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INTRODUCTION
The current gold standard in primary peripheral nerve 

repair is primary end to end coaptation of nerves.1 The 
avoidance of tension during repair is of utmost impor-
tance to facilitate nerve healing.2,3 However, tension-free 
repair is not always feasible clinically. Even if there is no 
nerve loss secondary to the initial injury, due to the princi-
ple of biotensegrity,4 peripheral nerves undergo a certain 
degree of retraction when severed, which leaves the nerve 
in some tension when repaired primarily. Intraoperatively, 
a surgeon may need to debride and shorten the ends of 
a transected nerve to improve its function by diminish-
ing intraneural scarring.5 Considering the above factors, 
the transected nerve would be in tension when repaired 
primarily with the end to end coaptation technique. The 
drawback is that it requires postoperative immobilization 
of joints with a splint to maintain a tension-free state until 
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Background: When primary repair of transected peripheral nerves is not possible due 
to large gaps, nerve grafts or repair using conduits are other options to bridge the gap 
such that the nerve is repaired without tension. When nerve gaps are repaired primar-
ily, there is a worry about tension, failure, and poor healing. In this biomechanical 
study comparing nerves repaired primarily versus those repaired with conduits, we 
hypothesized that conduit repair provided greater mechanical breaking strength.
Methods: We dissected fresh cadaveric sheep hooves and transacted their periph-
eral nerves. Subsequently, we divided these transacted nerves into 2 groups: pri-
mary repair versus repair using a nerve conduit. After repair using a standardized 
technique, we tensioned each of these repairs via a load tester and recorded the 
force required till repair failure occurred.
Results: Six nerves using primary nerve repair and 6 nerves repaired with a nerve 
conduit (10 mm length × 2.5 mm diameter) were studied. The average breaking 
strength of the nerves repaired with the nerve conduit was 0.92 N and that using 
the primary nerve repair technique was 0.46 N (P = 0.001). All the nerves repaired 
using nerve conduit repair had an additional 5 mm added to their total length as 
compared with the nerves in the other group.
Conclusions: Nerve repair using a nerve conduit ensures a higher breaking 
strength and potentially a greater tension-free repair as compared with primary 
nerve repairs in a sheep model. This study supports the use of conduits in the 
bridging of nerve gaps. (Plast Reconstr Surg Glob Open 2018;6:e1981; doi: 10.1097/
GOX.0000000000001981; Published online 17 December 2018.)
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there is adequate healing of the nerve repair site. This 
may produce joint stiffness and affect postoperative reha-
bilitation. Immobilizing a joint may even compromise the 
repair if postoperative contractures occur.2

Generally, surgeons do not attempt primary end to 
end repair when nerve gaps are more than 4 mm.6 If the 
gap between the transected nerves is too large to be re-
paired primarily without tension, autologous nerve graft-
ing remains the most reliable repair technique currently.7,8 
However, limited availability of donor tissue, sacrifice of 
a functional nerve, and possible neuroma formation are 
some problems associated with nerve grafting.1 To over-
come the problems posed by autografts, nerve allografts 
are being increasingly used, which have shown almost 
similar results in terms of safety and meaningful recovery 
as compared with autografts.9–11

Another technique in bridging gaps during nerve re-
pair, which overcomes the problems posed by primary 
repair and repair using an autograft, is by using a nerve 
conduit, which aims to guide axonal regrowth between the 
proximal and distal ends of a nerve gap via the phenom-
enon of neurotrophism.12 These allow for nerve debride-
ment and tension-free nerve coaptation without grafts. 
Types of conduits include polyesters [eg, poly lactic acid, 
poly L-lactic acid, poly glycolic acid, poly lactic-co-glycol-
ic acid (PLGA), expanded polytetrafluoroethylene, poly 
3-hydroxybutyrate-co-3-hydroxyvalerate, poly 3-hydroxybu-
tyrate, polycaprolactone, polyvinyl alcohol, polyurethane], 
collagen, poly glycolic acid–collagen, autologous vein 
grafts, fibronectin, keratin, chitin/chitosan, hyaluronic 
acid, and decellularized nerve allograft. Each conduit type 
and material has its pros and cons when used in nerve re-
pair.1,13–15

One such synthetic bioabsorbable material used as 
nerve conduits is poly (DL-lactide-ε-caprolactone) (PLC). 
It is commercially available by the name of Neurolac (Poly-
ganics BV, Groningen, Netherlands). They offer conduits 
of 1.5–10 mm inner diameters and a length of up to 3 cm 
and a thin-walled version Neurolac TW. Neurolac TW has 
a wall thickness of 40% less than Neurolac conduits, mak-
ing it easier to suture. These conduits are transparent, 
fully synthetic, nonimmunogenic, and retain mechanical 
properties up to 10 weeks. Hydrolysis and natural degra-
dation occur over 2 years.16

PLC conduits have been found to be equivalent in re-
sults to autograft nerve repair.17 In a blinded, randomized 
multicenter trial comparing standard treatment to PLC con-
duits in repair of traumatic peripheral nerve defects of the 
hand in 34 patients, Bertleff et al.16 found no significant dif-
ference in sensory outcomes compared with controls in the 
treatment of nerve gaps less than 20 mm over a 12-month 
period. Shin et al.18 showed that functional motor recov-
ery was similar in rat models whose sciatic nerves had been 
transected and repaired using PLC conduits and autografts. 
However, there is lack of information available in literature 
on the mechanical integrity of the PLC conduits after repair.

The aim of this study was to determine the mechani-
cal strength of PLC conduit nerve repair as compared 
with the standard end to end coaptation repair in a sheep 
nerve model.

MATERIALS AND METHODS
Fresh frozen cadaveric sheep hooves were used in this 

experiment. The cutaneous nerves on the hooves were 
dissected and 14 segments of peripheral nerves were har-
vested, each no shorter than 5 cm.

We used permanent, nonwater soluble ink to mark a 
section of 0.5 cm at the midpoint of each of the dissected 
nerves (Fig. 1). An electronic micrometer (Draper 46599, 
Hampshire, United Kingdom) was used to measure the 
diameter of the marked segment. Under microscope mag-
nification, the diameter of the nerve was measured when 
the tip of the micrometer touched the edge of the nerve. 
Three readings were taken and the average diameter for 
each nerve was calculated. Randomly selected 12 out of 14 
of these nerves were divided exactly at the middle of the 
marked section with a surgical blade.

Six divided nerves were repaired using primary end 
to end coaptation in the control group and the other 6 
divided nerves were coapted using PLC conduits in the ex-
perimental group. All 12 nerves were randomly assigned 
to these 2 groups. The 2 remaining unsectioned nerves 
were used for illustration and descriptive purposes.

Using G* Power Analysis (SPSS statistical software, 
IBM, New York, N.Y.), two-tailed test with alpha of 0.01 
and 80% power to detect meaningful difference be-
tween the maximal load or maximal displacement of 
2 groups (from the experimental data), would require 
3 or 1 specimen(s) per group. In our study, we had 6 
specimens per group, which exceeded the requirement 
as mentioned above.

For standardization, all surgical coaptation in this 
study was conducted by the same experienced micro-
surgeon with the aid of loupes with 6× magnification us-
ing standard microsurgical techniques with Ethilon 8-0 
round body sutures. As shown in Figure 2, 2 single throw 
technique was used to secure each suture and 2 sutures 
were used for each nerve repair in the primary repair 
group.

A Neurolac TW (Thin Wall) nerve connector was 
used in all nerve conduit repairs. A 2.5 mm diameter, 
10 mm length nerve conduit was used. The nerve conduit 
was then sutured to the proximal and distal stumps of the 
dissected nerve with 2 sutures on each end as shown in 

Fig. 1. A 5 mm segment was marked, and this segment was divided 
in the middle such that the distance between each mark and the 
divided end was 2.5 mm.
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Figure 3. The dimensions and layout of the entire repair 
are shown in Figure 4. The standard 2 throw technique 
was used for each suture with an Ethilon 8-0 suture.

An E-1000 Dynamic Tester (Instron Corp., Canton, 
Mass.) was used in this experiment. The ends of the nerves 
were clamped by the grippers 1 cm away from the repair 
site at either end (ie, the total length from clamp to clamp 
in the primary repair group was 2 cm and that in the 

conduit repair group was 3 cm). The distance from clamp 
to clamp in the intact nerve group was 1 cm.

The whole set up was submerged in a saline bath at 
36.9 degrees Celsius. For the biomechanical testing, the 
nerve was tensioned and loaded to failure at an extension 
rate of 1 cm/min19 and the resultant load displacement 
curve was obtained. A high-resolution camera was used to 
record the testing process and failure mechanism.

Statistical Analysis
The data were analyzed using SPSS Statistics 16.0 soft-

ware (IBM, Chicago, Ill.). Descriptive statistics (means 
and SDs) and 1-way analysis of variance tests were used 
to analyze the diameters, cross-sectional area, maximal 
load, maximal displacement, maximal stress, maximal 
strain and Young’s modulus. The P value less than 0.05 
was considered as a significant difference in between 2 
groups.

RESULTS
Table  1 lists the averaged diameter, cross-sectional 

area, maximal load to failure, maximal displacement to 
failure, maximal stress, and maximal strain of all the 14 
nerves in testing in all the 3 groups. Table 2 summarizes 
the mean results with SDs and the statistical analysis of the 
data. Data collected from the intact nerve group were not 
used for statistical analysis. There was no statistical signifi-
cance between the average diameters and cross-sectional 
areas of nerves in the primary repair and conduit repair 
groups.

In the primary repair group, failure occurred via su-
tures cutting out through the nerve substance of either 
end of the repaired nerves. There was no breakage or un-
raveling of the sutures in this group.

In the conduit repair group, failure occurred via su-
ture cut-out through the nerve substance and unravel-
ing of the sutures (Fig.  5). There was no cut-out at the 
conduit-suture interface nor was there any breakage of 
sutures. There was also no rupture of the conduit as a 
cause for failure in this group. An additional 5 mm length 
was added in the repair construct between the 2 ends of 
transected nerves in the conduit repair group (Fig. 4) as 
compared with the primary repair group where there was 
end to end coaptation.

Both nerves in the intact nerve group failed at the 
nerve clamp interface. However, there was no failure at 
the nerve clamp interface in both the primary and the 
conduit repair groups.

Fig. 2. Two single throw technique was used for all repairs, and 2 
such sutures were used in each nerve in the primary repair group.

Fig. 3. Two sutures were used to secure the dissected nerve at each 
end of the conduit in the conduit repair group using the same 2 
single throw technique.

Fig. 4. A representation of the exact dimensions and layout of the repair construct 
in the conduit repair group.
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Figure 6 and Figure 7 show the relationship of all 3 groups 
plotted as Load VS Displacement and Stress VS Strain curves, 
respectively. Elasticity or Young’s modulus was determined by 
taking the gradient of the linear portion of each of the Stress 
VS Strain curves and is represented in Tables 1, 2.

DISCUSSION
This study shows that there is a statistically significant 

increase in maximal load to failure in nerves repaired via 

a conduit (0.92 N) as compared with a primary end to end 
repair (0.46 N; P = 0.001). The nerve-conduit repair in-
terface and the tougher PLC material of the conduit may 
have added to the increased breaking strength in the con-
duit repair group as compared with the nerve-nerve repair 
interface in the primary repair group. It was noted that 
failure never occurred due to direct cut-out at the suture-
conduit interface nor breakage of the conduit itself in all 
the 6 repairs in the conduit group. In a study testing the 
tensile strength of PLGA conduits and autografts, where 
the number of sutures used in both repair groups were 

Table 2.  Experiment Mean Results

Variables Tested

Intact  
Nerve  
Group

Primary 
Repair Group

Conduit 
Repair Group P

Diameter (mm) 1.73 (±0.42) 1.96 (±0.33) 2.07 (±0.64) 0.716
Cross-sectional area (mm2) 2.42 (±1.15) 3.10 (±1.072) 3.64 (±2.31) 0.716
Maximal load (N) 4.55 (±0.85) 0.46 (±0.094) 0.92 (±0.23) 0.001
Maximal displacement (mm) 8.83 (±1.94) 5.87 (±1.20) 9.8 (±2.095) 0.003
Maximal stress (N/mm2) 2.22 (±1.41) 0.17 (±0.072) 0.35 (±0.22) 0.078
Maximal strain (%) 88.25 (±19.45) 31.52 (±11.07) 49.02 (±8.07) 0.011
Elasticity (Young’s Modulus) (MPa) 3.46 (±1.95) 0.93 (±0.73) 0.95 (±0.64) 0.974
Note that P values are based on the comparison between primary and conduit repair groups only. Bold values represent P < 0.05 which are considered as a signifi-
cant difference.

Fig. 5. Failure in the conduit repair group occurred via cut-out 
through the nerve substance (top left suture) and unraveling of the 
sutures (bottom left suture).

Fig. 6. Load VS Displacement graph of the 3 groups in testing.

Table 1.  Descriptive Data of All the 14 Nerves in Testing in All the 3 Groups

Nerve Groups in 
Testing

Averaged  
Diameter  

(mm)
Cross-sectional 

Area (mm2)

Maximal  
Load  
(N)

Maximal  
Displacement 

(mm)

Maximal  
Stress  

(N/mm2)

Maximal  
Strain  
(%)

Elasticity  
(Young’s Modulus) 

(MPa)

Intact nerve group 
(×2 nerves)

1.43 1.60 5.15 7.45 3.21 74.50 4.84
2.03 3.23 3.95 10.2 1.22 102.00 2.08

Primary repair  
group (×6 nerves)

1.64 2.12 0.43 4.82 0.20 19.28 1.54
1.71 2.30 0.52 6.47 0.23 21.57 2.11
2.02 3.20 0.35 5.42 0.11 36.13 0.40
2.48 4.84 0.35 6.7 0.07 33.50 0.28
2.20 3.80 0.50 4.34 0.13 28.93 0.51
1.72 2.31 0.58 7.46 0.25 49.73 0.76

Conduit repair  
group (×6 nerves)

3.19 7.98 0.63 7.65 0.08 38.25 0.25
1.90 2.83 1.34 10.89 0.47 43.56 1.17
1.81 2.59 0.80 11.14 0.31 55.70 0.95
1.28 1.28 0.91 11.78 0.71 58.90 2.07
1.96 3.02 0.89 10.63 0.29 53.15 0.70
2.29 4.11 0.93 6.68 0.23 44.53 0.54
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the same, Yu et al.20 found that maximal tensile load, maxi-
mum stress, elastic limit load, and elastic limit stress were 
increased in a fresh human cadaver sciatic nerve repair 
model using PLGA conduits as compared with autoge-
nous nerve grafts. However, the author did not mention 
the site and size of the autogenous nerve graft harvested 
for the repair. Yu et al.20 concluded that PLGA conduits 
exhibited good intensity, elasticity and plasticity, indicat-
ing that they were fit to be used for repair in a human 
sciatic nerve injury.

In our study, there were also 2 sutures on either ends of 
the conduit (4 in total) to secure the repair as compared 
with only 2 sutures in the primary repair group. The addi-
tional sutures in each conduit repair may have also offered 
additional breaking strength in the overall repair. This hy-
pothesis is in line with a biomechanical cadaveric study on 
human digital nerves by Goldberg et al.21 that showed that 
nerves repaired primarily with 4 sutures had an increased 
load to failure as compared with nerves repaired with 2 
sutures. Although the cadaveric digital nerves were able to 
be repaired with 4 sutures in the study by Goldberg et al.,21 
it may not always be possible to add strength to a repair by 
using more than 2 sutures in smaller nerves. Using a con-
duit during nerve repair naturally enables more sutures 
to be placed within the construct and thus may potentiate 
for greater strength as compared with nerves of the same 
caliber repaired primarily.

Goldberg et al.21 also showed that intact digital nerves 
failed at a much higher force as compared with repaired 
nerves. Similarly, in our study, it was noted that the maxi-
mal load to failure in the intact nerve group was 4.55 N, 
which was far above the values in both the repair groups.

Both commercially available and autologous fibrin 
glue mixtures are popularly used as sealant to a primary 
nerve repairs. Although gapping and complete failure 
of repairs is often quoted as a major disadvantage when 
fibrin glues are used in isolation,22,23 very little evidence 
is available on the biomechanical advantage when fibrin 
glues are used in combination with suturing in primary 

nerve repairs. In their biomechanical study, Isaacs et al.24 
concluded that when primary, 2 suture nerve repairs were 
augmented with commercially available nerve sealants 
(Tisseel, Evicel and DuraSeal), initial gapping was pre-
vented as compared with nerve repair with suturing alone. 
However, they showed that none of the sealants increased 
the resistance to suture cut-outs nor did they increase the 
ultimate load to complete failure of the repair. More evi-
dence and a direct comparison are, however, needed to 
evaluate if there are any differences in the cut out strength 
when fibrin glues are used in primary nerve repairs and in 
repairs with a conduit.

Nerves in the conduit repair group had an additional 
5 mm added to their total length as compared with the 
nerves repaired using primary repair (Fig. 4). More evi-
dence is required if this additional length contributes to 
potentially less tension during nerve repair and during 
movement of the joints in a real patient. Even though a 
conduit of 1 cm and a nerve gap of 0.5 cm were simulated 
in this experiment, most published recommendations in-
dicate a high level of effectiveness for gaps up to 3 cm1,25–27 
though repair of even longer gaps has also been report-
ed.25 This suggests that there is a wide potential in using 
conduits for tension-free nerve repair.

Tension from end to end repair may result in intra-
neural hemorrhage, ischemia, followed by scar formation, 
and axoplasmic deterioration.2 Large anastomotic tension 
can lead to decreased axonal number and diameter, and 
this has also been consistent with decreased functional 
outcome.28 Although conduits have been described to 
decrease tension by adding length to the nerve repair, 
this has to be weighed in against the lack of robust ax-
onal growth and decreased functional recovery when 
large nerve gaps greater than 3 cm are repaired with con-
duits.1,25–27,29 There is no evidence in literature to support 
at which length of nerve gap or tension a conduit repair 
should be performed to facilitate optimal nerve regenera-
tion as compared with end to end repair. In a multicenter 
randomized prospective controlled trial comprising 98 
subjects with 136 nerve transections, Weber et al.30 showed 
that even though there was no statistically significant dif-
ference in terms of overall functional results and speed 
of recovery between nerves repaired with conduits and 
those repaired primarily, there was improved sensation 
in patients when conduit repair was used for nerve gaps 
of 4 mm or less, compared with end-to-end repair of digi-
tal nerves. Weber et al.30 also showed that in nerve gaps 
of 8–30 mm, the repair using a conduit resulted in better 
functional recovery as compared with repair with a nerve 
graft. In another prospective randomized study by Lund-
borg et al.31 comprising 18 patients with nerve injuries, it 
was shown that there was no difference between sensory 
and motor functional recovery of the hand in the conduit 
and primary repair groups, with the exception of percep-
tion of touch, which showed a significant difference at the 
3 months in favor of the conduit repair technique.

When transected nerves are repaired in the upper 
limb, to avoid excursion and strain and reciprocal tension 
on the nerves, joints are kept immobilized in a position 
of minimal tension until the nerve heals. Wright et al.32 

Fig. 7. Stress VS Strain graph of the 3 groups in testing.
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demonstrated that the radial nerve requires approximate-
ly 15 mm (at the elbow) and 10 mm (at the wrist) of un-
impeded movement to perform full motions of all joints 
of the upper extremity. This created a 28% strain of the 
radial nerve at the elbow. In another article,33 Wright et 
al.32 demonstrated that 21.9 mm of ulnar nerve excursion 
was required at the elbow and 23.2 mm at the wrist with 
maximal movement of the joints of the upper limb. This 
created strain at the wrist and elbow of about 29%. Exten-
sion of the ulnar nerve at the wrist was similar to that of 
the median nerve at the wrist during wrist and finger flex-
ion and extension.34 Although the length and diameter of 
the nerves in comparison are different, our experiment 
showed that the maximal average displacement (5.87 mm) 
and maximal average strain (31.52%) in the primary re-
pair group of the sheep nerves in testing were similar to 
the strain and excursion experienced by nerves in the 
upper limbs of cadaveric specimens during unrestricted 
motion of joints. Although a dedicated experiment is re-
quired to prove this, it can be postulated that the forces 
experienced clinically on an immobilized joint may be 
more than adequate to cause failures in primary nerve re-
pairs and performing a conduit repair may guard against 
this as the average maximal load, displacement, and strain 
to failure are statistically significantly higher in this experi-
mental group.

Isaacs et al.25 commented that passing a microsuture 
through the rigid PLC tubes can be very difficult. This dif-
ficulty was also encountered in this study despite using the 
thinned wall version conduit (Neurolac TW). However, 
there was no bending or breaking of the suture needles.

Some limitations in this biomechanical study are that 
of a small sample size and the use of an animal cadaveric 
model. The nerves harvested from the sheep hooves were 
not of uniform diameter, quality, or shape and the repairs 
were done ex-vivo. Uniform tension stress in a single plane 
was applied to the repaired nerves in this experiment, 
which may not mimic actual stresses that occur clinically 
after a nerve repair.

Nerve repair using a biodegradable synthetic PLC con-
duit such as the Neurolac TW conduit ensures a higher 
breaking strength and adds length to the nerves in dis-
continuity in a sheep model. Our article showed that the 
nerve-suture interface was consistently weaker than the su-
ture-conduit interface. More evidence is, however, needed 
if this has the potential for immediate postoperative mo-
bilization of joints and enhanced recovery without a worry 
about nerve repair failure due to breakage or tension.
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