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 Background: The aim of the present study was to evaluate the donor nerve from the C7 spinal nerve of the rabbit brachi-
al plexus after a coaptation procedure. Assessment was performed of avulsion of the C5 and C6 spinal nerves 
treated by coaptation of these nerves to the C7 spinal nerve.

 Material/Methods: After nerve injury, fourteen rabbits were treated by end-to-side coaptation (ETS), and fourteen animals were 
treated by side-to-side coaptation (STS) on the right brachial plexus. Electrophysiological and histomorpho-
metric analyses and the skin pinch test were used to evaluate the outcomes.

 Results: There was no statistically significant difference in the G-ratio proximal and distal to the coaptation in the ETS 
group, but the differences in the axon, myelin sheath and fiber diameters were statistically significant. The 
comparison of the ETS and STS groups distal to the coaptation with the controls demonstrated statistically sig-
nificant differences in the fiber, axon, and myelin sheath diameters. With respect to the G-ratio, the ETS group 
exhibited no significant differences relative to the control, whereas the G-ratio in the STS group and the con-
trols differed significantly. In the electrophysiological study, the ETS and STS groups exhibited major changes 
in the biceps and subscapularis muscles.

 Conclusions: The coaptation procedure affects the histological structure of the nerve donor, but it does not translate into 
changes in nerve conduction or the sensory function of the limb. The donor nerve lesion in the ETS group is 
transient and has minimal clinical relevance.
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Background

Avulsion injuries of the brachial plexus cause the most devas-
tating palsies of the affected upper extremities. The progno-
sis of such injuries is grave, and functional results are limited. 
Muscle denervation can cause permanent muscular atrophy 
and eventual functional disability [1].

The treatment for brachial plexus avulsion lesions involves the 
use of neurotization procedures because neither direct repair 
nor interpositional nerve grafting can be performed for these 
irreparable preganglionic lesions [2,3]. New treatment guide-
lines for total root avulsion enhance the combination of vari-
ous types of neurotization with ipsilateral intraplexus and ex-
traplexus nerve donors, contralateral cervical seventh (CC7) 
root donor, and primary or secondary free functioning muscle 
transfer [2,3]. A wide variety of potential donor nerves are avail-
able, including the intercostal nerves [4], the spinal accessory 
nerve [5], the phrenic nerve [6], partial ulnar nerve [7], partial 
median nerve [8], pectoral major [9], thoracodorsal nerve [10], 
and the partial ipsilateral [11], the hemi [12] or total CC7 nerve 
roots [13,14]. Unfortunately, donor function is lost when the 
above procedures are performed.

The search for novel therapeutic methods has led to the return 
of coaptation, the effectiveness of which has been confirmed 
by both experimental and clinical studies [15–17]. Collateral 
sprouting of the distal stump of a damaged nerve to an unin-
jured donor nerve is gaining popularity as a method for nerve 
regeneration. The process is induced by molecular changes 
in the microenvironment in which the nerve lesion occurred, 
sustained by Wallerian degeneration, interruption of the nor-
mal neuronal turnover and local inflammatory response. [17]. 
One of the most pressing unsolved questions is the origin of 
the regenerating axons after end-to-side neurorrhaphy [17].

The controversy over coaptation is associated with the risk 
of nerve donor injury. The window in the epineurium or the 
perineurium of the donor nerve improves the effectiveness 
of end-to-side nerve repair. However, creating an epineurial 
or perineural window is controversial due to the risk of donor 
nerve damage [18].

The aim of the present study was to evaluate the histopath-
ological and functional changes in the donor nerve from the 
C7 spinal nerve of the rabbit brachial plexus after a coapta-
tion procedure. Assessment was performed of avulsion of the 
ventral branches of the C5 and C6 spinal nerves treated by 
coaptation of these nerves to the C7 spinal nerve on the rab-
bit brachial plexus. Due to the injury at the spinal nerve level, 
the short, wide trunk of the spinal nerves, and technical dif-
ficulties in performing neurorrhaphy in humans, end-to-side 
and side-to-side coaptations were evaluated.

Material and Methods

Experimental model

The experiments were approved by the Second Local Animal 
Ethics Committee at the University of Life Sciences in Wroclaw. 
The study was conducted on 22-week-old White New Zealand 
rabbits (Oryctolagus cuniculus) (22 females and 6 males) that 
weighed an average of 3–3.5 kg.

All surgical procedures were performed with a lateral approach 
to the left brachial plexus (Figure 1). The ventral branches of spi-
nal nerves C5 and C6 were exposed and incised at the spinal ca-
nal level. A 1-cm gap between the C5 and C6 spinal nerves and 
cranial trunk (C5, C6) was excised. An epineurial window on the 
cranial side of C7 was performed for end-to-side coaptation. For 
side-to-side coaptation, an additional epineurial window on the 
side of the cranial trunk was performed. The distal stump of the 
cranial trunk (C5 and C6) was sutured to the window by two 
stitches (Ethilon 10-0, Ethicon) in either the ETS or STS group. 
Twenty-eight right (contralateral) brachial plexuses were not treat-
ed (controls). After 20 weeks, the left and right brachial plexus-
es were exposed to obtain the sampled nerves. Fourteen rabbits 
were treated by ETS, and fourteen animals were treated by STS.

The same anesthesia protocol was used for all rabbits. 
Premedication was performed with medetomidine (Cepetor) 
at a dose of 150 µg/kg body weight, butorphanol (Torbugesic) 
at a dose of 0.2 mg/kg body weight and ketamine (Bioketan) 
at a dose of 35 mg/kg body weight. General anesthesia was 
performed with propofol, which was continuously adminis-
tered intravenously (IV) at a dose of 0.1 mg/kg/min. During 
the operation, the analgesic effect was supported by fentanyl 
at a dose of 2–3 mcg/kg. After the procedure, buprenorphine 
(Vetergesic) was administered intramuscularly (IM) at a dose 
of 20 mcg/kg TID. The animals received meloxicam (Metacam) 

Figure 1.  Macroscopic structure of the rabbit’s right brachial 
plexus. C5, C6, C7, C8, and T1 – ventral branches of the 
C5, C6, C7, C8, and T1 spinal nerves.
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at a dose of 0.2 mg/kg body weight for two days after surgery. 
The animals underwent operations in the lateral recumbent 
position. The mean surgical time was approximately 28 min. 
Adequate care was taken to minimize the pain and discom-
fort during and after the operation. Animals were euthanized 
by intravenous pentobarbital injection (Morbital).

Electrophysiological analysis

All of the animals were anaesthetized with IM injections of 
medetomidine (dose: 0.5 mg/kg), butorphanol (0.1 mg/kg) and 
ketamine (25 mg/kg) for the electromyographic evaluation.

Segment of the spinal 
cord

C5-C6 C6-C7 C5-C7 C7, C8, and T1

Nerve Subscapular Musculocutaneous Subscapular Radial

Muscle Subscapularis Biceps brachii Teres major Triceps brachii

Table 1. Muscle innervation of the rabbit thoracic limb.

Scale

0 No pathological potentials

1 Very rare denervation potentials

2 Sporadic pathological activity recorded in two or more places

3 Frequent pathological activity recorded, regardless of the needle electrode position

4 Abundant pathological activity recorded, regardless of the needle electrode position

Table 2. Modified semi-quantitative numerical scale for EMG evaluation of the degree of muscle denervation.

A

C

B

D

Figure 2.  (A) An example of grade 0 (EMG triceps brachii, no. 8, ETS group); (B) An example of grade 1 (EMG teres major muscle, no. 
10, STS group); (C) An example of grade 2 (EMG biceps brachii muscle, no. 6, ETS group); (D) An example of grade 3 (EMG 
subscapularis muscle, no. 2, STS group).
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The electromyographic examination was performed at an ambi-
ent temperature of 22°C using the Nicolet Viking Quest porta-
ble system (version 11.0) electrodiagnostic equipment. A stan-
dard electromyographic concentric needle electrode (used as 
an active and recording electrode) and a subdermal, monopolar 
ground electrode were used in the study. The following mus-
cles were analyzed to evaluate the nerve donor function: sub-
scapularis, biceps brachii, teres major and triceps. The muscle 
innervation by nerves derived from the corresponding spinal 
nerves and segments of the spinal cord was assessed (Table 1).

A modified semi-quantitative numerical scale by Kimura was 
adopted for this assessment [16]. Higher values indicate a low-
er degree of muscle innervation (Table 2, Figure 2).

Histomorphometric analysis of the sampled nerves

The proximal C7 trunk was compared with the region distal 
to the coapted area (samples 1 and 2), and the C7 trunk dis-
tal to the coapted area was compared with the contralateral 
healthy C7 nerve at the same level (samples 2 and 3) and sub-
jected to histomorphometric analysis (Figure 3).

The following parameters were analyzed: axon, myelin sheath 
and nerve fiber diameters; G-ratio and nerve area; number of 
axons; and myelin fiber density (mm2). The obtained nerve spec-
imens were immersion-fixed in 2.5% glutaraldehyde for 12 h at 
4°C and then washed with cacodylic buffer (Serva, Heidelberg, 

Germany). Specimens were then post-fixed for 1 h in 1% osmi-
um tetroxide (dissolved in cacodylic buffer) and subsequently 
washed with cacodylic buffer. Finally, the specimens were de-
hydrated in alcohols and embedded in Epon (Chempur, Piekary 
Slaskie, Poland). Power Tome XL (RMC Products, Tucson, AZ, 
USA) was used to cut the fixed nerve specimens into 0.6-µm 
thick sections, which were then stained with toluidine blue 
(Serva) and mounted using Euparal (Roth, Mannheim, Germany). 
The stained nerve cross-sections were examined under a BX41 
light microscope that was equipped with the computer-assist-
ed image analysis program CellD (Olympus, Tokyo, Japan). For 
the analysis, non-overlapping photomicrographs at 630× mag-
nification were taken manually. In each nerve cross-section, 
minimal diameters of the axons and nerve fiber (axon and ad-
jacent myelin) were measured. Only circular fibers were mea-
sured, allowing us to calculate the myelin sheath thickness of 
the nerve fibers using the following formula: nerve fiber diam-
eter – axon diameter. The degree of myelination was assessed 
using the G-ratio (the ratio between the minimal diameters of 
axons and nerve fibers) [17]. The myelin sheath density and 
myelinated fiber density were also calculated. At least 200 
nerve fibers were analyzed per sampled nerve.

The skin pinch test

The skin pinch test was used to establish the return of sen-
sory function. The animal’s skin was gently pinched by for-
ceps until the first signs of discomfort to the animal, such as 

2

1

1
C5

C6

C5

C5

C6

C6
C7 C7 C7

C8 T1 C8 C8T1 T1

2 3

A B C

Figure 3.  C5, C6, C7, C8, and T1 – ventral branches of the C5, C6, C7, C8, and T1 spinal nerves. The numbers 1, 2 and 3 indicate the 
collection site of the analyzed nerves. (A) End-to-side coaptation (ETS); (B) Side-to-side coaptation (STS); (C) Control group.

Nerve roots Nerve Skin branches Innervation area

C6-C7 Musculocutaneous Cutaneous nerve of the forearm, medial Medial aspect of the forearm

C7-C8 Ulnar Cutaneous nerve of the forearm, dorsal Dorsal aspect of the forearm

C7, C8 T1 Radial Cutaneous nerve of the forearm, lateral Lateral aspect of the arm just above elbow

Table 3. Dermatomes innervated by nerves derived from C7.
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picking up the limbs, head turning or trembling skin, were ob-
served. We focused on dermatomes innervated by nerves de-
rived from C7 (Table 3). For this study, we prepared a 4-point 
grading scale: 0 – no response; 1 – mild response, in which 
the animal exhibited a very weak reaction; 2 – moderate re-
sponse, in which the animal exhibited a reaction in response to 
the stimuli; and 3 – a clear/significant response to the stimuli.

Statistical analysis

The data were analyzed by Prism 5.0 (GraphPad, La Jolla, CA, 
USA) statistical software. To compare the significance of the 
changes between the groups, Student’s t-test for indepen-
dent samples was performed. The Mann-Whitney U test was 
used for the non-parametric values. The distribution of the 
data was tested by the Shapiro-Wilk test. The dissimilarities 
between the groups were scrutinized using the non-paramet-
ric Kruskal-Wallis test with Dunn’s post hoc analysis. The dif-
ferences were considered significant at p<0.05 for Student’s 
t-test and at p<0.01 for the Mann-Whitney U test.

Results

Histomorphometric analyses of the sampled nerves

Bar graphs present the results of the histomorphometric anal-
yses of the sampled nerves (axon, myelin sheath and nerve 
fiber diameters and the G-ratio) (Figure 4). In the control 
group (sample 3), the nerve area was 1.1304 mm2, the num-
ber of axons was 362±2.83, and the myelin fiber density was 
3078.23±96.17 fiber/mm2 for C7. In the ETS group (sample 2), 
distal from the coaptation, the nerve area was 1.1267 mm2, the 
number of axons was 322±3.15, and the myelin fiber density 
was 2977.23±79.17 fiber/mm2. In the STS group (sample 2), 
distal from the coaptation, the nerve area was 1.1255 mm2, 
the number of axons was 312±4.16, and the myelin fiber den-
sity was 2864.84±89.21 fiber/mm2.

A comparison of the tissue before coaptation ( proximal) 
(Figure 5A) and 2 cm from the coaptation (distal) 
(Figure 5B) revealed statistically significant differences in 
the axon (MW<0.0001, p<0.01), myelin sheath (MW<0.0001, 
p<0.01) and fiber (MW<0.0001, p<0.01) diameters in both the 
ETS and STS groups. Conversely, comparing the G-ratio for the 
ETS proximal with the ETS distal group did not indicate any 
prominent differences (MW=0.78, p<0.01), whereas the STS 
proximal group significantly differed from the STS distal group 
(MW=0.0001, p<0.01).

A comparison of the sampled nerves 2 cm from the coaptation 
in the ETS and STS groups with the control group (Figure 5C) 
revealed significant differences in the following parameters: 

axon (MW<0.0001, p<0.01), myelin sheath (MW<0.0001, p<0.05) 
and fiber diameters (MW<0.0001, p<0.01). The G-ratio did not 
differ significantly between the ETS group and the controls 
(MW=0.1817, p<0.01), but statistically significant differences 
in the G-ratio were observed between the STS group and the 
controls (MW=0.0064, p<0.01).

Electrophysiological study

Changes in each muscle are presented graphically (Figure 6A, B). 
The ETS and STS groups significantly differed from the controls 
with respect to the following muscles: subscapularis (t<0.001, 
p<0.05), biceps (t<0.001, p<0.05) and teres major (t=0.005, 
p<0.05). However, there were no differences in the triceps (in 
the ETS group, we did not observe any changes). There were 
no differences between the ETS and STS groups (Figure 6C).

Skin pinch test

On the lateral side, the sensory function recovery was the 
fastest and was associated with innervation from C8 and T1 
(Table 4).

Discussion

Previous studies have evaluated donor function using coapta-
tion on the level of individual peripheral nerves. In our study, 
we evaluated the donor function at the level of the spinal 
nerves. The risk of damage to the donor is related to collat-
eral sprouting from C7 in response to avulsion of the ventral 
branches of the C5 and C6 spinal nerves treated by coapta-
tion of these nerves to the C7 spinal nerve. Collateral sprout-
ing in end-to-side coaptation of the ventral branches of the 
C5 and C6 spinal nerves to the C7 spinal nerve in the rabbit 
brachial plexus was confirmed by electrophysiological, histo-
morphometric and behavioral results. To objectively analyze 
these results, all of the branches connecting the C5, C6, and 
C7 nerves below the site of coaptation were cut.

Electrophysiological study involves the use of EMG. Electro-
myography studies revealed denervation elements, such as fibril-
lations, positive sharp waves and repetitive complex discharges. 
These types of discharges are evidence of denervation or muscle 
atrophy. The electrodiagnostic study revealed that the largest 
lesions were found in the biceps brachii muscle, which is inner-
vated by the musculocutaneous nerve, whose fibers are derived 
from the C7 and C6 cervical nerves. No lesions were noted in 
the triceps muscle innervated by the radial nerve, which origi-
nates from the C7, C8, and T1 spinal nerves. No muscles are in-
nervated solely by the C7 spinal nerve; nevertheless, we made 
an assumption that the biceps brachii muscle and radial nerve 
are sufficient for C7 evaluation (despite C5 and C6 damage).
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Figure 4.  Bar graphs presenting histomorphometric analyses of the sampled nerves.
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Our research results indicate that sensory function returns 
2 weeks after surgery and is fully restored within 3 weeks. 
No significant deficiency in sensory function was noted. In a 
study of damaged rat sural nerves, sensory function returned 

completely by 36 weeks after the end of the study [22]. In 
our studies, the results indicate that the sensory function of 
the donor is impaired for a brief period. The skin pinch test is 
not an adequate tool to assess subtle changes, and damaged 
senses may have been overlooked in this study. With respect 
to the histomorphometric examination, the differences were 
statistically significant and did not translate into nerve con-
duction. All changes in the axon, myelin sheath and fiber di-
ameter were statistically significant. We also noted differences 
between the G-ratio for side-to-side and end-to-side coapta-
tion compared with the control group, although the differenc-
es were statistically significant only for the STS group; overall, 
the differences in the G-ratio were less prominent than the 
other histomorphometric parameters. A G-ratio greater than 
0.6 for the peripheral nerve indicates normal nerve conduc-
tion [20,21]. The histological examination of other parameters 
changed according to the construction of the nerve and was 
dependent on the level of sample collection. In a study of re-
construction of the peroneal nerve, we examined the number 
of axons relative to the cross-section of the nerve donor [23]. 
These tests were performed on the peripheral nerve motor 
branch. The results for the peroneal nerve were 0.255±0.l11 
mm for the cross-section, with an average of 3363±1997 ax-
ons [23]. In our study, we focused on mixed nerves. The num-
ber of axons and nerve areas were denoted. Based on these 
results, the nerve area was 1.1304 mm2 and the number of 
axons was 362±2.83, which is sufficient to obtain good sen-
sory results.

Donor nerve lesions are believed to be transient and to regress 
with time [22]. Functional recovery after peripheral nerve injury 
depends on the survival of the affected neurons and their ca-
pacity to regenerate the injured axons, as well as reinnervation 
of target tissues. The microenvironment in the nerve segment 
distal to the injury site, undergoing metabolic and structural 
changes, was a decisive factor in the regeneration of injured 
axons and functional reinnervation of the denervated target 
tissues [24]. Skin sensation tests have been used as the pri-
mary neurological outcome examination [25]. Sensory exams 
have been used to classify injury severity [26,27]. After an ETS 
procedure in rats (tibial nerve to peroneal nerve), signs of nerve 
damage were observed within two weeks. A five-fold increase 
in the percentage of denervated muscle fibers was noted rel-
ative to the control group, but the properties of the operat-
ed and healthy contralateral limb were comparable after six 
months [26]. Lundborg demonstrated Wallerian degeneration 
in the donor nerve after a peroneal-to-posterior tibial coapta-
tion procedure in rats 90 days after surgery [28]. This process 
did not influence the limb function. In the medical literature, 
there are reports referring to lesions in the sensory and motor 
peripheral nerves, but there are few studies defining the effect 
of collateral sprouting on the donor nerve for mixed nerves. 
Kovacić noted that motor neurons are more easily damaged 

A

B

C

Figure 5.  (A) Microscopic image of the sampled nerve before 
coaptation in the ETS group (toluidine blue staining); 
(B) Microscopic image of the sampled nerve 2 cm 
from the coaptation in the ETS group (toluidine blue 
staining); (C) Microscopic image of the sampled nerve 
in the control group (toluidine blue staining).
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than sensory neurons, which is likely due to their higher sen-
sitivity. Our study confirms this theory; the returned sensory 
function was greater than the motor function [29].

Currently, the most widely used treatment for C5 or C6 avul-
sion is neurotization of the accessory nerve to the suprascap-
ular nerve, the ulnar nerve fascicles to the motor branch bi-
ceps, and triceps branches to the axillary nerve [30]. In this 
case, the long-term triceps strength is not diminished relative 
to the preoperative values after sectioning of the triceps’ mo-
tor branches; however, strength equal to the normal contra-
lateral side is not achieved during recovery [30]. Additionally, 
there are no apparent consequences of removing fascicles of 
the ulnar nerve with respect to grasp or pinch strength [30].

In the case of CC7 donor site complications, transection of 
the posterior division of CC7 produces a weakness of mus-
cles innervated by the radial nerve, especially the triceps and 
the wrist and finger extensors, although paralysis is not ob-
served. However, these muscles regain their original strength 
by internal sprouting. [2]

Ipsilateral C7 nerve root transfer may cause injury to the tho-
racodorsal nerve, which receives motor fascicles from the 
cervical nerves largely from C7. The result of damage to the 

Dermatomes

1 Week after 
surgery

2 Weeks after 
surgery

3 Weeks after 
surgery

4 Weeks after 
surgery

ETS STS ETS STS ETS STS ETS STS

C6 
C7

Medial aspect of the forearm 0.21±0.42 0.14±0.36 1.35±0.49 1.28±0.46 2.64±0.49 2.35±0.49 3 3

C7 
C8

Dorsal aspect of the forearm 0.35± 0.49 0.28±0.46 1.64± 0.49 1.42± 0.51 3 3 3 3

C7 
C8 
T1

Lateral aspect of the arm just 
above elbow

0.92±0.26 0.85± 0.36 1.92± 0.26 1.78±0.42 3 3 3 3

Table 4. Assessment of the return of sensation in the dermatomes.

Figure 6.  Distribution of pathological changes in the EMG. (A) ETS group, (B) STS group, (C) Degree of denervation of particular 
muscles in the ETS and STS groups.
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thoracodorsal nerve is weakness or paralysis of the latissimus 
dorsi muscle, which it innervates [31].

The above examples describe the results of the contribution 
of the C7 fasciculus, which can represent a good donor but 
can cause some damage to the nerves. We believe the coap-
tation procedure may avoid nerve damage and that collateral 
sprouting of C7 can restore function.

The sensory component of the C7 nerve root contributes less 
than 25% to the innervation of any given major upper extrem-
ity nerve: less than 1%, 6%, 16% and 19% to the musculocu-
taneous, ulnar, radial, and median nerves, respectively. When 
using the C7 nerve root as a donor, the central sensory deficit 
will be less than 25% [32]. This is entirely within the ability of 
each major nerve to compensate and is likely a reason why C7 
is a suitable donor for brachial plexus injury [32]

Another important aspect of the procedure is using an appro-
priate portion of the C7 from the donor, as the requirements 
depend on the type of injury. For example, musculocutaneous 
nerve regeneration in neurotization with the posterior divi-
sion or the anterior division of C7 is significantly superior to 
that with the anterolateral fascicles of the anterior division or 
the phrenic nerve [33].
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This study demonstrates that nerve topography is very important 
and may depend on the final outcome. Therefore, coaptation 
with various individual segments requires further evaluation.

Donor assessment after coaptation treatment at the level of 
the spinal nerves is particularly difficult due to the absence 
of selective innervation of muscles and dermatomes for each 
spinal nerve. The only study directly evaluating nerve chang-
es included histological examination, but in some cases, the 
structural changes do not necessarily translate into nerve con-
duction function. Therefore, in our opinion, only the cumulative 
data from histology, electromyographic examination and sen-
sory recovery allow the appropriate conclusions to be drawn.

Because the results of treating peripheral nerve injuries remain 
unsatisfactory, a more selective approach with respect to the 
spinal nerves, spinal trunks, or the peripheral nerves, as well 
as to the location of the injury and the method of repair and 
reconstruction, must be identified. A possible solution is coap-
tation, but the consequences of using spinal nerves as donors 
are unknown. We believe that confirming the absence of dis-
rupted nerve conduction at the level of the spinal nerves will 
facilitate further research of coaptation defects at these spi-
nal nerve levels. We hope that this technique combined with 

neurotrophic procedures will provide an alternative to the pre-
viously used brachial plexus surgical techniques. However, we 
are aware that the primary issue is the translation of labora-
tory results into clinical practice.

Conclusions

The coaptation procedure affects the nerve donor’s histological 
structure, but this impact does not translate into detrimental 
effects at the level of nerve conduction or sensory function of 
the limb. This procedure is safe for donor nerves when ETS is 
performed. The donor nerve lesion is transient after ETS and 
has almost no clinical relevance.
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