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ABSTRACT

Objective: Traditionally, free fasciocutaneous flaps with repaired sensory nerves (neurocutaneous flaps) have been used to cover sites with high
functional demands. The effectiveness of repairing nerves in these flaps to provide protective sensation remains controversial. Our in vivo exper-
iment aimed to elucidate the rationale behind sensorial neurorrhaphy in these flaps.

Methods: We studied the nerve fiber histology in 19 canine saphenous fasciocutaneous free flaps that were reimplanted and microsurgically
reinnervated at 3, 6, and 12 months postoperatively. We used micromorphometry on histology microsamples prepared with Weigert-Pal method
technology to evaluate the quality and quantity of myelinated sheaths at saphenous nerve repair sites 5 mm above and below the neurorrhaphy.
Additionally, the Bielschowsky-Gros method was used to track nerve fiber recovery in the distal marginal skin of these flaps.

Results: Three months postoperatively, histological analysis showed predominant nerve fiber breakdown below the saphenous neurorrhaphy
site. The highest rate of nerve fiber recovery was observed at 6 months, followed by a significant reduction in the number of myelinated sheaths
in the repaired saphenous nerve at 12 months, with a predominance of thick (fast) sheaths below the neurorrhaphy site (p < 0.05). Findings from
both Weigert-Pal method and Bielschowsky-Gros method, including viable skin receptors at 12 months, indicated successful reinnervation of the
flaps through the repaired sensory nerves.

Conclusion: The neurohistology data from canine saphenous neurocutaneous free flaps support the use of sensory neurorrhaphy and contribute
to the body of evidence that may either support or challenge the effectiveness of neurorrhaphy as a method for nerve fiber integration into the

skin of free fasciocutaneous flaps.

INTRODUCTION

Challenges in Trauma Management

The management of major extremity trauma, exacerbated by increas-
ing numbers of wounded warriors and civilian casualties, is becom-
ing increasingly complex [1-3]. Injuries from high-velocity objects and
blasts often result in poorly vascularized soft tissue defects. Such cas-
es frequently require the expertise of a multispecialty team trained in
microsurgery [4-7]. Consequently, free vascularized tissue transfers are
primarily reserved for extreme clinical situations where simpler and less
labor-intensive methods are inadequate for soft tissue coverage [8-15].

Flap Classification and Neurorrhaphy

Fasciocutaneous flaps are categorized by pedicle anatomy into axial and
random types, by skin mobility into mobile and non-mobile, and by the
presence of a sensory nerve [16-19]. When a sensory nerve is microsur-
gically repaired in a free neurocutaneous flap, it is termed reinnervated
[20,21]. These flaps are typically indicated when adequate soft tissue
coverage and protective sensation cannot be achieved by other meth-
ods. However, controversy exists over the necessity of repairing the sen-
sory nerve in fasciocutaneous flaps, as opposed to relying on adequate
protective sensation reports without neurorrhaphy [22,23].

Neurohistological Evaluation in Reinnervated Flaps

Our in vivo experimental study, initiated in September 1983, aimed to
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provide neurohistological data on reinnervated free fasciocutaneous
flaps. At the time, there was a lack of experimental neurohistology data
in the microsurgical research literature. Remarkably, such data is still un-
supported in current English-speaking world literature. The goal of this
study is to enrich the understanding of neurorrhaphy through neuro-
histological analysis of microsurgically transferred free neurocutaneous
flaps, thereby inspiring further research in this field.

MATERIALS AND METHODS

Study Background

Among the various flaps described in laboratory animals, the microsur-
gical replantation of a canine saphenous neurocutaneous free flap was
chosen as the experimental model for our neurohistology research proj-
ect [24,25]. The decision to use this flap was influenced by the presence
of a reliable, well-developed axial pattern neurovascular pedicle and its
classification as a mobile type of fasciocutaneous flap, characterized by
a mobile skin feature with a thin fascial layer underneath. These attri-
butes made it suitable for a reproducible experimental ipsilateral trans-
fer (replantation).

This research was part of a four-year multidisciplinary study (from
September 1983 to September 1987) at the microsurgical laboratory
of Yaroslavl State Medical University. The study involved 57 canine sa-
phenous free flaps and covered microsurgical techniques, neuroanat-
omy, soft tissue histology, vascular adaptations, and skin physiology. It

DOI: 10.24983/scitemed.im;j.2024.00192 10f9



ORIGINAL

Table 1. Temporal Distribution of Histological Samples from Reinnervated Saphenous Fasciocutaneous Free Flaps

Tissue samples Histochemical analysis methods

Nerve fibers in marginal BGM 7
skin
Myelinated fibers in the ~ WPM 7

saphenous nerve

Abbreviations: BGM, Bielschowsky-Gross method; WPM, Weigert-Pal method.

commenced at a time when the country’s medical centers were over-
whelmed by industrial injuries and casualties from the Soviet-Afghan
war, with soft tissue defects at functionally demanding anatomical sites
leading to permanent disabilities among the nation’s most productive
workforce. Concurrently, reconstructive microsurgery was gaining glob-
al popularity, with fasciocutaneous free flaps increasingly chosen for the
majority of patients. This period also saw debates over the necessity of
sensory microneurorrhaphy for protective sensation in flaps, which be-
came a significant focus in the field of microsurgery.

Experimental Grouping and Allocation

The objective to differentiate between innervated and non-innervated
free flaps in clinical practice prompted the development of our exper-
imental study. The project was structured to include 30 free flaps, allo-
cated into three postoperative follow-up groups at 3 months, 6 months,
and 12 months. Each group consisted of 10 flaps.

It was unanimously agreed that studying nerve fiber regeneration
before 3 months post-surgery was not valuable, as the nerve tissue re-
generation process is typically overshadowed by resorption during this
period. Additionally, it was determined that limiting the duration of neu-
rohistological follow-up to 12 months would suffice to assess the suc-
cess or failure of sensory nerve fiber regeneration at microneurography
sites.

Initially, 30 canine saphenous flaps were selected for our neurohis-
tology microsurgical research. However, only 19 flaps were ultimately
included in the study. The exclusion of 11 flaps was due to surgical site
complications, leaving only those that healed by primary intention for
inclusion in the study groups (Table 1).

Ethical Animal Management and Surgical Protocols

All animal care and surgical procedures adhered to the state-regulated
animal facility guidelines, in compliance with the Guidelines for Care
and Use of Laboratory Animals. The procedures were conducted at the
medical school's Microsurgical Laboratory, which is equipped to support
advanced surgical training and research.

Throughout the experimental phase, general anesthesia was admin-
istered to all subjects to ensure optimal conditions for surgical accuracy
and animal welfare. Vigilant postoperative monitoring was systemati-
cally applied throughout the duration of the study to assess recovery
and minimize complications. The surgical procedures were executed
with precision using microsurgical instruments of the highest quality,
sourced from Aesculap in Tuttlingen, Germany, renowned for their engi-
neering excellence. Suturing involved 10-0 monofilament tapered nylon
sutures provided by Ethicon, Inc., which are critical for ensuring reliable
wound closure in microsurgical settings. Moreover, the surgeries utilized
the Carl Zeiss M-310 surgical microscope from Hamburg, Germany, fea-
turing a magnification range from 4x to 40x, which is essential for en-
hancing visibility and precision during intricate microsurgical operations.
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Number of samples at 3 months

Number of samples at 6 months Number of samples at 12 months

6 6

These tools and methodologies were integral to advancing the field of
microsurgery, contributing to significant improvements in surgical out-
comes and patient safety.

Surgical Techniques

The initial step involved the meticulous dissection of the saphenous neuro-
vascular bundle (Figure 1A) using precise bipolar micro electrocautery (Figure
1B). Subsequently, the cranial and caudal branches of the saphenous nerve
were ligated, and oval-shaped axial pattern fasciocutaneous flaps measuring
8 cm x 4 cm were raised (Figure 1C) and harvested (Figure 1D). The neurovas-
cular pedicles of the flaps were transected sharply at 45 degrees to the blood
vessels and 90 degrees to the nerve. Following this, the saphenous blood
vessels were gently flushed with heparin-enriched saline.

Microanastomosis was performed, starting with the arterial ends, fol-
lowed by venous end-to-end connections using 10-0 Ethicon interrupted
nylon monofilament sutures (Figure 1E). After restoring arterial blood flow
for 30 seconds, venous anastomosis was initiated. The saphenous nerve co-
aptation followed after ensuring that blood circulation within the flap was
re-established. The neurorrhaphy was accomplished using four 10-0 nylon
interrupted epineural sutures for each case of neurorrhaphy (Figure 1F).

During arterial microanastomosis, two additional adventitia stay su-
tures were placed on each arterial site (Figure 2A) to minimize arterial
wall injury (Figure 2B) and enhance water sealing of the anastomosis
(Figures 2C-F). Bipolar micro electrocautery was consistently used to
achieve thorough hemostasis throughout the procedure.

In the conducted study, meticulous recording confirmed that the
ischemic duration for the arterial supply of the free flaps consistently re-
mained below 45 minutes, underscoring the precision and efficiency of
the surgical procedures. Measurements showed the saphenous nerve
exhibited a mean thickness of 2.5 + 0.5 mm (n = 19). Similarly, the aver-
age outer diameter of the associated arteries was calculated at 2.0 + 0.5
mm (n = 19). The dimensions of the veins were also quantified, averaging
3.0 £ 0.5 mm (n = 19). These metrics illustrate the detailed anatomical
considerations in the study and reflect the rigorous standardization in
the collection of morphometric data, essential for ensuring replicability
and reliability in microsurgical research.

Neurohistological and Histochemical Analysis

Tissue biopsy specimens for neurohistology were collected at 3 months (7
flaps), 6 months (6 flaps), and 12 months post-operatively (6 flaps), as de-
tailed in Table 1. The neurorrhaphy samples underwent evaluation using
the Weigert-Pal method (WPM) [26,27], and the skin margins were stained
for soft tissue analysis with the Bielschowsky-Gross method (BGM) [28],
as outlined in Table 1. Microscopic examination of both WPM and BGM
samples was conducted, and images were captured using a laboratory
microscope at 70x and 280x magnifications (Figures 3A-C, 4A-F, 5A-H).
The WPM was utilized for micromorphometric analysis of the re-
paired saphenous nerve myelin sheaths, assessing the thickness of my-
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Figure 1. (A) Anatomy of the canine saphenous neurovascular bundle. It depicts the cranial trunk (1) that bifurcates into posterior and anterior caudal branches (2 and 3, re-
spectively). It also shows the femoral nerve (yellow arrow), artery (red arrow), and vein (blue arrow). (B) Intraoperative dissection of the saphenous neurovascular bundle. This
is captured with a Carl Zeiss M-310 surgical microscope camera. It highlights the saphenous nerve (yellow arrow), artery (red arrow), and vein (blue arrow). (C) Raised canine
saphenous neurocutaneous flap. This image shows the flap with its dissected neurovascular pedicle (yellow arrow). (D) Preparation of canine saphenous free neurocutaneous
flap. Itillustrates the harvested flap ready for replantation, with vessels flushed with heparinized saline. (E) Intraoperative repair of saphenous artery and vein. This depicts the
process using 10-0 nylon interrupted sutures, captured with the same microscope camera. It identifies the artery and vein by red and blue arrows, respectively. (F) Saphenous
neurorrhaphy procedure. This displays the neurorrhaphy of the saphenous nerve using 10-0 epineural nylon sutures, with precise suturing highlighted by the yellow arrow.

elinated nerve sheaths—a critical marker of nerve recovery or regenera-
tion post-surgery. This analysis was performed on 6 microsamples each
from 5 mm above and below the neurorrhaphy site, resulting in a total
of 228 WPM saphenous nerve microsamples from both above and be-
low the neurorrhaphy in all 19 cases. These were subject to micromor-
phometry to categorize each myelinated sheath by thickness.

Additionally, the BGM was employed to assess nerve fiber integrity
and distribution in the distal marginal skin of the replanted saphenous
free flaps. This histochemistry technique uses silver staining to visualize
nerve fibers, aiding in the evaluation of nerve integration and regener-
ation at distal repair sites. BGM was particularly valuable in monitoring
both recovery and resorption processes in the silver-stained marginal
skin nerve fibers, offering a comprehensive view of the dynamics in-
volved in nerve repair.

Tissue Harvesting and Sample Acquisition

Tissue samples were harvested at 3, 6, and 12 months post-operatively
at intervals crucial for observing different stages of neurovascular and
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skin tissue recovery. Specifically, 10 mm in-block biopsy samples (5 mm
above and 5 mm below the neurorrhaphy) of repaired neurovascular
pedicles were taken for WPM analysis, and 10 mm x 10 mm biopsy sam-
ples from the very distal marginal skin were collected for BGM analysis.
These samples were carefully marked according to their proximity to the
neurorrhaphy site and transported to the neurohistology laboratory for
further examination (Table 1).

The distribution of flap survival varied at the different postoperative
intervals, with 7 viable free flaps remaining in the 3-month follow-up
group and only 6 flaps in the 6 and 12-month groups. The decision to
retain an extra flap in the 3-month group was based on the understand-
ing that this would not significantly affect the statistical outcomes of the
WPM analysis but would provide an additional valuable soft tissue sam-
ple for BGM silver staining.

Statistical Analysis

The thickness of myelinated sheaths stained by the WPM was catego-
rized and analyzed statistically. The Shapiro-Wilk test was applied to
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Table 2. Quantitative Micromorphometric Analysis of Myelinated Nerve Fiber Thickness in the Saphenous Nerve Above and Below the Neurorrhaphy Site Across

Defined Time Points

Thin myelinated fibers (<3.9 ym)
Assessment periods

Intermediate myelinated fibers (4.0-6.9 pm)

Thick myelinated fibers (>7.0 pm)

Mean + SD g P Mean + SD [ p Mean + SD o p
6 months
Above neurorrhaphy 372.8+97.27 168.30 162.0 +£ 37.58 62.05 577.0+182.18  315.17
>0.05 >0.05 >0.05
Below neurorrhaphy 354.3+88.59 153.26 175.0 £31.23 54.04 87.7+15.25 26.39
12 months
Above neurorrhaphy 83.7+18.18 31.46 57.0 £4.07 7.04 245.0+ 67.75 117.21
<0.05 <0.05 <0.05
Below neurorrhaphy 22.0 £0.69 1.19 24.5+0.71 1.2 108.0 £ 0.74 1.21

Note: All measurements presented in this table are in micrometers (um). This study employed micromorphometric analysis to evaluate the thickness of myelinated nerve
fibers from six histological microsamples, obtained from regions located 5 mm above and below the saphenous neurorrhaphy site in each experimental group. The reported
standard deviations (SD) represent variability within the collected samples. Given the impracticality of assessing the entire population, sample SDs are used as estimators of
the true population standard deviation (o). This approach facilitates the extrapolation of characteristics representative of the larger population based on the sample data.

assess the normality of the data distribution. For datasets that showed
a non-normal distribution, the Mann-Whitney U test was employed to
compare myelinated sheath thickness between two independent sam-
ples at specified time points. For datasets with a normal distribution, dif-
ferences between groups were analyzed using the Student's t-test.

The means and standard errors were computed to represent the
central tendency and variability, respectively, while standard deviation
was utilized to measure the dispersion of the data. Statistical significance
was established at a threshold of p < 0.05. These analyses were conduct-
ed using SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA), ensuring the
validity and reliability of our neurohistological results.

RESULTS

Early Recovery and Neurohistological Assessments

Our study examined 19 successfully replanted canine saphenous fas-
ciocutaneous flaps, each featuring well-developed axial neurovascular
pedicles and mobile skin atop a very thin fascia, classified as axial mobile
neurocutaneous flaps. These flaps underwent microsurgical repair of
both blood vessels and a sensory nerve.

Clinically significant cosmetic recovery at the surgical sites was doc-
umented within 3 to 6 weeks postoperatively. By six weeks, the flaps
not only matched the properties of the surrounding skin but were also
discernible solely by the presence of thin, oval-shaped surgical scars.

Neurohistological assessments conducted at 3 months postopera-
tively utilized BGM silver staining histochemistry. These assays predom-
inantly displayed neurohistological resorption (Figure 3A). However,
scattered instances of axonal recovery, including the presence of growth
cones and small viable nerve fibers, were observed (Figures 3B-C).

Mid-Term Histological Findings and Myelin Analysis

At three months post-surgery, the micromorphometric results of the
WPM both above and below the saphenous neurorrhaphy were difficult
to interpret. The sites of myelinated sheath regeneration were obscured
by the byproducts of myelin resorption (Figures 4A-B). By six months
post-surgery, these resorbing myelinated sheaths were no longer pres-
ent in the WPM microsamples of the saphenous nerve (Figures 4C-D).
Micromorphometric analysis of myelin at six months postoperative-
ly revealed a predominance of thin (slow) nerve fibers (Table 2). Con-
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currently, the BGM silver-stained microsamples from the marginal skin
revealed multiple sites of nerve fiber resorption at six months. However,
the nerve regeneration process was significantly more active than at the
three-month postoperative evaluation. Individual sites of nerve fibers,
with remnants of resorption and predominantly recovery, were identi-
fied in the superficial skin layers at six months postoperatively (Figure
4E). Moreover, viable nerve fibers were more frequently detected in ran-
dom peripheral nerve trunks within the deep layers of the free flap at six
months post-surgery (Figure 4F).

Long-Term Outcomes and Statistical Relevance

At six months post-operatively, neurohistology findings showcased mul-
tiple axonal dichotomy sites (Figure 5A), accompanied by an abundance
of lamellipodia (growth cones) sprouting toward the periphery of the
free flaps. This presence of lamellipodia continued into the one-year
post-operative study group (Figure 5F). Interestingly, no viable nerve fi-
bers were detected within the surrounding surgical scar tissues at any
follow-up point using the BGM. Instead, amputation neuromas were
identified using hematoxylin-eosin stain in some samples.

Statistical significance in the WPM micromorphometry readings
below the saphenous neurorrhaphy was only achieved in the one-year
post-operative group (Table 2). This group was the only one with normal-
ly distributed data, as confirmed by the Shapiro-Wilk test, and showed
significant results in all myelinated sheath thickness categories with p <
0.05. The three and six-month post-operative WPM groups did not show
normal data distribution. Combined with small group sizes, this resulted
in insufficient power to achieve statistically relevant values.

Moreover, comparisons made at one year post-operatively revealed
a significant reduction in the numbers of thin (slow) and Intermediate
thickness myelinated sheaths (Figures 5B-C). There was a dominance of
more developed thick (fast) fibers in the samples above and below the
saphenous neurorrhaphy site (Table 2). By one year post-operatively,
the calculations below the neurorrhaphy site showed normal distribu-
tion, enabling valid statistical conclusions with p < 0.05 (Table 2).

In terms of BGM studies, the one-year post-operative microsamples
continued to show nerve fibers' resorption (Figure 5D). These observa-
tions were accompanied by signs of adequate maturity for skin innerva-
tion histology (Figures 5E-G), including the presence of epidermal recep-
tors (Figure 5H).

The experimental animals showed no signs of pain at the surgical

DOI: 10.24983/scitemed.im;j.2024.00192 40f9



ORIGINAL

Figure 2. (A) Adventitia stay-sutures method. This technique is engineered to minimize trauma during tissue handling and improve the water-tight seal over arterial micro-
anastomosis. (B) Stay-sutures for arterial adventitia. This demonstrates the use of stay-sutures to secure the micro repair site during anastomosis. It minimizes the risk of
damage by avoiding direct contact with surgical instruments. (C) Adventitia stay-sutures for arterial wall handling. This illustrates the method of securing the arterial wall
to reduce tissue trauma during the sawing process for microanastomosis. It facilitates a precise and less invasive connection. (D) Application of adventitia stay-sutures in
arterial wall microrepair. This depicts the process of tying adventitia stay-sutures over the arterial wall during microrepair to form a protective tissue layer and enhance the
water-tight seal. (E) Completed arterial microanastomosis with adventitia stay-sutures. This shows a completed microanastomosis captured with a Carl Zeiss M-310 surgical
microscope camera. The 10-0 nylon adventitia stay-sutures, indicated by yellow arrows, are positioned over the repair site before final securing. (F) Arterial microanasto-
mosis using interrupted 10-0 nylon sutures. This displays the procedure captured with a Carl Zeiss M-310 surgical microscope camera. Arterial microanastomosis is per-
formed using interrupted sutures (red arrow). The site for adventitia stay-sutures is prepared (black arrow) to secure and seal the repair, enhancing durability and integrity.

sites after the procedure and responded to a light pinch on the replant-
ed free flap skin one year post-operatively.

DISCUSSION

Flap Prototype and Study Protocol

The saphenous canine flap served as a prototype for an axial pattern
neurocutaneous free flap with mobile skin, classified as a mobile type of
fasciocutaneous flap in clinical practice. The study protocol was demand-
ing, necessitating extensive training in microsurgery, reconstructive plas-
tic surgery, and a thorough understanding of nerve fibers regeneration
histology. The absence of a pilot prospective study for experimental fas-
ciocutaneous free flaps neurohistology posed significant challenges in
interpreting the project's results.

On the bright side, our data potentially provides a foundation for
further original research into nerve fibers regeneration within both
free and island fasciocutaneous flaps. Analyzing these results further,
the study also sheds light on the long-term recovery and neurological
outcomes, which are crucial aspects of the research that merit further
attention.

Long-Term Neurological Recovery

A significant limitation of our study was the complexity of the overall
project coupled with relatively small histology sample sizes. Conse-
quently, statistically reliable p values from WPM saphenous nerve mi-
cromorphometry were only achieved in the final study group (one-year
post-surgery below neurorrhaphy). Here, there was a notable preva-
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lence of the most developed myelinated sheaths, observed both above
and below the neurorrhaphy site (Table 2). The one-year post-operative
group proved to be the most informative, offering the longest follow-up
period and thus, the results from this group suggest a substantial neu-
rological recovery below the neurorrhaphy site one year after surgery.

Furthermore, the overall reduction in myelinated fibers observed in
the one-year WPM group may be attributed to an adaptation process.
The dermatomal sensory requirements for the transferred free flap be-
came less demanding than the capacity offered by the repaired saphe-
nous nerve. This phenomenon of non-functional nerve fibers reduction
is supported by findings from the BGM, which detected remnants of
resorbing nerve fibers in the marginal skin up to one year post-surgery.
This indicates a disposition process for the initially recovered nerve fibers
that became biologically unnecessary as the flap was already adequately
reinnervated. Essentially, this reflects a scenario where supply exceeds
demand, suggesting that the sensory needs of the free flaps were suffi-
ciently met sometime between six and twelve months post-operatively.

With this established neurological recovery, the next area of focus
is the sensory innervation and clinical implications of microsurgical neu-
rorrhaphy in these flaps.

Sensory Innervation and Clinical Implications

During the course of the global multidisciplinary study, the route of sen-
sory innervation through microsurgical neurorrhaphy was highlighted
by random findings of distal surgical scar amputation neuromas report-
ed by the histology lab. However, limitations arose as photometry doc-
umentation and detailed descriptions of these hematoxylin-eosin find-
ings were not included in the neurohistology project protocol, hence, are
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Figure 3. (A) Bielschowsky-Gros method (BGM) analysis, presenting a microphotograph taken at 280x magnification. It captures fragmented marginal skin nerve fibers
three months postoperatively. The image clearly demonstrates the active resorption process, providing insights into the dynamic changes occurring in nerve fiber structure
during healing. (B) BGM analysis of nerve fiber regeneration, featuring a microphotograph at 280x magnification. This image shows lamellipodia (indicated by the yellow
arrow) adjacent to fragments of nerve fibers, three months postoperatively. It highlights the simultaneous occurrence of both resorption and regeneration processes in the
nerve tissues. (C) BGM analysis of nerve fiber renewal, showcasing a microphotograph taken at 280x magnification. It displays a viable random nerve fiber adjacent to a skin
artery three months post-surgery. The image effectively illustrates the signs of histological renewal, emphasizing the ongoing regeneration process within the nerve tissues.

unavailable for presentation. Despite this, reports of neuromas at scar
sites surfaced along with indications of escalating neurological recover-
ies within the free flaps as early as three months post-operatively.

These findings, underscored by the absence of viable nerve fibers
at surgical scar areas in any sample group, suggest a minimal potential
for non-axial nerve fibers regeneration within a free fasciocutaneous
flap. Furthermore, clear signs of nerve fibers regeneration in BGM skin
were detected starting at three months post-operatively, consistent with
distally oriented growth cones (Figures 3B, 5F), followed by axonal di-
chotomies at six months (Figure 5A), and the emergence of epidermal
receptors by one year (Figure 5H). These observations challenge popular
clinical opinions that sensory recovery in free flaps can occur without
sensory nerve repair.

Our data supports the clinical benefits of cutaneous neurorrhaphy
and contradicts reports suggesting that free flaps can achieve protective
sensation without sensory nerve repair. The difficulties in forming con-
clusive statements are exacerbated by the lack of statistically significant
pilot studies based on neurohistology assays. According to our findings,
adequate reinnervation of the saphenous fasciocutaneous free flap like-
ly occurs through sensorial microneurorrhaphy, evidenced by early dis-
coveries of viable fibers below saphenous nerve repairs at three months
post-operatively, increased axonal growth cones and dichotomies by six
months, and a rise in myelinated sheaths in WPM samples below neu-
rorrhaphy sites.

Long-term findings at one year post-operatively show a statistically
significant prevalence of high-quality thick (fast) fibers at the flap sites
(p < 0.05), further complemented by the development of epidermal re-
ceptors between six months to one year after surgery. These outcomes,
combined with the inability of BGM to find viable nerve fibers within sur-
gical scars in any tissue sample, can be interpreted as a favorable impact
of sensorial microneurography and as weakening the widely accepted
hypothesis of random sensory reinnervation in flaps.

It remains unclear how nerve fibers revival truly occurs in clinical re-
ports of non-innervated free flaps achieving protective sensation. The
protective skin sensation observed in non-innervated free flaps needs
further statistical backing. Therefore, upcoming histology research
should focus on whether sufficient nerve fibers can penetrate surgical
scars following ingrowing blood vessels or if protective sensation in flaps
relies on sensory responses at the recipient site.

Additionally, simpler micrography studies such as hematoxylin-eo-
sin staining to detect amputation neuromas in surrounding scars could
offer insights into flap sensory recoveries. These studies, along with
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physiological research comparing reinnervated versus non-innervated
fasciocutaneous flaps, will be critical in enhancing our understanding of
nerve fiber regeneration post-microneurorrhaphy.

Ultimately, the significance of neurocutaneous free flaps is undeni-
able, and continued exploration into improving nerve fiber regeneration
after sensorial microneurorrhaphy is essential.

Study Limitations

Our multidisciplinary pilot research project on the neurohistology of
fasciocutaneous free flaps with repaired sensory nerves, initiated in the
1980s, presents several limitations. Firstly, the study’s small sample size
limits the generalizability of the findings across broader populations and
diverse clinical scenarios. This constraint may also diminish the statistical
power of the conclusions, potentially obscuring subtle effects of neuror-
rhaphy. Additionally, the reliance on an animal model, while necessary
for ethical and practical reasons, may not fully capture the complexity
of human physiological responses to nerve repair, posing challenges in
directly translating these findings to clinical practice.

Furthermore, the study outcomes were only evaluated up to one
year post-operatively. Longer-term follow-up would be crucial to assess
the durability of sensory recovery and the long-term viability of the re-
paired nerves. With only 19 flaps studied, expanding the study to include
larger groups could provide a more detailed exploration of different
surgical techniques and their specific impacts on nerve regeneration,
offering a more nuanced understanding of the factors contributing to
successful neurorrhaphy.

The microsurgical technique employed used a 10-0 microsuture, the
smallest size available at the time, which restricted the study to epineu-
ral repairs only. Due to the size of the saphenous nerve fascicles, inter-
fascicular neurorrhaphy was not feasible with 10-0 nylon suture. Given
these limitations, the future direction for research on free flaps must be
carefully planned and considered to enhance the reliability and applica-
bility of the findings.

Future Directions in Free Flap Research

The limitations of our study underscore the necessity for further re-
search featuring expanded sample sizes, a variety of clinical conditions,
and longer monitoring periods to enhance the foundational insights
already gained. Crucially, pioneering research on free flap transfers
should involve a multispecialty team approach, beginning with expertise
from a microsurgical lab and extending to basic science specialties.
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Figure 4. (A) Weigert-Pal method (WPM) analysis of saphenous nerve regeneration. This microphotograph, taken at 70x magnification, displays a cross-section of the
saphenous nerve below the neurorrhaphy site, three months post-surgery. It highlights early stages of regeneration in myelinated nerve fibers and demonstrates neural
recovery dynamics. (B) WPM cross-section analysis of the saphenous nerve, shown at 280x magnification. This image depicts a cross-section below the neurorrhaphy site,
three months post-operatively, and clearly illustrates the regeneration of myelinated nerve fibers. (C) WPM analysis of myelinated sheaths, captured at 70x magnification.
It shows the morphology of myelinated sheaths below the neurorrhaphy site, six months post-surgery, showcasing regions of sheath consolidation and providing insights
into advanced stages of nerve fiber regeneration. (D) WPM analysis of myelin sheath thickness variations, at 280x magnification. This image displays a cross-section of the
saphenous nerve six months post-surgery, highlighting variations in myelin sheath thickness and illustrating differential recovery patterns. (E) Bielschowsky-Gros method
(BGM) analysis of nerve fibers, captured at 280x magnification six months post-surgery. It illustrates both recovered and resorbing nerve fibers, capturing dynamic chang-
es within the nerve structure and highlighting ongoing processes of regeneration and degeneration. (F) BGM analysis of peripheral nerve recovery, taken at 280x mag-
nification six months post-surgery. This image displays a viable peripheral nerve, vividly showing signs of nerve fiber recovery and highlighting successful regeneration.

Frequent flap failures can arise from devastating surgical site com-  ACKNOWLEDGMENTS
plications, such as microsurgical anastomosis thrombosis, bleeding, in-
fections, tissue edge necrosis, and ultimate loss of the free flap. These
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only 19 free flap transfers. These selected flaps healed by primary inten-
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tion and had functional microsurgical repairs, with tissue harvested no
earlier than three, six, and twelve months post-operatively.

Looking ahead, it is essential to refine these techniques to improve
the consistency and success rates of future free flap studies. This ad-
vancement will not only mitigate the risks of complications but also
broaden the applicability and reliability of the results in clinical practice.

CONCLUSION

The experimental data from our study on mobile type neurocutaneous
free flaps suggest that the repaired sensorial nerve acts as a conduit for
skin innervation recoveries, with high-quality myelinated nerve fibers
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below the saphenous neurorrhaphy serving as a likely source of ade-
quate skin reinnervation. These findings underscore the importance of
preserving cutaneous nerves during fasciocutaneous island flap proce-
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dures to enhance sensory outcomes. Encouraging results from WPM
and BGM prompt further research with larger samples of innervated
and non-innervated flaps to confirm these interpretations and explore
potential differences in early stages of neurological recovery, which
could significantly influence the practice of sensorial neurorrhaphy for
protective reinnervation in free fasciocutaneous flaps.
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Figure 5. (A) Bielschowsky-Gros method (BGM) analysis of nerve fiber dichotomy. This microphotograph is shown at 280x magnification six months post-surgery. It
highlights a nerve fiber dichotomy, indicated by the yellow arrow. This demonstrates a significant stage of maturity in neurological recovery, showcasing successful
branching and complexity development within the nerve fibers. (B) Weigert-Pal method (WPM) analysis of nerve cross-section, captured at 70x magnification one year
post-operation. It displays a nerve cross-section sample below the repair site. This image presents an organized structure of myelinated sheaths, indicating the final
stages of the nerve regeneration process and showcasing the successful culmination of myelin sheath development and neural recovery. (C) WPM analysis of the
saphenous nerve cross-section, taken at 280x magnification one year post-operation. It shows a cross-section of the saphenous nerve below the neurorrhaphy site
featuring an abundance of properly structured thickly myelinated (fast-conducting) nerve fibers. This is indicative of successful sensory integration and fulfillment of
sensorial requirements of the replanted flap. (D) WPM analysis of saphenous nerve cross-section above the neurorrhaphy site, captured at 280x magnification one
year post-operation. It features thickly myelinated (fast-conducting) sheaths, representing the final stages of nerve regeneration at the recipient site. (E) BGM analysis of
nerve fiber resorption, captured at 280x magnification one year post-surgery. It displays fragments of nerve fibers in the marginal skin of the flap. This illustrates the re-
sorption of initially recovered but subsequently nonfunctional nerve fibers, due to the lower dermatomal sensory demands of the free flap. (F) BGM growth cone anal-
ysis, taken at 280x magnification one year post-surgery. It shows growth cones (lamellipodia) in the flap’s marginal skin, indicating ongoing regeneration of skin nerve
fibers and suggesting a continuous recovery process within the nerve structures. (G) BGM analysis of axial nerve regeneration, captured at 280x magnification one
year post-surgery. It displays a large skin nerve structure with regenerated fibers, supporting the concept of an axial nerve regeneration route while raising questions
about the feasibility of random sensory recovery in free flaps. (H) BGM analysis of sensory recovery, captured at 280x magnification one year post-surgery. It displays
recovered marginal skin receptors and lamellipodia in a saphenous free flap, outlining the histological end product of sensory nerve fiber regeneration within the flap.

to September 1987, within the confines of the microsurgical laboratory at Yaro-
slavl State Medical University.
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