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Objective Explore structural changes in the tibialis anterior muscle (TAM) and the peroneal nerve (PN) in repair of 
postresection tibial defect using the Ilizarov external fixation and a cement spacer. Material and methods A defect-nonunion 
was simulated in the proximal tibia of 10 mongrels using the Ilizarov external fixation followed by use of a cement spacer 
to fill the 2.5 cm defect-diastasis. The spacer was removed after 30 days and tibia distraction commenced with the rate of 1 
mm performed 4 times/day following transverse osteotomy in the distal tibia to achieve docking of bone fragments. Animals 
were sacrificed after 60-day fixation (F60) and 30 days after frame removal (FR30). Histomorphometric parameters of the 
TAM and PN samples were examined. Results TAM appeared to be denervated with death or decreased size of myons and 
angular contours noted at F60 and FR30. Degenerated and intact muscle fibers (MF) were shown to increase by 32.5 % and 
by 1 %, respectively, at FR30. The peak of histogram distributing MF by diameters at F60 indicated to ischemic muscles, and 
a 2-fold decrease in muscle diameter and the histogram skewed to the left by 4 classes showed increase in muscle atrophy 
at FR30. Reactive destructive changes were noted in at least 5.4 % of myelinated nerve fibres of the PN at F60 and FR30. 
A 1.6-to-1.7 times decrease in larger and a 1.6-to-1.8 times increase in smaller fibers, the presence of regenerative clusters 
indicated to previous destruction of a large number of motor and sensory nerves. Changes in the population structure, 
destruction of myelinated fibers and loss of non-myelinated fibers were associated with obliteration of epineurial vessels and 
loss of endoneurial capillaries at F60. Conclusion Reactive destructive changes in the TAM and PN revealed in bone defects 
repaired with the Ilizarov external fixation and the Masquelet technique should be considered in planning of postoperative 
pharmacologic thearapy and rehabilitation.
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Introduction

The Masquelet-induced-membrane technique [1] 
has initiated the new era for management of nonunions 
[2, 3, 4] that is still a clinical challenge. This is a two-
stage surgical technique for reconstruction of bone 
defects radically addressing the problem by total 
excision of defective bone tissue and the induction of 
a periosteal membrane [1, 3, 5]. With wide applications 
of the Masquelet technique, remarkable advances 
have been made in management of septic (trauma, 
osteomyelitis) [4, 6, 7, 8, 9] or aseptic (trauma, cancer, 
congenital pseudarthrosis) [10, 11, 12] bone defects 
[2]. Congenital pseudarthrosis and tumours were most 
common etiopathogenetic factors [13], and tibia and 
femur were most commonly involved segments [13, 14, 
15]. Antimicrobial additives and coatings, various types 
of bone grafts, resection and fixation techniques [2, 3, 

4], and additional bone plasty interventions [10] used by 
clinicians have opened new perspectives in management 
of bone defects with the Masquelet technique. The 
induced-membrane technique used in conjunction with 
the Ilizarov non-free bone plasty method allowed for 
reliable bone consolidation of congenital pseudarthrosis 
of the tibia with no recurrence of pseudarthrosis [10]. 
Rehabilitation of patients with congenital pseudarthrosis 
of the tibia is an essential issue. We sought to investigate 
muscles and nerves that play a role in the limb functional 
recovery following a radical operative intervention with 
the lack of data on the matter in the existing literature.

The purpose of the study was to explore structural 
changes in the tibialis anterior muscle and the peroneal 
nerve in experimental repair of postresection tibial defect 
using the Ilizarov external fixation and a cement spacer. 

MATERIAL AND METHODS

The experiment was carried out on 10 mongrels that 
underwent three operative interventions. The average 
body weight of the subjects was 16.8 ± 0.4 kg, the age 
averaged 3.9 ± 0.3 years and tibia length ranged from 
17 cm to 20 cm. A defect-nonunion was simulated in 

the proximal tibia of the subjects using the Ilizarov 
external fixation (patent № 2539627 RF «Technique 
of simulating a long bone defect-nonunion»). Defect-
diastasis of at least 15 % of original tibial length (2.5 cm) 
was simulated by resection of fragment ends reaching 
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a healthy and viable bone, by excision of scars and 
cartilaginuous excrescences performed at the second 
stage of the experiment. A cement spacer was introduced 
into the gap creating a tight bone-spacer-bone seal. 
The spacer was removed after 30 days and transverse 
osteotomy produced in the distal tibia to commence 
distraction after a 7-day latency period with the rate of 1 
mm performed 4 times/day during 25–28 days to ensure 
docking of bone fragments at the site of defect-diastasis. 
The frame was taken off after 60-day fixation. Animals 
were sacrificed after 60-day fixation (F60, n = 5) and 30 
days after frame removal (FR30, n = 5). Animal care and 
all experimental procedures were in accordance with the 
European Convention for the protection of vertebrate 
animals used for experimental and other scientific 
purposes and Directive 2010/63/EU of the European 
Parliament and of the Council of 22 September 2010 on 
the protection of animals used for scientific purposes. 
The animals were provided humane care and treatment 
in compliance with SP 2.2.1.3218-14 “Sanitary and 
epidemiological requirements for the design, equipment 
and maintenance of experimental biological clinics 
(vivariums)”, GOST 33215-2014 Guidelines for the 
maintenance and care of laboratory animals. Rules for 
equipment of premises and organization of procedures, 
GOST 33217-2014 Guidelines for the maintenance and 
care of laboratory animals. Rules for the maintenance 
and care of laboratory carnivores. The study received 
a favourable opinion from the relevant research ethics 
committee (Abstract of minutes № 2 (57) dtd 17.05.18). 

Samples were taken from the tibialis anterior 
muscle (TAM) and the superficial peroneal nerve 
(PN) at the level of the middle third of the tibia for 
morphological analysis. Specimen were fixed in a 

mixture of glutaraldehyde and paraformaldehyde in a 
phosphate buffer pH7.4 with addition of picric acid and 
embedded in paraffin using routine practice. Longitunal 
and transverse paraffin sections were stained with 
hematoxylin and eosin, and Masson’s trichrome. Tissues 
from PN were post-fixed with 1 % osmium (IV) oxide 
and embedded in epoxy resin. Semi-thin sections 1μm 
thick were stained with methylene blue basic fuchsin 
and toluidine blue. Images of micropreparations were 
acquired with AxioCam digital camera and AxioScope.
A1 microscope (Carl Zeiss MicroImaging GmbH, 
Germany). Muscle fiber degeneration (in %) was 
identified on full-color images of longitudinal TAM 
sections (200 muscle fibers analyzed), and mean 
diameter of each fiber was measured on transverse 
sections at magnification of 500×. Histograms were 
built to distribute muscle fibers by diameters, and 
mean muscle fiber diameter (Dmv), number density of 
microvessels and muscle fibers, index of vascularization 
(Iv) were calculated for the sample of each series. 

Number density of endoneurial microvessels, 
myelinated and non-myelinated nerve fibers was 
calculated using full-color images of total transverse 
sections of PN and recounted per 1 mm2 of the bundle 
area, and reactive destructive changes in the myelinated 
fibers (in %), mean fiber diameter were measured 
using VideoTesT Master-Morphologiya software and 
distribution histograms prepared with an interval of 
1μm. TAMs and PNs of intact mongrel were used as 
controls (n = 5). Non-parametric Wilcoxon statistical 
test was used for independent samples with the level of 
statistical significance (p) quoted being equal to 0.05. 
Statistical data analysis was performed using AtteStat 
computer program, version 9.3.1. [30].

RESULTS

General condition of the animals was satisfactory 
throughout the experiment. The operated segment 
appeared to be swollen after each intervention at early 
postoperative period. Supportability of the limb was 
rather weak throughout distraction and fixation phases. 
The limb function partially recovered after frame 
removal. Most TAM fibers retained regular transverse 
striation throughout the experiment (Fig. 1 a, c)

A part of muscle fiber bundles showed thickened 
and fibrous perimysium, perivascular fibrosis and some 
muscle bundles demonstrated endomysial fibrosis 
(Fig.  1 b, d) and adipose substitution (Fig.  1  a,  c). 
A narrowing of the vascular lumen was seen in the 
perimysium due to the hyperplastic media. There were 
fibers with changed tinctorial characteristics, low colour 
intensity in the central areas of the fibers (Fig. 1b) and 
several profiles with angulation (Fig. 1 b, c). Areas of 
atrophy and death of myons featured decreased and 
rounded myons partially being at different phases of 
necrotic death (Fig. 1 b). There were myons with center-

located nuclei (Fig. 1 d). Longitudinal blood vessels 
appeared to be more twisted around muscle fibers and 
a great number of circularly oriented vessels revealed. 
Clusters of muscle nuclei were noted in the areas of 
muscle fiber destruction, and newly formed small 
muscle fibers with center-located nuclei observed. 
Muscle fiber degeneration was 26.9 % at F60 and 
32.5 % at FR30 and was not more than 1 % in the intact 
muscle. Index of vascularization showed increase in 
the animals throughout the experiment as compared 
to that in controls (1.4): by 25 % at F60 measuring 
1.75 (p < 0.05), and there was a 2-fold increase at the 
end of experiment measuring 2.8 (p  <  0.05). Mean 
muscle diameter showed a 2-fold decline as compared 
to the normal value (43.5 ± 0.82 μm) and measured 
22.9 ± 0.63 μm (p < 0.05) at F60 and 22.4 ± 0.72 μm 
(p < 0.05) at FR30. Histograms distributing the muscle 
fiber diameters at F60 and FR30 were nearly identical 
and had a unimodal distribution with sharp peaks 
instead of plateau observed in controls (Fig. 2).
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Fig. 1 Fragments of TAM at 60-day fixation (a, b) and after 30 days of frame removal (c, d). Paraffin sections stained with 
Masson’s trichrome (a, d) and hematoxylin and eosin (b, c). Magnification of 400×

Fig. 2 Diagram of distribution of the muscle fiber 
diameters of intact and experimental TAM (μm). X-axis 
shows dimensional fiber classes and Y-axis demonstrates 
the proportion of fibers in each class (%) 

The peak of the histogram was compatible with 
31–40 μm class in 42 % of muscle fibers at F60 with the 
amplitude of the base decreased by 1 class as compared 
to that in controls. There was no class of 71–80 μm and 
over noted at F60. The peak of the histogram skewed 
to the left by 2 classes with the amplitude of the base 
decreased by 4 classes as compared to that in controls 
at FR30. There were no muscle diameters of 41–50 μm 
and over observed at FR30 that this indicated to decrease 
in the mean diameter of the majority of muscle fibers. 
Macroscopic examination of PN during preparation 
and excision showed no disturbed interruption of the 
nerve at the study terms of the experiment. Macroscopic 
examination of the nerve sheaths demonstrated increased 
concentration of fibroblasts, fibrocytes, adipose and 
perivascular cells at F60 and FR30 and there were also 

plasmocytes and macrophages not typical for the intact 
PN observed at the time. Epineural arteries and veins 
were surrounded by strong connective tissue sleeves and 
had thickened walls, expanded or completely obliterated 
lumens (Fig. 3A, b). Perineurium appeared to be normally 
structured, thickened with subperineurial and endoneurial 
edema noted in some muscle bundles. Small myelinated 
fibers were seen in the conduction portion of the PN 
and in the regeneration clusters (Fig. 3 c). All animals 
showed changes in the myelinated fibers and signs of 
demyelinization, axonal and Wallerian degeneration. 

Their proportion increased by 2.3 times as 
compared to intact nerves and measured 5.4 ± 0.1 % 
(normal 1.9 ± 0,3 %) at F60, decreased to 4.0 ± 0.5 % 
but increased by 2.1 times as compared to normal 
value at FR30. Number density of the myelinated 
fibers insignificantly decreased by 5.6 % as compared 
to that of the intact PN (21335 ± 1130) and measured 
20147 ± 2206 at F60 and was significantly increased 
(p < 0.05) by 10.1 % of the normal value to measure 
23500 ± 618 at FR30. Similar dynamics in number 
density of endoneurial microvessels showed a 
1.9 times decrease in capillaries measuring 116 ± 33 
(normal value 220 ± 17) at F60 and a 1.8 times 
increase of normal value measuring 400 ± 134 in 
1 mm2 of the bundle at FR30. Number density of the 
myelinated fibers decreased by 39.4 % (p < 0.05) and 
measured 9984 ± 2317 (normal value 16479 ± 1944) 
at F60 and increased with regard to the previous term 
but remained decreased by 5.9 % of the normal value 
(p < 0.05) measuring 15500 ± 905 at FR30.
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Fig. 3 PNs of mongrels at 60-day fixation of tibia with frame on: (a) total cross section; (b) epineurial artery and hypertrophied 
adventitia; (c, d) fragment of the nerve fiber bundle and subperineurial swelling (СПО), endoneurial capillaries (k) and 
regeneration clusters (arrows). Semi-thin sections stained with toluidine blue (a), methylene blue and basic fuchsin (b, c, d). 
Magnification 40× (а); magnification 1000× (b, c, d)

Histograms of distribution of muscle fiber diameters 
at F60 and FR30 retained bimodal pattern and contained 
11 grades like intact PN (Fig. 4). The amplitudes of the 
base skewed to the left by 1 grade due to the presence of 
small regenerating fibers with diameter of 1.0–2.0 μm. 
Histograms were shorter to the right by 1 grade with the 
absence of larger fibers with diameter of 12.1–13.0 μm 
(Fig. 4). The first mode skewed to the left in the range of 
3.1–4.0 μm (normal value 4.1–5.0 μm) and exceeded the 
normal value due to changes in the population of nerve 
conduction. Smaller fibers with diameter of 1.0-4.0 μm 
showed a 1.8 and 1.6 times increase at F60 and FR30 as 
compared to normal value (intact PN, 23 ± 5 %); larger 
fibers showed a 1.7 and 1.6 times decrease (intact PN, 
40 ± 6 %), respectively, and medium sized fibers showed 
nearly normal measurements (normal 37 ± 4 %) at F60 

and FR30. Nerve fibers with fast conduction velocity 
having diameters of more than 10 μm were singular 
throughout the experiment and measured 3 % and 4 % 
at F60 and FR30, respectively, (normal 8–10 %).

Fig. 4 Histograms of distribution of the myelinated 
nerve fiber diameters of intact and experimental PN 
(μm). X-axis shows dimensional fiber classes and Y-axis 
demonstrates the proportion of fibers in each class (%) 

DISCUSSION 

Reconstruction of extensive traumatic bone 
defects is still a major therapeutic challenge, 
both for anatomical and functional results [16]. 
Histomorphometric analysis of the TAM in the 
treatment of tibial defects using the above method 
showed muscle fiber degeneration of 32.5 % in 
the experimental group and 1 % in the controls. 
Histological changes in the TAM revealed myon 
death and adipose substitution, decreased size of the 
fibers, angulated fiber contours and were suggestive 
of denervated TAM. The peak of the histogram of 

distribution of MF diameters at F60 retaining the 
unimodal pattern indicated to previous ischemization 
of the muscle, and a 2-fold decrease in muscle diameter 
with regard to the mean value and the histogram 
skewed to the left by 4 classes showed an increase 
in muscle atrophy. Long-term exposure to hypoxia 
caused by trauma (intraoperative, bone trasport) is 
known to have detrimental effects on muscle structure 
[17, 18]. Index of vascularization demonstrated high 
values throughout the experiment. Increase in the 
number density of microvessels is likely to be caused 
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