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ABSTRACT

Tubulization as an alternative to autologous nerve grafting successfully bridges

relatively short nerve gaps. Digital nerve lesions are ideal for clinical outcome studies, but
only a few data have been published so far. We are presenting our clinical experiences based
on a review of the outcome and techniques in the current literature. Fifteen digital nerve
lesions in 14 patients have been overcome by interpositional grafting of a hollow collagen I
conduit. A follow-up of 12 months could be guaranteed in 12 cases. The mean nerve gap
was 12.5 4+ 3.7 mm. Four out of 12 patients, assessed 12 months postoperatively, showed
excellent sensibility (S4). Five patients achieved good sensibility, one poor, and two no
sensibility. Our results confirm tubulization as one possible technique in nerve reconstruc-
tion. However, the indication has to be set carefully, and the operation still requires solid
microsurgical skills, especially for proper handling and debridement of the severed nerve
endings.

KEYWORDS: Digital nerve, nerve tube, nerve reconstruction, collagen, clinical study

Nerve injuries are common in trauma surgery
and appear more frequently if the upper extremity is
affected.! Nerves are affected in ~10% of all hand
injuries that require surgical treatment.” The consequen-
ces may be numbness and impairment of motor function.
After repair, an intensive period of rehabilitation is
required. Sick leave and sometimes the need for a change
in profession and partial or even permanent total dis-
ability may have severe economic impact on the patient
and society.>* If the upper extremity is affected, the most
frequently injured nerves are the proper and common
digital nerves, followed by the median and ulnar

nerves. >’ Complete transection of a peripheral nerve
requires reconstruction of the continuity from proximal
and distal nerve stump. The gold standard for nerve
injuries that cannot be overcome by direct tensionless
coaptation is the nerve autograft.® Primary repair by end-
to-end coaptation can be performed in ~82% of the
cases.” Thus usually 18% require nerve reconstruction by
means of grafting or tubulization. In some cases, end-
to-side neurorrhaphy can be an alternative.®

Digital nerve lesions are ideal for clinical outcome
studies because results are easy to compare, but only a
few data of nerve reconstruction with artificial hollow
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Figure 1 |Intraoperative images after (A) debridement and (B) implantation of the collagen | nerve conduit at the medial

phalanx of the right index (patient 13).

conduits have been published so far.271* We are present-
ing our clinical experiences on the background of the
current literature.

MATERIAL AND METHODS

From July 2004 to November 2006, 15 nerve lesions in
14 patients were reconstructed by using tubulization
technique in our clinic. In the same period, 140 digital
nerves were subjected to tensionless end-to-end coapta-
tion. One patient required autologous nerve grafting due
to an extended gap length. The study was approved by
the local review board. We restricted the indication
for tubulization to palmar- and digital-sensitive nerves
distal to the wrist. Collagen I conduits were used
(NeuraGen; Integra LifeSciences, Plainsboro, NJ),
which are available in a maximum length of 30 mm.
The semipermeable tubes are made from bovine tendon

and can be maintained in different diameters ranging
from 1.5 to 7 mm. In our study, all patients received
conduits with an internal diameter of 2 mm. In a moist
state, wall thickness is rather precisely 0.5 mm. Conduits
are soft, pliable, and completely degraded by
36 months.” All patients were operated on by micro-
surgically trained plastic surgeons. Figure 1 shows a
clinical example.

The cause of nerve damage was traumatic in 14
cases and iatrogenic in 1 case (Table 1). The mechanism
was mostly a cut injury by glass (7 of 15), knives or
scissors (5 of 15), or a steel sheet (1 of 15). In one case, it
was based on a circular saw accident, and in another, a
drilling accident. In five cases, we achieved primary
reconstruction. Another nine were objects of secondary
reconstruction 1 week up to 37 months after the initial
injury. In those two cases that were reconstructed 19 and
37 months after the injury, the patients attended our

Table 1 Patient Overview of All Cases with Nerve Reconstruction by Means of Tubulization

Primary or Gap Distance Proximal
Mechanism Delayed Nerve Length/ Suture to

Patient Age Gender Occupation of Injury Surgery (N1-N10) mm Fingertip/mm
1 12 F Student Mirror fragment 19 mo N8/9 18 115
2 38 F Homemaker Broken glass plate 37 mo N1 13 47
3 13 M Student Window grate 4 wk N10 8 60
4 25 M Craftsman Glass bottle fragment Primary N3 15 110
5 66 F Pensioner Knife stab 3 wk N5 6 58
6 22 M Student at university Broken jar 1 wk N2 12 50
7 66 M Pensioner Circular saw Primary N3 10 80
8 58 F Hairdresser latrogenic pulley splitting 4 mo N1 12 62
9 36 M Dental technician Drilling machine Primary N4 18 106
10 42 M Engineer Cardboard cutter 4 wk N3 15 58
11 57 M Mechanical engineer Stab with scissors 7 wk N4 16 63
12 13 M Student Sword blade Primary N4 9 95
13 23 M Laborer Steel sheet Primary N4 12 45
14 62 M Barkeeper Glass fragment 1 mo N 12 60
N2 14 60
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clinic for the first time less than a month before surgery.
No patient suffered from alcoholism, diabetes, neuro-
pathia, or collagenous diseases.

Twelve patients were available for follow-up. One
patient died and in one case the patient’s current address
could not be obtained (patients 13 and 14). The mean
age of the follow-up cohort was 38 years (range, 12 to
66 years). The average gap length was 12.7 £ 3.7 mm
(range, 6 to 18 mm). Wound contamination was absent
or minimal in all cases. The distance of the proximal
suture line to the distal fingertip was on average 71 mm
(45 to 115 mm).

The operating microscope was used in all oper-
ations. The repair of concomitant injuries of the hand as
well as exposure of the severed nerve ends is performed
under tourniquet control. It has to be released (followed
by meticulous hemostasis) before insertion of the nerve
ends into the conduit to prevent bleeding into the lumen
because the formation of a blood clot inside the tube is
detrimental to nerve regeneration. After proper debride-
ment, proximal and distal nerve endings were inserted
into the conduit with an overlap of ~2 mm. To evacuate
the conduit from potentially remaining blood clots, it
was rinsed with normal saline after each suture, which
was performed with one 10-0 nylon U suture at both
sides. We decided to administer single-shot 1.5 g cefur-
oxime intravenously to prevent infection. Immobiliza-
tion of the adjacent joints was assured for 14 days.
Sensibility was assessed using static and moving two-
point discrimination (s-, m2PD) and monofilament
testing 3, 6, and 12 months postoperatively at the
regularly scheduled outpatient visits. For two-point dis-
crimination, we used the Greulich star. Sensibility test-
ing was performed without digital nerve block for the
intact nerve because results were not expected to differ.B

RESULTS

No preoperative complications were seen in all patients
with nerve conduit implantation. All wounds could be
closed primarily without tension to cover the conduits.
No wound infection or conduit extrusion was seen. Four
out of 12 patients, assessed 12 months postoperatively,
showed excellent sensibility with s2PD of <7 mm (54).
Five patients achieved good sensibility (s2PD <15 mm,
S3+), one poor (s2PD >15 mm, S2), and two no
sensibility (S0; Table 2).

One patient complained of persisting mild hyper-
esthesia. Three out of 15 patients complained of some
temporary foreign body sensation in the area of the
implant, which was persistent in one case for
>6 months (patient 1). In the latter, preoperatively
existing neuroma pain improved considerably, although
numbness remained. Despite the numbness and mild
hyperesthesia, this patient was rather satisfied by the
clinical result and did not wish operative revision. No

Table 2 Results of s2PD 3, 6, and 12 Months
Postoperatively*

Static Two-Point-

Discrimination/mm Protective

Patient 3 mo 6 mo 12 mo Sensibility S0-S4

1 >15 >15 >15 No SO
2 8 7 7 Yes S3+
3 6 6 5 Yes S4
4 >15 6 4 Yes S4
5 6 4 4 Yes S4
6 >15 15 15 Yes S3+
7 >15 10 10 Yes S3+
8 12 10 9 Yes S3+
9 >15 >15 >15 No SO
10 10 7 7 Yes S3+
11 >15 >15 >15 Yes S2
12 15 6 6 Yes S4

*Immediately after surgery, m2PD was tested >15 mm in all
patients.

other patient complained of hyperesthesia. In another
case of neuroma excision, 37 months after injury nerve
reconstruction by means of tubulization helped extin-
guish neuroma pain and to restore good sensibility
(patient 2).

We did not observe differences in injury-related
working ability or wound healing in the cases of tubu-
lization compared with end-to-end nerve coaptation. In
some cases, it may be hard to distinguish foreign body
sensation from induration caused by scarring.

DISCUSSION
The tension-free nerve coaptation is the method of
choice for reconstruction after complete nerve trans-
ection. Secondary reconstruction with retraction of the
nerve endings, tissue loss due to trauma, or necessary
debridement can lead to extended nerve gaps that require
alternative surgery. Today, the gold standard is the
autologous nerve graft, but graft harvesting usually
causes some degree of donor site morbidity and the
number of nerves suitable for transplantation is strictly
limited. For certain indications, artificial nerve conduits
have become a possible alternative to nerve grafting. But
limited data and differences in functional evaluation
render direct comparison of results difficult. The most
standardized and comparable in terms of lesion site and
methods of evaluation seem to be the digital nerves of
the hand. Results for nerve reconstruction by tubuliza-
tion are often promising, although literature on clinical
outcome is limited. The aim of our study is to contribute
our clinical experiences and to outline comparable data
from the current literature.

A few studies exist covering the use of biodegrad-
able artificial hollow nerve conduits for digital nerve
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repair. In 1990, Mackinnon and Dellon were the first to
report on 15 digital nerve lesions being reconstructed
with hollow polyglactin conduits.’®> Weber and col-
leagues described, in the biggest study so far, the use
of the same material in 62 digital nerve reconstructions,
of which 46 could be followed up.14 In the same year,
Casafias reported on 17 secondary reconstructed nerves
with subjective sensory improvement in every case.!t In
2005 Battiston et al reported on 19 and Bertleff et al on
21 digital nerves being reconstructed by tubulization,
the latter using the only transparent tube, made from
poly(DL—lactid—s—caprolactone).9’10 One year later,
Dellon and Maloney put forward another two cases of
digital nerve repair, again with polyglactin conduits.”®
Table 3 presents an overview on these studies. Taras et al
described the use of collagen I conduits for digital nerve
repair among others, but neither the precise number nor
outcome was mentioned. However, the clinical impres-
sion was reported to be very positive.16 The results of
this study are yet to be published. Figure 2 shows
the clinically approved collagen I, polyglactin, and
poly(DL-lactid-g-caprolactone) conduits.

A variety of alternatives to hollow biodegradable
nerve conduits have been tested in experimental or
clinical settings. Nonresorbable conduits made of sili-
cone, Teflon, or Polysulfone can lead to secondary nerve
compression and usually prevent nutrient diffusion into
the lumen. Experimental studies displayed worse results
compared with degradable materials, and the clinical
application led to nerve compression with the need for
secondary removal.'” " Autologous materials such as
arteries and veins, some in combination with muscle
inlays, have been assessed clinically. The use of vein
grafts requires a donor site. Compared with arteries for
peripheral nerve repair, donor site morbidity is rather
minor and subcutaneous veins are rather redundant. But
the tendency to collapse is high, and the chances to
maintain an open inner space are low. Scarring of the
surrounding tissue might subsequently prevent the vein
to expand later when the nerve growth cone is passing
the nerve gap.”**? Another way to stabilize the lumen is
to fill it with a solid inner matrix like muscle or collagen
sponges. Clinical results may be promising, but tissue
transfer usually requires some degree of donor site
rnorbidity.23 However, artificial hollow nerve conduits
can be constructed to maintain the appropriate degree of
mechanical strength to optimize the time needed for
resorption and to strictly avoid any donor site morbidity.

Surgical Technique

There is a certain degree of consensus on the surgical
technique for tubulization. The overlap of nerve and
conduit has to be long enough to secure coaptation and
usually measures up to 2 to 5 mm!®B, Tt may be
necessary to fix the nerve ends with two separate U

sutures at each end to achieve proper positioning of the
nerve ends within the lumen. To prevent blood clot
formation within the conduit, the tourniquet has to be
released before implantation, and the lumen should be
flushed afterward. Either normal or heparinized saline or
autologous serum can be used.’>* No evidence indicates
a beneficial use of one over the other. Most authors
agreed to exclude patients with diabetes, peripheral
neuropathia, vasculitis, or alcoholism for study purposes.
Antibiotic treatment was usually given in a single shot
before'® or for 1 week after surgery.14

The need for standardized immobilization of the
joints at the site of nerve regeneration was demanded
by all authors (except Taras) for a period from 10 days to
3 weeks.'®!? In our clinical study, we defined 14 days of
immobilization. However, in previous animal experi-
ments with tubulization of the sciatic nerve in the rat
without postoperative immobilization, tube dislocation
could not be observed in a single case.”*

Functional Outcome
Good functional comparison after digital nerve recon-
struction can be drawn by assessing sensibility and
physical complaints. Most authors survey static and
moving two-point discrimination (s2PD, m2PD);
some use monofilament testings. Surveys often rely on
the criteria set by the Nerve Injuries Committee of the
British Medical Research Council, as modified by
Mackinnon and Dellon.?® It is a helpful tool to give a
standardized base that is needed for comparison. How-
ever, some studies do rely on other classifications or do
not specify the results in a comparable state. 191116 The
classification into very good (or excellent), good, and
poor results is inconsistent. Some authors value s2PD of
7 to 15 mm (S3 +) as good,">'* some even as very good
or excellent.” Accordingly, S3 is either valued as poor or
good, depending on the observer. We decided to rely on
the former definition. The outcome of this study showed
excellent or good sensibility after nerve reconstruction by
tubulization in 9 of 12 cases. Only two patients claimed
no recovery of sensibility. Eleven of 12 patients were
pain free, and only one suffered from mild hyperesthesia.
No patient asked for secondary revision. Our findings
support the clinical impression in reported studies that
this method was regarded positively, being about equal
to standard methods of end-to-end repair or grafting.
Weber’s group conducted the first prospective,
randomized multicenter study on biodegradable tubes.
All patients with complete nerve transection were in-
cluded.™ They even found favorable results in the use of
conduits in nerve gaps of <4 mm in comparison with
end-to-end coaptation. The authors always left a mini-
mum space of 5 mm between nerve ends in those cases in
which there was only a 0- to 4-mm nerve tissue defect.
For nerve gaps of > 8 mm, tubulization again rendered
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Figure 2 Left to right: Collagen | conduit (NeuraGen; Inte-
gra LifeSciences, Plainsboro, NJ); polyglycolic acid conduit
(Neurotube; Synovis, Micro Companies Alliance, Birmingham,
AL); poly(DL-lactid-e-caprolactone) conduit (Neurolac; Polygan-
ics BV, Groningen, The Netherlands).

better sensibility than nerve grafting. But, overall, the
results showed no significant difference between tubuli-
zation and standard repair as a whole. The better results
for nerve conduits compared with end-to-end neuro-
rrhaphy in short nerve gaps have also been reported by
Lundborg et al in lesions of the median and ulnar
nerve.!” The short empty space intentionally left be-
tween two nerve stumps could allow proper orientation
of the regenerating axons. In contrast, by direct suture,
axon regeneration might be mismatched by the forced
orientation given by the surgeon.*®

The shorter the nerve gap, the better the expected
outcome for reconstruction.'* The maximum gap length
to be bridged by tubulization should not exceed 30 mm
because beyond that, regeneration capacity clearly dete-
riorates.

Nerve tubes have been used for 1:)1rimary9’14 as well
as secondary reconstruction.” V131427 1n the case of
preexisting neuroma formation, Mackinnon and Dellon
reported on excellent or good pain relief in seven of eight
cases.”> Worse outcome is reported if nerve damage was
caused by crush or avulsion injury.'* Deterioration of
clinical results may be caused by insufficient initial
trimming of the nerve ends. The use of nerve conduits
instead of end-to-end coaptation or grafting might
improve the willingness for extended debridement and
thereby reduce intraneural scar formation.

CONCLUSIONS

Today, the use of hollow artificial nerve conduits is
limited to nerve gaps up to 30 mm. Results deteriorate
with extended gap length. Because a nerve conduit can
be used instead of end-to-end coaptation or grafting, the
surgeon may be more willing to debride the nerve
endings and thus improve function by diminishing

intraneural scarring. For certain indications, nerve con-
duits have become a useful tool to avoid donor site
morbidity associated with autologous nerve grafting.
However, published data on this technique are still
limited, and further studies are needed to explore all
assets and drawbacks.
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