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INTRODUCTION

At this moment, the gold standard for repair of nerve defects that cannot be
directly restored without tension to the nerve ends still is the autologous nerve
graft (figure 1A). Most commonly the sural nerve is used, taken from the leg of the
patient. Obviously, repair with autografts has several disadvantages, such as the
need for an extra incision, limited availability, mismatch in size of the damaged
nerve and the donor nerve, and the chance for the development of a painful neu-
roma. Because of these disadvantages various alternatives have been developed
for autograft repair, for instance repair with autogenous venous grafts [1], nerve
allografts [2, 31, and nerve tubes, guides or conduits. Practical advantages of nerve
tubes are the unlimited right off-the-shelf availability in different sizes that match
the damaged nerve (figure 1B). Besides, functional recovery is often reduced after
autograft repair compared with direct coaptation repair. Possible explanation for
this is that axons need to cross 2 coaptation sites, which might decrease both the
number of axons reaching the distal targets and lead to increased misdirection of
regenerating axons [4]. An ideal alternative therefore will also lead to improved
regeneration and functional results of nerve repair. In this review we give an over-
view of both the experimental and clinical data present on nerve tubes for periph-
eral nerve repair. In addition, different modifications to the common hollow or sin-
gle lumen nerve tube are discussed that may improve the results of regeneration,
including collagen/laminin-containing gels, internal frameworks, supportive cells,
growth factors, and conductive polymers.

DEVELOPMENT OF NERVE TUBES

The concept of nerve tube repair

The first attempts of nerve tube repair date back to the end of the 19t century
(for review see table 1 article by Weiss [5]). The results of these first attempts
were disappointing and later viewed by Sunderland as only of historical interest
[61. The concept of the nerve tube was reintroduced in the 1980s, mainly as a tool
to investigate the process of regeneration. In the beginning, mostly silicone tubes
were used. Later, nerve tubes of also other synthetic non-biodegradable [7-11] and
biodegradable materials (including polymers of glycolic acid [12], lactic acid [12, 13]
and caprolactone) were developed. These first experiments with silicone nerve
tubes by Lundborg et al. demonstrated that axons can successfully regenerate
across a 1-cm gap in the rat sciatic nerve model [14]. No regeneration was observed
in the absence of the distal nerve stump and across 15-mm defects. This was later
explained by the accumulation of neurotrophic factors in the silicone chamber that
probably only act over limited distance (neurotropism or chemotaxis). Another
explanation might be that the formation of a fibrin matrix (Figure 2), which is essen-
tial in the process of regeneration [151, does not occur if the gap is too long [16].
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Figure 1

A: Repair of a radial nerve lesion (after a humerus fracture) with autologous sural nerve grafts.

B: Nerve tube repair. From Lundborg, G. A 25-year perspective of peripheral nerve surgery: evolving
neuroscientific concepts and clinical significance. The Journal of Hand Surgery [Am] 2000; 25
(3): 391-414

Physical characteristics of the nerve tube

Other physical properties, including the dimensions of the nerve tube, prefiling
with phosphate buffered saline (PBS) [171, and porosity [16] have also been shown
to affect the formation of the fibrin matrix. Jenq and Coggeshall found that the
addition of holes to silicone nerve tubes increased both the number of myelinated
axons and the length of the gap that could be bridged [18, 19]. Possible explana-
tions were that by adding holes, cells (for example macrophages and leucocytes)
and molecules (for example fibrin and fibronectin) involved in the formation of the
fibrin matrix could enter the site of regeneration. The importance of the perme-
ability of the nerve tube was later confirmed in other experiments [20-24], although
it still remains questionable what exactly is the ideal pore size (microporous or
macroporous). Disadvantages of macropores might be that neurotrophic factors
can diffuse out of the nerve tube and that the fibrin matrix might be disorganized
(orientation perpendicular to the pores instead of longitudinal). It is important to
note that permeability not only depends on pore size, but may also be affected by
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Figure 2

The different phases in the process of regeneration across the nerve tube. A: within hours after
implantation the lumen fills with fluid containing neurotrophic factors and various inflammatory
cells. B: within days a fibrin matrix is formed between the nerve stumps. C: in weeks Schwann cells,
fibroblasts and microvessels migrate along the fibrin matrix from both proximal and distal nerve
ends. D: in months axons regenerate from the proximal nerve stump into the matrix. From Dahlin
and Lundborg. Use of tubes in peripheral nerve repair. Neurosurg Clin N Am 2001; 12 (2): 341 - 352

for example hydrophilic properties of the material. Next to porosity, the surface
texture and dimensions of the nerve tube have been found to affect the formation
of the fibrin matrix [8]; with smooth surfaces (for example in silicone nerve tubes)
the longitudinal matrix coalesces and forms a free floating nerve cable, while with
rough surfaces the tissue disperses and completely fills the lumen of the nerve
tube 25].

With the potential use of nerve tubes for clinical nerve repair, especially biode-
gradable nerve tubes, other physical characteristics were also investigated, includ-
ing swelling and degradation properties. Swelling of a nerve tube might primarily
block the lumen for regeneration or secondarily lead to compression of the regen-
erated nerve. Degradation may cause swelling by the accumulation of degrada-
tion products that increase the osmotic value of the nerve tube [26, 27]. Besides,
degradation products might be toxic or interfere with the process of regeneration.
Degradation may also affect the porosity and tensile properties of the nerve tube.
These tensile properties are important because a nerve tube should be flexible
for implantation into mobile limbs, but at the same time the nerve tube should be
resistant to deformation (elongation, breaking or kinking) and strong enough to
hold a suture. Transparency is preferred for suturing and accurate positioning of
the nerve stumps. In the end, nerve tubes must be sterilizable without compromis-
ing the physical properties mentioned above. In table 1 we have summarized the
known physical properties of some of the frequently used nerve tubes. It must be



noted that physical properties of the nerve tube not only depend on the biomate-
rial, but also on other factors such as the dimensions of the nerve tube and fabrica-
tion technique. Not all nerve tubes that are now available for clinical use have been
characterized extensively in vitro before clinical application.

Evaluation methods and animal models

Different evaluation methods and animal models have been used to investigate
the process of regeneration across nerve tubes. Most experiments have been per-
formed in the rat sciatic nerve model. Commonly used evaluation methods in this
model include electrophysiology, nerve morphometry, and walking track analysis.
The first most important observation however is the percentage successful regen-
eration across the nerve tube. Failures have been reported due to collaps, swelling,
and suture pullout [12, 28-30]. The second most important observation is the quan-
tity of regeneration across the nerve tube. This is mostly determined for the num-
ber of axons (myelinated and/or unmyelinated) at the middle part and/or distal to
the nerve tube and is then preferably compared to both the numbers in normal
nerve and after autograft repair. The numbers of axons that have been reported
in the literature however differ [311. Sometimes only the density of nerve fibers in
a specified area is provided [32, 33] (table 1). This area may not be representative
of the total cross-sectional area of the nerve. The total number of axons also is not
the best parameter to quantify regeneration, because this number is increased
early in the process of regeneration due to collateral sprouting or branching, and
has been found to decrease later [34]. Different factors may stimulate the sprout-
ing or branching of axons, for example the addition of Schwann cells [35-37] or
neurotrophic factors (see part modified nerve tubes). Numbers may increase with-
out an actual increase in the number of motoneurons and dorsal root ganglion
cells from which axons have regenerated across the nerve tube. Quantification of
regeneration across the nerve tube can therefore best be performed in our opin-
ion with retrograde tracing to determine these numbers [38]. This technique with
fluorescent dyes that are retrogradely transported to the motoneuron or dorsal
root ganglion can also be used to analyze the accuracy of regeneration across the
nerve tube. For example, different tracers can be applied sequentially to the same
nerve branch before and after nerve repair to determine the direction of regener-
ating axons or simultaneously to different nerve branches (for instance the tibial
and peroneal nerves) to determine the dispersion of regenerating axons across
the nerve tube [39]. Although nerve tube repair is often suggested to lead to an
improved orientation of regenerating nerve fibers, only a few studies have actually
investigated the accuracy of regeneration across the nerve tube [38, 40-43]. These
studies did not show an improved accuracy after nerve tube repair compared with
direct coaptation or autograft repair. Brushart et al. found that regenerating axons
might disperse across the tube and that this dispersion increases with gap length
[44]. This dispersion of regenerating axons might lead to (1) misdirection of regen-
erating axons or (2) polyinnervation of different targets by axons originating from
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the same neuron. This compared to autograft repair that contains more regenerat-
ing branched axons inside the basal lamina tubes [45].

Functional analysis eventually is the most important method for translating results
of nerve tube repair into patients. This type of analysis has not been frequently
included in the evaluation of nerve tube repair. The reason for this might be that
the most commonly used method, the sciatic function index (SFl), that is based on
footprint analysis [46, 471, lacks sensitivity. This might be caused by contractures
1481 and autotomy [49], but also because the SFI evaluates the distal foot muscles
that often don’t recover because of the prolonged time of denervation [50]. We
developed a novel evaluation method, called 2D motion analysis, that can be used
to measure recovery of more proximally located muscles from the ankle angles
of maximum plantar and dorsiflexion during the stance and swing phases (Chap-
ter 3). This method is more sensitive than the SFI and is currently being used by
our laboratory for the functional analysis after different nerve repair techniques.
Advantage of functional analysis in comparison to other evaluation methods also is
that animals can be evaluated at multiple time points. Combined with electrophysi-
ology this can provide insight in the time to reinnervation and recovery.

Electrophysiology is frequently included in the evaluation of results after nerve
tube repair. Mostly compound muscle action potentials (CMAPS) are recorded and
analyzed for the amplitude, area under the curve, or latency [31]. This method is not
as time-consuming as most other evaluation methods, but it is important to note
that it should not be used instead of functional evaluation. CMAP recovery after
nerve repair may be relatively better than functional recovery due to distal sprout-
ing that results in larger motor units, and due to misdirected axons that contribute
to the CMAP, but probably not to recovery of function [511.

Different animal models have also been used for the analysis of nerve tube repair,
including mice, rabbits, and monkeys (table 1). Disadvantage of this use of larger
animal models is that it makes it difficult to compare the results between studies,
especially for the extrapolation of the size of the nerve gap [52]. Obvious advan-
tage of larger animals is the closer to human comparison, especially for the primate
model. Both the polyglycolic acid (PGA) and collagen nerve tube (that are now
available for clinical use, see below) have first been investigated experimentally in
monkeys [33, 53, 54]. Dellon and Mackinnon in 1988 published the first study in which
they compared repair of a 3-cm gap in the ulnar nerve (proximal to the elbow) in
adult male Macca cynomolgus monkeys with sural nerve grafts, solid and mesh
PGA tubes (8 repairs per group) [33]. After 1-year of follow-up nerve fiber densi-
ties did not differ from normal after the different repair techniques. Unfortunately,
absolute numbers were not provided. Electromyography demonstrated recovery
in 19 out of 28 (68%) of the intrinsic muscles studied in the solid and mesh tube
groups (2 muscles per repair, 7 repairs per group). Recovery after autograft repair



was not reported because the Martin-Gruber anastomosis in this group had not
been divided. Electromyography results were reported for 7 tube repairs, because
in one case of solid tube repair there was no continuity (the reason for exclusion of
one of the mesh tubes was not reported). In 3 out of 7 solid and 4 out of 8 mesh
tubes some scar tissue was observed in the center of the tube. Later, the same
authors published another study performed in monkeys, in which regeneration
across 2 and 5-cm nerve gaps in radial sensory and ulnar nerves was compared for
crimped and mesh glycolide trimethylene carbonate (Maxon) and collagen nerve
tubes [55]. Poor regeneration was found across 5-cm nerve gaps.

Archibald et al. compared repair of 4 mm gaps with collagen nerve tubes and auto-
grafts (reversed segments) in rats (sciatic nerve) and Macaca fasicularis monkeys
(median nerve, 2cm above the wrist) [53]. This study showed that collagen nerve
tube repair was as effective as autograft repair in terms of physiological responses
from target muscle and sensory nerves. Later they reported a second study on colla-
gen nerve tube repair of 5-mm median nerve lesions (@again 2cm above the wrist) in
monkeys, which included 3 years of electrophysiologic assessment and nerve mor-
phometry [54]. In this study a significantly increased number of axons distal to the
repair site (1.2-2x) was found after both collagen nerve tube and autograft repair.

CLINICAL USE OF NERVE TUBES FOR PERIPHERAL NERVE REPAIR

Currently, various nerve tubes are available for clinical nerve repair: Neurotube
(polyglycolic acid), Neuragen (collagen), Neurolac (polycaprolactone), NeuroMatrix
and Neuroflex (both collagen), and SaluBridge (hydrogel, non-biodegradable) *’.
These nerve tubes are mainly used in the repair of small nerve gaps (<3cm) in small
sensory nerves, such as digital nerve lesions, but they are also increasingly used in
lesions of larger nerves™. In addition, recently a processed allograft (Avance from
AxoGen) has become available for clinical use. Below we only discuss the results of
the large series and randomized studies that have been reported on the clinical use
of the silicone, polyglycolic acid (PGA), and poly(DL-lactide-e-caprolactone) (PLC)
nerve tubes (summarized in table 2). In addition, series have been reported on
the use of non-biodegradable polytetrafluoroethylene (PTFE) nerve tubes (Gore-
Tex or Teflon) for median and ulnar nerve [56] and inferior alveolar/lingual nerve
lesions[57, 58], a small series on the use of collagen (Neuragen) nerve tubes in the
repair of obstetrical brachial plexus injuries [591, and a number of cases on the use
of PGA nerve tubes (for the repair of the inferior alveolar nerve (601, medial plantar
nerve [61], zygomatic and buccinatory branches of the facial nerve[62], the spinal
accessory nerve [63], for nerve reconstruction after a hallux-to-thumb transfer [64],
and for interfascicular median nerve repair with multiple PGA tubes [65]). Combi-
nations of PGA tubes with collagen sponges [66, 671 and an interposed nerve seg-
ment [68] have also been used in patients, and a chitosan tube with internal oriented
filaments of PGA [69] (see part modifications to the common hollow nerve tube).
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Silicone nerve tubes

In 1997 Lundborg et al. published their first results with 1-year follow-up of a pro-
spective randomized study, in which small defects (3-4 mm) after fresh and com-
plete clean-cut transection of the ulnar and median nerves proximal to the wrist
(up to 10 cm) were repaired with silicone nerve tubes (11 patients) or conventional
microsurgical direct coaptation repair (8 patients) [70]. A number of tests were
used to evaluate the results (table 2). In general, no significant differences were
found between the two types of repair. Also for the 5-year follow-up (2004) no
significant difference in outcome was found, except that there was significantly
less cold intolerance after silicone nerve tube repair [71]. The use of silicone nerve
tubes however has been heavily criticized [72, 73], mainly because of the potential
late compression of the nerve by the non-biodegradable tube. Critics often refer
to a study by Merle et al. [74], in which silicone tube (1 patient) and sheath repair
(2 patients) resulted in chronic nerve compression. Later also a study by Braga-
Silva was reported on silicone nerve tube repair of median and ulnar nerve lesions
(up to 3cm) in which 7 out of 26 patients requested removal of the nerve tube
because of local discomfort [75]. Dahlin and Lundborg themselves performed a re-
exploration surgery in 7 patients, as an ethically permitted part of their prospective
study (4 patients complained of local discomfort), but found no signs of neuroma
and only a mild microscopic foreign body reaction in 2 cases [76]. After removal
of the silicone nerve tube, there was no new impairment of nerve function. They
emphasized that in their studies silicone nerve tubes were used with a diameter
exceeding the diameter of the nerve by at least 30%. Nevertheless, they acknowl-
edged that a biodegradable nerve tube would be better, provided that it degrades
with minimal tissue reaction and without impairment of nerve regeneration [77].

Polyglycolic acid (PGA) nerve tubes

In 2000 Weber et al presented the results of the first multicenter randomized
study on the repair of digital nerves with gaps up to 3cm using glycolic acid (PGA)
nerve tubes. Ten years before that Mackinnon and Dellon had already presented
a series of 15 patients in which they had also used polyglycolic acid (PGA) nerve
tubes to repair digital nerve defects up to 3 cm [78]. In that study excellent results
were reported for 5 patients (33%), good results for 8 patients (53%) and poor
results for 2 patients (14%). In the randomized study by Weber et al., PGA nerve
tube repair was compared with standard repair (direct coaptation for gaps <8 mm
and nerve graft repair for gaps >8 mm). The overall results at 1-year follow-up
showed no significant difference between the two groups with excellent and good
outcome in respectively 44% and 30% of the repairs with PGA nerve tubes com-
pared to 43% of both excellent and good outcome after standard repairs. The
authors subsequently performed a subgroup analysis for different gap lengths
(£4 mm, 5to 7 mm, and 8 mm to 3 cm) that demonstrated excellent results for
gaps <4 mm for moving 2-point discrimination (m2PD) in 91% of PGA nerve tube
repairs compared to 49% of standard repairs (p=0.02). As commented by Lund-



borg in the discussion on this article, the statistics of this study are difficult to inter-
pret because of the heterogeneous data (for example different levels of injury and
mechanisms of injury were included). Also, the numbers per group of PGA nerve
tube and standard repair for subgroup analysis were not provided. It is not clear
also why separate subgroup analysis was performed for gaps <4 mm. Although the
authors mention that it is generally accepted that 4 mm is the maximum gap length
for digital nerves to be repaired with minimal tension by the end-to-end method,
in the standard repair group all gaps of 5-7mm were repaired by direct coapta-
tion. In the 5-7mm gap group excellent results were obtained in only 17% of the
PGA nerve tube repairs and 57% of the standard repairs (p=0.06). Noteworthy, the
technigue that was used to measure two-point discrimination that was not based
on the Moberg approach [79] with application of very light pressure (just enough
to blanch the skin), but with increasing pressure until the stimulus was perceived
by the patient (see discussion by Lundborg).

Another large series on PGA nerve tube repairs of 19 digital nerves in 17 patients
with gaps up to 4 cm was published in 2005 by Battiston et al.[801. In this study
very good results (S3+ and S4, defined for static 2-point discrimination (s2PD)
up to 15 mm, were reported for 13 patients (76.5%) and good results in 3 patients
(17.7%). Analysis of the data however shows that in only 2 patients S4 (s2PD 2-6
mm) was obtained and that there were no excellent results for m2PD (< 3 mm, by
the definition used in the studies by Mackinnon [78] and Weber [81], see table 2),
and good results were obtained (m2PD 4 - 7 mm) in only 4 out of 19 repairs.

In conclusion, PGA nerve tubes might lead to comparable results as conventional
nerve repair in the repair of small gaps in digital nerve lesions, but care should be
taken with the interpretation of the data and the wide application to the repair of
other nerve lesions based on these results.

Poly(DL-lactide-g-caprolactone) (PLC) nerve tubes

In 2003 Bertleff et al. presented the results of a multicenter trial in which digital
nerve repair for gaps up to 2 cm was compared for polylactide caprolactone (PLC)
nerve tube and standard repair, which were all direct coaptation repairs (with the
finger flexed to reduce tension) [82]. Randomization was performed separately for
gaps <4 mm, 4-8 mms, and 8-20 mms. Sensory recovery was evaluated at 3, 6,
9 and 12 months for the s2PD and m2PD measured with the Pressure-Specified
Sensory Device [83]. There were no significant differences in two-point discrimi-
nation for PLC and direct coaptation repair of gaps up to 2 cm, but unfortunately
results for subgroup analysis were not provided. The pressure, which was applied
(to feel the stimulus), seemed larger in the PLC nerve tube repair group than in the
direct repair group (figure 6, no statistics provided). More wound healing prob-
lems were observed after PLC nerve tube repair than after direct coaptation. In a
recent review Meek et al. also commented that small fragments of biomaterial in
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experiments with PLC nerve tubes were still found 24 months after implantation
and that PLC nerve tubes are normally stiff and only flexible after putting in warm
saline before implantation [84]. A more extensive report on the use of PLC nerve
tubes (according to the authors) will soon be published [84]. So far there is ample
evidence to support the clinical use of PLC tubes.

In conclusion, in our opinion at this moment care should be taken with the wide use
of tubes in peripheral nerve repair, not only because of the concerns that are men-
tioned above, but also because of the following reasons. First, little is still known
about the accuracy of regeneration across nerve tubes. In the repair of larger
mixed or motor nerves dispersion of regenerating axons across the nerve tube may
lead to misdirection and polyinnervation (see part on development of nerve tubes)
and result in impaired functional recovery due to for example co-contraction or
synkinesis. It must be noted also that in most experimental studies on nerve tube
repair accuracy of regeneration and functional analysis were not included. Finally,
it must be noted that not all nerve tubes that are now available for clinical use have
been characterized extensively in vitro and that long-term effects of biodegrada-
ble nerve tubes have not (yet) been reported (table 2, follow-up studies 1-2 years).

MODIFICATIONS TO THE SINGLE LUMEN NERVE TUBE

Different modifications to the common hollow or single lumen nerve tube have
been investigated to enhance regeneration and extend the gap that can be bridged
(figure 3 on page 77). Pre-filling of the nerve tubes with phosphate buffered saline
(PBS) and the addition of pores have already been mentioned in the section on the
development of nerve tubes. Below we discuss the addition of different extracel-
lular molecules (collagen and laminin), internal frameworks, supportive cells, and
nerve growth factors.

Collagen and laminin containing gels

Collagen and laminin are involved in the process of regeneration by forming a sub-
strate for the migration of nonneuronal cells. Filling of silicone nerve tubes with
collagen and laminin-containing gels has been shown to increase both the rate of
regeneration [11] and the gap that can be bridged (up to 15-20 mm) [85]. This effect
however depends on several factors including the concentration [86] and the per-
meability of the nerve tube [87]. Alignment of the collagen (gravitational or mag-
netically) may also further enhance regeneration [88]. Currently, different collagen
and laminin containing gels (for example BD Matrigel ™) are being used for the
incorporation of supportive cells and growth factors [37, 89, 901. Also, oligopeptides
derived from lamini-integrin active sites (such as YIGSR, IKVAV and RGD) are being
investigated for potential role in guidance of regenerating axons [91].



Internal framework

An internal framework may also enhance regeneration and increase the gap that
can be bridged due to stabilization of the fibrin matrix that is formed inside the
nerve tube. Different internal structures have been investigated including poly-
amide filaments [92], laminin-coated fibers [93], PGA filaments [94] and collagen
sponges [93, 95]. The combinations PGA tube - collagen sponge and chitosan tube -
PGA filaments have already been used clinically, although there is little information
on the effect of these internal structures on the accuracy of regeneration. Different
tissues have also been added to the nerve tube, for example interposed nerve seg-
ments [96] (the stepping-stone procedure) and denatured muscle [97]. In addition,
nerve tubes with a modified microarchitecture have been developed. Yoshii et al.
developed a scaffold of longitudinally orientated collagen filaments that has been
shown to lead to successful regeneration across gaps of 20 mm [98] and even 30
mm in rats [99]. Another example of a modification to the common single lumen
nerve tube structure is the multichannel nerve tube structure [27, 100-103]. This
structure has several advantages: it provides more surface area for cell attachment
and controlled-release of incorporated growth factors, and may reduce dispersion
by containment of axonal branches as in the autografts consisting of multiple basal
lamina tubes [39].

Supportive cells

The addition of Schwann cells to the nerve tube has also been found to enhance
regeneration in small gaps [36, 37, 89] and to extend the gap that can be bridged to
about 2 cm [35, 901, although remarkably, autograft repair in most of these studies
still was found to be superior [37, 89, 90, 104, 105]. Schwann cells possibly stimulate
regeneration by the production of a range of growth factors, extracellular mol-
ecules (laminin), and may play a mechanical role by forming a cable bridging the
gap [37]. Schwann cells can also be genetically modified to overexpress certain
growth factors and selectively guide different types of axons. A disadvantage of
the addition of Schwann is that it still requires the explantation of a donor nerve, to
isolate autologous Schwann cells weeks before reconstruction. This may be over-
come in the future by the differentiation of for example bone marrow stem cells
into Schwann cells [1067.

Growth factors

The addition of different growth factors to the nerve tube, including nerve growth
factor (NGF), glial cell derived neurotrophic factor (GDNF), brain-derived neuro-
trophic factor (BDNF), and fibroblast growth factor (FGF), has also been shown
to enhance regeneration and increase the nerve gap that can be bridged (to
15 mm). Growth factors can be added directly to the tube (into a solution) [107]
or can be released after absorption to fibronectin mats [108, 109], collagen matri-
ces [30], bovine serum albumin or from delivery systems such as subcutaneous
minipumps[110] or microspheres that are incorporated during the fabrication pro-
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cess of the nerve tube [111, 112]. The advantage of growth factors in comparison to
Schwann cells is that no extra procedure is needed. The advantage of delivery of
growth factors from microspheres is the potential for controlled release over an
extended period of time without leakage from the tube.

Conductive polymers

Finally, conductive polymers may also enhance regeneration across the nerve
tube. Aebischer et al. found significantly increased numbers of myelinated axons
after repair with poled versus unpoled polyvinylidene fluoride (PVDF) tubes [113]
possibly by accelerated axonal elongation on the charged surface. Schmidt et al.
found an almost twofold neurite outgrowth in vitro on conductive polypyrrole films
after electrical stimulation [114].

CONCLUSION

In this review we provided an overview of the experimental and clinical data cur-
rently available on nerve tubes for peripheral nerve repair. At present there is no
sound scientific proof of the superiority of the empty hollow biodegradable nerve
tubes that are now clinically used as compared to direct coaptation or autograft
repair. The repair of all sorts of nerve lesions may lead to unnecessary failures and
again a discontinuation of interest in the concept of the nerve tube. The extensions
of the applications, especially in the repair of larger mixed or motor nerves, should
be carefully evaluated. Also, although the autologous nerve graft has several prac-
tical disadvantages, it is important to realize that it still has a number of advan-
tages, such as the presence of Schwann cells that secrete growth factors and basal
lamina tubes that contain regenerating axons, besides the favorable properties of
natural strength and flexibility of the nerve, and the fact that it is immunocompat-
ible. Eventually, different modifications to the single lumen nerve tube might lead
to a nerve tube that is a better alternative than autologous nerve graft repair.



Growth Factors

Permeability/ Supportive Cells

Porosity

o

Internal
Framework
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Figure 3
Modifications to the single lumen nerve tube. Modified from Hudson TW, Evans, GR, Schmidt, CE.
Engineering strategies for peripheral nerve repair. Clin Plast Surg 1999; 26: 617 - 62

~N
~N

CHAPTER 5



JawA|jodod o1jAuoe apliojyd|AuiAkjod = DA ‘pIoe 2130e|-1‘g-Ajod = v1d
‘p1oe 21102A|6Aj0d = YO d ‘Bulles paJajing ajeydsoyd = Sgd 4equinu = ou ‘si1aqly pajeuldAw = 4|4 ‘|el3uajod Uuolloe 8|2sNW = dy|A ‘Aljdwoydiow aAIaU = WN ‘|eljuajod uoijdoe aAlau =
dVN ‘©sepix04ad YsIpeasioy = dyH WUSI3HIP = JHIP ‘SUOIIRIIUBIUOD = DUOD ‘S|ejua3od UoI3de 8AIBU PUNOdWOd = dYND ‘S[e1ua1od uo(ioe a|2snuw punodwod = dV WD :Uol1eIARIgQY
Do LS 1 SINOY Z 40} p|aly d13dubew e|sa] 6 e 0} Jejndipuadiad sixe [euipnibuo| Yam sagny paj|ly 4o Juswasde|d Ag uoildnpul dilsubew .,
‘usbe||od | 8dA1 %86-G6 BUIUIRIUOD ‘UBHER||0D [PWISP BUIAOG PaljNd JO UOIIN|OS (USBOINIA

ewodJes SH3 wodj pauleyqo ‘(jw/bulgl) sioyoe)
y1moub JO sjunowle adeJ} pue ‘usbopiu ‘ui3orlud ‘suedk|boajold a3eyns sueseday ‘Usbe||0d A| 9dA) ‘ululwe| Bululeluod Uoljeledaid BURIGUIBW JUBWSSEQ PAZI|IgN|OS (OBl

S19q]l} P1R0d

Saqgn} Jaqly Pa1L0D UlldBuoIqlY sJaqly urosu0Iqly
-ululwe| Ul 4NN PUe 4j4 840w syuow z - usbe|jod pajeodun dVN ‘WN 0T onens el sJaqly usbeljod usbe|j0d (¥66T) Buo] -uluiwe|
wxxOl}0UBRW dVND
S|ab paublje Ajjednsubew  syluow ‘uonjezuswAjod  ‘dyWd Ndrduid 4« [9BLIIR W uluiwe| ‘usb
10J 4N JO Jaquinu Jsybly 01dn |ed11BA /|ejuozLoy ‘159) Buljeams 9  dllens  asshow ‘. UBBOIIA ElVe (0002) NPJSA  -B||0D paubile
ewse|d dVND
S|ab paIN|Ip YlIM UOIIeAIBUUIRS  SYIUOW f ‘|86 81euounieAy  ‘dywDd Nduduid x [9B1IIR uluiwe|
196.e] JO S|3aAs| Jaybiy oydn ‘S9d ‘Uod JIp 159) Buljeams 9y dheps  ssnow ‘. UBBOIIA |U0dI|IS  (866T) Jopeige ‘usbe||0d
uoness
uoljebuo|a [euoxe Jo aduelsip -uabaJ aduelsip ‘lab-uluiwe|
WNWIXew Ul 8seatdul Xz S3eam 9T sagn) Aldwa ‘bullpgel-ddH 0¢ ‘ST o13e10s el ‘. UBBOJIYIA BUOdIIS  (886T) UOSIPEW uabe||0d
saqgn} a|gqeswJadiwas aulles yum saqny JAd d|ge uluiwe|
P3|[1J-|96 Ul SUOXe JaMB)  SYB8M ZT 3|geswadiwes WN ¥ 9snow 01w -awadiwes  (/£86T) IUllUB[RA ‘usbe||0d
Aydwsa ul suou
‘S|9b BuIUIRIUOD UlUIWE| YIM saje1oe|
S|ewiue [|e ul SuoJnau pa|age| RN saqgn) Aldws Bullsgel-dyH SO01y  dleds IW MEIIREN] 1‘a-Alod  (G86T) UOSIpEW uluiwe|

($)}nsa4 Jueyioduw 3O dn-mojjo4  S|043U0D /SAdNoID SpoyIs uonn[os /|99 agn}aAlaN  (JA) 4

suonn|os /s|ab Buluiejuod-ujujwe| pue uabe|jo)

agn1 aAJau uawin| a|BUIS B3 03 SUOIILDIJIPO

g£9|qel

saqn} 8ABU U0 MBIADY @



Q@ G¥3LdVHD

|eryuanbas = bas ‘snoauejnwis = wis ‘(p1oe 21102A|6-02 d130e)Ajod = YO 1d ‘Duojoe|joided-3-apiioe|-1q)Ajod = J7d ‘PIoe 21|02A|6A|0d = YO Uaquunu = OU ‘Juswe|ijoinau = 4N
‘U0INBUOIOW = NN ‘SIa01l) PRIRUIDAW = H|N ‘S|eI3UD}0d PAYOAB-B[ISNW = dFAl ‘S|eI3ua30d UOI3OR dAIBU PUNOAWOD = dYND ‘S|el3uaiod uoilde 9dsnw punodwod = dy|AD :SUoljeineiqqy

sagn] aAJBU Buoes) bas pue

uswin| 8|BUIS WO4J JUBIBHIP wis ‘@dAy pue

AJ3UBDIIUBIS 10U 4|4 PUB NN OU  S¥99M ZT  |eWJOU ‘jelboine  azis Jagl ajdsnw
uojsiadsip 8npai 01 Aouspua) pue g ‘sagny uawnj a|buls ‘dYWD ‘WN 0T  ones 1ed [ VOIdSZ:SL (8007) Jeumy ep  [auueydninwW

sased |le Ul SY9OM ZT
deb WWGT SS0Joe uoljrIaushal 01dn apis pajelado-uou WN GT  dnens 1ol 9|IsSNW painjeusp J1d (T00Z) ¥o3W  @nssi} adsnwi

saqnj usabe||0d-yY9d
10} 4|A 196.4e| pue abey|oA syjuowl

yead Jabue| ‘Aousie| Jsrioys 9o031dn 1jesboine dVND dIn GT |esauosad Bop  abuods usbe|j0d 30N} vod (#00Z) einwexeN abuods
sjuswie|ly
0001 4104 4N @J0W ‘sdeb wwQg SEEIN agny uoIxal} apue 0001
pue 0z ssotoe uojjesauabal  gT pue g uabe|jod ‘}esboine 9ouasald ‘WN 0% ‘02 ol3e1os 1el ‘000¢ ‘uabe|j0d agny ou sjuawe|l
aqny Aydws
Ul 8UOU ‘SjuswWe|ly S3sed |je ul
aqn} 0} |e3sip 4N Joj Bululels Jedal xa|424 yourd (L66T
aAl}Isod pue youid 03 asuodsal SHoOM ¢ ou ‘saqny Ajdwa  ‘Buiuiels 4N ‘WN ST ‘0T Jl3e1os 18l g ‘epiweAjod saqn}auodl|is ‘966T) BiogpunT sjuawe|ly

Jagquinu Yom

(s)ynsaJ jueyodwli 3sol  dn-mojjo4 $]0J3U0d /sdnoi9 SPOYIs N lewiuy -awel) |eusjew agnl aAJeN  (UA) Joyine 3suai4

S)yI0Mawely dIsulu|




1jeiboine jInpe

‘JS snobojoine youduid snobojojne
219Uah0os|  ‘BulIrIMS ‘dVYND 9|qeawJad ‘219Udh 0S|
DS snobojoIne J0j S3Nsa4 31S9q  SYuow { ‘218uabuAs ‘dVIND ‘WN 9 Jljes  asnow [EIIPEN] ‘91d (0002) zanblpoy 219UabuAs
auo|e uabe||0d Jl19uabUAS
104 J19MO| InQ ‘S}4e4b |eins pue shep  s3jesb aAJdu eINS ‘pPajeqe]
DS 10J |enba 4|\ Ou pue d¥N QZT pue 09 ‘auoje [ab usbe||jod dVN 0T J13e1s el |96 usbe|j0d uabe||o0d (766T) Wy plob-oion|4
S8d ‘50T X G >I0< jinpe
DS Susp Ybl1Yy J0j 4N J10W  SYIUOW 9  :SAIHSUSP JUBIBYIP  dVIWD ‘I4S ‘WN 8T onels el «« 0V9T IINdY usbe|od  (£66T) Ullessuy RIENELIVYS
syjjelboine
‘Aydwa ‘|ablije W
DS snofojosalay 4oy 50T X 08 (@) 1npe (a2
ueyy 219UdBUAS J0J | 240w ‘50TX 02T ‘08 ‘O 9|gqeawad snobojolaley
DS suap ybiy 4oy W diow SYM ¢ (d) isusp Jualayip WN 8  dleds el [EIEIREIN ‘OAd/NVd  (266T) pJeusng ‘(4) d1ousbuAhs

(S)jnsaJ jueyiodw 3so  dn-mojjo4 $|043U0d /sdnoJo SPOYIBIW EYVEIN] | agn}aAlBN  (UA) I

+« (OS) s]|92 uuemyds

saqn} anJdu UO MalARY D



—

0

G 431dVHD

auojoejoided

-uojisda-02-a1eu0qiedaus]Aylpwil = 7J/JWL ‘S|[92 uueMydS = DS ‘snoaueindgns = 1Ndgns ‘(pioe 2110e|-1)Ajod = ¥y 77d ‘(p1oe 21j024|6-02 2110e)Ajod = Y974 ‘(Buoloejoided-3-0d
-apnoepAjod = D7d ‘@pOJYdJAUIA B]113IUOIAIIR = DAD/NVd 49qUWinu = ou ‘Aijawoydiow aAlau = WN ‘[eliualod uoijoe aAIau = YN ‘Siaql) pajeuldAw = 4|4 ‘SniWaud043seb = 2043seb

‘sijeld14adns WNIOUBIP J0X3|) = SA4 ‘S1ed Jaysi4 paiqul = 4 ‘(Jw/DS) Alsusp = susp ‘|elnualod UoI1de 3|asNW punodwod = 4y WD ‘sied Asimeq anbeads paigino = gD :suolieirsiqqy
asepluoin|eAy %|'0 pue ‘9seusbe||od (JoA/IM) %S0°0 ‘|W/asedsig N GZ'L BUlUleIu0d WNIPaW Oy 9L INdY -«
|ewiue awes ay3 Wwolj = SN060ojoINe ‘S8129dSs JUBIBYIP WOI) = SN0BOJ0IIaY (SIeJ SIMaT 03Ul pajue|dwl pue siel Asjemg-anbelds wody pajsaAley

9J9M S||92 UUBMUDS |e 38 SueAT AQ Apnis ul ybnoyi|e) Juatayip Ajjedl3aush Ing ‘saloads swes = d|auabol|e 481}l| SWEeS dy} WoJj = 21auabos| ‘UleJ}S dWeS 8y} WoJj = d1duabuAs

@asayd
DS Yim sagny 1jesboine -$5042) 9|qeawad
9AJBU SSOJOR UOljRIUBBaI OU Syjuow ZT ‘pajesado-uou d9A0Ce Wap| Oy uelpaw el [EIIBEN] “12/2W1L (£002) sluIs 219U960S|
oS yim dVIWD bom |ejeuosu
9N} 8AJBU JO }jeiBoIne yim Adwa {|osnw sa4 9|qeawJad 218uabos|
Jiedal Joyje AjUo uoljelauULbBal  Syjuow g  ‘}jelboine ‘lewlou 1591 Buidseub 0Z ueipsw el [EIEN] “12/2WL (5002) siuIs /218usbuAs
El o]l
S14eI60S] 104 Uy} JoMO| sdnoub ‘uabe||0d ‘}4elb0osl yBlam sppsnw (USBOJYA) 9|qeawJad |ejeuoau
[le Ut aAJBU [eISIPp Ul AYSUBP JIN - SYIUOW & ‘90T “,0T SUSP JIp  2043seB “|4S ‘WN 0T oniels el uabe|jod ‘V1d (2002) suen dlpusbole




0VS8 ‘¢’¢ 49N
‘£'77 ANAD 9¥gou
0VvS8°0°0Z 45N
186 ANAD :NIW ou

G vSd ‘66TT 49N shep ziy 49N
‘Tr6Y ANQ9 4 ou ‘skep /v auole ysg  bBuljagel 94 ‘WN ST onels el vsd VA3 (z002) auld4 pue 4NAS
sdnoJb Jiedal ||e 03 paiedwod saJaydsosoiw asuodsal
B9AJBU [RISIP BYJ Ul 4| ®J0W  SYJUOW § YSg ‘@ulles ‘Duod X324 ‘WN 0T o13es el saJaydsouoiw 3dd (£002) NX
Jw/Bu 0§ pue oz Helbos! ‘ulqly
104 1J8460SI WOoJ4 J4Ip UB|S Jou ‘Adws ‘(Jw/Bups
9qnj 0} |e3sIp pue piw 4|4 ou SHI9M 9 ‘02 ‘G) dU0d JIp WN T J1eds el paseq-ulqly (£002) @91
dwnduiw
snoauendgns (866T) sojues
sAep 09 e aAJaU
|e3SIP Ul 4]\ OUu J93e8lb
Aj3yBl|s ‘@due)SIp shep 09 WN jew jo Buljjol (966T)
uoljesjpuad pasealoul 0y dn sjew ulejd ‘Bujuieisounwiul 0T 2138198 JeJ  Sjew ui3dauolqly ‘agny ou UYMOMIYM
syjuow 9 auoy|nsAjod
‘WwST SIsey  ¢T-¢T 9|qe
DOUBIDHIP OU SHM 7 18 ‘W SHM 8 ‘v |letioAeyaq ‘(4NN pue -auwadiwaes
2JOW XS SHM ¢ 1@ 1Je)S peay, ‘¢ iuwQT D 142 uoin|os pue 4W) WN 8-/ J13e198 18l uoln|os  pue duUodI|IS ($66T) AqJaQ
JualajIp Ajjuedyiubis
10U 9y PUB NN OU  S¥39Mm QT D 3K2 uonnjos Buljagel-dyH ‘WN 8 Jnies el uopnjos auljes (066T) l12MO]j0H 49N

WESN

(S)}nsa4 yueypsodwi 3soly  dn-mojjo4  $|0J3u0d /sdnoio spoyIo Jewiuy  AJSAIIBP /491D Bgn}aAJeN  (JA) Jouine 3sii4

$10308) YIMOJID)

sogny AIOU UO MaINDY Y



G 431dVHD

83

ap1LIoN|y dUBPIIAUIAAIOD = 4AQd SI9q1) PRIRUIIRAW = 4 :UONRIABIQQY

sagm SHooM
pajodun s pajod u 4|4 80w AR pajodun WN v oneps  ashow 4aAd pajod (£86T) 48Ydsigay 4aAd

(ww)

azis

(S)3InsaJ Juepodwl 31sol  dn-moj|04 $|0J3U0d /sdnoi9 SPoOYIs W deg 9AJBN  |ewluy agn} aAIBN  (UA) J

s1awAjod aA13ONPUOD

sJaqly pajeulpAwun = 4N ‘Ajuediiubis = ubls ‘(d1ejA1deyiaw [AYyew-0d-alejAideyiaw

1AY38AX0IPAY-2)A10d = VININ-VINTHC ‘SuoInauojow = NI ‘SJaql) pajeul|sAw = 4|4 ‘plobolonyy = 94 JauwA|odod ajeiade |AulA-aud|Ayle = YA T ‘SnBuo| wnioybip
JOSUR}Xd = @3 ‘S||22 uol|Bueb 3004 [eSIOP = DY JUBIBLIP =4IP DWOIYD03AD = JAD ‘SUOIJLIIUSIUOD = DUOD ‘UIWNG|e WNISS BUIAOQ = YSY :SUOIIRIARIqQY
(s|9b BululeIUOD-UlUIWE| pue Usbe||0d 335S) |9B0JYIA .

sdnoJ6 Jsyjo ueyy Jaybiy
pue yeiboine o} a|qesedwod Adws ‘|96
9AJ3U RISIp Ul 4|4 OU Syoam g  Uabe||0d ‘Yelboine WN 0T Jnels el |96 Uabe[j0d YWIN-VINIHd (£002) eypIW 494

SUIUOW g 1B DAIBU [RISIP
ul 4 OU J93ealb ‘aduelsip

uoleJjauad paseasdul  syuow g WN jew jo Bul

Y1IM SAep GT 1€ 198)J8 Xew o1dn sjew ureid  ‘Buiuieisounwiw 0T 2nens 1eJ  S]ew uidsuoIql  -||oJ ‘egny ou (L66T) dulo1S ¢-IN
sia1owWelp pue uofJodoid adAy Jaqly pue

J1aq1y 9jasnw | 8dA3 Bulioisal Ag 1yBlam apdshw Jew jo Bul P-IN

SSO| SSeWw SN3|0S PasJanal y-IN  SAep 0ZT sjew uleld @3 pue snajos 0T  onemns Jel  SjeW UIdBUOoIQlY |0 ‘9gn} ou (£002) uowis pue 4Nag

¢6¢ VsS4

10430 ‘G61T $-IN ‘S¥8T 49N dWN 1004 ¢-1N pue

‘298 4NAg :(3gn3 piw) JIA ou SHodMm duoje vysg pue 4W) WN 14 |esiop 1el vsd VA3 (T002) Ydoig ‘49N ‘4NAd

0vsda ¢-IN

‘eG ¢-LN ‘T86 ANAD :NWOU  SHa9M 9 auoje ysg  Buljage| 94 ‘WN 8 |e1oey el vsd VA3 (2002) sedleg pue 4Nd9




Review on nerve tubes

(-]
I

REFERENCES

1. Chiu, D.T,, et al., Autogenous vein graft
as a conduit for nerve regeneration.
Surgery, 1982. 91(2): p. 226-33.

2. Mackinnon, S.E., et al., Clinical
outcome following nerve allograft
transplantation. Plast Reconstr Surg,
2001.107(6): p. 1419-29.

3. Siemionow, M. and E. Sonmez, Nerve
Allograft Transplantation: A Review.

J Reconstr Microsurg, 2008.

4. de Ruiter, G.C., et al., Misdirection of
regenerating motor axons after nerve
injury and repair in the rat sciatic nerve
model. Exp Neurol, 2008.

5. Weiss, P., The technology of nerve
regeneration: a review. Sutureless
tubulation and related methods fo
nerve repair. J Neurosurgey, 1944.1;

p. 400-450.

6. Sunderland, S., Nerve grafting. Nerves
and nerve injuries, ed. S. Sunderland.
1978, Edinburgh, London, New York:
Churchill, Livingstone.

7. Uzman, B.G. and G.M. Villegas, Mouse
sciatic nerve regeneration through
semipermeable tubes: a quantitative
model. J Neurosci Res, 1983. 9(3):

p. 325-38.

8. Aebischer, P, V. Guenard, and
R.F. Valentini, The morphology of
regenerating peripheral nerves
is modulated by the surface
microgeometry of polymeric guidance
channels. Brain Res, 1990. 531(1-2):

p. 211-8.

9. Scaravilli, F., Regeneration of the
perineurium across a surgically induced
gap in a herve encased in a plastic tube.
J Anat, 1984. 139 ( Pt 3): p. 411-24.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Young, B.L., et al., An effective sleeving
technique in nerve repair. J Neurosci
Methods, 1984.10(1): p. 51-8.

Madison, R.D., et al., Peripheral nerve
regeneration with entubulation repair:
comparison of biodegradeable nerve
guides versus polyethylene tubes and
the effects of a laminin-containing gel.
Exp Neurol, 1987. 95(2): p. 378-90.
Henry, E.W., et al., Nerve regeneration
through biodegradable polyester tubes.
Exp Neurol, 1985. 90(3): p. 652-76.
Seckel, B.R,, et al., Nerve regeneration
through synthetic biodegradable nerve
guides: regulation by the target organ.
Plast Reconstr Surg, 1984. 74(2):

p. 173-81.

Lundborg, G., et al., Nerve regeneration
in silicone chambers. influence of gap
length and of distal stump components.
Exp Neurol, 1982. 76(2): p. 361-75.
Williams, L.R., et al., Spatial-temporal
progress of peripheral nerve
regeneration within a silicone chamber:
parameters for a bioassay. J Comp
Neurol, 1983. 218(4): p. 460-70.

Zhao, Q., Dahlin, LB, Kanje, M,
Lundborg, G, Repair of the transected
rat sciatic nerve: matrix formation within
implanted silicone tubes. Restor Neurol
Neurosci, 1993. 5: p. 197-204.

Williams, L.R. and S. Varon,
Modification of fibrin matrix formation
in situ enhances nerve regeneration

in silicone chambers. J Comp Neurol,
1985. 231(2): p. 209-20.

Jenq, C.B. and R.E. Coggeshall, Nerve
regeneration through holey silicone
tubes. Brain Res, 1985. 361(1-2):

p. 233-41.



19.

20.

21.

22.

23.

24.

25.

26.

Jeng, C.B. and R.E. Coggeshall,
Permeable tubes increase the length

of the gap that regenerating axons

can span. Brain Res, 1987. 408(1-2):

p. 239-42.

Vleggeert-Lankamp, C.L., et al., Pores in
synthetic nerve conduits are beneficial
to regeneration. J Biomed Mater Res A,
2007.80(4): p. 965-82.

Rodriguez, F.J., et al., Highly permeable
polylactide-caprolactone nerve guides
enhance peripheral nerve regeneration
through long gaps. Biomaterials, 1999.
20(16): p. 1489-500.

Kim, D.H., et al., Comparison of
macropore, semipermeable, and
nonpermeable collagen conduits in
nerve repair. J Reconstr Microsurg,
1993. 9(6): p. 415-20.

Jenq, C.B., L.L. Jenq, and R.E.
Coggeshall, Nerve regeneration
changes with filters of different pore
size. Exp Neurol, 1987. 97(3): p. 662-71.
Aebischer, P., V. Guenard, and S. Brace,
Peripheral nerve regeneration through
blind-ended semipermeable guidance
channels: effect of the molecular weight
cutoff. J Neurosci, 1989. 9(10):

p. 3590-5.

Guenard, V., R.F. Valentini, and

P. Aebischer, Influence of surface
texture of polymeric sheets on
peripheral nerve regeneration in a
two-compartment guidance system.
Biomaterials, 1991. 12(2): p. 259-63.
den Dunnen, W., van der Lei, B,
Robinson PH, Holwerda, A, Pennings,
AJ, Schakenraad, JM, Biological
performance of a degradable poly(lactic
acid-g-caprolactone) nerve guide:
influence of tube dimensions. J Biomed
Mater Res A, 1995. 29: p. 757-766.

27.

28.

29.

30.

31.

32.

33.

34,

de Ruiter, G.C,, et al., Methods for in
vitro characterization of multichannel
nerve tubes. J Biomed Mater Res A,
2007.

Evans, G.B., K. Widmer, M. Glrlek, A.
Savel, T. Gupta, P. Lohman, R. Williams,
J. Hodges, J. Nabawi, A. Patrick,

C. Mikos, AG., Tissue engineered
conduits: the use of biodegradable
poly-DL-lactic-co-glycolic acid

(PLGA) scaffolds in peripheral nerve
regeneration. Biological matrices and
tissue reconstruction., ed. H.R. Stark
GE, Tanczos E. 1998, Berlin: Springer.
225-35.

Belkas, J.S., et al., Peripheral nerve
regeneration through a synthetic
hydrogel nerve tube. Restor Neurol
Neurosci, 2005. 23(1): p. 19-29.

Midha, R., et al., Growth factor
enhancement of peripheral nerve
regeneration through a novel synthetic
hydrogel tube. J Neurosurg, 2003.
99(3): p. 555-65.

Vleggeert-Lankamp, C.L., The role of
evaluation methods in the assessment
of peripheral nerve regeneration
through synthetic conduits: a systematic
review. Laboratory investigation. J
Neurosurg, 2007.107(6): p. 1168-89.
den Dunnen, W.F.,, et al., Poly(DL-
lactide-epsilon-caprolactone) nerve
guides perform better than autologous
nerve grafts. Microsurgery, 1996. 17(7):
p. 348-57.

Dellon, A.L. and S.E. Mackinnon, An
alternative to the classical nerve graft
for the management of the short nerve
gap. Plast Reconstr Surg, 1988. 82(5):
p. 849-56.

Mackinnon, S.E., A.L. Dellon, and

J.P. O’Brien, Changes in nerve fiber
numbers distal to a nerve repair in the

[+:]
vl

CHAPTER 5



Review on nerve tubes

[o]
(=]

35.

36.

37.

38.

39.

rat sciatic nerve model. Muscle Nerve,
1991. 14(11): p. 116-22.

Ansselin, A.D., T. Fink, and D.F.

Davey, Peripheral nerve regeneration
through nerve guides seeded with
adult Schwann cells. Neuropathol Appl
Neurobiol, 1997. 23(5): p. 387-98.

Kim, D.H., et al., Labeled Schwann cell
transplants versus sural nerve grafts in
nerve repair. J Neurosurg, 1994. 80(2):
p. 254-60.

Guenard, V., et al., Syngeneic Schwann
cells derived from adult nerves seeded
in semipermeable guidance channels
enhance peripheral nerve regeneration.
J Neurosci, 1992. 12(9): p. 3310-20.
Valero-Cabre, A., et al., Superior
muscle reinnervation after autologous
nerve graft or poly-L-lactide-epsilon-
caprolactone (PLC) tube implantation
in comparison to silicone tube repair. J
Neurosci Res, 2001. 63(2): p. 214-23.
de Ruiter, G.C., Spinner, R.J., Malessy,
M.J.A., Moore, M.J., Sorenson,

E.J., Currier, B.L., Yaszemski, M.J.,
Windebank, A.J., Accuracy of motor
axon regeneration across autograft,
single lumen, and multichannel
poly(lactic-co-glycolic acid) (PLGA)
nerve tubes. Neurosurgery, in press,
2008.

40.Bodine-Fowler, S.C., et al., Inaccurate

41.

42

projection of rat soleus motoneurons: a
comparison of nerve repair techniques.
Muscle Nerve, 1997. 20(1): p. 29-37.
Evans, P.J., et al., Selective
reinnervation: a comparison of recovery
following microsuture and conduit nerve
repair. Brain Res, 1991. 559(2): p. 315-21.

.Rende, M., et al., Accuracy of

reinnervation by peripheral nerve axons
regenerating across a 10-mm gap within

43.

44.

45.

46

47.

48.

49.

50.

an impermeable chamber. Exp Neurol,
1991. 1M1(3): p. 332-9.

Zhao, Q. et al., Specificity of muscle
reinnervation following repair of the
transected sciatic nerve. A comparative
study of different repair techniques in
the rat. J Hand Surg [Br], 1992. 17(3):
p. 257-61.

Brushart, T.M., et al., Joseph H. Boyes
Award. Dispersion of regenerating
axons across enclosed neural gaps.

J Hand Surg [Am], 1995. 20(4):

p. 557-64.

Vleggeert-Lankamp, C.L., et al., Type
grouping in skeletal muscles after
experimental reinnervation: another
explanation. Eur J Neurosci, 2005.
21(5): p. 1249-56.

.de Medinaceli, L., Freed, WJ, Wyatt,

RJ, An index of the functional
condition of rat sciatic nerve based
on measurements made from
walking tracks. Exp Neurol, 1982. 77:
p. 634-643.

Bain, J.R., S.E. Mackinnon, and

D.A. Hunter, Functional evaluation

of complete sciatic, peroneal, and
posterior tibial nerve lesions in the
rat. Plast Reconstr Surg, 1989. 83(1):
p.129-38.

Dellon, A.L. and S.E. Mackinnon,
Sciatic nerve regeneration in the rat.
Validity of walking track assessment in
the presence of chronic contractures.
Microsurgery, 1989. 10(3): p. 220-5.
Weber, R.A,, et al., Autotomy and the
sciatic functional index. Microsurgery,
1993.14(5): p. 323-7.

Fu, S.Y. and T. Gordon, Contributing
factors to poor functional recovery
after delayed nerve repair: prolonged
denervation. J Neurosci, 1995. 15(5 Pt
2): p. 3886-95.



51

52.

53.

54.

55.

56.

57.

58.

de Ruiter, G.C., Malessy, M.J.A., Alaid,
A.O., Spinner, R.J., Engelstad, J.K.,
Sorenson, E.J., Kaufman, K.R., Dyck,
P.J., Windebank, A.J., Misdirection of
regenerating motor axons after nerve
injury and repair in the rat sciatic nerve
model. Exp Neurol, 2008. accepted for
publication.

Yannas, I.V. and B.J. Hill, Selection

of biomaterials for peripheral nerve
regeneration using data from the nerve
chamber model. Biomaterials, 2004.
25(9): p. 1593-600.

Archibald, S.J,, et al., 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(4): p. 685-96.

Archibald, S.J., et al., Monkey median
nerve repaired by nerve graft or
collagen nerve guide tube. J Neurosci,
1995. 15(5 Pt 2): p. 4109-23.
Mackinnon, S.E. and A.L. Dellon,

A study of nerve regeneration across
synthetic (Maxon) and biologic
(collagen) nerve condluits for nerve gaps
up to 5 cmin the primate. J Reconstr
Microsurg, 1990. 6(2): p. 117-21.

Stanec, S. and Z. Stanec,
Reconstruction of upper-extremity
peripheral-nerve injuries with ePTFE
conduits. J Reconstr Microsurg, 1998.
14(4): p. 227-32.

Pitta, M.C., et al., Use of Gore-Tex tubing
as a conduit for inferior alveolar and
lingual nerve repair: experience with

6 cases. J Oral Maxillofac Surg, 2001.
59(5): p. 493-6; discussion 497.

Pogrel, M.A., A.R. McDonald, and L.B.
Kaban, 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(3): p. 319-21; discussion 321-2.

59. Ashley, W.W,, Jr., T. Weatherly, and
T.S. Park, Collagen nerve guides for
surgical repair of brachial plexus birth

injury. J Neurosurg, 2006. 105(6 Suppl):

p. 452-6.

60.Crawley, W.A. and A.L. Dellon, Inferior

alveolar nerve reconstruction with a
polyglycolic acid bioabsorbable nerve
conduit. Plast Reconstr Surg, 1992.
90(2): p. 300-2.

61. Kim, J. and A.L. Dellon, Reconstruction

of a painful post-traumatic medial
plantar neuroma with a bioabsorbable
nerve conduit: a case report. J Foot
Ankle Surg, 2001. 40(5): p. 318-23.
62. Navissano, M., et al., Neurotube for

facial nerve repair. Microsurgery, 2005.

25(4): p. 268-71.

63. Ducic, I., C.T. Maloney, Jr., and A.L.
Dellon, Reconstruction of the spinal
accessory nerve with autograft
or neurotube? Two case reports.

J Reconstr Microsurg, 2005. 21(1):
p. 29-33; discussion 34.

64.Dellon, A.L. and C.T. Maloney, Jr.,
Salvage of sensation in a hallux-
to-thumb transfer by nerve tube
reconstruction. J Hand Surg [Am],
2006. 31(9): p. 1495-8.

65. Donoghoe, N., G.D. Rosson, and A.L.
Dellon, Reconstruction of the human
median nerve in the forearm with the
Neurotube. Microsurgery, 2007. 27(7):
p. 595-600.

66.Inada, Y., et al., Regeneration of
peripheral motor nerve gaps with
a polyglycolic acid-collagen tube:
technical case report. Neurosurgery,
2007. 61(5): p. E1105-7; discussion
ET07.

o]
N

CHAPTER 5



Review on nerve tubes

00
=]

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Inada, Y., et al., Regeneration

of peripheral nerve gaps with a
polyglycolic acid-collagen tube.
Neurosurgery, 2004. 55(3): p. 640-6;
discussion 646-8.

Hung, V. and A.L. Dellon,
Reconstruction of a 4-cm Human
Median Nerve Gap by Including

an Autogenous Nerve Slice in a
Bioabsorbable Nerve Conduit: Case
Report. J Hand Surg [Am], 2008. 33(3):
p. 313-5.

Fan, W., et al., Repairing a 35-mm-long
median nerve defect with a chitosan/
PGA artificial nerve graft in the human:

a case study. Microsurgery, 2008. 28(4):

p. 238-42.

Lundborg, G., et al.,, Tubular versus
conventional repair of median and ulnar
nerves in the human forearm: early
results from a prospective, randomized,
clinical study. J Hand Surg [Am], 1997.
22(1): p. 99-106.

Lundborg, G., et al.,, Tubular repair of
the median or ulnar nerve in the human
forearm: a 5-year follow-up. J Hand
Surg [Br], 2004. 29(2): p. 100-7.
Dellon, A.L., Use of a silicone tube for
the reconstruction of a nerve injury. J
Hand Surg [Br], 1994.19(3): p. 271-2.
Meek, M.F., et al., The use of silicone
tubing in the late repair of the median
and ulnar nerves in the forearm. J Hand
Surg [Br], 2000. 25(4): p. 408-9.
Merle, M., et al., Complications from
silicon-polymer intubulation of nerves.
Microsurgery, 1989. 10(2): p. 130-3.
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(6): p. 703-6.
Dahlin, L.B., L. Anagnostaki, and G.
Lundborg, Tissue response to silicone

77.

78.

79.

80.

8l.

82.

83.

84.

tubes used to repair human median and
ulnar nerves. Scand J Plast Reconstr
Surg Hand Surg, 2001. 35(1): p. 29-34.
Dahlin, L. and G. Lundborg, The use of
silicone tubing in the late repair of the
median and ulnar nerves in the forearm.
J Hand Surg [Br], 2001. 26(4): p. 393-4.
Mackinnon, S.E. and A.L. Dellon,
Clinical nerve reconstruction with a
bioabsorbable polyglycolic acid tube.
Plast Reconstr Surg, 1990. 85(3):

p. 419-24.

Moberg, E., Two-point discrimination
test. A valuable part of hand surgical
rehabilitation, e.g. in tetraplegia. Scand
J Rehabil Med, 1990. 22(3): p. 127-34.
Battiston, B., et al., Nerve repair by
means of tubulization: literature review
and personal clinical experience
comparing biological and synthetic
conduits for sensory nerve repair.
Microsurgery, 2005. 25(4): p. 258-67.
Weber, R.A,, et al., A randomized
prospective study of polyglycolic acid
conduits for digital nerve reconstruction
in humans. Plast Reconstr Surg, 2000.
106(5): p. 1036-45; discussion 1046-8.
Bertleff, M.J., M.F. Meek, and J.P.
Nicolai, A prospective clinical evaluation
of biodegradable neurolac nerve guides
for sensory nerve repair in the hand. J
Hand Surg [Am], 2005. 30(3): p. 513-8.
Dellon, E.S., et al., Validation of
cutaneous pressure threshold
measurements for the evaluation of
hand function. Ann Plast Surg, 1997.
38(5): p. 485-92.

Meek, M.F. and J.H. Coert, US Food and
Drug Administration/Conformit Europe-
approved absorbable nerve conduits for
clinical repair of peripheral and cranial
nerves. Ann Plast Surg, 2008. 60(1):

p. 110-6.



85.

86.

87.

88.

89.

Madison, R.D., C.F. Da Silva, and P.
Dikkes, Entubulation repair with protein
additives increases the maximum nerve
gap distance successfully bridged with
tubular prostheses. Brain Res, 1988.
447(2): p. 325-34.

Labrador, R.O., M. Buti, and X. Navarro,
Influence of collagen and laminin gels
concentration on nerve regeneration
after resection and tube repair. Exp
Neurol, 1998. 149(1): p. 243-52.
Valentini, R.F,, et al., Collagen- and
laminin-containing gels impede
peripheral nerve regeneration through
semipermeable nerve guidance
channels. Exp Neurol, 1987. 98(2):

p. 350-6.

Verdu, E., et al., Alignment of collagen
and laminin-containing gels improve
nerve regeneration within silicone
tubes. Restor Neurol Neurosci, 2002.
20(5): p. 169-79.

Rodriguez, F.J., et al., Nerve guides
seeded with autologous schwann

cells improve nerve regeneration. Exp
Neurol, 2000. 161(2): p. 571-84.

90.Sinis, N., et al., Nerve regeneration

9

92.

93.

across a 2-cm gap in the rat median
nerve using a resorbable nerve conduit
filled with Schwann cells. J Neurosurg,
2005.103(6): p. 1067-76.

Luo, Y. and M.S. Shoichet, A photolabile
hydrogel for guided three-dimensional
cell growth and migration. Nat Mater,
2004. 3(4): p. 249-53.

Lundborg, G., et al., A new type of
“bioartificial” nerve graft for bridging
extended defects in nerves. J Hand
Surg [Br], 1997. 22(3): p. 299-303.
Matsumoto, K., et al., Peripheral nerve
regeneration across an 80-mm gap
bridged by a polyglycolic acid (PGA)-
collagen tube filled with laminin-coated

94.

95.

96.

97.

98.

99.

collagen fibers: a histological and
electrophysiological evaluation of
regenerated nerves. Brain Res, 2000.
868(2): p. 315-28.

Wang, X., et al., Dog sciatic nerve
regeneration across a 30-mm defect
bridged by a chitosan/PGA artificial
nerve graft. Brain, 2005. 128(Pt 8):

p. 1897-910.

Nakamura, T., et al., Experimental
study on the regeneration of peripheral
nerve gaps through a polyglycolic acid-
collagen (PGA-collagen) tube. Brain
Res, 2004.1027(1-2): p. 18-29.

Francel, P.C., et al., Enhancing nerve
regeneration across a silicone tube
conduit by using interposed short-
segment nerve grafts. J Neurosurg,
1997. 87(6): p. 887-92.

Meek, M.F,, et al., Evaluation of
functional nerve recovery after
reconstruction with a poly (DL-lactide-
epsilon-caprolactone) nerve guide, filled
with modified denatured muscle tissue.
Microsurgery, 1996. 17(10): p. 555-61.
Yoshii, S. and M. Oka, Peripheral nerve
regeneration along collagen filaments.
Brain Res, 2001. 888(1): p. 158-162.
Yoshii, S., et al., Bridging a 30-mm
nerve defect using collagen filaments.
J Biomed Mater Res, 2003. 67A(2):

p. 467-74.

100. Sundback, C., et al., Manufacture of

101.

porous polymer nerve conduits by a
novel low-pressure injection molding
process. Biomaterials, 2003. 24(5):
p. 819-30.

Hadlock, T., et al., A polymer foam
conduit seeded with Schwann cells
promotes guided peripheral nerve
regeneration. Tissue Eng, 2000. 6(2):
p. 119-27.

[o]
[T]

CHAPTER 5



Review on nerve tubes

O
o

102.

103.

104.

105.

106.

107.

108.

109.

0.

Bender, M.D., et al., Multi-channeled
biodegradable polymer/CultiSpher
composite nerve guides. Biomaterials,
2004. 25(7-8): p. 1269-78.

Yang, Y., et al., Neurotrophin
releasing single and multiple lumen
nerve conduits. J Control Release,
2005.104(3): p. 433-46.

Sinis, N., et al., Long nerve gaps
limit the regenerative potential of
bioartificial nerve conduits filled
with Schwann cells. Restor Neurol
Neurosci, 2007. 25(2): p. 131-41.
Evans, G.R., et al., Bioactive poly(L-
lactic acid) conduits seeded with
Schwann cells for peripheral nerve
regeneration. Biomaterials, 2002.
23(3): p. 841-8.

Mimura, T., et al., Peripheral nerve
regeneration by transplantation

of bone marrow stromal cell-
derived Schwann cells in adult rats.
J Neurosurg, 2004. 101(5): p. 806-12.
Rich, K.M,, et al., Nerve growth factor
enhances regeneration through
silicone chambers. Exp Neurol, 1989.
105(2): p. 162-70.

Whitworth, I.H., et al., Nerve growth
factor enhances nerve regeneration
through fibronectin grafts. J Hand
Surg [Br], 1996. 21(4): p. 514-22.
Sterne, G.D,, et al., Neurotrophin-3
delivered locally via fibronectin
mats enhances peripheral nerve
regeneration. Eur J Neurosci, 1997.
9(7): p. 1388-96.

Santos, X., et al., Evaluation of
peripheral nerve regeneration

by nerve growth factor locally
administered with a novel system.

J Neurosci Methods, 1998. 85(1):

p. 119-27.

m.

112.

n3.

4.

Goraltchouk, A., et al., Incorporation
of protein-eluting microspheres

into biodegradable nerve guidance
channels for controlled release.

J Control Release, 2006. 110(2):

p. 400-7.

Piotrowicz, A. and M.S. Shoichet,
Nerve guidance channels as drug
delivery vehicles. Biomaterials, 2006.
27(9): p. 2018-27.

Aebischer, P, et al., Piezoelectric
guidance channels enhance
regeneration in the mouse sciatic
nerve after axotomy. Brain Res, 1987.
436(1): p. 165-8.

Schmidt, C.E., et al., Stimulation

of neurite outgrowth using an
electrically conducting polymer. Proc
Natl Acad Sci U S A, 1997. 94(17):

p. 8948-53.



