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Summary

Peripheral nerve injuries are very difficult to treat and current strategies
include nerve conduits and autologous grafts. Although, the superiority
of one technique over the other is still under debate. This paper aims to
review retrospectively our case series of patients who underwent nerve
repair with neurotubules and compare them with those who received
autologous nerve graft at mid-long term follow-up.

We retrospectively analyzed 6 patients with 12 nerve injuries who un-
derwent to nerve reconstruction with autologous nerve graft and 9 pa-
tients with 11 nerve injuries who received a nerve conduit. The out-
comes were evaluated with the monofilament test, s2PD and DASH
score.

The groups did not differ for the s2PD test in 2021 (p = 0.87) and 2023
(p = 0.7). We studied the healthy contralateral hand for comparison and
the results were comparable for both groups in 2021 (p = 0.93) and
2023 (p = 0.86). When comparing the affected hand to the healthy con-
tralateral we found no difference in 2021 (p = 0.14) but the healthy hand
achieved better results in 2023 (p = 0.002). The affected hand of grafted
patients yielded worse results that the contralateral healthy (p = 0.02),
but the affected hand treated with a neuroguide and the healthy con-
tralateral scored comparable results (p = 0.06). The DASH score was
comparable in both groups in 2021 (p = 0.66) and 2023 (p = 0.53), and
it did not improve over time (2023 vs 2021: p = 0.3).

Our study highlights the comparable outcomes of neuroguides and
nerve grafts in various aspects of hand reconstruction. This indicates
that neuroguides offer acceptable results in peripheral nerve recon-
struction but they still need to be improved in order to be considered as
a true alternative to autologous grafts.

Key words: peripheral nerve injury, nerve repair, neuroguides, neurotu-
bules, nerve graft
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INTRODUCTION

Peripheral nerve injuries of the hand can significantly
impact the quality of life of affected individuals. These
injuries can be caused by a wide range of traumatic
events, including lacerations, crush injuries, and frac-
tures, and can lead to the loss of sensation, movement,
and function in the hand. While surgical techniques for
nerve repair have advanced significantly in recent years,
full recovery is often not possible, and patients may ex-
perience long-term disability and chronic pain .

Direct nerve repair is a technique that involves the su-
turing of the two ends of a severed nerve together with-
out any additional grafts or implants. This technique is
considered the gold standard for nerve repair as it has
the potential to restore near-normal function and sensa-
tion to the injured area. Direct nerve repair also offers
the advantage of a shorter recovery time and a lower
risk of complications compared to other techniques.
However, this technique is only suitable for cases where
there is no loss of nerve tissue or significant tension on
the repaired nerve, and requires a high level of surgical
skill and precision 2.

On the other hand, whenever there is a loss of substance
and direct repair is not possible, autologous nerve graft
is considered the gold standard technigque. Nonetheless,
this technique bears some drawbacks such as donor
site pain, paresthesia or anesthesia. The use of a muscle
in vein technique, where a small segment of muscle is
inserted into a vein graft, can also be effective in nerve
repair. In this technique, the vein serves as a conduit to
guide the regenerating nerve fibers. Another option is the
use of a vein graft alone, which has been shown to pro-
duce similar outcomes to the muscle in vein technique.
While these techniques have been successful, they are
not without limitations and can lead to some functional
deficits in the affected limb 34,

One emerging approach to nerve repair involves the
use of neurotubules, which are engineered structures
designed to guide the regeneration of damaged nerves.
Neurotubules have emerged as a promising alternative
to the gold standard technique of nerve repair using
autologous nerve grafts. These tubular structures are
composed of synthetic materials and mimic the natural
extracellular matrix of nerves, providing a supportive
environment for axonal regeneration.

Many neurotubules have been approved by national
Authorities for clinical use, and at our Institution we
introduced three of them, namely Reaxon, NeuraGen,
and Neurolac.

Reaxon is a chitosan-based neuroguide, and it is ob-
tained by deacetylation of chitin. It is a resorbable and
transparent device, distributed as tubules 30 mm long
and internal diameter ranging from 2.1 mm to 6.0 mm 5.

NeuraGen is a collagen tube filled with type | bovine
collagen, it has a semi-permeable outer membrane and
a lumen that supports the axonal regeneration for nerve
regrowth 6.

Neurolac, on the other hand, is a biodegradable and
bioresorbable tubular scaffold made of copolyester
poly(DL-lactide-e-caprolactone) ”.

The use of neurotubules has shown promising results
in preclinical studies, and several clinical trials are un-
derway to evaluate their efficacy in humans. However,
the literature remains substantially controversial about
the long term results and questions remain regarding
the optimal design and composition of neurotubules, as
well as their comparative effectiveness with traditional
nerve autografts.

This paper aims to review retrospectively our case se-
ries of patients who underwent nerve repair with neu-
rotubules and compare them with those who received
autologous nerve graft at mid-long term follow-up.

MATERIALS AND METHODS

PATIENT POPULATION

We retrospectively analysed all the patients admitted to

the Plastic Surgery Unit of the University

Hospital of Padua who had peripheral nerve injuries

with gaps that could not be repaired with simple end-

to-end sutures and required complex reconstruction

with autologous nerve grafts or neuroguides from 2012

to 2022.

Inclusion criteria were: only sensory nerve of the fingers

involved not amenable of direct repair. Exclusion criteria

were: mixed nerve (e.g. median nerve proximal to the

carpal tunnel and ulnar nerve proximal to the Guyon’s

canal), amputations and devascularisation.

We found a total of 27 patients with nerve loss of sub-

stance of the hand.

From the total, 5 subjects had suffered mixed nerve

injuries and were excluded.

Of the remaining 22 patients, all met the inclusion

criteria but 7 of them were lost to follow-up and were

therefore excluded.

We ended up with 15 patients and 23 fingers involved.

All the patients gave written informed consent to partici-

pate to the study.

Of 15 patients finally included in the study:

e 2 patients had a nerve injury with a gap in the sen-
sory branch of the radial nerve;

e 1 patient had an injury to the medial digital nerve of
the right great toe;

e 12 remaining patients had nerve injuries with gaps
in the digital nerves of the fingers. The patients were
divided into 2 groups:
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Figure 1. Cases showing the three different neuroguides: A) Neuragen; B) Neurolac; C Reaxon.

— 6 patients underwent peripheral nerve recon-
struction with autologous nerve grafts:

e 3 patients suffered finger injury, and one of
them had 3 nerve lesions. All of them were
considered individually for a total of 5 cases;

e 2 patients suffered radial nerve injury that in-
volved all the three sensory branches for the
first, second fingers and the third finger and
were considered separately, for a total of 6
cases;

e 1 patient suffered injury to the radial nerve but
the lesion involved only one branch for the
thumb and was considered as an individual
case. We therefore considered 12 cases in total.

— 9 patients underwent peripheral nerve recon-
struction with neuroguides for a total of 11 nerves.

In 4 cases we used Neuragen, in 4 cases Reaxon

and in 3 Neurolac (Fig. 1).

PATIENT HISTORY AND SURGERY DATA

Each patient was invited to come to office in 2021 and

2023 for a new clinical evaluation. We recorded full

medical and personal history, time of follow up and the

following data regarding the nerve lesions:

e distance of the lesion from the fingertip involved ex-
pressed in centimeters (cm);

e involved nerve;

® nerve gap expressed in centimeters (cm);

e time elapsed from the injury to the reconstruction
surgery expressed in months (months);

e type of reconstruction (graft/neurotube);

e necessity of revision surgery.

CLINICAL TEST

Each patient underwent the following assessments:

e Static Two-point discrimination test of the affected
finger and the healthy contralateral one;

e Sensitivity test with monofilament (WEST test) of the
affected finger and the healthy contralateral;

e disabilities of the Arm, Shoulder and Hand (DASH)
score.

Two-point discrimination test

The two-point discrimination test was performed on
the areas innervated by the nerve that underwent prior
reconstruction, using a paper clip and with the patient
having closed their eyes. The distances between the
two ends of the paper clip were always measured using
the same ruler, starting from 2 millimeters between the
two ends with a progressive increase of one millimeter.
For all patients the threshold, the minimum distance
between the two ends, was recorded at the moment
when the patient perceived the tactile sensation of two
distinct points.

Sensitivity test with monofilament (WEST test)

The West Nerve Tester™ (CB-Connecticut Bioinstru-
ments Inc., Danbury, USA) was used. It consists of five
monofilaments with varying thickness and pressure val-
ues, each distinguished by a specific color to measure
skin sensitivity and determine peripheral nerve involve-
ment. The monofilaments were progressively placed
three times at the apex of the fingers of all patients, from
thickest to thinnest (Fig. 2). The thinnest wire that was

Figure 2. Semmes-Weinstein filaments.
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Semmes-Weinstein filaments
Color Force (g) Score Interpretation
Green 0.05 5 Normal
Blue 0.20 4 Residual texture
Purple 2.00 3 Residual protective sensation
Red 4.00 2 Loss of protective sensation
Orange 7.50 | Residual deep pressure

Figure 3. Scores assigned for the Semmes-Weinstein filament
test.

perceived in two out of three touches was recorded for
each examined area and for a given color we assigned
a corresponding number as shown in Fig. 3.

STATISTICAL ANALYSIS

The means and standard deviations of the linear vari-
ables were calculated for the two groups. Data from
linear continuous variables were analyzed with the
Kolmogorov Smirnov test to distinguish those with
normal and non-normal distribution. The normal vari-
ables of the 2 groups were compared by performing
the two-tailed Student’s T test, the non-normal vari-
ables were compared by performing the two-tailed
U-Mann Whitney test. Data from categorical variables
were compared with two-tailed Fisher’s exact test and
two-tailed Pearson’s Chi-squared test for variables with
2 categories and more than 2 categories, respectively.
We set a value of 0.05 for statistical significance and we
used IBM SPSS Statistics (Version 29.0).

RESULTS

The details of our dataset is resumed in detail in Table
1. Our population had a mean age of 50.26 years, the
mean follow up time was 53.78 months and the mean
time to reconstruction was 8.55 months.

As far as results, our groups were comparable for age
(p = 0.77), follow-up time (p = 0.10), and time to recon-
struction (p = 0.80). The groups were not comparable
for nerve gap and lesion to fingertip distance: these
values were higher in the graft group with p = 0.0003
and p = 0.0001 respectively.

The groups did not differ for the static 2 Point discrimi-
nation test in 2021 (p = 0.87) and 2023 (p = 0.7). We
studied the healthy contralateral hand for comparison
and the results were once again comparable for both
groups in 2021 (p = 0.93) and 2023 (p = 0.86). When
comparing the affected hand to the healthy contralateral
we found no difference in 2021 (p = 0.14) but the healthy
hand achieved better results in 2023 (p = 0.002). In this

regard, the affected hand of grafted patients yielded
worse results that the contralateral healthy (p = 0.02),
but the affected hand treated with a neuroguide and
the healthy contralateral scored comparable results
(p = 0.06). The DASH score was comparable in both
groups in 2021 (p = 0.66) and 2023 (p = 0.53), and it
did not improve over time (2023 vs 2021: p = 0.3).

As far as complications, we observed one case of
confirmed neuroma and one patient with a suspected
neuroma in the neuroguide group.

DISCUSSION

The results of our study provide important insights into
the comparative outcomes of neuroguides and nerve
grafts in hand reconstruction. We observed that both
treatment modalities yielded comparable results in
various aspects. The groups were comparable for age,
follow-up time and time to reconstruction. All the pa-
rameters under investigation have shown comparable
results, such as the static 2-Point discrimination test,
Semmes-Weinstein filament test and Disability of Arm,
Shoulder, and Hand (DASH) scores. These findings
suggest that both neuroguides and nerve grafts can be
effective options for hand reconstruction in long-term
follow-up periods.

73.33 and 66.66% of our patients reported an accept-
able sensitive recovery (s2PD test < 15 mm) in 2021
and 2023 respectively. Our results are similar to those
described in a systematic review of Kim et al.,, who
did not find significant differences in sensory recovery
among different techniques. The authors found that a
time of intervention of less than 15 days has a good
prognosis on the outcomes, but our mean time-to-
intervention was considerably higher 8. Another positive
predictor, described by Fakin et al. was the surgeon’s
experience, and we strongly agree with this statement
as all of our patients were operated by an expert hand
surgeon. Although we did not correlate the nerve gap
with the surgical outcome, it seems that this value did
not influence our results. This datum is in contrast with
the findings of Chiriac et al. and Loymer et al. who
found significantly worse results in patients who had
gaps > 11 mm and 15 mm respectively 67.

Our first retrospective analysis was conducted in 2021
and with a mean follow-up time of 38.61 months we did
not encounter any difference between the affected hands
and the corresponding healthy contralateral (p = 0.14).
A notable difference emerged when comparing the af-
fected hand to the healthy contralateral hand in 2023,
with a mean follow-up time of 53.78 months. Specifi-
cally, the nerve graft group exhibited worse outcomes in
comparison to the healthy contralateral hand, while the
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neuroguide group achieved comparable results. This
finding suggests that neuroguides may have an advan-
tage in achieving outcomes similar to a healthy hand at
longer distance follow-up, but we need further investi-
gation to because this result may have been influenced
by the smaller nerve gap and lesion-to-fingertip distance.
When assessing significant changes over time, the only
parameter that showed a statistical variability was the
comparison between the s2PD of the affected finger ver-
sus the contralateral one. The values were comparable
in 2021 but the contralateral hand scored better values in
2023. This suggests that patients need to be followed up
to 5 years to draw definitive conclusions on their recon-
struction. As showed by the literature, we recommend
assessing the patients for at least one year because at
12 months the regeneration process is still incomplete 8.
We are aware of some limitations of the study. Firstly,
the small sample size of our study needs to be ac-
knowledged. A small sample size reduces the statistical
power of the study and may limit our ability to detect
subtle differences. Additionally, the occurrence of neu-
romas in two patients should be noted, as extreme
values can influence the overall results and introduce
bias into the analysis.

Another factor to consider is the difference in nerve gap
and lesion-to-fingertip distance between the neurogu-
ide and nerve graft groups. These differences inherently
introduce variability and make the two groups not fully
comparable. The nerve graft group had higher values
for both nerve gap and lesion-to-fingertip distance,
which could have contributed to the observed differ-
ence in outcomes between the two groups. It is im-
portant to recognize that these anatomical differences
may impact the regenerative capacity and functional
recovery in hand reconstruction.

Furthermore, the lack of improvement in the DASH
scores over time is an important finding. It suggests
once again that we do not need more than 3 years to
set the definitive results of a nerve reconstruction. In ad-
dition, the variability among the different associated le-
sions, coupled with individual patient factors, may have
contributed to the stagnant DASH scores. It is possible
that additional factors, such as rehabilitation protocoals,
patient compliance, and other underlying comorbidi-
ties, could have influenced the lack of improvement in
functional outcomes over time.

Future research on bioengineered materials for optimiz-
ing the outcome of neurotubules in nerve reconstruction
is of paramount importance, as the current state of the
art does not guarantee optimal results. In fact, despite
being the gold standard, pure sensitive nerves have less
regenerative potential than motor or mixed nerves, but
the donor site morbidity of them is considerably higher
and they cannot be considered as a first choice °. We

need a solution for nerve reconstruction, especially for
mixed nerved like the median and ulnar nerve, which
are often involved in upper limb injuries. On this regard,
the study of Dienstknecht et al. has showed promising
results using conduits for median nerve repair ™.

In addition to the importance of this research, there are
promising developments in the field that warrant atten-
tion. Neurotubules enriched with growth factors, such
as nerve growth factor (NGF), and carbon nanotubules
have shown promising results in preclinical settings.
These advancements offer the potential for enhanced
nerve growth, improved guidance, accelerated healing,
and better signal transmission ''*. By delving deeper
into understanding the mechanisms underlying nerve
regeneration, scientists can develop novel bioengi-
neered materials that have improved biocompatibility,
mechanical properties, and guidance cues. Further-
more, addressing challenges related to long-term sta-
bility and integration of neurotubules within the body
can pave the way for groundbreaking advancements
in nerve surgery, offering hope for patients with nerve
injuries or disorders. Continued investigation and re-
finement of these bioengineered materials hold great
potential for revolutionizing nerve reconstruction tech-
niques and improving patient outcomes.

CONCLUSIONS

In conclusion, our study highlights the comparable out-
comes of neuroguides and nerve grafts in various as-
pects of hand reconstruction. However, the difference
observed in 2023 between the affected and healthy
hand in the nerve graft group, indicates that neuroguides
may offer advantages in achieving outcomes similar to a
healthy hand at long-distance follow-up. The limitations
of our study, including the small sample size and differ-
ences in nerve gap and lesion-to-fingertip distance, need
to be considered when interpreting the results. Further
research with larger sample sizes and stricter matching
criteria is necessary to provide more definitive evidence
on the comparative efficacy of neuroguides and nerve
grafts in hand reconstruction. Continued advancements
in surgical techniques and understanding of nerve re-
generation mechanisms will contribute to optimizing
outcomes for patients with hand injuries.
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