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Abstract

Introduction Premature arrest of bone growth is the most common complication of bone fractures
at the growth plate level.

The purpose of the work was to evaluate the structural reorganization of metaepiphyseal cartilage following
its direct injury with metal and biodegradable wires in an experiment.

Materials and methods The metaepiphyseal cartilage of the distal femur of 18 lambs of both sexes was
studied. The age of the animals at the beginning of the study was (43.92 * 0.8) days, by 60 and 120 days
(102.63 £ 0.82) and (161.1 + 0.9) days, respectively. The animals underwent transphyseal insertion of wires/
pins: series 1 — Kirschner wires, series 2 — titanium wires, series 3 — poly-L-lactic acid pins. The duration
of the experiment was 60 and 120 days. Clinical and radiographic studies were carried out. Histomorphometry
was performed using an AxioScope.Al microscope and Zenblue software (CarlZeissMicrolmagingGmbH,
Germany).

Results Reactive changes in the growth plate at the interface with the wire were manifested by proliferation
of chondrocytes in the zone of proliferating cartilage and in the reserve zone; the minimally expressed changes
were noted in series 2, the most pronounced were in series 1. By the end of the experiment, at the interface
with the wire in series 1, blood vessels penetrated into the metaepiphyseal cartilage; in series 3 the amount
of the fibrous component was increased, which indicates further formation of “bone bridges” and “fibrous
bridges,” respectively. In undamaged areas of the growth plate in all series, the zonal structure was preserved.
By the end of the experiment, increased values of the thickness of the metaepiphyseal cartilage were noted
(1.2 times higher than the control), differences between series were a tendency; in series 2 and 3 the ratio
of metaepiphyseal cartilage zones was comparable to the control; in series 1 the proportion of the proliferating
cartilage zone was increased by 4 %.

Discussion The main problem with growth plate injuries is the formation of bone tissue or fibrosis, which affects
the growing process. Currently, the question of choosing a treatment tactic for growth plate injury depending
on the size of the “bone bridges” is debatable. Relevant are future comparative studies of the regeneration
of metaepiphyseal cartilage defects after the use of fixators made from different materials.

Conclusion Histomorphometric characteristics of the growth zone reliably showed that the insertion of wires,
regardless of their material, was not accompanied by inhibition of the bone-forming function of the distal
metaepiphyseal cartilage of the femur.
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INTRODUCTION

The bone growth zone (physis, epiphyseal plate, growth plate, metaepiphyseal cartilage) is a highly
specialized cartilaginous tissue located between the epiphysis and metaphysis at the proximal
and distal ends of long bones. Longitudinal bone growth occurs due to the processes of enchodral
ossification in the epiphyseal plate [1, 2]. Metaepiphyseal cartilage has a zonal structure. Different
authors distinguish from three (reserve, proliferative, hypertrophic) to six zones; all classifications
are based on the proliferative and biosynthetic activity of chondrocytes and the degree of their
differentiation. The epiphyseal plate is monopolar, since bone formation runs in one direction [1, 3].

Treatment of injuries (mechanical, infectious, iatrogenic, malignant) to the growth plate is a difficult
task due to avascular nature of the metaepiphyseal cartilage [2, 4, 5, 6].

Mechanical injuries to the growth plate are common and account for 15 to 30 % of all bone injuries
in children; they are more frequent in boys; the peak of injuries is the age of 11-14 years [7, 8].
The main complication of treatment of the epiphyseal plate injury is premature closure of growth
plates, formation of bone bridges, resulting in limb deformation and limb length discrepancy [7, 8, 9].
Deformities of the lower limb account for 43.7 % of all orthopedic disorders in children, of which
21.4 % are changes in the knee joint [10].

To treat growth plate injury, both conservative and surgical methods are used [7, 11, 12, 13].
In the surgical method of treatment, fractures passing through the growth zone are fixed using
either metal or biodegradable bone fixators [14, 15, 16, 17].

One of the current areas of pediatric traumatology is the assessment of the state of the growth
plate when using various surgical techniques for correcting pathological conditions associated
with dysfunction. In the available literature there are no comparative experimental and histological
studies onthe effect of non-biodegradable and biodegradable wires on the structure of metaepiphyseal
cartilage.

Purpose: to evaluate the structural reorganization of metaepiphyseal cartilage following direct
injury with metal and biodegradable wires in an experiment.

MATERIALS AND METHODS

The object studied was the metaepiphyseal cartilage of the distal femur in 18 lambs of both sexes
after transphyseal insertion of pin fixators. The duration of the experiment was 60 and 120 days
after surgery.

The age of the animals at the beginning of the study was (43.92 = 0.8) days, by 60 and 120 days
(102.63 £0.82) and (161.1 = 0.9) days, respectively. The body weight of the lambs on the day
of surgery was (14.0 £ 3) kg, on days 60 and 120 it was (21.92 +0.85) and (28.92 * 2.4) kg, respectively.

Exclusion criteria: diseases of the musculoskeletal system.

Animals are divided into 3 series. In series 1 (n = 6), a stainless steel wire, d = 1.5 mm (CITO, Russia),
was transphyseally inserted; in series 2 (n = 6), it was a straight elastic intramedullary nail made
of titanium, d = 1.5 mm (Rotor Med LLC, Russia); in series 3 (n = 6) a biodegradable pin made of poly-
L-lactic acid, d = 1.5 mm (Inion OTPS TM, Finland) was used.

Each animal underwent transphyseal insertion of one fixator through the distal growth plate
of the femur of the right pelvic limb. In series 1 and 2, the insertion of the wire/nail was carried
out transcutaneously using an osteosynthesis drill. The wire/nail was inserted dorsoventrally
in the lateral-medial direction at an angle to the longitudinal axis of the bone of 30-35° through
the metaphysis, physis and epiphysis of the bone, without penetrating into the cavity of the knee
joint. After X-ray confirmation of the correct insertion of the fixator, its outer part was bitten off with
pliers at the level of the cortical plate and hidden under the skin. If necessary, 1-2 interrupted
Vicryl tm Plus 3-0 sutures (Ethicon, Johnson & Johnson International, USA) were made on the skin
at the injection site.
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Animalsin series 3 underwent a skin incision in the projection of the pin passage. Next, a canal for pin
insertion was formed antegrade using a Kirschner wire, and the direction of the wire was chosen
so that the angle of intersection with the growth plate was 30-35° in the frontal plane. The wire
passed to the subchondral layer of the bone. A biodegradable 1.5-mm pin was installed in a reusable
contact applicator, with the help of which it was inserted into the formed canal to the entire depth
of the latter. The excessive end of the pin was bitten off with pliers, and the skin was sutured
with interrupted sutures Vicryl tm Plus 3-0 (Ethicon, Johnson & Johnson International, USA).

To prevent the development of inflammatory processes, all animals were prescribed an analgesic
anti-inflammatory drug (i/m ketoprofen 50 mg, 0.5 ml) and an antimicrobial agent (i/m ceftriaxone
1.0, 7-10 mg/kg). The surgical wound was treated with a solution of hydrogen peroxide 3 %
and furatsilin 1:5000, daily for the first 10 days after surgery, then twice a week. The sutures were
removed after 10—14 days.

In all experimental series, the wires and pins remained in situ the entire observation period.
Animals were euthanized after premedication with a solution of diphenhydramine 1 % (0.02 mg/kg)
and Rometar 2 % (1 mg/kg), followed by the administration of a lethal dose of barbiturates.

Animal care,operations, manipulations and procedures were carried outinaccordance with regulatory
documents: GOST R 33044-2014. Principles of good laboratory practice; PS SanPiN 3.3686-21
Sanitary and epidemiological requirements for the prevention of infectious diseases; GOST
33215-2014 Guide to the maintenance and care of laboratory animals. Rules for equipping premises
and organizing procedures; GOST 34088-2017 Guide to the maintenance and care of laboratory
animals. Rules for keeping and caring for farm animals.

For histomorphometric examination, fragments of the distal articular end of the femur were
fixed in a 10 % solution of neutral formalin, then washed in running water and decalcified
in a mixture of equal volumes of hydrochloric and formic acid solutions, dehydrated in ethyl
alcohol, and embedded in paraffin. To obtain objective information about the qualitative and
quantitative characteristics of the object being studied, histological sections of adequate orientation
and thickness were used [18]. Histological preparations (longitudinal sections along the axis
of the femur) with a thickness of 5.00 um were prepared on an HM 450 Thermo Scientific microtome
(USA) and stained with hematoxylin and eosin using the three-color method according to Masson.
Light-optical examination and digitization were carried out using an AxioScope.Al microscope
equipped with an AxioCam digital camera (Carl Zeiss Microlmaging GmbH, Germany).

Histological characteristics of the metaepiphyseal cartilage considered its zones, the identification
of zones in the direction from the epiphysis to the diaphysis: the zone of resting cartilage (reserve
or border zone); zone of proliferating cartilage; zone of vesicular (hypertrophied) cartilage; zone
of calcified cartilage [1].

Zenblue software (Carl Zeiss Microlmaging GmbH, Germany) was used for histomorphometry.
The thickness of the metaepiphyseal cartilage (hmet.car, ym) was determined as the distance
between its upper and lower borders with an interval of about 20 um, 20 measurements were taken
from each case, the percentage of its zones. As a control, the metaepiphyseal cartilage of the distal
femur of the contralateral limb was morphometrically measured. The width of the defect zone was
determined by taking 30 measurements in each case.

Data analysis was carried out using descriptive statistics methods. Samples were checked for normal
distribution of values using the Kolmogorov test. The measure of central tendency is presented as
the arithmetic mean and error of the arithmetic mean (M £ m); for samples where the normality
hypothesis was rejected, the data are presented as median and quartiles (Me (p25-p75)). Hypotheses
about differences between the compared groups were tested with a normal distribution using
the Student's t test, with an asymmetric distribution using the Wilcoxon test; differences were
considered significant at p < 0.05 (AtteStat program, version 9.3.1).
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RESULTS

The lambs of all experimental series had the weight-bearing function of the affected pelvic limb
fromthe following day after surgeryuntil the end of the experiment. Upon examination and palpation,
no changes were found in the area of the distal metaphysis of the femur. The function of the knee
joint (full flexion and extension) was completely preserved in all experimental animals at all stages
of observation. There were no restrictions of mobility in the knee joints.

At the stages of the study, the bone tissue in the area of implantation in the animals of all series had
a uniform structure. The contour of the epiphyseal plate was clearly visible. There were no visible
areas of closure of the growth plate in the areas adjacent to the implants (Fig. 1).

Day of surgery 60 days 120 days

N " “

Series 2

- - . .

Fig. 1 Radiographic images of wires/pins in the femoral metaphyses at the time-points of the experiment

In the control limb, the metaepiphyseal cartilage of the distal femur maintained a zonal
structure throughout the experiment. Its zones were clearly defined: the border (reserve) zone
with the epiphysis; zone of proliferating cartilage, proliferating chondrocytes were arranged
in columns; the zone of vesicular cartilage, represented by hypertrophied chondrocytes; the zone
of calcified cartilage adjacent to the endochondral bone of the diaphysis (Fig. 2).

The thickness of the metaepiphyseal cartilage decreased by an average of 18 % with the growth
of lambs (from 3.5 to 5.5 months) (Table 1). The decrease in this parameter was due to a pronounced
decrease in the thickness of the reserve zone (Fig. 2, Fig. 5).
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Fig. 2 Metaepiphyseal cartilage of the distal femur of the contralateral limb (control): a — age 3.5 months;
b — age 5.5 months; 1 — reserve zone; 2 — zone of proliferating cartilage; 3 — zone of vesicular cartilage; 4 — zone
of calcified cartilage. Paraffin section, stained with the three-color method according to Masson. Magnification x100

Table 1

Thickness of the metaepiphyseal cartilage of the distal femur at the stages of the experiment
Me (Q1; Q3)

[Mapametp / Cepust hyet car, MKM
60 days 607.59 (574.25; 644.41)

Control :
120 days 3690?1'2’8=(3.%6d?2’ 546.37)

797.58 (765.21; 838.95)
p1=0.0001

592.32 (457.59;649.36)
p=1=0.0188

732.32 (636.66; 773.02)
60 days p2=0.003
P2 = 0.004

621.11 (518.31; 780.71)
120 days p=? = 0.0001
P2 = 0.0541

680.89 (626.01; 708.92)
pes5=0.0111
60 days 51 = 0,0001

p2=0.0578

589.01 (522.13; 632.07)
P = 0.009
120 days P51 = 0.0598

P55 = 0.0532

Note: Wilcoxon test was used, differences were statistically significant at p < 0,05, p®®-'2 — comparison of control
at the stages, pc*! — comparison of control and series 1, ps? — comparison of control and series 2, p*!-2 — comparison
of series 1 and series 2, p<** — comparison of control and series 3, p*>s! — comparison of series 3 and series 1, p**~2 —
comparison of series 3 and series 2.

60 days

Series 1
120 days

Series 2

Series 3

In the experimental series throughout the study, reactive changes in the metaepiphyseal cartilage
at the border with the wire were manifested by the proliferation of chondrocytes (Fig. 3, 4) both
in the zone of proliferating cartilage and in the reserve zone, more intensely expressed in series 1.
By the end of the experiment, at the border with the wire in all series, functionally active
chondrocytes shaped in columns were noted. In series 1, in all animals, the penetration of vessels
from the border zone into the zone of proliferating cartilage was seen (Fig.4 d). In series 3,
an increase in the proportion of the fibrous component was noted in the defect zone (Fig. 4 f).
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Fig. 3 Reactive changes in the metaepiphyseal cartilage of the distal femur at the border with the wire: a — series 1;
b — series 2; ¢ — series 3. Experiment duration: 60 days. Fragments of paraffin sections. Magnification x100. Staining
with three-color method according to Masson

6 YR )

' -
.
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Fig. 4 Reactive changes in the metaepiphyseal cartilage of the distal femur at the border with the wire: a, d —
series 1; b, e — series 2; ¢, f — series 3. The experiment lasted 120 days. The defect area (wire location) is indicated
by an arrow. The extent of the zone of chondrocyte proliferation at the border with the wire is shown by a frame.
Histotopograms (a, b, c¢). Fragments of paraffin sections. Magnification x100 (d, e, f). Staining with three-color
method according to Masson

After 60 and 120 days of the experiment, the width of the defect zone (wire tract) in the metaepiphyseal
cartilage M *m) was (1404.74 +32.58) uym in series 1 and (1491.77 £ 15.37) um respectively;
(1448.41 #22.21)uym and (1459.35+13.81)uym in series 2, respectively; and in series?3
(1618.08 £ 36.42) um and (1639.01 * 18.47) um, respectively. There were no significant differences
between the experimental periods (p > 0.05); the differences between series 1 and 2 were statistically
insignificant (p = 0.655), the differences between series 1 and series 3 were at the trend level
(p = 0.0546), between series 2 and series 3 were significant (p = 0.0373).

In the undamaged areas of the metaepiphyseal cartilage, the zonal structure was maintained
throughout the experiment; an increase in the proliferative and biosynthetic activity of cartilage
cells was noted in the zone of proliferating cartilage and in the border zone. In the border zone
and epiphysis, newly formed areas of cartilage were present, represented by isogenic groups and
separately located chondrocytes with a formed interterritorial matrix (Fig. 5).

Histomorphometrically, the most pronounced increase in the thickness of the metaepiphyseal
cartilage of the distal femur was revealed during the experiment of 60 days in series 1 relative to the
control, the differences with series 2 and 3 were statistically significant (Table 1). By the end of the
experiment, statistically significant high values of this parameter relative to the control were in all
series, the differences between series were at the level of a tendency (Table 1).
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Fig. 5 Metaepiphyseal cartilage of the distal femur: a, d — series 1; b, e — series 2; ¢, f — series 3.
Experiment duration: 60 days (a, b, ¢), 120 days (d, e, f). Newly formed areas of cartilage (arrow). Paraffin section,
stained with hematoxylin and eosin. Magnification x100

In the control limb during the growth of lambs, the percentage ratio of the zones of metaepiphyseal
cartilage of the distal femur at the age of 3.5 and 5.5 months was 35:29:21:15 and 24:37:24:16 (reserve
zone: zone of proliferating cartilage: zone hypertrophied chondrocytes: zone of calcified cartilage),
accordingly; there was a pronounced (more than 5 %) decrease in the proportion of the reserve zone
and an increase in the proportion of the zone of proliferating chondrocytes.

In experimental series after 60 days compared to the control, the change in the proportion
of the reserve zone and zone of proliferating cartilage was more pronounced. Thus, the portion
of the reserve zone in series 2 and 3 was reduced by 13 and 9 %, respectively, and in series 1 it was
increased by 3 %. The proportion of the proliferating cartilage zone in all series was increased:
in series 1 and 3 by 5 %, in series 2 by 15 %. After 120 days of the experiment in series 2 and 3,
the ratio of metaepiphyseal cartilage zones was comparable to the control; in series 1 the portion
of the zone of proliferating cartilage increased by 4 % (Fig. 6).

11 Zone of calcified cartilage Zone of vesicular cartilage ™ Zone of proliferating cartilage Reserve zone

Control Series 1 Series 2 Series 3 Control Series 1 Series 2 Series 3
60 days 120 days

Fig. 6 Diagram showing the percentage of the zones in the metaepiphyseal cartilage of the distal femur at the stages
of the experiment; # — significant differences with control at p < 0.05
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DISCUSSION

The main function of the metaepiphyseal plate is bone growth in length due to balanced proliferation
and elimination of chondrocytes [19, 20].

This function is provided by the structural features of the metaepiphyseal plate. The border or
reserve zone is in contact with the epiphysis and is characterized by a predominance of intercellular
substance in relation to the cells. Cartilage cells in this zone do not proliferate under normal
conditions. It is assumed that the cells of this zone are a kind of stem cells that maintain a stable
number of cells in the proliferative zone. In the zone of proliferating cartilage, cells are actively
dividing. The growth of metaepiphyseal cartilage occurs due to an increase in the number of
chondrocytes and the volume of the intercellular substance in this zone. In the zone of hypertrophied
cartilage, chondrocytes lose the ability to divide, but retain high metabolic activity that results
in a significant increase in size. In the zone of calcified cartilage, the death of chondrocytes and
calcification of the matrix occurs, which serves as an ossification framework for osteoblasts [1, 19].

Due to the fact that the epiphyseal plate is an active, dynamic zone of growing bone, it is sensitive
to the effects of various exogenous and endogenous factors.

The development of post-traumatic growth deficiency in children is based on two mechanisms:
formation of “bone bridges” after vascularization and invasion of osteoblasts; ischemic necrosis
of the epiphyseal cartilage due to trauma [15].

In our study, in the experimental series with direct injury to the growth plate of the distal femur
with a wire/pin, signs of ischemic necrosis were not found. By the end of the experiment, the values
of the width of the metaepiphyseal cartilage defect zone in series 1 and 2 were comparable,
the differences between series were not statistically significant (p > 0.05); in series 3 the values were
significantly higher, which is due to the conditions of pin insertion.

In all series, reactive changes in the form of proliferation of chondrocytes in the border (reserve)
zone and the zone of proliferating cartilage were detected in areas of the metaepiphyseal cartilage
at the border with the implant. The minimally expressed reactive changes in chondrocytes were
noted in series 2, the most pronounced in series 1. In the latter series, by the end of the experiment,
at the border with the wire, the penetration of blood vessels into the metaepiphyseal cartilage was
revealed, which is prognostically unfavorable for the restoration of the growth zone. The vessels in
the metaepiphyseal cartilage on the bone side are a source of osteoblasts that form “bone bridges.”
In series 3, by the end of the experiment, in the areas of the metaepiphyseal cartilage adjacent
to the pin, an increase in the proportion of the fibrous component was noted, which may indicate
the subsequent formation of the so-called “fibrous bridge”.

The obtained histomorphometric characteristics of undamaged areas of the growth zone indicated
that the insertion of implants, regardless of their material, was not accompanied by inhibition
of the bone-forming function of the distal metaepiphyseal cartilage of the femur. This is confirmed
by maintaining during the experiment for 120 days statistically significant increased values
of the thickness of the metaepiphyseal cartilage (1.2 times higher than the control), the differences
between the series showed only a tendency. The increase in this parameter occurred due to anincrease
in the proliferative and biosynthetic activity of cartilage cells in the zone of proliferating cartilage
and in the border zone.

The works of a number of authors show that the proportions of zones in the metaepiphyseal cartilage
are different for each species of mammal (rat, rabbit, pig, calf) [1, 21, 22]. Data on the relationship
between the zones of metaepiphyseal cartilage in lambs at different age periods have not been
found in the available literature.
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In our study, the ratio of zones of metaepiphyseal cartilage in the distal femur was determined
for the first time in lambs during growth (at the ages of 3.5 and 5.5 months). The most significant
changes in the thickness of the reserve zone (decrease) and the zone of proliferating cartilage
(increase) were revealed.

Celarek et al in an experiment on sheep found that at the age of 3.5 months, the most vulnerable
zone under mechanical stress is the zone of proliferating cartilage, in which microscopic cracks
were identified [23].

It is known that the main factors for the normal growth of metaepiphyseal cartilage are vascular
support and the unimpaired function of the proliferating cartilage zone [2, 15, 24].

The main problem with growth plate injuries is the formation of bone tissue (bone bridge) and/or
fibrosis (fibrous bridge), which hinders growth and may lead to angular deformities or limb length
discrepancy [25, 26, 27].

The effectiveness of surgical removal of bone bridges from the epiphyseal plate is debatable,
and the data in the world literature are contradictory. Thus, Peterson reports that the function
of the growth plate that underwent surgery may vary from 0 to 200 % relative to the similar zone
of the healthy limb [28]. That is, the function of the metaepiphyseal cartilage can be completely
arrested or significantly increased.

Surgical methods for treating growth plate injuries are of unconditional interest, but require
additional detailed research and analysis [11]. Until now, the choice of tactics for treating growth plate
injuries depending on the size of the bone bridges has been debatable. According to some authors,
the surgical treatment method is used when the bone bridge occupies more than 33 % of the growth
plate; according to others, when the bone bridge occupies more than 50 % [26, 29, 30, 31].

Therefore, comparative experimental and morphological studies of the regeneration
of metaepiphyseal cartilage defects after the use of wires/pins made of different materials are
relevant in the future.

CONCLUSION

The revealed structural changes in the metaepiphyseal cartilage in the experimental series
are characteristic of the reparative phase. At the border with the wires, active proliferative
and biosynthetic activity of chondrocytes was observed, more intensely expressed in series 1.

Histomorphometric characteristics of intact areas of the growth plate showed that the insertion
of wires, regardless of their material, was not accompanied by inhibition of the bone-forming
function of the distal metaepiphyseal cartilage of the femur. In the experimental series, compared
to the control limb, the change in the proportion of the reserve zone and the zone of proliferating
cartilage was more pronounced. By the end of the experiment, the ratio of metaepiphyseal cartilage
zones was comparable to the control in series 2 and 3; in series 1, the proportion of the proliferating
cartilage zone increased by 4 %.
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