [PMID: 15891977 DOI: 10.1197/j.jht.2005.02.012]

37	 Taras JS, Jacoby SM, Lincoski CJ. Reconstruction of digital nerves 
with collagen conduits. J Hand Surg Am 2011; 36: 1441-1446 

[PMID: 21816545 DOI: 10.1016/j.jhsa.2011.06.009]
38	 Ashley WW, Weatherly T, Park TS. Collagen nerve guides for 

surgical repair of brachial plexus birth injury. J Neurosurg 2006; 
105: 452-456 [PMID: 17184076 DOI: 10.3171/ped.2006.105.6.452]

39	 Lohmeyer J, Zimmermann S, Sommer B, Machens HG, Lange T, 
Mailänder P. [Bridging peripheral nerve defects by means of nerve 
conduits]. Chirurg 2007; 78: 142-147 [PMID: 17165008 DOI: 
10.1007/s00104-006-1269-1]

40	 Lohmeyer JA, Siemers F, Machens HG, Mailänder P. The clinical 
use of artificial nerve conduits for digital nerve repair: a prospective 
cohort study and literature review. J Reconstr Microsurg 2009; 25: 
55-61 [PMID: 19037847]

41	 Bushnell BD, McWilliams AD, Whitener GB, Messer TM. Early 
clinical experience with collagen nerve tubes in digital nerve repair. 
J Hand Surg Am 2008; 33: 1081-1087 [PMID: 18762101 DOI: 
10.1016/j.jhsa.2008.03.015]

42	 Wangensteen KJ, Kalliainen LK. Collagen tube conduits in 
peripheral nerve repair: a retrospective analysis. Hand (N Y) 2010; 5: 
273-277 [PMID: 19937145 DOI: 10.1007/s11552-009-9245-0]

43	 Haug A, Bartels A, Kotas J, Kunesch E. Sensory recovery 1 year 
after bridging digital nerve defects with collagen tubes. J Hand Surg 
Am 2013; 38: 90-97 [PMID: 23261191]

44	 Farole A, Jamal BT. A bioabsorbable collagen nerve cuff (NeuraGen) 
for repair of lingual and inferior alveolar nerve injuries: a case series. 
J Oral Maxillofac Surg 2008; 66: 2058-2062 [PMID: 18848102]

45	 Kuffler DP, Reyes O, Sosa IJ, Santiago-Figueroa J. Neurological 
recovery across a 12-cm-long ulnar nerve gap repaired 3.25 years 
post trauma: case report. Neurosurgery 2011; 69: E1321-E1326 
[PMID: 21712738 DOI: 10.1227/NEU.0b013e31822a9fd2]

46	 Dienstknecht T, Klein S, Vykoukal J, Gehmert S, Koller M, Gosau 
M, Prantl L. Type I collagen nerve conduits for median nerve 
repairs in the forearm. J Hand Surg Am 2013; 38: 1119-1124 [PMID: 
23707012]

47	 Mackinnon SE, Doolabh VB, Novak CB, Trulock EP. Clinical 
outcome following nerve allograft transplantation. Plast Reconstr 
Surg 2001; 107: 1419-1429 [PMID: 11335811]

48	 Hudson TW, Zawko S, Deister C, Lundy S, Hu CY, Lee K, 
Schmidt CE. Optimized acellular nerve graft is immunologically 
tolerated and supports regeneration. Tissue Eng 2004; 10: 
1641-1651 [PMID: 15684673 DOI: 10.1089/ten.2004.10.1641]

49	 Hudson TW, Liu SY, Schmidt CE. Engineering an improved 
acellular nerve graft via optimized chemical processing. Tissue Eng 
2004; 10: 1346-1358 [PMID: 15588395]

50	 Hall SM. Regeneration in cellular and acellular autografts in the 
peripheral nervous system. Neuropathol Appl Neurobiol 1986; 12: 
27-46 [PMID: 3703154]

51	 Karabekmez FE, Duymaz A, Moran SL. Early clinical outcomes 
with the use of decellularized nerve allograft for repair of sensory 
defects within the hand. Hand (N Y) 2009; 4: 245-249 [PMID: 
19412640 DOI: 10.1007/s11552-009-9195-6]

52	 Brooks DN, Weber RV, Chao JD, Rinker BD, Zoldos J, Robichaux 
MR, Ruggeri SB, Anderson KA, Bonatz EE, Wisotsky SM, Cho 
MS, Wilson C, Cooper EO, Ingari JV, Safa B, Parrett BM, Buncke 
GM. Processed nerve allografts for peripheral nerve reconstruction: 
a multicenter study of utilization and outcomes in sensory, mixed, 
and motor nerve reconstructions. Microsurgery 2012; 32: 1-14 
[PMID: 22121093]

53	 Guo Y, Chen G, Tian G, Tapia C. Sensory recovery following 
decellularized nerve allograft transplantation for digital nerve repair. 
J Plast Surg Hand Surg 2013; 47: 451-453 [PMID: 23848418]

54	 Taras JS, Amin N, Patel N, McCabe LA. Allograft reconstruction 
for digital nerve loss. J Hand Surg Am 2013; 38: 1965-1971 [PMID: 
23998191 DOI: 10.1016/j.jhsa.2013.07.008]

55	 Shanti RM, Ziccardi VB. Use of decellularized nerve allograft 
for inferior alveolar nerve reconstruction: a case report. J Oral 
Maxillofac Surg 2011; 69: 550-553 [PMID: 21145638]

56	 Herrmann JB, Kelly RJ, Higgins GA. Polyglycolic acid sutures. 
Laboratory and clinical evaluation of a new absorbable suture 
material. Arch Surg 1970; 100: 486-490 [PMID: 5417172]

57	 Marmon LM, Vinocur CD, Standiford SB, Wagner CW, Dunn JM, 

February 16, 2015|Volume 3|Issue 2|WJCC|www.wjgnet.com 146

Gerth DJ et al . Peripheral nerve reconstruction with Conduits



Weintraub WH. Evaluation of absorbable polyglycolic acid mesh 
as a wound support. J Pediatr Surg 1985; 20: 737-742 [PMID: 
3003325]

58	 Ginde RM. In vitro chemical degradation of poly(glycolic acid) 
pellets and fibers. J ApplPolym Sci 1987; 33: 19

59	 Weber RA, Breidenbach WC, Brown RE, Jabaley ME, Mass DP. 
A randomized prospective study of polyglycolic acid conduits for 
digital nerve reconstruction in humans. Plast Reconstr Surg 2000; 
106: 1036-1045; discussion 1036-1045 [PMID: 11039375]

60	 Mackinnon SE, Dellon AL. Clinical nerve reconstruction with a 
bioabsorbable polyglycolic acid tube. Plast Reconstr Surg 1990; 85: 
419-424 [PMID: 2154831]

61	 Kim J, Dellon AL. Reconstruction of a painful post-traumatic 
medial plantar neuroma with a bioabsorbable nerve conduit: a case 
report. J Foot Ankle Surg 2001; 40: 318-323 [PMID: 11686454]

62	 Navissano M, Malan F, Carnino R, Battiston B. Neurotube for 
facial nerve repair. Microsurgery 2005; 25: 268-271 [PMID: 
15937888 DOI: 10.1002/micr.20128]

63	 Battiston B, Geuna S, Ferrero M, Tos P. Nerve repair by means 
of tubulization: literature review and personal clinical experience 
comparing biological and synthetic conduits for sensory nerve 
repair. Microsurgery 2005; 25: 258-267 [PMID: 15934044]

64	 Rinker B, Liau JY. A prospective randomized study comparing 
woven polyglycolic acid and autogenous vein conduits for 
reconstruction of digital nerve gaps. J Hand Surg Am 2011; 36: 
775-781 [PMID: 21489720]

65	 Rosson GD, Williams EH, Dellon AL. Motor nerve regeneration 
across a conduit. Microsurgery 2009; 29: 107-114 [PMID: 
18942644 DOI: 10.1002/micr.20580]

66	 Inada Y, Morimoto S, Takakura Y, Nakamura T. Regeneration 
of peripheral nerve gaps with a polyglycolic acid-collagen tube. 
Neurosurgery 2004; 55: 640-646; discussion 640-646 [PMID: 
15335431]

67	 Nakamura T, Inada Y, Fukuda S, Yoshitani M, Nakada A, Itoi 
S, Kanemaru S, Endo K, Shimizu Y. Experimental study on the 
regeneration of peripheral nerve gaps through a polyglycolic acid-
collagen (PGA-collagen) tube. Brain Res 2004; 1027: 18-29 [PMID: 
15494153 DOI: 10.1016/j.brainres.2004.08.040]

68	 Inada Y, Morimoto S, Moroi K, Endo K, Nakamura T. Surgical 
relief of causalgia with an artificial nerve guide tube: Successful 
surgical treatment of causalgia (Complex Regional Pain Syndrome 
Type II) by in situ tissue engineering with a polyglycolic acid-
collagen tube. Pain 2005; 117: 251-258 [PMID: 16153773]

69	 Inada Y, Hosoi H, Yamashita A, Morimoto S, Tatsumi H, Notazawa 
S, Kanemaru S, Nakamura T. Regeneration of peripheral motor 

nerve gaps with a polyglycolic acid-collagen tube: technical case 
report. Neurosurgery 2007; 61: E1105-E1107; discussion E1107 
[PMID: 18091262 DOI: 10.1227/01.neu.0000303210.45983.97]

70	 Yamanaka T, Hosoi H, Murai T, Kobayashi T, Inada Y, Nakamura 
T. Regeneration of the nerves in the aerial cavity with an artificial 
nerve conduit -reconstruction of chorda tympani nerve gaps-. PLoS 
One 2014; 9: e92258 [PMID: 24691095 DOI: 10.1371/journal.
pone.0092258]

71	 Meek MF, Coert JH. US Food and Drug Administration /Conformit 
Europe- approved absorbable nerve conduits for clinical repair of 
peripheral and cranial nerves. Ann Plast Surg 2008; 60: 466-472 
[PMID: 18437784]

72	 Meek MF, Jansen K, Steendam R, van Oeveren W, van Wachem 
PB, van Luyn MJ. In vitro degradation and biocompatibility of 
poly(DL-lactide-epsilon-caprolactone) nerve guides. J Biomed 
Mater Res A 2004; 68: 43-51 [PMID: 14661248]

73	 Bertleff MJ, Meek MF, Nicolai JP. A prospective clinical evaluation 
of biodegradable neurolac nerve guides for sensory nerve repair in 
the hand. J Hand Surg Am 2005; 30: 513-518 [PMID: 15925161]

74	 Chang WC, Hawkes E, Keller CG, Sretavan DW. Axon repair: 
surgical application at a subcellular scale. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol 2012; 2: 151-161 [PMID: 20101712]

75	 Rodrigues MC, Rodrigues AA, Glover LE, Voltarelli J, Borlongan 
CV. Peripheral nerve repair with cultured schwann cells: getting 
closer to the clinics. ScientificWorldJournal 2012; 2012: 413091 
[PMID: 22701355 DOI: 10.1100/2012/413091]

76	 Nectow AR, Marra KG, Kaplan DL. Biomaterials for the 
development of peripheral nerve guidance conduits. Tissue Eng 
Part B Rev 2012; 18: 40-50 [PMID: 21812591]

77	 Daly W, Yao L, Zeugolis D, Windebank A, Pandit A. A biomaterials 
approach to peripheral nerve regeneration: bridging the peripheral 
nerve gap and enhancing functional recovery. J R Soc Interface 
2012; 9: 202-221 [PMID: 22090283 DOI: 10.1098/rsif.2011.0438]

78	 Sivolella S, Brunello G, Ferrarese N, Della Puppa A, D’Avella D, 
Bressan E, Zavan B. Nanostructured guidance for peripheral nerve 
injuries: a review with a perspective in the oral and maxillofacial 
area. Int J Mol Sci 2014; 15: 3088-3117 [PMID: 24562333 DOI: 
10.3390/ijms15023088]

79	 Zhang BG, Quigley AF, Myers DE, Wallace GG, Kapsa RM, 
Choong PF. Recent advances in nerve tissue engineering. Int J 
Artif Organs 2014; 37: 277-291 [PMID: 24811182 DOI: 10.5301/
ijao.5000317]

80	 Wong FS, Chan BP, Lo AC. Carriers in cell-based therapies for 
neurological disorders. Int J Mol Sci 2014; 15: 10669-10723 [PMID: 
24933636 DOI: 10.3390/ijms150610669]

P- Reviewer: Bassetto F, Eric M, Negosanti L    S- Editor: Ji FF    
L- Editor: A    E- Editor: Lu YJ  

February 16, 2015|Volume 3|Issue 2|WJCC|www.wjgnet.com 147

Gerth DJ et al . Peripheral nerve reconstruction with Conduits



                                      © 2015 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


