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Peripheral nerve injuries are frequent and 
grave concomitant injuries in acute hand 
and upper extremity trauma.1 Severed 

nerves do not heal spontaneously. The integrity 

of the epineural sheath has to be repaired using 
microsurgical techniques. The standard treatment 
for nerve lesions without a defect is end-to-end 
suture, whereas the gold standard treatment for 
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Background: Peripheral sensory nerve injuries present a significant yet common 
challenge in acute hand trauma surgery. Standard treatment remains microsur-
gical end-to-end nerve repair where appropriate. Permanent loss of sensitivity 
and painful neuroma formation are typical sequelae of unsuccessful surgery. The 
objective of this study was to evaluate whether the additional use of a chitosan 
nerve tube in primary nerve repair positively influences sensory recovery.
Methods: A randomized, controlled, two-center trial with parallel group design 
and double-blind assessment was conducted to demonstrate the superiority of 
the additional use of a chitosan nerve tube compared with microsurgical nerve 
repair alone. Seventy-four participants were enrolled. The primary outcome 
parameter used was degree of static two-point discrimination at 6 months after 
surgery. Additional secondary outcome parameters included filament recogni-
tion testing (Semmes-Weinstein); pain; neuroma development; and the Dis-
abilities of the Arm, Shoulder and Hand score.
Results: Nerve repair with additional use of chitosan nerve tubes (interven-
tion group) significantly increased both tactile gnosis (expressed by two-point 
discrimination) and sensitivity (expressed by Semmes-Weinstein testing). The 
mean two-point discrimination at 6-month follow-up was 8 mm (range, 2 to 
20 mm) in the control group and 6.3 mm (range, 1 to 15 mm) in the inter-
vention group, respectively (p = 0.029). Two-point discrimination correlated 
with the Disabilities of the Arm, Shoulder and Hand score. In the control and 
intervention groups, respectively, three versus zero neuromas were found.
Conclusions: Peripheral sensory nerve regeneration can be improved significant-
ly by additional use of a chitosan nerve tube. An improved ability of static two-
point discrimination is clinically relevant.  (Plast. Reconstr. Surg. 142: 415, 2018.)
CLINICAL QUESTION/LEVEL OF EVIDENCE: Therapeutic, I.
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nerve gaps is the use of autologous nerve grafts.2 
Despite these measures, standard treatment may 
often result in poor nerve regeneration. Approxi-
mately one-third of patients do not regain sig-
nificant sensitivity of injured fingers, resulting in 
impaired whole hand function.3 A further postop-
erative complication of nerve repair is excessive 
and untargeted axonal growth resulting in painful 
neuroma. Corresponding patients typically suffer 
from persistent pain for years.4–6 Furthermore, 
patients requiring autologous nerve grafting may 
experience moderate but significant donor-site 
morbidity, resulting from sensory nerve removal 
from another body region.7

In summary, alternative and additional treat-
ment options for peripheral nerve repair are 
desirable. One promising option with which to 
overcome the problems of the current standard 
treatment may be nerve tubes. Today, these are 
small, biosynthetic, resorbable tubes that can 
bridge nerve gaps, protect the nerve suture from 
scar formation, and guide growing axons.8 Besides 
their mechanical effects, modern nerve tubes 
have a semipermeable barrier that conditions the 
enrichment of oxygen, proteins, and growth fac-
tors in the lumen, supporting nerve regeneration 
by reinforcing the mechanisms of Schwann cells.9 
Available nerve tubes consist of different biomate-
rials. Chitosan, a derivative of chitin, seems to be 
especially promising because it provides inherent 
bioactive effects. In experimental studies, chitosan 
was shown to have positive effects on the survival 
and orientation of Schwann cells10 and on the sur-
vival and differentiation of neuronal cells11,12 and 
to prevent neuroma formation.13 Chitosan has 
a positive surface charge that can be technically 
modified by N-acetylation.12 In theory, the posi-
tive charge interacts with the surface charge of 
axons and guides them through the tube. Con-
trolled growth of axons could prevent neuroma 
formation.

There are two clinical indications for the use 
of nerve tubes. One is bridging of a short nerve 
defect as an alternative to autologous nerve graft-
ing. The other option is to apply nerve tubes in 
addition to primary nerve repair to coat and guard 
a nerve suture. Nerve tube use as a good alterna-
tive to nerve grafting in sensory nerve defects 
smaller than 3 cm has been well supported in the 
literature.14 However, evidence supporting the 
additional use of nerve tubes for primary nerve 
sutures is still lacking. Theoretically, the addi-
tional use of a nerve tube allows optimal tension-
free primary nerve suture, as a minimal gap can 
be accepted, in contrast to primary suture alone. 

This represents a major advantage, as tension pro-
hibits the healing process substantially in repaired 
nerves.15 Nerve healing may be further supported 
by the biological effects of nerve tubes and of chi-
tosan in general. The objective of this study was to 
evaluate whether the additional use of a chitosan 
nerve tube in primary repair of traumatic sensory 
nerve lesions of the hand without a gap influences 
the sensory convalescence or not.

PATIENTS AND METHODS

Study Design and Setting
A randomized, controlled, two-center trial 

with a parallel group design and double-blind 
assessment was conducted to show the superior-
ity of the additional use of a chitosan nerve tube 
in primary nerve repair. Between March of 2015 
and June of 2017, 74 participants were enrolled 
in two centers: BG Trauma Center Ludwigshafen 
(Ludwigshafen, Germany) and BG Trauma Cen-
ter Frankfurt am Main (Frankfurt am Main, Ger-
many). Both centers are certified hand trauma 
centers of the Federation of European Societies 
for Surgery of the Hand.

The study was registered at ClinicalTrials.gov 
(identification number NCT02372669), and the 
study protocol was published by the authors before 
the study was conducted16 and was approved by 
the Ethics Committee of Rhineland-Palatinate, 
Mainz, Germany [reference number 837.380.14 
(9619)]. Prospective written informed consent 
was obtained from all enrolled participants.

Participants and Randomization
All individuals with clinical signs of sensory 

nerve lesions of the hand were consecutively 
screened for eligibility during the study period. 
There was a preoperative and an intraoperative 
survey. After the individual was found to be eligi-
ble by checking the preoperative and intraopera-
tive inclusion and exclusion criteria (see below), 
participants were randomized in a 1:1 ratio 
by alternating lists to the control group or the 
intervention group. If more than one nerve was 
injured, all nerves of one individual were treated 
in the same fashion.

Preoperative Inclusion Criteria
Preoperative inclusion criteria included the 

following: lesion between the distal carpal tun-
nel and the distal finger joint, complete loss of 
a nerve-specific receptive field of the finger, age 
between 18 and 67 years, trauma not older than 
72 hours, and signed informed consent.
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Preoperative Exclusion Criteria
Preoperative exclusion criteria included the 

following: amputated or avascular fingers, infec-
tion of the wound, known preexisting impaired 
sensitivity, pregnancy, known immunodeficiency, 
and participation in other trials.

Intraoperative Inclusion Criteria
Intraoperative inclusion criteria included veri-

fication of a sensory nerve lesion without a gap 
and presence of a nerve that could be sutured in 
end-to-end fashion.

Intraoperative Exclusion Criteria
Intraoperative exclusion criteria included 

avascular fingers and multiple nerve lesions that 
could not be randomized uniformly. Basic data 
for analysis included age, sex, localization of 
injury (e.g., distance from lesion to finger pulp), 
and concomitant arterial injuries.

Interventions
Nerve lesions of individuals that were allocated 

to the control group were treated by epineural end-
to-end suture, using a 9-0 United States Pharmaco-
poeia microsuture and a surgical microscope (active 
comparator). In the intervention group, before 
performing the end-to-end suture, a chitosan nerve 
tube (Reaxon; Medovent, Mainz, Germany) was 
imposed on one side of the severed nerve. Then, 
end-to-end suture was performed in the same way as 
in control group. Finally, the nerve tube (10 mm in 
length, 2.1 mm in diameter) was positioned at the 
site of the suture centrally and fixed with a single 
stitch of the same suture material on each side. The 
chitosan-based nerve tube used is a U.S. Food and 
Drug Administration–approved medical product.

Postoperatively, antibiotics (usually cefurox-
ime for 5 days, various manufacturers) were used. 
Type and duration of splinting conformed with 
the concomitant injuries and was used only if 
there were fractures or tendon injuries.

Follow-Up and Blinding
Follow-up examinations were performed at 

3, 6, and 12 months after surgery. The endpoint 
for analysis of the primary outcome parameter 
and the determinant for sample size planning 
were derived from 6-month data; thus, the trial 
was stopped after completion of 6-month data. 
Data of individuals that had also completed the 
12-month follow-up at that time are also reported.

The degree of static two-point discrimination 
after 6 months was the primary outcome param-
eter. Static two-point discrimination was mea-
sured using a double-tip compass (NCD Medical/

Prestige, Los Angeles, Calif.). Testing was per-
formed on the radial or ulnar finger pulp halves 
with preoperatively failed nerve-specific receptive 
fields and on the correlating contralateral side. The 
measure points were applied in the longitudinal 
direction. The application pressure was defined by 
self-weight of the compass (10 g). Dynamic testing 
of two-point discrimination was not performed.

Secondary outcome parameters were sensitivity 
measured by the Semmes-Weinstein method17; self-
report of pain on visual analogue scales from 0 to 1018; 
the Disabilities of the Arm, Shoulder and Hand score 
in its validated German version19; finger mobility mea-
sured as mean fingertip-to-palm distance; and grip 
strength measured with a Jamar dynamometer on level 
2 (Sammons Preston, Inc., Bolingbrook, Ill.). Adverse 
events and any type of revision surgery were recorded 
during hospitalization and retrospectively in the follow-
ups. Appearance of neuroma was assessed clinically by 
local electrifying pain in percussion (Tinel test). Detec-
tion of neuroma by sonography was planned but was 
omitted in favor of blinding (for details, see below).

Intervention type was blinded for the partici-
pant because of informed consent and institu-
tional arrangement. Follow-up examinations were 
performed by blinded independent investigators.

Pretrial and Sample Size
A retrospective pretrial was performed in prep-

aration for this study to gain assumptions for the 
mean value of two-point discrimination and its 
standard deviation.20 Thirty-seven individuals per 
group were calculated to be necessary to show supe-
riority using a two-sided t test with an alpha level of 
5 percent and a power of 80 percent. The statistical 
analysis plan scheduled a per-protocol analysis.

Statistical Analysis
GraphPad Prism V5.0 (GraphPad Software, 

Inc., La Jolla, Calif.) software was used for analysis 
and drawing. Two-tailed t test was performed. The 
chi-square test for trends and Fisher’s exact test 
for dichotomous traits were used for the nonpara-
metric methods. Pearson correlation coefficients 
were calculated for paired observations. Findings 
were regarded as significant for values of p < 0.05.

RESULTS

Basic Data
The study period was between March of 2015 

and June of 2017, ceasing on reaching 74 (2 × 37) 
analyzable participants with complete 6-month 
data. Seventy-eight of 100 screened participants 
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were eligible to be enrolled in the study. Four 
participants were lost to follow-up, withdrawing 
from the study without cause. Figure 1 shows the 
study flow diagram according to Consolidated 
Standards of Reporting Trials 2010 guidelines. 
Sixty and 14 of the analyzed individuals were 
recruited in the study centers of Ludwigshafen 
and Frankfurt, respectively. These 74 participants 
(55 men and 19 women), with an average age of 
43 years (range, 19 to 67 years), were distributed 
equally (37 individuals each) in the intervention 

and control groups. The trial consisted of 74 par-
ticipants with a total of 79 nerve injuries. In the 
intervention group, 41 nerves were injured in 37 
participants; in the control group, 38 nerves were 
injured in 37 participants. Analyses did not reveal 
any significant differences between the groups 
regarding age, sex, localization of injury, or con-
comitant arterial injuries (Fig. 2). Mean distance 
from lesion to finger pulp was 46.6 mm (range, 
12 to 95 mm) in the control group and 46.0 mm 
(range, 10 to 110 mm) in the intervention group.

Fig. 1. Study flow diagram according to Consolidated Standards of Reporting Trials (CONSORT) 2010 guidelines.
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Sensory Recovery
The average static two-point discrimination 

3 months after surgery was 11 mm (range, 5 to 
25 mm) in the control group and 11.4 mm (range, 
4 to 20 mm) in the intervention group. Differ-
ences in healing process became apparent after 6 
months. The mean two-point discrimination was 
8 mm (range, 2 to 20 mm) and 6.3 mm (range, 1 
to 15 mm) in the control and intervention groups, 
respectively. This result was significant regarding 
the primary outcome parameter (p = 0.029). Two-
point discrimination of the uninjured contralateral 
side was exemplarily measured at 6-month follow-
up. Two-point discrimination of all uninjured sides 
was 2.68 mm (range, 1 to 7 mm) and the same in 
the contralateral side of the analyzed groups. At 
study closure, 20 individuals with 22 injured nerves 
in the intervention group and 17 control patients 
with 19 injured nerves were also examined for a 
follow-up after 12 months. At this examination, 
mean two-point discrimination was 8 mm (range, 3 
to 20 mm) in the control group and 5.5 mm (range, 
1 to 5 mm) in the intervention group. This result 

would have been mathematically significant in an 
isolated consideration if the study had been pow-
ered for this analytical approach. Figure 3 displays 
the recovery of two-point discrimination over time.

On Semmes-Weinstein testing at 6-month 
follow-up, more individuals in the intervention 
group were able to recognize the thinner fila-
ments (filaments 4 and 5) compared with indi-
viduals in the control group. This was a significant 
result regarding the trend of recognized filament 
classes (p = 0.019) (Fig. 4).

Secondary Endpoints
Neuroma
Clinical evidence for neuroma was found in 

three nerves of three subjects (8 percent) in the 
control group and in none of the interventional 
cases. This difference was not statistically signifi-
cant. Table 1 shows data as a fourfold table. The 
initially planned sonographic detection of neu-
roma failed because the tubes could still be seen on 
sonography 3 months postoperatively, which would 
have compromised blinded assessment. Therefore, 

Fig. 2. Allocation of potential confounding variables. (Above, left) Location of injury as the dis-
tance from the nerve lesion to the finger pulp. (Above, right) Age. (Below) Concomitant arterial 
injuries/sex. (Above) Data are shown in box plots (bars = minimum to maximum). (Below) Data are 
shown in histogram with totals (n.s., not significant).
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the procedure was stopped after examination of the 
first subject of the intervention group.

Pain
Chronic pain was rare in both groups. On 

average, after 6 months, global pain was rated 

on a visual analogue scale from 0 to 10, with 1.3 
(range, 0 to 8) in the control group and 1 (range, 
0 to 7) in intervention group (Fig. 5).

Complications and Unintended Effects
Initial surgery was performed without any 

complication in all of the cases. There were no 
implant-associated complications. At the end-
point of 6-month follow-up, two major complica-
tions were registered in the control group. One 
individual had developed a persistent complex 
regional pain syndrome and the other had a 
wound healing disturbance requiring revision sur-
gery (arthrodesis of a distal finger joint) that was 
performed 3 weeks after initial treatment. Wounds 

Fig. 3. Static two-point discrimination (2PD) over time. Bars = standard devia-
tion (n, number of nerves). At 3-month and 6-month follow-up, 37 individu-
als were examined in each group. At 12-month follow-up, 20 individuals were 
examined in the intervention group (with additional use of a chitosan nerve 
tube) and 17 individuals were examined in the control group.

Fig. 4. Semmes-Weinstein test. Number of individuals that could recognize 
filaments of different caliber. For each individual, the thinnest perceptible fila-
ment is represented once in the histogram.

Table 1. Clinical Appearance of Neuroma at 6-Month 
Follow-Up

 Chitosan Control
Total No. of 

Subjects

Neuroma 0 3 3
No neuroma 37 34 71
Total no. of subjects 37 37 NS* 
NS, not significant.
*p = 0.239.
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healed uneventfully after revision surgery. There 
were no postoperative complications recorded in 
the intervention group. The use of a nerve tube 
did not decrease finger mobility (Fig. 6).

Disabilities of the Arm, Shoulder and Hand 
Score; Finger Mobility; and Grip Strength

At 6-month follow-up, the average Disabilities of 
the Arm, Shoulder and Hand score was 11.3 (range, 
0 to 60) in the control group and 9.1 (range, 0 to 47) 
in the intervention group. Finger mobility, expressed 
as mean fingertip-to-palm distance, was 0.8 cm 
(range, 0 to 6 cm) in the control group and 0.5 cm 
(range, 0 to 6 cm) in the intervention group. Aver-
age grip strength of the injured hands was 33.4 kg 
(range, 8 to 54 kg) in the control group and 33.2 kg 
(range, 8 to 48 kg) in the intervention group. Cor-
relation analysis did reveal a moderate correlation 
between the ability of two-point discrimination and 
Disabilities of the Arm, Shoulder and Hand score; a 
weak correlation between two-point discrimination 
and finger mobility; and no correlation between two-
point discrimination and grip strength. Regression 
line between two-point discrimination and Disabili-
ties of the Arm, Shoulder and Hand score differed 
significantly from 0 (p = 0.002), whereas the other 
regression analysis did not (Fig. 7).

Fig. 5. Chronic global pain at 6-month follow-up. Data are 
shown in box plots. Bars = minimum to maximum. VAS, visual 
analogue scale (range, 0 to 10); n.s., not significant.

Fig. 6. Secondary endpoints at 6-month follow-up. (Above, left) Disabilities of the Arm, Shoulder 
and Hand (DASH) score. (Above, right) Finger mobility as mean fingertip-to-palm distance. (Below) 
Grip strength of the injured hand. Data are shown in box plots. Bars = minimum to maximum (n.s., 
not significant).
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DISCUSSION
The current study supports previous compa-

rable series14 showing that the use of nerve tubes 
can lead to excellent results. As may be expected, 
the additional application of nerve tubes for pri-
mary nerve repair results in improved outcomes 
compared with nerve reconstruction using nerve 
tubes for gaps.14 Compared with the literature, the 
ability of static two-point discrimination with addi-
tional use of nerve tubes was also better than the 
results for digital nerve repair alone.21,22 To the 
authors’ knowledge, the current study represents 
the first prospective randomized trial in the lit-
erature demonstrating superior outcomes of the 
additional use of a chitosan nerve tube in direct 
comparison with nerve repair alone.

Strictly speaking, our findings apply only to 
digital nerve lesions. These were chosen because 
they are ideal for clinical research on peripheral 
nerve repair, because required follow-up inter-
vals are shorter compared with mixed and motor 
nerves, and the ability of two-point discrimination 

can be precisely assigned to the injured nerve at 
follow-up examinations.23 Furthermore, two-point 
discrimination can be measured with a level of 
data that allow parametric and nonparametric 
calculations. In addition, our study proved that 
the two-point discrimination is a good endpoint 
parameter for nerve repair studies, because two-
point discrimination directly impacts the Dis-
abilities of the Arm, Shoulder and Hand score 
and thus activities of daily living. Restrictively, it 
must be emphasized that two-point discrimination 
does not express all qualities of nerve recovery. 
For example, the recognition of complex shapes 
was not tested. This limitation was attributable to 
the standardization of parameters for a clinical 
research trial.

In peripheral nerve recovery of finger nerves, 
the effect of contralateral nerve sprouting must be 
considered. In this study, the effect was addressed 
using a control group. An influence of immobili-
zation on nerve recovery cannot be excluded in 
general, even though there is a complete lack of 

Fig. 7. Correlation analysis. Shown are correlation analysis between two-point discrimination (2PD) and (above, 
left) Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire score; (above, right) finger mobility as 
mean fingertip-to-palm distance; and (below) grip strength. Blue points represent single value pairs, and red 
lines represent linear regression curves.
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data on this question. The distance from lesion to 
finger pulp was balanced between the groups.

In the current trial, the additional use of chito-
san nerve tubes improved sensory convalescence 
of digital nerves with regard to both sensitivity 
(Semmes-Weinstein test) and tactile gnosis (two-
point discrimination). In this context, sensitivity 
means the ability to recognize cutaneous pressure 
thresholds and reflects pure reinnervation. The 
concept of tactile gnosis adds a central process-
ing of stimuli and thereby the ability to recognize 
objects and is a marker of functional nerve recov-
ery.24 Dynamic methods of testing were also taken 
into consideration but were not performed in 
favor of standardization.

Direct tension-free microsurgical repair 
remains the gold standard therapy for nerve 
injuries.2 Because of the findings of this study, 
the authors recommend the additional use of 
nerve tubes in primary nerve repair. Of course, 
our study did not compare chitosan nerve tubes 
to nerve tubes made of other biomaterials. This 
would require direct comparisons in future trials. 
In contrast, there are experimental data showing 
biological effects of chitosan on nerve cells and 
Schwann cells that could make it the ideal choice 
for the construction of nerve tubes.10–13

In this trial, there was a clear but statistically 
nonsignificant trend in reduction of neuroma 
through application of a chitosan nerve tube. 
However, the study failed to prove a benefit in neu-
roma reduction through a chitosan nerve tube. 
We postulate that the sample size was insufficient 
to show such significant benefits in digital nerve 
repair. In the planning study of this trial, neuroma 
was rarely seen in digital nerve repair but was clin-
ically verified in up to 80 percent of cases after 
injury of forearm nerves.20 The positive results of 
our study regarding neuroma formation could be 
transferred to more proximal nerve lesions and 
could be the subject of future investigations.

The 12-month findings of this trial are prelim-
inary, in contrast to the 6-month results. Before-
hand, it was determined that the study should 
prove superiority after 6 months. Therefore, to be 
methodically precise, the trial was stopped after 
accrual of 6-month data.

Some shortcomings of the trial are attributable 
to the conditions of emergency surgery. Alternate 
randomization is more like a quasi-randomization 
method. An external block randomization would 
have been desirable but could not be realized in 
the acute trauma setting. However, the procedure 
guaranteed an equal distribution of the only cer-
tain interfering variable (i.e., level of trauma)14 and 

of the most discussed interfering variables (i.e., 
age, sex, and arterial injury).14,22,25,26 The antici-
pated participant recruitment ratio between the 
two trauma centers was unlikely following the pre-
trial results. Another desirable feature of the trial 
would have been confirmatory methods for neuro-
mas that were only detected clinically. Sonography 
was not applicable in favor of blinding. It remains 
unclear how long it takes for the chitosan nerve 
tube to be undetectable by ultrasound; therefore, 
this objective method could not be applied.

CONCLUSIONS
Through its Disabilities of the Arm, Shoulder 

and Hand score impact, the ability of static two-
point discrimination is of clinical relevance. We 
conclude that peripheral sensory nerve regenera-
tion, measured both by tactile gnosis and sensitiv-
ity, can be improved significantly by additional use 
of chitosan nerve tubes.

Florian Neubrech, M.D.
BG Trauma Center Ludwigshafen

Ludwig-Guttmann-Strasse 13
D-67071 Ludwigshafen, Germany

floneb@gmx.de
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