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Abstract Introduction Symptomatic neuroma with neuropathic pain can develop following
peripheral nerve injury. Current interventions for symptomatic neuroma have unpre-
dictable results. NEUROCAP (Polyganics, Groningen, The Netherlands) is a bioresorb-
able nerve capping device intended to protect a peripheral nerve end and separate the
nerve from the surrounding environment, to prevent the recurrence of a symptomatic
neuroma.
Materials and Methods This study aims to assess the implantation effects of the
NEUROCAP device in a rat sciatic nerve model during 12 months (�2 days). Forty-one
adult male Sprague-Dawley rats were used in this study. They were randomly divided
into a capping or test group, or a noncapping or control group for different time points
of survival (12 weeks, 6 months, and 12 months). The objective of this study was
evaluated regarding procedural data, adverse events, clinical observations, and
histopathology.
Results The overall general health of the animals was adequate throughout the study,
with the exception of autotomy during the first 4months of survival. Eight animals were
euthanized early due to autotomy, excluded from the study and seven of them have
been replaced. Autotomy was an expected outcome and a known limitation of the
animal model, particularly as this was a full sciatic nerve transection model. Neuroma
formation was observed in the control group while there was no neuroma formation
present in the test group. The control group showed increased nerve outgrowth and
more chaotic fascicles in comparison with the test group. The test group also had a
higher percentage of myelinated fibers compared to the control group. These results
indicate a preventive mode of action of the NEUROCAP with regard to neuroma
formation after nerve transection in a rat sciatic nerve model.
Conclusion The results indicate that NEUROCAP is safe and effective in preventing the
recurrence of neuroma formation and inhibiting nerve outgrowth.
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A symptomatic neuroma may develop after a nerve dissec-
tion following any trauma to a peripheral nerve, whether
accidental or planned (i.e., surgery). The incidence of symp-
tomatic neuromas after peripheral nerve injury is estimated
to be 3 to 5%; however, certain surgeries (e.g., autograft
procedures and amputation) may have up to a 30% incidence
rate.1Neuroma-induced neuropathic pain andmorbidity can
seriously affect the patient’s daily life and socioeconomic
functioning.2

Multiple surgical procedures have been described to treat
symptomatic end-neuromas, but none is considered gold
standard for both treatment and prevention.3 The most
common procedure is surgical removal of the end-neuroma
and surrounding scar tissue, and placement of the proximal
stump into an area subjected to minimal mechanical stimu-
lation (e.g., soft tissue or bone).4 Guse and Moran reported
recurrence rates up to 47% following neuroma treatment.5 In
the late 1980s, degradable or absorbable materials became
widely used to attain nerve regeneration. Currently, degrad-
able polymers like polyglycolic acid, polylactic acid, and
polyhydroxybutyrate are being studied and used as biode-
gradable and absorbable synthetic materials for nerve re-
generation.6 Covering the nerve stump with a synthetic
material that already has a proven track record in nerve
repair bypasses possible biocompatibility issues with animal
derivedmaterials and led to the development of the NEURO-
CAP (Polyganics, Groningen, The Netherlands), a nerve cap-
ping device for the treatment of end-neuromas.7 Its
composition is based on the same synthetic polymer con-
duits used in NEUROLAC nerve guide for the treatment of
peripheral nerve lesions. NEUROCAP is a tubular device with
one open end and one closed end. Dislocation of the nerve
stump is prevented by suturing the nerve end into the cap. A
hole at the sealed end of the tube allows easy fixation of the
nerve stump with a suture to the surrounding tissue
(►Fig. 1).

This study aims to assess the implantation effects of the
NEUROCAP device in a rat sciatic nervemodel after 12weeks
(�2 days), 6 months (�2 days), and 12 months (�2 days).

Materials and Methods

Study Population
Forty-two adult male Sprague–Dawley rats weighing 243 to
501.3 g were used in this study. The primary end points of
the study were the histology outcomes, and the use of
all males ensured less variables without increasing group
size. The primary objective of the study was to assess
implantation effects of the test article, not gender differ-
ences. Therefore, the use of both male and female rats was
not necessary to address our primary objective in this
model.

The animals were randomly divided into a capping or test
group and a noncapping or control group. The rats were
assessed at 12 weeks (�2 days), 6 months (�2 days), and
12 months (�2 days) after treatment. Study group size was
adjusted to accommodate for a larger group size at the
primary endpoint at 6 months after implantation. At
12 weeks, each group included five animals. At 6 months,
each group included eight animals. At 12 months, the nerve
capping group included three animals and the control group
included two animals. The remaining animals were lost to
follow-up due to adverse events, as described in detail in the
results section.

Interventions
The test article for this studywas the NEUROCAP 1.5mm. The
NEUROCAP is available in nine sizes (1.5–8.0mm diameter),
of which the smallest is used in this trial. This synthetically
produced peripheral nerve capping device is composed of
the bioresorbable copolyester poly(DL-lactide-ε-caprolac-
tone). The NEUROCAP separates the nerve from the sur-
rounding environment and protects the nerve end. The
NEUROCAP elicits a minimal acute inflammatory reaction
of the surrounding tissue, which is followed by gradual
encapsulation of the cap by fibrous tissue. Degradation of
the NEUROCAP occurs through hydrolysis leading to gradual
reduction of molecular weight. The NEUROCAP retains suffi-
cient mechanical properties to act as a barrier up to at least
10 weeks, where after rapid loss of mechanical strength and
gradual mass loss occur. The final degradation products,
lactic acid and hydroxy hexanoic acid, are resorbed, metab-
olized, and excreted by the body in approximately 16months
after implantation.

There was no control article used in this study. In the
control group, the proximal nerve stump was left in situ.

Study Design
This study enrolled a total of 42 male Sprague–Dawley
rats. Due to early deaths and exclusions, only 33 rats
were evaluated throughout the study. Animals were
assigned to each cohort according to the study design
in ►Table 1.

This Good Laboratory Practices (GLP) study was con-
ducted in accordance with Food and Drug Administration
Regulations on GLP for Nonclinical Laboratory Studies CFR,
Title 21, Part 58 and applicable NAMSA standard operating
procedures.Fig. 1 The NEUROCAP device (1.5mm).
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Surgery and Follow-Up
Animals were sedated in accordance with testing facility
standard procedures. The animals were intubated or masked
and maintained under general anesthesia. The surgical sites
were cleaned and shaved, and the animals transferred to the
procedure room.Each ratwas anesthetizedwith isoflurane0.5
to 5% inhalant during induction, intraoperatively and prior to
euthanasia as needed. Alternative or additional medications
were given as prescribed by a test facility veterinarian.

Surgical procedures were performed under aseptic con-
ditions. Incisions were made through the subcutaneous
tissue on the lateral side of the right hind limb of each
animal. The right sciatic nerve was exposed between the
biceps femoris and the gluteal muscles. The sciatic nervewas
transected with an Iris scissors at the trifurcation of the
tibial, peroneal, and cutaneous branches.

In the NEUROCAP groups, the sciatic nerve was dissected
and the nerve stump inserted approximately 5mm into the
device. The devicewas sutured to the device bymeans of two
sutures (►Fig. 2).

In the control groups, the sciatic nerve was dissected, but
the nerve stump remained in situ and the distal end was
sutured to the surrounding muscle tissue. In both groups, a
gap of at least 15mm was maintained distal to the transec-
tion site to avoid spontaneous nerve regeneration.

The incisions were closed and the animals recovered from
surgery.

Animals were observed daily during follow-up and re-
ceived analgesics as necessary. Animals were anesthetized
via isoflurane prior to euthanasia. After completion of the
designated survival period and termination, animals were
examined. Implant- and nonimplant-related alterations
were collected for microscopic evaluation.

Histopathology
Samples were collected for histopathology from the test and
control nerves along with contralateral nerves. Additional
tissue surrounding the nerves was also collected to evaluate
effects of the device on surrounding tissues. Samples were
processed by Scientific Solutions, LLC. Stains for histopathol-
ogy included hematoxylin and eosin (H&E), Luxol Fast Blue,
and Neurofilament 200.

Histopathology samples were sent to a veterinary pathol-
ogist for evaluation.

Histopathology slides were of longitudinal sections of
each nerve. Evaluation of histopathological markers was
based on ISO 10993–6:2016. When appropriate, histology

slides were evaluated for the percentage of unmyelinated
fibers present by using the following scoring:

Evaluations were also made on the general orientation of
the fibers, neuroma formation, nerve outgrowth, abnormal
healing of the nerve, and any abnormal response in the
surrounding nerve tissues. These outcome measures were
either scored to be present or not present, or normal or
abnormal where applicable, or were evaluated according to
the grading scales in ►Tables 2 and 3.

Nerves were evaluated in three zones. In the test article
nerves, zone 1 was the tissue adjacent to the free end of the
test article, zone 2was nervewithin the device at the cut and
distal to the cut end (applicable if there is outgrowth of nerve
tissue), and zone 3 was the nerve within the device proximal
to the cut end. For the control article sites, zone 1 was the
tissue adjacent to the cut end of the nerve, zone 2 was the
nerve at the cut end and distal to the cut end (applicable if
there is outgrowth of nerve tissue), and zone 3was the nerve
proximal to the cut end (►Fig. 3).

After 12 weeks, 6 months, or 12 months, animals were
humanely euthanized and tissues collected for histological eval-
uation. Slides were prepared by Scientific Solutions, LLC and
stained with H&E, LFB, and Neurofilament 200 (NF). The histo-
logical evaluation was conducted in accordance with the study
protocol. Test and control nerves were stained with each of the
threestains listedabove (H&E, LFB, andNF). Slidesofcontralateral
nerves from test, and control groups were stained with LFB.

Table 1 Study design

Group Article 12 wk 6 mo 12 mo

Test NEUROCAP 5 8 3

Surgical control None 5 8 2

Early termination NEUROCAP 0 0 1

None 1 1 0

Fig. 2 Device sutures.

Journal of Reconstructive Microsurgery Open Vol. 6 No. 1/2021 © 2021. The Author(s).

Neuroma Prevention and Implantation Effects of NEUROCAP Geraedts et al. e3



Results

There were 42 animals enrolled in total throughout the first
12 weeks of the study duration.

Eight animals were euthanized early due to autotomy, and
only seven animals were replaced due the timing of the early
deaths and replacement surgeries. Two additional animals
were added to the study in amendment 1.

Ten animals were humanely euthanized at 12 weeks (�1
day) for the first time point of the study. Sixteen animals
were randomly selected and humanely euthanized at
6 months (�2 days) for the second time point of the study
and five animals were humanely euthanized at 12 months
(�2 days) for the third time point of the study. The animals
were equally distributed in the control and test groups at all
time points, with three animals in the test group and two
animals in the control group at the 12-month time point.

Clinical Observations
Animals were observed daily from arrival and through the
duration of the study by veterinarians, veterinary techni-
cians, and animal care staff.

In the 12-week cohort, there were five observations of
autotomy noted by a test facility veterinarian. There was no
differencebetween the test and control groupswith regards to
autotomy numbers and severity. All autotomy instances at the

12-week terminationwere not resolved at termination. In the
6-month cohort, there were 13 observations of autotomy
noted bya test facility veterinarian. All autotomy in this cohort
was resolved after approximately 4months of survival period.
In the 12-month cohort, there were four observations of
autotomy noted by a test facility veterinarian. In the NEURO-
CAP (test) group, and also in this cohort the autotomy was
resolved after approximately 4 months of survival period.

Four of the rats in the 12-month cohort were obese, which
is a common problem in aged male Sprague–Dawley rats.
One sudden death noted in this cohort, which based upon
postmortem investigation results, was most likely caused
by secondary effects due to obesity.

There were no differences between the test and control
groups with regards to clinical observations.

Clinical Pathology
Blood samples were collected prior to surgical procedures
and termination for all animals. All values in both test and
control groups were considered within the normal range
except for some findings. Lymphocytosis was noted in one
animal at termination and was likely a stress response prior
to blood collection and not clinically significant. Hypergly-
cemia was noted in two animals at termination and was
likely a postprandial response since ratswere not fasted prior
to blood collection.

Table 2 Grading for unmyelinated fibers

Grade Unmyelinated fibers observation

0 No unmyelinated fibers present

1 1–25% unmyelinated fibers present

2 26–50% unmyelinated fibers present

3 51–75% unmyelinated fibers present

4 76–100% unmyelinated fibers present

Table 3 Grading of severity for histopathologic markers

Grade Severity observation

0 Absent

1 Minimal

2 Mild

3 Moderate

4 Marked

Fig. 3 Zone definitions.
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Anemia and hypoalbuminemia noted in one animal at
termination was likely related to its adverse event (heel
pododermatitis).

There were no significant differences between the test
and control groups with regards to clinical pathology
outcomes.

Adverse Events
Therewere no adverse events related to the devices. All of the
adverse events were related to the animal model and/or
procedure. According to the physical examinations, the
clinical pathology results, the daily observations, the adverse
events, the surgical procedures, and the in-life assessment all
animals enrolled in the study demonstrated adequate health
to assess the objectives of the study.

Histopathological Evaluation
Histopathological outcomeswere assessed for both groups at
all time points. ►Table 4 provides a legend for all histopath-
ological pictures. ►Tables 5–7 provide grading data of the
outcomes for zone 2 for all time points. Independent sample
t-tests were performed to assess differences between both
groups at 12 weeks and 6 months after implantation.

Over time, the test nerves showed similar fibrosis with no
neuroma formation in both zones 2 and 3. The test nerves did
showdecreasing inflammation, chaotic fascicles, axonal loss,
and increasing percent myelinated nerves in all zones over
time. The control nerves showed similar fibrosis in both
zones 2 and 3. There was increasing neuroma formation and
chaotic fascicles in zone 2 and decreasing axonal loss for
zones 2 and 3 for the control group over time.

Neuroma formation was not present in any of the test
animals at any time point while two of eight control animals
at 6 months, and two of two control animals at 12 months
had neuroma formation present in zone 2 (►Fig. 4). ►Figs. 5

and 6 provide representative images of neurofilament stain-
ing for zone 2 to evaluate axonal loss.

Over time, the test group had decreasing chaotic fascicles
that had a lower average score than the control group,

indicating that the nerves were becoming more organized
in the test group while remaining less organized in the
control group. The control group did have increased nerve
outgrowth at all time points comparedwith the test group. In
zones 2 and 3, the test group did have increased myelinated
nerves over the course of 12 months compared with the
control group, while the control group had similar myelina-
tion over the course of the 12 months. This indicates that
long-term myelination of the nerves is not significantly
affected by the test articled compared with the
control. ►Figs. 7 and 8 show representative images for
chaotic fascicles and myelination in both test and control
groups.

The test article showed resorption over time but was still
present around the test nerve at the 12 month time point.
The test group did have increased (minimal to mild) inflam-
mation compared with the control group at both the 12-
week and 6-month time points, and this inflammation was
associated with the test article material. The inflammation
with the test article was an expected response to the
implanted material. By the 12-month time point, there
was no inflammation. ►Figs. 9–14 provide representative
images for inflammation markers, neuroma formation, and
nerve outgrowth at all time points for both groups.

Discussion

In this study, the mode of action of a nerve capping device
(NEUROCAP) for reduction of formation of neuroma was
assessed in a rat sciatic nerve transection model. Results
were comparedwith a control group inwhich the transected
nerve endwas left in situwithout treatment. Results indicate
that while in the test group, no neuroma formed during at
the primary endpoint of 6 months after surgery as well as
over the course of 12 months after surgery in the control
group multiple neuroma formations were found during
12 months after surgery. Histopathologically, there were
significant differences with regards to nerve outgrowth,
chaotic fascicle formation, and percentage of myelinated
fibers.

Neuroma associated neuropathic pain can be functionally
debilitating and is notoriously difficult to manage. Serial
interventions and a need for neuromodulating medications
underscore the complexity of symptomatic neuroma man-
agement. Theoretically, intervening at the time of nerve
injury to prevent the development of symptomatic neuro-
mas can avoid much of the morbidity associated with
peripheral nerve injuries.

Neuropathic pain is due to complex central and peripheral
mechanisms that occur following nerve injury.8 Initially, the
symptoms may be due to local inflammatory reactions that
can irritate the nerve endings. Then a cascade of various
cellular and humoral events occurs asmacrophages andmast
cells accumulate ate in the site of the lesion and inflamma-
tory cytokines and factors are secreted to promote connec-
tive tissue scar formation.9 These inflammatory substances
include histamine and serotonin which are responsible for
pain production.10 Over time, C-fibers become sensitized

Table 4 Legend histopathology

Z1 Zone 1

Z2 Zone 2

Z3 Zone 3

AL Axonal loss

TA Test article

N Nerve tissue

NF Neuroma formation

S Suture

F Fibrosis

In Inflammation

ML Myelination

CF Chaotic fascicles
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Fig. 4 Neuroma formation hematoxylin and eosin stain in control
group animal at 12 weeks, �10 total magnification.

Fig. 5 Test group zone 2; 12 weeks after implantation; neurofilament
stain; �200.

Fig. 6 Control group zone 2; 12 weeks after surgery; neurofilament
stain; �200.

Fig. 7 Test group zone 2; 6 months after implantation; Luxol fast blue
stain; �200.
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pain generators.11 The injured nerve will attempt to regen-
erate, but in the absence of a distal target, axons that sprout
can grow into the surrounding scar tissue, forming a neuro-
ma.12 These results are illustrated by the occurrence of
neuroma in the control groups in the current rat sciatic
nerve transection model.

In clinical practice, a transacted nerve is often implanted
into bone or a nearby muscle in an attempt to place a barrier
between the anticipated neuroma and external stimuli.With
this treatment, a different type of neuroma often develops
that contains less connective tissue and is made up primarily
of smaller and more painful sensory neurons.13 Nerve cap-
ping after stump excision has been well documented in the
literature as an effective and widely used means of

Fig. 8 Control group zone 2; 6 months after implantation; Luxol fast
blue stain; �200.

Fig. 9 Test group; 12 weeks after implantation; hematoxylin and
eosin stain; �10 and �200.

Fig. 10 Control group; 12 weeks after implantation; hematoxylin and
eosin stain; �10 and �200.

Fig. 11 Test group; 6 months after implantation; hematoxylin and
eosin stain; �10 and �200.

Fig. 12 Control group; 6 months after implantation; hematoxylin and
eosin stain; �10 and �200.

Fig. 13 Test group; 12 months after implantation; hematoxylin and
eosin stain; �10 and �200.

Fig. 14 Control group; 12 months after implantation; hematoxylin
and eosin stain; �10 and �200.
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preventing symptomatic neuroma formation by modulating
fiber outgrowth.6,14,15 The nerve cap forms a physical barrier
that isolates the nerve from the surrounding inflammation
and scar tissue. This barrier also serves to block the sur-
rounding growth factors so as to change the regenerative
response.16 Sunderland17 showed that the normal epineuri-
um can prevent the lateral outgrowth of regenerating axons
and that intact epineurium can control terminal neuroma
formation by the isolation of neural tissues from the sur-
rounding connective tissues. Epineural caps have been used
in various studies, but the consistent problem of axonal
escape remains.14–16 In history, silicone nerve capping devi-
ces have been used but have been linked to adverse events
resulting from the use of silicone and requiring removal of
the device.6 These experiences indicated a need for non-
silicone and bioresorbable nerve capping devices. Taneera-
nanon et al have described the use of a NEUROLAC nerve
guide, which is composed of the samebioresorbablematerial
as NEUROCAP, formed as a cap around the severed nerve end
by means as a capping device.15 The positive experiences in
that study are emphasized by the current study results of a
bioresorbable nerve capping device in a rat model, where a
significantly lower number of neuroma occurrence was
found in the NEUROCAP group when compared with the
control group where the transected proximal nerve end was
left in situ without treatment.

The rat sciatic nerve transection model is commonly used
to study neuroma prevention and treatment. In this method,
neuroma formation can be observed in rats as soon as
2 weeks after injury.18 In the current study, the macroscopic
and histological effects of nerve capping after nerve transec-
tion in a rat sciaticmodelwere studied at 12weeks, 6months,
and 12 months after procedure. The benefits of the NEURO-
CAP became evident in the 6-month group and were con-
firmed in the 12-month group. The control group had
increased nerve outgrowth in comparison with the test
group as well as two sections with neuroma formationwhile
there was no neuroma formation in any of the test sections.
In addition, several of the control nerves had adhesions to the
surrounding tissues, whereas adhesions were not noted in
NEUROCAP test group. The gross necropsyfindings regarding
scarring in the groups correlated with the results from the
histopathological evaluation where more fibrosis and in-
flammation was found in the surrounding tissues of the
control group as compared with the test group. This scarring
could be a source of traction neuritis that is thought to be a
cause of neuropathic pain in symptomatic neuromas. At 6-
and 12-month time points, the test group had fewer chaotic
fascicles compared with the control group, suggesting that
the test nerves were becoming more organized and the
control nerves were becoming less organized over time.
Nerve outgrowth scores were significantly higher in the
control group than in the test NEUROCAP group.

The study results showed that the NEUROCAP prevented
both nerve tethering to surrounding tissues aswell as chaotic
nerve fascicle outgrowth. While this rat sciatic model does
not allow for an analysis of neuropathic pain, both scarring
and chaotic nerve outgrowth are thought to be the primary

generators of the neuropathic pain seen in symptomatic
neuroma, making it reasonable to anticipate that NEUROCAP
placement following nerve injury or surgical intervention for
symptomatic neuroma will decrease neuropathic pain. A
prospective clinical trial is ongoing to test this specific
hypothesis. Overall, the results in this rat sciatic nerve study
confirm the findings of previous studies that indicate the
preventive effect of a barrier around a severed nerve end to
prevent formation of end-neuroma.15,16

Strengths and Limitations
The design of this study has several strengths. First, these are
the first experimental trial results in an animal model
addressing the mode of action and effectiveness of a nerve
capping device for the treatment of nerve dissection. Second,
the study includes histologic as well as macroscopic evalua-
tion of results. Third, there is an extensive follow-up period
of 12 months after implementation.

There are some limitations that influence the interpreta-
tion of the study. First, autotomy rates caused by the rat
sciatic nerve model limit the available data, causing the 12-
month time point to be underpowered. However, the prima-
ry outcome was placed at 6 months after the procedure,
which time point was adequately powered. Second, the
clinically most important endpoint, whether the transected
nerves are less symptomatic, could not be studied in this
model. This is however further investigated in an ongoing
prospective clinical trial to strengthen these data. Neverthe-
less, the absence of neuroma formation and adjacent tissue
scarring and the formation of organized atrophied fibers at
the nerve transection sites in the test group suggest that the
NEUROCAP is modulating neuroma formation in ways that
are likely to prove clinically beneficial.

Conclusion

This is a 12-month follow-up study on the efficacy and safety
of a nerve capping device (NEUROCAP) in the prevention of
neuroma in rats. The results show that NEUROCAP is able to
prevent neuroma formation in a rat sciatic nerve model.
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