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Letter from the Editor

Dear friends,

We present to your attention the first issue of our journal this year.

It has a new format with the sections “Clinical Studies”, “Theoretical
and Experimental Research”, “Case Reports” and “Literature Review”.

The “Clinical Studies” section of this issue includes seven publications.
The section opens with the work of a team of authors from St. Petersburg
(Kalita et al.), in which the authors assessed the results of limb salvage
surgical treatment of injuries to the distal phalanx of the fingers and
substantiated the algorithm for treating injuries of the fingers using an
original technique. Based on the results obtained, the authors conclude
that the proposed method improves the outcomes of reconstructive
. surgical interventions in the treatment of the defects of the nail phalange
/ ‘ tip in three-joint fingers.

Galkin et al. (Moscow) used large clinical data to study the effect
of maintaining hip joint isometry on the outcome during surgical approach by changing the method
of treating external rotators in reconstructive operations in the management of traumatic
destruction of the posterior parts of the acetabulum. Having analyzed the results, the authors
underline that maintaining isometry in the hip joint allows for significantly better clinical outcomes
in the treatment of this complex category of injuries.

Long-term results and complications of surgical treatment of 130 patients with Achilles tendon
ruptures are discussed by authors from Moscow (Magnitskaya et al.). Based on the data obtained,
the authors conclude that open Achilles tendon repair techniques have a greater risk of infectious
complications but a lower likelihood of recurrent ruptures. Previous injections of hormonal drugs
into the area of the calcaneal tendon, the use of augmentation tapes or autografts in calcaneal
tendon repair increase the likelihood of infectious complications.

The experience of the Belgrade Children's University Hospital in lengthening and correction of limb
deformities in 12 patients with severe fibular hemimelia is presented in the work of Lazovi¢ et al.
(Serbia, Kurgan). Based on the outcomes, the authors concluded that the strategy of early foot and
ankle reconstruction in children with severe fibular hemimelia followed by tibial lengthening at
the age of 4-6 years was effective and could be used in a variety of clinical situations. In type 3C
fibular hemimelia, the use of external fixation to correct the deformity and simultaneously lengthen
the tibia in the first stage is an alternative reasonable strategy.

The authors from Uzbekistan (Urinbaev et al.) studied the effectiveness of surgical treatment
of pseudarthrosis of the lateral condyle of the humerus in children using combined methods
of osteoplastic surgery with the Ilizarov apparatus. The paper presents the experience of surgical
treatment of 57 children with fibular bone grafts and various methods of limb fixation. The authors
note the high effectiveness of the treatment as good results were achieved in 79.6 % of cases.
There was only one case of poor outcome.

Stupina et al. (Kurgan) analyzed the pathogenetic and clinical significance of palmar aponeurosis
fungal infection in Dupuytren's contracture. The surgical material was examined at the light-optical
level and with scanning electron microscopy. Fungal infection of the palmar aponeurosis was
detected in 20 out of 41 patients; various types of tissue reaction to the introduction of fungi
into the palmar aponeurosis and the blood vessels perforating it were found. The authors have
statistically proven the relationship between fungal infection of the aponeurosis and an increase in
the frequency of early relapses of contracture. To increase the duration of the relapse-free period
and, potentially, the life expectancy of patients, consultations with infectious disease mycologists
and correction of modifiable risk factors for candidiasis are necessary.

Authors from Moscow (Ivanov et al.) compared different methods for determining “bone age” using
radiographs of the hand in patients with active growth plates and anteromedial instability of the knee
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joint. The data obtained by the authors as a result of the study showed a difference between chronological
and bone age. It allowed them to conclude that it is necessary to assess bone age by planning surgical
treatment of patients with open growth plates, as well as of predicted and target growth.

The issue continues with a problematic article by Mukhametov et al. (Ufa, Smolensk, Chelyabinsk,
Yekaterinburg), dedicated to theoretical research in the field of bone graft substitutes and the use
of alarge variety of synthetic materials, including metals, polymers and ceramics. A detailed analysis
of clinical trials of synthetic biomaterials based on hydroxyapatite and tricalcium phosphate, listed
in registries and various databases, was carried out in order to identify the potential for clinical
use, as well as possible side effects of CPC as a substitute for bone grafts. The authors pointed that
the combination of hydroxyapatite and tricalcium phosphate has many advantages. Their separate
use or in combination does not have any serious side effects.

Two articles in this issue focus on experimental developments. Tretyakov et al. (Republic of Belarus)
conducted a pathomorphological assessment of the effectiveness of intra-articular application
of soluble platelet factors for treatment of experimental osteoarthritis in 120 rats. Preliminary
modeling of osteoarthritis was carried out using an original method. The study showed that
intra-articular administration of modified PORFT/PRP (platelet-rich plasma) led to a pronounced
therapeutic effect, manifested by an improvement in the morphofunctional state of the hyaline
cartilage on the 6th day, in comparison with plasma and serum.

Malishevsky et al. (Tyumen) conducted a comparative analysis of the biomechanical properties
of various types of suture material for producing tendon stitching in an experiment. The results
obtained allowed the authors to conclude that polytetrafluoroethylene and nickel-titanium threads
showed the best biomechanical properties for tendon repair in linear strength, good elasticity and
low plasticity of the suture material. There were no significant differences between polypropylene
and braided polyamide threads.

The clinical case report presented in this issue concerns the problem of soft-tissue reconstruction
of the palmar surface of both hands after thermal injury in a child aged two years and four months.
The patient underwent surgery: excision of scars, skin grafting of both hands with a vascularized
fasciocutaneous flap from the radial artery basin. Twelve years after surgical treatment, the patient
had all types of restored grip in both hands. Both hand had acceptable aesthrtics.

Five review articles that conclude the issue are devoted to the analysis of the prospects for the use
of implants made of zirconium ceramic materials in traumatology and orthopedics ( Volokitina et al.,
Yekaterinburg), the use of mesenchymal stem cells and exosomes in the treatment of bone defects
(Greben et al., Moscow), risk factors in formation of a failed distraction regenerate as a complication
of distraction osteosynthesis, and its prevention and treatment (Novikov et al.; Kurgan, Tyumen),
problems of using internal osteosynthesis for ankle fractures with distal syndesmosis rupture
(Gafurov et al., Uzbekistan).

The issue closes with the work of the authors from Stavropol and St. Petersburg (N.N. Grigorieva
and G.A. Airapetov), devoted to the mechanisms of development of pathology of the musculoskeletal
system after COVID-19 infection. Having analyzed a large amount of literature, the authors conclude
that COVID-19 infection has a negative impact on the musculoskeletal, endocrine and immune
systems resulting in the risk of degenerative diseases of the musculoskeletal system and infectious
complications in the early postoperative period in patients that undergo interventions due
to orthopedic pathology.

Dear readers, we hope that you will gain new knowledge that would be useful in your daily work.
We invite you to cooperate and submit your papers. We will be glad if you can share the results
of your research and the use of innovative diagnostic and treatment methods with colleagues.

A.V. Burtsev, MD
Chief Editor of Genij Ortopedii
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Abstract

Introduction The rates of hand injuries in the structure of total of injuries range from 30 to 50 % in recent
decades. The improvement of approaches to the choice of optimal options for treatment of injuries of the distal
phalanges of fingers that ensure the preservation of anatomical integrity and function of fingers remains
relevant.

The purpose of the work was a comparative analysis of the clinical efficacy of various methods for surgical
treatment of trauma to the distal phalanx of fingers.

Methods Forty-seven patients (18 men and 29 women, mean age 34.2* 13.3 years) with injuries
to the distal phalanges of the fingers were examined and treated. The patients were divided into 2 groups.
Group 1 (comparison) was 25 patients. Conventional approaches to the formation of finger stumps were used
by shortening the bone part of the phalanx, forming two opposite flaps and applying several interrupted
sutures; group 2 (main group) were 22 patients treated according to the surgical tactics developed by us.
The proposed tactics of reconstructive plasty of the defects in the nail phalanges of three joint fingers involves
the formation of a stump of the nail phalanx with a visual effect of elongation of the phalanx due to local
or cross-plasty with dermo-fascial flaps. Comparison of treatment results in the groups of patients was
performed 1, 3, 6, 12 months after reconstruction operations.

Results It was established that the use of the developed surgical treatment of the injury to the distal phalanx
of the fingers results in less severity (compared to the use of standard methods) of pain on days 10-21 after
surgery (by 44.8-54.3 %), lower levels of the Quick DASH indicators after 3-12 months, decrease in Vancouver
scoring of skin scar severity changes after 6-12 months, higher patient satisfaction with the functional result
of treatment. Based on the results obtained, a diagnostic and treatment algorithm for providing medical care
to hand injuries has been proposed.

Discussion The results of the study indicate the effectiveness of the developed method of plastic surgery
of fingertip defects of nail phalanges in the three joint fingers by moving the palmar-lateral and dorsal-lateral
blood-supplied flaps from the fingers of the same name and neighboring fingers without shortening the bone
stumps of the nail phalanges while achieving an esthetic result by visual lengthening of the fingertip phalanx.
Based on the results obtained, a diagnostic and treatment algorithm for providing medical care to patients
with finger injuries has been proposed.

Conclusion The proven method improves the results of reconstructive surgical interventions in the treatment
of fingertip defects the of tnail phalanx in three joint fingers.

Keywords: finger injury, nail phalanx, end defect, skin flap plastic surgery, pain syndrome, skin scar
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INTRODUCTION

The recent incidence of hand injuries in the total trauma ranges from 30 to 50 % [1-4]. Moreover,
the rates of disability after hand injuries remain high [2, 5-7]. One of severe injuries is traumatic
hand segment detachment and hand amputation in which the disability rates range 54-67 % [6, 8, 9].

A number of complications may develop after distal finger phalanx amputation, including long-
term wound healing, hypersensitivity, sensation of pain, intolerance of cold, scar retraction, flexion
contracture, chronic ulcers, infection and other disturbances [10-14]. The necessity of complex
treatment that includes recovery of the desmo-myo-arthrogenic component is substantiated firstly
by the importance of adequate repair of the dermogenic component since the normal function
of the hand is possible only if skin is integral, especially its palmar (support) surface [3, 9, 15, 16].
However, the principles of choosing the tactics and methods of skin plasty surgery for distal finger
phalanx injuries have been studies insufficiently while the data of the available literature have
not been systematized and the general principles of management of such patients have not been
well developed.

At present, a number of authors opine that the formation of the stump (including the one with some
residual shortening) that is able to preserve some types of grasping and to optimize the terms
of rehabilitation is the method of choice in traumatic destruction and amputation of finger
phalanges [17-22].

Therefore, the improvement of approaches to the choice of optimal methods of skin plasty in patients
with deep burns, extensive laceration wounds with bone exposure and post-burn deformities
of the hand that would preserve anatomical integrity and functions of fingers has clinical relevance.

The purpose of the work was a comparative analysis of the clinical efficacy of various methods
for surgical treatment of trauma to the distal phalanx of fingers.
MATERIALS AND METHODS

Forty-seven injured patients were examined and treated (18 males and 29 females) in the mean
age 36.3 £ 14.2 year (range, 22 to 52 years) who were admitted to the clinic of thermal injuries
of the Kirov Military Medical Academy with injuries of nail phalanges of fingers.

The patients were enrolled into two groups.

— Group 1 (comparison group) included 25 patients who were treated for trauma or thermal injury
with standard methods of finger stump formation by shortening of the bony part of the phalanx,
creation of the opposite flaps and applying several interrupted sutures.

— Group 2 (research) included 22 patients who were treated with the proposed surgical tactics
comprising reconstruction plasty of soft-tissue structures of the nail phalanx that did not involve
its bony component shortening.

Patients’ groups matched in age and in morphological features of the distal injuries in three joint
fingers.

Inclusion criteria were:
- Bage from 18 to 50 years;

- post-traumatic fingertip defects of three joint fingers in acute, subacute and long-term periods
after injuries.

Exclusion criteria were:

- decompensated somatic pathology;
— infection in the involved area;
- type 2 diabetes mellitus in sub- and decompenstion stage.

Genij ortopedii. 2024;30(1) 8
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Patients with soft-tissue defect area less than 10 mm? were not included in the study as the wounds
of such size may be covered through wound edge epithalization to restore the integrity of skin
integuments.

Distribution of patients according to traumatic disease duration is given in Table 1. Twenty patients
were injured several hours before admission and the rest 27 were injured: 9 patients not more than
24 hours prior to admission (19.1 %), 15 subjects up to 7 days (31.9 %), three individuals had trauma
within 7 days to 1.5 months (6.4 %). There were significant differences in terms of fingertip trauma
duration.

Table 1
Distribution of patients according to traumatic disease duration at admission

Injury term prior to admission Group 1 (comparison), n = 25 Group 2 (main research), n = 22
for surgical treatment Abs. n % Abs. n %
First hours post-injury 12 48.0 8 36.4
Up to 24 hours 5 20.0 4 18.2
From 1 to 7 days 7 28.0 8 36.4
From 7 days to 1.5 months 1 4.0 2 9.0

The clinical picture in the patients included in the study was determined by the factors
of injury, thermal or mechanical. Burns as a trauma factor for finger partial soft-tissue loss
was a factor in 11 cases (23.4 %), including 6 (27.3 %) in the research group and 5 (20.0 %)
in the comparison group (Table 2).

Tabnuia 2

Pacripenenenne manyeHTOB 10 MOBPEXIAONIINM (HaKTOPAM TPaBMbI

Trauma factor

Group 1 (comparison), n = 25

Group 2 (main research), n = 22

Abs. n % Abs.n %
Burns 5 20.0 6 27.3
Laceration 15 60.0 13 59.1
Crush wounds 5 20.0 3 13.6

Laceration and cut wounds were most frequent, in 28 patients (60.0 %), including 13 (59.1 %)
in the main group and 15 cases (59.1 %) in the comparison group. Eight patients (17.0 %) referred
with crush fractures of nail phalanges and soft-tissue crushing of varying severity including three
cases (13.6 %) in the main research and five (20.0 %) in the comparison groups.

All patients underwent a radiographic study of the injured area.

High variability in the shape and size of injuries made planning of standard surgical interventions
difficult. However, the approach proposed by us to surgical treatment of such patients was based
on the principle of preservation of the nail phalanx bony part.

One more factor that affected the clinical stage of the study was varied vectors of phalanx
detachment, and first of all, with matrix and nail plate base loss. There were three such patients
in the whole sample (6.4 %); soft-tissue crushing was diagnosed in two cases of the main group
(9.1 %) and in three patients of the comparison group (11.1 %). An oblique line of phalanx evulsion
with preservation of a nail part (1-2 mm) and of nail matrix was seen in 9 cases of the main research
group (40.9 %) and in 12 cases (54.5 %) of the comparison group.

Figure 1 shows an almost circular defect of the 5th finger and a preserved part of the nail phalanx
and preserved nail plate. The fourth digit is intact.

The main objective in the use of the reconstruction plasty variant proposed for fingertip defects
in the three-joint fingers that was proven by the treatment of the research group was a plasty
of the nail phalanx defect with a visual effect of its lengthening. It is provided by local and cross
plasty with faciocutaneous flaps. Tailoring of such flaps is defined by defect shape and sizes.
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Fig. 1 Appearance of fingers 4 and 5 before surgery

The principle difference of such approach from the standard technique for finger stump formation is
rejection to shorten the bony part of the nail phalanx, use of fasciocutaneous flap capable not only
to cover the defect but also to visually lengthen the nail phalanx by a special tailoring of the flap shape.

The intervention was performed under combined anesthesia (conduction one with sedative support);
skin, subcutaneous fat and superficial fascia were cut in the shape of rectangle, rhomb or racket-
shaped. The complex of tissues in all three shapes was formed in such a way that enabled to include
the transverse branch of the proper lateral palmar digital artery.

The blood-supplied fasciocutaneous flap formed was harvested with holders, turned towards
the defect so that a small excess of tissues was available on the peripheral part of the transferred
tissue complex to shape the fingertip. First two fixing stitches were done in the area of the nail
matrix on its edges, the rest ones were

The plastic material was the skin of the elbow fold or of the axilla area in females and forearm
skin in males. Such an approach hides the skin scar defect. The flap was harvested with electrical
dermatom, the set thickness of the flap was 0.2-0.3 mm (thin flap). The donor site defect was sutured
in a line and separation to 5-8 mm from the wound edges.

The size of the tissue complex depended
on the defect size but did not exceed
(36 £ 5) x (16 *# 3) mm for lateral flaps
and (32 £ 3) x (15 % 2) mm for rectangular
and rhomb flaps.

Figure 2 shows the appearance after flap
transfer from the 4th finger on the nail
phalanx of the 5" digit. The donor site
defect has not been closed yet.

The transferred tissue complex was fixed
with independent interrupted sutures
leaving long ends of stitches. Next, two
layers of gauze napkins were applied.
Several (5-7) premade small gauze balls
were placed inside. The edges of the napkin were folded so as to form a compression dressing. It was
fixed by pair-wise binding separate long stitches. The bandage tightly held the tissue complex
and prevented it shift during 7-9 days, and then was removed.

Fig. 2 The donor site defect before closure
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Figure 3 shows stages of donor site defect closure with a split cutaneous flap (0.4 mm thick) harvested
from the ipsilateral forearm. The integument tissues of the nail phalanx of the 5" finger were repaired.
The support surface has a fasciocutaneos flap on the dorsal side of the 4™ finger that is stable to loads.

Fig. 3 Appearance of the donor site defect after surgery

An oblique U-shaped cut on the dorsal surface of the neighbor finger at the level of the middle
phalanx was formed in such a way that it provided defect coverage and soft-tissue stock by turning
the flap to the side of the recipient finger.

The recipient bed was prepared with a second cut; the edges of the fasciocutaneous defect were
refreshed and if required 1-2 mm of the nail phalanx stump was resected. The rest of the nail
phalanx was not resected.

Once stableblood flowin the fasciocutaneous flap had restored, its shaping continued until reasonable
fingertip shape. If there were at least 1-2 mm of the nail plate, the distal part of the fasciocutaneous
flap was stitched to it with 2-3 sutures of 4/0 thread.

The final stage of surgical intervention
included applying anticeptic  napkins,
separation of adjoining fingers with cotton
or gauze discs followed by plaster bandage
for 18 to 21 days for fixation of the donor and
recipient fingers for exclusion of occasional
displacement. Once this term ended, the flap
was cut to have final modeling which should
be oriented by the shape of the nail phalanx
of the neighboring finger (Fig. 4).

Postoperative care of the patients followed
general standards that foresee prophylactic
administration of antibioticsand anticoagulants
in the therapeutical doses for prevention
of complications.

Fig. 4 Appearance of fingers 4 and 5 after the operation

Medication therapy was performed to relieve pain; analgetics and vitamins were prescribed; local
cooling bandages were used; the limb position was elevated to reduce swelling.
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The specificity of the management was immobilization of the involved fingers and of the entire
hand for a relatively long period (for 4-5 weeks). Immobilization was produced with a plaster
cast or bandaging with currently used fixation materials (turbocast, cellacast, etc). The measures
were directed to prophylaxis of blood flow disturbances in the transferred tissue complexes,
creation of favourable conditions for qualitative survival of tissues on the wounded surface
of the stump tip.

Once the wound healed, exercises to recover the range of motion were initiated, gradually increasing
loading from finger flexion to holding 2-3 kg loads for three weeks. Long immobilization resulted
in combined contractures of interphalangeal and metacarpal phalangeal joints but implemented
the possibility of healingand remodeling of the tissue flaps without rough scars. The patientsregularly
trained to recover the range of motion in the finger joints that started straight upon completion
of immobilization, continued with gradual increase in flexion range for one to two months.

As far as the patients of the study had different types of injuries, the treatment approaches also
varied. In particular, one to three corrective operations were required to cover post-burn defects
of finger integuments (elimination of flap fat, removal of excessive skin to shape the stumps) versus
the trauma caused with cutting objects.

To analyze the results of treatment, the data of patients’ examinations were compared in the early
postoperative period and 3, 6 and 12 months after reconstruction interventions.

Postoperative pain severity was measured with a 10-point Visual Analogue Scale (VAS) on days 10
to 21. In the following terms, the functional state of the arm and hand was assessed in everyday life
with DASH (Disability of the Arm, Shoulder and Hand) outcome measure.

Also, the presence and severity of skin scars in the area of surgical intervention were studied with
modified Vancouver scar scoring scale (P1:scar type; P2:consistence; P3:colour; P4 scar sensitivity).

Statistical analysis of the study results was performed using Statsoft software packages STATISTICA
10 and Microsoft Excel 2016. Mean values with standard error of the mean were calculated, while
qualitative parameters were presented as frequencies of occurrence of signs as a percentage of the
total number of patients in the corresponding groups.

Intergroup comparisons on quantitative indicators were carried out using the nonparametric
Mann - Whitney rank test in the case of a nonparametric distribution of indicator values and/or
a significant difference in variances in the groups. To analyze differences in qualitative parameters,
the chi-square test or Fisher's exact test was used. Differences were considered significant if p did
not reach the threshold value of the statistical significance level of the null hypothesis (alpha)
equal to 0.05.

RESULTS

Examination of the intervention area in the postoperative period showed that swelling and venous
flow disturbance in the transferred flap tissues subsided within 7 to 9 days in the majority of patients.
In most cases, flap survival was complete. Primary healing was achieved in all 22 patients of the main
research group treated with the use of the method proposed by us. No complications were observed
in the course of treatment. Sutures were removed on average after 12-14 days after the intervention.
The bandage from the donor site was taken off after the same term. Flap excess dissection and final
shaping of the soft-tissue complex was performed not earlier than 21 days after the operation that
ensured the positive outcome of the treatment en general.

The analysis of pain in the early postoperative period showed that the VAS values did not differ
in the groups on the first postoperative days but in the following days the pain value was significantly
lower (p< 0.05) in the main group relative the corresponding values in the comparison group
(Table 3).
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Table 3

Dynamics of patients’ subjective evaluation of pain severity in the involved and surgical intervention area
in the early postoperative period (VAS points)

Post-surgery term Group 1 (comparison), n = 25 Group 2 (main research), n = 22
1 84+%1.3 8.2%0.8
7 6.5£0.4 4.9+0.6*
14 5.2%0.3 3.3+£0.2*
21 3.9+0.3 1.8+ 0.4*

Note: * - significant differences (at p < 005) relative values in group 1 (comparison group) Mann — Whitney U-test

Points
70

The evaluation of the Quick DASH
indicators showed that its values before
surgery and one months after surgery -
were similar but three months after and 50
in the following terms after treatment 40

the parameters of this scale in the main 30
research group were significantly lower -
10

m Group 1 (comparison)
® Group 2 (main)

55.7 s
4870 P
*
4T *
16.5
i : L | - 1

37.2
329 347

(p < 0.05) than in the comparison group 6.8
(Fig. 5). Those data proved a higher |
functional result of the proposed ® Before surgery 3 12 months
by us treatment approach.

Fig.5 Quick DASH dynamics, points (M#*m):

The analysis of subjective satisfaction
of the patients with the results of treatment
showed that there were more patients that
estimated the results as “excellent” or “good” in the main group and the value was statistically
higher (p < 0.05) than in the comparison group (Table 4). Moreover, there were 10 patients (40.0 %)
that evaluated the treatment result as “poor” in this group while in group 2 there was only one
patient (4.6 %) (p < 0.05).

* — significant differences (at p < 005) relative values
in group 1 (comparison group) (Mann-Whitney test)

Ta6mmua 4

PacnpeneneHMe MalMeHTOB I10 CTeIIeH! YIOBJIETBOPEHHOCTU CIJYHK]_[I/IOHHJ'II)H]JIM pe3yJIbTaToOM
IIpOBEOEHHOIO JIeUeHUA

Group 1 Group 2 Group 1 Group 2
Trfeitlﬁ?tint (comparison), n = 25 | (main research), n=22| (comparison),n =25 |(main research),n =22
Abs. n % Abs. n %
Excellent - - 7 31.8*
Good 5 20.0 11 50.0*
Fair 10 40.0 3 13.6
Poor 10 40.0 1 4.6*

Notes: * - significant differences (at p < 005) relative values in group 1 (comparison group) in y2

It should be noted that the main reason of low subjective satisfaction with anatomical, functional
and esthetic treatment results is residual asymmetry in comparison with the healthy fingers
of the contralateral hand. Absence of bone fragment of the nail phalanx that could support
soft tissue of the finger pad also caused lower satisfaction with treatment results in a number
of patients. The proportion of such individuals among patients with defects of the fingertip stump,
operated on in accordance with the proposed surgical approaches, was statistically lower than
in the comparison group.

Skin scar changes were assessed six to 12 months after surgical treatment. Table 5 shows that
the Vancouver scar score was statistically lower (p < 0.05) in the main research group than
in the comparison group 6 months after treatment. After 12 months post-surgery, the expressiveness
of objective components of that scale and values of subjective assessment reduced in most patients.
The expressiveness of patients’ proper attitude to residual defect of fingers also decreased. A more
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expressed decrease in the Vancouver score was characteristic for patients of the main group. In that
term of the study, the value of the parameter in the patients treated with the proposed by us method
was statistically lower (p < 0.05) of the corresponding value of group 1.

Table 5
Dynamics of the Vancouver skin scar scoring, points, M £ m
Post-surgery term Group 1 (comparison), n = 25 Group 2 (main research), n = 22
6 months 6.13%1.12 4.12 +0.38*
12 months 4.95£0.87 2.43 +0.54*

Note:*-significant intergroup differences (p < 0.05) in comparison with the corresponding value of group 1 (Mann — Whitney
criterion)

DISCUSSION

In general, the comparison of the results achieved in the studied groups showed higher (compared to
conventional treatment methods) clinical efficiency of the proposed approach to surgical treatment
of fingertip trauma that is based on the plasty of fingertip defects of the peripheral parts of three
joint fingers relative to the results obtained in the comparison group.

The results of the study prove that the use of the surgical tactics proposed for the category of patients
discussed provides improvement in the treatment results of the patients with injuries to the distal parts
of three joint fingers associated with the loss of nail phalanx part and soft tissues of the finger pad.

The results obtained by us are consistent with the results reported in the studies of other
authors [15, 16, 23-26]. Thus, Yildirim et al analyzed long-term functional and esthetic outcomes
of homodigital neurovascular island flap of fingertip injuries in children when performing
reconstruction of extensive pulp defects with bone range of motion, and total finger length over
an average follow-up of 7.8 years (range, 2 to 13 years). Eleven patients exposure. Twenty-three
children (mean age 4.8 years, range 1 to 10 years) with fingertip injuries underwent reconstruction
using a single-digit pedicled flap. The authors assessed finger skin sensitivity, cold intolerance, scar
formation, nail deformity, reported cold sensitivity in the operated fingertip, and 15 had a hooked
nail deformity. The range of total active movements of the injured finger was significantly lower
than that on the uninjured side (p < 0.001). However, the approach used in this work demonstrated
an effective and reliable method of reconstructive treatment for fingertip injuries in children [15].

Schultz et al in their study, developed and tested a silicone cap that fits over the injured finger,
creating a moist chamber surrounding the area of injury. The study analyzed data from patients
with full-thickness fingertip injuries for whom simple primary closure of the defect was not
possible; patients were randomized into 2 groups; the injured areas were either covered with
a bandage or a silicone finger cap was used. The authors included 11 patients aged 2 to 72 years
in each of two groups. All patients were satisfied with the cosmetic result of treatment, 88.9 %
had no changes in the sensitivity of the skin of the fingers, and 73.7 % had no finger deformity.
The duration of epithelization was from 5 weeks. There were no serious side effects observed with
the means used in the work. The authors concluded that the tested approach is highly effective [16].

The results of our study confirm the success of the trial of the developed method of fingertip defect
coverage of the nail phalanx of three joint fingers by transfer of palmar lateral and dorsal lateral blood
supply flaps harvested from the ipsilateral and neighbor fingers without bone stump shortening
of the nail phalanges with simultaneous esthetic effect due to visual lengthening of the fingertip
phalanges. The obtained data allowed us to offer an algorithm of diagnostic and treatment measures
in finger injuries that is presented in Figure 6.

Webelieve that the diagnosis of the injuries to the structures of the distal phalanx of three joint fingers
should be based on the size and severity of injury to both soft tissues and bone component. Thereby,
one should also assess the condition of boundary tissues with the level of detachment [23-28].
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Fig. 6 Diagnosis and treatment algorithm of medical care delivery to injured persons with finger trauma

Crushed character of injuries may set doubt in the success of surgical treatment. In such case,
economic primary surgical debridement of the wound and removal of nonviable tissues should
be performed. A rich capillary net of the distal phalanx of fingers provides preservation of soft
tissues that will be viable enough in 2 to 3 days if corresponding treatment is performed [29-33].
The base of final diagnosis that determines the severity of injuries to the studied structures should
be the result of radiographic study that enables to reveal or exclude the presence of bone fragments
and their connection with the proximal part of the phalanx bone [25, 34, 35]. If a free bone fragment
is detected, it should be removed, as our experience showed, as its viability is minimal and could
cause infection in the long term (osteomyelitis). If vascular pathology is detected, it should be
treated to provide conditions for reconstructive plastic intervention [36-39].

CONCLUSION

The method for coverage of nail phalanx fingertip defects of fingers 2 to 5 has been developed.
Its realization includes formation of a U-shaped cut on the dorsal surface of the neighboring finger
at the level of the middle phalanx enabling to cover the defect and create excessive stock of soft
tissues by producing the turn of the flap to the side of the recipient finger. The use of the developed
method provides a lower (compared with the use of standard surgical treatment methods) pain
severity on days 10-21 after the operation, lower values of Quick DASH after 3-12 months, reduction
of Vancouver scar score after 6-12 months, higher patients’ satisfaction with the results of treatment.
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Abstract

Introduction More than 80% of injuries to the acetabulum involve its posterior parts or injuries associated
with their destruction. Most poor outcomes of surgical treatment of acetabular fractures manifest
themselves in the first 24 months. Surgeons consider accurate anatomical reduction of fragments to be
the main predictor of good results. A number of researchers showed good results of its surgical treatment,
including those with inaccurate reduction. Poor results also occur in patients with no risk factors and ideal
reduction. Thus, inaccurate reduction does not always lead to poor results; the reasons for positive results
have not been discussed.

Purpose To evaluate the effect of maintaining hip joint isometry in surgical approach on the outcome
of reconstructive operations in the treatment of traumatic destruction of the posterior parts
of the acetabulum.

Materials and methods From 2005 to 2021, surgeons from the Moscow Regional Research and Clinical
Institute performed 120 reconstructive operations on 120 patients with fractures of the posterior structures
of the acetabulum. Of these, 84 patients followed the recommended monitoring regimen, completed
the Harris Questionnaire, and had radiographs taken within the specified time frame. From the 84 patients,
two groups of 42 patients each were formed that differed in the method of treating the external rotators.

Results During two years of follow-up after reconstructive surgery on the acetabulum, clinical indications
for hip replacement were identified or hip replacement was performed in 5 patients in the first group
and in 25 patients in the second (11.9 and 59.5%, respectively).

Discussion Accurate reduction of fragments is considered to be the main condition for good results
afterreconstructive operations for fractures of the posterior part of the acetabulum. Maintaining the isometry
in the joint, namely, cutting off and then reinserting external rotators while preserving the attachment
sites and length of the muscles, can have a significant impact on the outcome of reconstructive operations
for traumatic injuries of the posterior parts of the acetabulum due to maintaining isometry of the hip
joint. It seems that the preservation of force vectors centering the femoral head in the acetabulum causes
the growth of ossification that forms secondary congruence.

Conclusions Maintaining hip joint isometry in surgical treatment of fractures of the posterior acetabulum
by changing the method of treating the external rotators provides significantly better clinical outcomes.

Keywords: acetabulum fracture, osteosynthesis, joint arthroplasty, Kocher — Langenbeck approach,
modification
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INTRODUCTION
Treatment results of acetabular fractures still may result in dissatisfaction.

More than 80 % of injuries to the acetabulum occur in its posterior parts or injuries associated
with their destruction [1, 2]. The most common causes of poor outcomes are the progression
of post-traumatic coxarthrosis and avascular necrosis of the femoral head (ANFH) [1, 2].

Most poor outcomes of surgical treatment of acetabular fractures manifest themselves in the first
24 months. Thus, of the total outcomes in ANFH, more than 72 % of cases are diagnosed in the first
two years [3]. Of the total number of patients with coxarthrosis that develops in the postoperative
period, 87 % were diagnosed in the first 24 months [3]. According to a meta-analysis, osteoarthritis
in stages 3 and 4 develops in more than 19 % of patients [1]. According to literature sources,
of the total number of conversions to arthroplasty, 79 % happen within the first two years [4]. Thus,
the analysis of poor outcomes in the first two years of the postoperative period is an objective way
of assessing the results of surgical treatment.

The risk of conversion to arthroplasty after an acetabular fracture, depending on the type of fracture,
is 27 % for transverse fractures of a posterior wall fracture, 23 % for T-shaped fractures, 15 %
for posterior column and posterior wall fractures,and 12 % for isolated posterior wall fractures [4, 5, 6].

Most researchers assess the results of patients who were operated on in the first 10-14 days
after injury [1, 5, 6, 7], as the results tend to worsen with increasing time the injury [2]. A growth
in poor outcomes with age of patients has been noted [8]. Age over 46 years old leads to conversion
to arthroplasty in 25.7 % of cases, while all patients in the reported study underwent surgical
treatment within the first two weeks after injury [8]. Many authors note that the comminuted nature
of the fracture results in poor outcomes more frequently [5, 7]. Thus, the analysis of the results
of surgical treatment of acetabular fractures identified three main risk factors: the injury is more
than three weeks old, the fracture is comminuted, and the patient’s age is over 45 years.

Due to risk factors, the failure rate of reconstructive operations may exceed 50 % [9]. In their
absence and precise reduction, negative outcomes are approximately 20 % [10]. Surgeons consider
accurate anatomical reduction of fragments to be the main predictor of good results [11, 12]. In such
cases, the progression of coxarthrosis was 13.2 % [1]. However, in mal-reduction, the probability
of coxarthrosis was 43.5 % [1]. E Letournel analyzed the data of 1000 patients with fractures
of the acetabulum and identified post-traumatic arthrosis in less than 5 % of cases when anatomical
reduction was achieved, and in more than 60 % in cases with mal-reduction [2, 13, 14]. At the same
time, an analysis of the results of treatment of 350 injured showed good outcomes of early surgical
treatment in 83 % of patients. Thus, it was shown that surgical intervention in the early stages after
injury significantly improves treatment results, provided there is good reduction and reliable fixation
of bone fragments [1, 2]. Moreover, a number of researchers have shown good results of surgical
treatment, including those with inaccurate reduvtion [1, 8, 15]. On the contrary, poor results are
often found in patients with no risk factors and ideal reduction [15]. Thus, inaccurate reduction does
not always lead to poor results, and the reasons for positive results have not been discussed.

The most common approach for surgical treatment of injuries to the posterior parts of the acetabulum
is the Kocher — Langenbeck approach [1], which is also used in hip arthroplasty [16].

We analyzed data from the literature on the use of the Kocher — Langenbeck approach both
for fractures of the posterior acetabulum and for hip replacement in order to identify possible
common causes of failures.

The main disadvantage of the Kocher — Langenbeck approach for hip replacement is the increased
risk of posterior dislocation of the endoprosthesis [17, 18]. This is due to the fact that the standard
Kocher - Langenbeck approach involves the intersection of the external rotators (piriformis and triceps
muscles) at the point of transition to the tendon part, followed by their end-to-end reinsertion [19, 20].
There are studies that show the low stability potential of this reinsertion method. The failure of rotators
with this method of reinsertion, according to researchers, exceeded 70 % [20, 21, 22]. This was the reason
for searching and using other methods of refixation of external rotators in arthroplasty.
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Basedontheliteraturedataindicatingareductionintheriskof endoprosthesisdislocationbychanging
the method of treating external rotators in the Kocher — Langenbeck approach [16, 17, 18, 23],
we made the assumption that the reasons for the increased risk of endoprosthesis dislocation
during primary hip replacement using the posterior approach and poor results of reconstructive
operations for fractures of the posterior structures of the acetabulum may be identical. That is,
failure of the short rotator sutures and/or changes in the site of their reinsertion can lead to disorders
in the centering of the femoral head in the acetabulum, thus creating areas of overload of the articular
surfaces of the acetabulum and femoral head. This, in turn, may be a starting mechanism for rapid
degeneration of cartilage or a cause of impaired blood supply to bone tissue in the overload zone.

The method of treating external rotators using the Kocher — Langenbeck approach with the subsequent
failure of the rotator sutures may cause negative results due to changes in the hip joint isometry.

Purpose: to evaluate the effect of maintaining hip joint isometryin surgical approach on the outcome
of reconstructive operations in the treatment of traumatic destruction of the posterior parts
of the acetabulum.

MATERIALS AND METHODS

Between 2005 and 2021, the surgeon of the orththopaedic department at the Moscow Regional
Research and Clinical Institute performed 120 reconstruction operations for fracrures of the posterior
structures of the acetabulum. Among them, 84 patients followed the recommended regime
of follow-up, filled in the Harris questionnaire and took radiographs at appointed time-points.
The criteria for inclusion in the study were age from 18 to 80 years, radiological confirmation
of injury to the posterior parts of the acetabulum, the ability to evaluate clinical and radiological
results according to the examination schedule (after 3 months, one year and two years). Exclusion
criteria were patient’s absence or unwillingness to participate in the study, inability to complete
the prescribed clinical and radiographic examinations.

In the preoperative period, the injured had radiographs of the pelvis in the direct projection;
the injured hip joint was examined in the oblique obturator and iliac projections. A mandatory
condition was an RCT examination to assess the nature of the fracture and bone tissue destruction.

Inthe postoperative period, radiographs in the direct projection were assessed three months, one year
and two years after surgical treatment. After one year and two years after surgery, each patient
completed the Harris Questionnaire, both if the outcome was good and if the patient had undergone
hip replacement. The period for filling out the questionnaire after arthroplasty could exceed 2 years,
which is associated with the need for rehabilitation after surgery.

A retrospective analysis of the results of reconstructive operations in the posterior parts
of the acetabulum after their traumatic destruction in the first two years after surgery was performed.

Statistical analysis was performed in RStudio 2022.07.2 (RStudioPBC). Since the distribution
of most quantitative variables was non-normal, non-parametric methods were used in the analysis.
To describe quantitative variables, medians and quartiles (Me [LQ; UQ]) were calculated; to describe
qualitative variables, absolute (n) and relative (%) frequencies were calculated. Comparisons
of quantitative variables in independent samples were performed using the Mann — Whitney test;
quantitative variables were compared using the Chi-square test or Fisher's exact test. A two-factor
analysis of the influence of the type of approach (group) and duration of injury on the probability
of arthroplasty was carried out using a logistic regression model. The level of error of the first
type (o) was taken equal to 0.05. Null hypotheses were rejected at p < 0.05.

The groups were formed according to the principle of approach to the acetabulum.

Group 1 were patients who underwent a modified Kocher — Langenbeck approach with cutting
off the rotators from the place of their attachment to the greater trochanter and reinserting them
to the maternal bed through pre-formed canals in the greater trochanter in the area of their initial
attachment (n = 42).
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Group 2 were patients who underwent the Kocher — Langenbeck approach with standard end-to-end
reinsertion of external rotators (n = 42).

In both groups, the majority of patients were under 45 years of age. The groups turned out to be
absolutely identical in terms of gender composition. There were 20 patients with comminuted
fractures in the first group and 22 in the second group (Table 1).

Table 1
Characteristics of patients included in the study
Group 1 (n=42) Group 2 (n=42)

Parameter abs. 1 % abs. 1 % p value

Under 45 years 26 61.9 28 66.7 .
Age Over 45 years 16 38.1 14 33.3 0-82

Posterior wall 19 45.2 18 42.9

Posterior column 1 2.4 1 2.4
Type of injury |Posterior wall + posterior column 7 16.7 7 16.7 1b

Both columns 7 16.7 8 19

Both columns + posterior wall 8 19 8 19

Male 40 95.2 35 83.3
Gender Female 2 48 7 16.7 0.156°
Comminuted |1-2 fragments 20 47.6 22 52.4 0.8272
fracture 3+ fragments 22 524 20 47.6 )
Injury Less than 3 weeks 30 71.4 13 31 < 0.001
duration 3 weeks and more 12 28.6 29 69 )

2 — Mann — Whitney test, ® - Fisher's exact test

Both groups were similar in regard to injury patterns.

The main difference between the groups was the duration of the injury (Table 1). The difference
in the number of patients in these groups is due to the fact that in the second group, the operation
in the majority of cases (35 subjects) was performed in the conditions of the Moscow Regional
Research and Clinical Institute, and the delay was associated with the transfer of the patient
from a medical facility in the Moscow region. In the first group, the operations were performed
on 32 subjects at a medical facility in the Moscow region by a visiting specialist from the Moscow
Regional Research and Clinical Institute.

In both groups, no purulent complications were noted, with the exception of 3 cases of superficial
inflammation, which was quickly arrested.

RESULTS

During a two-year follow-up after reconstruction surgery on the posterior acetabulum, hip
arthroplasty due to clinical indications for arthroplasty was performed in 5 patients in group 1 and
25 patients in group 2, accounting for 11.9 and 59.5 %, respectively. However, there was a pronounced
imbalance in the duration of injury in the groups, which required additional analysis of the results.

Table 2
Functional results of reconstructive operations in patients of groups 1 and 2
Group 1 (n=42) ‘ Group 2 (n =42)
Parameter Me [LQ; UQ], min-max p value
Harris Hip Score at 1 year 83 [79; 87].51-91 60.5 [56; 84].45-91 0.002?
Harris Hip Score at 2 years 87 [85.2; 90]. 81-94 86 [83.2; 89.8]. 75-93 0.1222
Harris Hip Score dynamics 2-1 year 3.5[2; 6.8].-3-35 23.5[5; 27.8].-5-40 <0.0012
No THA, n (%) 37 (88.1) 17 (40.5)
THA <0.001°
THA, n (%) 5(11.9) 25 (59.5) 0.00

a— Mann — Whitney test, ® — Chi-square test
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Table 2 shows the obvious negative dynamics of the results of reconstructive operations during
the first year in group 2 and the leveling of the results in both groups after hip replacement for negative
outcomes of reconstructive operations. It should be noted that there is a significant difference
in conversion to arthroplasty in the groups: 11.9 % in group 1 and 59.5 % in group 2 (Fig. 1).

100%

80%

60% 1

40%

20% A

Percent of patients, %

0% A

p <0.001

17 (40.5%

137 (88.1%

25 (59.5%) |

5 (11.9%) |

Group 1 Group 2

|:| No THA

l:l Underwent
THA

Fig. 1 Patients that needed THA

in groups 1 and 2

Analysis of the dynamics of functional treatment results of patients in need of THA and patients
satisfied with the results of reconstructive operations is shown in Tables 3, 4 and Figure 2.

Table 3
Functional results of reconstructive operations in patients that needed THA
Group 1 (n=15) \ Group 2 (n = 25) .
Parameter Me [LQ; UQ], min-max Value p
Harris Hip Score at 1 year 57[53;59],51-61 57[53; 59],45-63 0.889
Harris Hip Score at 2 years 87 [86; 88], 86-90 84 [83; 86], 75-91 0.023
Harris Hip Score dynamics 2-1 year 29 [29; 34], 29-35 27 [24; 30], 19-40 0.111
2 — Mann — Whitney test
Table 4

Functional results of reconstructive operations in patients that did not need conversion to THA

Group 1 (n = 37) | Group 2 (n=17) .
Parameter Me [LQ; UQ], min-max Value p
Harris Hip Score at 1 year 84 [81; 88], 68-91 86 [84; 89], 78-91 0.176
Harris Hip Score at 2 years 87[85;91],81-4 90 [88; 91], 76-93 0.127
Harris Hip Score dynamics 2-1 year 3[2;5],-3-17 4[1;5],-5-8 0.829
2 — Mann — Whitney test
THA performed THA not performed
- o p=0023 - 1007 p=0.176 R=0427 B3 Group 1
C C
g . |3 $ $$ EA Group 2
% 80+ | % 80+ .
a o a *
=3 p=0.889 =3 .
< 1 3 <
£ 60- £ 60-
5| B3 L
after 1 year after 2 years after 1 year after'Z years

d

Period of assessment

Fig. 2 Comparison of Harris Hip Scale in the patients of two groups that needed (a) and did not need (b) THA

The analysis of the characteristics of the groups included in the study revealed statistically
significant differences in the duration of injury in patients of both groups (Table 5). Since this could
theoretically have an impact on the rate of conversion to arthroplasty, it was decided to conduct
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a two-factor analysis with the construction of a logistic regression model. After including the factor
of injury duration, the type of approach retained a significant effect on the likelihood of arthroplasty,
so we can assume that the type of approach is a predictor independent of how long the injury was.

Table 5
Results of a two-factor analysis of the influence of injury duration and group on the frequency
of THA in patients
Parameter Odds ratio (OR) 95 % CI p value
Duration Less than 3 weeks - -
of injury 3 weeks and more 2.83 0.95; 8.73 0.064
Group 1 - _
Group 2 7.92 2.61;27.7 <0.001

Conversion to THA in the standard Kocher — Langenbeck approach happened in 20 out of 29 patients
with an injury duration of more than three weeks, which was 69 %. In a modified approach, it was
in 2 out of 12 cases, which corresponds to 16.7 %.

In group 1 of patients with a comminuted fracture, arthroplasty was performed in 18.2 % of cases,
in group 2 -1in 90 % (Fig. 3).

Group 1 Group 2
p = 0.346 p =0.024
X 100% A X 100% A | D No THA
g g 4 (20%)
S 80%- < 80%- D %querwent
= = 113 (59.1%) |
a 60% 18 (81.8% a 60%1
o 19(95%)|’ ( 6)] -
o 40%- c 40% 116 (80%) |
.0 .0
£ 20%- § 20%4 |9 (40.9%)
S 4 (18.2%
£ ol Hrewmil E082%) g ol
1-2 fragments 3+ fragments 1-2 fragments 3+ fragments
a Multicomminuted fractures b

Fig. 3 Proportion of patients in need of THA in multi-comminuted and not multi-comminuted injury in group 1 (a)
and group 2 (b)
The majority of patients in group 2 over 45 years of age (12 out of 14, accounting for 85.7 %) required
hip replacement; in group 1, it was necessary in 18.75 %.

It should be noted that patients in group 2 were mostly over 45 years old and had comminuted fractures.
It is important that the duration of injury in patients in group 2 in most cases exceeded 3 weeks.

The results of reconstructive operations in regard to the injury pattern differed significantly
in groups 1 and 2. The largest number of poor outcomes in group 1 occurred in the injuries
to the posterior wall,in 4 out of 19; one case out of eight with injury to the posterior wall and posterior
column (Table 6). In group 2, the greatest number of failures was observed in patients with posterior
wall injury, 13 out of 18 and in combined injuries to the posterior wall and posterior column; 2 out
of 8 in posterior column injury, 5 out of 8 in injuries to both columns and the posterior wall (Table 6).

Table 6
Conversion to THA due to injury pattern
Number of operations
Type of injury Group 1, conversion to THA Group 2, conversion to THA
total (n) failure (n) total (n) failure (n)
Posterior wall 19 4 18 13
Posterior column 1 1
Posterior wall + posterior column 6 7 5
Both columns 8 8 2
Both columns + posterior wall 8 1 8 5
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A clinical case of surgical treatment outcome in a patient with fractures of both columns and posterior
wall of the acetabulum that were treated with a modified approach

Patient I, born in 1979, sustained trauma in a road accident and was operated in 2014.

¥

Transverse fracture
of the acetabulum

Canals L Imperfect reductjon Imperfect reduction

. for refixation s and compensatign and compensation

L2 ossification Gt
ot rotators for rotators ossification

“ & N 9 "‘I,

Fig. 5 Canals in the greater trochanter for refixation of short rotators. Ossifications resulting from imperfect
reduction, compensating for the articular surface

Fig. 6 Patient’s photo 2 years after the operation; functional outcome

The patient is in contact and is satisfied with the result.
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DISCUSSION

It is known that the main condition for a good result in intra-articular fractures is accurate reduction
of fragments [11, 12]. However, it has been shown that a residual displacement of even 6 mm between
the fragments results in a good surgical treatment outcome in an intra-articular fracture, provided
that this is a displacement in width, that is, a fissure-like displacement between the fragments [24].
A step-like displacement leads to the development of arthrosis [24]. There is no change in the area
of the articulating surface if bone is translated in width; in a step-like displacement, the load is
concentrated on a smaller surface area.

A number of authors point to the relationship of the magnitude of contact stress between articular
surfaces with the development of arthrosis in post-traumatic defects of the articular surface [25, 26].
It has been proven that an increase in contact stress leads to cartilage degeneration [26], that is,
the concentration of load on a limited area leads to the progression of post-traumatic arthrosis.
The role of the location of the load axis on the formation of excess stress and, as a consequence,
cartilage degeneration has also been confirmed [24].

In the standard Kocher — Langenbeck approach, the probability of rotator suture failure exceeds
70 % [20]. The incompetence of the posterior rotators causes a violation of isometry in the hip joint
due to inability to antagonize the anterior rotators. As a result, the centering of the femoral head
in the acetabulum is violated. This phenomenon can lead to concentration of the contact stress
between the articular surfaces even under the conditions of anatomical reduction.

Most studies|[1,2,11,12] show that the mainreason for failure is an inaccurate reduction of fragments.
Almost all authors indicate that residual displacement leads to an increased risk of post-traumatic
coxarthrosis. However, the researchers do not explain a phenomenon of a good result in residual
displacement of fragments.

We believe that maintaining isometry in the joint, namely, cutting off and reinserting the external
rotators while preserving the attachment sites and the length of the muscles, may significantly
influence the outcome of reconstructive operations in the treatment of traumatic injuries
of the posterior structures of the acetabulum due to maintaining isometry of the hip joint. It is likely
that the preservation of force vectors centering the femoral head in the acetabulum causes the growth
of ossifications that form secondary congruity.

CONCLUSION

The results obtained show that surgical treatment of acetabular fractures using a modified approach
allows for significantly better clinical results in both patients with and without risk factors.
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Abstract
Introduction Currently, there is no consensus regarding optimal treatment options of Achilles tendon rupture.

The purpose of this study was to evaluate long term results of Achilles tendon repair using different surgical
techniques, assess complication rate and subjective satisfaction

Methods The study included patients treated for Achilles tendon rupture using minimally invasive and
open surgical repair. Complications including re-rupture, infection, deep vein thrombosis and neuropraxia
were identified. In order to evaluate the factors influencing the risk of postoperative complications, logistic
regression analysis was performed. The Achilles Tendon Rupture Score (ATRS) and the American Orthopedic
Foot and Ankle Score (AOFAS) evaluated subjective outcomes.

Results 130 patients with Achilles tendon tear were enrolled (123 primary and 7 revision cases). In primary
repairs percutaneous technique was used in 60 % of cases (74/123), mini open technique —in 16 % (19/123),
and open technique — in 24 % (30/123). Re-rupture occurred in 2.4 % of patients treated with minimally
invasive techniques. There were no repeated ruptures following open repairs. Predominant number
of infections was registered after open repairs and made 10 %, while minimally invasive techniques had 3.2
% of infections. Logistic regression analyses showed that steroid injection, open repair, application of tapes
and autografts increased the risk of infectious complications. There were no significant differences in ATRS
and AOFAS scores between different primary Achilles tendon repair techniques (p > 0.05).

Discussion Results, obtained in the current study, are consistent with previously published data.

Conclusions Open Achilles tendon repair showed a higher rate of infections, and lower rate of re-ruptures.
The anamnesis of steroid injection, open repair, application of tapes and autografts increases the risk
of infectious complications.

Keywords: Achilles tendon, minimally invasive suture of the Achilles tendon, open suture of the Achilles
tendon, infectious complications, recurrent ruptures
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INTRODUCTION

The Achilles tendon is the largest and strongest tendon in the human body, formed from
the bundles of tendons of the superficial muscles of the posterior group of the lower leg: two heads
of the gastrocnemius and soleus muscles. Achilles tendon ruptures are the most common tendon
injuries [1-4].

The incidence of Achilles tendon ruptures among professional and amateur athletes is 18 cases
per 100,000 people [5], in the general population from 8 to 24 cases per 1,000,000 people, with
the incidence rates increasing [6-9]. Thus, according to the Danish National Register the incidence
of these injuries has increased significantly from 27 to 31 cases per 100,000 over the past 20 years [10].
Moreover, Achilles tendon ruptures occur 5 times more often in men than in women [11]. According
to the Swedish National Register, the incidence of acute Achilles tendon injuries has increased in
recent years from 47 to 55.2 cases per 100,000 among men (17 %) and from 12 to 14.7 per 100,000
among women (14.7 %) [10]. For professional athletes, these injuries are of particular importance,
since they may disable the athlete for a long time, and in some cases result in completion of a young
athlete’s career [12-14]. Up to 30 % of athletes do not return to their usual sports activities after
surgical treatment [13, 15].

The length of the tendon is about 15 cm (11-26 c¢cm) and the average width is about 6.8 cm
(4.5-8.6 cm) [16]. In most cases, ruptures of the Achilles tendon occur in its middle part, 2-6 cm
proximal to the point of its attachment to the calcaneal tubercle [17, 18]. Less common are distal
avulsions, including avulsion fractures of the calcaneus [19]. Moreover, most distal Achilles tendon
injuries are associated with long-term degenerative changes [20].

The analysis of the prevalence of Achilles tendon ruptures among different age groups revealed
two main peaks: ages of 40 years and 60-65 years [2, 4, 21]. The first peak is due to sports injuries,
while the second is more often characterized by tendon damage due to degenerative changes [7].
The largest number of calcaneal tendon ruptures in the population, according to various literature
data, belongs to sports injuries (60-70 %) [22-24]. The most common sports in which Achilles tendon
ruptures occur are football, tennis, indoor ball games (basketball, volleyball), jumping and running
disciplines of athletics, American football and baseball [25, 26].

To date, there is no consensus in the literature regarding the optimal treatment method for patients
with Achilles tendon ruptures [27, 28]. On the one hand, surgical treatment can reduce the risk
of re-rupture and achieve higher functional results but, on the other hand, it results in a number
of complications, including infectious and neurological ones.

Depending on the type and height of the injury, its duration and concomitant pathology,
calcaneal tendon repair can be performed using an open approach, a minimally invasive approach
in the projection of the rupture, or percutaneously. Open suturing has remained the gold standard
for many years, providing high strength and low risk of re-rupture [29, 30]. The negative factor
of this repair method is necrotization of the edges of the postoperative wound and a high risk
of infectious complications. Many authors give preference to percutaneous repair, which is
characterized by lower infectious risks, but higher risks of developing n. suralis neuropathy.

According to McMahon, the results of open and “mini open” repir techniques are comparable
in terms of complications such as repeated ruptures, infection, thrombosis of the lower limb veins,
contractures and n. suralis neuropathy. [31] According to Baumfeld et al., subjective results using
open and percutaneous suturing techniques are comparable [32].

Purpose of this study was to evaluate long term results of Achilles tendon rupture surgical repair
using different surgical techniques, assess complications and subjective satisfaction
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MATERIALS AND METHODS

Patients who underwent surgical treatment for calcaneal tendon rupture from October 2010 to April
2020 were included in the study. For Achilles tendon repair, the following methods were used:
minimally invasive and open. The minimally invasive method included percutaneous repair by
stitching with a transverse mini-approach in the projection of the rupture (mini open). All operations
were performed with patients in the prone position under spinal anesthesia and intravenous
sedation. In the (mini open) technique and open repair, a pneumatic tourniquet was used on the
proximal third of the thigh.

Indications for minimally invasive repair were acute primary ruptures of the Achilles tendon.
The choice between the percutaneous repair and mini open technique was made depending
onthesurgeon's preference.For percutaneousrepair, the classic Bunnel — Cuneo suture technique was
used with tying and immersion knots through two punctures in the projection of the rupture (Fig. 1).
In the mini open technique, a transverse approach was performed in the projection of the rupture up
to 4 cm long, through which the matching of the ends of the tendon and the immersion of the knots
were assessed (Fig. 2).

Fig. 1 Percutaneous repair of the Achilles tendon

Indications for open repair of the Achilles
tendon were primary ruptures in professional
athletes, long-standing ruptures (4-6 weeks
or more since the moment of injury), repeated
ruptures, degenerative ruptures due to long-
term tendinopathy or previous injections of
hormonal drugs, tendon evulsions from the
calcaneal tubercle. For open repair, S-shaped,
medial or midline approaches were used with
full visualization of the ends of the torn tendon
(Fig. 3). The type of approach for open suturing
was determined depending on the height and
duration of the rupture, as well as the planned
type of reconstruction. Fig. 3 Primary open repair of the Achilles tendon

If there was a gap between the ends of the tendon of more than 20 mm, reconstruction was performed
using Chernavsky, Krasnov or V-Y plasty. If necessary, it was supplemented with an autograft
harvested from the tendon of the semitendinosus muscle. When the Achilles tendon was torn
off from the calcaneal tubercle, it was refixed to the calcaneus using anchors (Fig. 4).
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Fig. 4 Reattachment of the Achilles
tendon to the calcaneal tubicle
with anchor fixators

Postoperative rehabilitation included limited axial load for 6 weeks, immobilization in the equinus
position of the foot for 3 weeks, followed by bringing the foot to a neutral position and continued
immobilization from week 4 to 6 post-surgery.

Complications were recorded in the postoperative period: re-rupture, infection, thrombosis
of the lower limb veins, n. suralis neuropathy.

At the follow-up, the result was assessed using the American Orthopedic Foot and Ankle Society
Scale (AOFAS) and The Achilles Tendon Total Rupture Score (ATRS). Patients were also asked
to answer the following questions: “Are you satisfied with the results of the operation?”, “Would you
agree to the operation, knowing in advance about its results?” The answer options were: “definitely

yes,” “probably yes,” “probably no,” and “definitely no.”

» <

Statistical data processing was carried out using the Statistica 12.0, Stat Soft Inc. To check
the normality of data distribution, the Kolmogorov-Smirnov test was used. To assess normal
distribution, quantitative data are presented as mean #* error; in a non-normal distribution,
quantitative data are presented as median and interquartile range (IQR). Since the manifestations
had a distribution other than normal in all groups, the Kruskal-Wallis test was used to test
statistical hypotheses in comparing numerical data from several unrelated groups. The critical level
of significance was set at 5 % (p < 0.05).

Alogistic regression model was used to identify factors influencing the final treatment results and
determine cause-and-effect relationships. To form the model, all available factors (signs) were
used, and the results obtained were checked by cross-validation. Primary input data were used
as factors: age (< 40 years / > 40 years), gender (m/f), body mass index (< 25/ > 25), time since
injury (€ 72 hours / > 72 hours ), surgeon experience (more than 25 years or less), level of sports
activity (professional, amateur, not involved), history of glucocorticosteroid (GCS) injections into
the Achilles tendon area (yes/no), type of suture material used (absorbable/non-absorbable),
use of autografts (yes/no), type of postoperative immobilization (plaster cast/orthosis), use
of a tourniquet intraoperatively (yes/no), type of calcaneal tendon repair (mini-invasive/
open). The final result factors were the occurrence of postoperative complications: infection or
re-rupture. Several models were built in which the occurrence of different types of postoperative
complications was considered either as different events or as one event. Most of the studied
features were of a qualitative nature, and in order to conduct a correct statistical analysis, all these
features were converted using the binary coding method. Next, the data was normalized and all
values were brought to a single scale.

The study was approved by the institutional ethics committee and was conducted in accordance
with the ethical standards outlined in the Declaration of Helsinki.
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RESULTS

The surgical treatment results of 130 patients with Achilles tendon rupture were analyzed:
123 patients with primary injury and 7 patients with recurrent injury. The median age of patients
included in the study was 40 years (IQR 36-48 years). The median follow-up period was 7 years
(IQR 5-10 years).

Among patients with a primary rupture, percutaneous repair was performed in 60 % of cases
(74/123), mini open repair was performed in 16 % (19/123), and open repair of the calcaneal tendon
was performed in 24 % (30/123) .

All minimally invasive surgeries were performed for acute Achilles tendon injuries. During
the follow-up period, recurrent tendon rupture was detected in 2 patients after percutaneous
repair and in 1 patient after the mini open technique. Those patients subsequently underwent
open calcaneal tendon repair. In the open repair group, 18 operations were performed for acute
traumatic injury to the calcaneal tendon, 12 operations were performed for primary degenerative
or old rupture. No re-ruptures were diagnosed after open repair. All patients underwent open
surgery for re-rupture of the calcaneal tendon. In the follow-up period after percutaneous suture
of the Achilles tendon, the following complications were diagnosed: 4.1 % (3/74) of cases —
infectious complications, 10.8 % (8/74) — deep vein thrombosis of the lower extremities and
in 1.4 % (1/74) - n. suralis neuropathy. After the mini open technique in the postoperative period,
deep vein thrombosis of the lower extremities was detected in 5.2 % of cases (1/19); no other
complications were diagnosed in this group of patients. After the open method for primary
ruptures of the Achilles tendon, infectious complications were detected in 10 % of cases (3/30)
and neuropathy n. suralis in 3.3 % (1/30). Analysis of anamnestic data showed that among
the 3 patients who had infectious complications after open repair, two had previously received
injections of hormonal drugs into the Achilles tendon area. In patients with repeated rupture
of the Achilles tendon, no infectious or neurological complications were diagnosed; thrombosis
of the veins of the lower extremities was detected in 2 cases (Table 1.)

Table 1
Distribution of patients with Achilles tendon ruptures into groups and number of complications
Number Re-ruptures | Infection | Thrombosis | Neuropathy
Groups of patients of patients,
total abs. % abs. % abs. % abs. %

Primary ruptures 123 3 2.4 6 4.8 9 7.3 2 1.6

Mini-invasive repair: 93 3 3.2 3 3.2 9 9.7 1 1.1
Percutaneous suture 74 2 2.7 3 4 8 10.8 1 1.4
Mini open repair 19 1 5 - 1 5 -

Open repair: 30 - 3 10 - 1 3.3
Acute primary 18 - - - -
Neglected and degenerative rupture 12 - 3 25 1 8.3

Re-ruptures 7 - - 2 28 -

Total: 130 3 2.3 6 4.6 11 8.5 2 1.5

We were unable to identify a significant relationship between the studied factors (primary data)
and the development of postoperative complications. However, it was found that injection
of corticosteroids into the area of the calcaneal tendon, open repair of the calcaneal tendon,
and the use of augmentation tapes or autografts increase the likelihood of developing infectious
complications.

Subjective questionnaire data were obtained from 32 patients in the percutaneous repair group,
9 patients in the mini open repair group, 13 patients in the open repair group with primary ruptures,
and 5 patients with recurrent calcaneal tendon rupture (Table 2).
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Table 2
Data on subjective satisfaction based on questionnaires
Groups of patients Number of patients Me (‘ﬁ‘grfA(%R) Me d‘gl;lR‘r(SIOR)

Mini-invasive methods: 41 96 (90-98) 95 (90-99)

Percutaneous repair 32 95 (90-98) 96 (89-100)

Mini open repair 9 98 (95-98) 96 (92-97)
Open repair 13 95 (90-100) 95(92-97)
Re-ruptures 5 88 (86-90) 86 (83-96)

In the percutaneous group, the median AOFAS score was 95 points (IQR 90-98) and the ATRS
score was 96 points (IQR 89-100). The answer to the question “Are you satisfied with the results
of the operation?” was “definitely yes” in the percutaneous group in 69 % (22/32) of patients, 31 %
(10/32) of patients chose the option “probably yes”; none of the respondents answered “probably no”
or “definitely no”. We obtained the following results to the answer to the question “Would you agree
to the operation, knowing in advance about its results?”: “definitely yes” — 63 % (20/32), “probably
yes” — 34 % (11/32), “probably no” — 3 % (1/32); no one answered “definitely no”.

In the mini open technique group, the median AOFAS score was 98 points (IQR 98-100), and the ATRS
score was 95 points (IQR 92-97). When answering the question “Are you satisfied with the results
of the operation?” in the mini open group, 67 % (6/9) of patients chose the option “definitely yes”,
33 % (3/9) of patients “probably yes”; none of the respondents answered “probably no” or “definitely
no”. The answers to the question “Would you agree to the operation, knowing in advance about its
results?, the following results were obtained: “definitely yes” — 78 % (7/9), “probably yes” — 22 %
(2/9); none of the respondents answered “probably no” or “definitely no”.

After open repair, the median AOFAS score was 95 points (IQR 90-100), and the ATRS score
was 95 points (IQR 92-97). When answering the questions “Are you satisfied with the results
of the operation?” and “Would you agree to the operation if you knew in advance about its results?”,
69 % (9/13) of patients in the group of primary open repair of the Achilles tendon chose the option
“definitely yes”, 23 % (3/13) of patients “probably yes”, one patient (1/13) answered “definitely no”
(8 %). There was no statistically significant difference in these subjective questionnaires between
the percutaneous, mini open, and primary rupture open repair groups (p > 0.05) (Fig. 5 and 6).

Distribution of AOFAS points Distribution of ATRS points
100
100
% 90 [
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80 ©
12}
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< 80 = 70 °
* *
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70 H#
50 :
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02575 % ) 02575 %
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60 o Exclusion 40 o Exclusion
percutaneous  mini-open open repeated repair # Extreme points percutaneous  mini-open open repeated repair ¥ Extreme points
Fig. 5 Distribution of AOFAS points between Fig. 6 Distribution of ATRS points between
the groups the groups

In the group of repeated rupture repair of the calcaneal tendon, the median AOFAS score was 88
points (IQR 86-90), the ATRS score was 86 points (IQR 83-96), which is lower than after primary
repair, but no significant differences were obtained (p > 0.05). When answering the question “Are
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you satisfied with the results of the operation?” 80 % (4/5) of patients chose the option “definitely
yes”, 20 % (1/20) of patients answered “probably yes”. The answer to the question “Would you
agree to the operation, knowing in advance about its results?”, 100 % of patients chose the answer
“definitely yes.”

DISCUSSION

Surgical treatment of Achilles tendon ruptures is aimed at fast functional recovery, return to sports
activity, good esthetic effect and subjective patient’s satisfaction. The choice of the optimal surgical
treatment method raises many contradictions.

Therateofre-rupturesafterminimallyinvasiverepairinourstudywas 3.2 %: 2 cases after percutaneous
suture and 1 case after repair using a transverse approach in the projection of the rupture. Our
data are comparable with the results of meta-analyses by Yang et al. and Grassi et al., where the
incidence of recurrent Achilles tendon ruptures using minimally invasive methods was 3.1 % and
from 0O to 4 %, respectively [14, 33]. After open repair, no repeated ruptures were diagnosed in our
work. Moreover, in the study of Yang et al. the re-rupture rate after open repair was 2.7 %, in the
study of Grassi et al. it ranged from 0 to 6 %. The differences may be explained by a small group for
open repair in our study, as well as the inclusion of patients with degenerative and chronic calcaneal
tendon ruptures in the analysis of results.

The number of infectious complications in our study was 3.2 % after minimally invasive repair
of the calcaneal tendon and 10 % after open repair. Many literature sources indicate a higher risk
of infectious complications after primary open repair [14, 34]. Grassi et al. analyzed the results
of treatment of more than 350 patients and showed a significantly lower number of infectious
complications with application of minimally invasive methods [33]. Moreover, the researchers
calculated that every 10 procedures using a minimally invasive Achilles tendon repair instead
of an open one avoided one infectious complication. The meta-analysis by Soew et al. showed
that the number of infectious complications after percutaneous repair of the Achilles tendon
was 2.9 %, which is comparable to the data obtained in our work [35]. For assessing the incidence
of postoperative complications, most studies include only acute primary Achilles tendon ruptures.
Thus, Fell et al. in 2020 diagnosed infectious complications after open repair in 3 % of cases, which
is less than in our work, but the authors did not include old (more than 21 days from the date
of injury) injuries in the analysis [36]. All infectious complications after open repair in our study were
diagnosed in patients with neglected or degenerative ruptures. Ahmad et al. evaluated the results
of open repair for chronic and repeated ruptures of the Achilles tendon and identified superficial
infectious complications in 9.4 % of cases and deep ones in 3.1 % [37].

The incidence of thrombosis of lower limb veins after minimally invasive techniques in our work
was 9.7 %, while thrombosis was detected in 8.1 % of cases among the patients who underwent open
repair at the preoperative stage, which required the implantation of vena cava filters. The detection
of thrombosis at the preoperative stage in the open repair group is associated with the inclusion
of patients with chronic calcaneal tendon injuries in the analysis. The obtained data are comparable
with previously published ones. Thus, Caolo et al. revealed deep vein thrombosis in 8.5 % of cases
after minimally invasive suturing of the Achilles tendon and in 9 % after open repair [38].

Many researchers show that percutaneous and minimally invasive techniques have higher
risks of n. suralis neuropathy than open techniques of Achilles tendon repair [14, 39]. However,
subsequently, several meta-analyses showed no significant differences in the incidence
of neurological complications when comparing open and minimally invasive techniques [33, 35].
According to our data, the incidence of sural nerve neuropathy was 1.1 % after minimally
invasive techniques and 3.3 % with the open approach; there was also no statistically significant
difference (p > 0.05).
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Most studies indicate comparable subjective results by comparing minimally invasive and open
techniques. Mean AOFAS score in Yang et al. meta-analysis was 95.9 points in percutaneous repair
and 98.4 in open repair while in the study by Baumfiend (2018), 95.3 and 98.2, respectively [14, 32].
Our data are consistent with previously published ones: in the group of percutaneous repair,
the median AOFAS score was 95 points and ATRS score was 96 points; in the group of mini open
technique, the median AOFAS score was 98 points and ATRS score was 95 points. In the open repair
group, the median AOFAS and ATRS scores were 95 and 95 points. After repeated rupture repair,
the median AOFAS score was 88 points and ATRS score was 86 points. Our study found high patient
satisfaction with the results of surgical treatment.

CONCLUSION

The choice of surgical treatment technique depends on many factors. Open repair techniques have
a greater risk of infectious complications, but a lower likelihood of re-rupture. Previous injections
of hormonal drugs into the area of the calcaneal tendon, application of augmentation tapes
or autografts in Achilles tendon repair increase the risks of infectious complications.
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Abstract

Background Fibular hemimelia (FH) is a congenital disease manifested by valgus deformity and instability
of the knee joint, shortening and deformity of the tibia, hypoplasia and deformities of the foot and ankle.

The aim of this paper was to determine the efficacy of the strategy of separate reconstruction of the foot
along with correction of tibia deformity, and then tibial lengthening in patients with FH of types 3 and 4
according to Paley.

Methods This retrospective study is based on an analysis of the treatment of 12 children with severe FH.
The patients, aged no older than 24 months, were treated for foot reconstruction along with correction
of tibial deformity followed by a separate stage of tibial lengthening. Tibial lengthening was performed
in the age 4.6 = 1.2 years. The long-term result of treatment was evaluated at least 1 year after the end
of tibial lengthening. Evaluation criteria after tibia lengthening were external osteosynthesis index, amount
of lengthening, assessment of outcomes according to Lascombes. Walking ability was assessed using Gillette
questionnaire.

Results The approach we used gave excellent and good results in 83 % of cases after the first reconstructive
stage. Complications and recurrences of deformities encountered during the first stage were eliminated
during subsequent planned limb lengthening. The average magnitude of lengthening was 6.4+ 2.4 cm
(37.2 £ 12.4 % of the initial segment length). The index of external osteosynthesis was 22.9 # 12.2 days/cm.
Monofocal distraction osteosynthesis was used in 9 cases and bifocal osteosynthesis in three cases. The results
of lengthening were classified by Lascombes as IA in 7 cases, IB in four cases, 2B in one case.

Discussion In severe FH, the question of reconstruction or early amputation remains open. There are
two opinions on the staging of reconstructive orthopedic surgery and tibial lengthening in young children
with severe FH.

Conclusion The strategy of reconstruction of the foot and ankle joint at an early age (16-24 months) in children
with severe FH followed by lengthening of the lower leg (at the age of 4-6 years) proved to be effective and can
be used when it is chosen by the patient's parents. In 3C type cases, the use of external fixation to correct the
deformity and simultaneously lengthen the tibia at the first stage is an alternative reasonable strategy option.

Keywords: fibular hemimelia; reconstruction; limb lengthening; Ilizarov method
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INTRODUCTION

Fibular hemimelia (FH) is a congenital malformation where part or all of the fibula is hypoplastic,
dysplastic, or absent, and this is associated with dysplasia or hypoplasia of the tibia and foot. FH refers
to the so-called postaxial anomalies, in contrast to tibial hemimelia (preaxial type of longitudinal
anomaly). The incidence of FH varies between 1:40,000 and 1:50,000 newborns [1, 2]. The etiology
of this anomaly remains unknown in most cases, usually classified as embryopathy [3, 4]. The main
orthopedic problems in fibular hemimelia are length discrepancy of the lower limbs, instability and
valgus deformity of the knee joint, tibial deformity, deformities and abnormalities of the foot and
ankle joint [5, 6]. In severe FH forms, the question of reconstruction or early amputation remains open
[7-10]. There is a consensus that the success of reconstructive treatment is due to the achievement
of aweight-bearing position of the foot and the elimination of deformities of the ankle joint and lower
leg [10, 11]. The age of the child when indications for the first stage of reconstruction (correction
of deformities of the foot, ankle and tibia) are optimal is between 18-24 months [6].

Surgical treatment provides the correct foot position, ensures the function of the ankle joint, achieves
vertical posture of the child, and develops independent walking with orthoses that compensate
for the difference in length [12]. The operation can be combined with leg lengthening [6, 12], which,
however, is accompanied by a long period of wearing an external fixation device. The decision
on both the treatment strategy and the scope of primary intervention should consider the opinion
of the parents [9]. Thus, the first stage of elongation can be delayed until the age of 4-8 years [13-15].
So, there are two opinions about the combination and stages of reconstructive orthopedic
intervention on the limbs and leg lengthening in young children with severe FH.

This retrospective study analyzed the results of reconstructive surgical treatment and tibial
lengthening in patients with severe FH (Paley types 3 and 4), when parents preferred tibial
lengthening delayed for several years after primary surgical reconstruction of the foot and ankle.

Purpose To determine the effectiveness of the strategy of separate implementation of the foot
reconstruction stage combined with correction of the tibial deformity and tibial lengthening stage
in patients with Paley FH types 3 and 4.

MATERIALS AND METHODS
This retrospective study included 12 patients with fibular aplasia (7 boys and 5 girls).

The inclusion criteria were that the stage of foot reconstruction and correction of the tibial deformity
be performed separately from the stage of the first tibial lengthening due to the choice of this
treatment strategy by child’s parents. Other inclusion criteria were severe FH, classified as types 3
and 4 according to Paley [15], completion of the first stage of treatment in patients no older than
24 months, completion of the second stage of treatment (tibial lengthening), the ability to evaluate
the result at least 1 year after the completion of leg lengthening.

This study did not include patients with milder FH, patients whose reconstructive treatment was
started at a later age, as well as cases where it was not possible to evaluate the result of lengthening
one year or more after removal of the Ilizarov apparatus.

The features of the first (reconstructive) stage of surgical treatment were the following mandatory
elements of the intervention: correction of tibial deformity using the resection type of closed-wedge
osteotomy, corrective osteotomy through the area of the talocalcaneal coalition of the foot, resection
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of the rudiment of the fibula, lengthening of the triceps using the type of aponeurotomy of the calf
muscles, Z-lengthening of the peroneal tendons (or single muscle), ankle capsulotomy, internal
osteosynthesis (bone locking plates or threaded pins) for fixation of tibial fragments, threaded
immersion wires or external diafixation wires for fixation of the position of hindfoot and ankle joint
fragments (not changing the relationship between the tibia and talus), as well as plaster immobilization.
The duration of plaster fixation was 6-8 weeks; removal of the plaster cast was accompanied
by the removal of the diafixation wires (in this type of fixation). Subsequently, before performing
the leg lengthening stage, patients used devices with hinges inserted into shoes (AFO — ankle-foot
orthosis type); walking with full load in shoes with compensation for shortening was allowed.

Tibial lengthening (the second stage of treatment) was performed using the Ilizarov apparatus
in all cases, at one or two levels. Simultaneously with the application of the Ilizarov apparatus,
the previously applied osteosynthesis material was removed if it interfered with external
osteosynthesis. Elastic reinforcement was used in 9 cases. Lengthening of the tibia was combined
with correction of deformities if necessary; osteosynthesis was carried out with protection
of the knee and ankle joints, taking into account the instability of adjacent joints inherent in these
severe forms.

The evaluation criteria after the first stage of treatment were the parameters of anatomical X-ray
angles of orientation of the articular surfaces in the frontal (lateral distal tibial angle — aLDTA)
and sagittal (anterior distal tibial angle — aADTA) planes, deviation of the biomechanical axis from
the center of the knee joint (mechanical axis deviation - MAD) [16, 17], as well as the tibiotalar (TT)
and tibiocalcaneal (TCC) angles in the standing position under limb loading. A clinical assessment
of the position of the foot, the supportability of the foot and the ability to weight-bearing walking,
and the child’s motor activity was also carried out. Walking ability was examined using the Gillette
questionnaire [18].

The evaluation criteria after lengthening the tibia were the index of external osteosynthesis,
the amount of lengthening (cm and %). In general, the evaluation of the elongation stage was carried
out according to the criteria of P. Lascombes [19]. The complications encountered, the treatment/
measures applied to them and the consequences of the complications were also assessed.

Statistical assessment included descriptive parameters (mean values, standard deviations);
the Attestat 12.0.5 software was used.

RESULTS

The first stage of treatment was carried out in the age from 16 to 24 months. FH cases according
to the Paley classification were: type 3A (3 patients, 25 %), type 3B2 (4 patients, 33.3 %), type 3C
(4 patients, 33.3 %), type 4 (1 patient, 8.3 %). In all cases, shortening of the femur was less than
1 cm, while in 3 cases there was a valgus deformity of the knee joint of no more than 10°, caused
by hypoplasia of the lateral condyle of the femur.

After the first stage, the treatment goals were achieved in 10 cases (Fig. 1). Two cases had foot
equinus and relapse of the hindfoot deformity and did not allow achieving good treatment results
(Table 1). Among other complications of the first stage, there was local skin necrosis in three cases,
which required conservative treatment for wound healing by secondary intention, and one case
of superficial infection in the area of the diafixation wire.
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Fig. 1 A case of the first reconstructive stage
of treatment (type 3C fibular hemimelia):
a radiographs before treatment; b surgery
for correction of tibial deformity and correction
of the hindfoot due to osteotomy through
the area of the talocalcaneal coalition; ¢, d result
of treatment after 2.5 years, radiographs and photos
of the lower limbs

d
Table 1
Results of radiographic studies after correction of lower limb deformities in FH patients
Patients LDTA; ° ADTA; ° MAD; mm TTA; ° TCCA; °
1 68 84 84 83 12 4 120 97 80 117
2 69 86 85 83 14 3 119 97 74 105
3 74 88 84 84 12 0 117 95 69 110
4 84 87 83 82 15 3 123 99 68 106
5 83 85 84 84 15 4 130 98 70 107
6 82 85 83 87 16 5 125 95 78 99
7 84 87 85 85 18 2 130 95 67 106
8 71 85 86 85 21 2 130 111* 66 72%
9 73 90 89 84 11 0 141 98 58 108
10 72 84 85 85 18 3 134 145* 64 55*
11 68 83 89 82 22 4 142 97 65 105
12 66 86 87 84 18 6 139 99 64 116
Note: * — cases of hindfoot deformity recurrence and foot equinus

According to the Gillette questionnaire, the assessment of walking ability, which was influenced
not only by anomalies of the limb development but also by age, before treatment was: level 3 -
3 patients, level 4 — 7 patients, level 5 — 2 patients. One year after the first stage of reconstructive
treatment: level 7 — 6 patients, level 8 — 5 patients, level 9 — 1 patient.

The second stage of treatment to lengthen the tibia (Fig. 2) was performed in patients aged
3.5-6 years (mean age, 4.6 * 1.2 years). The average lengthening was 6.4+ 2.4 cm (37.2+12.4 %
of the initial segment length). The external osteosynthesis index averaged 22.9 * 12.2 days/cm.
Monofocal distraction osteosynthesis was used in 9 cases, bifocal in three cases. Correction of foot
equinus and gradual correction of the hindfoot deformity due to osteotomy of the calcaneus were
carried out simultaneously with monofocal lengthening of the tibia (Fig. 3; Fig. 4).

41 Genij ortopedii. 2024;30(1)



Clinical studies

s

\

r-
V)
3

<A
_V

5

Fig. 2 Two stages of treatment in a patient with pathology type 3C
(X-rays): a before the first stage, at the age of 1 year 6 months; b first
stage of surgical treatment; ¢ after removing the plaster cast; d 3 years
after the first stage of treatment; e at the stage of tibial lengthening;
fone year after tibial lengthening
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Fig. 3 A case of developed foot equinus and its correction (X-rays): a before surgery; b first stage of deformity
correction; ¢ after removing the plaster cast; d equinus of the hindfoot 2 years after surgery; e second stage
of treatment, lengthening with simultaneous gradual closed elimination of foot deformity using the Ilizarov
apparatus; f before removing the Ilizarov frame; g after removing the frame, the foot remains in a satisfactory
position, close to full weight bearing

Fig.4 Correction of recurrent deformity of the calcaneus, radiographs (FH type 3C): a the foot before the lengthening
stage, tibial-calcaneal angle 72°; b at the beginning of foot deformity correction; c after correction of the deformity
achieved, the angular divergence of the calcaneal fragments is clearly visible; d after removal of the Ilizarov
apparatus; e follow-up after 1.5 years, the treatment result is maintained
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Among the complications of the second stage of treatment (tibial lengthening), there was one
case of a tibial fracture after removal of the Ilizarov apparatus, which required fixation of the limb
in a plaster cast and was completed without loss of lengthened magnitude and secondary deformities.
Four children had superficial infection near the wires. In such cases, antibiotic therapy was used,
and regular dressings were effective. Thus, the results of limb lengthening using the Ilizarov
apparatus were classified according to P. Lascombes as 7 cases of category IA, four cases of IB,
and one case of 2B.

DISCUSSION

The most severe forms of congenital fibular hemimelia (types 3 and 4 according to the Paley
classification) are accompanied by deformities of the tibia, ankle dysplasia, absence of several rays
of the foot, tarsal coalition, usually in a pronounced valgus or varus position of the foot [6, 20].
The disorders are so pronounced already at an early age that they complicate or completely hinder
wearing orthotic devices and become the main reason for the delay or complete absence of walking
function in children [21, 22].

Therefore, early amputations and prosthetics are an alternative treatment option: Syme and Boyd
methods are common interventions [23, 24]. Studies of motor activity and quality of life conducted
in groups of adolescents and adults after amputation (followed by prosthetic fitting) and after
reconstructive treatment showed the absence of statistically significant total indicators of gait
analysis, as well as comparable socio-psychological adaptation, quality of life and physical
activity [7].

We emphasize that surgical treatment in this pathology should be aimed at achieving the highest
possible functional result, and may include corrective osteotomies, lengthening, and complex
reconstruction of soft tissues in the treatment plan. The treatment strategy depends on both
the severity of the anomaly and the family's choice [9].

If reconstructive strategy is chosen, the most important element of treatment is correction
of deformities of the lower leg, ankle joint area and functional position of the foot [25]. An
interesting study by EJ Morris et al. [10] compared the functional results of a 6-minute walk test
between the patients who underwent foot and ankle reconstruction and a group that underwent
both reconstruction and subsequent tibial lengthening. The first group showed the best functional
results.

From the same point of view, we also consider the conclusions that the lack of success of reconstructive
surgery in severe FH is due to residual or recurrent deformities of the ankle, foot and leg, and not
to the difference in the length of the lower extremities [11, 26, 27].

Therefore, the first stage of surgical treatment, performed at an early age, determines the success
of all subsequent staged surgery.

The results of our study are concordant with the above conclusions about the importance
of the functional result of the first intervention. The approach we used ensured excellent and good
results in 83 % of cases after the first reconstructive stage. It should be noted that the complications
encountered and recurrences of stage 1 deformities were eliminated during the subsequent planned
limb lengthening. However, both patients who had recurrent foot deformities had limited functional
abilities (walking and wearing shoes) between treatment phases.
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The reason for the recurrence of foot deformities, in our opinion, lies in the complexity of the surgical
technique. Due to deficiency in the length of soft tissues, correction of tibial deformity and foot
deformity requires a shortening osteotomy of the tibia, which can be significant and is not always
possible under the conditions of internal osteosynthesis.

The insufficient amount of resection in our series, combined with the limited time and effectiveness
of fixation with a plaster cast and diafixation wires, caused pronounced soft tissues tension, which
led to a relatively rapid relapse of the foot deformity. It is obvious that the use of external fixation,
when reconstructive treatment and simultaneous lengthening of the lower leg are combined, does
not pose the risk of excessive shortening of the segment, short-term fixation of the foot and lower
leg, and can be recommended for the most severe FH types (3C), accompanied by severe deformities
of the foot and lower leg [6, 12].

We consider another disadvantage of the applied approach to be the need to remove
the osteosynthesis material (as a separate stage during the tibia lengthening operation), which
limits the possibilities of distraction osteosynthesis or increases the surgical burden on the patient.
It is obvious that the use of transphyseal intramedullary osteosynthesis elements during the first
stage of surgical treatment, over which lengthening can be carried out subsequently, may be the
most rational solution [28].

However, our small series of cases showed the rationality of the approach of separating
the reconstructive stage of treatment (correction of tibial and foot deformities) in children aged
16-24 months and the stage of leg lengthening with the Ilizarov apparatus. This is important
both from the point of view of restoration and development of limb function, and transferring
the stage of lengthening with an external fixation device, which is difficult for a child, to an older,
but preschool age.

CONCLUSION

The strategy of foot and ankle reconstruction at an early age (16-24 months) in children with severe
FH, followed by lengthening of the tibia at the age of 4-6 years, has proven to be effective and is
used when chosen by the patient’s parents. In case of significant shortening osteotomy planned
at the first treatment stage to correct tibial deformity, external fixation to correct the deformity and
simultaneously lengthen the tibia is an alternative reasonable strategy.
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Abstract

Introduction Elbow trauma is common accounting for 40-50 % of all musculoskeletal injuries in children.
From them, lateral condyle fractures are the second most common fractures in the pediatric elbow
with complications ranging from 3.3 to 54.8 %.

The objective was to determine the effectiveness of nonunion of the lateral humeral condyle (LHC) treated
with bone grafts harvested from the patient's fibular shaft and the Ilizarov apparatus.

Material and methods We report surgical treatment of bone defect repaired with bone graft and the Ilizarov
apparatus in 57 children with nonunion of the LHC. Maintained articulation between the non-united bone
and the radial head, magnitude and direction of displacement, visible resorption of the epimetaphysis, bone
deficiency, malaligned upper limb, late ulnar neuritis were the parameters used for outcome assessment.
Depending on the type of surgical treatment the patients were divided into 3 groups: Group 1 (n = 13) included
patients who underwent open osteosynthesis and bone fixation using 2-3 Kirschner wires; Group 2 (n = 30)
consisted of patients who underwent surgery to repair the bone defect between the humerus metaphysis and
an non-united fragment of the LHC fixed with wires and immobilized with a cast; Group 3 (n = 12) included
patients who were treated with bone graft followed by fixation of the bone and the graft using Ilizarov wires
and frame. Two patients underwent supracondylar osteotomy.

Results The outcomes were evaluated based on criteria to include non-union consolidation, joint function,
limb alignment and condition of the growth plate. Long-term results were explored in 49 (85.9 %) patients
out of 57 over a period of 6 months to 10 years. The results were rates as good in 39 (79.6 %) patients, as fair
in 9 (18.36 %) and poor in one (2.04 %) case.

Discussion Various types of operations are reported for non-united fractures and non-unions of the cervical
spine to include surgeries from open osteosynthesis to complicated reconstructions.

Conclusion Surgeries aimed at repair of bone defects using fibular autograft facilitated consolidation
of non-unions and engraftments.

Keywords: children, humerus fracture, elbow joint, head of the humeral condyle, lateral condyle, non-union,
surgical treatment, bone grafting, Ilizarov method
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INTRODUCTION

Impaired long bone healing of pediatric fracture occurs in 10 %. Unreasonable refusal of surgical
treatment can result in complicated and slow fracture healing [1]. Injuries to the elbow joint
are common, accounting for 40-50 % of all pediatric musculoskeletal injuries [2,3]. Despite
significant advances in the diagnosis and treatment of elbow injuries in children, poor results
account for 16-28 % [4,5]. Lateral condyle fractures of the elbow are associated with higher
rates of complications ranging between 3.3 and 54.8 % [6-9]. Nonunions of the capitellum are
observed in 28 % of the fractures [10]. Outcomes of non-united capitellum fractures of the remain
disappointing: surgical treatment of non-united fractures of the capitellum [11] can result in poor
outcomes ranging between 18 and 26.6 % [12]. Surgical treatment of intra-articular nonunions is
challenging [13-18]. With use of many methods, restoration of the lost bone of the lateral condyle,
replacement of the bone defect of the central lateral epimetaphysis, being typical for nonunions
of the capitellum with valgus alignment of the forearm, are not considered. A bone defect in the
central lateral portion of the humeral epiphysis and metaphysis can be seen in patients with
long-term nonunions of the capitellum. A surgical procedure offered by the authors included bone
grafting of the nonunion and replacement of the bone defect using bone grafts harvested from
the fibular shaft of the patients and fixed with the Ilizarov frame [19].

The objective was to determine the effectiveness of nonunion of the lateral humeral condyle (LHC)
treated with bone grafts harvested from the patient's fibular shaft and the Ilizarov apparatus.

MATERIAL AND METHODS

Our study includes outcomes of surgical Table 1
treatment of 57 patients treated with bone

. 3 Characteristics of patients
grafting using autografts harvested from

the fibular shaft and the Ilizarov external Description Number of patients
fixation. Treatment was performed between abs. | %
2009 and 2022. Characteristics of the patients |Distribution by gender:

at the time of admission are shown in Table 1. boys 36 63
Microsoft Excel was used for statistical data gitls 21 37
processing. The mean value of the parameter |Distribution by age:

and standard deviation were used for descriptive under 5 years 10 18
statistics. The differences were considered 5-8 years 24 42
significant at p < 0.05. 8-14 years 16 28
The study received a favourable opinion ,14 years and greate.r L 7 12
from the relevant research ethics committee Distribution by duration of injury:

of the Samarkand branch of the Republican 1-6 months 25 44
Specialized Medical Center for Trauma 6 months - 1 year 18 52
and Orthopaedics No. 2/12 dated May 17, 1-12 years 14 24

2009. The study was performed in accordance

with ethical principles for medical research involving human subjects stated in the Declaration
of Helsinki developed by the World Medical Association as revised in 2000. Written informed consent
was obtained from all patients for publication of the findings without identifying details.

Based on clinical and radiological findings, patients with nonunion of the capitellum were divided
into the following groups:

Group 1 included patients with nonunion with articulation preserved between the nonunion and
the radial head, with a slight (up to 3 mm) displacement of the non-united fragment in the lateral
direction, without visible resorption of the epimetaphysis;

Group 2 included patients with nonunons with articulation preserved between the nonunion and
the radial head, with the nonunion displaced by more than 4-5 mm in several projections: lateral,
anterior, posterior, proximal, and visible epimetaphyseal resorption, malaligned limb, with possible
late ulnar neuritis;
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Group 3 included patients with nonunons with impaired articulation between the nonunion and the
radial head, subluxation, dislocation of an nonunited fragment from the joint cavity, impaired axis
of the arm, and possible late neuritis of the ulnar nerve.

Physical examination included range of motion (ROM) in the joint, alignment of the upper limb, and
innervation of the ulnar nerve.

RESULTS

Joint contracture. Five (8.8 %) patients had
a full range of motion and the rest developed
contracture with ROM measuring 30° (n=15;
26.3 %), 50° (n=11; 19.3%), 70 ° (n=12;
21.1 %),90° (n=5; 8.8 %), 120° (n=9; 15.8 %).

Malaligned forearm bones. Valgus alignment
of the forearm bones was observed in 27 (47.3 %)
patients: measuring not greater than
10° (n=11; 19.3 %), 15-25° (n = 10; 17.5 %) and
30-40° (n = 6; 10.5 %) (Fig. 1).

Cubitus valgus result from the bone displaced )

1 11 imall 1 11 iorl passing through the olecranon
aterg y + proxima _y’ aterally + anterlorly + fossa on the AP view, severe cubitus valgus, osteoporotic
proximally and epiphyseal and metaphyseal bone; (b) anterior displacement of the fragment can be
resorption of the shoulder. Severe valgus seen on the lateral view with poor proximal alighment
deformity was seen in patients with unstable

nonunions, non-united lateral humeral condyle (LHC) fractures with impaired articulation
of the radial head. Varus deformity (n = 2) was characteristic of stable nonunions and nonunited
fractures with posterior displacement of the LHC (Fig. 2a).

Fig. 1 Radiographs of the elbow
joint showing: (a) nonunion
of the capitellum with the line

Fig. 2 Radiographs of the upper limb of patients with nonunions of the LHC: (a) without bone defect, osteoporosis
of the LHC with cubitus varus; (b) nonunion of the LHC fragment

Late neuritis of the ulnar nerve. There was malalignment between the olecranon process and the medial
epicondyle due to valgus alignment of the joint. There was narrowing of the sulcus ulnaris
in the condyle, excursion of the nerve during flexion and extension and perineuritis and neuritis
due to injury. The external deviation of the forearm bones measured 20-25° in 5 out of 6 patients
with impaired ulnar nerve function and 35° in one patient.

Radiological examination. Anteroposterior and lateral views of the elbow joint were practical
for evaluation of a fracture pattern (epiphysiolysis, osteoepiphysiolysis), location of the start
of the fracture line (often in the trochlea), direction of the fracture in relation to the long axis
of the shoulder (< 45°, > 45°), bone displacement (lateral + proximal, lateral + anterior + proximal),
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amount of displacement (<2 mm, >2mm), presence of a gap-diastasis, rotation, rotation
of the fragment, preserved articulation with the radial head, protrusion of the fragment (subluxation,
dislocation), bone resorption, bone deficiency of the epiphysis, metaphysis, bone defect
of the nonunion, engraftment, fusion of the nonunion, restoration of the anatomical structure and
the condition of the growth zone and the articular ends of the elbow joint.

Nonunion of the condylar head can develop because of different reasons. In our series,
13 (23 %) patients had nonunited fractures, and 44 (77 %) had pseudarthrosis. Among 44 patients
with pseudarthrosis, 9 (20.5 %) had lateral displacement with bone rotation, subluxation, dislocation
of the fragment, lacking contact of the fracture surfaces and impaired articulation of the lateral head.
The resulting regenerate on the fracture plane cannot provide consolidation due to the rotation
of the planes in different directions. One patient had successful reduction during the previous stage
of treatment with secondary displacement, 3 patients had poor reduction, 5 patients were treated
with plaster immobilization for 2-3 weeks.

Among35patients,6(17 %)hadafracture oftheepiphysiolysis pattern,theresthad anepimetaphyllary
fracture: the fracture line originated in the trochlear groove, crossed the growth zone, passed along
the metaphysis and ended above the epicondyle. The fracture surface consisted of heterogeneous
cartilage and bone tissue. For this group of patients, the bone displacement of fragments could be
termed as lateral + proximal by 4-5 mm with resultant gap-diastasis of 2-3-4 mm or greater seen
between the fragments. At the previous stage, 6 patients underwent closed reduction, which was
successful in two cases, but with repeated secondary displacement in a plaster cast; 4 had failures
and the rest were treated with a plaster cast. A few years later, nonunions that developed after
ununited fractures with slight displacement with preserved articulation with the radial head were
associated with delayed development of the central trochlea and the lateral condyle, resorption,
epiphyseal and metaphyseal defects (Fig. 8), disappearing olecranon fossa, the forearm bones
being displaced laterally at an angle of 20-40°. Post-traumatic late neuritis of the ulnar nerve could
occur due to overstretching and pressing against the medial epicondyle with resultant secondary
contracture of the joint. Some patients showed radiological signs of osteoporosis (Fig. 1, 3).

|
‘h-
-~

Fig. 3 Radiographs of the elbow joint showing nonunion of the capitellum (left). Dimensions of the defect formed
after realignment could be visualized in the figure on the right

For such a pathology, surgical treatment should be aimed at stimulating reparation, filling the bone
defect, achieving fusion of the nonunion, realigning the axis of the arm, creating anatomical
conditions for restoring joint function and eliminating signs of late post-traumatic neuritis.

Amethod of surgical treatment of pseudoarthrosis of the lateral humeral condyle has been proposed
with use of two diaphyseal bone grafts taken from the patient’s fibular shaft, between metaphysis
and the fragment replacing the bone defect formed at the site of the false joint. This technology
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helps stimulate the repair of an osteoporotic bone, fusion of the nonunion, restoration of the
impaired olecranon fossa, elimination of valgus alignment of the arm, avoiding supracondylar
osteotomy and creating anatomical conditions for the elbow function.

The grafts were taken subperiosteally. The grafts length equated the size of the diastasis between
the metaphysis and the nonunited fragment, measured intraoperatively to eliminate cubitus valgus.
Grafts of 0.5-0.7 cm, about 1 cm, about 1.5-2 cm were normally used. The inside graft placed in the
diastasis was shorter than the outside graft. One graft was used first in isolated cases to be followed
by the use of two grafts (Fig. 4).

=
N
W

Fig. 4 Diagram of the operation and radiographs of the patient’s elbow joint after bone grafting (clinical observation
of the authors)

Depending on the surgical treatment used, our patients were grouped as follows (Table 2):

Group 1 included patients who underwent open osteosynthesis and bone fixation using 2-3 Kirschner
wires (n = 13);

Group 2 included patients who had a bone defect repaired between the humeral metaphysis and
anonunited fragment of the LHC using wires and external immobilization with a plaster cast (n = 30);

Group 3 included patients who were treated with fixation of bone fragments and grafts using wires
and Ilizarov frame after bone grafting (n = 12). The Ilizarov external fixation was used at the second
stage after bone grafting in cases of the graft - metaphysis fusion with no fusion of the graft and the
capitellum (n = 6).

Table 2
Distribution of patients by type of surgical intervention
Types of surgical interventions used for patients with non-united Number of patients
fractures and nonunions of LHC abs. %
Open metal osteosynthesis, fixation with wires 13 22.81
Bone grafting, fixation with wires 30 52.63
Bone grafting, fixation with wires and the Ilizarov frame 12 21.05
Supracondylar osteotomy 2 3.51
Total 57 100

Supracondylar osteotomy was performed for two patients.
Clinical instance of nonunion of the capitellum with a history of 9 years (Fig. 5).

We report a clinical example showing fusion of the medial graft and nonunited lateral graft over
a period of 3 months of immobilization with a plaster cast that fused after application of the Ilizarov
apparatus. Patient K.N., born in 2005, her clinical appearance and radiographs dated 2018.12.10
and 2019.01.29 (Fig. 6).
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Fig. 5 A 13-year-old patient N.Sh. diagnosed
with nonunion of the LHC with a history
of 9 vyears: (a) radiograph of the elbow
joint; (b) preoperative photo of the patient;
(c,d) postoperative radiographs; (d) realigned
axis of the arm, joint function

¥

Fig. 6 Patient K.N.: (a) radiographs of the elbow joint dated October 12, 2018; (b) clinical appearance and
aradiograph dated January296 2019 during treatment with the Ilizarov apparatus
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A supracondylar osteotomy was performed for two patients of group 3 with nonunions of the LHC
developed after a fracture and dislocation of a fragment from the joint cavity, with impaired
articulation with the radial head. The end of the central fragment shaped as a tent was deepened,
the surface of the distal fragment adapted, the bone reduced and fixed with Ilizarov wires and

the frame (Fig. 7).

Fig. 7 Diagram of the operation performed for the patients of the third group with nonunions of the LHC and

impaired articulation of nonunited fragment, the radial head and cubitus valgus

Results of bone grafting performed for nonunions of the capitellum

Long-term results must be evaluated in a differential manner, taking into account the severity
of the fracture (nonunion, pseudarthrosis) based on objective criteria for assessing long-term
outcomes. The fusion of pseudarthrosis, joint function, the arm axis, and the growth zone were

assessed (Table 3).

Table 3

Criteria for assessing long-term results of non-union fractures, pseudarthrosis of the head of the humeral

condyle in children

coronoid process, filling of anatomical fossae with bone tissue, narrowing of the joint space

Criteria \ Score
According to the bone fusion or non-union:
1. The fusion is well aligned, but there is a uniform thickening of the condyle with olecranon fossa 4
partially filled with bone tissue
2. Fusion is malaligned, the bone being rotated in the sagittal plane at least 20-25 degrees, 3
laterally displaced, proximally at least 5 mm
3. Nonunion (resorption) of a fragment of the head of the condyle 2
Joint function (range of motion (ROM):
1.ROM from 110 to 130° (N — 140-145°) 4
2.ROM from 80 to 110° 3
3.ROM up to 80° 2
Alignment of the upper limb:
1. Straight elbow, valgus alignment of the forearm bones of at least 5° from physiological valgus 4
2. Valgus alignment 6-15° from physiological valgus 3
3. Valgus alignment of 20° or greater from physiological valgus 2
Impaired growth of the condyle and other components of the elbow joint:
1. Premature closure of the growth plate in children older than 14 years 4
2. Premature closure of the growth plate in children aged 8-13 years; deformation of the epiphysis
capitulum humeri, relative enlargement of the radial head and the coronoid process
3. Premature physeal closure in children aged 5-8 years, significant enlargement of the radial head, 9
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The resulting sum of scores was divided by the number of characteristics and an average score
was measured to rate the result as good, fair or poor. The outcome was evaluated as good with
15-16 scores in 4 criteria. For example: 15:4 = 3.75 (4 + 4 + 4 + 3). The outcome was evaluated as
fair with a score of 11-14. For example: 12:4 = 3.0 (3 + 3 + 3 + 3). Poor result scored less than 10.
For example: 10:4=2.53+3+ 2+ 2).

The 12 patients who underwent bone grafting and Ilizarov external developed bone union.
Out of 30 operations of bone grafting, fixation with 3-4 wires and external immobilization with
a plaster cast, union was achieved in 24 (80 %) patients. The fusion period was 2-3 months, was
obtained on the side of the Metaphyseal union was achieved in 6 (20 %) patients with weak
consolidation noted on the side of the LHC and radiological nonunion. Pseudarthrosis consolidated
in the patients with closed application of the Ilizarov apparatus at the second stage.

Resorption of bone grafts on the side of the LHC was observed in two patients who underwent
reoperation. Bone grafting using the Ilizarov apparatus was performed in one patient who developed
fusion of pseudarthrosis. Another patient had a recurrent nonunion. Long-term treatment results
were examined in 49 (85.9 %) out of 57 patients over a period of 6 months to 10 years. Good results
were obtained in 39 (79.6 %) patients, 9 (18.36 %) had fair outcomes and one result (2.04 %) was rated
as poor. An operation to transpose the ulnar nerve, anterior to the medial epicondyle was performed
for 7 patients with very long follow-up periods of 10 to 17 years, with late post-traumatic neuritis
of the ulnar nerve and good elbow function, satisfactory alignment of the nonunited fragment and
a small cubitus valgus.

DISCUSSION

Nonunion of the elbow fractures can be caused by localization (intra-articular injury), osteochondral
involvement, instability, conservative treatment of displaced injury (lateral + proximal), with diastasis
between the fragments and lack of external immobilization for an appropriate period. The period
of external immobilization required for the healing of an acute fracture can range from 4 weeks
according to G.M. Ter-Egiazarov et al. [20] to 4-6 weeks as reported by KS Song [21]; M Weiss [22];
S Yuxi [23]; to 8-12 weeks according to JC Flyn [24].

Specificlocalization of the fracture, the fracture line,a small (up to 3-5 mm) lateral bone displacement
without rotation prove diastasis along the fracture. This leads to a polycyclic course of the reparative
regeneration process and requires longer immobilization. An outward + proximal displacement can
be observed with peculiar direction of the fracture line with the fragment sliding laterally and rising
upwards along the fracture plane. It can be suggested that the cartilaginous surface of the fracture
at the epiphysis partially outstands the osseous portion of the fracture at the metaphysis (Fig. 8).

Fig. 8 Photo of radiographs and a diagram of a LHC fracture with lateral + proximal displacement, contact
of heterogeneous tissues: the cartilaginous surface of the epiphysis is located opposite the osseous wound
of the metaphysis
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There is a contact of dissimilar tissues,
which apparently slows down the formation
of the regenerate that fails to be solid over
the usual period of immobilization. Nonunion
may occur in the cases with early exercising
of the joint. The lateral condylus fragment
and the fracture surface consist mainly
of cartilaginous tissue. (Fig. 9).

The fracture surface consists of bone
tissue in the metaphyseal part and
of the cartilage tissue in the epiphyseal
portion. Regeneration processes occur with Fig. 9 Intraoperative photograph of a fragment
different intensity in the tissues. This was of the lateral condyle of the humerus in a four-year-

. old child. The fragment consists of cartilage tissue
confirmed by the experiments reported
by G.I. Lavrishcheva [25]. Despite the fact that most favorable conditions were created
for osteochondral healing, “uneven” healing of wounds was noted in several experiments. There
was no cartilaginous fusion in 25 % of the rabbits after 14-16 days and in 33 % after 19-21 days
and in 50 % after 30 days with healing seen in the bone wound.

Fractures of the lateral epimetaphysis of the distal articular end of the humerus are often referred
to as “fractures of the head of the humeral condyle” (LHC) (capitulum humeri).

The term fracture of the lateral condyle of the humerus describes more accurately the fracture
pattern based on clinical and radiological findings of pseudarthrosis of capitellum. Various
surgeries used to treat nonunited fractures and pseudarthrosis of the LHC include modalities
from open osteosynthesis to complex reconstructive operations. The surgical strategy would be
dependent on the position of the fragment: with the fragment being well aligned, the arm axis
mainly maintained, joint contracture not seen, the surgery are not indicated due to a possible
deterioration in the range of motion in the joint. Open reduction and bone fixation is indicated
for pseudarthrosis of the LHC without pronounced valgus alignment of the forearm bones. Wires,
a cortical bone graft in the form of a screw, screws are used to fix the bone fragment. Cubitus
valgus can be corrected with supracondylar osteotomy. Plaster cast, skeletal traction, Ilizarov
apparatus are used for external fixation. Transposition of the ulnar nerve anterior to the joint can
be employed when needed.

Delayed consolidation at various stages of long bone repair and bone regeneration is termed
differently: slowly healing fractures, non-uniting and non-united fractures, post-traumatic
pseudarthrosis and long bone defects of. Each of the above terms can be a portion of a phase
complicated by failed fracture consolidation and pathological process of reparative bone
regeneration. The timing for transition from one stage of nonunion to another is different and
depends on several factors including localization of injury; child's age; the extent of impaired
regeneration processes; microcirculatory disorders; the presence or absence of osteoporosis
and the treatment strategy. The results of treatment of non-united capitellum fractures remain
disappointing. The rate of poor outcomes ranges from 18 to 26.6 % after surgical treatment
of non-united LHC fractures. Insufficient knowledge of the causes of failed consolidation and
the lack of comprehensive examination is one of the significant problems in the diagnosis and
treatment of LHC fractures with a complicated course [26]. Imaging is the main diagnostic
method of pediatric fractures and their consequences; computed tomography, thermography,
laser Doppler flowmetry, and ultrasonography are also practical.

Surgical treatment of intra-articular pseudarthrosis is a difficult procedure. A variety of surgical
treatments including osteosynthesis, supracondylar osteotomy, transposition of the ulnar nerve were
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offered for treatment of capitellum based on the anatomical and functional changes of the elbow
joint [3, 6, 18, 27-30]. Wires, screws [31-35] in combination with a bone graft, screws [36-38],
and compression osteosynthesis [39, 40] were used to fix the bone. Autospongy bone tissue [41],
homoplasty of the articular end [42] and joint replacement were treatment options [43]. Removal
of the fragment [44] was not supported.

It has been suggested that nonunited fractures with good fracture position do not require
surgical treatment but should be delayed until adulthood or until the when the deformity
requires surgical correction [45, 46]. Other authors believe that surgical treatment can result
in fusion with the risk of greater limitation in joint function, and extra-articular surgery can
be offered using supracondylar osteotomy for valgus alignment of the forearm bones [7, 47, 48].
Early surgical treatment can be considered for nonunion with minor displacement and
no noticeable limitation of elbow function. In case of significantly displaced bone fragment,
the role of surgical treatment is questionable, because of a risk of early epiphyseal closure [49].

SI Stamatin et al. reported a case of homoplasty of the distal humerus in a 9-year-old child for
valgus deformity associated with a defect in the articular end due to a fracture of the lateral
condyle of the humerus [42]. At a long term, the forearm bones are set in a position of lateral
deviation at an angle of 20-40°, patients can develop secondary contracture and late
post-traumatic ulnar nerve neuritis.

GM Ter-Egiazarovs reported surgical intervention for the deformity using nonunited fragment
to be placed in the bed and fixed with bone grafts; supracondylar osteotomy to be followed
by skeletal traction [50]. The procedure could be added by bone fixation using Ilizarov wires and
the frame [28, 29].

NA Ovsyankina et al. reported fixation of the fragment of the condylar head to the anatomical
bed using a metal screw with the false joint to be covered with a bone autograft harvested from
the distal humerus, with the brachioradialis muscle with vessels and nerves [51]. Patients with
nonunited fractures and pseudarthrosis can be successfully treated with open osteosynthesis,
conventional debridement of the false joint, bone reduction and fixation to the metaphysis with
3 or 4 wires. Bone replacement is indicated for patients with pseudarthrosis and a significant
epimetaphyseal defect. It is common knowledge that replacement of diaphyseal bone defect was
historically produced with the bone grafting developed by Lexer, described by VD Chaklin [11]
regarding pseudarthrosis, a diaphyseal defect, tumor removal of processes using match stick
grafts [6]; regarding bone defects after open injuries [12]. According to the researchers, an
11 cm long free autograft taken from the patient's fibula and transplanted onto a bone defect
in the ulna showed good survival rate. This is consistent with the opinion of GI Lavrishcheva
that the process of reconstruction or assimilation of the graft occurs most quickly with the
transplantation of fresh autoplastic bone, and somewhat slower with homoplastic bone [25].

We filled the diastasis with bone grafts taken from the patient's fibula to achieve fusion
by replacing the bone defect. Grafts with a length of 0.5-0.7 ¢cm, about 1 cm, 1.5-2 cm were
required. The internal graft placed in the diastasis was shorter than the external graft. Fixation
was produced with 4-5 wires. External immobilization with a plaster cast facilitated fusion
of the pseudarthrosis in 80 % of patients. Fusion was achieved from the metaphysis and grafts
in 20 % of patients. The Ilizarov apparatus was practical for providing healing of the fragment
and the grafts at the second stage of the procedure. The bone fusion occurred within 2-3 months
of the Ilizarov application. All the grafts survived with the exception of 2 patients who could
achieve fusion with repeated bone grafting. These clinical observations serve to understand
the feasibility of bone grafting for nonunion of the capitellum/LHC. The procedure has greater
indications for patients with severe osteoporosis of the nonunited fragment.
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CONCLUSION

Anintra-articular injury, arisk of impaired blood supply, bone instability (tendency to displacement),
the cartilaginous surface of the epiphyseal part, a contact with the metaphyseal bone wound, and
the polycyclic course of regeneration with failed callosity expected to develop within an appropriate
timing are important factors affecting non-union of LHC fractures.

Patients with pseudarthrosis of the LHC, a bone defect at the pseudarthrosis can benefit from
a surgery aimed to replace the bone defect with bone grafts taken from the fibula. The transplants
have shown good survival rates, with the exception of a few cases. The valgus alignment of the
forearm bones can be addressed with the anatomical prerequisites created for restoring ROM in the
joint, eliminating osteoporosis of the LHC fragment. The use of the Ilizarov apparatus facilitates
fusion of the pseudarthrosis in all cases. Postoperative immobilization with a plaster cast ensures
fusion of the pseudarthrosis in 80 % of patients.
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Abstract

Introduction Among the generally accepted theories of the etiology and pathogenesis of palmar fascial
fibromatosis, the role of infectious factors has not been considered; however, there are references to fungal
skin lesions in patients with advanced contractures and several studies that identified fungal infection in
surgical material from such patients.

The purpose of the work was to assess the pathogenetic and clinical significance of fungal infection
of the palmar fascia in Dupuytren's contracture.

Materials and methods We studied 41 medical records of patients operated on for Dupuytren's contracture
in stages II-IV. The surgical material was examined at the light-optical level (hematoxylin-eosin and
methenamine-silver PASM stains) and with scanning electron microscopy.

Results Fungal infection of the palmar aponeurosis was detected in 20 out of 41 patients; various types
of tissue reaction to the introduction of fungi into the palmar aponeurosis and the blood vessels perforating
it were found. Groups of patients without signs of fungal invasion (n = 21) and with signs of fungal infection
of the palmar aponeurosis (n = 20) were comparable in clinical and demographic characteristics, but
significantly differed in the rate of early relapses, 0 versus 25 % in the group with fungal infection (p = 0.02).

Discussion The immunogenetic characteristics of patients with palmar fascial fibromatosis and characteristic
skin lesions create general and local conditions for the introduction of fungal flora.

Conclusion Histological detection of pseudohyphae of the genus Candida in the palmar aponeurosis
and the lumens of blood vessels in patients with Dupuytren's contracture verifies invasive candidiasis;
the relationship between fungal infection of the aponeurosis and an increased rate of early relapses
of contracture has been statistically proven. To increase the duration of the relapse-free period and
potentially the life expectancy of patients, consultations with infectious disease mycologists and correction
of modifiable risk factors for candidiasis are necessary.

Keywords: palmar fascial fibromatosis, Dupuytren's contracture, mycoses, relapses
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INTRODUCTION

Dupuytren's disease or palmar fascial fibromatosis (PFF) refers to fibroproliferative diseases
of connective tissue which is characterized by an increased content of myofibroblasts,
hyperproduction of collagen types III and I, thickening and contraction of the palmar-digital fascia
and dermis of the skin [1]. Changes in fascial structures and integumentary tissues lead to restrictions
in finger extension, and then to contractures and fixed deformity of the metacarpophalangeal and
interphalangeal joints, and a decrease in hand grip strength [2]. These changes inevitably reduce
the quality of life of patients, disrupting professional skills, daily activities and social contacts
[3]. Despite the development of many methods for conservative, surgical and minimally invasive
treatment of Dupuytren’s contracture [4], fascial fibromatosis is considered incurable, since it has
infiltrative growth and recurs [5].

Among the generally accepted theories of the etiology and pathogenesis of Dupuytren's disease,
the main ones are genetic, microtraumatic, immunological, toxic, ischemic [6], and metabolic [7].
Fibromatous nodes are characterized by microvascular changes, primarily occlusion of capillaries
and proliferation of pericytes, and presence of macrophages, the number of which correlates
with the number of myofibroblasts; lymphocytes are localized around the nodes [8].

Despite the identification of inflammatory cells in most patients, the role of infectious factors
in the development of fascial fibromatosis is not traditionally considered. However, a case
of phlegmonous infection in the first stage of the disease was described [9], and the development
of skin mycoses was mentioned in severe contractures [10]. Skin retractions that form in some
patients in the early stages of the disease [11] can facilitate deeper penetration of the infectious
agent [12]. Using scanning electron microscopy in patients with Dupuytren's contracture, budding
fungal flora was established in the areas of the pathologically altered aponeurosis excised during
fasciectomy [13]. Diagnosis of mycoses is critical not only for full postoperative rehabilitation,
but also for the future life of patients; however, the pathogenetic and clinical significance of mycotic
invasion into the fascial structures of the hand remains unclear.

Purpose: to evaluate the pathogenetic and clinical significance of fungal infection of the palmar
fascia in Dupuytren's contracture.

MATERIALS AND METHODS

In the period from 2017 to 2020, interventions were performed in 153 patients with Dupuytren's
contracture at the Ilizarov National Medical Research Center for Traumatology and Orthopaedics.
Using a random selection method, a sample of 41 patients with contracture of the Tubiana
degrees II-1V [14] was formed who underwent partial fasciectomy. Among them there were 39 men
and 2 women aged from 39 to 77 years.

Inclusion criteria were clinically evident and histologically confirmed palmar fascial fibromatosis.
Exclusion criteria were hand contractures of another etiology.

For histological examination, tissue samples, after fixation in a 10 % neutral formaldehyde solution,
were embedded in paraffin according to standard methods. Paraffin sections (5-7 pym thick) were
prepared using an HM 450 Thermo Scientific microtome (USA) and were stained with hematoxylin
and eosin; PASM methenamine-silver staining was used to identify fungal mycelium. Light-optical
study and digitization of images of histological sections were carried out using an AxioScope.Al
microscope with an AxioCam digital camera and Zen Blue Edition software (Carl Zeiss Microlmaging
GmbH, Germany).

Tissue samples (size, 3 x 5 mm) fixed in formalin for examination in a scanning electron microscope
(SEM) “JSM-840” (Jeol, Japan) were washed in distilled water, then dehydrated in ethanol
(from 70 to 96 %) and soaked in 3 ,3-dimethyl-2-methylenebicyclo[2,2,1]heptane (camphene) [15].
The samples were dried in a thermostat at 37 °C, then mounted on polished clean aluminum disks
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using conductive glue and sputtered with silver in an IB-6 ion sputter (Eiko, Japan). The conductive
paste was used to remove the charge from the sputtered surface of the sample.

The patients were divided into two groups for subsequent clinical and statistical analysis, based
on the results of studying the surgical material at the light-optical level and SEM: Dupuytren’s
contracture without signs of mycotic invasion (group 1, n = 21) and Dupuytren’s contracture
with signs of mycotic lesions of the palmar aponeurosis (group 2, n = 20). For the comparative
analysis, the following parameters were used: age at the start of PFF, the male-to-female ratio,
age at the time of surgery, PFF imcidene in both hands, degree of contracture, number of fingers
with impaired function, frequency of primary operations and operations for relapses, frequency
of visits for relapses.

Statistical processing of quantitative data was carried out in the Attestat software (version 9.3.1,
developer I.P. Gaidyshev, Rospatent certificate No. 2002611109). Hypotheses about the normality
of distribution were tested using the Shapiro-Wilk test. For some samples, the hypothesis
of normality was rejected; table data are presented in the form of medians and quartiles, as well
as minimum and maximum values (Me (Q1+Q3)) (min-max). To test hypotheses about differences
between the compared groups, the Mann-Whitney test and Fisher's exact test were used.

RESULTS

Light microscopy of paraffin sections revealed signs of mycotic lesions of palmar aponeurosis
in four out of 41 patients (9.76 %). Pseudomycellar structures (budding yeast cells and pseudohyphae)
werelocated in foci of chronic inflammation with signs of activation of ymphocytes and macrophages,
as well as deposits of amorphous eosinophilic substance (Fig. 1 a, b). PASM stain revealed silver-
positive yeast cells and pseudohyphae in the perivascular spaces and in the lumens of blood
vessels (Fig. 1 ¢, d). In one patient out of four, giant multinucleated macrophages of the foreign
body type cells and degenerative eosinophils were found in the foci of chronic inflammation, along
with lymphocytes and macrophages (Fig. 1 e).

Fig. 1 Fragments of the palmar aponeurosis in Dupuytren’s contracture with signs of fungal invasion:
a pseudomicellar structures (arrow); b focus of chronic inflammation (arrow); ¢, d pseudohyphae in the lumen
of blood vessels (arrows); e giant multinucleated macrophages of the foreign body cell type (arrows); f obliterated
arteriole. Paraffin sections, stained with hematoxylin and eosin (a, b, e, f), methenamine-silver PASM (c, d).
Magnification 200x (a, b) and 400x (c, d, e, f)
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Few yeast cells and short pseudohyphae along with crystalline inclusions were located
in the cytoplasm of giant multinucleated macrophages, such as foreign body cells. There were
obliterated arterioles (Fig. f), in which degenerating yeast cells were detected along with dying cells
of the vascular wall and inflammatory cells.

The SEM method detected fungal flora (Fig. 2 a-d) in 20 patients out of 41 (43.9 %). In 18 out of those
20 patients, budding yeast cells and pseudohyphae were found (Fig. 2 a, b, c), and pseudohyphae
with blastospores were detected in two patients (Fig. 2 d).

8axm

Fig. 2 Fragments of a pathologically altered palmar aponeurosis. SEM: a single and budding yeast cells;

b pseudohypha; ¢ pseudohypha and blastospores; d yeast cells (horizontal arrows) forming blastospores (vertical

arrows). x2300 (a), x1700 (b), x6000 (c), x1800 (d)
Yeast cells had a round, round-oval, pear-like or slightly elongated shape; their sizes varied from 2
to 7 um. Along with separately lying yeast cells, budding cells were also found. Some cells had
a brightly contrasted depression in the center (Fig. 2 c). Both in intact and destroyed intercellular
contacts, a ring-shaped girdle was evident at one end of the cell and a bud at the other. The thickness
of the intercellular contact zone was no more than 0.5 pm. Blastospores were located on the surface
of yeast cells in the form of clusters, immersed in the intercellular matrix in some places (Fig. 2 d),
had a spherical shape, and were heterogeneous in size. Cavities were formed around the budding
yeast cells as the connective tissue fibers loosened, exfoliated and lysed (Fig. 2 a-c).

Comparison of clinical and statistical indicators of patients (Table 1), divided into groups based
on the absence or presence of fungal flora, found that the groups were comparable in age, gender
composition, duration of fascial fibromatosis and the frequency of damage to both hands,
degree of contracture, number of fingers with impaired function, the ratio of primary operations
and operations for relapses, as well as the frequency of visits for late relapses (11-18 years
after the primary operation) — p > 0.05.

Genij ortopedii. 2024;30(1) 62



Clinical studies

Table 1
Clinical and statistical indicators of patients with Dupyuitren’s contracture
Group 1,n=21 Group 2,n =20
P t P12
arameter Me (Q1:Q3) (min-max) Me (Q1Q3)| (min-max)

Age at the onset of PFF, years 51 (40+55) (39-66) | 48 (42+59) | (38-69) 0.92!
Males:Females 21:1 19:1 0.742
Age at surgery, years (54 55+763 5) (45-71) 59 (55+65) (39-77) 0.57
Duration of fascial fibromatosis 5(3+7.5) (1-15) 6(2.25%10) | (1.5-18) | 0.67!
Rate of fascial fibromatosis in both hands, % 57.14 50.0 0.76>
Contracture severity 3 (2.75+3) (1-4) 3 (2.5+3.75) (2-4) 0.52!
Number of finger with functional disorders 2 (1+3) (1-6) 2 (1+3.5) 1-7) 0.99!
Ratio of the studied material from primary . .
operations and operations for relapse 19:2 16:4 0417
Rates of contracture recurrence at long term 2
(11-18 years), % 9.52 5.00 0.52
Rate of early recurrence (4-15 months 0 25 0.022*
after primary operation), % :

! — Mann - Whitney test; 2 - Fisher's exact test; * — differences are significant p < 0.05

However, there were no complaints about early recurrence (4-15 months after the primary operation)
in group 1, and in group 2 their rate was 25 % (p < 0.05).

DISCUSSION

Invasive fungal infections remain an underestimated cause of morbidity and mortality to thisday[16],
even in immunocompetent carriers [17].

We previously established the presence of fungal flora in the surgical material of patients
with Dupuytren's contracture; we showed a higher resolution of SEM compared to light microscopy
in detecting fungi and determining their taxonomic affiliation [13].

This study, carried out on a larger material, not only confirmed the difficulty of detecting fungal
flora at the light-optical level and the frequent occurrence of fungal flora in the palmar aponeurosis
with Dupuytren's contracture, but also could identify various options for tissue reactions
to the introduction of fungi into the palmar aponeurosis, as well as the penetration of yeast cells
and pseudohyphae into vessels perforating the palmar aponeurosis. The penetration of fungal flora
through the epithelial and endothelial barriers may be facilitated by impaired blood supply [18, 19].

The lymphocytic-histiocytic chronic inflammatory infiltrate that forms in the invasion zone, giant
multinucleated cells, degenerating eosinophils, crystal formation and damage to blood vessels are
characteristic, but nonspecific for fungal infections, as they can occur with bacterial and parasitic
lesions [20].

Pseudohyphae, dimorphism (yeast cells and blastospores), as well as features of the ultrastructure
of intercellular contacts of fungal cells [21] are characteristic of Candida albicans, the most common
representative of the opportunistic fungal flora, the various stages of morphogenesis of which
have different effects on immune recognition [22]. Cutaneous candidiasis caused by other species
of the genus Candida is rare in the clinic, as it is unusual for humans [23]. Since other species
of the genus Candida may exhibit increased resistance to drugs, in recent years there has been
intensive development of molecular and genetic methods for species identification, which have
higher sensitivity and specificity compared to traditional microbiological methods [24].
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The role of histological examination in the diagnosis of mycoses is great, since the presence of fungi,
as well as signs of their invasion into tissues and blood vessels in histological preparations, is reliable
evidence of a deep fungal infection [25]. If the presence of fungal flora is suspected and even with
clinical manifestations of mycoses, microbiological methods frequently show false-negative results
and do not allow differentiating contamination, colonization and infection, and polymerase chain
reaction (PCR) methods and immunohistochemical reactions are not available in all laboratories,
therefore scanning electron microscopy is regarded as an important diagnostic method [26], which
can detect fungal lesions [27].

The work contains a comparative clinical and statistical analysis of two groups of patients with
Dupuytren’s contracture for the first time: without signs of fungal invasion and with damage
to the palmar aponeurosis by fungi of the genus Candida. The groups are comparable in clinical
and demographic characteristics, but significantly differ in the frequency of early Dupuytren's
contracture recurrence, which indicates the pathogenetically significant role of fungal invasion
as a damaging factor initiating the activity of fascial fibromatosis. The immunogenetic features
that are characteristic of Dupuytren's disease [28] form general (systemic) risk factors for fungal
invasion. Involvement of the skin in the fibromatous process [29] violates its barrier properties and
creates local conditions for the introduction of infectious agents into deeper tissues. On the other
hand, first of all, in the study of Candida albicans, and then other species of this genus of fungi,
different authors identified the peptide toxin candidalysin, which perforates cell membranes and
inhibits the complement system [30].

Candida fungi are known as representatives of the normal microbiota of the mucous membranes and
skin of most healthy people; however,commensals are transformed into pathogens under the influence
of general and local factors. Cutaneous candidiasis is characterized by superficial localization; lesions
of the dermis and subcutaneous tissue are rare [31]. Our study revealed the introduction of Candida
pseudohyphae into deep tissues (palmar aponeurosis), as well as into the bloodstream, which refers
to the criteria for invasive candidiasis, which, as a rule, develops as a result of increased colonization in
combination with impaired factors of general and local defense of the patient’s body [ 32]. Candida fungi
that have entered the bloodstream can be successfully eliminated from the body of a healthy person;
however, in elderly patients with chronic diseases, candidemia frequently leads to hematogenous
dissemination of the pathogen and fatal complications [33].

The limitations of the study are its monocenter nature and the average sample size.

Further comprehensive studies using immunohistochemical analysis, PCR, microbiological cultures of
blood and wound fluid would be promising for the development of rational antimycotic therapy and
anti-relapse therapy for fascial fibromatosis. Consultation of patients with Dupuytren's contracture by
an infectious disease mycologist and the prescription of etiotropic therapy does not eliminate the need
to correct modifiable risk factors for candidiasis, which include malnutrition and micronutrient
deficiency, obesity, diabetes mellitus, irrational antibiotic therapy and corticosteroids [34].

CONCLUSION

Histological detection of pseudohyphae of the genus Candida in the palmar aponeurosis and the
lumens of blood vessels in patients with Dupuytren's contracture verifies invasive candidiasis; the
relationship between fungal infection in the aponeurosis and an increased rate of early relapses of
contracture has been statistically proven. To increase the duration of the relapse-free period and,
potentially, the life expectancy of patients, consultations with infectious disease mycologists and
correction of modifiable risk factors for candidiasis are necessary.
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Abstract

Background Bone age is essential for pediatric patients with active growth zones and anteromedial instability
to facilitate optimal treatment strategy and minimize postoperative complications. However, many people are
unaware of various tools for determining bone age, including classical methods and modern machine learning
techniques.

The objective was to show and compare different methods for calculating bone age and determining surgical
strategy for patients with anteromedial instability of the knee joint.

Material and methods All-Inside anterior cruciate ligament reconstruction was performed for 20 patients.
Wrist radiographs were performed for bone age assessment using the "point scoring system" of Tanner
and Whitehouse and the "atlas matching" method of Greulich and Pyle. Machine learning programs were used
in addition to standard bone age assessments.

Results The findings showed an average difference of 21 months (80 %) in a group of 20 individuals with bone
age ahead of the passport age and an average difference of 18 months (20 %) in patients with retarded
bone age.

Discussion The findings showed the difference between chronological and bone age and could be encountered
in scientific articles on endocrinology and pediatrics. No scientific studies on the use of the methods could be
found in the specialty “trauma and orthopaedics”.

Conclusion Bone age assessment, prediction of children's target height are essential for surgical treatment
of patients with open growth plates.

Keywords: bone age, children, all-inside, ACL reconstruction, active growth plate, artificial intelligence
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INTRODUCTION

Anterior cruciate ligament reconstruction (ACLR) in children with open growth plates is an area
of controversy [1]. The incidence of pediatric injury is increasing due to increased sports
participation and recreational activities [2, 3]. Issues associated with ACL ruptures are the choice
of surgical or conservative treatment [4]; a risk of intraoperative injury to the growth plates [5] and,
asaconsequence, the search for the optimal surgical technique. The article is based on the dissertation
of Ivanov Y.A. “Damage to the pediatric anterior cruciate ligament. Diagnosis and treatment”,
05.26.2022 FSBI National Medical Research Center for Traumatology and Orthopaedics named after.
N.N. Priorov, Ministry of Health of the Russian Federation.

The objective was to show and compare different methods for calculating bone age and determining
surgical strategy for patients with anteromedial instability of the knee joint.

MATERIAL AND METHODS

The patients and volunteers who participated in the clinical study gave written consent. The study
was performed in accordance with the principles of the Declaration of Helsinki of the World Medical
Association (as amended in 2013). The study was approved by the ethics committee (02/04/2021,
No. 1-2021). The following criteria were identified for selecting patients for surgical treatment
using the all-inside method: age from 10 to 16 years, complete ACL rupture first identified with
imaging, severe anteromedial instability. The study did not include patients with additional injuries
to the posterior cruciate ligament (PCL), collateral ligaments, or fracture of the intercondylar tubercle.

The gender information was reported with no obvious correlations or differences found
with the parameter. There were 6 (30 % of the total) female patients. Our clinical department provides
surgical treatment for patients with ACL ruptures using all-inside all epiphyseal and all-inside partial
transphyseal techniques. The main difference of this technique is that the channels are formed up
to the growth zone in both bones (all-inside all epiphyseal) or in the femur up to the growth zone,
and in the tibia through the growth zone (all-inside partial transphyseal).

An all-inside, all-epiphyseal ACL reconstruction 5
technique involves drilling bone tunnels }
contained completely within the epiphyses
of the skeletally immature knee. Partial
transphyseal anterior cruciate ligament (ACL)
reconstruction suggests the femoral tunnel
placed in the distal femoral epiphysis whereas
the tibial tunnel placed in a transphyseal fashion
medial to the tibial tubercle. There have been
20 patients treated for anteromedial instability.
Radiography of the hand was produced for
the patients to determine bone age [6]. The
Knee Injury and Osteoarthritis Outcome Score
for Children (KOOS-Child) and the Pediatric
International Knee Documentation Committee
(Pedi-IKDC)  Subjective Knee Evaluation
Form were used to evaluate functional
status. The Tanner and Whitehouse method,
a bone-specific scoring system (TW2.1975) [7]

. . Fig. 1 Growth plates closing at different times in males
and the Atlas of Greulich and Pyle (Greulich W.W. (can be used as a reference manual): I - 15.5 years,

and Pyle S.I., 1959) [8] were used to evaluate II - 16 years, Il - 13 years, IV - 15 years, V- 12.5 years,

skeletal age (Fig. 1). VI - 14 years old (author's drawing)

In addition to conventional standard methods bone age assessment can be produced using machine
learning techniques [9, 10]. There are combined algorithms for bone age assessment based on the use
of various neural network models, which helps improve the accuracy of assessment [10, 11]. The data
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obtained from the neural network analysis were consistent with the data of the BoneXpert© [12],
Auxology© (Pfizer) reconstruction and manual calculations using the Greulich - Pyle Atlas
and the Tanner — Whitehouse method.

RESULTS

Patient data analysis was conducted to compare different methods of bone age assessment and
expected height, major differences were identified. These data may be useful for orthopaedic surgeons
when choosing a surgical treatment technique for patients with open growth plates (Table 1).

Table 1
Data for determining bone age and expected height of patients using machine learning programs
. Height,| Mother’s height, | Father’s height, Expected
Patient| Software |Gender| Age cm cm cm Bone age height
TW2 12 183
Auxology 13.1 183
! s m | 11 16l 170 183 13.6 182.8
BAA 13.9 180.8
TW2 13 181.5
Auxology 14.8 181.5
2 BoneXpert m 12.1 170 164 186 13.83 187.1
BAA 13.11 184.5
TW2 14.5 159.5
Auxology 13.9 159.5
3 BoneXpert f 13.3 | 150 154 178 15.36 152.3
BAA 13.1 153.4
TW2 14 171.5
Auxology 15.3 171.5
‘' m | 135 | 170 162 168 14.25 180.9
BAA 14.11 176.5
TW2 16.5 180.5
Auxology 15.8 180.5
S e m | 14 ) 181 173 175 16.35 184.6
BAA 16.6 183.8
TW2 17.5 165
Auxology 16 165
6 BoneXpert f 153 | 164 168 175 17.1 165.7
BAA 15.6 165.4
TW2 15.8 174
Auxology 17 175
7 BoneXpert m 15 178 165 170 17.3 179.5
BAA 17.6
TW2 17 180.5
Auxology 16.20 180.5
8 BoneXpert m 16.7 | 175 168 180 17.44 176.5
BAA 17
TW2 17 174
Auxology 16.4 175
9 BoneXpert m 17 172 165 170 16.54 174.8
BAA 16.5 177
TW2 16 166
Auxology 14.1 166
10 BoneXpert f 14 164 175 170 17 164.9
BAA 14 164

Note: Table 1 and Figure 2 present the most representative data from 10 patients.
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The percentile table (Fig. 2) presents the data of 10 patients including the number, the method
for bone age assessment and expected height, the height of the patient and parents, gender and age.
The table also shows the data obtained to allow analysis and comparison of assessment methods.
Predictably, this is the most difficult question. The use of the growth formula has a large error
of 5 cm, which is of key importance in the choice of surgical treatment strategy. A height percentile
chart can be helpful, but as the child grows, expected height may also change to the lower side.
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Fig. 2 Percentile table for height and weight for pediatric males and females aged 2 to 20 years

The results of the study in a group of 20 people showed an average difference of 21 months (80 %)
in patients with bone age ahead of the passport age, and an average difference of 18 months (20 %)
and in patients with delayed bone age.

Clinical instance

The patient’s chronological age was 13.5 years at the time of admission, height was 168 cm.
The mean KOOS subscale scores were: pain 69; symptoms 68; activities of daily living (ADL) 65;
sport 54 [13, 14]. Pedi-IKDC [15] scored 68. The patient was diagnosed with rupture of the anterior
cruciate ligament (Fig. 3),anteromedial instability of the knee joint. The initial knee injurywas caused
by a fall from a bicycle. The patient sustained another injury during boxing training and developed
knee instability. Bone age assessment was produced for the patient to minimize the risk and choose
the optimal ACL reconstruction technique. Estimation of skeletal maturity indicated bone age
of 14.5 years with the Greulich-Pyle and Tanner-Whitehouse method, 14.2 years with Auxology®
(Pfizer) reconstruction, 14.3 years with BoneXpert© (Fig. 4), 14.9 years with Bone Age Analyzer.
The patient's predicted height based on hand and wrist radiograph was 175 cm. The patient's
target height predicted by parental heights was 170.5 cm. The patient's peak active growth was
12.5 years. Based on the findings, surgical treatment included arthroscopic revision, debridement
and ACL plastic surgery using the all-inside partial transphyseal technique. Postoperative period
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was uneventful. During a after surgery, The range of motion in the knee joint was 180-100 degrees
at a 6-month follow-up. No pain, no swelling observed. KOOS-Child questionnaire scores: pain 78;
symptom 93; ADL 91; sport 82. Pedi-IKDC scored 74.

Analysis Report:

An X-ray of the left hand was analysed.

GP Bone Age Report:

Greulich-Pyle bone age
is 14.25 years (14y3m).

TW3 Bone Age Report:

Tanner-Whitehouse 3 bone age
S 14.26 years (14y3m).

Adult Height Predictor:

Adult height prediction based on the observed
bone age can be computed by using the link
below:

Bone age (GP) 14.25 years
Bone age (TW3) 14.26 years
Carpal bone age (GP) (N/A)

Chronological Age

Metacarpal Index 0.50
Fig. 3 MRI scan of the knee joint in the sagittal Fig. 4 Bone age calculated from an X-ray of the patient’s
plane. The white arrow shows the anterior hand using BoneXpert software

cruciate ligament rupture

Bone age and predicted height of the patient were measured in the clinical case. Bone age was
1 year ahead of chronological (passport) age. The patient's height was 168 cm (with a target height
of 175 cm), and stage IV of the Tanner Sexual Maturity Rating indicated sexual maturation. Position of
bone canals in the tibia and femur, physeal injury, presence/absence of angular deformities (Fig. 5) and
graft integrity (Fig. 6) were examined with radiographs and MRI scans of the knee joint at 12 months.

Bone age and expected height were calculated again using the BoneXpert software (Fig. 7).
The calculations showed 11/2 year difference with the passport age (passport age 14 years, bone
age 15.5 years). The height was 172 cm, and the expected height decreased to 174 cm suggesting
completed growth.

Fig. 5 MRI sagittal view of the knee joint
(a and b) at 12-month follow-up showing
the location of the canal in the lateral
condyle of the femur (white arrows) relative
tothe growth plate (black arrows). MRI coronal
view (c and d) shows the location of the canals
in the femur and tibia (white arrows) relative
to the growth plates (black arrows)
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Analysis Report:

An X-ray of the left hand was analysed

GP Bone Age Report:

Greulich-Pyle bone age according 1o BoneXpert
is 15.58 years (15y7m)

TW3 Bone Age Report:

Tannec-Whitehouse 3 bone age acoording to
BoneXpen Is 15.47 years (15y6m).

Adult Height Predictor:

Aduit height prediction based on the observed
bone age can be computed by using the link
below

Bone age (GP) 15.58 years

Bone age (TW3) 15.47 yoars

Carpal bone age (GP) (N/A)

Chronological Age 14.08

Metacarpal Index 0.48
Fig. 6 MRI view of the knee at 12 months Fig. 7 Bone age calculated from a radiograph
of surgery. The black arrow shows of the patient’s hand using the BoneXpert software
the integrity of the graft at 12 months of surgery

DISCUSSION

The findings showed a difference between chronological and bone age. These studies are normally
reported in journals of endocrinology and pediatrics, and there are no reported on the use of these
methods in the journals of traumatology and orthopaedics. There is a predictable sequence
of development and progression of ossification centers in healthy children. An age is characterized
by specific radiological findings indicating a stage of maturation. Skeletal maturity assessment is
a more accurate indicator of human body maturation than chronological age. Final height can be
predicted with more reliability using bone age [6]. Two methods were used in the series to determine
bone age of patients: bone-specific scoring system of Tanner and Whitehouse (TW2.1975) [7]
and the Atlas of Greulich and Pyle (Greulich W.W. and Pyle S.1., 1959) [8]. The TW2 method is based
on accurate measurements of each bone and on the assessment of numerical scores with the sum
of the scores facilitating the assessment of overall skeletal maturity. In the Greulich and Pyle method,
BA is evaluated by comparing the radiograph of the patient with the nearest standard radiograph
in the atlas; thus, this method reflects the maturity level of all bones in the hand and wrist.

Bone age can be estimated using machine learning methods [9, 10] as a promising trend in the field.
The Bone Age Analyzer program, developed by specialists from Belarus [10, 11], is a combined
algorithm for bone age assessment based on the use of neural network models to improve
the accuracy. The data obtained from the neural network analysis are in line with the data
obtained using the BoneXpert© [12], Auxology© (Pfizer) programs and manual calculations using
the Greulich-Pyle Atlas and the Tanner-Whitehouse method. It is important to note that opinions
of a radiologist, trauma surgeon and pediatric endocrinologist may differ, since the assessment
methods may be somewhat subjective and be associated with specific specialty [16, 17]. However,
the use of combined algorithms for bone age assessment based on neural networks helps
reduce the subjectivity and improve the accuracy of measurements. When using the there were
no difficulties with the use of Auxology®© software (Pfizer) [18, 19].

There are many methods for bone age assessment, and advanced techniques are based on the use
of neural networks and machine learning. This simplifies the calculation process reducing
the role of the human factor. The availability of such methods is currently limited. For example,
the well-known BoneXpert®© program [12] may not be available to the Russian doctors due to its high
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cost. However, there are hopes that developments from allied countries and Russian innovations
will become more accessible in the future and will positively effect the use of the methods [20-30].
We evaluated stages of patients' sexual maturation using the Tanner Sexual Maturity Rating, which
helped to track development during puberty assessing the bone age of children to determine
growth patterns. In our series, we used data that required no specific statistical processing. We used
mandatory questionnaires including KOOS-Child and Pedi-IKDC, which are widely used in pediatric
trauma and orthopaedic practice worldwide. The questionnaires have been validated and culturally
adapted in Russian for use in children with various knee pathologies.

CONCLUSION

Age characteristics and bone age assessment are essential for predicted and target growth
of patients with open growth plates undergoing surgical treatment. Bone age assessments help
determine the maturity of bones and growth plates, which play a crucial role in bone growth
and function. In our series, the patient had not yet completed his growth, so passing channels
through the growth plates could affect the integrity and the function. The all inside partial
transphyseal technique was practical in the case. The all inside all epiphyseal technique should
be used for large expected growth rates (> 5 cm < 10 cm) to minimize the risk of injury to growth
plates. If the expected height is greater than 10 cm of the actual height, then surgical treatment
may be further delayed by the need for a more beneficial effect. Introduction of implants can lead
to uneven load distribution and cause curvature of the skeleton and functional impairment.

The patient's bone age assessment and projected height are essential for preoperative planning.
Avariety of methods can be used for assessing bone maturation, and will help the doctor to choose
an adequate surgical treatment which can be further delayed for a more favorable outcome.
The main bone age assessment methods are the Greulich-Pyle and Tanner-Whitehouse based
on the level of maturity for 20 selected regions of interest in specific bones of the wrist and hand.
The Auxology® software and the analogues can facilitate the choice of the most effective surgical
treatment and help to avoid possible complications associated with injury to growth plates.
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Abstract

Introduction To date, a wide variety of synthetic materials, including metals, polymers and ceramics, have
been proposed and used as a substitute for bone grafts in the field of traumatology/orthopedics, neurosurgery
and oral and maxillofacial surgery (OMFS). However, the most studied materials are calcium phosphate
ceramics (CPC), in particular hydroxyapatite and tricalcium phosphate, as well as their mixtures, called
byphasic calcium phosphates. This interest stems from the fact that the main component of bone is the apatite
mineral calcium phosphate. Hydroxyapatite and tricalcium phosphate are among the most commonly used
and effective synthetic substitutes for bone grafts. They have not only osteoconductive properties, but also
osteoinductive. These properties, combined with cell-mediated resorption, ensure complete regeneration
of bone defects. This study will analyze existing clinical trials, registered on the clinicaltirals.gov website,
on the use of hydroxyapatite and tricalcium phosphate in the field of traumatology and orthopedics,
neurosurgery and OMFS.

Aim To identify the potential for clinical use, as well as possible side effects, of CPC as a replacement for bone
grafts.

Materials and methods The search strategy was to use material from the clinicaltrials.gov website,

which focused on key terms such as "hydroxyapatite", "tricalcium phosphate", "hydroxyapatite and tricalcium
phosphate", "traumatology and orthopedics”, "maxillofacial surgery", "dentistry", "neurosurgery", "bone",
and "diseases of the musculoskeletal system", and the criteria for inclusion and exclusion of the data

from clinical trials were divided into two stages.

Results and discussion As of November 2022, there were approximately 85 clinical trials with hydroxyapatite
application, approximately 49 clinical trials with tricalcium phosphate, and approximately 16 clinical trials
with the hydroxyapatite/tricalcium phosphate combination. Most of the studies were Phase 1-2, Phase 2, or
Phase 4. Most focused on tibial trauma therapy, osteoporosis/osteopenia, alveolar bone resorption, and spinal
surgery. It was found that full results were published onlyin 3,7 and 2 clinical trials on the use of hydroxyapatite,
tricalcium phosphate and their combination, respectfully. All clinical trials had similar preparation methods
and all of those clinical trials produced positive results without serious side effects.

Conclusion There is a wide potential for clinical use of CPC as synthetic bone graft substitutes without reports
of serious side effects. Many preclinical and clinical studies are currently underway on the use of hydroxyapatite
and tricalcium phosphate, and their future results will further explore their clinical potential.

Keywords: hydroxyapatite, tricalcium phosphate, diseases of the musculoskeletal system, therapy, analysis,
clinical trials
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INTRODUCTION

Bone tissue has a remarkable ability to regenerate and repair through physiological remodeling
or in response to injury. In a number of situations, bone tissue repair does not occur spontaneously
due to certain (unfavorable) local causes (vascular damage, infection, etc.), bone defect of a critical
size, systemic causes, or a combination thereof |1, 2]. Anumber of surgical interventions to stimulate
bone regeneration involve the use of biological support including a bone graft or a substitute,
natural or synthetic [3-6]. Autogenous bone (autograft) remains to be the “gold standard” of bone
grafting. Only an autologous graft provides the most desirable properties of a biomaterial, including
osteoconduction, osteoinduction and osteogenesis [7-9]. However, additional surgical interventions
are required to obtain autologous bone grafts, which can lead to complications, and, importantly,
the volume of autologous bone tissue is always limited. The use of allografts may solve a number
of problems associated with the use of autografts, but it also raises some concerns, such as the risk
of infection transmission, immunological reactions of the recipient, loss of biological and mechanical
properties due to their processing,increased cost and lack of availability[10, 11]. High biological safety
is a desirable characteristic of synthetic bone grafts. Approximately 60 % of current synthetic bone
substitutes available are ceramic biomaterials [12]. One of the most common is calcium phosphate
ceramics (CPC), characterized by a chemical composition close to the mineral phase of calcified
tissue, namely calcium hydroxyapatite [13]. In addition, the composition of the raw product can be
controlled by adjusting the calcium to phosphate (Ca/P) ratio [13]. Hydroxyapatite and tricalcium
phosphate are the most widely used CPCs, mainly in the combination in so-called biphasic calcium
phosphate ceramics [14, 15]. Hydroxyapatite and tricalcium phosphate are among the most common
bioactive materials currently used in neurosurgery, orthopedic and dental surgery [16—18]. This class
of materials can be synthesized according to several protocols such as solid state reactions, sol-gel,
precipitation methods, emulsion methods, hydrothermal reactions, mechanochemical methods,
hydrolysis of other calcium phosphates and chemical vapor deposition [19, 20].

Numerous studies have demonstrated the ability of hydroxyapatite to stimulate new bone formation
in vivo. Therefore, this material is generally considered osteoinductive [21]. New bone formation
without the addition of bone morphogenetic proteins or osteogenic cells at extraskeletal sites has
also been observed with the use of tricalcium phosphate [22]. However, it should be emphasized
that at present some of the mechanisms underlying osteoinduction are not fully understood.
This property is indeed related in a non-trivial way to the chemical composition and crystallinity
of the material, its stoichiometry, dissolution/precipitation behavior, surface chemistry and charge,
as well as microporosity and roughness. Both hydroxyapatite and tricalcium phosphate have been
widely used as bone fillers in the form of powders, cements, solids, porous solids, discs and granules
in many clinical trials since the early 1980s [23]. Hydroxyapatite has also been used to create
bioactive coatings on metal implants to enhance the biomimetic response of such implants [24].
To date, the only commercially acceptable method for applying such coatings is plasma spraying.

Tricalcium phosphate has three recognized polymorphs: 1) -tricalcium phosphate, which is stable below
1125 °C; 2) a-tricalcium phosphate, which is stable between 1125 °C and 1400 °C, and 3) o'-tricalcium
phosphate, which can be stable at temperatures above 1430 °C [14, 15]. a-Tricalcium phosphate
and B-tricalcium phosphate have different dissolution rates in the body and can be used together
in appropriate combinations [25]. a-Tricalcium phosphate and o’'-tricalcium phosphate have a lower
theoretical density than hydroxyapatite, but B-tricalcium phosphate is more preferred for biomedical
applications due to its mechanical characteristics, chemical stability and resorption rate [26].

Another important area of research into CaP-based biomaterials has focused on biphasic calcium
phosphates (BCP). By definition, BCP consists of two distinct CaP phases: most often the more stable
hydroxyapatite phase and the more soluble -tricalcium phosphate phase in varying proportions [27].
This combination has significant advantages over other types of CaP bioceramics, allowing better
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control of biological activity and biodegradation, which guarantees the stability of the biomaterial
and promotes osseointegration of newly formed bone tissue into the implant. The combination
of hydroxyapatite/tricalcium phosphate has osteoconductive properties and the possibility
of acquiring osteoinductive properties [28, 29].

As of November 2022, the site clinicaltrials.gov lists approximately 85 registered clinical trials using
hydroxyapatite alone or in combination with other biomaterials in traumatology and orthopedics,
maxillofacial surgery (MFS) and neurosurgery. There have been 49 clinical trials reported on the use
of tricalcium phosphate in the same areas of medicine. However, of these clinical trials, only five
trials published full results using hydroxyapatite and seven using tricalcium phosphate, respectively.
In addition, there are 16 clinical trials using a combination of hydroxyapatite/tricalcium phosphate,
with a predominance of one or another synthetic biomaterial, two clinical trials with results were
among them.

In this study, we analyzed various applications of synthetic biomaterials (hydroxyapatite and
tricalcium phosphate composites) in traumatology and orthopedics, maxillofacial surgery and
neurosurgery; we paid special attention to the corresponding methods of synthesis and processing
of hydroxyapatite and tricalcium phosphate composites, as well as their storage conditions.

Purpose: to identify the potential for clinical use of calcium phosphate ceramics as a substitute of
bone grafts, as well as possible side effects of their use.

MATERIALS AND METHODS
Search strategy

We conducted a comprehensive search for clinical trials demonstrating the use of hydroxyapatite
and tricalcium phosphate composites, alone or in combination, as effective synthetic bone
substitutes for various musculoskeletal conditions. Databases including clinicaltirals.gov were used
to obtain all relevant clinical trials. Search words were: hydroxyapatite, tricalcium phosphate,
hydroxyapatite and tricalcium phosphate, traumatology and orthopaedics, maxillofacial surgery,
dentistry, neurosurgery, bone and diseases of the musculoskeletal system. To select studies, we used
the following inclusion and exclusion criteria, which were divided into two stages.

Stage 1:

1) clinical trials on humans with the use of hydroxyapatite and tricalcium phosphate
2) clinical trials in phases 1 to 4:

a) location;

b) area of application;

¢) phase;

d) study status.
Stage 2:

1) clinical trials which results were published;
2) phases of clinical trials with selected study criteria for statistical analysis:
a) field of application;
b) treatment;
¢) intervention model'
d) source;
e) selection and processing methods;
f) results.
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Selection of clinical trials

After applying the inclusion and exclusion criteria in the first stage, a total of 67 clinical
trials with hydroxyapatite, 29 clinical trials with tricalcium phosphate and 12 clinical trials
with the hydroxyapatite/tricalcium phosphate combination were excluded, respectively, as there
were studies that were either in the early phase 1, or the phase was not specified or had aninapplicable
phase (note: excluding those with results). We analyzed the remaining clinical trials (18, 20, and
4, respectively) by area of application, phase, status, and location. Only 12 clinical trials using
hydroxyapatite and tricalcium phosphate alone or in combination (3, 7 and 2, respectively) were
selected for the second stage because they met the stated criteria of this study (Fig. 1).

85 clinical trials using 16 clinical trials using 49 Clilnical tr;lals LLsing
hydroxyapatite were found hydroxyapatite/tricalcium tricalcium phosphate
phosphate were found were found
\/ ‘ v
67 cillnlcal trials were excluded: 12 clinical trials were excluded: | | 29 clinical trials were excluded:
1 - in the early Phase . . . .
. . 10 had an inapplicable Phase 23 had an inapplicable Phase
>3 had an inapplicable Phase 2 — with unspecified Phase 6 — with un ified Ph
: 13 - with unspecified Phase P with unspecihed Fhase
o v v v
vl 18 clinical trials 4 clinical trials 20 clinical trials
were reviewed were reviewed were reviewed
for more detailed study for more detailed study for more detailed study
!
29 clinical trials were excluded:
15 - with hydroxyapatite application
| 13 - with tricalcium phosphate -
2 — with hydroxyapatite/tricalcium phosphate
!
~ 12 clinical trials were included in the study:
2 3 — with hydroxyapatite use
L] 7 — with tricalcium phosphate use
wn 2 - using their combinations

Fig. 1 Study design
Commercial products

About twenty-three major commercial bone graft products (scaffolds) have been identified from
clinicaltirals.govdata: OsteoGen™,NanoBone®,Kyphos FS™ KYPHON ActivOs®, Ossix™,Bio-Oss®,
CERAMENT® G, Siloss®, i-FactorTM, ReproBone®, AllogenixTM, Straumann BoneCeramic®,
CustomBone, OsteoGen® Plug, CERVIOS chronOS™, AttraX® Putty,chronOS®, Easy-graft ® CLASSIC,
NovoMax™, Guidor®, Guidor easy-graft® CRYSTAL, PD VitalOs cement®, Neofuse®, which may
differ in composition from each other, i.e. contain hydroxyapatite or tricalcium phosphate, or these
synthetic biomaterials were used additionally. Moreover, four growth factor-enhanced bone grafts
and two peptide-enhanced xenohybrid bone grafts were identified, respectively.

Statistical analysis

The statistical methods applied were t-test, ANOVA, chi-square analysis or Mann-Whitney test.
A probability p value < 0.05 (*), < 0.01 (**), or < 0.001 (***) was considered statistically significant.
Statistical analysis was performed using IBM SPSS 22.0 software and graphs were generated using
Graphpad Prism 7.0.
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RESULTS

Statistics from registered clinical trials on the use of hydroxyapatite and tricalcium phosphate

The use of synthetic biomaterials is a relatively new area that has great potential for solving many
serious problems in neurosurgery, traumatology, orthopedics and maxillofacial surgery (Fig. 2).
Additional research may be required to fully exploit this potential, but it is now confident that
significant progress has been made in studying the effectiveness of the use of hydroxyapatite and
tricalcium phosphate in these areas of medicine (Fig. 3).

l—-‘ Hydroxyapatite and tricalcium phosphate
Y

\

Neurosurgery

Traumatology and orthopaedics

Cranio-facial surgery

Y

v

Y

Degenerative diseases of the spine
Spinal injuries

Craniosynostosis

Cranioplasty

Spinal stenosis

Osteoporosis / osteopenia
Tibia fracture
Osteoarthritis

Flat feet

Plano-valgus foot

Alveolar bone resorption

Chronic periodontitis

Sinus lift

Injuries of the upper and lower jaw
Dental implants

Fig. 2 Most common pathologies that can be treated with hydroxyapatite and tricalcium phosphate as bone

substitutes
100 i p value < 0.05 | 304
r 1
90 p value < 0.05
254
80
70
204
60 p value < 0.05
P

50

40

304

Number of clinical trials

20

p value < 0.05

Number of clinical trials

p value < 0.05

p value < 0.01
P

a

[0 Hydroxyapatite [ Tricalcium phosphate [JHydroxyapatite / tricalcium phosphate

Fig. 3 Comparative analysis of clinical trials on the use of hydroxyapatite, tricalcium phosphate and their
combination: a hydroxyapatite vs tricalcium phosphate vs hydroxyapatite/tricalcium phosphate in the first phase
of this study; 85,49 and 16 clinical trials (p value < 0.05 and p value < 0.01); b hydroxyapatite vs tricalcium phosphate
vs hydroxyapatite/tricalcium phosphate after applying inclusion and exclusion criteria for the first stage of this
study; 18, 20 and 4 clinical trials (p value < 0.05 and p value < 0.01)

At the time of the study (November 2022), 85 clinical trials using hydroxyapatite and 49 using
tricalcium phosphate were registered worldwide. Also, 16 clinical trials were conducted with
the combination of hydroxyapatite/tricalcium phosphate to study their clinical use in diseases
of the musculoskeletal system. The number of registered clinical trials has increased significantly
since their first official use that was reported on November 15, 2005, and registration on clinicaltrials.
gov on September 11, 2006 (Figure 4).
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Number of clinical trials
Number of clinical trials

i a

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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Fig. 4 Statistics of registered clinical trials to test
clinical potential in accordance with the dynamics
of temporary (annual) registrations since the start
of the first clinical trial registered on the website
clinicaltrials.gov: a hydroxyapatite composites;
P i B b tricalcium phosphate composites; ¢ combinations
™ Ww W B Bn 24 ms Be B0 wn mn e mn we C of hydroxyapatite/tricalcium phosphate composites

Years

Number of clinical trials

Features of clinical trials

Based on the inclusion and exclusion criteria, 42 clinical trials that used hydroxyapatite, tricalcium
phosphate and their combination were analyzed (18, 20 and 4, respectively). The reasons for exclusion
inthe first phase of the clinical trial study (Fig. 5) were as follows: 53 (79.1 %),23 (79.1 %)and 10 (83.3 %)
clinical trials had an inapplicable phase; 13 (19.4 %), 6 (20.9 %) and 2 (16.7 %) clinical trials did not
specify the phase. There was one clinical trial that used hydroxyapatite in the early phase.

Clinical trials with hydroxyapatite are presented in 6 phases (Fig. 6 a), with tricalcium phosphate
in 5 phases (Fig. 6 b), with a combination of hydroxyapatite / tricalcium phosphate — in 2 phases
(Fig. 6 ¢).

However, of this small number of clinical trials, only 12 published full results (3, 7 and 2, respectively).

Reported clinical trial statuses were: have not started enrolling patients; are enrolling patients;
active but not yet enrolling patients; discontinued; completed; withdrawn, and unknown status

(Fig. 7).

Regarding the status of the 42 clinical trials analyzed, clinical trials with hydroxyapatite were mainly
completed (50 % of 18 clinical trials); those using tricalcium phosphate were mostly completed
(40 % of 20) and have an unknown status (40 % of 20); those using the hydroxyapatite/tricalcium
phosphate combination were mainly completed (75 % of 4 clinical trials) (Fig. 8).

Hydroxyapatite Tricalcium phosphate Hydroxyapatite / Tricalcium phosphate
mm Inapplicable mm Inapplicable mm Inapplicable
phase phase phase
3 Unspecified 3 Unspecified 3 Unspecified
phase phase phase
B3 Early phase
a b o
Total number Total number Total number
of clinical trials = 67 (100 %) of clinical trials = 29 (100 %) of clinical trials = 12 (100 %)

Fig. 5 Reasons for exclusion of clinical trials at the first stage of the study on the use of: a hydroxyapatite,
b tricalcium phosphate; c combinations of hydroxyapatite /tricalcium phosphate
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Hydroxyapatite

Phase 1
Phase 2
Phase 1-2
Phase 2-3
Phase 3
Phase 4

gooEOm

Total number
of clinical trials = 18 (100 %)

Tricalcium phosphate

Total number
of clinical trials = 20 (100 %)

Hydroxyapatite / Tricalcium phosphate

mm Phase 1 m Phase 1-2
3 Phase 2 = Phase 4
= Phase 1-2

B Phase 3

B Phase 4

Total number
of clinical trials = 4 (100 %)

Fig. 6 Distribution by phase of registered clinical trials on application of: a hydroxyapatite, b tricalcium phosphate;
¢ combinations of hydroxyapatite /tricalcium phosphate
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Withdrawn
Have
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Status 85 (100%)
of clinical trials

Tricalcium phosphate

Status 49 (100%)
of clinical trials

Hydroxyapatite / Tricalcium phosphate

= Enrolling patients = Have

o Discontinued not started
= Completed enrolling

= Withdrawn patients

= Have o Discontinued
unknown = Completed
status

status

Status 16 (100%)
of clinical trials

Fig. 7 Distribution based on progress of clinical trials registered in the clinicaltrials.gov database on application of:
a hydroxyapatite, b tricalcium phosphate; ¢ combinations of hydroxyapatite /tricalcium phosphate

Hydroxyapatite

Discontinued
Completed
Withdrawn
Have

unknown status

Status 18 (100%)
of clinical trials

Tricalcium phosphate

Status 20 (100%)
of clinical trials

Hydroxyapatite / Tricalcium phosphate
Enrolling patients = Completed

Discontinued O Have
Completed unknown
Withdrawn status
Have 25.00%
unknown status
75.00%
C

Status 4 (100%)
of clinical trials

Fig. 8 Distribution depending on the progress of the analyzed clinical trials on application of: a hydroxyapatite,

b tricalcium phosphate; ¢ combination of hydroxyapatite / tricalcium phosphate

Geographical distribution

The analyzed 42 clinical trials with hydroxyapatite and tricalcium phosphate have been currently
conducted in 19 countries. The USA, Switzerland, Iran and India lead in the number of clinical trials
with hydroxyapatite; Spain, USA and Russia lead in the number of trials with tricalcium phosphate.
The distribution of the number of clinical trials with the hydroxyapatite/tricalcium phosphate
combination is uniform (Table 1).
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Table 1
Distribution of clinical trials by regions
Number of trials
Combination of
Country Hydroxyapatite Tricalcium phospate hydroxyapatite/tricalcium
Total phosphate
abs. % Phases | abs. % Phases | abs. % Phases
USA 5 2 11.0 4 3 150 | L3
Spain 4 1 5.6 1-2 3 15.0 1u2
Austria 3 1 5.6 1-2 1 5.0 1-2 1 25.0 1-2
Egypt 3 1 5.6 2 1 5.0 2 1 25.0 4
Brazil 2 1 5.6 2-3 1 25.0 4
Germany 2 1 5.6 3 1 5.0 2
India 2 2 11.0 2
Iran 2 2 11.0 2
Russia 2 10.0 |2wu1-2
Switzerland 3 11.0 2u4 1 5.0 4
South Korea 2 5.6 4 1 25.0 4
Belgium 1 1 5.0 4
Hungary 1 1 5.0 2
Indonesia 1 1 5.6 1
Mexico 1 1 5.0 3
Singapore 1 1 5.0 2
France 1 5.6 1-2
Sweden 1 5.6 2-3
+ +
Canada +England| 2 | L | 56 | 4 1 | 50 | 3
Unknown 3 3 15.0 |2.1-2.4
Total 42 18 100 20 100 4 100

Conclusions from the techniques/protocols used for clinical application of hydroxyapatite
and tricalcium phosphate

The results revealed that hydroxyapatite and tricalcium phosphate are used in a variety of different
compositional and structural forms, including stoichiometric, calcium-deficient and ion-substituted,
dense and porous, nanocrystalline and microcrystalline, colloidal, granular and monolithic. Each
of the forms has specific properties and causes unique biological reactions. Nanostructured and
nanocrystalline CaP are traditional materials used in bone tissue bioengineering. Among a dozen
different CaP phases, synthetic hydroxyapatite and tricalcium phosphate have been the most
commonly used as bone substitutes due to their high similarity to natural bone. Therefore, compared
to other CaP materials, the number of clinical studies on the use of hydroxyapatite and tricalcium
phosphate is the greatest.

There are protocols for incorporating hydroxyapatite into silk polymers. This type of composite
material exhibited a higher cell adhesion and osteogenic differentiation capacity compared to its
components used separately. In addition, to facilitate the bond between the scaffold and the host
tissue, hydroxyapatite was used not only as a bulk component of the scaffold, but also as a surface
coating. This form of hydroxyapatite can inhibit the release of certain compounds or elements limited
by the bulk structure of the material. A thin layer of hydroxyapatite coating has shown to be effective
in inhibiting the release of inorganic polyphosphate from the surface of osteochondral constructs
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composed of calcium polyphosphate, yielding a new form of biphasic constructs. Ion-doped
hydroxyapatite particles were also frequently encountered in the protocols. Some clinical trials have
involved embedding bone morphogenetic proteins or other growth factors, such as recombinant
basic human fibroblast growth factor- (rhFGF-B), onto hydroxyapatite and tricalcium phosphate
scaffolds to induce cell differentiation or other specific effects. CaP cements are a special form
of hydroxyapatite or tricalcium phosphate materials because their main ingredients are amorphous
CaP or mono-, di-, tri- or tetra-CaP, which can set and harden into hydroxyapatite or tricalcium
phosphate only after they are placed in bone cavity.

There is currently no consensus on the ideal phase ratio of BCP for clinical use. Various ratios
of hydroxyapatite and tricalcium phosphate in combination have been evaluated in the literature
to determine the optimal ratio for bone regeneration, but only hydroxyapatite/tricalcium phosphate
ratios of 65/35, 60/40, and 50/50 have been used and have been successfully tested in human clinical
trials. Interestingly, two hydroxyapatite/tricalcium phosphate ratios (30/70 and 20/80) also exhibited
some osteoinductive properties.

All of the clinical trials were in phase 1-2, phase 2 or phase 4. The clinical trials showed positive
results without serious side effects (Table 2).
Table 2

Distribution of the most effective clinical trials (with results) registered on clinicaltrial.gov on the use
of hydroxyapatite, tricalcium phosphate and their combination in traumatology and orthopedics,
neurosurgery and maxillofacial surgery

Number
Indications of persons Intervention NCT number | Phase Short description
in the trial
Hydroxyapatite
Spinal canal Transforaminal lumbar Evaluation of a bone bridge in patients undergoing
stenosis and interbody fusion transforaminal interbody Ilumbar spine fusion.
spondylolithsesis 69 NCT02485574| - |The option of wusing autologous bone with
hydroxyapatite was not inferior to the option of using
only autologous bone.
Hip joint BoneMaster Coated Randomized controlled trial of patients requiring total
arthropathy Acetabular Sheath hip replacement. A method of fixing the hip joint to the
and Plasma Coated bone is by applying a coating to the implant to stimulate
167 Acetabular Sheath NCT00859976| - | bone growth in the femur. It was investigated whether
Bonemaster (a thin electrochemically applied coating
of hydroxyapatite) stimulates bone growth on the cup,
compared with plasma spraying
Cleft lip and Use of maxillary Alveolar bone defect reconstruction in patients
palate 5 alveolar graft NCT01932164 | - with cleft lip and palate using mesenchymal stem cells
from primary tooth pulp associated with collagen and
hydroxyapatite biomaterial (Geistlich Bio-Oss®)
Tricalcium phosphate
Preservation Easy-graft CLASSIC Clinical and histological evaluation of in situ alloplastic
of the alveolar (B-tricalcium compaction formed by B-tricalcium phosphate and
process. Dental 9 phosphate) NCT03215667 | - |polylactide membrane bone graft in preserving the
implants alveolar bone after extraction of non-molar teeth with
unretained extraction sockets
Alveolar bone B-tricalcium phosphate GUIDOR®  growth factor-enhanced bone graft
resorption and alone substitute (recombinant basic human fibroblast
periodontal 88 NCT01728844 | - |growth factor-B (thFGF-B)) in periodontal surgery
disease demonstrated greater gingival and bone regeneration
compared to bone graft substitute alone
Periodontal Easy-graft CLASSIC Case series to compare the effectiveness of two different
diseases (B-tricalcium phosphate) treatment approaches: a new alloplastic bone graft
8 NCT02221557 | - . - .
material while preserving the alveolar process and
existing methods of using allograft
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Continuation of Table 2

Distribution of the most effective clinical trials (with results) registered on clinicaltrial.gov on the use
of hydroxyapatite, tricalcium phosphate and their combination in traumatology and orthopedics,
neurosurgery and maxillofacial surgery

Number
Indications of persons Intervention NCT number | Phase Short description
in the trial
Degenerative Instrumented chronOS Strip is a synthetic bone void/defect filler made
disease of the posterolateral fusion from B-tricalcium phosphate granules and absorbable
lumbar spine with interbody support polymer [poly(lactide-co-¢-caprolactone)]. chronOS
Strip in combination with autologous bone and/or bone
marrow or autograft is intended for posterolateral
104 NCT00943384| - |spinal fusion. A prospective multicenter case
series to evaluate the rates of posterolateral fusion
in a prospective series of patients with degenerative
disc disease. chronOS Strip in combination with
bone marrow aspirate and local bone was applied
to the posterolateral gutters
Dental implants Sinus lift and dental Determine the ability of your own bone marrow tissue
implantation. Aastrom Phase | to promote bone regeneration (growth) in the jaw area
26 (BRCs) NCT00980278 1-2 | where the implant was installed. Process Name: Aastrom
Bone Repair Cell (BRC) Therapy
Peri-implantitis Easy-graft CLASSIC Single-arm study to evaluate the effectiveness
(B-tricalcium phospate) _ | of a treatment approach using a novel B-tricalcium
> NCT03215210 phosphate and polylactide membrane moldable bone
graft for peri-implantitis
Preservation Easy-graft CLASSIC A randomized controlled trial to compare
of the alveolar (B-tricalcium the effectiveness of two different treatment approaches
process. Dental 45 phosphate). Lyophilized | NCT02702609| - |using a novel B -tricalcium phosphate molded bone
implants FDBA Bone Allograft graft for alveolar process preservation in an atraumatic
with Collagen Plug extraction socket versus a collagen plug allograft
Hydroxyapatit / tricalcium phosphate
Periodontal Enamel matrix derivative, Clinical evaluation of the treatment of class II
disease 41 hydroxyapatite / NCT02474498 Phase | mandibular furcation defects using enamel matrix
B-tricalcium phosphate, 4 | derivative (EMD) and/or hydroxyapatite/tricalcium
flap approach operation phosphate bone substitute
Intervertebral CERVIOS chronOS™ Cervios ChronOs™ is a polyetheretherketone (PEEK)
disc degeneration, and Bonion™ cage with B-tricalcium phosphate. Bonion™ is a PEEK
intervertebral frame filled with hydroxyapatite/demineralized bone
disc displacement Phase matrix (DBM). However, comparative studies have not
and ossification 85 NCT01615328 4 been performed between PEEK cage with B-tricalcium
of the posterior phosphate and PEEK cage with hydroxyapatite/DBM.
longitudinal The rate of bone fusion between these cervical spine
ligament cages was assessed using postoperative computed
tomography (CT)
Note: type of study — interventional
DISCUSSION

Research into the use of CPC-based synthetic biomaterials has made significant progress
over the past four decades since they were first used in clinical settings. This study focused on
the analysis of the most widely used synthetic ceramic-based biomaterials in clinical practice,
namely hydroxyapatite and tricalcium phosphate. The main areas of their clinical application are
traumatology and orthopaedics, neurosurgery and maxillofacial surgery. Among the most common
pathologies where they are used are injuries/fractures of long bones, osteoprosis/osteopenia,
degenerative diseases of the spine and alveolar bone resorption; but there are also a significant
number of clinical trials on osteoarthritis, craniopasticity and periodontal defects. The clinical trials
break new ground on novel synthetic biomaterial transplantation techniques that offer potential
benefits for the future of global public health as they target the field of regenerative medicine and
tissue engineering of musculoskeletal diseases.
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The growing number of clinical trials with application of hydroxyapatite and tricalcium phosphate
represents a transition from preclinical to clinical medicine. Current clinical trials registered
on clinicaltrials.gov site are primarily in phase 1-2, phase 2 or phase 4 and demonstrate safety
and effectiveness. Given the promising results of clinical trials with the use of composite biomaterials
based on hydroxyapatite, tricalcium phosphate, or a combination of both, it can be stated that they
have great potential to be applied as bone graft substitutes.

Hydroxyapatite is a chemical analogue of biogenic apatite, the main component of all hard tissues
of the mammalian body, with the exception of calcium carbonate otoconia of the inner ear. It attracted
attention in the early days of biomaterials science due to its expected biocompatibility based on its
high level of chemical and crystallographic similarity to the inorganic component of bones and teeth
[30]. Bioactivity and biocompatibility of hydroxyapatite give it an advantage over bioinert ceramics
such as titanium dioxide, alumina and silica and helps it interact more closely with the cells and
tissues of the biological environment [31]. Moreover, many relatively simple synthesis protocols
have been established for hydroxyapatite, allowing researchers to produce particles of precisely
defined sizes and shapes [32]. Functionalization and surface modification of hydroxyapatite can be
accomplished through equally simple non-covalent interactions, taking advantage of the strong
physical sorption capacity of the polyvalent ions that make up the surface of the hydroxyapatite
particles itself [33, 34]. Currently, hydroxyapatite is also widely known as a drug delivery agent
(antibiotics, growth factors, nucleic acids or ligands that facilitate targeted delivery and a specially
controlled rate of drug release). In addition to loading with therapeutic agents, hydroxyapatite can
also be converted into a bioimaging agent using various functionalization strategies [35]. Being
relatively resistant to biodegradation, but with the ability to degrade quickly in certain environments,
such as near cancer cells, hydroxyapatite also has the potential to act as a smart biomaterial that
responds to environmental stimuli [36]. This ability to achieve multiple functional characteristics
allows it to be used for multiple drug delivery, while its location is tracked and controlled by various
diagnostic methods (computed tomography), which is one of the prerequisites for theranostics
applications.

The main property of tricalcium phosphate is its osteoconductivity, which is one of the main reasons
for its use as a biomaterial for bone defect repair. However, only the property of osteoconductivity
deprives tricalcium phosphate composite materials of a sufficient degree of bone regeneration and
remodeling [37]. Today it is known that the following factors are necessary for new bone growth:
bioactive materials with scaffold function; various growth factors that induce cell differentiation;
stem cells with the potential to differentiate into bone tissue. Therefore, the bone-restorative
effect of tricalcium phosphate can be maximized if we provide it with stem cells and/or growth
factors to stimulate osteoblast differentiation. In clinical applications, degradation and mechanical
properties are important physical parameters of tricalcium phosphate, which are mainly related
toporosityand surface size. Continuous degradation of tricalcium phosphate provides sufficient space
for cell growth, while excellent mechanical properties can maintain the space structure for long-term
cell growth [38]. However, they limit each other because higher porosity leads to higher degradation
and poorer mechanical properties [38]. Therefore, to improve the physical bone repair properties
of tricalcium phosphate, it is necessary to combine it with other materials. Thus, the combination
of hydroxyapatite and tricalcium phosphate has many advantages [27]. Tricalcium phosphate
provides calcium and phosphorus ions, which are useful in differentiating osteoblast maturation.
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In fact, hydroxyapatite provides a favorable microporous scaffold environment that promotes
osteoblast proliferation and differentiation. Both tricalcium phosphate and hydroxyapatite can
promote new bone formation [28, 29]. However, compared to the use of hydroxyapatite or tricalcium
phosphate alone, their combination can produce more new bone in a shorter period of time [39].
By adjusting the hydroxyapatite/tricalcium phosphate ratio, a balance can be maintained between
ceramic material absorption and new bone formation. In particular, the so-called ReproBone® is
a porous resorbable ceramic bone graft substitute (composed of 60 % hydroxyapatite and 40 %
B-tricalcium phosphate), similar to the mineral component of the human bone, which has already
been clinically tested to create synthetic bone grafts with promising results [40, 41].

CONCLUSION

The results of clinical trials reveal that the combination of hydroxyapatite and tricalcium phosphate
has many advantages. Hydroxyapatite and tricalcium phosphate used alone or in combination
do not have any serious side effects.

We expect that the number of clinical studies devoted to the use of synthetic biomaterials based
on hydroxyapatite and tricalcium phosphate in traumatology and orthopaedics, neurosurgery
and maxillofacial surgery would help to more clearly define the potential for their therapeutic use,
which can promote bone tissue regeneration and potentially improve the quality of life of patients
with bone defects.
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Abstract

Introduction Non-surgical treatment of osteoarthritis is aimed at managing joint degeneration and
inflammation to prolong the life of the original joint and delay total joint replacement. The objective was
to pathomorphologically substantiate preclinical effectiveness of PRP in OA using comparative analysis
of depleted plasma and serum.

Material and methods The experiment was performed in 120 Wistar rats, divided into 4 groups. Osteoarthritis
was simulated using an original method. Knee joint injection given to the animals after skin dissection under
inhalation anesthesia and visual control two weeks later contained 0.05 ml PRP in group 1, 0.05 ml plasma
in groups 2 and 0.05 ml blood serum in groups 3. The same volume of physiological saline solution was used
for the injections produced for control animals. Injections were administered three times at 2-week intervals.
Animals were sacrificed in groups of 10 at 2 weeks of each injection.

Results The median MANKIN value scored 2.0 (1.0; 2.0) in group 1, 6.0 (5.0; 7.0) in group 2 and 7.0 (6.0; 7.0)
in group 3 at 6 weeks. The median MANKIN value scored 7.5 (7.0, 8.0) in the control group. Statistically
significant differences were determined between the groups at p < 0.001.

Discussion Literature data on preclinical evaluation of the effectiveness of PRP therapy in biological models
of OA are controversial. An original, low-traumatic functional method was used for simulating knee OA
to reproduce major pathogenetic mechanisms in rats.

Conclusion The findings suggested a pronounced therapeutic effect with improved morphofunctional
features of the hyaline cartilage and MANKIN score of 2 at 6 days of intra-articular administration of modified
PRP as compared with plasma and serum.

Keywords: osteoarthritis, experimental model, laboratory rat, articular cartilage, joint capsule, subchondral
bone, treatment of osteoarthritis, platelet-rich plasma, PRP, blood serum
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INTRODUCTION

Inrecent decades, the orthobiological approach, as one of the principles of regenerative medicine, has
beenused for the local treatment of OA among specialists developing technology for new or optimized
biological materials and among orthopaedic and trauma surgeons for stabilization of degenerative
changes in articular cartilage [1-3]. Blood derivatives, including autologous conditioned blood
serum (SC) or platelet-rich plasma (PRP) can be used for the treatment of OA [4-12]. Literature
data on preclinical evaluation of the PRP therapy in biological models of OA are controversial due
to different methods of simulating OA, technologies for obtaining experimental PRP products,
the frequency of their intra-articular administration and the intervals between injections [13, 14, 15].
Experimental OA is normally inducted by intra-articular administration of monoiodoacetate or a talc
suspension.Inour opinion, the effect of chemicals on the hyaline cartilage can cause a chemical injury
and affect evaluation of the results of therapy[15, 16]. Therefore,an original, low-traumatic functional
method was used in our series for simulating knee OA in rats to reproduce major pathogenetic
mechanisms of the condition [14, 17]. The frequency of administration of experimental PRP products
varies from one to three intra-articular injections among different authors. Pathomorphological
and immunological assessment of the effectiveness of PRP therapy includes increased thickness
of the articular cartilage, improved tinctorial properties of the articular cartilage matrix, appearance
of fibro-hyaline cartilage and an analgesic anti-inflammatory effect [18-24]. Non-surgical treatment
of OA is aimed at managing joint degeneration and inflammation to prolong the life of the original
joint and delay total joint replacement. Original technologies for obtaining biologically standardized
autologous and donor PRP has been developed at the Republican Scientific and Practical Center
for Transfusiology and Medical Biotechnology (Republic of Belarus, Minsk). The effectiveness
of the products was evaluated with OA simulated in experimental animals optimizing minimally
invasive intra-articular administration of blood derivatives.

The objective was to pathomorphologically substantiate preclinical effectiveness of PRP in OA
using comparative analysis of depleted plasma and serum.

MATERIAL AND METHODS
Laboratory animals

The experiment involved 120 Wistar rats (60 females and 60 males). The animals were kept
in the vivarium of the Gomel State Medical University in cages of 3 individuals, with humidity
and temperature controlled. Water and food were provided ad libidum. The day/night cycle was
12 hours. Prior to experiments, the animals got acclimatized for 14 days. Animals were kept
and cared for in accordance with the recommendations of Good Laboratory Practice of the Ministry
of Health of the Republic of Belarus (TPK 125-2008 (02040)). Animals were sacrificed following
the bioethical principles of the Declaration of Helsinki for the Humane Treatment of Laboratory
Animals as amended in 2013 [18]. Experimental studies with animals were approved by the ethics
committee of Gomel State Medical University (minutes of meeting of the committee No. 4
dated December 23, 2020). Animals were randomized using envelopes/random number generator
and divided into 4 equal groups (30 animals each). The first group (study group) included rats
that received allogeneic plasma enriched with soluble platelet factors (PRP), the second group
(comparison group 1) included rats that were injected with rat plasma, and the third (comparison
group 2) received injections with serum blood of rats, the fourth group included controls.
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Preparation of plasma, serum, PRP

The protocol for obtaining PRP included several strictly defined stages. Blood sampling was
carried out in rats cardially with a syringe under general anesthesia with 2.5 % sodium thiopental
administered intraperitoneally at a dose of 45 mg/kg body weight. The method allows you to take
approximately 10 ml of blood. The contents of the syringe were transferred into tubes with 3.8 %
sodium citrate (9:1 ratio) and centrifuged at room temperature at 1000 rpm within 20 minutes.
Plasma and buffy platelets were collected using a Pasteur pipette and centrifuged at 1500 rpm.
within 20 minutes. The resulting upper layer was selected and used as plasma with blood
components removed, depleted plasma. The platelet content in the depleted and enriched layers
was monitored using a Sysmex XP-300 hematology analyzer (Sysmex Europe GmbH, Germany).
The lower platelet-rich layer was adjusted with depleted plasma to a platelet concentration
of 2.0 x 10'%/ml. To assess the purity of PRP, white blood cells were counted with the count being
less than 0.1 x 10%/ul. The resulting plasma fractions were frozen at -70 °C. The enriched plasma
was thawed and centrifuged at 3000 rpm. within 15 minutes after 1 to 3 days. The supernatant was
collected, filtered using sterile filters with a pore diameter of 0.2 um, packaged in 0.25 ml Eppendorf
tubes and stored at -70 °C prior to the use [19]. Serum was obtained according to standard methods.
The resulting blood in a volume of 5 to 10 ml was left at 4 °C for an hour. The clotted blood was
centrifuged for 20 minutes at 2000 rpm. The supernatant, serum without evidence of hemolysis, was
transferred into Eppendorf tubes and stored at -70 °C prior to the use.

Surgical simulation of osteoarthritis and dosing protocol

Osteoarthritis of the knee joint was simulated in rats using the original method [25]. The technique
included several stages. The skin and fascia of the rodent knee was dissected under inhalation
anesthesia in aseptic conditions. A sterile needle was injected into the joint cavity and a mechanical
trauma to the cartilaginous structures of the lateral condyles of the femur and tibia was produced
with the cutting part of the bevel of needle. The diameter of the needle matched with the overall
thickness of the cartilaginous layer of the articular surfaces, and sutures were applied to the dissected
tissues. Two days later, rats were subjected to use walking wheel system to create static and dynamic
loading on injured joints reproducing major pathogenetic mechanisms of osteoarthritis. Two weeks
after simulation of OA under inhalation anesthesia, after skin dissection under visual control, 0.05 ml
of PRP was injected into the knee joints of animals in group 1, 0.05 ml of plasma injected in group 2,
and 0.05 ml of blood serum administered in group 3. The same volume of saline was injected in control
rats. Injections were produced three times at intervals of 2 weeks. Animals were sacrificed two weeks
after each injection in groups of 10. Major stages of the experiment are presented in Figure 1.

Preparation of histological preparations

The joint was exposed and placed in the decalcifying liquid Histodecalc (Sigma, Italy) for 48-72 hours
immediately after the animal was sacrificed. The joint was sagittally cut and the pieces of tissue fixed
in 10 % neutral Lilly-buffered formalin for 24-48 hours. Histological processing was produced using
the STP-120histoprocessor (ThermoScientific, Germany)withthetissuesembeddedinparaffinblocks.
A series of sections 4 pm thick were produced from paraffin blocks using a ThermoScientificMicrom
HM 450 microtome (ThermoScientific, Germany). Staining with safranin O was produced after
dewaxing as reported by R. Asjid et al. [21].
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Fig. 1 Diagram of the experiment with therapy of the knee osteoarthritis induced in rats

Morphometric analysis

Microscopic and morphometric analyses were produced using a NikonEclipse 50i light microscope
(Nikon, Japan). Morphometric assessment of hyaline cartilage was produced at the site of injury
with 3 non-overlapping fields of view. A MANKIN scoring scale modified by F.M.D. Henson et al. was
used to evaluate pathological changes in articular cartilage [21] (Table 1).

Table 1
Modified MANKIN score
. .. . Integrity of the
Structure Cellularity Matrix integrity border line Score
Smooth surface / normal Normal location Nog‘qal Nor@al, not 0
staining impaired
Rough surface/single crack or Clustersiof cells in the Slight loss of .
) . superficial layer or loss of 10 % S Impaired 1
area of cartilage separation staining
of cells
Multiple cracks/moderate Disarrangement or loss of 25 Moderate loss 5
cartilage separation % cells of staining
Fragmentation or severe Rows of cells are missing or cell | Severe loss of 3
separation of cartilage loss is up to 50 % staining
Loss of cartilage fragments Single cells No staining 4
Erosion does not reach the s
boundary line
Erosion deeper than the 6
boundary line
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Statistical analysis

The Shapiro — Wilk test did not reveal a normal distribution, and the parameters in our series were
presented as the median, 25th and 75th percentiles. Between-the-group comparisons were performed
using the Kruskal — Wallis test. Dunn's test was used for post-hoc testing. Results were considered
statistically significant at p < 0.05. The GraphPadPrism v. 7.04 software package (GraphPadSoftware
inc., USA) was used for statistical analysis and graphical presentation of the findings.

RESULTS

All animals tolerated surgical knee manipulations performed under anesthesia and remained alive
on to sacrifice. Histological signs of severe osteoarthritis were identified in animals of all groups
2 weeks after the first injection. Destruction of hyaline cartilage with loss of the fragments was
observed with areas of cell loss and staining identified, and the border line had areas of discontinuity.
The median Mankin score was 10.50 (9.0; 11.0) in group 1, 11.0 (9.0; 12.3) in group 2, 10.5 (9.8; 11.6)
in group 3 and 12.0 (10.8; 13.0) in controls. No statistically significant differences were detected
between the groups (p = 0.326) (Fig. 2a).

Microscopic examination of histological preparations of hyaline cartilage of the rodent joints
performed at 4 weeks of the first injection of blood derivatives showed cracks and fragmentation
of the cartilage, greater clonality of chondrocytes, areas of lost staining and discontinuity
of the border line in group 1. Areas of destruction and loss of cartilage fragments, loss
of the cellularity and staining in isolated areas were observed in group 2. Areas of lost cartilage
fragments replaced by immature connective tissue, discontinuity of the border line were detected
in group 3. Immature connective tissue at the site of the cartilage defect, loss of cellularity and
discontinuity of the border line were noted in control animals. The median Mankin score was
3.00 (3.0;4.3)in group 1,4.0 (3.0; 5.3) in group 2, 7.0 (6.8; 8.0) in group 3 and 8.0 (7.0; 9.0) in controls
at 4 weeks of the experiment. Statistically significant differences were identified between the groups
(p < 0.001). Between-the-group differences are presented in Figure 2b.
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ontrol - ° =P
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o o © ° © =4
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T T T T 1 in groups of rats at different periods of treatment:
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Animals in group 1 showed sporadic rugosity of the surface of the hyaline cartilage and small
areas of lost staining in the matrix at 6 weeks of the experiment. Sporadic rugosity of the surface
of the hyaline cartilage and small areas of cartilage replaced with connective tissue were seen
in group 2. Areas of hyaline cartilage replaced with connective tissue and decrease in the cellularity
and matrix staining were observed in group 3. Control rats showed areas of cartilage completely
replaced with connective tissue to the full depth and a significant decrease in cellularity in these
areas. Most representative microphotographs are presented in Figure 3.

Fig. 3 Pathomorphological picture of the knee cartilage in rats treated for 6 weeks using: (a) PRP; (b) plasma;

(c) serum; (d) saline solution. Stained with safranin O. Magnification x200
The median Mankin score was 2.0 (1.0; 2.0) in group 1, 6.0 (5.0; 7.0) in group 2, 7.0 (6.0 ; 7.0) in group 3
and 7.5 (7.0, 8.0) in controls. Statistically significant differences were identified between the groups
(p < 0.001). Between-the-group differences are presented in Figure 2c.

DISCUSSION

Pathological findings obtained in our series indicated increased cellularity, decreased surface rugosity
and accumulation of proteoglycans in the intact hyaline cartilage with a deep cartilage defect being
filled with connective tissue [26]. The findings are consistent with those by A. Boffa et al.ina systematic
review (2021), showing similar changes in small laboratory animals reported in 28 studies. A group of
animals receiving PRP therapy was compared with controls receiving a saline solution in the studies

95 Genij ortopedii. 2024;30(1)



Theoretical and experimental studies

presented in the systematic review [20]. Our study showed a statistically significant effect of PRP
in comparison with control and serum groups [27-28] that can be associated with the pronounced
regenerative potential of PRP compared to blood plasma containing no platelets and soluble platelet
factors, and the blood serum containing a natural (3-5 times lower) level of soluble platelet factors.
Similar data were reported in experimental studies of other authors [26, 29].

CONCLUSION

The findings suggested a pronounced therapeutic effect with improved morphofunctional features
of the hyaline cartilage and Mankin score of 2 at 6 days of intra-articular administration of modified
PRP as compared with plasma and serum.

Conflict of interest The authors declare that there are no obvious or potential conflicts of interest related to the publication
of this article.

Financing The work was produced as part of the project of the Ministry of Health of the Republic of Belarus “Development
of a method for obtaining and using autologous plasma-containing soluble platelet factors in the treatment of patients
with osteoarthritis” of the subprogram “Transplantation of cells, tissues and organs” of the state scientific and technical program
“New methods of providing medical care’, state registration No.: 20192357 dated 02.09.2019.

Ethical review The studies were approved by the ethical committee of the State Medical University, minutes of meeting No. 4
of December 23, 2020, and were conducted in accordance with the ethical principles of the Declaration of Helsinki.

Informed consent Not applicable.

REFERENCES

1. Wu PI, Diaz R, Borg-Stein ]. Platelet-Rich Plasma. Phys Med Rehabil Clin N Am. 2016;27(4):825-853.
doi: 10.1016/j.pmr.2016.06.002

2. Cole BJ, Karas V, Hussey K, et al. Hyaluronic Acid Versus Platelet-Rich Plasma: A Prospective, Double-Blind
Randomized Controlled Trial Comparing Clinical Outcomes and Effects on Intra-articular Biology for the
Treatment of Knee Osteoarthritis. Am J Sports Med. 2017;45(2):339-346. doi: 10.1177/0363546516665809

3. Eismont OL. Orthobiologics in osteoarthritis treatment. Medicinskie Novosti. 2020;8(311):45-48. (In Russ.)

4. Laver L, Marom N, Dnyanesh L, et al. PRP for Degenerative Cartilage Disease: A Systematic Review
of Clinical Studies. Cartilage. 2017;8(4):341-364. doi: 10.1177/1947603516670709

5. Joshi Jubert N, Rodriguez L, Reverté-Vinaixa MM, Navarro A. Platelet-Rich Plasma Injections for Advanced
Knee Osteoarthritis: A Prospective, Randomized, Double-Blinded Clinical Trial. Orthop ] Sports Med.
2017;5(2):2325967116689386. doi: 10.1177/2325967116689386

6. Fox BA, Stephens MM. Treatment of knee osteoarthritis with Orthokine-derived autologous conditioned
serum. Expert Rev Clin Immunol. 2010;6(3):335-345. doi: 10.1586/eci.10.17

7. Frisbie DD, Kawcak CE, Werpy NM, et al. Clinical, biochemical, and histologic effects of intra-articular
administration of autologous conditioned serum in horses with experimentally induced osteoarthritis.
Am J Vet Res. 2007;68(3):290-296. doi: 10.2460/ajvr.68.3.290

8. Osterdahl J. Evaluation of autologous conditioned serum. Swed Uni Agricultural Sci. 2008;(3):1-5.

9. Marx RE, Carlson ER, Eichstaedt RM, et al. Platelet-rich plasma: Growth factor enhancement for bone
grafts. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 1998;85(6):638-646. doi: 10.1016/s1079-
2104(98)90029-4

10.Kotlubaeva EYu, Belashov NV, Lapinin Al. On the history of the use and effectiveness of PRP-therapy.
Scientific almanac. 2020;(1-2(63)):69-72. Available from: https://ukonf.com/doc/na.2020.01.02.pdf.
Accessed Oct 25, 2024. (In Russ.)

11.Potapnev MP, Zagorodny GM, Krivenko SI, et al. Modern aspects of the use of plasma enriched in soluble
platelet factors in the treatment of injuries and diseases of the musculoskeletal system. Sports medicine:
research and practice. 2019;9(4):33-45. (In Russ.) doi: 10.17238/ISSN2223-2524.2019.4.33

Genij ortopedii. 2024;30(1) 9



Theoretical and experimental studies

12.Yamaguchi R, Terashima H, Yoneyama S, et al. Effects of platelet-rich plasma on intestinal anastomotic
healing in rats: PRP concentration is a key factor. J Surg Res. 2012;173(2):258-66. doi: 10.1016/j.
j$s.2010.10.001

13.Nikolaev VI, Petkevich OV, Tretyakov AA, et al. Method of experimental modeling of osteoarthritis of the knee
joint in rats. Patent of the Republic of Belarus, no. 23186, 2010. Available at: https://elib.gsmu.by/handle/
GomSMU/3486. Accessed 25 Okt, 2023. (In Russ.)

14.Park YG, Han SB, Song SJ, et fl. Platelet-rich plasma therapy for knee joint problems: review of the literature,
current practice and legal perspectives in Korea. Knee Surg Relat Res. 2012;24(2):70-8. doi: 10.5792/
ksrr.2012.24.2.70

15.Troyanov AA, Potapnev MP, Kondratenko GG, et al. Biological effects and healing action of plasma
enriched with soluble factors, platelets, in conditions of experimental hyperglycemia. Medicinskyi zhurnal.
2018;(2):107-112. (In Russ.)

16.HanafyAS,El-Ganainy SO.ThermoresponsiveHyalomerintra-articularhydrogelsimprovemonoiodoacetate-
induced osteoarthritis in rats. Int ] Pharm. 2020;573:118859. doi: 10.1016/j.ijpharm.2019.118859

17.Bansal H, Leon J, Pont JL, et al. Platelet-rich plasma (PRP) in osteoarthritis (OA) knee: Correct dose critical
for long term clinical efficacy. Sci Rep. 2021;11(1):3971. doi: 10.1038/s41598-021-83025-2

18.Magalon ], Chateau AL, Bertrand B, et al. DEPA classification: a proposal for standardising PRP use and
aretrospective application of available devices. BMJ Open Sport Exerc Med. 2016;2(1):e000060. doi: 10.1136/
bmjsem-2015-000060

19.Potapnev MP, Krivenko SI, Bogdan VG, et al. Platelet-rich derived plasma: manufacture and medical
application. Healthcare. 2018;10(859): 38-44. (In Russ.)

20.Boffa A, Salerno M, Merli G, et al. Platelet-rich plasma injections induce disease-modifying effects
in the treatment of osteoarthritis in animal models. Knee Surg Sports Traumatol Arthrosc.2021;29(12):4100-
4121.doi: 10.1007/s00167-021-06659-9

21.Asjid R, Faisal T, Qamar K, et al. Effect of Platelet-rich Plasma on Mankin Scoring in Chemically-induced
Animal Model of Osteoarthritis. J Coll Physicians Surg Pak. 2019;29(11):1067-1071. doi: 10.29271/
jcpsp.2019.11.1067

22.Papalia R, Diaz Balzani L, Torre G, et al. Intraoperative application Platelet rich fibrin, postoperative
injections OF PRP or microfracture only for osteochondral lesions of the knee: a five-year retrospective
evaluation. J Biol Regul Homeost Agents. 2016;30(4 Suppl 1):41-49.

23.Malanin DA, Tregubov AS, Demeshchenko MV, Cherezov LL. PRP-therapy for osteoarthritis of large joints.
Volgograd: VolgSMU Publ.; 2018:49. (In Russ). Available from: http://www.prplab.ru/docs/PRP-terapiya-
pri-osteoartrite-krupnyh-sustavov.pdf. Accessed 25 Okt, 2023. (In Russ.)

24.Glynn LG, Mustafa A, Casey M, et al. Platelet-rich plasma (PRP) therapy for knee arthritis: a feasibility
study in primary care. Pilot Feasibility Stud. 2018;4:93. doi: 10.1186/540814-018-0288-2

25.Tretsyakov AA, Nikolaev VI, Zinovkin DA, Serdiuchenko NS. Experimental model of knee osteoarthritis in
rats. News of biomedical sciences. 2020;20(4):90-97. (In Russ.)

26.Huang GS, Peng Y], Hwang DW, et al. Assessment of the efficacy of intra-articular platelet rich plasma
treatment in an ACLT experimental model by dynamic contrast enhancement MRI of knee subchondral
bone marrow and MRI T2* measurement of articular cartilage. Osteoarthritis Cartilage. 2021;29(5):718-727.
doi: 10.1016/j.joca.2021.02.001

27. Azizi S, Kheirandish R, Farsinejad A, Rasouli N. The effect of intraarticular serum rich in growth factors
(SRGF) on knee osteoarthritis in the rat model. Transfus Apher Sci. 2017;56(3):371-375. doi: 10.1016/j.
transci.2017.02.006

28.Araya N, Miyatake K, Tsuji K, et al. Intra-articular Injection of Pure Platelet-Rich Plasma Is the Most Effective
Treatment for Joint Pain by Modulating Synovial Inflammation and Calcitonin Gene-Related Peptide
ExpressioninaRat Arthritis Model. Am ] Sports Med. 2020;48(8):2004-2012.doi: 10.1177/0363546520924011

29.Subbot AM, Trufanov SV, Shakhbazyan NP. Comparative analysis of the regeneratory potential of blood
derivatives on a cell model of corneal epithelium damage. Genes and cells. 2021;16(1):64-68. (In Russ.)
doi: 10.23868/202104010

The article was submitted 13.06.2023; approved after reviewing 23.10.2023; accepted for publication 01.12.2023.

97 Genij ortopedii. 2024;30(1)



Theoretical and experimental studies

Information about the authors:

Alexander A. Tretyakov - Senior lecturer, alextret73@gmail.com, https://orcid.org/0000-0001-9902-1829;

Dimitry A. Zinovkin — Candidate of Biological Sciences, Associate Professor, zinovkin_da@gsmu.by,
https://orcid.org/0000-0002-3808-8832;

Fedor N. Karpenko - Candidate of Medical Sciences, Director, director@blood.by,
https://orcid.org/0000-0003-1648-8330;

Mikhail P. Potapnev- Doctor of Medical Sciences, Professor, potapnev@blood.by,
https://orcid.org/0000-0001-7705-9383;

Vladimir I. Nikolaev — Candidate of Medical Sciences, Associate Professor, nikolaev.5252@mail.ru,
https://orcid.org/0000-0001-9886-7216;

Midi Zahidul I. Pranjol - MD, Associate Professor, Senior lecturer,z.pranjol@sussex.ac.uk,
https://orcid.org/0000-0002-6164-6281.

Contribution of the authors:

Tretyakov A.A. - conceptualization, project management, research, collection and analysis of literature sources,
preparation and writing of the manuscript of the article, preparation of the work for publication.

Zinovkin D.A. - analysis of literature sources, methodology, data processing, analysis, preparation of work
for publication.

Karpenko F.N., Potapnev M.P. - ideological concept of the work, making adjustments to the original version.

Nikolaev V.I. - conceptualization, project management, control and management of research work; analysis
of literature sources, editing of the article.

Pranjol M.Z.l. - data processing, statistical analysis, work with graphic images.

Genij ortopedii. 2024;30(1) 98



Theoretical and experimental studies

Original article
https://doi.org/10.18019/1028-4427-2024-30-1-99-106 el

Comparative experimental study of biomechanical features
of suture materials in tendon repair

V.M. Malishevsky**“, R.V. Paskov?, K.S. SergeeV?

! Regional Clinical Hospital No. 2, Tyumen, Russian Federation
2 Tyumen State Medical University, Tyumen, Russian Federation

Corresponding author: Vladimir M. Malishevsky, mvm9233@yandex.ru

Abstract

Introduction Many different suture configurations and pathomorphology of tendon repair have been described
for tendon repair over the past 20 years. However, the biomechanical properties of suture material at primary
flexor tendon repair have not been sufficiently explored. A cyclic loading test is performed to evaluate
the performance of the different sutures under repeated loading conditions simulating dynamic conditions
in postoperative rehabilitation procedures.

The objective was to compare the strength of suture materials under cyclic loading on a biological model
of a tendon.

Material and methods Eighty porcine digital flexor tendons were examined in a pilot study. The sutured
tendons were tested with a universal testing machine. Tendon repair was produced using polypropylene
in group I, braided polyamide suture in group II, complex polytetrafluoroethylene thread in group III
and a thread of superelastic titanium nickelide in group IV. The standard Chang protocol was used for cyclic
loading.

Results The percentage of intact sutures was 25 % in group I and in group II, 80 % in group III and 85 %
in group IV after completing the entire load cycle. A pairwise comparison showed suture disruption being more
common for group I and group II as compared to group III and group IV. Irreversible gap was more common
for group 1 as compared to group IV. Neither knot ruptures nor tissue cutting were seen in the groups.

Discussion The topic of biomechanical properties of suture material remains poorly understood. Although
static load testing is commonly used in current experimental studies and cyclic testing is suitable for simulating
postoperative conditions. The search continues for the “ideal” suture material for flexor tendon repair
to prevent tears and retain tensile properties until the repair reaches strength.

Conclusion The threads of polytetrafluoroethylene and nickelide-titanium showed the best biomechanical
properties for tendon repair in the form of linear strength, good elasticity and low plasticity of the suture
material. There were no significant differences between polypropylene and braided polyamide threads.

Keywords: tendon, cyclic load, titanium nickelide, tendon suture
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INTRODUCTION

Hand wounds with tendon damage account for 18.8 % of all injuries to the upper limbs [1, 2]. Injuries
to flexor tendons are characterized by significant periods of temporary disability and a high level
of disability ranging between 21 % and 28 % of all those examined by the Physical Disability Board
of Review for the consequences of traumatic injuries [3, 4].

With more than a century of experience in the study and application of flexor tendon suturing
techniques, poor outcomes are reported in 7 to 30 % of cases due to insufficient tensile strength
of the tendon suture. Mechanical resistance to tendon sliding consists of external and internal sources
of resistance [5, 6]. After tendon suture, internal resistance increases by 27.4 % for low-friction repair
techniques and 59.9 % for high-friction repair techniques. External resistance can also increase
dramatically after injury and surgery due to soft tissue swelling, joint swelling, and pain-induced
contraction of antagonist muscles [7, 8, 9]. It is essential to explore ways of increasing the strength
of the hand tendon repair.

The strength of the tendon suture depends on such parameters as the type of suture material;
its caliber; the number of threads passing through the diameter of the tendon; loop configuration;
a distance from the end of the tendon; additional tension at the tendon contact site and the location
of the node [10, 11, 12]. Over the past 20 years researchers focused on the types of tendon sutures
and the pathomorphology of tendon repair, but the biomechanical properties of the suture material
during primary repair of flexor tendons have not been sufficiently explored. It is not the strength
of the thread that matters with the strength of the knot being essential with the loss of strength
in the knot ranging between 10 and 50 % of the original for most threads [13, 14]. The strength
of the knot is associated with the superficial properties of the threads, which determine sliding.
The use of synthetic non-absorbable suture materials for tendon sutures is one of the modern
global trends in surgery. New types of materials with improved characteristics are being developed
and introduced into surgical practice.

The phenomenon of hysteresis delay of biological tissues discovered by V.E. Gunter facilitated
a new class of biocompatible materials including superelastic shape memory alloys being used
in Russia [15, 16, 17, 18]. A method of manufacturing a superelastic thread from titanium nickelide
was patented in 2006 [17, 18]. At a baseline, wire samples and threads are a composite consisting
of a core — monolithic titanium nickelide — and a surface layer with a microstructured surface.
The diameter of titanium nickelide threads ranges between 60 and 120 microns. The threads have
a microstructured surface that increases the area of their contact with the tissues being connected.
They are also able to function reliably in the body under alternating effects due to their elasticity
and resilience, and can be used for tendon sutures [19, 20]. The strength of this material in tendon
repair has not been sufficiently studied and its biomechanical properties can be compared with more
common suture materials.

The objective was to compare the strength of suture materials under cyclic loading on a biological
model of a tendon.

MATERIAL AND METHODS

Eighty flexor tendons of the second digit of the forelimbs taken from five-month-old piglets
weighing 90-110 kg were explored. The mean diameter and length of each porcine tendon were
5+ 1 mm and 60 * 10 mm, respectively, which correlated with the parameters of human flexor
digitorum profundus tendons. A transverse incision was made through each porcine tendon
using a scalpel. The incision area corresponded to the base of the mechanical finger designed as
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described below, to simulate a complete tendon injury in a “difficult anatomical area.” The ends
of the tendons were repaired by one surgeon using four types of suture material with a 6-strand
M-Tang suture [21, 22] (Fig. 1).

Fig. 1 6-thread M-Tang suturing

The caliber of the suture material was 4/0 (0.15 mm) with 10 mm distance from the ends of the tendons
and 2 mm loop length. No additional epitendinous suture was applied for a more objective

examination of the strength of the suture
material. Institutional ethics committee
approval was not required for this type of
study. Four types of suture material used
to restore the tendon included:

(1) Polypropylene (monofilament)
synthetic thread;

(2) Non-absorbable polyamide braided
thread;

(3) Complex polytetrafluoroethylene
thread;

(4) Super-elastic titanium nickelide
thread.

Depending on the suture material used,
all tendons were randomly distributed
into 4 groups, 20 samples each.
The cross-linked tendons were kept at 5°C
and hydrated prior to strength and cyclic
testing [23]. At the final stage, all repaired
tendons were examined using the original
device (Fig. 2).

Fig. 2 A device for practicing the skills of applying
a tendon suture and testing its strength (a).
Diagram of cyclic strength testing (b)
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A device (RF patent application No. 2023119917 dated July 28, 2023) was previously developed
for applying cyclic testing protocols to examine a biological model of a tendon suture. The distal end
of the tendon was secured to the mechanical finger using a clamping screw, and the proximal end
of the tendon was secured to the servo drive. A weight of 1 kg was used for static loading to achieve
full extension of the finger at the beginning of each cycle and provide a pre-start load.

The standard protocol of Chang et al. was used to determine the fatigue strength of the suture
material which was the sum of the number of cycles and the load used in cyclic test protocols
for tendon sutures [24, 25, 26]. It was a cyclic tensile strength test using 2 N for preload, then
a cyclic load of 15 N to simulate passive mobilization, and 2000 cycles at 0.3 Hz or until the suture
breaks. The cyclic tensile strength test was produced as reported in previous publication. Visual
confirmation of each parameter was obtained for each cycle using video recording.

Statistical analysis was performed using IBM SPSS 28.0.1. Quantitative data were presented
as the arithmetic mean with standard deviation (M #*SD) in the normal distribution
and as the median with the interquartile range Me [27, 28] in the non-normal distribution
using the Kolmogorov — Smirnov test with Lilliefors correction. Analysis of qualitative variables
was produced in groups using the Pearson y? test. A significance level of p < 0.05 was accepted
for significant differences comparing four groups, taking into account the Bonferroni correction,
p < 0.0085.

RESULTS

The average size of the gap between the ends of the tendons repaired in the absence of thread
rupture was 3.47 * 2.07 mm in the first group, 1.6 # 0.7 mm in the second group, 1 .32 = 0.75 mm
in the third group, 1.16 = 0.5 mm in the fourth group with a cyclic loading protocol of 2000 cycles
performed. No node ruptures or tissue eruption were detected in any group.

A comparison of different types of suture material showed a reversible gap (up to 1 mm) between the
ends of the repaired tendons being common (Table 1) in the group of complex polytetrafluoroethylene
thread (group 3) and superelastic titanium nickelide thread (group 4) in comparison with
polypropylene (monofilament) synthetic thread (group 1) and non-absorbable polyamide braided
thread (group 2). No significant differences were found between groups 1 and 2, and between groups
3 and 4. An irreversible gap was more common for a polypropylene thread as compared to a titanium
nickelide thread. Thread rupture was more common for complex polytetrafluoroethylene thread in
comparison with groups 3 and 4 (Table 1).

Table 1
Analysis of a gap or thread breakage occurred with different types of suture material

o o S iy P (2P (13)p (1-4)p (2-3) p (2-4) p (-4

Reversible gap I mm | 5 (25 %) | 5 (25 %) |16 (80 %)/17 (85%) - |0.003 0.001 0.001|<0.001 -
Irreversible gap > 2 mm |12 (60 %)| 5 (25 %) | 3 (15%) | 2(10%) - - 0.006 - - -
Thread rupture 3(15%) 10 (50%) 1(5%) | 1(5%) - - - |0.006| 0.006 -

Dynamic changes in the tendon suture were analyzed depending on the number of load cycles
(Fig. 3).
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Fig. 3 Correlation between the gap between the ends of tendons (mm) and the number of load cycles
in the study groups

An irreversible gap seen in the first group (polypropylene monofilament thread) was recorded
in 20 % of cases after the first 10 cycles and in 55 % of cases after 50 cycles. The thread broke in 15 %
of cases after 100 cycles of repetitions with an irreversible gap detected in 60 % of cases. The ratio
remained until the end of the 2000 cycle. The largest average gap between the ends of the tendons
with no thread rupture was recorded after 2000 repeated cycles (3.47 mm) in the first group.
The results obtained confirm the excessive elasticity and plasticity of polypropylene, which can lead
to weakening and stretching of tendon sutures after 50 repeated loading cycles.

The thread broke in half of the cases (50 %) of the second group (polyamide braided thread)
with 50 repeated cycles. An irreversible gap of more than 2 mm detected after 50 cycles in 45 %
of cases, decreased to 30 % after 1000 cycles. The high probability of thread breakage with 50 repeated
cycles was associated with the low elasticity and low linear strength of the braided polyamide thread
compared to other materials. An irreversible gap was recorded in 10 % of cases of the third group
(polytetrafluoroethylene thread) with 50 repeated cycles. This number increased to 15 % and remained
unchanged after 100 repetition cycles throughout the test. A single case of thread breakage was
recorded after 100 repeated cycles with the only case of thread rupture registered after 1500 cycles.
A single case of irreversible gap was detected after 100 repeated cycles, and a single case of thread
rupture occurred after 1500 cycles in the fourth group (superelastic nickel-titanium thread).

DISCUSSION

Over the past 20 years, there has been a marked increase in the number of clinical and experimental
publications on primary flexor tendon repair. Researchers sought to compare different tendon
sutures and explore the pathomorphology of tendon repair, while biomechanical properties
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of suture material remained poorly studied, although early postoperative rehabilitation and the final
functional result would be dependent on the strength of the suture material.

Four suture materials were examined in our experimental study using an original device for cyclic
testing of a biological model of a tendon suture. Static load-to-failure testing was produced
in the experimental studies of suture material strength using Instron 3343 Single Column System
(Instron Corp, Canton, Massachusetts) [29, 30, 31, 32, 33]. Cyclic testing is indicated for simulating
postoperative conditions compared to static testing, which uses a constant speed of movement
with increasing force. Cyclic testing has also been shown to induce tear formation in repaired flexor
tendons at lower loads compared to static testing. This suggests that cyclic testing is a more rigorous
and realistic measure of the effectiveness of flexor tendon repair than linear stretch testing.

Twenty-five percent of the tendon sutures remained intact for the polypropylene and braided
polyamide sutures after completing the entire cyclic loading protocol of 2000 repetitions. When
using, an irreversible gap was recorded in half of the cases with a polypropylene (monofilament)
synthetic thread after 50 cycles of load repetitions, and suture rupture was more common
after 2,000 cycles in comparison with complex polytetrafluoroethylene thread and nickel-titanium
thread. This indicates that polypropylene thread has excessive elasticity and plasticity, unlike other
types of suture material, which leads to weakening and stretching of the tendon sutures with early
mobilization rehabilitation protocol.

There were no significant differences between polypropylene and braided polyamide
threads. With the latter, a thread break was recorded in half the cases after 50 repeated cycles.
A rupture in the group was more common after 2000 cycles as compared to the use of complex
polytetrafluoroethylene thread and nickelide-titanium thread. This indicated low elasticity and
linear strength with the braided polyamide suture as compared to other groups, which explained
the likelihood of suture rupture during the first two weeks after surgery with the connected tendon
ends being the weakest during this period. Polytetrafluoroethylene and nickel-titanium threads
demonstrated the best biomechanical properties in the form of linear strength, good elasticity
and low flexibility.

There were no significant differences between the threads after 2000 cycles, however, an irreversible
gap was seen later being less common with use of a titanium nickelide thread.The average gap size
in the absence of a thread breakage after 2000 repetition cycles was also minimum for the titanium
nickelide thread.

CONCLUSION

The results of an experimental study of the fatigue strength of the tendon suture were demonstrated
in four groups of biological models.

The demonstrated results of comparing the strength of different types of suture material
on a biological model of a tendon under cyclic loading will allow in clinical practice to select
the optimal suture material for suturing the flexor tendons and will ensure an improvement
in the functional result, since the strength of the tendon suture guarantees the success of early
active postoperative rehabilitation.
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Abstract

Introduction Thermal injury to the palmar surface of the hand is usually complicated by flexion desmogenic
contracture of the finger joints. This condition is more complicated with significant wound areas and depths
of soft tissue destruction. Conventional surgical methods and soft tissue reconstructions may fail to provide
full restoration of the hand function.

The objective was to present the optimal treatment strategy for patients with scar flexion contractures
of the fingers after thermal injury to the palmar surface of both hands using a pediatric case report.

Material and methods A child aged 2 years and 4 months underwent surgical treatment to include excision
of scars, skin grafting of both hands with a vascularized fasciocutaneous flap raised with the radial artery.

Result The patient could regain all types of hand grip on both sides 12 years after surgical treatment.
Both hands were aesthetically acceptable.

Discussion Treatment of patients with thermal injury and substantial soft tissue damage is a complex disease
process. Conservative treatment and surgical procedures using non-vascularized skin flaps are normally
used for the condition. These approaches are associated with cicatricial and arthrogenic flexion contracture
of the finger joints. The radical treatment includes thorough wound debridement and early flap coverage and
wound closure using a flap with an axial-pattern blood supply, free flaps and reverse-flow flaps. The surgical
approach helps to avoid flexion contracture of the fingers initiating early restoration of professional, social
stereotypes and stereotypes in everyday life.

Conclusion The clinical observation has shown the possibility of one-stage organ-preserving surgical
treatment using flaps with an axial blood supply.

Keywords: hand injury, thermal burn, cicatricial deformity, plastic surgery, microsurgery
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INTRODUCTION

Thermal injury to the soft tissues of the palmar surface of the hand can be associated with flexion
desmogenic contracture of the fingers. Treatment would be dependent on the severity and depth
of soft tissue damage, resources available for mobilization of healthy tissues and specific skin
architecture on the palmar surface of the hand [1-7]. The case becomes more complicated with
combined injury to the covering tissues and other anatomical formations of the hand (bone fractures,
injury to tendons, blood vessels and nerves), which is associated with impairment of fine motor
skills, negative psychological effects in an individual, depression, psychological and emotional
changes in a child [8-15]. Reconstruction of soft tissue defects in the hand is essential and can be
performed with modern surgical technologies [16-20].

MATERIAL AND METHODS

A boy of 2 years and 4 months grew up and developed uneventfully. At the age of 2 years, during
a picnic, the child fell into the embers of a bonfire receiving burns of both hands. Dressings were
performed after radical necrectomy in the burn department. The wounds healed by secondary
intention. Physical examination revealed a hypertrophic scar on the palmar surface extending
to the fingers of the left hand and flexion desmogenic contracture of the fingers. There were
no active movements in the fingers. Passive movements of the fingers could not be produced being
severely painful. All types of hand grip were impaired (Fig. 1a). Flexion desmogenic contracture
of the 3 and 4™ fingers was noted in the right hand. Active extension movements in the fingers
amounted to 90 degrees. The main types of hand grip were limited (Fig. 1b).

Fig. 1 Preoperative appearance of both hands: (a) left side; (b) right side

Stages of postoperative rehabilitation were discussed with the parents prior to surgery. Amputation
of the 5™ finger of the left hand was offered for functional reasons. Surgical intervention performed
on December 12, 2007 under general anesthesia included excision of scars on the palmar surface,
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amputation of the 5™ finger, reconstructive surgery for the left hand using a vascularized

fasciocutaneous flap.

Description of the operation:
the patient was positioned supine
with the left upper limb abducted.
Scars on the palmar surface of the
hand were excised after the limb
was properly treated. A skin defect
measuring 5.0 by 8.0 cm and covering
the entire palmar surface, the main
and middle phalanges was revealed.
The fifth finger was amputated, and
a skin flap from the dorsal surface
of the finger was translocated
to the palm defect (Fig. 2).

The radial artery and accompanying
veins of the anatomical snuffbox were
exposed in the proximal direction
of the forearm and a fasciocutaneous
flap of the appropriate size was provided
to close the skin palmar defect (Fig. 3).

Hemostasis was provided during
surgery. The flap was rotated
on the vascular pedicle to the palmar
defect and fixed with interrupted
sutures. The donor wound was closed
with a split skin flap. Aseptic dressings
were applied. The operating time was
3 hours 20 minutes. Blood loss during
surgery was 40 ml. The procedure and
anesthesia were uneventful.

Reconstructive  surgery  performed
on the right hand four months later
included anesthesia, treatment
of the surgical field and the patient
was positioned supine on the operating
table. A  skin defect formed
on the palmar surface of the 3 and 4"
fingers after excision of scars on the
right hand (Fig. 4).

The distal part of the radial artery and
accompanying veins were exposed on

Fig. 2 Appearance of the left hand with scars excised and the
fifth finger amputated

Fig. 3 The stage of isolating a fasciocutaneous flap
on the distal vascular pedicle on the left forearm

Fig. 4 Appearance of the right hand with scars excised

the right forearm and a simulated fasciocutaneous flap on a vascular pedicle of the appropriate size
was isolated to close the skin defect on the palmar surface of the 3" and 4" fingers (Fig. 5).
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Fig. 5 The stage of isolating a fasciocutaneous flap on the distal vascular pedicle on the right forearm

Hemostasis was performed by electric coagulation and ligation of blood vessels during the operation.
The autograft was moved on a vascular pedicle to the defect area on the palmar surface of the 3%
and 4™ fingers and fixed with interrupted sutures. The donor wound was sutured with local tissues.
Aseptic dressings applied. The operating time was 100 minutes. Blood loss was 30 ml. The operation
and early postoperative period were uneventful.

RESULTS

The skin flaps have taken root. The wounds healed by primary intention. The patient completed a full
course of rehabilitation. Two years later, local plastic surgery was required to form the interdigital
space between the 3 and 4™ fingers. The boy is being followed up by the operating surgeon (Fig. 6).

Fig. 6 Long-term result of surgical treatment: (a, b) 3-year follow-up; (c, d) 12-year follow-up
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DISCUSSION

Literature review showed that treatment strategy for patients with thermal trauma and significant
soft tissue damage in hand still is controversial [13, 16]. Three treatment options are available
for the patients. Conservative treatment is aimed at closure of the wound defect [2, 4, 5]. The patient
was treated with dressings that resulted in the development of cicatricial flexion contracture
of the fingers on both sides. Surgical treatment can be produced using non-vascularized skin
autografts. These methods, already at the stage of preparation for plastic surgery, are associated
with scars to be followed by arthrogenic flexion contracture of the joints of the fingers, apart from
a long-term favorable functional outcome of such operations [6, 10, 18]. Other researchers support
the radical treatment including thorough wound debridement and early flap coverage and wound
closure using a flap with an axial-pattern blood supply, free flaps and reverse-flow flaps [7, 8, 9,
11, 12, 15, 16, 20 ]. The surgical approach we used in the case helps to avoid flexion contracture
of the fingers initiating early restoration of professional, social stereotypes and stereotypes in
everyday life.

CONCLUSION

Earlier surgical intervention is practical to include radical debridement with the demarcation line
identified and closure of the resulting soft tissue defect using a flap with an axial-pattern blood
supply to avoid the development of flexion desmogenic contracture of the joints of the fingers.
The outcome of the case presented suggest that the treatment strategy can be optimal for patients
with thermal injury and soft tissue injury to the palm of the hand. The reverse radial forearm fascial
flap can be the method of choice for soft-tissue reconstruction of the hand with extensive scarry
deformity of the palm and desmogenic flexion contracture of the fingers.
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Abstract

Background Ceramic materials are currently in wide demand in various fields of medicine. Zirconium
ceramics demonstrate exceptional mechanical properties and biocompatibility and do not cause cytotoxic
effects or allergic reactions in surrounding tissues.

The objective was to present an analysis of current literature data on the use of zirconium ceramics as a bone
replacement material in traumatology and orthopaedics.

Materials and methods The search for publications was conducted using the databases of Scopus, PubMed
and the electronic scientific library eLIBRARY in the Russian and English languages using the keywords:
bioceramics, bone, bone defect, zirconate, zirconium ceramics, bone tissue engineering, implant, scaffold,
augment, biointegration, bioactivity. Depth of search for scientific papers was from 2000 to 2023.

Results and discussion Zirconium dioxide is the main ceramic bioinert material. The study presents
the characteristics of ZrO, as a bone replacement material and its comparison with titanium implants. Data are
presented on various strategies for improving zirconium bioceramics: improving the surface of the material
by physical and chemical methods, obtaining volumetric porosity, including using additive technologies,
creating composite materials, and developing bioactive coatings. New methods of creating zirconium ceramics
compatible with living tissues containing bioactive ions that promote both osseointegration and bone tissue
regeneration have been actively studied.

Conclusions Zirconium dioxide ceramics appear to be a promising alternative to titanium implants in terms
of mechanical strength, biological functionality, chemical stability, osseointegration, and antibacterial
properties. Future experimental and clinical studies will further improve zirconium ceramics.

Keywords: bioceramics, zirconate, bone defect, implant, biointegration
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INTRODUCTION

Annually, about 130 million fractures happen worldwide. A significant part of them develops
bone defects that must be filled in [1]. Moreover, the problem of bone defect compensation exists
in degenerative diseases of the musculoskeletal system, osteomyelitis, and oncological diseases
that require surgical intervention using bone grafts [2]. Patients of older age groups, patients
with complex comminuted fractures, patients with metabolic disorders are at risk for fracture
nonunion due to impaired bone tissue repair [3]. Unfortunately, there are currently no complete
solutions to this problem, since the ideal one would be to achieve a biocompatible scaffold similar
to natural bone. One of the most important properties that a graft must have is osteoconduction,
that is, the ability to function as a scaffold for mesenchymal stem cells (MSCs), osteoblasts and
osteoclasts [4]. This property of the material is directly related to the quality of the surface, which
should resemble the structure of cancellous bone [5]. Another required feature is osteoinduction
or the ability of the graft to stimulate bone formation, ensure the recruitment, proliferation
and subsequent differentiation of MSCs into chondro- and osteoblasts under the influence of growth
factors, cytokines, and adhesion molecules. It is also worth noting that an important function
of growth factors is induction of angiogenesis for the delivery of nutrient substrates to the developing
bone tissue [6]. Osseointegration is a direct contact of the implant with the bone through newly
formed bone tissue that should exclude the growth of fibrous tissue at the bone-implant interface.
One of the determining factors for successful osseointegration is the geometry and size of pores
on the surface and inside the structure of the material [7, 8]. Moreover, the osteosubstitution material
must meet the mechanical characteristics of the bone, requirements of biocompatibility, strength,
infectious safety and availability.

Autografting is considered the “gold standard” in the clinical practice due to a number of advantages:
good osteoconduction, osteoinduction and stimulation of osteogenesis. However, we must not
forget about possible complications both at the site of donor bone collection and at the site of bone
defect [9, 10]. The use of allografts also has significant shortcomings: possible immune rejection,
transmission of infection, and a high failure rate. The use of xenografts is limited by the presence
of immunogenic interspecies barriers [11]. The shortage of natural sources due to growing demand
for implants stimulated the search and development of artificial materials for osteoplasty.

The effectiveness of the interaction between the recipient bone bed and the implant depends not
only on the regenerative potential of the bone tissue and the area of interaction between the implant
and the bone in the defect area, but also on the compatibility of the osteosubstitution material
with the body tissue in terms of physicochemical, biological and mechanical properties. Artificial
materials that are developed specifically for medical purposes are biocompatible and are classified as
biomaterials. Among such materials, a special place is occupied by bioceramics, which has a unique
combination of properties versus metals or polymers. The biocompatibility of bioceramics ranges
from oxides, which are inert in the body, to resorbable materials, which eventually decompose
in the body. High internal strength, wear resistance, and low coefficient of friction allow the use
of bioceramics under high loads. The compatibility of bioceramics with human tissue reduces
the risk of adverse reactions or inflammation. Moreover, some types of bioceramics, in particular
hydroxyapatite or bioactive glasses, exhibit properties that promote tissue regeneration and
osseointegration. Bioceramics have the inherent versatility: the material can be molded into precise
shapes and its composition can be tailored to improve specific properties. All these features make
bioceramics an adequate material for solving a wide range of medical problems [12-15]. Research
on ceramic biomaterials has been developing rapidly, finding new areas of application in medicine,
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in particular in traumatology and orthopaedics. Moreover, the analysis of the contemporary market
of bioceramics showed that there has been a steady tendency towards the change of other types
of oxide ceramics by zirconium ceramics [16].

Purpose Based on literature data, determine the prospects for using zirconium ceramics as a bone
substitution material in traumatology and orthopaedics

MATERIALS AND METHODS

The search for publications on the topic was carried out in the PubMed databases and the electronic
scientific library eLIBRARY in two languages: Russian and English. Key words used were: bioceramics,
bone, bone defect, zirconate, zirconium ceramics, bone tissue engineering, implant, scaffold,
augment, biointegration, bioactivity. Depth of the search for scientific papers was from 2000
throughout 2023. The literature search using keywords and abstracts found 592 sources. Of these,
79 full-text articles were selected according to the specified criteria. The choice was determined
by the fundamental nature, evidence, and relevance of the work on the use of zirconium ceramics
in traumatology and orthopedics.

RESULTS AND DISCUSSION

The term "ceramics" comes from the Greek word kepapuko (keramiko) which means "fired material”.
Ceramics include inorganic materials consisting of metallic and non-metallic components chemically
bonded to each other. The properties of materials depend significantly on their microstructure [17].
The main characteristics of ceramic materials are high strength, resistance to corrosion and wear,
and good compression resistance [12, 13]. However, fragility and relatively low tensile and bending
strength are a serious problem for the use of ceramics asimplants [18, 19]. For biomedical applications,
such materials can be used as all-ceramic components, or they can contain particles of other
materials [20]. Bioceramic scaffolds play a central role in the engineering of bone tissue substitutes
as a support and modulator for cell attachment, proliferation and differentiation, and as a carrier
of osteogenic substances. It is important to note that the morphology, microstructure, porosity,
mechanical and physicochemical characteristics of the scaffold should be as close as possible
to natural bone [21].

Depending on their activity in interacting with the human body, ceramic biomaterials can be divided
into three groups: 1) inert; 2) having low or medium surface activity; 3) bioresorbable (adsorbable).
The choice of the type of ceramic material (inert, bioactive or bioresorbable) in each specific case
depends on what functions the implant performs.

Inert bioceramics do not promote connection with living tissues; connective tissue of varying
thickness develops around the implant that holds the implant and, at the same time, isolates it from
neighboring tissues. Possessing high biocompatibility and mechanical strength, such bioceramics
are usually used for permanent implants. Materials with low and medium activity, in addition to their
ability of binding to specific proteins, can also release ions, thereby facilitating the integration
of implants into living tissues. Bioresorbable ceramics should remain in the target site until bone
regeneration occurs [14, 22].

Inert bioceramics The first generation of biomaterials was developed in the 1960s. Those materials
were bioinert, showed minimal interaction with surrounding tissues, and did not stimulate bone
formation [23]. The most important bioceramic inert materials are zirconium dioxide (ZrO,) and
alumina (AlO,). Their properties such as reduced wear rates and good long-term biocompatibility
make these materials suitable for orthopaedic applications. The use of ceramic materials, compared
to implants made of metal alloys, provides a lower rate of component wear and leads to a decrease
in the release of metal ions. [24].
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Al O, was the first oxide used in orthopaedics due to its biological safety, strength, and reduction
in the rate of aseptic osteolysis in comparison with metal implants [25]. Polycrystalline aluminum
oxide has a relatively low cost, due to which it is widely used in traumatology and orthopaedics as
a component in friction pairs of endoprostheses [26].

Zirconium dioxide has more than double strength compared to aluminum oxide, due to which this
material has been actively used in the production of implants [27]. Zirconium dioxide occurs in three
main crystal phase structures: cubic, tetragonal and monoclinic. Microcracks in the crystalline-
networkstructure of zirconiumdioxide are self-limitingif the transition from tetragonal to monoclinic
crystal structure is controlled [28]. To stabilize the structure of zirconium dioxide, various oxides
are added to it, in particular, yttrium oxide [29]. Zirconium dioxide bioceramics, in particular yttria-
stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics, exhibit exceptional mechanical
properties and biocompatibility, and do not cause cytotoxic effects or allergic reactions in
surrounding tissues. Although this biomaterial was claimed to be inert, the adsorption of blood
proteins, platelets and the migration of osteogenic cells suggest biological interaction with zirconia
dioxide-based surfaces [30, 31].

Ceramic implants appear to be a promising alternative to titanium implants in terms of mechanical
strength, biological functionality, chemical stability and osseointegration. Scarano et al. examined
bone response to zirconia implants in an experimental study in rabbits. It showed that newly formed
bone was actively formed in close contact with the surfaces of zirconium ceramics, the bone-to-
implant contact rate was 68.4 * 2.4 %, mature bone and actively secreting osteoblasts were revealed
in most parts of the implant, and no inflammation was detected [34]. Comparative studies in vitro
and in vivo showed that zirconia implants have similar results with titanium-based implants in terms
of osseointegration indices [32-35].

An advantage of zirconium dioxide, in comparison with titanium, was also found in terms
of antibacterial properties. Scarano et al. showed that the percentage of the surface covered with
bacteria on zirconium oxide disks was significantly lower than on similar titanium disks [36].
Roehling et al. compared experimental disks made of titanium and zirconium dioxide with three
types of surface topography: after mechanical or sandblasting and acid etching. It was shown that
zirconium dioxide has significantly lower bacterial adhesion compared to titanium [37].

The attractiveness of ZrO,-based ceramics for medical use is due to its exceptional chemical
inertness, high strength and good compatibility with the human body, but its inertness limits its
use as a bone substitute material for filling bone tissue defects. Various strategies have been used
to improve the integration of zirconia implants into bone tissue.

The surface properties of the implant are of great importance for the formation of peri-implant
bone tissue. Various methods are used to improve the surface of zirconia. Airborne particle abrasion,
or sandblasting of zirconia surfaces, significantly improves osteogenesis and osseointegration
around implants compared to treated titanium surfaces [33, 38, 39]. To improve the surface
properties of zirconium dioxide, chemical treatment (acid etching) is also used [40, 41]. However,
the strength of zirconium dioxide can decrease in mechanical processing due to abrasion by particles
and the formation of deep microcracks while thermal and acid treatments can reduce the bending
strength of zirconium under the conditions of low-temperature degradation. Further research is
expected to develop parameters for mechanical and chemical surface treatment of the material that
do not affect its mechanical properties.

Ultraviolet radiation can induce electron excitation, increasing the surface energy of zirconium
dioxide, which leads to a decrease in the contact angle of its surface with water from 51 to 9.4° and,
accordingly, increases wettability [42]. This, in turn, makes the surface of the material biologically
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more attractive for protein adsorption, osteoblast proliferation and osseointegration. Treatment
of the zirconia surface with ultraviolet radiation promotes the attachment, proliferation and
differentiation of osteoblasts without affecting the mechanical properties of the material [43].

Laser radiation may also be a promising way to improve osseointegration of zirconia. Laser
modification improves the wettability of the material and increases the adhesion of osteoblasts
compared to untreated samples [44].

The development of methods for obtaining porosity in ceramics enables to produce materials with
improved osseointegration properties. Based on their structure, the following types of ceramics are
distinguished: fine (less than 5 % of pores), coarse (from 5 to 30 % of pores), highly porous (more than
30 % of pores). The necessary porosity characteristics — the number of pores and their morphology —
are achieved by special technological methods, including the introduction of special pore-forming
additives. In this case, the geometry of pores in ceramics depends on the configuration of pore-
forming particles [45]. Kalinina et al. developed highly porous bioceramics based on stabilized ZrO,.
A synthesized ceramic implant material with an open porosity of 55 % and a pore size of 40-800 nm
was placed into the body of laboratory animals. Vascular ingrowth into the pore space of ceramics
was demonstrated. The authors suggest that porous ceramics based on zirconium dioxide can
be used in the production of implants for orthopaedics and traumatology [46]. Porous zirconium
ceramics have been especially actively developed for the production of small-sized implants [45].

Work is underway to create domestic ceramic materials based on zirconium dioxide from
nanostructured powders [47]. A highly dispersed powder (9-10 nm) was synthesized based
on a tetragonal solid solution of partially stabilized zirconium dioxide (t-ZrO,). Based on this
powder, nanocrystalline ceramics (grain size 60-70 nm) with high physicochemical and mechanical
characteristics were obtained. In vivo studies showed the absence of a toxic effect of the ceramic
implant on the tissues surrounding the implant and on laboratory animals. The research results
allow us to state that the resulting nano-sized bioceramics can be used for medical purposes [48].
Buyakova et al. presented the results of studies on the structure and mechanical behavior of porous
ceramics produced from nanocrystalline powder of partially stabilized zirconium dioxide intended
foruse injoint replacement. Ceramics with porosity capable of providing a biomechanical connection
at the bone tissue—implant interface were obtained; it opens up new possibilities in the use of highly
porous ceramics for bone tissue substitution [49].

Additive technologies are being actively developed in relation to ceramic materials. Their use would
provide personalized components from porous bioceramics to fill in large bone defects [50-52].

Zirconium dioxide-based materials have been used in orthopedics since the 1980s, mainly due to their
excellent mechanical properties resulting from phase transformations. However, the material has
been found to undergo hydrothermal aging (low temperature degradation), whereby its mechanical
properties gradually deteriorate over time in a humid environment, what can lead to increased
surface roughness and microcracking, with slow crack growth that ultimately causes catastrophic
destruction [53, 54]. Material degradation is of particular importance for medical implants [55]. Fully
stabilized zirconium dioxide is not subject to hydrothermal aging, but its mechanical properties are
not high enough.

Creation of composite materials has largely solved the problem of low-temperature degradation
of aluminum zirconium (ATZ). Ceramic composites made from hardened zirconium oxide are
universal 56]. Compounds of alumina and zirconia have received considerable attention, particularly
hardened materials known for their exceptional mechanical properties, including high strength,
fracture viscosity, elasticity, hardness and wear resistance, and resistance to hydrothermal aging.
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[57]. In this case, not only the composition of the material is important, but also the method of its
synthesis. It has been shown, varying resistance of the resulting ceramic materials to degradation
is observed by different temperatures [58]. ATZ ceramics hold significant promise for biomedical
applications due to their biocompatibility and remarkable ability to withstand mechanical stress.
Implants made from such ceramics have excellent wear resistance and strength, ensuring long
survival in the human body and reducing the risk of adverse reactions, making them the preferred
choice for the restoration and replacement of damaged bone tissue and joints, in particular in total
hip and knee arthroplasty [31, 58-61], although Pluschev et al. indicated that if there is even minimal
doubt about the stability of the head in the acetabulum, the use of ceramic components should be
viewed critically [62].

Development of bioactive coatings on the surface of zirconia has been undertaken to improve
the biocompatibility, antibacterial potential and biological activity of the material. Various coating
materials with good biological properties have been described in the literature. Hydroxyapatite
has mineral composition similar to bone, exhibits biologically active properties, enhancing
osseointegration. Hydroxyapatite coatings enhance the osteogenesis capacity of porous
zirconia scaffolds [63]. Moreover, an increase in the hydroxyapatite content led to a decrease
in the mechanical and chemical stability of the material with a simultaneous increase in biological
activity [64]. Research is being conducted to obtain and evaluate the quality of bioceramic coatings
from a composite material based on the co-precipitation of hydroxyapatite and hydrated zirconium
dioxide [65]. Calcium phosphate is also bioactive, but coatings made from this material exhibit low
stability and provide weak adhesion to the substrate. To overcome these shortcomings, tricalcium
phosphate-reinforced hydroxyapatite coatings have been studied [66]. A study conducted by
Silva et al. showed that modification of the surface of scaffolds made of aluminum-zirconium
porous ceramics with calcium phosphate and strontium included in its structure might yield
scaffolds with high porosity, three-dimensional structure and preferential adhesion and maturation
of osteoblastic cells, which are necessary to stimulate bone tissue regeneration in vivo [67]. Coating
with functionalized carbon nanotubes, which enhance the roughness, wettability and cell adhesion
of zirconia, contributed to the osseointegrative properties of the material [68]. Attempts have
been made to produce bioactive glass coatings on zirconia substrates, but with limited success.
These coatings have poor adhesion to the substrate, as a result of which they are often subject
to delamination and destruction. To overcome these problems, a strategy based on a functionally
graded glass/zirconia system has been proposed [69]. To improve the mechanical characteristics and
wear resistance of zirconia implants, the use of graphene as a coating has been studied [70].

Creation of bioactive ceramics compatible with living tissues has been currently developed.
By synthesizing biomaterials with appropriate biophysical and biochemical characteristics, it is
possible to modulate the cellular response of peri-implant tissues. This property of bioactive
materials, such as the release of bioactive ions (Ca, Mg, Sr, Zn, Cr, Ag, La, etc.) can be used to induce
phenotypic changes in cells or modulate the immune microenvironment to control tissue healing
and regeneration [71]. It has been proven that the biophysical characteristics of biomaterials, such as
topography, charge, size, electrostatic interactions and stiffness, can be modulated by the addition
of inorganic micro- and nanoparticles [72]. Current research shows that inert ZrO, can be
converted into a bioactive system comprising various molecules that can mimic the structural and
compositional properties of bone tissue at the macro-, micro- and nanoscale, improving implant
osseointegration [73]. Considerable efforts have been made by researchers to modify zirconia
in terms of morphology and improve biological activity for better cell attachment, proliferation and
differentiation during the formation of peri-implant bone [74, 75]. Pardun et al. added magnesium
oxide or magnesium fluoride to yttrium-stabilized zirconium dioxide. The presence of Mg?" ions
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improved the proliferation and differentiation of osteoblast cells [75]. Mushahary et al. also
showed that the introduction of magnesium promotes the proliferation of osteoblasts, increasing
the biological activity of zirconium dioxide [76].

It is known that the crystal lattice of lanthanum zirconate (La,Zr,0,) is tolerant to various types
of substitutions, in particular, calcium and strontium ions. During the process of osseointegration,
the release of lanthanum, zirconium, calcium, and strontium cations is possible. The interaction
of free cations with bone tissue can have a beneficial effect on the process of osseointegration
and promote cell adhesion and proliferation on the surface of zirconium implants. An in vivo
experimental study of the newly synthesized material La, ,.Ca Zr,0. as an implant showed that
fully featured bone tissue is formed in the peri-implant area, the architectonics of which can
effectively resist the action of mechanical stresses, which may indicate the compatibility of the
material and bone tissue in terms of physicochemical and structural characteristics. A new material
based on lanthanum zirconate seems promising for use in traumatology and orthopaedics [77]. The
synthesis and properties of complex oxides based on lanthanum zirconate were studied (La,Zr,0.,
La ,Ca  Zr,0O,,. and La Sr, Zr,O,,.). It has been proven that the method of materials synthesis
has an impact on the density and porosity of the samples. Determination of the cytocompatibility
of ceramics based on undoped and doped lanthanum zirconate showed that during the interaction
of human fibroblasts with the studied ceramic materials, cell viability changes within acceptable
values and is sufficient to maintain their recovery potential. However, additional research is needed
to optimize the integration of implants made of this material into bone tissue [78, 79].

CONCLUSION

Ceramic materials based on zirconium dioxide with exceptional mechanical properties and
biocompatibility, which do not cause cytotoxic effects and allergic reactions in surrounding tissues,
feature perspectives for being used as bone substitute materials in traumatology and orthopaedics.
Such materials appear to be a promising alternative to titanium implants in terms of mechanical
strength, biological functionality, chemical stability, osseointegration, and antibacterial properties.

Various strategies have been used in order to improve the integration of zirconia implants into
bone tissue: improving the surface of the material using physical and chemical methods, obtaining
volumetric porosity, including using additive technologies; various composite materials and
bioactive coatings have been also developed. New methods of creating zirconium ceramics
compatible with living tissues containing bioactive ions that promote both osseointegration and
bone tissue regeneration have been actively studied.

Further in vitro and in vivo studies and long-term clinical trials should evaluate ceramic implants
in terms of stability, risks of inflammation, infection and mechanical complications. It will provide
a clearer picture of recommendations for improving zirconia ceramics.
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Abstract

Introduction Bone defect management is a critical stage of treatment and rehabilitation that still remains
a challenging problem for traumatologists and orthopaedists. The need for tissue engineering techniques is
due to limited abilities of the human body to correct bone tissue autoregeneration, especially in comorbid
and elderly patients with osteoporosis. Bone autografts is a gold standard in those cases but is associated
with certain restrictions. Regenerative medicine and stem cell biology development opened up capabilities
to employ new methods for enhancement of bone tissue repair. A special interest of researchers is focused
on mesenchymal stem cells and extracellular vesicles for bone tissue regeneration optimization.

Purpose of this review was to show mesenchymal stem cells and exosomes effeciency in bone defect treatment.

Materials and methods Open electronic databases of scientific literature, PubMed and e-Library, were used.
The literature data search was carried out using the keywords: regenerative medicine, bone defects, exosomes,
mesenchymal stem cells.

Results and discussion The review presents current ideas about mesenchymal stem cells, their
microenvironment and exosomes influence on bone tissue repair. Clinical need in effective bone regeneration
is still high. Mesenchymal stem cells and acellular regenerative treatments have shown good results in bone
defects repair and are perspective directions. Productive use of mesenchymal stem cells and exosomes in bone
defects treatment requires further study of their mechanisms of action, the regenerative techniques efficacy
and safety evaluation in preclinical and clinical studies.

Conclusion The use of mesenchymal stem cells and cell-free regenerative approaches has demonstrated good
results in the restoration of bone tissue defects and is a promising direction.

Keywords: regenerative medicine, bone defects, cytotherapy, exosomes, mesenchymal stem cells,
bioengineering, tissue engineering
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INTRODUCTION

Despite the improvement of surgical techniques, the treatment of large bone defects caused
by trauma, metastatic damage or infectious process still remains a major challenge for orthopaedic
surgeons [1, 2]. Such injuries lead to delayed fracture consolidation or nonunion and ultimately
impair patient’s musculoskeletal function [3, 4]. Currently, bone grafting is the most commonly
used treatment in those conditions [5, 6]. However, limited sources of donor tissue, complications
and difficulty of graft collection, the risk of transmission of infectious diseases, short-term viability
and unpredictable graft resorption restrict the widespread use of this technique and require
the development of new approaches to the treatment of this pathology [7, 8]. The use of modern
regenerative techniques, in particular tissue engineering, is a promising approach to the treatment
of bone defects and has attracted the attention of a large number of researchers in recent years [4, 9].
Thus, the use of cell technologies could overcome osteogenic “insufficiency”, which is often found in
elderly patients, in whom the body’s own resources are not able to restore lost bone tissue [10-12].
The angiogenic effect of exosomes would lead to improved blood supply to the developing bone
tissue, thereby optimizing the process of osteogenesis [13-15].

The purpose of the study was to discuss the effectiveness of mesenchymal stem cells and exosomes
to stimulate bone tissue regeneration.

MATERIALS AND METHODS

Open electronic databases of scientific literature Pubmed and e-Library were used for preparing
thereview. The literature search was carried out using the following keywords: regenerative medicine,
bone defects, exosomes, mesenchymal stem cells. The inclusion criteria were review articles,
systematic reviews, meta-analyses, multicentre studies, controlled cohort studies, uncontrolled
cohort studies. Exclusion criteria were articles without a full-text version and duplicate articles.
Preference was given to works published within the last five years.

RESULTS
Way to stimulate bone regeneration

Tissue engineering is an interdisciplinary field aimed at developing new biological approaches
totreat awide range of diseases[12]. The need for tissue engineering techniques in bone regeneration
is due to the limited abilities of the human body for correct autoregeneration, especially in comorbid
and elderly patients with osteoporosis [10].

Mesenchymal stem cells (MSCs) play a significant role in the process of bone tissue remodeling, since
they are the precursors of the key regulators of this process, osteoblasts and osteoclasts, and are also
able to migrate to the defect area [16]. Significant advances in the study of stem cell biology have
provided new therapeutic regenerative strategies that avoid the use of autologous bone tissue [17].

The shortage of tissue grafts has also stimulated the development of regenerative medicine
technologies that apply natural biomaterials that have positive properties such as biocompatibility,
bioactivity, controlled degradation and structural similarity to native tissue extracellular matrix
[18]. One of the philosophies of regenerative medicine is creation of such scaffold biomaterials
that simultaneously mimic the extracellular matrix and positively modulate the activity of proper/
exogenous stem cells to achieve maximum regenerative potential [19].

Currently, the following materials have been used to improve bone regeneration [10]:
1. Tissue grafts of:
— autologous origin (bone grafts, cancellous grafts);

— allogeneic origin (bone grafts, bone graft product);
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2. Components of the extracellular matrix:
- collagen (types 1, 2 and 4);
— fibronectin;
- laminin;
3. Decellularized extracellular matrix:
— demineralized bone matrix;
— decellularized bone extracellular matrix;
— calcined bovine bone;
4. Ex vivo cultured therapeutic cells:
— MSC transplantation;
— extracellular matrix formed by cells;
— exosomes.

The use of mesenchymal stem cells and extracellular vesicles as strategies to optimize bone tissue
regeneration is of particular interest to researchers [4].

Mesenchymal stem cells

Currently, there are two main strategies for using MSCs to improve bone tissue regeneration:
the release-mobilization of endogenous MSCs and the use of exogenous stem cells [20]. The use
of exogenous stem cells is possible in several ways: systemic administration by intravenous
infusion [21] and local application of cell suspensions, sheets and spheroids [22]. In systemic use
of MSCs, in addition to the osteogenic effect, modulation of the immune status and, accordingly,
restoration of the microenvironment have been demonstrated; however, the percentage of cells
that reach the bone defect remains low thus decreasing the therapeutic efficacy [21, 23]. The use
of cell sheets [24] and spheroids [25] with an extracellular matrix formed by stem cells promotes
the release of a large number of growth factors and cytokines that improve bone tissue regeneration,
which is successfully used in the treatment of bone defects [26] and to improve the bone-to-graft
bonds [27]. Thus, the study of Vishnevsky et al. [28] showed that the addition of MSCs to bone grafts
in a rabbit rib cage defect model promoted an increase in the proportion of mature bone matrix
and more intense osteogenic differentiation.

In recent years, much attention has been paid to the microenvironment of cells, since its significant
influence on the functional activity of stem cells and their reproducible therapeutic effects
has been discovered [6]. In a pathological microenvironment, the viability and differentiation
of MSCs decreases; thus, during cytotherapy, both the donor microenvironment and the recipient
microenvironment play a significant role in determining the therapeutic effectiveness
of transplanted stem cells [29]. Important systemic factors affecting bone regeneration and cell
microenvironment include the level of steroid hormones [30] and blood glucose [31], as well as
the activity of the inflammatory process [32]. Decreased estrogen levels in postmenopausal women
have been shown to result in decreased proliferation and osteogenic differentiation of bone marrow
(BM) MSCs, decreased bone mineralization, accumulation of reactive oxygen species, adipogenic
cell differentiation, imbalance between osteoblastogenesis and osteoclastogenesis, and ultimately,
in bone loss [33]. Elevated levels of corticosteroids also suppress the proliferation and osteogenic
potential of BM MSCs [34]. At the cell level, the energy metabolic profile has a significant impact
on the functions of stem cells, so increased glucose concentration causes dysfunction of BM MSCs
[35]. Oxidative stress and accumulation of advanced glycation end products lead to decreased
viability and osteogenic differentiation of stem cells [36]. Despite the essential role of inflammation
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in bone healing, the proinflammatory microenvironment is a key pathogenetic mechanism
underlying various osteopenic disorders, as inflammatory cytokines lead to impaired proliferation
and osteogenic differentiation, excess production of reactive oxygen species and apoptosis of stem
cells [31]. Thus, to improve the regenerative potential of stem cells, it is necessary to analyze and
adjust the level of steroid hormones and glucose in both the donor and the recipient, as well as
modulate the inflammatory microenvironment [36]. For this purpose, gene expression regulators,
such as rapamycin, a signaling inhibitor of mTOR, can be used in the clinic [37]; DAPT, Notch
signaling inhibitor [38]; PDTC, nuclear transcription factor-kappaB (NF-«B) signaling inhibitor [39];
GSK2606414, PERK inhibitor [40]; antioxidant NAC [41]; licochalcone A [42], etc. The effectiveness
they demonstrated indicates the potential use of the technique of normalizing the microenvironment
of stem cells in order to increase the efficiency of MSC-mediated bone healing [43].

At the moment, the use of adipose tissue MSCs (ADSCs) has become increasingly attractive
for clinical specialists as it is the least traumatic method for the patient [44]. However, the limited
potential of ADSCs for osteogenic differentiation and the natural tendency towards adipogenic
differentiation hinder their widespread use in bone tissue regeneration [45]. At the same time,
it is known from the literature that circular RNAs (circRNAs) play a significant role in determining
the further path of development of stem cells and progenitor cells [46]. A study by D Zhang et al. [44]
assessed the modulating effect of circRNA on the osteogenic differentiation of adipose tissue stem
cells. CircRNA is a closed, continuous ring of RNA, which makes it more stable than linear RNA
due to the absence of a free end available for enzymatic degradation [47]. Some effects of circRNA
are reproduced by acting on microRNAs (miRs) that regulate the expression of target genes [48].
Thus, in the course of this review, it was found that circRNA-vgll3 directly binds to miR-326-5p
in the cytoplasm of cells like a “sponge” and inhibits its activity, which leads to an increase
in the expression of integrin o5 (Itga5) [44]. Itga5 is known to play a significant role in cell adhesion
to the extracellular matrix, improves the functional activity and survival of osteoprogenitors, and
also carries out some mechanisms of osteogenic growth factors, such as BMP2, TGFf and PTH [49].
Increased expression of Itga5 through the circRNA-vgll3/miR-326-5p/integrin o5 signaling pathway
leads to improved ADSC homing, recruitment of osteoprogenitor cells, and improved osteogenic
differentiation of adipose tissue stem cells [44]. The use of a circRNA-vgll3 inhibitor led to a decrease
in the mRNA expression of ADSC osteogenic differentiation genes (Runx2, OSX, Collal, OPN, OCN
and BSP) [44]. The therapeutic effect of a combined use of circRNA-vgll3-modified calcium phosphate
scaffolds and ADSCs was also assessed in a rat model of bone defect of the skull [44]. An increase
in mineral density and an increase in the volume of newly formed bone tissue were revealed when
compared to the control group [44]. The results of that study show the promise of using circular
RNAs, namely circRNA-vgll3, to improve the osteogenic differentiation of adipose tissue stem cells
and their further use for the treatment of bone defects [44].

Literature data on research into the effectiveness of stem cells in bone tissue restoration are
not limited to animal trials alone. Thus, VN Bordakov et al. [50] provided data on the successful use
in their clinical practice of tissue-engineered constructs based on calcium hydroxyapatite, fibrin
glue and bone marrow MSCs in the treatment of defects of long bones. A histological assessment
of the regenerate one month after grafting discovered developing bone tissue, and the result
of treatment was subsequent consolidation of the fracture and functional recovery. However,
the authors emphasize the importance of further studying this combination of biologically active
components in subsequent studies [50].

Exosomes

Traditional tissue engineering is based on the use of scaffolds, cultured cells, and growth factors [51].
However, the use of cells has a number of disadvantages: limited sources, insufficient cell activity,
immunological reactions and high costs for clinical use [52]. Nevertheless, the therapeutic potential
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of exosomes is similar to the paracrine functions of stem cells and overcomes the limitations
associated with their transplantation [1]. This is why safer acellular tissue engineering may become
an alternative to cell therapy [2, 53, 54]. Thus, the studies of the regenerative potential of MSC
exosomes on a model of bone defect in rats performed by IV Mayborodin et al. [55, 56] demonstrated
faster healing and an increase in bone density, as well as the formation of less rough callus compared
to the control group.

Monocytes and macrophages are known to be key regulators of tissue healing processes, and different
macrophage phenotypes have different effects on repair processes [57]. During the repair
process, the recruitment of monocyte macrophages occurs, a transition from the M -phenotype,
pro-inflammatory, to the M, -phenotype, anti-inflammatory [58]. Current research is focused
on studying the influence of different macrophage phenotypes on tissue regeneration [59].
Thus, F Loi et al. [60] suggested that consistent changes in macrophage phenotypes make a
significant contribution to the process of osteogenesis. Macrophages control the physiological
process of bone repair by secreting various factors that are osteoinductive and, conversely,
inhibiting bone regeneration [61]. Intercellular interactions are mediated by the release into
the local environment of exosomes (Exos) that are extracellular vesicles ranging in size from 40
to 150 nm, containing proteins, lipids and nucleic acids, including miRs [62, 63]. Exosomes captured
by target cells have a biological effect on them, change their behavior pattern and activate signaling
pathways [64]. The study of M Kang et al. [59] investigated the functional role of paracrine factors,
Exos M, M, and M, macrophages, in the treatment of critical size defects in a rat calvarial defect
model. It was revealed that Exos M and M,-macrophages promote bone repair while Exos M, affects
bone regeneration [59]. Exos M,, and namely miR-155, may affect RUNX2 and BMP signal ways,
in particular BMP2 and BMP9 that result in the decrease of osteogenic differentiation of MSC, while
Exos M, and M,, miR 378a, promote expression of osteoinductive genes of MSC [59]. CT evaluation
conducted after 3 weeks showed impairment in bone formation in Exos M, group and improvement
in Exos M, and M,-macrophages group [59]. Other studies demonstrated that osteogenesis improved
as aresult of common cultivation of M,-macrophages with osteoprogenitors while M,-macrophages
decreased expression of osteogenic markers and impaired bone tissue mineralization [65, 66].
The study confirms the results of other studies and indicates the differential and opposite effects of
polarized macrophages and their exosomes on bone tissue regeneration, and also provides grounds
for the prospects of using exosomes of M, and M,-macrophages as osteogenesis stimulators [67-69].

The pathogenetically important anti-inflammatory effect of exosomes was demonstrated in a study
by X Wang et al. [70], where the effect of a polycaprolactone (PCL) scaffold in combination with MSC
exosomes and S-nitrosoglutathione (GSNO) on bone tissue repair was studied. PCLis a biocompatible
but bioinert polymer, what limits its stand-alone application in bone engineering [71]. Nevertheless,
GSNO, which is a donor of NO, regulates the activity of the blood coagulation system, has
an anti-inflammatory effect and prevents the destruction of bone tissue [72]. The work demonstrated
a decrease in the expression of pro-inflammatory genes (IL-6, TNF-a, iNOS n I1- 1), an improvement
in the osteogenic differentiation of BM MSCs, what was manifested by an increase in the expression
of mRNA ALP, Col-Iand Runx2, as well as an increase in ALP activity [70]. Researchers have suggested
a synergistic effect of GSNO and exosomes on the expression of pro-inflammatory cytokines [70].
The results of that study show the promise of using bioactive agents such as GSNO and exosomes
in combination with scaffolds to improve bone tissue regeneration [70].

Filling of large bone tissue defects is often accompanied by insufficient vascularization of the resulting
tissue [73]. Angiogenesis plays a significant role in the process of bone tissue remodeling; therefore,
for effective healing, improvement of both osteogenesis and angiogenesis is necessary [13]. A study
by Y Zha et al. [2] examined an acellular tissue engineering system using encapsulated vascular
endothelial growth factor (VEGF) gene in exosomes on the surface of a 3D-modulated PCL scaffold
in a radius bone defect model in rats. Micro-CT analysis after 6 and 12 weeks revealed a significant
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improvement in bone regeneration in the experimental group, and histological analysis showed
the presence of more mature collagen fibers compared tothe control group [2]. The study demonstrated
the dual role of exosome-modified scaffolds: as an inducer of osteogenic differentiation of BM MSCs
and as a VEGF depot that ensures remodeling of the vascular network [2]. That work demonstrated
the possibility of using exosomes as a biovector for the delivery of biologically active substances
to improve bone tissue regeneration [2].

It was previously shown that BMSC-Exos and magnetic nanoparticles (Fe,O,,y-Fe,0,) in combination
with a static magnetic field (SMF) have a positive effect on both osteo- and angiogenesis [74, 75].
Wu et al. [1] assessed the effect of magnetic nanoparticle-modified exosomes (BMSC- Fe,O,-Exos)
in combination with SMF on the functional characteristics of human umbilical vein endothelial
cells (HUVEC) and BMSC, as well as the restoration of calvar defect on rat models. Researchers have
demonstrated the osteogenic effect of this modification of exosomes in combination with a static
magnetic field, which was manifested by improved mineralization of bone tissue, increased ALP
secretion and mRNA expression of osteogenic markers (OPN, RUNX2, COL-1) [1]. When co-cultured
with HUVEC, effects such as accelerated cell migration, a greater number of tube-like structures, and
anincrease in the expression of mRNA of pro-angiogenic factors (VEGF, ANG-1, HIF-1a) were noted,
which confirms the angiogenic effect of BMSC-Fe,O,-Exos-SMF [1]. Micro-CT analysis demonstrated
an increase in the amount of newly formed bone and blood vessels in the experimental group, which
is confirmed by the results of other studies [76-81]. The positive effect on osteo- and angiogenesis
was explained by an increase in the concentration of miR-1260a and its effect on the transcription
of certain genes [1]. Thus, in BMSC, miR-1260a inhibits the expression of HDAC7 and thereby
reduces its suppressive effect on the expression of OPN, RUNX2, OCN, ALP and COL-1, a similar
mechanism of action is observed in HUVEC, where miR-1260a inhibits COL4A2, thus increasing
secretion of VEGF, ANG-1 and HIF-1a. [1, 75, 82]. This kind of angiogenic effect was demonstrated
in the work of Lu et al. [14]. The study showed that miR-29a-3p, through post-transcriptional
inhibition of VASH-1 which negatively affects angiogenesis, contributed to improved proliferation
and migration of endothelial cells, and an increase in the number of osteocalcin-positive osteoblasts,
bone mineral density and trabecular bone volume was noted, compared with the control group [14].
The results of this study demonstrate the therapeutic potential of exosomes in the repair of bone
defects [1].

DISCUSSION

Management of large bone defects remains a challenging problem for orthopaedic surgeons, and
therefore there is an active search for methods to increase the efficiency of bone regeneration [1, 4].
A large number of studies have been focused on the use of mesenchymal stem cells and exosomes
as stimulators of osteogenesis. Analysis of current medical literature allows us to draw definite
conclusions:

— All the studies we reviewed show a positive effect of mesenchymal stem cells and exosomes
on the process of bone tissue remodeling.

— Local use of mesenchymal stem cells is characterized by a more pronounced regenerative effect
compared to systemic administration [21, 23, 26, 28].

- Developing methods for increasing the differentiation of mesenchymal stem cells of adipose tissue
in the osteogenic direction would enable to use alternative sources of multipotent cells to bone
marrow in the future, and, accordingly, reduce the traumatic nature of the procedure, which is
especially important in the case of a severe patient’s condition [44].

- To improve the regenerative potential of mesenchymal stem cells, it is necessary to consider
the endocrine status of both the donor and the recipient, as well as carry out anti-inflammatory
therapy to create an optimal microenvironment of transplanted cells [31-36].
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- Exosomes of anti-inflammatory phenotypes of macrophages have a positive effect on the process
of bone repair [60, 65-69].

- Exosomes of mesenchymal stem cells have an anti-inflammatory, angiogenic and osteogenic
effect that ensure a more efficient bone tissue regeneration process [1, 2, 14, 55, 56, 70, 74, 75].

CONCLUSION

Despite the active development of medicine, the clinical need for effective bone regeneration still
remains at a high level. The use of mesenchymal stem cells and acellular regenerative approaches
has demonstrated good results in bone defect management and is a promising direction. Further
study of the mechanisms of action is necessary for the productive use of mesenchymal stem cells
and exosomes in the treatment of bone defects along with assessment of the effectiveness and safety
of these regenerative techniques in preclinical and clinical studies.
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Abstract

Introduction Despite the large number of articles on complications associated with surgical lengthening,
information about such a complication of transosseous distraction osteosynthesis as failed bone
regenerate (called hypoplastic in foreign literature) is extremely rare. There are no methods for predicting
the restructuring of the regenerate and clinical recommendations for the management of patients at various
stages of reconstruction of the distraction regenerate. This entails a long period of immobilization and severe
complications.

The objective of the work was to define the notion of inadequate (“ischemic”/hypoplastic) bone regeneration
and the problem of its formation as a complication during surgical limb lengthening

Material and methods The PubMed database and the eLIBRARY scientific electronic library were used
to select sources for a systematic literature review. The sources published between 1997 and 2020 were
selected

Results and discussion Ineffective distraction bone regenerate is a complication of surgical segment
lengthening with the shape and/or structure of the newly formed bone preventing functional load
onthe segment. Thereis a general tendency with bone elongations being greater than 15-20 % to significantly
reduce biomechanical properties of the distractional regenerate bone. Patients' age at surgical lengthening
is not reported as a risk factor for distraction regenerate fractures and a history of adverse events
and complications is regarded as an additional risk factor. Inadequate (unstable) distraction regenerate
bone includes morphotypes III-V and structural types 1, 5, 7 as classified by Ru Li. There are no clinical
guidelines for operational strategy. Failed distraction bone regeneration as a complication of distraction
osteosynthesis was reported by different authors between 1997 and 2020. There are conflicting statistically
unreliable data regarding a risk for regenerate bone to develop into a less stable type. The surgical options
presented have no statistical significance (occasional case reports) and do not describe all possible clinical
scenarios.

Conclusion The problem of failed distraction regeneration and impaired organotypic restructuring remains
one of the most important problems in limb lengthening. Inadequate formation and restructuring of newly
formed bone can be caused by many factors including anatomical, physiological and technological aspects
that would require further comprehensive study.

Keywords: hypoplastic/ischemic/atrophic distractional regenerate bone, complications of distraction
osteosynthesis, classification of distraction regenerate bone
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INTRODUCTION

There are no statistical data on the number of limb lengthening surgeries performed worldwide due
to the lack of the national healthcare reports with no possibility to authenticate the information.
Withalargenumber ofarticles and reports on complications associated with surgical limb lengthening
there is a paucity of publications reporting failed bone regeneration, called hypoplastic in foreign
literature, as a complication of transosseous distraction osteosynthesis (1-4.8 % of all surgical limb
lengthening cases). There is no clear definition of the adverse event which cannot be prevented due
to the lack of methods for predicting the restructuring of the regenerate bone into an unstable type.
There are no recommendations for management of patients at various stages of reconstruction
of the distraction bone regeneration to be followed by a long period of immobilization and severe
complications (muscle atrophy, joint contracture, severe decrease in the mobility and quality of life,
mental health adverse effect).

The objective was to define the notion of inadequate (“ischemic”/hypoplastic) regenerate bone
and explore the phenomenon as a complication of surgical limb lengthening based on literature data.

MATERIAL AND METHODS

An internet search of eLIBRARY and PubMed databases using the search terms: bone regenerate
complications during lengthening, ischemic regenerate bone, classification of distraction bone
regeneration, treatment of ischemic bone regenerate, fractures after bone lengthening was
performed.

Exclusions included publications reporting maxillofacial surgery (mandibular lengthening, maxillar
bone correction), animal experiments, lengthening of short cancellous bones, case/control reports
and paid content.

Overall, 1207 contributions were identified including 808 with eLIBRARY and 399 with PubMed.
37 sources were selected, including 5 patents.

RESULTS
Definition of the term

The definition of ischemic distraction regenerate in their study was given by D. Borzunov et al. [1].
The authors used the radiological classification offered by R. Li to evaluate hypoplastic types
of distractionregenerate [2]. This classification includes five callus shapes of distraction osteogenesis:

- Fusiform (the regenerate is wider than the original bone);

— Cylindrical (the regenerate is the same width as the original bone);
— Concave (the regenerate tends to produce an hourglass appearance);
— Lateral ( the regenerate show a callus defect);

— Central (the regenerate is a thin pillar in the central portion).

According to the authors, types 3 and 5 can be classified as “ischemic” distraction regenerate formed
as a hypoplastic type. Type 4 (with the formation of a marginal defect and a hypoplastic bone
formation) cannot be classified as an “ischemic” regenerate. It is usually associated with an impaired
integrity of the bone due to the osteotomy. The authors differentiate between “ischemic” regenerate
and “hypoplastic” regenerate based on the following characteristics: a) the connective tissue area
prevailing over the osseous area of the regenerate; b) the the original bone area prevailing over
the regenerate area; ¢) no tendency to increasing the length and area of bone sections (according
to radiological investigations in dynamics); d) formation of endplates at the ends of the osseous
regenerate parts with signs of nonunion (like an atrophic nonunion); e) disparity between
organotypical restructuring of the regenerate and bone fixation length in combination with
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maintained pathological mobility observed with clinical testing; f) formation of a soft tissue defect
in the projection of the “ischemic” regenerate. In the treatment of patients with this pathology.
The authors suggested osteotomy to be produced in the proximal and distal original bone to be
followed by compression and compaction [1].

F. Schiedel et al. reported 67 patients (101 cases of femoral lengthening) with 11 developing
unstable regenerate between 2008 and 2010. The authors reported no cases where intramedullary
reinforcement could not be used. The appearance of the regenerate using the Li classification
scheme was not a predictive value for the probability of a fracture after frame removal. The authors
classified morphotypes 4 and 5 and structural types 1-4 of the regenerate as “unstable” types [3].
J.Kenwright et al. classified fractures after surgical lengthening of the segment and identified 4 types:
Ia, compression of the regenerate zone; Ib, fracture of the regenerate and displacement; II, fracture
in the “base” of the regenerate; III, fracture of the parent bone proximally/distally off the regenerate
zone; IV, fracture of the adjacent bone segment [4].

Preventive diagnosis and risk factors

In 2003, G.V. Dyachkova et al. reported outcomes of 149 patients who underwent distraction
osteosynthesis,and found that if the height of the radiolucent zone (connective tissue layer) was more
than 20 % of the height of the diastasis, the reasons for that were to be identified and adjustments
made during the distraction; if the diameter of the regenerate at the “growth radiolucent zone” was
20 % less than the diameter of the bone fragments, the reasons for that were to be identified and
adjustments made to the elongation process due to the risk of an hourglass regenerate [5].

A.L.Shastovreported ahistory of repeated and unsuccessful surgical interventions,angioneurological
disorders, cicatricial degeneration of soft tissues, traumatic disruption of bone integrity during
osteotomy, inadequate distraction rate, lack of timely monitoring as risk factors of “ischemic”
distraction regenerate [6].

The C-reactive protein level was practical for predicting poor regeneration during Ilizarov segment
lengthening. The serum CRP of less than 6 mg/1 in the first 10 days of distraction was a prognostic
sign indicating high probability of poor regeneration [7].

Outcomes of lower limb lengthening in patients with systemic skeletal diseases and pathologically
short stature showed that the rate of poor results increased with repeated segment lengthening
in patients aged 14 years and older, in adults aged 20 years and older, with the length gain
of more than 50 % of the initial segment length, with osteosynthesis index (OI) being less than
20 days/cm with the femur lengthened secondarily at the cross-lengthening stage, and in patients
with Shereshevsky-Turner syndrome [8].

K.A. Dyachkov suggested that the regenerate “growth zone” should not exceed 23-33 % of the total
regenerate area during the distraction period, otherwise it would result in complications in most cases [9].

White blood cells CD3++ and CD19++ more than 6.6 units and the serum immunoglobulin A
of more than 3.3 would slow down fracture healing and transosseous distraction osteosynthesis
with the Ilizarov healing [10].

K.N. Devmurari et al. explored radiographs of 28 cases of femoral lengthening by 30-55 % of the
original length and reported callus fractures in 14 patients within 440-545 days of frame removal.
No callus fracture was seen in segment lengthening of 30 %; the atypical shape of the callus and its
optical properties corresponded to the parameters of the femur [11].

L. Zaka et al. reviewed outcomes of 19 patients who underwent lower limb lengthening
with intramedullary nail. The mean age of the patients was 43 years with a mean distraction distance
of 38.9 mm. There was no relationship between the effectiveness of distraction osteosynthesis
and the patient’s age [12].
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In contrast, other authors [13] retrospectively studied 63 patients (aged 3 to 57 years) who had
74 distractionosteogenesis proceduresbetween2004and 2009 using circularand monolateral external
fixators. Adult age and bone healing index were the most important predictors of complications
associated with the distraction regenerate restructuring into unstable types. The use of the cure
index as such was uninformative. The index was calculated by dividing the number of days from
the beginning of treatment to the patient’s complete recovery by absolute or relative length gain
(it can be calculated at the end of treatment, and not at the beginning or in the mid, and cannot be
used for prediction). Another study [14] indicated 72 cases of segment elongation with 17 fractures
observed in 25 patients and occurred in different morphotypes of the regenerate without distinct
correlation with the relative segment elongation (from 39 to 66 %).

K.P. Venkatesh et al. [15] reviewed the results of 20 patients who underwent bilateral lengthening
with a monolateral external fixator. The patients were divided into 2 groups: 12 patients had
lengthening of less than 50 % of the original segment length and 8 of more than 50 % of the initial
femoral length. All patients developed stable types of regenerate (70 % fusiform and 30 % cylindrical)
in the initial phase of distraction. The regenerate transformed into a less stable type in 85 % of cases
of the first group and in 62 % of the second group with 25 % of them restructured into unstable types
during advanced distraction phases. The ratio maintained during the consolidation stage.

The regenerate was shown to restructure into a less stable type in all cases of elongation greater
than 10 cm. The authors reported a correlation between the regenerate structure and the risk
of fracture. Fractures were not associated with a “transparent” regenerate and cylindrical shape
(types 4 and 8 as classified by R. Li’s and is characterized by a radiological transparent layer
in the projection of the growth zone of the regenerate). Li type III regenerate fractures were
treated using re-osteosynthesis with an external fixation device; patients with regenerate types IV
and V with external transosseous compression-distraction osteosynthesis added by bone grafting
with no dynamics for more than 4 months of frame removal.

In 2012, F. Launaya et al. [16] reported retrospectively 111 cases of lower limb lengthening
(40 femurs, 71 tibiae in patients aged 5 to 32 years) performed between 2000 and 2010 with a higher
rate of femoral fractures compared to the tibia. Most of the fractures were classified as Simpson —
Kenwright type II. The incidence of fractures was higher with the surgery performed for patients
aged 9 years and younger and with distraction started earlier than 7 days of osteotomy. There was
no statistical correlation between the beginning of lengthening and the patient's age.

N. Muzaffar et al. reported 15 cases of femoral lengthening in 15 patients aged 12 to 32 years with
3 “false” cylindrical regenerates and the volume (measured in pixels) risky because if diagnosis is
untimely or inaction on the part of the attending physician, the biomechanical properties of the newly
formed bone can be completely lost, and repeated surgical intervention would be required [17].

A review of 319 Ilizarov lengthening procedures was performed in 2013 to include patients
aged 3 to 50 years and showed a strong relationship between the lengthening index (month/cm
of lengthening) and the length of the regenerate (i.e., the greater the lengthening of the segment,
the longer the fixation with the frame on). The lowest lengthening index was in younger patients.
A significant difference in the lengthening index in different segments was also revealed (16 %
less in the femur than in the tibia). The authors were unable to statistically prove longer periods
for repeated segment lengthenings [18].

M. Kenawey et al. reported 37 cases of femoral lengthening using the ISKD system with poor
regenerate noted in 8 cases (no description of the cases and the definition of the concept provided).
Important risk factors were a distraction rate greater than 1.5 mm/day (9.1 times higher risk),
age 30 years or older, smoking, and lengthening greater than 4 cm. [19].
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In his work N.G. Burkel et al. [20] reported 178 cases of femoral lengthening in 108 patients
and a 4.5 % incidence of distraction regenerate fractures. They found no statistically significant
relationship between the incidence of fractures and the age of patients, gender, and time of surgery.
Lengthening of greater than 5 cm were considered a statistically significant risk factor.

The bone and the structural components of the limb segment are involved in the process of limb
lengthening, and the success of treatment depends on their condition. The muscles has an important
role. T.I. Menshchikova [21] reported the use of ultrasound diagnosing the reserve capabilities
of muscles (echo density) for the maximum lengthening gain without negative consequences.

Treatment options

Upbringing the distraction regenerate and stimulation of distraction osteosynthesis is emphasized
by many authors.

S.S. Leonchuk et al. [22] reported an hourglass-shaped regenerate with a height of the middle layer
of 10 mm or greater and low bone mineralization as indications for stimulation of osteogenesis.
Mechanical stimulation was considered as a simple and most effective method (gradual orimmediate
compression of the regenerate by 7-10 mm with a certain force applied). The technique ensured
compression of the bone regenerate with ischemic connective tissue stimulating angiogenesis.
The method facilitated restoration of the regenerate integrity with the diameter and the mechanical
strength increasing. The “rotational” compression of the distraction regenerate could be more
effective. The bone was subjected to a dosed external rotation of 15-20° during gradual segment
lengthening and correction of the limb axis with the apparatus, after 5-7 days of longitudinal-
axial bone alignment. Rotation was produced at a rate of 2-3°/day. Biomechanical stimulation
was performed using automatic high-frequency distraction. The “accordion maneuver” was used
to stimulate osteogenesis by distraction by 0.25 mm in the morning to be followed by compression
of 0.25 mm in the afternoon and distraction of 0.25 mm to be produced in the evening. Good results
have been shown with use of bioactive implants (combined osteosynthesis using intramedullary
wires coated with hydroxyapatite), hyperbaric oxygenation, local application of low-frequency
pulsed ultrasound on the regenerate and electrical stimulation of the limb muscles.

A.L. Shastov reported compaction of the regenerate including an additional osteotomy, minimally
invasive introduction of autologous bone chips and medullary components or paired fibula as
methods of choice for treatment of an “ischemic” distraction regenerate [6].

A retrospective analysis performed by V.I.Shevtsov et al between 1976 and 2020 included
213 literature sources [23] and 564 patients featuring (1) the use of auto- and heteroplasty for bone
defect repair; (2) fibular bone grafting to repair bone defects; (3) the use of artificial materials
to repair bone defects; (4) application of tissue engineering and cellular technologies. The method
developed by G.A. Ilizarov has been recognized as the most biological method for bone defect
repair with the effectiveness of 97.7-100 % but it cannot be used for short bone fragments, the need
of long-term treatment, limited in-hospital stay, for patients living far from medical centers, etc.).

V.D. Balayan et al. reviewed treatment outcomes of 120 patients aged 23 to 72 year. They were
treated with revascularizing osteoperforation, X-shaped longitudinal osteotomy, bone grafting
with auto- and allografts in combination with fixation of fragments with a bone fixator, external
fixation device, intramedullary osteosynthesis with locking screws (BIOS) and intraosseous
Fixion rod to stimulate reparative osteogenesis shortening the period of limb external fixation
from 115 # 12 days to 85 = 12 days [24].

T.I. Dolganova et al. [25] reported ischemic distraction regenerate observed during polyfocal bone
lengtheningin patients with longbone defects (ultrasound examination) with distraction regenerates
developing independently during sequential multi-level bone lengthening. An additional bone
osteotomy and subsequent discrete bone transport can improve reparative processes at the site
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of the “ischemic” distraction regenerate with the closure of the marginal defect with newly formed
bone tissue and accelerated organotypic restructuring (the latter should be taken into account when
choosing surgical treatment strategy).

Methods for stimulation of distraction regeneration that can be used for preventive and therapeutic
purposes included a longitudinal split left along the posterior surface of the bone as a source
of osteoinductive cells [26], HBOT to address vascular, neurological and biomechanical
complications [27],platelet-rich plasma introduced into the distraction regenerate to prevent poor
regeneration [28], gradual elongation with spiral longitudinal deflection of fragments to ensure
formation of a good volumetric bone regenerate [29], accelerated distraction rate in the first 10 days
after osteotomy and the slowdown 10 days before the end of distraction leading to bone regeneration
being comparable with the maternal bone fragments [30].

J.J. Jauregui et al. [31] performed meta-analysis of 192 cases of segmental lengthening showing
that the use of LIPUS (low-frequency ultrasound stimulation) and PEMF (pulsated electromagnetic
field) reduced the HI (healing index) from 45.4 days/cm of lengthening to 33.7 days/cm.

In contrast, A.H.RW. Simpson et al. [32] conducted a study (32 patients using stimulation
with the LIPUS system and 30 placebo) showed no effect of ultrasound on distraction osteoneogenesis.
Smoking increased the cure rate by 50 %.

H.I. Balci et al [33] reported the optimal distraction rate of 0.564 mm/day for good morphological
quality callus based on the experience of twenty-seven patients with congenital pseudarthrosis
of the tibia who underwent limb lengthening surgery between 1997 and 2016.

K.-W. Park et al. [34] reported a higher incidence of complications during femoral lengthening
in 148 achondroplasia patients who underwent lower limb lengthening. Tibial lengthening had
a significantly lower complication rate and a higher callus formation rate than femoral lengthening.
The authors gave an example of the formation of a Li type V regenerate (treatment option included
reinforcement with wires and use of an autograft from the iliac crest with a satisfactory result).

DISCUSSION

Ineffective distraction bone regenerate is a complication of surgical segment lengthening when
the shape and/or structure of the newly formed bone does not allow functional load on the segment.
The complication is a fracture after surgical segment lengthening (types III, IV complications
according to Donnan). The reported incidence of fractures after surgical segment lengthening
averages 2.9 % (1-4.8 %, with one study reporting a rate of 40 %) [35, 36]. A review of 11 series
including 1065 segments of patients of different ages, with various nosologies, different lengthening
values included 117 fractures and deformities at the regenerate level amounting for 10.99 % of which
patients must be aware signing consent for surgical lengthening intervention.

The trends that can be observed in the majority of publications include: lengthening greater than
15-20 % is associated with higher complication rate (including failed distraction bone regenerate).
Data regarding the performance situation are conflicting. In most articles, the age at which
surgical lengthening is performed is not a risk for the development of an incompetent distraction
regenerate; a history of problems and persistence during previous surgical lengthening of segments
is an additional risk factor (the significance of the indicator of its underdevelopment). There are
conflicting data regarding the effect of age on the incidence of complications. The age at which
surgical lengthening is performed is not a risk factor for the development of a failed distraction
regenerate; a history of adverse events during previous surgical segment lengthening is an additional
risk factor (the significance is not indicated numerically).

The pathology can be treated surgically and conservatively (plaster/plastic bandage, osteosynthesis
with a plate/TEN with/without grafting, bifocal osteosynthesis with an external fixation device).
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Nouniform recommendations for clinicians have been developed at the moment. Like other researchers,
we suggest that R. Li’s classification is the most practical grading system for assessing distraction
regenerate to identify 5 morphotypes and 10 types of regenerate structure [37]. Most authors evaluate
morphotypes III-V and structural types 1, 5, 7 as a failed distraction (unstable) regenerate (if these
structures are identified on radiographs, measures should be taken to stimulate regeneration).

CONCLUSION

Failure of the distraction regenerate and impaired organotypic restructuring has been one of the most
important problem of limb lengthening. Poor regeneration and restructuring of newly formed bone
can be caused by anatomical, physiological and technological events that remain controversial
and require further comprehensive study.
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Abstract

Introduction The optimal surgical approach for malleolar fractures and distal tibiofibular syndesmotic
(DTFS) disruption remains controversial. There is no uniform treatment protocol for this type of injury.

The objective was to review modern surgical treatments of the pathology and determine the optimal option.

Material and methods Articles of French, English, Uzbek, Kazakh, German, Danish, Japanese and Chinese
authors were retrospectively reviewed. An internet search of MedLine; PubMed; Scopus; Web of Science,
CINAHL, the Cochrane Central Register of Controlled Trials databases was performed.

Results Comparative studies of dynamic fixation and static fixation of the DTFS showed advantages
of the dynamic methods enabling precise, anatomical syndesmotic fixation and faster healing. Dynamic
fixation methods would require no implant removal, while syndesmotic screw woul be taken off to reduce
compression in the ankle joint and minimize a risk of malreduction facilitating mobility of the ankle joint.
Dynamic methods are associated with greater stability and less complication rate. However, static methods
have the advantages of being more accessible and less expensive, which can be an important factor choosing
a treatment method. Static methods are a wide application and can be used in a wide range of clinical cases.
Long-term results show no statistically significant differences between dynamic fixation and static fixation.

Discussion Literature review indicates the dynamic method with suture-button, a combined method
and titanium cable isotonic annular fixation system as the preferred technique for surgical stabilization
of distal syndesmosis associated with ankle fractures with a lower risk of postoperative complications
and the possibility of short-term rehabilitation.

Conclusion The choice between dynamic and static methods of distal syndesmosis fixation depends
on many factors, including the complexity of the injury, the availability and cost of implants
and the experience of the surgeon.

Keywords: ankle fractures, tibiofibular syndesmosis disruption, dynamic fixation, static fixation, instability
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INTRODUCTION

Syndesmotic injuries occur during sporting activities, car accidents and other external effects.
Once one has determined that syndesmotic injury will require surgical intervention, the surgeon
needs to decide the most appropriate method of fixation. Syndesmotic fixation can be provided
by bolts, wires, plates, wedges and other tools. Each method has advantages and disadvantages.
Treatment would be dependent on the individual patient and injury characteristics. Safe and modern
technologies are essential for improving the care of surgical patients. The distal tibia and fibula
form the osseous part of the syndesmosis and are linked by the anterior tibiofibular ligament
(ATIFL), the posterior tibiofibular ligament (PTIFL), transverse tibiofibular ligament (TTFL)
and the interosseus ligament (Fig. 1) [1, 2].

Anterior

Fig. 1 Anatomical specimen and diagram of the distal tibiofibular syndesmosis: 1, cartilage; 2, syndesmotic recess;

3, anterior tibiofibular ligament; 4, posterior tibiofibular ligament; 5, interosseous ligament
Ankle fractures remain the third most common musculoskeletal injury and account for 5.5 to 7.4 %
of all fractures seen in the trauma setting. Syndesmosis injuries account for 25 % of all ankle injuries
and may result in significant functional impairment at a long term [3-8]. This applies to the Weber
type C ankle fractures that often have an associated syndesmotic injury, the Weber type B ankle
fractures that are usually caused by high energy injuries with syndesmosis involved in 37 %
of cases [9-14]. Ankle fracture is caused by traumas such as falls, traffic accidents and sports-related
injuries. The most common mechanism of injury is falls (66.5 %), with more fractures seen
at winter periods [15]. Complications associated with surgical treatment of ankle fractures can have
a significant impact on the patient's quality of life. Complications may be temporary and permanent
resulting in disability and limited range of motion. If poorly managed, this type of injury can lead
to long-term complications such as chronic pain, instability and osteoarthritis of the ankle [16-20].

Jody Litrenta et al. reported a slightly detrimental effect on outcomes of operatively treated ankle
fractures in patients of multicenter randomized trial [21]. Surgical intervention is needed in many
cases to address an injury and restore the function of the affected joint, which is currently the priority
treatment for the pathology [7, 22-24]. This article will review current surgical options for ankle
fracture associated with distal syndesmosis injury or rupture and their effectiveness in achieving
optimal outcomes. The risks and benefits associated with each approach and the postoperative
recovery and rehabilitation process will be discussed. There have been many studies comparing
different surgical options. In 2019, Alberto Grassi, Kristian Samuelsson, Annunziato Amendola
performed a meta-analysis of studies comparing dynamic fixation and static fixation of acute
syndesmosis injuries and reported the superiority of dynamic fixation over static methods [22].
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In 2017, Pei Zhang et al. reported advantages of a suture-button device over syndesmotic screw
fixation in treatment of distal tibiofibular syndesmotic injuries [25]. Zhaofeng Jia and Jiwu Cheng
investigated the clinical effects of a new technique, titanium cable isotonic annular fixation
which showed advantages over current treatments of distal tibiofibular syndesmosis injury [26].
With the knowledge of the latest advances in the surgical treatment of ankle fractures involving
syndesmosis, patients and healthcare providers can make informed decisions about the most
appropriate strategy in a particular case, which is the purpose of this article.

The objective was to review modern surgical treatments of ankle fractures and distal tibiofibular
syndesmotic disruption and determine the optimal option.

MATERIAL ANFD METHODS
Search strategy

An internet search of MedLine; PubMed; Scopus; Web of Science, CINAHL, the Cochrane Central
Register of Controlled Trials databases was performed using the search terms “ankle fractures”,
“rupture — injury to the distal syndesmosis”, “ankle fracture”, “syndesmosis injury”, “syndesmosis
fixation”. All stages of selecting material for the article, including literature search, data extraction
and quality assessment, were produced by the authors of the literature review, without additional
funding or attraction of specialists who are supporters of a particular method of treatment. We also
examined references to publications included in peer-reviewed articles, opinions of individual

experts, and literature in the field of traumatology. The final search was performed on March 2, 2023.
Analysis and selection of information sources

Single cases of treatment, reports or abstracts were excluded. The search was carried out by each
author independently, independently of other participants. The selection of suitable material was
carried out through meetings of the authors, by discussing each source and voting for inclusion.
In addition, the review included German and Danish studies presented in full text on the topic,
including information on statistics and mechanisms of injury. Preference was given to large
systematic reviews, randomized clinical trials with a high level of evidence (level 1-3 of the Oxford
CEBM level of evidence)

Data collection and study quality assessment

All data were collected by reviewers according to uniform criteria. The study protocol (authors,
titles, journals, years, type of studies, study protocol) was documented and the level of evidence
considered. Statistical data were found in various regions and taken into account, including patient
groups, number of patients, gender and age. Data on timing from injury to treatment, the time
spent on surgery, Weber type of fracture, option of surgical fixation of the syndesmosis, long-term
results and the number of postoperative complications which included surgical site infection,
post-traumatic arthritis of the ankle joint, nonunion, limited range of motion and less common
adverse events. The level of evidence was assessed based on the Oxford CEBM classification and
the quality of the data. Almost all studies included functional monitoring using AOFAS, OMA, or
ROM. The American Orthopedic Foot and Ankle Society (AOFAS) scale combines several patient-
reported items concerning pain, function and alignment of the first ray. Each of the nine items is
scored, accumulating to a total score ranging from 0 points (indicating severe pain and impairment)
to 100 points (no symptoms or impairment).

The Olerud Molander ankle function score was used to evaluate the limb function after surgical
treatment using a functional rating scale from 0 (totally impaired) to 100 (completely unimpaired).
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The analysis included AOFAS and OMA scores measured at six months of surgery to 2 years. The range
of motion of the ankle joint was highly individual for each person. Dorsiflexion, with the foot raising
up, was approximately 20 degrees, and plantar flexion, with the foot coming down, was 30 degrees.
This ROM was used as a reference for ankle kinematics. These measurements are important for
assessment of ROM the range of motion in the affected joint, and a change is a marker of functional
disorders of the ankle joint. A complication is defined as an adverse event associated with treatment
that worsens treatment results or leads to the use of more complex protocols associated with a
worse long-term prognosis and the use of more traumatic methods. An in-depth analysis of the
literature resulted in the following data. The literature review included both articles examining
various methods of surgical fixation of distal syndesmosis, and the comparative series. Next,
the articles were carefully sorted into three groups, with the main sorting criterion being a type
of surgical fixation of the distal syndesmosis. Open reduction and internal fixation (ORIF) using
syndesmotic screws were reported in the articles on static fixation, ORIF using the suture-button
was described in the studies on dynamic fixation, and ORIF in combination of syndesmotic screws
and suture-buttons was reported in the articles on combined methods.

RESULTS

Thirty-seven contributions including meta-analyses, randomized controlled trials, cohort studies,
which described surgical fixation of the distal tibiofibular joint and the comparison of long-term
results, complications and mobility of the joint after a certain period of surgical treatment with the
use of suture-button method (an example of dynamic fixation of the syndesmosis), the syndesmosis
screw (an example of static fixation) and the combined method (using the syndesmosis screw and
the suture-button method simultaneously). There are 3 main types of surgical fixation of the ankle
joint. A syndesmotic screw is used for static fixation as a routine method of fixation of the distal
syndesmosis. The suture button device using elastic materials offers dynamic fixation of the injured
syndesmosis. A combined method has the advantages of both the static method and the dynamic
techniques [25, 27-33]. The use of a syndesmotic screw is the gold standard for fixation of distal
syndesmotic tears associated with ankle fractures.

Allmethodsareusedintraumatological practiceandare safebut canbeassociatedwith complications,
as with any surgical intervention, in the form of wound infections, implant failure, repeated
surgical interventions, injury to the neurovascular bundles, chronic instability of the ankle joint,
postoperative arthrosis and malreduction, which has a direct impact on the quality of life of patients,
long-term results, and the extent of the ankle mobility [34-37]. The results of the studies showed
differences in the incidence of complications between surgical treatment options. Static fixation
was associated with the highest incidence of joint malreduction, implant failure and reoperation,
and the highest incidence of non-anatomic syndesmotic fixation was characteristic of the dynamic
group. The lowest rate of complications was observed in the group of combined methods due
to syndesmosis fixation at the site of the anterior tibiofibular ligament and the posterior tibiofibular
ligament reducing the risk of implant breakage and non-anatomical fusion, but increasing the risk
of iatrogenic fracture [38-41].

Long-term results and kinematics of ankle joint movements

The findings showed that the three surgical techniques provided good functional results measured
with the AOFAS score at 24 months or with physical examination of ankle ROM at a last follow-up,
but there was a significant difference in duration of rehabilitation, where dynamic and combined
methods of syndesmosis fixation showed advantages [28, 33, 34, 38]. In 2020, Neel K. Patel,
Calvin Chan reported hybrid fixation as most appropriately restore tibiofibular kinematics for early
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weightbearing, a lower risk of implant failure and a gap between the fibula and tibia, and limitations
related to the age of the patients, bone density and severity of injury, which did not allow its use
inroutine practice, in older individuals, in particular [42]. N. Ramadanov et al. reported the difference
in ankle ROM after static versus dynamic fixation describing a meta-analysis in greater detail.
They found no statistically significant difference in dorsiflexion and plantar flexion during
at 6 to 12 months of patient management [33].

Risk of re-operations associated with implant removal

Screw fixation of the distal syndesmosis sometimesrequires reoperationin some casestocorrect screw
malposition, breakage, or nonunion. Reoperation may involve removing or repositioning the screw
or applying a different type of fixation. The decision on a reoperation depends on the severity
of the problem and the individual characteristics of the patient. Careful monitoring and follow-
up is important to identify complications and ensure optimal outcome. Most non-specialized
hospitals are experienced with routine removal of the syndesmotic screw, even in the absence
of indications, which may be the reason for the low effectiveness of the technique in the period up
to 6 months [43-47]. The studies showing comparison of button fixation and syndesmotic screws
have demonstrated that static fixation methods often require removal of the metal construct due
to the risk of implant breakage and decreased joint mobility, while dynamic methods do not require
removal of the implant due to insignificant risk of device failure and its elasticity, low pressure
at the site of the distal tibiofibular joint and the absence of significant limitation of the ankle
mobility [25, 27-33].

Risk of joint malreduction

Ankle malreduction can occur in ankle fractures that involve syndesmosis and cause significant
long-term complications such as chronic pain, instability, and early arthritis. Inadequate reduction
may occur during fracture or during surgery. Proper reduction and alignment of the ankle joint
is essential to maintain mobility. Imaging examination including radiography and computed
tomography, can help diagnose and evaluate the extent of malreduction. Surgery may be required
to address malreduction and realign the joint. Malreduction of the distal tibiofibular joint plays a role
in the long-term results of surgical fixation; malreduction can increase the risk of repeated surgical
interventions, development of instability of the distal tibiofibular joint reducing the quality of life
of patients [48-50]. Although most studies have not shown a statistically significant superiority
in the rate of malreduction of distal syndesmosis in the suture-button group, some systematic
reviews and meta-analyses, a study performed by A. Grassi et al. in 2019, and a systematic review
by K. Xu et al., conducted in 2021, showed that dynamic fixation is associated with a much lower risk
of implant-related complications including malreduction [22, 29].

Risk of implant associated complications

Fixation of the distal syndesmosis with screws can be associated with implant-related complications
including inadequate screw position and breakage causing persistent pain, instability and impaired
ankle function. Implant-related complications are caused by malplaced screws or incompliance
of the patient. Careful monitoring and surgical intervention are important to prevent complications
and ensure optimal outcome. Numerous cohort studies, randomized clinical trials, and some
meta-analyses have shown that dynamic ankle stabilization is associated with a lower risk
of postoperative complications including implant failure, chronic instability, compression syndrome,
bone irritation at the implant site, and infectious complications caused by slight compression
at the fracture site improving blood supply which is very important for elderly patients [29, 33, 51].
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Some meta-analyses, such as a systematic review conducted in 2019 by Alberto Grassi,
Kristian Samuelsson showed no statistically significant advantage of dynamic methods with more
complications seen in the group of static fixation [22].

Hybrid fixation of the ankle joint

There is a paucity of information on the topic. Hybrid fixation was reported in two articles
of 2020 and 2021 [38, 42]. In 2020, Neel K. Patel and Calvin Chan reported lower risk of lateral
translation in plantar flexion with postoperative results being comparable to the intact joint [42].
In 2021, hybrid fixation was reported to show a high accuracy of reduction, a low rate of diastasis,
and favorable clinical outcomes in Weber type C fractures with syndesmosis injury [38]. Numan
Mercan, Ahmet Yildirim reported at least 15 % lower stress at the implant area with use of hybrid
fixation as compared to other methods due to the the load distributed between the two independent
fixation systems [52].

New Surgical Treatments for Ankle Instability

Over the years, surgical techniques for distal syndesmosis fixation have been improved, leading
to improved results and fewer complications. A new technique employes taut cable bracing using
a synthetic ligament to stabilize the ankle joint. This technique has shown promising results
with good functional outcomes and lower complication rate compared with traditional screw fixation.
The use of 3D printed implants can be practical for distal syndesmosis fixation. These implants are
custom-made to fit each patient's unique anatomy, resulting in improved stability and a reduced risk
ofimplant-related complications.ZhaofengJia, Jiwu Cheng,Haiyan Zhong developed anew technique
using isotonic annular fixation. This technique has no disadvantages, unlike the suture-button
and screw methods, and can restore the normal kinetics of the joint and resistance to load
in the joint area. The technique is associated with a lower risk of implant failure, does not require
routine removal, and allows the use of loading methods of rehabilitation early in the postoperative
period [26]. In general, the study allowed us to conclude that the three surgical techniques are
effective in the treatment of ankle fractures with injury to the syndesmosis, but each technique
has advantages associated with the specific surgical method, type of implant, and disadvantages
due to the characteristics of complications, long-term results and indications for use. Dynamic
and hybrid methods of syndesmosis fixation are more practical in terms of rehabilitation and early
weight-bearing on the limb. The static fixation is the method of choice for elderly patients with
a lower risk of chronic joint instability, no need for rehabilitation and early loading on the joint,
and no difference in the long-term period. Hybrid fixation is appropriate for younger patients
with the possibility of early rehabilitation and early recovery of working capacity. Innovative methods
can be considered for surgical fixation which may become new standards for the treatment of the
pathology. Surgeons must carefully consider the patient's individual needs and extent of injury
selecting a most appropriate surgical technique.

DISCUSSION

Comparison of different surgical treatments of ankle fractures with syndesmotic injuries is essential,
as the selection of a most appropriate surgical technique can have a significant impact on patient
outcomes. Comparisons in the series included open reduction and internal fixation (ORIF) using
screws, ORIF with suture button fixation, and ORIF with a combination of screws and suture button
fixation. New techniques that are not routinely used in everyday practice were also discussed.
Surgical treatments of ankle fractures were presented in many studies. The button-suture method
and the syndesmotic screw fixation were presented in a meta-analysis reported by Keteng Xu,
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Jiale Zhang in 2020. Although the authors reported no statistically significant differences
in radiological findings and clinical parameters with use of the methods at a long term however,
the suture-button method was associated with alower risk of bone damage at the implant site,implant
failure and a decreased risk of malreduction. In addition to that, the duration of the rehabilitation
period was shorter in the suture-button group [29]. Similar results were obtained in a meta-analysis
performed by Nikolai Ramadanov, Simon Bueschges, Dobromir Dimitrov who also compared
the button-suture method and the syndesmotic screw fixation of the ankle fracture with more
detail to rehabilitation and risks of postoperative complications. The American Orthopedic Foot and
Ankle Society score was identical in the groups at 6 months with long-term results being superior in
the suture-button at 12 months but ultimately there was no significant difference in the outcomes
at 24-month follow-up. Analysis of postoperative complications showed reduced risk of implant
failure, bone damage at the site of implantation, joint malreduction and repeated operations with
the use of the suture-button showing advantages of dynamic methods of syndesmosis fixation [33].

In2019,XiaoFanand Peng Zheng examined long-term outcomes and complicationsinameta-analysis
and reported no statistically significant difference in postoperative complications or long-term
outcomes. The frequency of syndesmotic screw removal was the only significant difference [32].
In 2019, Alberto Grassi, Kristian Samuelsson reported significant evidence of a risk of complications
reduced by 24 % compared to static fixation methods, the risk of implant-associated complications
reduced by 25 %, higher AOFAS scores at a long term, greater ROM in the joint and effectiveness
of early rehabilitation [22]. No significant difference in long-term results was reported in a systematic
review performed by Pei Zhang, Yuan Liang in 2017 with advantages of the dynamic fixation
observed in reducing the risk of postoperative complications, low cost, and low risk of malreduction
of the syndesmosis, with no need to remove hardware [25]. In 2022, Jan Niklas Altmeppen, Christian
Colcuc, et al. performed a prospective study and examined the results of surgical fixation of the distal
syndesmosis over 10 years at a single clinic. The study showed no differences in the long-term
results with various fixation methods and in the period of working rehabilitation did not differ and
measured 10 weeks, regardless of the type of surgical treatment [27].

There are many studies reporting the need of the distal syndesmosis fixation and routine placement
of metal constructs. In 2015, Jody Litrenta, David Saper and Paul Tornetta examined the effect
of distal syndesmosis injury on long-term outcomes. They found that although the outcomes
of patients without damage to the syndesmosis were better than those in the group with injury
to the distal tibiofibular joint, the difference was slightly higher than the statistical threshold [21].
In 2021, Nuno Corte-Real, Joao Caetano reported the distal syndesmosis playing the major role
in the ankle stabilization [16], the authors also confirmed The role of the distal syndesmosis fixation
was reported in aretrospective cohort study performed in 2022, reducing the risk of chronic instability
and rehabilitation period [53]. May Fong Mak, Richard Stern reported the use of an anatomical
approach in restoration of the distal tibiofibular joint and showed promising results as compared
with intraosseous fixation methods [28]. In 2020, FA Gafurov reported the need of surgical fixation
of the distal syndesmosis is necessary [54].

The effectiveness of early postoperative weight-bearing on the involved joint is debatable.
Ramy Khojaly, Fiachra E Rowan performed meta-analysis in 2022 and reported good functional
outcome of early weight-bearing at 6 weeks with insignificant results observed at 6 and at 12 months
of surgery [55]. Kiera A Kingston, Ye Lin produced a retrospective study in 2023 and reported
the quality of life of patients with chronic ankle instability improved by more than 70 % [56].
VA Selivanov, MO Zhumagulov used an arthroscopic method for restoring syndesmosis with the
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posterior inferior tibiofibular ligament being intact; the method provided the possibility of early
weight-bearing on the joint and a lower risk of complications [57]. Although a study conducted
by Sai-Kit Lim, Yui-Chung Ho in 2021 showed worse long-term results of ligament restoration as
compared to routine fixation of the distal articulation using various methods of surgical correction
for its instability [58].

Methods of the distal syndesmosis fixation have been developing with every decade, and isotonic
annular fixation devised by ZhaofengJia, Jiwu Cheng, Haiyan Zhong is one of the methods. The results
with the method are similar to those with hybrid fixation due to easy performance being associated
with a lower risk of postoperative complications as compared to other surgical treatments of ankle
instability [26]. Using only one surgical strategy as a priority in the treatment of this pathology
would be a wrong decision. The use of each technique can be significantly limited considering
the mechanism of injury, the time period with the greater risk of occurrence of this pathology,
as well as associated factors, such as the Weber type of fracture, body mass index, age, the presence
of osteoporosis.

The choice of surgical technique should rely on several factors, including the severity of the injury,
the patient's age and the surgeon's experience and preference. For example, younger patients
with more severe injuries may benefit from ORIF combined with screws and button suture, and older
patients with less severe injuries may benefit from ORIF using screws alone. A combined technique
using a syndesmotic screw and suture-button can be practical for athletes who can initiate early
rehabilitation. A relatively small sample size of the data and its relatively low quality are one
of the limitations of the study, which may confine generalizability of the findings. Studies with levels
of evidence 1-3, with larger cohort of patients and longer follow-up are needed to confirm these
results.

In conclusion, the choice of surgical technique for ankle fractures with syndesmotic injury should be
individualized based on the patient's needs and the extent of injury. The three surgical techniques
compared in the study are effective in achieving good functional results, but each technique has
advantages and disadvantages in terms of complication rates. Surgeons must carefully consider
these factors when selecting the most appropriate surgical technique.

CONCLUSION

Surgical treatment of distal syndesmotic tears associated with ankle fractures is a complex
and multi-staged process that requires selection of the most optimal fixation. Various methods
of static fixation using screws and plates and new approaches of dynamic fixation are employed
for the surgery. Dynamic fixation uses flexible devices that allow a degree of movement and
flexibility during the healing process, as opposed to static fixation, which immobilizes the joint
with rigid devices. Dynamic fixation is beneficial in maintaining normal range of motion during
the healing process, which can improve functional outcomes and reduce the risk of postoperative
stiffness and pain. It may also reduce the risk of postoperative complications including screw
breakage or loosening, joint space widening or joint instability during healing. However, dynamic
fixation cannot be applied for all patients. The choice of fixation method depends on the severity
and location of the fracture, individual characteristics and preferences of the patient. Careful
evaluation of each case and the choice of the most optimal fixation are essential. Overall, dynamic
fixation and hybrid fixation represent a promising approach to the treatment of distal syndesmotic
tears that may improve patient outcomes and reduce complications. More research is needed
to evaluate the effectiveness and safety of these methods.
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Abstract

Introduction A coronavirus, SARS-CoV-2, called COVID-19 by the WHO has caused a pandemic of respiratory
illness killed more than 6 million people. The severe infection has a significant negative impact on the entire
musculoskeletal system.

The objective was to summarize literature data on the mechanisms of the condition and identify
musculoskeletal symptoms of COVID-19.

Material and methods An internet search of PubMed, MedLine and eLIBRARY library databases using
the search terms: COVID-19, aseptic osteonecrosis, post-COVID-19 syndrome, arthropathy, musculoskeletal
system, spondylitis, osteoporosis was performed.

Results and discussion Musculoskeletal symptoms of COVID-19 are reported in 31-59% of cases. Mechanisms
of musculoskeletal involvement of coronavirus infection include cytotoxic effect of the virus on osteogenesis
cells, vascular inflammation and coagulopathy, “cytokine storm”, side effects of drug therapy and hypoxia.
According to an etiological factor, musculoskeletal manifestations of SARS-CoV-2 include autoimmune
(reactive arthritis, sacroiliitis, ankylosing spondylitis, axial spondyloarthritis, psoriatic arthritis) conditions
caused by impaired circulation of bone tissue (aseptic osteonecrosis), infectious (septic arthritis, spondylitis,
spondylodiscitis) and metabolic (osteopenia, osteoporosis) conditions.

Conclusion It has been established that COVID-19 infection has a negative impact on the musculoskeletal,
endocrine and immune systems increasing the risk of degenerative diseases of the musculoskeletal system
and infectious complications in orthopaedic patients early post surgery.

Keywords: COVID-19, aseptic osteonecrosis, post-Covid syndrome, arthropathy, musculoskeletal system,
spondylitis, osteoporosis
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INTRODUCTION

A coronavirus, SARS-CoV-2, called COVID-19 by the WHO has caused a pandemic of respiratory
illness killed more than 6 million people [1]. Despite the general understanding of the symptoms
and consequences of COVID-19, the full spectrum of the disease's impact on the human body is
still unknown. In the future, patients who have suffered from COVID-19 may face long-term
consequences of the disease. In December 2020, the UK National Institute for Health and Care
Excellence published guidance on the long-term effects of COVID-19, and based on relapsing nature
of post-COVID symptoms the following integrative classification was proposed [2]:

1) acute COVID-19: signs and symptoms of COVID-19 for up to 4 weeks;
2) ongoing symptomatic COVID-19: signs and symptoms of COVID-19 from 4 to 12 weeks;

3) post-COVID-19 syndrome: signs and symptoms that develop during or after an infection consistent
with COVID-19, continue for more than 12 weeks and are not explained by an alternative diagnosis.

COVID-19 can significantly impact the respiratory system. Many patients suffer the effects of lung
damage during the acute phase, including shortness of breath and coughing. Long COVID-19 can
affect virtually any organ in the body. SARS-CoV-2 uses the angiotensin-converting enzyme 2 (ACE 2)
as the receptor for entry into host cells. ACE2 is present in many cell types and tissues including the
lungs, the intestine, the endothelium of small vessels, smooth muscle tissue, skeletal muscles and
in synovial tissue [3, 4]. ACE2 is expressed in keratinocytes, fibroblasts, endothelial cells, osteoblasts,
and osteoclasts [5]. Numerous organs are potential targets for SARS-CoV-2 infection [3]. Clinical
manifestations of COVID-19 pain vary from headache, abdominal pain, arthralgia, to myalgia. CWS
Hoongetal.hypothesised thatviral arthralgiaisan uncommonbutdistinct manifestation of COVID-19
infection in patients with and without respiratory symptoms. The presence of musculoskeletal
complaints was not associated with the risk of developing viral pneumonia. COVID-19 arthralgia
was often more severe and had variable onset, while generalised body ache and myalgia were milder
and coincided with the occurrence of fever or respiratory symptoms. Viral arthralgia was reported
as a novel clinical manifestation of COVID-19, and untypical of a viral prodrome or a reactive
arthropathy [6]. Musculoskeletal symptoms are common COVID-19 symptoms with reported
prevalence of 31-59 % but have not yet been systematically investigated [7]. A retrospective cohort
study of COVID-19 patients with long-term COVID progression reported by PR Sinha, N Mallick
showed a significant (27 %) increase in the incidence of orthopaedic conditions such as myalgia,
arthralgia, low back pain, bone infection, AVN, and joint disease [8].

One of the most important factors in the pathogenesis of COVID-19 musculoskeletal symptoms
is a cytotoxic effect of the virus on osteo- and chondrogenesis, and the negative effect of drugs
on the bone and the cartilage during treatment of acute COVID-19. An increased level of pro-
inflammatory cytokines (tumor necrosis factor-«, interleukin-6, interleukin-1p and chemokines)
persisting in patients with asymptomatic COVID-19 for 6 months after recovery plays a role [9].
A high prevalence of musculoskeletal disorders is reported in patients who suffered from COVID-19,
manifested by musculoskeletal pain and structural changes in bone tissue and tendon-capsular
apparatus. The timing of the onset of a COVID-19 musculoskeletal pathology is an important issue
[6, 8]. In a systematic review, O.B. Khoja et al. reported musculoskeletal pain in 62.5 % of COVID-19
survivors 16 weeks after recovery [10]. C. Fernandez-de-Las-Penas et al. reported COVID-19 patients
suffering from musculoskeletal consequences 4 weeks after illness [11].

COVID-19 musculoskeletal conditions are the largest contributors to the global burden of disability
in younger and working aged people [1, 12]. Detection and treatment of SARS-CoV-2 infection
in the early stages have a great social and economic role. Although post-Covid musculoskeletal
disorders are widely discussed, there is no consensus regarding the chronology and definition
of the main types of musculoskeletal conditions associated with COVID-19.

The objective was to summarize literature data on the mechanisms of the condition and identify
common musculoskeletal symptoms of COVID-19.
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MATERIAL AND METHODS

An internet search of PubMed, MedLine and eLIBRARY library databases using the search terms:
COVID-19, aseptic osteonecrosis, post-COVID-19 syndrome, arthropathy, musculoskeletal system,
spondylitis, osteoporosis was performed. Publications reporting pathogenesis of post-Covid
syndrome, musculoskeletal disorders associated with COVID-19 infection and the effect
of the SARS-CoV-2 virus on bone and cartilage tissue were collected.

RESULTS AND DISCUSSION
The main mechanisms of musculoskeletal disorders associated with COVID-19 infection
Cytotoxic effects on osteogenesis cells

The effect of the SARS-Cov-2 virus on osteogenesis is widely discussed. A research model
of mice infected with COVID-19 demonstrated a bone mass decreased by 24.4 % (p = 0.0009),
trabeculae decreased by 19.0 % (p = 0.004) and thickness of trabecular bone decreased by 6.2 %
(p = 0.04). Surviving infected mice also showed osteoclasts increased by 64 %, their surface area
increased by 27 %, and osteoclasts on the bone surface increased by 38 % [13]. It is hypothesized
that the SARS-CoV specific protein, 3a/X1, promotes osteoclastogenesis by accelerating
the differentiation of osteoclasts from monocyte/macrophage precursors, enhancing
the expression of receptor activator of NF-kB ligand (RANKL) and inflammatory cytokines such
as TNF-a facilitating osteoclastogenesis. SARS-CoV-2 can directly infect erythroid progenitor
cells in human bone marrow [14]. Specifically, a decrease in lymphocyte count was observed
when hematopoietic stem cells treated with SARS-CoV-2 S protein reduced the number
of multipotent lymphoid progenitor cells (MPCs) [15]. Incubation of MPC with protein S increased
the monocyte population and contributed to a marked increase in osteoclastogenesis [16].
Interestingly, the results show that SARS-CoV-2 remains in erythroid progenitor cells after
14 days of the initial infection [15]. Individuals who have had COVID-19 infection are likely to be
diagnosed with osteoporosis, which is associated with a high risk of fractures and progression
of degenerative changes in the musculoskeletal system [14].

«Cytokine storm»

A hyperinflammatory reaction of the immune system, which is more pronounced in patients
with moderate and severe forms of COVID-19 infection, has an adverse effect on osteo-
and chondrogenesis. Although the inflammatory response of the immune system can be observed
in mild cases and in asymptomatic carriers, to a less pronounced extent compared to severe forms
of the disease [16].S.W.X. Ong et al. conducted a prospective multicenter cohort study and reported an
elevated level of pro-inflammatory cytokines at 6 months compared with healthy controls, regardless
of the severity of the coronavirus infection and persistent symptoms. Recovered COVID-19 patients
had elevated levels of pro-inflammatory T cell-associated cytokines such as IL-17A, IL-12p70, IL- 1B
and SCF that continued to increase after recovery [9]. It is known that inflammatory cytokines
such as IL-1p, IL-6, IL-17, chemokine ligand CXCL10, tumor necrosis factor (TNF-a) and vascular
endothelial growth factor A (VEGF-A) are elevated in patients with infection COVID-19 having
a damaging effect on osteo- and chondrogenesis. IL-1f, IL-6 and tumor necrosis factor (TNF-a)
activate chondrocytes of the superficial layer of cartilage leading to increased synthesis of matrix
metalloproteinases (MMPs) and, ultimately, to increased degradation of the articular cartilage.
IL-1pB, IL-6 increase bone resorption by stimulating osteoclast activity. Although IL-17 was originally
thought to affect only immune cells, it has been shown to stimulate osteoclastogenesis in patients
with rheumatoid arthritis (RA) by inducing the formation of OC-like multinucleated cells through
prostaglandin E2 and expression of OC differentiation factor (ODF) [3].
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Vascular inflammation and coagulopathy

Vascular inflammation plays a key role in the pathogenesis of COVID-19 [17]. SARS-CoV-2 infects
vascular endothelial cells by interacting with angiotensin-converting enzyme 2 receptors [18].
The body's immune response to viral invasion leads to a disruption of homeostasis in the form
of hypercoagulation. Vascular changes associated with COVID-19 include endotheliitis,
vasoconstriction and rupture, thrombotic microangiopathy, capillary dysfunction accompanied
by poor oxygenation of bone tissue, can cause avascular osteonecrosis [19, 20].

Hypoxia

Patients with pneumonia mediated by acute coronavirus infection and extensive damage to the lung
tissue can develop hypoxia. H Tao et al. hypothesized that oxygen deprivation signaling impairs
osteoclast differentiation and osteoblast formation [21]. Hypoxia enhances the hyperproduction
of pro-osteoclastogenic cytokines, including receptor activator of nuclear factor B ligand (RANKL),
vascular endothelial growth factor (VEGF), macrophage colony-stimulating factor (M-CSF) leading
toactivation of osteoclasts [22]. Hypoxia-inducible factor (HIF-1) increases osteoclast differentiation
through overexpression of RANKL and nuclear factor, activated cytoplasmic T cell 1 (NFATc1) [23].
Hypoxia signaling appears to inactivate osteogenesis capacity of osteoblasts [24]. In recent years,
the negative effects of oxidative stress on bone metabolism have received much attention. Multiple
mechanisms are involved in osteoclast activation, including regulation of mitogen-activated
protein kinases (MAPKs) and intracellular Ca2+ levels[25]. In addition, excess free radicals interfere
with osteoblast adhesion impairing bone homeostasis. Hypoxemia can also lead to impaired Ca2+
metabolism and damage to osteocytes [21].

Iatrogenic effects on the musculoskeletal system in patients who suffered acute coronavirus
infection

There is no specific therapy for COVID-19. The action of drugs recommended by health systems
in various countries of Western Europe, the USA and Russia for the treatment of COVID-19 is based
on blocking the hyperproduction of pro-inflammatory cytokines and preventing viral replication.
They have many side effects that cause long-term complications in many organs and systems,
including the musculoskeletal system.

JAK kinase inhibitors may have an adverse effect on bone tissue by inhibiting osteoclastogenesis,
since selective inhibition of Janus kinase 2 leads to a decrease in RANKL-induced osteoclast
differentiation [26]. A number of cohort studies and meta-analyses describe the risks
of osteonecrosis from protease inhibitors. S.O. Lee et al. reported 54 % of patients taking protease
inhibitors for more than a year to treat HIV infection developed aseptic osteonecrosis [27].
Glucocorticosteroids are also associated with a greater risk of metabolic disorders and blood supply
to bone tissue. Their use in the treatment of COVID-19 is based on the suppressed expression
of pro-inflammatory cytokines, such as IL-1, IL-2, IL-6, TNF-o and IFN-y, and leukocytes
migrated to inflammation sites, which prevents the development of a “cytokine storm” [28].
The negative effect of glucocorticosteroids is based on bone resorption by enhancing osteoclast
differentiation and reducing osteoblastogenesis. They can also cause apoptosis of osteoblasts
and osteocytes and reduce production of growth hormone. It is generally accepted that the risk
of pathological fractures due to osteoporosis and avascular necrosis is associated with the dose
and duration of use, decreasing upon cessation. Osteonecrosis can develop in 9-40 % of patients
taking glucocorticosteroids for a long time with the risk of avascular necrosis increasing by 3.6 %
with the dose increasing with every 10 mg/day [29]. The unfavorable effect of glucocorticosteroids
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is based on lipid metabolism disorders associated with their use. Accumulation of low-density
lipoproteins results in the formation of fat emboli leading to blockage of peripheral blood vessels
and ischemic necrosis of bone tissue [30]. Large doses of glucocorticosteroids can cause peripheral
vascular thrombosis by reducing the activity of tissue plasminogen activator (t-PA) and increasing
the level of plasminogen activator inhibitor antigen-1 (PAI-1) in plasma [31].

Types of musculoskeletal disorders associated with COVID- 19 infection

Based on an analysis of the available literature, musculoskeletal disorders associated with COVID-19
infection can be divided into 4 main groups: autoimmune, bone circulatory disorders, infectious,
metabolic according to the leading etiological factor (Table 1).

Table 1
Types of musculoskeletal disorders associated with COVID-19 infection
Etiology Nosology Publications

Reactive arthritis, sacroiliitis, ankylosing

Autoimmune spondylitis, axial spondyloarthritis, psoriatic  |[4, 32, 33, 34, 35, 36, 37, 38]
arthritis

Bone circulatory disorders Aseptic osteonecrosis [17, 19, 20, 39, 40]

Infectious Septic arthritis, spondylitis, spondylodiscitis  |[41, 42, 43, 44, 45]

Metabolic Osteopenia, osteoporosis [46, 47, 48, 49]

Autoimmune musculoskeletal disorders associated with COVID-19 infection

Analysis of literature data shows that patients with COVID-19 may develop a wide variety
of autoimmune disorders. G.G. Tardine et al. reported 25 clinical observations of reactive arthritis
developed after a new coronavirus infection. More than half of the patients had a mild course
of the disease, and three were treated in the intensive care unit. Four were positive for the HLA-B27
antigen, one had antinuclear antibodies (ANA), two had RF, and one had AB-CCP [4].D. Colatutto et al.
reported the natural history of reactive arthritis and sacroiliitis in two patients who developed
COVID-19 infection. Blood samples showed a slight increase in the cytokine profile; the HLA-B27
antigen was negative in both patients [32]. L. Novelli et al. reported psoriatic spondyloarthritis
triggered by SARS-CoV-2 infection in a 27-year-old patient [33]. There were several reports
of ankylosing spondylitis and axial spondyloarthritis attributed to COVID-19 [34, 35]. Three main
pathophysiologic pathways have been proposed by .M. Omar et al. to explain the effects of COVID-19
in the musculoskeletal system, including the cytokine storm, development of a prothrombotic
state, and autoimmunity [36]. Up to 45 % of COVID-19 patients exhibit at least one circulating
autoantibody. Higher concentrations of autoantibodies often result in more severe symptoms,
suggesting that autoimmunity plays a role in the pathogenesis of COVID-19. SARS-CoV-2 has
several epitopes that cross-react with host antigens and could result in autoimmune conditions.
There are also studies that describe cases of increased levels of antibodies to cyclic citrullinated
peptide (ACCP) after COVID-19, which were not examined prior to involvement in some cases,
and which were negative in other cases, and could suggest an association between COVID-19
infection and rheumatoid arthritis developed in the post-Covid period [37, 38].

Mechanisms leading to autoimmune disorders of the musculoskeletal system triggered by COVID-19
may include:

a) excessive synthesis of angiotensin II induced by coronavirus, which leads to synovial hyperplasia
by activating its receptors located on the synovial membrane. Angiotensin II increases expression
of inflammatory cytokines, chemokines and production of reactive oxygen species [38];
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b) activation of pro-inflammatory subpopulations of T cells [36, 37];

¢) activation of Toll-like receptor-7 synovial membranes initiating an inflammatory response [37, 38];
d) “cytokine storm” [36, 38].

Aseptic osteonecrosis

Avascular osteonecrosis occurs in 5-58 % of cases affecting the head of the femur, humerus,
vertebralbodies,calcaneusandtalus[39].Thereisnoconsensusonthemechanismofosteonecrosis
triggered by COVID-19. Drug therapy is essential in treatment of COVID-19 [17, 26, 40].
S.R. Agarwala et al. report a series of three cases in which patients developed AVN of the femoral
head after being treated for COVID-19 infection. The mean dose of prednisolone used in these
cases was 758 mg (400-1250 mg), which is less than the mean cumulative dose of around 2000 mg
steroid, documented in the literature as causative for AVN. Patients were symptomatic and
developed early AVN presentation at a mean of 58 days after COVID-19 diagnosis as compared
with the literature which shows that it generally takes 6 months to 1 year to develop AVN post
steroid exposure. The authors suggest a greater risk of osteonecrosis associated with COVID-19
viral infection, when treated with low doses of steroids [17]. Many authors report circulatory
disorders due to thrombotic microangiopathy and vascular inflammation and the cytotoxic
effect of the virus on osteogenesis cells as the main mechanisms of this pathology [19].
M.A. Panin et al. reported a series of clinical observations of osteonecrosis of the femoral
head triggered by COVID-19 with a patient receiving no glucocorticosteroids during treatment
for coronavirus infection and who was diagnosed with bilateral osteonecrosis of the femoral
heads after 180 days [20].

Secondary musculoskeletal infections associated with SARS-Cov-2

According to the literature, infectious lesions of post-COVID musculoskeletal sequelae are common.
V. Bagaria reported a high incidence of periprosthetic joint infections, soft tissue abscesses,
and septic arthritis at 1 year in 12 of 90 patients admitted for COVID-19 [41]. M.V. Ardakani et al.
reported a series of five cases in which patients developed septic arthritis concomitant with AVN
after being treated for COVID-19 infection. An average time period of onset of hip symptoms
from the beginning of the COVID-19 infection was 41.6 days [42]. I.V. Esin et al. described the
clinical manifestations of infectious spondylitis in 4 patients who suffered from COVID-19,
reporting a higher frequency of multi-level lesions and a greater risk of death after surgery due
to the generalization of the infectious process and progression of multiple organ failure [43].
I.I. Ustenko et al. and G. Talamonti et al. reported cases of spinal epidural abscess purulent
spondylodiscitis and epiduritis in patients who suffered a severe form of COVID-19 [44,45].
Secondary immunodeficiency caused by a damaging effect of the SARS-CoV-2 virus on the immune
system is the most likely cause of infectious damage to the musculoskeletal system [50].
It is capable of damaging lymphocytes, including B cells, T cells and Nk cells, leading to suppression
of the immune system during illness. A decrease in lymphocytes and host immune function is
the main reason contributing to the development of secondary bacterial infection [51]. An increase
in bacterial adhesion due to viral infection; cell destruction by viral enzymes; release of planktonic
bacteria from biofilms; synergy in viral-bacterial co-infections; an increased number of immature
phagocytes; dysregulation of nutritional immunity; modulation of apoptosis and inflammation can
be alternative mechanisms of infectious damage to the musculoskeletal system in the post-Covid
period [52]. There is a high probability of developing secondary immunodeficiency mediated
by the immunosuppressive effect of drugs used to treat moderate and severe forms of COVID-19 [44].
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Risk factors of infectious lesions of the musculoskeletal system may include age over 60 years, long-
term hospital stay and mechanical ventilation, stay in the intensive care unit (severe COVID-19),
a history of chronic bacterial infections, chronic renal failure with the need for hemodialysis [43].

Metabolic disorders of bone tissue associated with COVID-19

There are several mechanisms of bone metabolism disorders including the direct cytotoxic
effect of the virus on bone marrow cells, hyperinflammation reaction and hypoxia enhancing
osteoclastogenesis [3, 13, 22]. Side effects of drugs used to treat the condition are one of the risk
factors for osteoporosis and osteopenia after COVID-19infection [26,46].L. Sapra et al.report therole
of various factors in the risk of developing skeletal disorders in viral diseases including COVID-19.
The authors suggest that SARS-CoV-2 has direct and indirect effects on bone metabolism [47].
Experiments performed by B. Mi et al. in a mouse model demonstrated overexpression of microRNA
(miR-5106) triggered by SARS-CoV-2 in fracture healing in vitro and in vivo [48]. A retrospective
cohort study performed at San Raffaele University Hospital in Milan showed that thoracic vertebral
fractures were detected in 36 % of COVID-19 patients with osteoporosis beng previously diagnosed
in3 % of the patients [49]. Endocrine pathology plays an important role in disturbed osteometabolism
due to coronavirus infection. Cases of primary hypoparathyroidism and decompensation
of hypoparathyroidism due to COVID-19 were reported in numerous studies. PTH deficiency
contributes to a decreased rate of bone tissue remodeling and associated with decreased markers
of the bone turnover in the blood and iliac bone biopsy [53]. In 2020, S. Elkattawy et al. reported
the first case of primary hypoparathyroidism caused by SARS-CoV2 infection in a 46-year-old male
patient with no history of parathyroid pathology who was hospitalized with respiratory failure
and had a long-term inpatient stay [52]. S. Bossoni et al. reported a case of a 72-year-old female
patient with a history of thyroidectomy who presented with mild COVID-19 infection and acute
perioral paresthesia and dysarthria. Laboratory studies revealed low calcium levels, increased serum
phosphorus and decreased parathyroid-stimulating hormone, suggesting that SARS-CoV-2 infection
caused severe hypocalcemia in the context of subclinical postoperative hypoparathyroidism [55].

V.E. Georgakopoulou et al. reported a case of a 53-year-old patient with hypoparathyroidism
that developed due to COVID-19. The patient had no symptoms associated with this condition and had
a normal serum calcium level of 8.9 mg/dL [56]. In some studies, hypocalcemia was identified as
a biochemical marker of the aggressive course of SARS-CoV-2 [57]. Vitamin D plays an important role
in the regulation of osteogenesis and is one of the risk factors for the development of osteoporosis [58].
Much evidence suggests that vitamin D deficiency is closely associated with the incidence
of COVID-19. Patients with osteoporosis were found to be more susceptible to SARS-COV-2 infection
and the manifestations of the condition exacerbated after exposure to COVID-19. Some COVID-19
patients develop decreased bone density as a complication [59].F. Liu et al identified and characterized
42 common targets for VitD on both COVID-19 and osteoporosis. Further bioinformatic analysis
revealed 8 core targets in the VitD-COVID-19-osteoporosis network. These VitD targets involved
in the ErbB and MAPK signaling pathways are critical for fibrotic diseases such as COVID-19 and
ossification due to the bidirectional regulatory role of this pathway in profibrotic/antifibrotic disorders
and bone formation/bone resorption, respectively. These results identified new mechanistic insights
into the functional role and molecular network of VitD in both COVID-19 and osteoporosis [60].

CONCLUSION

The mechanism by which COVID-19 affects the musculoskeletal system include the cytotoxic
effect of the virus on osteogenesis cells, hyperinflammation reaction, vascular disorders
and coagulopathy, hypoxia and drug therapy for coronavirus infection. Based on an analysis
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of the available literature, four most common etiological factors of the musculoskeletal
consequences of COVID-19 infection have been identified to include autoimmunity, bone
circulatory disorders, infection and metabolic disorders.

The SARS-CoV-2 virus causes direct damage to the immune system, to B cells, T cells and Nk cells
and leads to the development of secondary immunodeficiency and infectious pathology
of the musculoskeletal system. Immunodeficiency mediated by COVID-19 increases the risks of early
infectious postoperative complications in patients operated on for impaired locomotion. Patients
who have had coronavirus infection may develop osteopenia and osteoporosis due to a cytotoxic
effect of the virus on bone marrow cells and due to endocrine disorders increasing the risk
of fractures and progression of degenerative changes in the osteoarticular system. An analysis
of the available literature did not establish an accurate chronology of the development of persistent
musculoskeletal symptoms associated with COVID-19, which was likely due to the short observation
period of this cohort of patients.
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