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rats in the long-term period after injury: A correlation analysis
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Peripheral nerve injury (PNI) is a common pathology during wartime,
significantly complicating the course and treatment of limb damage.
Restorative treatment of PNI requires substantial improvement, which is
impossible outside the methodology of experimental neurosurgery. The
most frequently used PNI model involves transection of the rat sciatic nerve,
followed by observation over 9-12 weeks and verification of results using
functional-anatomical, electroneuromyographic, and morphometric methods.
A key pathophysiological question—whether there is a correlation between
the results of these three classes of research methods—remains a topic of
ongoing debate.

Objective: to determine the correlation between individual values of the
sciatic functional index (SFI), the amplitude and latency of the M-response,
as well as the density of nerve fibers in the injured sciatic nerve 12 weeks
after its transection and neurorrhaphy.

Materials and Methods. This study was conducted on adult male white
outbred rats, selected from groups analyzed in a previous publication, which
underwent electroneuromyographic and morphological examinations. In the
sham-operated group (Sham; n=6), a surgical approach to the sciatic nerve
was performed without nerve injury. In the Sect group (n=7), the sciatic nerve
was transected in its middle third. In the Raph group (n=6), the stumps of the
transected sciatic nerve were immediately sutured in an end-to-end way using
several interrupted stitches. Twelve weeks post-surgery, SFI was calculated
using the Bain-Mackinnon-Hunter formula. Additionally, the amplitude and
latency of the M-response and specially calculated density of nerve fibers in
three main sections of the sciatic nerve (proximal, central, and distal parts)
were determined using longitudinal sections impregnated with silver nitrate
(Sham — n=4, Sect — n=7, Raph — n=6). Quantitative data processing and
statistical correlation analysis were performed using mathematical statistics
tools.

Results. Against the background of significant differences in the mean SFI
values across all samples, a statistically significant difference was also found
in the M-response amplitude for three pairs of sample comparisons, in the
M-response latency (when comparing the values of the Sham and Sect groups,
as well as the Sham and Raph groups), and in the density of nerve fibers
(for the proximal part, central part or neuroma, and distal part of the nerve
in three pairs of comparisons). Within each group, a statistically significant
(strong negative) correlation was observed only between the M-response
latency and the nerve fiber density in the distal section of the nerve in the Raph
group. When combining the results from all groups into one cohort, significant
correlations were found between individual values of the M-response amplitude
and latency, SFI and M-response amplitude, SFI and M-response latency, SFI
and nerve fiber density across all three nerve sections, M-response amplitude
and nerve fiber density in all sections, and M-response latency and nerve fiber
density in the central section of the nerve or neuroma.

Conclusions. There is a correlation between the sciatic functional index,
M-response amplitude and latency, and the density of sciatic nerve fibers.
The statistical significance of these correlations becomes evident only with a
sufficient number of observations and a broad range of individual values for
the mentioned parameters.

Keywords: peripheral nerve injury; neurorrhaphy; sciatic functional index;
M-response amplitude; M-response latency,; nerve fiber density; correlation.
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Introduction

Peripheral nerve injury (PNI) is generally considered
the simplest and most prognostically favorable type of
nervous system trauma for obvious reasons. However,
it is also characterized by long-term, often lifelong
impairments in motor function, sensory deficits, and
chronic pain [1-5]. In peacetime, the incidence of this
pathology remains relatively low [6-9]. However, during
armed conflicts, its frequency is likely to increase due
to the high occurrence of combat-related limb injuries
[10, 11], where PNI is often associated with damage to
major blood vessels and tubular bones [12-16]. In such
cases, several factors significantly worsen the outcomes
of PNI treatment [10, 17, 18].

Several factors contribute to the substantial
socioeconomic impact of PNI: 1) the majority of those
affected are men of prime working age [6-9, 19, 13];
2) the most frequently injured nerves are those of the
upper limbs, particularly in the wrist and hand regions
[6-8, 13, 19, 20]; 3) the primary treatment for PNI is
predominantly surgical [3-5, 7-9, 21]; 4) these patients
typically require prolonged rehabilitation therapy
afterwards [5]. These aspects contribute to significant
financial costs [6, 20, 22-24].

Despite the nervous system's considerable capacity
for self-repair following PNI and notable advances
in treatment approaches [4, 21, 25-30], therapeutic
efficacy remains limited [4, 31]. This limitation is due
to several factors: the lack of satisfactory conditions
for nerve fiber growth through the injury site [28], the
death of neurons whose axons were damaged during
the PNI — particularly brain neurons [32-34], restricted
compensatory plasticity of brain neural networks
[35-37], and rapid atrophy of muscles deprived of
innervation as a result of PNI [31, 38-40]. Therefore,
improving PNI treatment outcomes could be achieved
by optimizing conditions for nerve fiber regeneration
at the injury site [28, 41], maintaining the viability of
injured neurons [32-34], stimulating the plasticity of
their networks [35-37], and limiting the atrophy of
denervated muscles [31, 40].

The development of any of these approaches is
impossible outside the methodology of experimental
neurosurgery. The optimal design for PNI research
typically involves modeling the transection of a rat’s
sciatic nerve with immediate suture connection, followed
by observation over 9-12 weeks and verification of results
through clinical-functional tests, electroneuromyography,
and morphometric analysis [42]. Arguably, the most
widely used comprehensive tool for evaluating motor
function and the macroscopic morphology of a paretic
limb is the sciatic functional index (SFI) [43]. Currently,
data on the correlation of results from these three
assessment methods in sciatic nerve injury under
experimental conditions remain inconsistent [44-48].

Objective: to determine the correlation between
individual SFI values, the M-response amplitude and
latency, and the density of nerve fibers in the injured
sciatic nerve 12 weeks after its transection and
neurorrhaphy.
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Materials and Methods

Experimental animals and groups

The study was conducted on 19 white outbred male
rats aged 4-6 months, weighing 280-380 g, obtained
from the vivarium of the A.P. Romodanov Institute
of Neurosurgery of the National Academy of Medical
Sciences (NAMS) of Ukraine. The animals were kept
under standard laboratory conditions. The study design
was approved by the Bioethical Expertise and Scientific
Research Ethics Committee of the Bogomolets National
Medical University (Minutes No. 155 dated January 31,
2022) and the Bioethics Committee of the Romodanov
Neurosurgery Institute of the NAMS of Ukraine (Minutes
No. 39 dated May 18, 2022). The animals were selected
from a general population (n=42), the SFI study results
of which were presented in a previous publication [49].

Three experimental groups were formed: 1) Sham-
operated animals which underwent surgical access to the
sciatic nerve (Sham; n=6), 2) animals, which underwent
complete sciatic nerve transection (sectio) in the
middle third (Sect; n=7), 3) animals which immediately
after complete sciatic nerve transection, underwent
neurorrhaphy (neurorrhaphia, or neurorraphia) of the
stumps (Raph; n=6).

Peripheral nerve injury model

The surgical techniques used in the experimental
groups were described in detail in a previous study
[49]. All procedures were performed under general
anesthesia and deep muscle relaxation, achieved
through intraperitoneal administration of a mixture of
xylazine hydrochloride (15 mg/kg, “Biowet”, Poland) and
ketamine hydrochloride (75 mg/kg, “Farmak”, Ukraine)
under mild aseptic conditions. The animals were placed
in a prone position, and surgical access to the sciatic
nerve was achieved through a linear skin incision along
the outer surface of the femur, followed by cutting the
tendon of the short head of the biceps femoris muscle.
After isolating the sciatic nerve trunk, the procedure
was completed in the Sham group without further
intervention. In the Sect and Raph groups, the nerve
was completely transected. In the Raph group, the nerve
stumps were reconnected using an end-to-end epineural
suture technique with 3-6 monofilament stitches
(8.0-10.0; “Ethicon”, USA) under 14x magnification.
In all groups, the surgical wound was closed with two
layers of interrupted sutures, and the skin incision was
treated with povidone-iodine solution (Betadine, "EGIS”,
Hungary). For systemic pain management and anti-
inflammatory therapy, bicillin-5 (“Arterium”, Ukraine)
was administered subcutaneously in the posterior
cervical region at a dose of 1 million IU/kg body weight,
while dexamethasone ("KRKA”, Slovenia) was injected
intraperitoneally at a dose of 6 mg/kg body weight.
Until satisfactory behavioral activity was restored, the
rats were kept at an elevated ambient air temperature,
after which they were housed in groups of 3-6 animals
per cage.

Exclusion Criteria

No animals in the study population exhibited signs
of purulent-inflammatory complications, trophic ulcers
of the paretic limb or adjacent areas, or autophagy. For

This article contains some figures that are displayed in color online but in black and white in the print edition.

http://theunj.org



Ukrainian Neurosurgical Journal. Vol. 31, N1, 2025

reasons not specifically investigated, two animals from
the Sect sample died during the observation period;
their deaths occurred within the first week but more
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horizontal walkway, and SFI was calculated using
footprint measurements based on the Bain-Mackinnon-
Hunter formula [45]:

than 48 hours post-intervention. These animals were not
included in the declared study population (n=19), and
data obtained from them were excluded from analysis.

Assessment of Sciatic Functional Index

The SFI was determined using a standard
methodology [45, 50, 51] with proprietary technical
modifications [49] in all experimental groups and
samples 12 weeks after peripheral nerve injury (PNI)
modeling (Fig. 1). Variations in the actual testing periods
among the experimental animals did not exceed 5% of
the corresponding observation periods and concerned
five animals from the Raph sample. Footprints were
obtained on a paper strip covering the floor of a tunneled

SFI = —383 x ZPENPL | 1095 x E5NTS | 133 x ETMT_gg (1)
NPL NTS NIT

where SFI represents the sciatic functional index;

E denotes the injured limb, and N denotes the intact
limb;

PL is the distance between the heel print and the
longest toe print;

TS is the distance between the first and fifth toe
prints;

and IT is the distance between the second and
fourth toe prints.
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Fig. 1. Examples of footprints and the measurement of their geometric parameters for calculating the sciatic
functional index (SFI) in animals from the Sham (A), Sect (B), and Raph (C) groups and subgroups. D - actual SFI
values (points), their medians (horizontal lines within the rectangles), interquartile range boundaries (lower and
upper sections of the rectangles corresponding to the first and third quartiles, respectively), mean values (x),
standard deviations (distance between the mean value marker and the lower or upper edge of each rectangle),
and dispersion beyond the upper and lower quartiles (horizontal bars of the vertical whiskers) in the subgroups
analyzed in this study (Sham - n = 6 and n = 4; Sect - n = 7; Raph - n = 6), as well as in the corresponding
overall groups (Sham - n = 13; Sect - n = 15; Raph - n = 14) investigated in the previous study [49].

Notes:

* Statistically significant differences in SFI values in pairwise subgroup comparisons (p < 0.001, ANOVA test and
Tukey’s post-hoc comparisons).;

T Statistically significant differences in SFI values when comparing overall groups (p < 0.001, Kruskal-Wallis test
and Steel-Dwass post-hoc comparisons);

°.*.%,5 - Differences in SFI values in comparisons between an overall group and its corresponding subgroup are
statistically non-significant (p > 0.05, Student’s t-test for independent samples).
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Electroneuromyographic Examination

Electroneuromyographic (ENMG) assessment was
performed on all animals from all study groups 12
weeks after injury modeling, immediately after obtaining
data for determining the SFI. Anesthesia was induced
via intraperitoneal injection of 1% thiopental sodium
solution (10 mg/mL) ("Kyivmedpreparat", Ukraine), with
additional intraperitoneal administration of ketamine and
xylazine when necessary (as previously described) due
to premature reduction of anesthesia depth. The sciatic
nerve was freed from scar tissue through the same
surgical approach. A grounding electrode, moistened
with 0.9% sodium chloride solution, was placed under the
animal’s abdomen. Proximally to the injury site, the nerve
was enclosed between two contacts of a custom-made
stimulating electrode (Fig. 2A, B), avoiding contact with
surrounding tissues. Each contact was made from a 5-mL
syringe needle with an external diameter of 0.7 mm, a
length of 38 mm, and an electrical resistance of up to
0.1 Ohm (Fig. 2A). Stimulation current was generated
using a four-channel electromyograph "M-Test" (LLC
SPE "DX-SYSTEMS", Kharkiv) in packets of 10 impulses,
each lasting 0.2 ms at a magnitude of 6 mA, with a pulse
frequency of 1 Hz per packet. A registration electrode,
constructed similarly to the stimulation electrode, was
inserted into the gastrocnemius muscle (m. triceps
surae), compressed between the experimenter’s thumb
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and index finger, parallel to the main axis of the tibia
at the thickest muscle region (Fig. 2B). The distance
between the stimulation and registration electrodes
was approximately 25 mm. Impulses were recorded and
processed using the electromyograph with the "M-Test"
software package (LLC SPE "DX-SYSTEMS", Kharkiv).

Two parameters were evaluated: 1) amplitude of the
M-response (mV) - the absolute difference between the
peak negative and peak positive values of the recorded
electrical potential (M-response) during gastrocnemius
muscle excitation induced by sciatic nerve stimulation;
2) latency period of the M-response (ms) - the time
from the moment of sciatic nerve electrical stimulation
to the initial negative deviation of the recorded electrical
potential in the gastrocnemius muscle.

In Vivo Fixation of biological material,
withdrawal of animals from the experiment, and
subsequent material fixation

Immediately after the completion of
electroneuromyography, the animal, under deep
anesthesia, was secured in a supine position on the
operating table. The thoracic cavity was widely opened
to expose the heart apex, which was perforated with
a needle connected to a reservoir containing cooled
physiological saline. The reservoir was positioned at
a height sufficient to create the necessary infusion
pressure. Blood was expelled from the circulatory

SCIATIC
NERVE

VASTUS LATERALIS MUSCLE
MASS ON THE FEMUR SURFACE

PLACE OF THE SCIATIC NERVE
DIVISION INTO MAIN BRANCHES

;(’ BICEPS FEMORIS MUSCLE (UNDER
THE RETRACTOR BLADE)

[ REGISTRATION ELECTRODE ]

i Gl

Fig. 2. Electroneuromyographic study (schematic representation):

A — construction of the stimulation electrode; B — area of electroneuromyography implementation;
C-E — examples of electroneuromyograms in the Sham (C), Sect (D), and Raph (E) groups;

* the site of sciatic nerve trunk capture by the needle of the stimulation electrode.
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system through a perforation in the right atrial wall.
While the heart was still beating, the circulatory system
was perfused with cooled physiological saline (~50 mL),
followed by a 4% paraformaldehyde solution (~50 mL),
until fibrillation of the limb, trunk, and tail muscles was
observed. The paraformaldehyde solution was freshly
prepared (ex tempore) from a 37% formalin solution
(“Inter-Synthesis”, Ukraine) and distilled water in the
required volume.

In animals whose tissues were pre-fixed using this
method, the sciatic nerve, including the injury site
(for rats in the Sham and Raph groups), or segments
of both nerve stumps, each 0.5-1.0 cm in length (for
the Sect group), was excised. The distal segment in
the Sect group exhibited severe atrophy, appearing
semi-transparent and often containing multiple closely
adjacent nerve trunks. The excised samples were
placed in a 4% paraformaldehyde solution for 5-7
days, followed by washing in phosphate-buffered saline
for 1-2 days. After removal of residual surrounding
tissues, the nerve samples were transferred to a 10%
neutral paraformaldehyde solution for histopathological
examination. The phosphate-buffered saline was
prepared by dissolving one tablet of a concentrated dried
reagent of a similar chemical composition (Phosphate
buffered saline; Sigma-Aldrich, USA) in 200 mL of
distilled water. Throughout the post-excision and primary
fixation period, all samples were stored at a temperature
of 0 to +5 °C.

Pathomorphological examination of the sciatic
nerve was conducted on 4 animals from the Sham group,
7 from the Sect group, and 6 from the Raph group. Sciatic
nerve samples obtained from the Sect and Raph groups
were acutely segmented into three fragments: central
(Sect group) or regenerative neuroma (Raph group),
proximal, and distal (Sect and Raph groups). In the
Sham group, the fixed nerve trunk was not divided into
fragments for obvious reasons. Typically, the proximal
fragment in the Sect and Raph groups represented an
intact trunk, while the distal fragment contained the
initial sections of the common peroneal and tibial nerves,
which were closely positioned. In the Sect group, the
central fragment exhibited poor development, leading
to the presence of a diastasis between the proximal and
distal segments.

Not all fixed samples were selected for further
analysis (see below). During histological processing, the
material was placed on the surface of the metal working
block of a microtome-cryostat (MK-25, USSR), frozen to
approximately -20 °C, and sectioned into longitudinal
slices with a thickness of 20 pm. These sections were
then immersed in room-temperature tap water. The
selected sections were carefully transferred using a glass
hook into a 1% acidic formalin solution for storage. After
approximately 24 hours, the sections were placed in an
organic solvent (pyridine) for one day, followed by three
washes in tap water (~10 min each) and three additional
washes in distilled water (~5 min each). Subsequently,
the sections were transferred into a 30% silver nitrate
solution for 24 hours. The next day, the sections were
briefly (less than 1 min) immersed in distilled water, then
subjected to three washes (~4 min each) in a 1% acidic
formalin solution. This was followed by ~2 min immersion
in a freshly prepared ammoniacal silver solution. The
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sections were then placed in a 1% acidic formalin solution
until they developed a brown coloration, after which
they were treated for 15-20 s in a 0.5% acidic formalin
solution containing ~1-2% glucose, followed by ~30 s
in a weak ammonia solution and ~10-15 min in distilled
water. Subsequently, the sections were immersed in a
99.8% isopropyl alcohol solution for several minutes and
then mounted onto glass slides. After drying, 1-2 drops
of Canada balsam were applied, and the sections were
covered with a thin cover glass. Photodocumentation was
performed no earlier than 24 hours post-processing using
an Olympus BX51 microscope equipped with an Olympus
C3040Z00M digital camera and Olympus DP-Soft 3.2
software (Olympus, Tokyo, Japan). The micrographs,
captured at 200x magnification, had a calculated
height of 440 pm with a digital resolution of 2272x1704
pixels. For each of the three nerve segments, at least
six micrographs were obtained, typically from different
longitudinal sections of the same segment. The digital
image height was measured using Imagel software
(Wayne Rasband, USA). A perpendicular line was drawn
across the main nerve axis, and the number of nerve
fibers intersecting this line was counted. This procedure
was repeated multiple times, shifting the line along the
nerve’s main axis within the micrograph. In the neuroma
region, the number of measurements was increased
to 5-6 for greater accuracy. The obtained fiber count
values from each measurement were used to construct
variability series for statistical analysis. The results were
expressed as the nerve fiber density - the number of
fibers calculated per 440 microns of actual length of
the aforementioned imaginary line perpendicular to the
main nerve axis.

Statistical data analysis

Statistical analysis of the quantitative data was
performed using the EZR (R-STATISTICS) software
package. If the distribution of the studied parameter in
the samples did not deviate from normality, the mean
level was presented as M+SD, where M represents the
arithmetic mean and SD denotes the standard deviation.
In cases where the distribution deviated from normality,
the median and interquartile range were reported as Me
(Q-Q,), where Me is the median, and Q-Q,, represent
the first and third quartiles, respectively. The Shapiro-
Wilk test was used to assess the normality of the data
distribution. If at least one of the compared samples
exhibited a non-normal distribution of individual values,
the Kruskal-Wallis test was applied to determine the
significance of differences between groups, with post
hoc comparisons conducted using the Steel-Dwass test.
If the data were normally distributed, the homogeneity
(equality) of variances among the samples was assessed
using Bartlett’s test. If variance distributions deviated
from normality, comparisons were made using the
Kruskal-Wallis test combined with the Steel-Dwass test
for post hoc analysis. In cases where variance distribution
was normal, analysis of variance (ANOVA) was employed,
followed by Tukey’s test for post hoc comparisons.

To determine the significance of differences in
SFI values between the analyzed samples and overall
groups at the corresponding observation time points
[49], Student’s t-test for independent samples was used.

The significance of correlation between individual
SFI values, amplitude and the latency of M-response and
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nerve fiber density across all groups was evaluated using
Spearman’s rank correlation test (if the distribution of
values for both studied variables differed from normal) or
using Pearson’s criterion (if at least one of the variables
followed a normal distribution).

In all cases, the assumptions regarding the statistical
significance of the obtained result were considered
correct if the probability of the opposite assumption was
less than 0.05 (p<0.05).

Results

Sciatic Functional Index (SFI)

According to previous data [49], the mean SFI value
at 12 weeks post-injury was -7.6+6.3 points in the overall
Sham group (n=13), -78.5£8.6 points in the overall Sect
group (n=15), and -60.4+13.0 points in the overall Raph
group. Statistically significant differences were identified
for all three pairwise comparisons between the overall
groups: Sham vs. Sect, Sham vs. Raph, and Sect vs.
Raph [49] (Table 1, Fig. 1).

Ukrainian Neurosurgical Journal. Vol. 31, N1, 2025

In the specific subgroups analyzed in this study, the
SFI values were -7.9+6.7 points in the Sham subgroup,
-80.6+7.5 points in the Sect subgroup, and -52.1+13.7
points in the Raph subgroup (see Table 1, Fig. 1). The
SFI values for each subgroup did not differ significantly
from their corresponding overall experimental groups.
As in the case of the overall groups, SFI values in the
examined subgroups showed significant differences
in all pairwise comparisons (see Table 1). These
findings confirm the representativeness of the analyzed
subgroups, at least in terms of the functional-anatomical
parameter SFI.

Amplitude and latency of the M-Response

In the Sham subgroup, the mean amplitude of the
M-response was 9.5 (8.2; 9.5) mV, while the mean latency
was 0.9 £ 0.1 ms (Table 2, Fig. 3). In the Sect subgroup,
these values were 0.3 (0.3; 0.4) mV and 3.9 £ 3.1 ms,
respectively. In the Raph subgroup, the amplitude was 4.4
(3.7; 4.9) mV, with a latency of 3.3 £ 1.7 ms. Statistically
significant differences in M-response amplitude were

Table 1. Mean SFI values in the overall experimental groups [49] and the analyzed subgroups (M £ SD)

Experimental animal populations

Animal population
Sham

Sect Raph

Analyzed subgroups 7 gni=66;7 * o

n=7;

; n=6;
-80,6 + 7,51 -52,1 £ 13,7 *?

Overall groups [49] = 6“;15’;3 o

n=15; n=14;
-78,5+8,6 "1 -60,4 £ 13,0 "2

Notes:

* The difference in SFI values is statistically significant (p < 0.001, ANOVA test and Tukey’s post-hoc

comparisons);

" The difference in SFI values is statistically significant (p < 0.001, Kruskal-Wallis test and Steel-Dwass post-

hoc comparisons);

°.1.2 Differences in SFI values are statistically non-significant (p > 0.05, Student's t-test for independent

samples).

Table 2. Mean values of M-response amplitude (mV) and latency (ms) in experimental subgroups

Experimental subgroups
Sham (n=6) Sect (n=7) Raph (n=6)
M-response M-response M-response M-response M-response _
amplitude, Me latency, amplitude, Me latency, amplitude, M-response latency,
Q-Qy) M£SD (Q-Qy) M£SD Me (Q-Qyy)
9,5(8,2;9,5"t 0,9+0,1 %Y 0,3(0,3;0,4)"° 3,9+3,1 % 4,4 (3,7; 4,9) "0 3,3+1,7 Y

Notes:

*The difference in M-response amplitude between the Sham and Sect subgroups is statistically significant

(p < 0.01, Steel-Dwass post-hoc test);

" The difference in M-response amplitude between the Sham and Raph subgroups is statistically significant

(p < 0.05, Steel-Dwass post-hoc test);

°The difference in M-response amplitude between the Sect and Raph subgroups is statistically significant

(p < 0.01, Steel-Dwass post-hoc test),;

X The difference in M-response latency between the Sham and Sect subgroups is statistically significant

(p < 0.01, Steel-Dwass post-hoc test);

¥ The difference in M-response latency between the Sham and Raph subgroups is statistically significant

(p < 0.05, Steel-Dwass post-hoc test).
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Fig. 3. Actual values (points) of M-response amplitude (mV, A), latent period (ms, B), nerve fiber density
(units/440 um, C), their medians (horizontal lines within vertical rectangles), interquartile range boundaries
(lower and upper parts of the rectangles corresponding to the first and third quartiles at each time point,
respectively), mean values (x), standard deviations (distance between the mean value mark and the lower or
upper edge of each rectangle), and dispersion (variance) beyond the upper and lower quartiles (horizontal bars
of the vertical whiskers) for three sample groups. D represents a significant strong negative correlation between
individual values of the M-response latent period and nerve fiber density in the distal portion of the resected
sciatic nerve trunk in the Raph sample (r = -0.96, 95% confidence interval -1.00...-0.01, p < 0.05).

Notes:
Regarding block A (M-response amplitude):

* The difference in values between the Sham and Sect groups is statistically significant
(p < 0.01, Steel-Dwass test for post hoc comparisons).

" The difference in values between the Sham and Raph groups is statistically significant
(p<0.05, Steel-Dwass test for post hoc comparisons).

° The difference in values between the Sect and Raph groups is statistically significant
(p < 0.01, Steel-Dwass test for post hoc comparisons).

Regarding Block B (M-response latent period):

XThe difference in values between the Sham and Sect groups is statistically significant
(p < 0.01, Steel-Dwass test for post hoc comparisons).

Y The difference in values between the Sham and Raph groups is statistically significant
(p < 0.05, Steel-Dwass test for post hoc comparisons).

Regarding Block C (nerve fiber density,; results for three parts of the nerve in each group are connected by
a conditional line; in the Sham group, for obvious reasons, the same nerve segment was used for all three
measurements):

* The difference between the nerve fiber density values in the proximal and central parts of the nerve in the Sect
group is statistically significant (p < 0.01, Steel-Dwass test for post hoc comparisons).

" The difference between the nerve fiber density values in the proximal and distal parts of the nerve in the Sect
group is statistically significant (p < 0.05, Steel-Dwass test for post hoc comparisons).

° The difference between the nerve fiber density values in the central and distal parts of the nerve in the Sect
group is statistically significant (p < 0.05, Steel-Dwass test for post hoc comparisons).

X The difference between the nerve fiber density values in the proximal part of the nerve and the neuroma in the
Raph group is statistically significant (p < 0.001, Tukey's test for post hoc comparisons).

Y The difference between the nerve fiber density values in the proximal and distal parts of the nerve in the Raph
group is statistically significant (p < 0.001, Tukey's test for post hoc comparisons).
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observed across all pairwise subgroup comparisons
(Sham vs. Sect, Sham vs. Raph, and Sect vs. Raph). The
latency of the M-response differed significantly only in
comparisons between the Sham and Sect subgroups and
between the Sham and Raph subgroups.

The nerve fiber density

A macroscopic histological examination revealed
qualitative visual differences in the spatial density,
course, and mutual arrangement of myelinated nerve
fibers in the studied segments of the sciatic nerve among
animals from different experimental groups (Fig. 4).

The SFI values of the Sham sample (n = 4), used for
determining nerve fiber density, exhibited sciatic function
index (SFI) values that did not significantly differ from
those of the overall Sham group (n = 13) [49] (p = 0.56,
Student’s t-test for independent samples) (Fig. 1D), with
a mean-9.8 £ 6.9 points. The nerve fiber density in this
sample was 104.9 = 3.1 units/440 um (Table 3).

In the Sect group (n = 7), the nerve fiber density
in the proximal part of the nerve (n = 7) was 86.5 80.4;
87.9 units/440 pm, in the central part (n = 7) - 44.2
(30.4; 48.7) units/440 um, and in the distal part (n = 4)
- 21.6 (21.5; 23.1) units/440 um. These values differed
significantly (Table 3).

In the Raph group (n = 6), the mean nerve fiber
density in the proximal part of the nerve (n = 6) was
91.1 £ 3.3 units/440 pm, in the neuroma region (n = 6)
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- 63.2 £ 4.1 units/440 ym, and in the distal part of the
nerve (n = 4) - 65.5 + 2.6 units/440 pm. Statistically
significant differences within this group were observed
only when comparing the proximal part with the neuroma
and the proximal with the distal part (p < 0.001, Tukey'’s
test for post hoc comparisons; Table 3).

When comparing the values of the nerve fiber
density between different groups, statistically significant
differences were observed for all nerve segments
(Table 4). Due to the limited sample size for each
sample (n = 4), a statistically significant difference in
the distal nerve segment was only detected when using
the Wilcoxon-Mann-Whitney test (Table 4).

Correlation between the values of investigated
parameters

Within each of the three experimental groups, no
statistically significant correlation was found between
individual values of the M-response amplitude and the
M-response latency, the Sciatic Functional Index (SFI)
and both electrophysiological parameters, the SFI and
the density of nerve fibers (in all three examined nerve
segments), or the density of nerve fibers in the three
examined nerve segments and the M-response latency
or amplitude. The only exception was a strong negative
correlation identified between the individual values of
nerve fiber density in the distal part of the nerve and
the M-response latency in the Raph group (Fig. 3D).

Fig. 4. Tissue structure of the examined region of the sciatic nerve in the Sham (A), Sect (B - proximal part;
C, H - central part; D - distal part), and Raph (E - proximal part; F, I - neuroma; G - distal part) groups.
A-G - x200; H, I - x400.
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Table 3. The nerve fiber density (units/440 um) in the proximal, central, and distal parts of the nerve

Examined nerve fragment

Experimental sample
Proximal part Central part/ neuroma Distal part
Mean£SD, n=4
Sham
104,9+3,1
cect Me (Q-Q,), n=7 Me (Q-Q), n=7 Me (Q-Q,), n=4
86,5 (80,4; 87,9) " 44,2 (30,4; 48,7) *° 21,6 (21,5; 23,1) *°
Rabh MeanxSD, n=6 Mean+SD, n=6 Mean£SD, n=4
a

P 91,1+£3,3 %Y 63,2+4,1% 65,5+2,6 ¥

Notes:

* Statistically significant difference in the nerve fiber density values between the proximal and central part of
the nerve in the Sect sample (p < 0.01, Steel-Dwass test for post hoc comparisons).

" Statistically significant difference in the nerve fiber density values between the proximal and distal part of
the nerve in the Sect sample (p < 0.05, Steel-Dwass test for post hoc comparisons).

¢ Statistically significant difference in the nerve fiber density values between the central and distal part of the
nerve in the Sect sample (p < 0.05, Steel-Dwass test for post hoc comparisons).

X Statistically significant difference in the nerve fiber density values between the proximal part of the nerve
and neuroma in the Raph sample (p < 0.001, Tukey’s test for post hoc comparisons).

Y Statistically significant difference in the nerve fiber density values between the proximal and distal part of
the nerve in the Raph sample (p < 0.001, Tukey’s test for post hoc comparisons).

Table 4. Intergroup differences in the density of nerve fibers (units/440 pm) in the examined nerve fragments

Examined nerve fragment
Experimental sample Proximal part, Central part/ neuroma, Distal part,
MeantSD Me (Q,-Q,,,) Me (Q,-Q,,,)
n=4
Sham 103,8 (103,1; 105,6) X "2 ABO 104,9+£3,1 **
n=7 n=7 n=4
sect 84,9+4,7 *° 44,2 (30,4; 48,7) %2 21,6 (21,5; 23,1) v3
n=6 n=6 n=4
Raph 91,1+£3,3 *° 63,1 (60,9; 65,2) "2 66,2 (64,4; 67,3) %3
Notes.

For the proximal part of the nerve:

* A statistically significant difference in nerve fiber density values between the Sham and Sect samples
(p<0.001, Tukey’s post-hoc test);

" A statistically significant difference in nerve fiber density values between the Sham and Raph samples
(p<0.001, Tukey’s post-hoc test);

° A statistically significant difference in nerve fiber density values between the Sect and Raph samples
(p<0.05, Tukey’s post-hoc test).

For the central part of the nerve:

X A statistically significant difference in nerve fiber density values between the Sham and Sect samples
(p<0.05, Steel-Dwass post-hoc test);

Y A statistically significant difference in nerve fiber density values between the Sham and Raph samples
(p<0.05, Steel-Dwass post-hoc test);

Z A statistically significant difference in nerve fiber density values between the Sect and Raph samples
(p<0.01, Steel-Dwass post-hoc test).

For the distal part of the nerve:

1 A statistically significant difference in nerve fiber density values between the Sham and Sect samples
(p<0.05, Wilcoxon-Mann-Whitney test);

2 A statistically significant difference in nerve fiber density values between the Sham and Raph samples
(p<0.05, Wilcoxon-Mann-Whitney test);

3 A statistically significant difference in nerve fiber density values between the Sect and Raph samples
(p<0.05, Wilcoxon-Mann-Whitney test).
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When the results of all three groups were pooled into
a single cohort, statistically significant correlations were
observed (Fig. 5). These included correlations between
the individual values of the M-response amplitude and
latency, the SFI and the M-response amplitude, the
SFI and the M-response latency, as well as between
the SFI and the density of nerve fibers in the proximal,
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central (or neuroma), and distal parts of the nerve.
Additionally, significant correlations were found between
the M-response amplitude and the nerve fiber density in
the proximal, central (or neuroma), and distal parts of
the nerve, as well as between the M-response latency
and the nerve fiber density in the central part of the
nerve (or neuroma).
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Fig. 5. Examples of statistically significant correlations between individual values of the analyzed parameters
(presented in the units used in this article) within the cohort formed from animals of all experimental groups:
A - correlation between individual values of M-response amplitude and SFI (r, = +0.88, p < 0.001);

B - correlation between individual values of M-response latency and SFI (r, = -0.66, p < 0.01);

C - correlation between individual values of M-response latency and the density of nerve fibers in the central

part of the nerve or neuroma (r, = -0.50, p < 0.05);

D - correlation between individual values of M-response latency and amplitude (r, = -0.57, p < 0.05);

E, F and G - correlations between individual values of SFI and the density of nerve fibers in the proximal part
(E, r = 0.90, 95% CI: 0.73-0.96, p < 0.001), central part or neuroma (F, r = 0.92, 95% CI: 0.80-0.97, p <
0.001), and distal part of the nerve (G, r = 0.97, 95% CI: 0.88-0.99, p < 0.001);

H, I and J - correlations between individual values of M-response amplitude and the density of nerve fibers
in the proximal part (H, r = 0.87, 95% CI: 0.67-0.95, p < 0.001), central part or neuroma (I, r = 0.92, 95%
CI: 0.78-0.97, p < 0.001), and distal part of the nerve (J, r = 0.97, 95% CI: 0.90-0.99, p < 0.001)
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Discussion

Peripheral nerve injury (PNI) is a common type of
trauma in wartime settings [10, 11], characterized by a
complex set of motor dysfunctions, sensory impairments,
and chronic pain [1-5]. The effectiveness of PNI
treatment remains limited [4, 31]. Promising approaches
for its improvement include the development of multi-
component bioengineered connectors for the ends of
the injured nerve [26, 28, 52-54] and strategies to
enhance neuronal network plasticity in the brain [36, 37],
particularly through the use of stem cells [26, 55, 56]. The
search for and validation of novel PNI treatment methods
are typically conducted in experimental settings. One of
the widely accepted, albeit imperfect, models of PNI is the
transection of the rat sciatic nerve [42, 57], followed by
a 9-12-week observation period [42] and assessment of
the recovery process through functional-anatomical (SFI
evaluation) [43], electrophysiological, and histological
analyses [42, 58].

The relationship between three key classes of sciatic
nerve status indicators — functional (SFI, locomotor
activity, and exteroception), electrophysiological, and
morphometric — remains unresolved. Some studies
have found no correlation between SFI values and
morphometric or electrophysiological parameters in
certain nerve injury models ([44], see also [45, 59]),
while others suggest a potential correlation for some
of these three indicator classes [46, 47, 60] or for
specific variables at particular time points during the
recovery process [48, 61]. Additionally, several studies
using similar sciatic nerve injury models (and various
experimental animals) did not specifically investigate
the presence of statistically significant correlations
between electrophysiological, functional-anatomical, or
morphometric parameters (see, for example, [62]). For
example, F. Kanaya et al. (1996) [61], using a rat model
of sciatic nerve transection or excision and immediate
autografting or neurorrhaphy, found after 12 weeks of
observation that, when comparing individual values of
14 indicators from three classes (functional-anatomical,
electroneuromyographic, and histomorphometric),
statistically significant correlations were only found
between the SFI, calculated using the primary formula of
L. de Medinaceli et al. (1982) [63], and the ratio of fiber
and axon diameters, as well as between this form of SFI
and the ratio of the thickness of the myelin sheath to
the axon diameter. Conversely, C.A. Munro et al. (1998)
[44], after analyzing a large sample of animals and
finding no correlation between functional-anatomical,
electrophysiological, and morphometric parameters
at different time points following a 2 cm tibial nerve
resection with immediate allografting [64], concluded
that the hypothesis of such a mathematical relationship
should be rejected.

In the present study, we examined SFI values,
M-response latency and amplitude, as well as the
density of nerve fibers 12 weeks after PNI modeling.
This set of sciatic nerve status indicators and the
assessment timeframe are consistent with other studies
on experimental PNI [65-67]. The primary finding of our
study is the identification of correlations between these
parameters in conditions where a wide range of values
is present within a single cohort. Such variability could
also be obtained within a single experimental group if
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individual animal data were analyzed at different time
points during the recovery process — an approach we
plan to implement in future research.

Technical limitations of the study

In addition to the limitations of the SFI-based
method for assessing paretic limb function, previously
described in our earlier work [49], there are also
drawbacks associated with the electroneuromyographic
method. First, identifying the optimal recording site for
the M-response (the motor point) within the small triceps
surae muscle of the rat, especially in the presence of
paretic atrophy, is unfeasible. Second, in experiments
on small mammals, interindividual variations in
M-response latency may be influenced not only by
differences in the fiber composition of the injured nerve
but also by variations in the trajectory length of the
electrically evoked response between the stimulation
and recording electrodes. These variations arise from
both differences in animal size and discrepancies in the
placement of the recording electrode insertion point.
Moreover, accurately determining the trajectory length
is impossible due to its complex geometry. Under such
conditions, even an unlikely measurement error of 5 mm
in determining the impulse propagation trajectory — at
the highest conduction velocity of ~110 m/s (see [68])—
would result in a latency difference of approximately
0.05 ms, while at a conduction velocity of ~50 m/s,
the difference would be 0.1 ms. This is comparable
to the standard deviation (SD) in the Sham group
(~0.1 ms) and significantly smaller than the SD in the
Sect and Raph groups (~3.1 and ~1.7 ms, respectively)
(Table 2). Given these uncertainties, the interpretation
of M-response latency values should be approached
with caution, and measuring conduction velocity of the
evoked electrical excitation under such experimental
conditions should be considered impractical. In this
context, it is interesting to note that T.I. Petriv et al.
(2023) [69] attributed the unreliability of conduction
velocity measurements in small experimental animals
to the short distance between the stimulation and
recording electrodes. These authors, presumably to
reduce interindividual variability, analyzed not the
absolute values of M-response amplitude and latency
in the paretic limb but their normalized counterparts
relative to the contralateral limb [69]. Nonetheless,
some studies have attempted to calculate sciatic nerve
conduction velocity using average trajectory length
values [48, 70].

Thus, it is evident that the future of experimental
electrophysiology lies in real-time monitoring techniques
— including spontaneous electrical activity recording of
paretic muscles [71-73] and stimulated neuromyography
[72-74]. However, the development of these approaches
remains challenging due to a wide range of technical
obstacles [75].

Conclusions

By the 12th week of observation, the SFI values
in all studied groups differed significantly. The highest
values were observed in the sham-operated group, the
lowest in the group where a sciatic nerve transection
was modeled, and intermediate values were recorded
in the group where immediate suture connection was
performed following nerve transection.
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The M-response latency significantly differed
between the sham-operated and nerve transection
groups, as well as between the sham-operated and
animals that underwent suture connection of the nerve
stumps.

The values of the density of nerve fibers of the
proximal part, central part or neuroma, and distal part
of the nerve differed significantly when comparing the
three samples with each other.

Within each experimental group, a strong negative
correlation was identified only between M-response
latency and fiber density in the distal nerve segment of
animals that underwent suture connection of its stump.
However, when data from all three groups were combined
into a single cohort, statistically significant correlations
emerged between the majority of the studied parameters
at the individual level.

Thus, a statistically significant relationship exists
between SFI, M-response amplitude, M-response
latency, and nerve fiber density, which becomes evident
when a sufficient number of observations with a wide
range of individual parameter values are analyzed.
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