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Results of supracondylar osteotomy and bone fixation with the Ilizarov
apparatus for cubitus varus and valgus deformities
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Abstract

Introduction Cubitus varus denotes the inward deviation of the supinated forearm on the extended elbow.
In cubitus valgus, the forearm is angled away from the body with the arm fully extended. Both deformities
manifest clinically as an abnormal carrying angle, along with a cosmetically unsightly appearance,
with or without restricted range of motion (ROM).

The aim of the studyisto evaluate theresults of one-stage supracondylar corrective osteotomy and bone fixation
using the Ilizarov apparatus in varus and valgus deformities of the elbow joint, using the angulation-translation
principle (osteotomy rule 2); to determine the effect of this method on the humerus-elbow-wrist angle (HEW),
ODD and lateral prominence index (LPI).

Materials and Methods A total of 12 patients, age ranging from 7-24 years, who presented with cubitus varus
of > 10° (n=9) and cubitus valgus (n = 3) of > 20°, were included in the study. All patients underwent acute
correction using a mini-incision, supracondylar osteotomy and fixation with the Ilizarov frame.

Results The mean time to union was 14.2 weeks (range, 11-18 weeks). The average duration of follow-up was
24 months. Functional outcome was graded as excellent in 9 cases (75 %), good in 2 (17 %) cases and poor
in 1 case (8 %) using the grading system of Oppenheim. For cubitus varus, the mean HEW angle improved
significantly, from (-15.5 * 4.2) pre-operatively to (8.2 * 1.5) post-operatively. For cubitus valgus, the mean
HEW angle was (28.3 #5.3) pre-operatively, which improved to (14.1 = 3.1) post-operatively, which was
statistically significant. Complications encountered included superficial pin-tract infection in 1 case, lateral
condylar prominence in 1 case and complete radial nerve palsy in 1 case.

Discussion Conventional methods of treatment of cubitus varus or valgus include various corrective
osteotomies, typically stabilized with internal fixation. Despite being successful, a substantial number
of distressing complications have been reported with the use of internal fixation. The mandatory requirement
of post-operative immobilization, resulting in stiffness and disuse atrophy, is a deterrent to the use of internal
hardware, which can be easily circumvented by the versatility of the Ilizarov apparatus.

Conclusion External fixation with the Ilizarov apparatus is a versatile means of correction of cubitus varus
and valgus. It precisely achieves the desired carrying angle and cosmetic appearance of the elbow. It facilitates
residual adjustments in under/over-corrected scenarios. The stability is indisputable. Early joint mobilization
leads to an improved functional outcome.

Keywords: cubitus varus, cubitus valgus, osteotomy rules, Ilizarov fixator, deformity correction

For citation: Kaul R, Prasad M, Akhoon N. Results of supracondylar osteotomy and bone fixation with the Ilizarov
apparatus for cubitus varus and valgus deformities. Genij Ortopedii. 2025;31(3):269-278. doi: 10.18019/1028-4427-2025-
31-3-269-278.
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INTRODUCTION

Supracondylar fractures are the most common fractures encountered in paediatric population,
accounting for 50-70 % of elbow injuries [1]. Treatment can vary from conservative management
to open reduction with or without pinning, depending upon the fracture geometry [2, 3]. Cubitus
varus is the most common angular deformity, presenting as late sequel to poorly-treated or untreated
supracondylar fractures in children [4]. The main reason for development of this deformity is
a varus tilt along with internal rotation and medial displacement of the distal fragment, resulting
in an abnormal carrying angle [5]. Cubitus valgus, on the other hand, is a rather uncommon
deformity arising most often from a lateral condylar non-union or malunion, with or without
ulnar nerve symptoms [6]. The indications for corrective surgery include an undesirable cosmetic
deformity or a limitation of elbow motion or both. Numerous osteotomies have been described
for the treatment of cubitus varus and valgus [7]. The goal of correction is to address not only
the coronal component, but the rotational and sagittal plane deformity, if any. Prevention of joint
stiffness, by virtue of a stable fixation, and early mobilization is highly desirable.

The choice of osteotomy as well as of fixation methods is a topic of contention till date. Most
surgeons prefer a lateral closing wedge osteotomy for cubitus varus for its technical simplicity
and reproducibility [8]. Cubitus valgus is frequently addressed with a dome osteotomy along
with ulnar nerve transposition [9]. Problems associated with acute corrective osteotomies
include under- or over-correction, failure of fixation, neuropraxia, unsightly scars, re-fractures
at the osteotomy site, joint stiffness, and infection [10]. The introduction of the Ilizarov method
of a low-energy osteotomy, combined with gradual distraction, offered the unique ability to perform
post-operative titration of angular correction, as well as early joint mobilization [10].

The aim of the study is to evaluate the results of one-stage supracondylar corrective osteotomy
and bone fixation using the Ilizarov apparatus in varus and valgus deformities of the elbow joint,
using the angulation-translation principle (osteotomy rule 2); to determine the effect of this method
on the humerus-elbow-wrist angle (HEW), ODD and lateral prominence index (LPI).

MATERIALS AND METHODS

Twelve patients, in the age range from 7 to 24 years, who presented with either cubitus varus or valgus,
and desired surgical correction, were included in this retrospective study. We retrieved hospital
records, radiographs, and clinical photographs from 2020 to 2024, of individuals who underwent
deformity correction using a percutaneous, low-energy osteotomy, and bone fixation with an Ilizarov
frame application, and analysed various clinical and radiological parameters, using Microsoft
Excel 2024 (v.16). Those with an incomplete database or follow-up were excluded from the study.
The objectives of the study were to assess the bearing of this method on the Humerus-Elbow-Wrist
(HEW) angle, the Lateral Prominence Index (LPI) and elbow range of motion (ROM). Preoperative
clinical examination included recording of the carrying angle and ROM, using a goniometer.
The internal rotation element was assessed using the Yamamoto method [11]. The three-point bony
relationship and inter-condylar distance measurements were recorded in all cases, although their
clinical relevance is a matter of debate [12]. The HEW angles were measured on anteroposterior
radiographs of both upper extremities, in addition to the LPI [7, 13]. In normal individuals, the LPI
is predominantly a negative value, due to naturally-existing slight medial condylar prominence.
All pre-operative planning and software simulation was performed using the Bone Ninja iPad
mobile application [14].
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Surgical technique

The Ilizarov frame design consisted of two rings, one proximal at the level of the mid-arm,
and one distal at the level of the elbow joint (Fig. 1 a, b). The orientation of the distal ring was
parallel to the distal humeral articular surface, whereas that of the proximal ring was perpendicular
to the diaphysis (Fig. 1 b). The rings were connected to each other using juxta-articular hinges
mounted on connecting rods, and a medially placed distraction assembly, orthogonally, as shown
in the figure 1, b. Two counter-opposed olive wires and one 5-mm Shanz pin, inserted along the safe
corridors, were used to affix the distal ring (Fig. 2 a). The medial wire was inserted with the elbow
in semi-extended position, palpating the ulnar nerve, and ensuring the wire entry anterior
to the nerve. The proximal ring was affixed with two 5-mm Shanz pins and a wire. A 1-cm skin
incision was sufficient to perform a low-energy osteotomy using the multiple drill-hole method
(Fig. 2 b) [15]. The osteotomy was distracted acutely and an angulation-translation was performed,
using the juxta-articular hinges (Fig.2 c). Once satisfactory correction was confirmed under
fluoroscopy, the osteotomy was compressed and the nuts tightened (Fig. 2 d). For larger deformities
of more than 15° of angular correction, anterior transposition of the ulnar nerve was contemplated,
both in cubitus varus and valgus. Any residual deformity detected in post-op radiographs was
corrected subsequently.

Fig. 1 Pre-assembled frame design: (a) front view showing juxta-articular hinge placement, and side view, showing
the motor/distraction assembly; (b) intra-operative images of frame orientation before and after the osteotomy

|

Fig. 2 The Ilizarov frame assembly: (a) orientation of distal ring with counter-opposed olives; (b) multiple drill-
hole osteotomy; (c) acute distraction followed by angulation of the osteotomy; (d) compression of the osteotomy
after satisfactory alignment
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Fig. 3 Case of a 7-year-old male with
cubitusvarus: (a) pre-opradiographs;
(b) simulation of correction using
the bone Ninja application; (c) final
follow-up  radiograph  showing
comparable HEW angles on both
sides; (d) clinical images before,
during and after correction

|
During correction After correction

For skeletally mature patients with closed physes, a mini-Ilizarov assembly was used, which was
less cumbersome as compared to the standard Ilizarov frame. Two 5-mm Shanz pins were placed
percutaneously in the distal humerus from the lateral side, in the same plane, parallel to the joint
line (Fig. 4 a), and two pins were placed in the mid-third of the humerus, perpendicular to the shaft,
but in different planes, subtending an angle of around 45° when viewed from above (Fig. 5 b, d).
The biplanar placement of pins was planned to circumvent the course of the radial nerve and increase
the stability of fixation. The pins in the distal segment were mounted on a swivel-type Rancho cube
(Fig. 5 d, circled in red), to allow angulation of the distal fragment following the osteotomy, which
was performed precisely as described above. It is noteworthy to state here, that while performing
all acute corrections, translation precedes angulation, in accordance with osteotomy rule 2
(Fig. 4 c,d) [16].

Fig. 4 Mini-Ilizarov frame: (a) with 2 parallel Shanz pins in the distal fragment; (b) multiple drill hole
supracondylar osteotomy; (c) medial translation performed first; (d) followed by angulation to the desired degree;
(e, f) measurement of the angular correction intra-op, using a radiolucent, sterile goniometer

Genij ortopedii. 2025;31(3) 272



Clinical studies

Fig. 5 Case of a 17-year-old girl: (a) pre-operative radiographs of cubitus rectus; (b) post-operative radiographs
following mini-Ilizarov correction; (c) final follow-up radiographs showing accurate correction, comparable
to contralateral elbow; (d) mini-Ilizarov frame assembly, red circled portion represents the swivel-type Rancho
cube for the distal fragment; (e) clinical images before and after correction

Fine adjustments and fastening of all connections was performed under C-arm guidance. Derotation
was performed only in one patient who had impaired shoulder function compared to the contralateral
side.

Post-operative protocol comprised of assisted joint ROM exercises at the end of week 1, followed
by strengthening exercises at 4 weeks. Crutch-assisted walking using the operated upper limb
was encouraged in older patients, to simulate weight-bearing in the lower extremity, in order
to promote union. Frame removal was done after satisfactory consolidation was seen on orthogonal
radiographs. Follow-up was done at 2-week intervals until frame removal, and every 6 month
thereafter. The functional outcome was assessed and graded as excellent, good, or poor according
Oppenheim’s criteria [17]. Statistical analysis was done using Microsoft Excel 2024 (v.16), applying
Student’s paired t-test, with a p-value of < 0.05 considered as significant.

RESULTS

The mean patient’s age recorded was 16.2 years. Of the 12 patients, 4 (33.3 %) were males
and 8 (66.7 %) were females. The mean time tounion was 14.2 weeks (range 11-18 weeks). The average
duration of follow-up was 24 months. Functional outcome was graded as excellent in 9 cases (75 %),
good in 2 (17 %) and poor in 1 case (8 %) using the grading system of Oppenheim et al. [7, 17].
There was no significant difference between the mean pre- and post-operative arc of motion
(p-value: 0.16). The cumulative results are summarized in Table 1 and Table 2.
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Table 1
Comparison of pre-op and post-op assessment parameters
Parameter Pre-op °#SD Post-op ° +SD P-value
Mean HEW* angle
Cubitus varus -15.5%+4.2 8.2%1.5 <0.05
Cubitus valgus 28.3+5.3 14.1+3.1 <0.05
Mean flexion / extension 125/-5 120/0.5 0.16
Mean LPI* (cubitus varus) 2.5+0.5 -1.6%0.2) <0.05
%ﬁggsl;’lpl'"(cu"‘t”s 8.4+13 ~3.7+0.4 <0.05
*HEW — Humerus Elbow Wrist angle; LPI — Lateral prominence index; MPI — Medial prominence Index.
Table 2
Functional results as per Oppenheim’s grading
Interpretation Criteria No. of cases
1. Correction of varus or valgus to within 5°of contralateral elbow
Excellent 2. Loss of motion < 5° of pre-op value 9
3. No complications
1. Correction of varus or valgus to within 6-10°of contralateral elbow OR
Good 2. Loss of motion < 6—10° of pre-op value OR 2
3. Scarring or a lazy-S deformity
1. Residual (uncorrected) varus or valgus differing by >10° of contralateral
elbow OR
Poor 2. Loss of > 10° in any plane of motion OR 1
3. Any complication

Cubitus varus (n = 9): The mean HEW angle improved significantly from (-15.5 * 4.2) pre-operatively
to (8.2 = 1.5) post-operatively. The average lateral prominence index pre-operatively was (2.5 # 0.5),
which improved to (-1.6 = 0.2), negative indicating normal values. We included in our series one
patient who had a straight elbow (cubitus rectus), who had esthetic concerns and who underwent
correction with a mini-Ilizarov frame yielding gratifying results. Complications encountered
included superficial pin-tract infection in one case managed with antibiotics and local dressings,
and lateral prominence in one case which was managed conservatively.

Cubitus valgus (n=73): The mean HEW angle was (28.3 +5.3) pre-operatively and improved
to (14.1 £3.1) post-operatively, which was statistically significant. Mean medial prominence
index (MPI) was calculated for valgus deformities [7], and found to be (-8.4 * 1.3) pre-operatively
and (-3.7+0.4) post-operatively. One patient who underwent corrective osteotomy with
the mini-Ilizarov frame (Fig.6 and Fig.7) had a post-operative wrist drop, which was initially
managed expectantly, with no improvement for the first 14 weeks. Nerve conduction studies (NCS)
suggested complete axonotemesis involving the radial nerve and radiographs showed a consolidated
osteotomy with satisfactory limb alignment. The patient underwent radial nerve exploration
along with frame removal (Fig. 7). Intra-operatively, one of the Shanz pins had inadvertently
damaged a portion of the radial nerve, forming a neuroma in continuity (Fig. 7 c). Using a nerve
stimulator, the non-conducting segment of the nerve was excised, and end-to-end epineural repair
was performed using 9-0 polypropylene sutures (Fig. 7 d, e). The patient had a complete recovery
of his elbow, wrist, and finger movements at the end of around 12 months after the repair (Fig. 8).
One patient, with a large valgus deformity of 33° underwent a prophylactic anterior transposition
of the ulnar nerve along with the osteotomy.
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Fig. 6 Case of a 24-year-old male with cubitus valgus: (a) pre-operative radiographs; (b) simulation of correction
using the Bone Ninja application
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Fig. 7 Case of a 24-year-old male with cubitus valgus: (a) post-operative radiographs following mini-Ilizarov
correction; (b) skin marking for radial nerve exploration; (c) intra-operative findings during exploration, showing
the pin entry into the bone, immediately adjacent to the neuroma; (d) resected non-conducting segment,
as determined by nerve stimulation; (e) end-to-end epineural repair, reinforced with Tisseal® fibrin sealant;
(f) final follow-up radiographs showing satisfactory consolidation and limb alignment
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Fig. 8 Clinical images of the same individual: (a) before and after correction; (b) functional status post-radial nerve repair

DISCUSSION

Traditional methods of treatment of cubitus varus include the lateral closing wedge osteotomy
[18], the medial opening wedge osteotomy (King and Secor) [19], the modified French osteotomy
[20], the oblique osteotomy [21], the dome osteotomy [22] and the step-cut osteotomy [23].
Subsequently, many authors described various modifications of the prevailing techniques, such
as the penta-lateral osteotomy [24], the 3-dimensional osteotomy [25], the lateral equal-limbs
osteotomy [13], the double-dome osteotomy [26], the oblique lateral closing wedge osteotomy [27],
and the reverse step-cut osteotomy [28]. Cubitus valgus is most commonly treated with a step-cut
translation osteotomy or a rotational dome osteotomy [7]. Despite being successful, a substantial
number of complications such as elbow stiffness, nerve injuries, under-correction, recurrence,
non-union, osteomyelitis and skin sloughing have been reported with the use of internal fixation
following various osteotomies [10, 29]. Furthermore, the mandatory requirement of a relative
period of immobilization post-operatively, resulting in stiffness and disuse atrophy, is a deterrent
to the use of internal hardware.

External fixation, be it the Ilizarov apparatus, or a standard uniplanar fixator, has gradually gained
acceptance and approbation as an effective means of treatment of these deformities. Hasler et al.,
in their series of 9 patients, reported excellent functional outcomes and cosmetic appearance
with the closing wedge osteotomy coupled with a Hoffman (Stryker, USA) external fixator without
any major complications [30]. Slongo et al.. described a technique of lateral closing wedge osteotomy,
along with a mini-external fixator (DePuy Synthes, USA) application, with reasonable success [31].
However, their technique involved a long surgical incision over the lateral aspect of the elbow,
with direct visualisation of the radial nerve. The Ilizarov apparatus, by virtue of its inherent stability,
has a definite advantage over other fixators in the fixation of small and unstable fragments [10, 29, 32].
The counter-opposed olive wires provide sufficient stability to resist torsional and bending forces
acting on the osteotomized fragment, minimizing the chances of recurrence of the deformity
[29]. Another distinctive advantage over conventional methods is the ability to perform residual
deformity correction in the post-op phase, with early mobilization and resumption of activities
of daily living. Early mobilization leads to better functional rehabilitation and may have an impact
on the outcome. Unsightly scars as in traditional approaches are avoided. The internal rotation
component of the deformity can be addressed by derotation of the distal ring, if necessary.

Unlike the lateral closing wedge, where the resultant cortical mismatch creates a ‘lazy-S’ deformity,
the Ilizarov method, which entails the use of a low-energy osteotomy with careful preservation
of the periosteum and gradual distraction through the regenerate, can avert this ugly deformity [33, 34].
Previous studies on the Ilizarov method by Karatosun et al. [32], Piskin et al. [10], and Ozkan et al. [35]
described an opening wedge osteotomy along with gradual correction with outstanding results and low
rate of complications. A recent study by Agrawal et al. illustrates an angulation-translation osteotomy
(rule 2) by using juxta-articular hinges placed at or very near the centre of rotation of angulation
(CORA) [29]. The medial translation, achieved thus, minimizes the chances of lateral prominence. In our
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study, we have achieved the necessary angulation and translation for both cubitus varus and valgus,
by performing acute correction abiding by the osteotomy principles [36], and by measuring the degree
of correction achieved under C-arm guidance with a sterile radiolucent goniometer. This, in turn,
led to a more accurate correction of the angular deformity, comparable to the contralateral, normal
limb. A comparison of our study with similar ones utilizing external fixation is summarized in Table 3.
Although we encountered just one major complication [37], it is prudent to mention that the risk of nerve
injuries remains substantial, and is best circumvented by careful soft tissue dissection, following safe
corridors, and using tissue-protection sleeves while drilling and inserting pins.

Table 3

Summary of similar studies on the use of corrective osteotomies coupled with external fixation for cubitus
varus and valgus deformities

Title of No. - Mean follow- . Complications
study  |of cases Technique up (months) Functional outcome and their number#
Supracondylar . R
Karatosun Excellent outcome in all Major: Nil
et al. [32] 7 ggifgggglg + gradual 66.7 7 cases (Bellemore score) Minor: 02
Good outcome in all
. . 4 patients. Mean valgus
Koch, Exner. 4 lg/ig[géilog?erjlgcgu\&edge 24 correction of 21.8° was Minor: 02
[38] correcti or¥ achieved; One patient )
additional flexion
modification was required
s Medial/lateral open Excellent outcome .
Fll(sﬁﬂn etal. 24 |wedge osteotomy + 18.3 in 18 cases; good in 6 K/I/[iarllg?' 8?
gradual correction (Bellemore score) )
Medial opening wedge :
Ozkan et al. Excellent in all 5 cases S
35] 5 23‘;585313}311 + gradual 28 (Bellemore score) Minor: 01
Excellent in 25
Supracondylar ) cases (78.12 %), -
Agrawal 3y |Osteotomy (angulation- 48 ood in 2 (6.25 %) Major: 02
etal.[29] translation) + gradual 8 d s (1 5° 63 % Minor: 04
correction and poor in 5 (15.63 %)
(Oppenheim score)
Supracondylar Excellent in 9 cases (75 %),
Present 1y |osteotomy (angulation- 24 good in 2 (17 %) Major: 01
study translation) + acute and poor in 1 case (8 %) Minor: 02
correction (Oppenheim score)

Note: # Major complications include: fracture, lateral prominence, nerve palsy, deep infection; minor complications
include: superficial pin-tract infections, loss of motion

CONCLUSION

External fixation with the Ilizarov apparatus is a versatile means of correction of cubitus varus
and valgus. It precisely achieves the desired carrying angle and cosmetic appearance of the elbow.
Additionally, it facilitates residual adjustments in under/over-corrected scenarios. The stability is
indisputable, despite there being only a small area of bony contact. No implant is left after frame
removal. Early joint mobilization undeniably leads to an improved functional outcome.
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Abstract

Introduction Ankle arthrodesis is a surgical procedure for end-stage arthritis and complex ankle pathologies,
offering a limb-salvaging alternative to amputation. This study aims to present clinical experience
with the Ilizarov apparatus in achieving stable, painless ankle fusion in patients with varied complex ankle
pathologies.

Materials and Methods A retrospective study was conducted involving 27 patients who underwent ankle
arthrodesis using the Ilizarov fixator between 2014 and 2024. Clinical and radiological evaluations were
performed using the ASAMI scoring system. Surgical techniques, patient demographics, and outcomes were
analyzed.

Results All 27 patients achieved successful bone union. ASAMI Bone results were rated excellent in 23
and good in 4. Functional outcomes were rated as good in 22 patients and fair in 5. Pin tract infections were
effectively managed with antibiotics. The Ilizarov technique demonstrated superior results in achieving
stable, pain-free ankles, even in cases with severe osteomyelitis and destroyed ankles with deformities.

Discussion The Ilizarov apparatus provides a minimally invasive, versatile approach for complex ankle
pathologies, enabling dynamic axial compression, early weight-bearing, and deformity correction. Despite
limitations such as high costs and skill requirements, its success rate surpasses that of internal fixation
techniques.

Conclusion The Ilizarov apparatus is the gold standard for ankle arthrodesis, offering stable fusion
and addressing comorbidities such as osteomyelitis and limb length discrepancy, with high patient satisfaction
and functional recovery.

Keywords: Ankle arthrodesis, Ilizarov apparatus, bone union, limb salvage, complex ankle pathology
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INTRODUCTION

Ankle arthrodesis refers to complete fusion of the tibio-talar joint and is recommended for conditions
such as secondary painful osteoarthritis, neuromotor disorders, post-septic sequelae, avascular
necrosis (AVN) of the talus, Charcot neuroarthropathy, and as a salvage procedure to preserve limb
functionality [1]. In patients suffering from end-stage arthritis, where amputation is considered the
only option due to complexity of local pathology, ankle arthrodesis serves as the ultimate alternative
for limb salvage [2].

Various techniques have been developed over time to achieve ankle fusion, including cross screws at
the tibio-talar joint, ankle arthrodesis nail, and external fixators. However, no consensus has been
reached regarding the most effective method for achieving good interfragmentary compression
under functional weight-bearing conditions, along with sufficient foot functionality [3-7].
Unfortunately, many of the currently used methods are associated with significant complications,
including deformities, non-consolidated fractures, and septic arthritis, which may further lead
to severe secondary osteoarthritis [8].

In cases where bone quality is good, soft tissue coverage is adequate, and there is no associated
shortening, the use of internal plate osteosynthesis for ankle joint fusion can yield good results.
However, this technique is linked to a higher risk of chronic osteomyelitis (in some instances
tuberculosis osteomyelitis), bone defects, neurological deficits, and soft tissue compromise. Under such
circumstances, the Ilizarov apparatus provides a more effective solution for orthopedic surgeons [9, 10].

Compared to the Ilizarov technique, internal fixation methods are less complex and involve a simpler
approach. However, the risk of complications such as skin necrosis, severe infections, septic arthritis,
lack of fusion, and the necessity for revision arthrodesis remains significant [2, 3, 9].

The Ilizarov apparatus offers a unique advantage by enabling dynamic axial compression
and providing 360-degree rigidity. Its minimally invasive approach ensures reliability with significant
benefits including immediate weight-bearing and early mobilization of adjacent joints. Moreover,
it serves as a definitive fixation technique in a single stage [11]. Beyond compression, the apparatus
also enables distraction, allowing for effective correction of bone axis deformities.

Despite its numerous advantages, the Ilizarov apparatus has certain notable limitations including
the complexity of the fixator assemblies, the skill required for its application along with temporary
patient discomfort with the fixator [1, 2, 9-11].

Patients with severe osteoarthritis of the ankle often endure excruciating pain during routine
daily activities. The accompanying functional loss and pain are often the driving factors leading
these patients to seek surgical intervention. The success of ankle arthrodesis is highly dependent
on patient compliance to postoperative protocols [8, 9, 12]. The most effective treatment outcomes
are marked by reduced pain and improved functional capabilities [5, 8, 9, 12, 13].

Aim of the study is to present our clinical experience and the versatility of the Ilizarov apparatus
in achieving stable, immobile, and painless ankle fusion in patients with a wide spectrum of ankle
joint pathologies.

MATERIALS AND METHODS

The study was conducted at a reputed teaching institution and tertiary care hospital in New
Delhi, India. It received approval from the institutional ethics committee. The analysis was based
on a retrospective review of 27 patients who underwent ankle arthrodesis using the Ilizarov
apparatus between 2014 and 2024, spanning a decade.

The study included all patients who underwent ankle fusion with the Ilizarov fixator. Various
parameters such as gender, age, time of injury, fracture type, history of prior surgeries, indications
for the procedure, and duration of fixation with the frame on were evaluated. Bone and functional
outcomes were evaluated using the ASAMI scoring system [14].
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Preoperative radiological assessments were performed based on individual case requirements.
Full-length X-rays of the ankle and leg were taken in all patients, while MRI and CT scans were
obtained for cases involving osteomyelitis or suspected nonunion to aid in diagnosis.

Medical comorbidities were documented, and any modifiable risk factors were addressed
and optimized prior to surgery.

All surgical procedures were carried out by a senior orthopedic surgeon experienced in complex
trauma management and an expert in the Ilizarov method.

Surgical technique

All surgeries were performed under general/spinal/epidural anesthesia depending upon the
medical condition of the patient, with the patient positioned in supine position with ipsilateral
sandbag elevation. Prophylactic intravenous antibiotics were administered at the time of the skin
incision in accordance with standard guidelines. The ankle joint was approached laterally, medially,
or anteriorly depending on the pathology, with the lateral transfibular (malleolar) approach being
the most commonly used due to its advantage of providing wide access to the ankle region.

For the medial approach, a 7-cm skin incision was made starting at the tip of the medial malleolus
and curving anteriorly over the distal tibia. The saphenous nerve and vein were carefully protected,
and the medial malleolus was osteotomized to access the ankle joint. For the anterior approach,
a 10-cm incision was centered midline between both malleoli. Superficial dissection was performed,
preserving the superficial peroneal nerve. The extensor digitorum longus and extensor hallucis
longus were identified, and a plane was developed between them. Deeper dissection revealed
the anterior tibial artery and deep peroneal nerve, which were retracted safely, allowing anterior
access to the ankle joint.

In the lateral transfibular approach, a 10-cm incision was made along the subcutaneous border
of the distal fibula, with a transverse fibular osteotomy performed 8 cm proximal to the tip
of the lateral malleolus. The tibio-talar joint was opened, and the distal tibial articular surface was
denuded at the subchondral level, followed by preparation of the talar dome. In cases of infection,
thorough debridement of the soft tissue and bone was performed, and culture swabs were taken
for postoperative management.

Once fresh metaphyseal bone with the characteristic “paprika sign” was exposed, the tibia and talus
were aligned under fluoroscopic guidance and fixed with a tibio-calcaneal 3-mm K-wire. Infected
cases underwent meticulous debridement of necrotic tissue before fixation. The Ilizarov frame
included proximal tibial rings (R1, R2) and a foot frame with 5/8 rings for the hindfoot and forefoot,
if required. The hindfoot ring (R3) was secured with olive wires and half-pins to the calcaneus
and connected to the tibial rings (R2) with threaded rods for controlled compression. In some
cases, wires were used to secure talus considering having good bone stock in order to get good
interfragmentary compression and to put less stress on subtalar joints. Intraoperatively, 1-cm
compression was applied between R3 and R2, with corticotomy and distraction performed between
R1 and R2 for lengthening when necessary. No primary bone grafting was performed in any
of the cases, which is an important observation in this context.

Postoperatively, patients were instructed to perform weight-bearing with walker support
after removal of tibio-calcaneal wire at 6 weeks postoperatively. Emphasis was placed on rigorous
pin-site care at least twice daily. Follow-ups were conducted thrice monthly initially and transitioned
to monthly visits after three months. Radiological evaluations monitored callus formation,
alignment, and infection, while clinical assessments focused on skin and pin-tract condition
and neurovascular status. Solid union was defined by continuous cortical and trabecular lines
on radiographs at the tibiotalar joint, followed by one month of dynamization and CT confirmation
before frame removal. Patients used protective bracing for up to six weeks upon frame removal,
with the ultimate goal of achieving a pain-free, stable, plantigrade foot and restored gait.
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RESULTS

This retrospective study included 27 patients who underwent ankle arthrodesis using the Ilizarov
frame, comprising 8 females (29.63 %) and 19 males (70.37 %). The patient’s age ranged from 20
to 78 years, with an average of 40 years [SD: 15.48; Median (IQR) is 35 (20-56)]. Among the cases,
12 patients (44.4 %) presented with active osteomyelitis. The Ilizarov frame was used for an average
duration of 33 weeks [SD: 13.9; Median (IQR) is 27 (21-43)], earliest frame removal being 19 weeks
and longest being 70 weeks. The causes of ankle joint destruction in the study covered a broad
spectrum, including post-traumatic cases in 16 patients (59.26 %), post-polio residual deformity
in 3 patients (11.11 %), Charcot arthropathy in 6 patients (22.22 %), and cases involving a destroyed
or resorbed talus in 2 patients (7.41 %). Adjacent joint arthritis was noted in 6 patients, representing
22.2 % of the sample. All patients exhibited a limb length discrepancy of less than 1.5 cm, which was
effectively addressed using appropriately sized shoe lifts.

The study achieved a 100 % bone union rate across all cases. Patients reported significant comfort
with the procedure and were able to ambulate independently, pain-free, and without support after
frame removal.

The ASAMI scoring system (Association for the Study and Application of the Methods of Ilizarov)
was utilized to evaluate bone and functional outcomes. Regarding bone results, 23 patients (85.19 %)
demonstrated excellent results, while 4 patients (14.81 %) achieved a good outcome (Table 1).
Functional scores revealed that 22 patients (81.48 %) had good results, and 5 patients (18.52 %) had
fair results (Table 2). Since functional scoring incorporates ankle dorsiflexion, a “good” functional
outcome represents the highest achievable score. In all 27 patients, no primary bone grafting was
performed, highlighting that the Ilizarov method is a definitive and less demanding technique
for ankle fusion.

A few patients developed pin-tract infection during the treatment period, which was successfully
managed with oral and local antibiotics.

Table 1
ASAMI Bone result
Scores Frequency Percentage
Excellent 23 85.19 %
Good 4 14.81 %
Total 27 100 %

Abbreviations: ASAMI — Association for the Study and Application of the Methods of Ilizarov; There were no entries in

the Fair and Poor scores.

Table 2
ASAMI Functional result
Scores Frequency Percentage
Good 22 81.48 %
Fair 5 18.52 %
Total 27 100 %

Abbreviations: ASAMI — Association for the Study and Application of the Methods of Ilizarov; There were no entries in the
Excellent and Poor scores.

Cases

Among 27 patients, a 38-year-old male presented with swelling and dull pain in his left ankle.
Clinical and radiological assessments confirmed a diagnosis of Charcot arthropathy. The patient
had previously undergone multiple unsuccessful corrective fusion surgeries. Following 44 weeks
of treatment, a stable and infection-free tibio-calcaneal fusion was achieved. The ASAMI bone results
were excellent, and the functional results were good. However, the patient developed a leg length
discrepancy (LLD) of approximately 1.5 cm, which was successfully corrected with a customized
shoe lift (Fig. 1, 2, 3).
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Fig. 1 Pre-op clinical pictures of left ankle with severe septic arthritis (sequelae of Charcot arthropathy): (a) lateral
view; (b) medial view; (c) frontal view

Fig. 2 Clinical picture of stable infection-free painless fused left ankle after frame removal: (a) lateral view;
(b) anteromedial view; (c) medial view; (d) frontal view

Fig. 3 Series of left ankle X-Rays during the course of treatment: (a) 3-month pre-op X-ray with broken calcaneal
nail; (b) pre-op X-ray at time of surgery
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Fig. 3 (continuation) Series of left ankle X-Rays during the course of treatment: (c) at the time of frame removal,
d 6-month follow-up

DISCUSSION

Ankle arthrodesis is a definitive salvage procedure for addressing severely damaged ankle joints.
As it represents patient’s final opportunity to achieve a stable and pain-free ankle, careful
consideration is essential when selecting an implant for the procedure [15, 16].

The introduction of external fixators for ankle fusion by Charnley marked a significant advancement
[1]. Although these devices achieved favorable fusion rates, monoplanar fixators lacked rotational
stability. To address this, triangular frames enabling multiplanar compression were developed [17,
18]. Despite these advancements, challenges such as persistent instability at the fusion site remain,
particularly in cases with substantial bone loss [7, 12, 19].

For patients with infections, ankle fusion provides absolute stability, thereby minimizing the risk
of recurrence [13, 20].

The Ilizarov ring fixator is widely regarded as the most effective system for addressing complex
ankle pathologies, outperforming all other fusion techniques [19, 21-26]. Its advantages include
dynamic axial fixation, which preserves bone contact without the need for additional grafting. It also
offers superior stability against bending, shear, and torsional forces, enabling early weight-bearing
and reducing pin-tract infections. Its modular design allows circumferential mechanical control,
facilitating postoperative adjustments that are impossible with conventional implants like screws,
plates, or nails. Additionally, transfixation wires placed percutaneously provide reliable fixation
even in cases with compromised bone and soft-tissue conditions.

Moreover, the Ilizarov method allows ankle arthrodesis to be performed as a single-stage procedure,
even in the presence of active infection. Gradual compression at the fusion site promotes biological
union, with or without proximal osteotomy and callus distraction. The device also ensures limb
length equalization when required [16, 26].

Renowned for its versatility, the Ilizarov device is considered the gold standard for successful ankle
arthrodesis. Unlike internal fixation methods, it minimizes damage to soft tissues, vascular structures,
and the periosteum, making it suitable for managing complex conditions such as diabetes mellitus,
peripheral neuropathy (Charcot), severe osteomyelitis, and peripheral vascular compromise.
The Ilizarov system is often the last resort for patients at risk of amputation [16, 27-29].

Among the surgical approaches, the transfibular approach is frequently preferred because it provides
access to both the tibiotalar and subtalar joints through a single incision [17, 29]. The choice
of approach, however, depends on factors such as deformity type, fixation technique, soft-tissue
condition, and surgeon experience [17, 18, 30]. Occasionally, the medial malleolus or anterior
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approach may be employed depending on case-specific requirements [18]. Thus, Onodera et al.
demonstrated that transfibular ankle arthrodesis using the Ilizarov fixator combined with fibular
onlay grafting achieved complete bone union [11]. In contrast, our cases achieved 100 % union
without primary bone grafting.

The ASAMI scoring system is used in this study because it provides a standardized, objective,
and comprehensive method to evaluate the success of surgical procedure. It allows for a quantitative
and qualitative assessment of both bone healing (union, deformity, infection, and limb length)
and functional outcomes (pain, mobility, return to daily activities), ensuring a holistic evaluation
of patient recovery. Additionally, its widespread use in orthopedic and trauma research enables
comparability with existing literature, facilitating evidence-based conclusions and treatment
refinements [14].

Consistent with existing literature, our study also demonstrated a 100 % bone union rate using the
Ilizarov apparatus for managing complex ankle pathologies. Li et al. concluded that the Ilizarov
technique outperforms internal fixation in achieving stable and effective fusion in end-stage ankle
arthritis [15].

Similarly, Morasiewicz et al. conducted a radiological comparison and found that the Ilizarov
method provided superior outcomes compared to internal fixation. They also reported a higher rate
of adjacent joint arthritis with internal fixation, whereas in our study, this was observed in 22.22 %
(6 patients), lower than their reported 48 % [4].

Reinke et al. emphasized the reliability of the Ilizarov method for ankle fusion in patients
with compromised conditions, highlighting its effectiveness in tibio-calcaneal fusion for severely
damaged Charcot arthropathy cases [5]. A case of a tibiocalcaneal fusion for severely destroyed septic
arthritis (Charcot arthropathy) is presented in a series of images (Fig. 1, 2, 3). Likewise, our study
utilized this technique to achieve stable and functional feet in similar cases.

El-Gafary et al. demonstrated successful outcomes with the Ilizarov fixator in severe joint
destruction due to Charcot arthropathy [6]. Similarly, we achieved stable, pain-free ankles in six
patients with severe joint damage from Charcot arthropathy. In four patients, simultaneous tibial
lengthening and ankle arthrodesis addressed limb length discrepancy (LLD). Sakurakichi et al.
similarly reported successful outcomes using this approach [10]. Among our 27 cases, three patients
(11.11 %) with post-polio residual paralysis and equinus deformity were successfully managed
with this technique. Kirienko et al. reported comparable success in their study involving 27 patients
[9]. The most common complication encountered in our cases was pin-tract infection, which was
managed effectively with oral antibiotics and, in some cases, local antibiotic injections.

Based on our findings and a review of the literature, the Ilizarov apparatus proves to be
an indispensable tool for orthopedic surgeons, providing a comprehensive solution for complex
cases in a single definitive procedure.

The primary limitations of this study were the absence of preoperative scoring, a single-centre
retrospective study and a small sample size due to irregular follow-ups after frame removal, largely
because of patient socio-economic challenges. Conducting a larger, randomized study is necessary
to relate the results more effectively to the target population.

For most patients undergoing ankle fusion, their frequent visits to doctors can be frustrating.
This frustration can be mitigated through effective encouragement and early weight-bearing
mobilization-benefits that are difficult to achieve with internal fixation techniques.

CONCLUSION

The Ilizarov apparatus should be regarded as the gold standard for ankle fusion in cases of complex
pathology. Compared to other techniques, it offers superior axial compression for enhanced union
and effectively addresses concurrent challenges such aslimblength discrepancy, Charcot arthropathy,
osteomyelitis, deformities (post-polio), osteoporosis, and failed ankle fusions after multiple prior
surgeries. It provides a stable, pain-free ankle, enabling improved mobility.
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Abstract

Introduction The technique of multiapical deformity correction with orthopaedic hexapods can be accepted
as "standard." This requires several software calculations a and lengths changes in the 12-18 struts. The "spring"
technique was designed to address these disadvantages.

Purpose To analyze the treatment results of patients with lower leg multiapical deformities corrected
by "standard" and "spring" techniques

Methods The data of patient group 1 (standard technique, n = 17) and patient group 2 (spring technique,
n=17), were used. Correction accuracy, duration of correction, and fixation periods were compared.
In patients requiring lengthening, fixation and osteosynthesis indices were additionally analyzed. Quality
of life and segment function were assessed using the LEFS questionnaire.

Results There was no statistically significant difference between the groups when comparing each
of the parameters studied. When comparing LEFS parameters before external fixation (EF) and 2-3 months
after frame removal, a statistically significant difference was observed in patients within each of the first
and second groups.

Discussion The correction accuracy in each group was 94.4 %, which, along with the absence of a significant
difference in the duration of treatment and data from the LEFS questionnaire, indicates equal clinical
effectiveness of both methods. It was noted that treatment with various modifications of circular external
fixators is equally uncomfortable for patients. At the same time, the need for only one calculation in a hexapod
software instead of 2-3, the ability to change the length of 6 struts instead of 12-18, as well as simpler
assembly and less cumbersome construct if there is small (less than 10-12 cm) distance between the rings are
advantages of a "spring" technique.

Conclusion Based on the analysis of the criteria used for evaluation, it can be concluded that the “spring”
technique for correcting lower leg multiapical deformities is as effective as the “standard” technique.
The advantages of the "spring" technique are associated with the greater convenience of its use: both
for the orthopedic surgeon and the patient.

Keywords: multiapical deformities, multi-planar deformities, multi-level deformities, lower leg deformities,
deformity correction, gradual correction, orthopaedic hexapod, Ortho-SUV frame, «spring» technique,
correction accuracy, functional results
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INTRODUCTION

In recent decades, orthopaedic hexapods have been actively used to correct deformities,
including multi-apical deformities. Their main advantage is one-stage correction of all deformity
components [1-5]. The method of correction of multi-apical deformities, which can be accepted
as standard, is the simultaneous elimination of the deformity at the levels of all apexes using
several orthopaedic hexapods, i.e. their number is equal to the number of deformity apexes [2, 6—12]
(Fig. 1 a). It is quite difficult to plan the correction, especially if the intermediate fragment is
nonlinear, or the second rule of osteotomies must be used at one of the levels. In such a case, the use
of the anatomical axis of the intermediate fragment is unacceptable and the so-called assigned
axis is necessary for successful implementation of the correction. Moreover, the orthopaedic
surgeon must perform several (according to the number of hexapods) independent calculations
with computer software, and during correction, change the lengths of 12 (in the presence of two
apexes) or 18 (three-apex deformities) strata. The use of several orthopaedic hexapods increases the
weight of the frame and worsens patient’s comfort during treatment [13].

In order to eliminate these shortcomings, a “spring” technique has been developed and clinically
tested [4]. Its implementation requires only one orthopaedic hexapod, which is more convenient
for both the surgeon and the patient (Fig. 1 b).

Fig. 1 Diagrams of gradual correction (before and after) of multi-apex deformities of the tibia with orthopaedic
hexapods: (a) standard technique; (b) spring technique

However, it is still not known whether the spring technique is as clinically effective as the standard
technique.

Purpose To compare treatment results of patients with lower leg multiapical deformities corrected
by standard and spring techniques

MATERIAL AND METHODS

The study included patients who were treated at the Vreden National Medical Research Center
of Traumatology and Orthopedics from 2012 to 2024. A total of 36 corrections of multi-apical
deformity of the lower legs were performed. All patients gave informed consent to participate
in the study and subsequent publication of its results.

The control group (Group 1) included 17 patients (18 segments) who were treated with the standard
technique (4 retrospective cases, 14 prospective cases). The study group (Group 2) included
17 patients (18 segments), whose deformity correction was performed using the "spring" technique
(18 prospective cases). Both groups were comparable in the studied parameters (p > 0.05) (Table 1).
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Table 1
Patients’ data
Quantity, Me [Q25; Q75]
Parameter Group 1 (standard technique), n = 17| Group 2 (spring technique), n =17

n % n %
Total of segments 18 100 18 100
Males 9 50 8 44
Females 9 50 10 56
Congenital etiology 9 50 11 61
Acquired etiology 9 50 7 39
Coronal plane varus 5 28 11 61
Coronal plane valgus 12 67 7 39
Antecurvatum in the sagittal plane 12 67 13 72
Recurvatum in the sagittal plane 2 11 2 11
Lengthening 7 39 5 28
Tosion 7 39 10 56
Number of osteotomies = 2 18 100 17 94
Number of osteotomies = 3 0 0 1 6
Ages, years 39.5[25;48.8] 36 [26;45.5]
Angular deformity (coronal plane), ° 25[16.3;33.8] 20[17.3;23.8]
Angular deformity (sagittal plane), ° 18.5[1;29.8] 10 [4;12.8]
Lengthening magnitude, mm 01]0;25] 010;10.5]
Value of torsion, ° 01[0;10] 8.5[0;14.3]

In both groups, an external fixator (EF) based on three supports was used (35 segments)
for two deformity apices or four supports in one patient with three apices. Osteotomies of the tibia
and fibula were performed through minimally invasive approaches according to de Bastiani.
On postoperative days 5 to 7, the distraction period was initiated at a rate of 1 mm per day
in 4 steps. Distraction was performed using two-plane Ilizarov hinge posts and continued until
interfragmentary diastases of 4—-6 mm were achieved at each osteotomy level. If patients required
segment lengthening (n;=7; n;=5), distraction continued until the required lengthening magnitude
was achieved (Group 1: 12-28 mm; Group 2: 12-44 mm). Upon completion of distraction, the EF was
readjusted with the installation of several orthopaedic hexapods (Group 1) or one orthopaedic
hexapod and springs (Group 2).

For this purpose, when implementing the “spring” technique, the orthopaedic hexapod “Ortho-SUV”
struts [1, 3, 11, 14] connected the proximal and distal EF supports. The intermediate supports were
attached tothe adjacent supportsusing a spring unit. Itincluded a set of custom manufactured springs
in the amount of six for two-apical deformations or nine for three-apical deformities. Each spring was
attached to the supports using traction clamps (Fig. 2 a). The parameters required for manufacturing
the springs were determined on day 1 or 2 after the operation. The first required parameter was
the length of the spring in the working (stretched) state. For this purpose, the minimum distance
between the intermediate EF support and one of the osteotomies was measured in the patient’s
postoperative radiograph. The value of 15 mm which is the thickness of the three nuts required to fix
the spring to the traction clamp and the support was subtracted from the resulting measurement.

Next,the transverse restoring force was determined. With the segment in a horizontal position,amulti-
turn indicator (Type MIG, GOST 9696-75) was attached to the rear surface, the end of the needle
of which touched the intermediate support. Once the two-plane hinges had relaxed under the influence
of gravity, the intermediate support shifted, which was recorded by the indicator (Fig. 2 b). Then,
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using a dynamometer, a pull was performed in the opposite direction until the indicator arrow was
at"0". The dynamometer reading at this point corresponded to the transverse restoring force required
to hold the intermediate fragment in a neutral position. The indicators were introduced into an Excel
table, which was formed based on the similarity of the force triangle and the transverse displacement
triangle (Fig. 2 ¢). In the calculations, a transverse displacement of the fragment of no more than
1 mm was allowed. Based on the introduced data, the longitudinal (tensile) force of the spring
was determined, providing the required restoring force at a given transverse deformation. Based
on the available force values, as well as the working length, using a calculator on the manufacturer's
website (calculation based on GOST 13765-86), the optimal technical parameters of the springs were
determined: diameter and number of spring turns, wire diameter

. traction clamp
(threaded rod slotted)

‘ spring

- traction clamp
(threaded rod slotted)

Bl :

/ F = spring tension force
proportional to to spring

/L
Ff=L/2t |/

f = restoring force of two
springs acting on a bone
fragment in response

to deformity =

length in action state = |

L = maximum acceptable
bone fragment displacement

under the action
of the transverse force =

Fig. 2 Principles of determining the technical
characteristics and installation of springs
for the implementation of the "spring"
technology: (a) spring unit components, springs
complete with traction clamps; (b) multi-
rotational indicator and dynamometer used
to determine the transverse restoring force;
(c) diagrams of triangles of forces and transverse
displacements; (d) points of fixation of springs
to the rings; (e) in both planes, the springs are
positioned parallel to the intermediate fragment
(the axes in accordance with which the springs
are tensioned are in green color, the anatomical
axis of the intermediate fragment is red)
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Orders for the components of the "spring unit" were manufactured by NPP "Slantsevsky Spring Plant",
which sells products according to customized designs. Manufacturing of the products took no more
than 12 days, which did not affect the duration of the patient's treatment, since it corresponded
to the duration of the latent period and the period of primary distraction. During installation,
the springs were positioned at the maximum possible equal distance from each other, trying
to form an equilateral triangle (Fig. 2 d). Three patients required elimination of the displacement
that occurred during the distraction period. In such cases, four springs were used for each
apex, positioned in the shape of a square. The springs were fixed to the supports using traction
clamps. In this case, the springs were positioned so that they were parallel to the anatomical axis
of the intermediate fragment in both planes (Fig. 2 e). The lengths of the springs and the positions
of their axes were kept constant during the correction period, and adjustment was performed using
traction clamps. Upon completion of correction, the springs and struts of the orthopaedic hexapod
were dismantled, and the supports were fixed using two-plane Ilizarov set hinges.

In the comparative analysis, the duration of the correction periods (with and without distraction
to achieve the initial diastasis), fixation, and the accuracy of the correction were assessed. In patients
who did not undergo segment lengthening (n: = 11; nz = 13), the duration of the fixation period
was calculated. If segment lengthening was necessary (n; = 7; nz: = 5), the following indicators were
additionally determined:

— fixation index (FI): the ratio of the number of days of fixation to the value of lengthening in cm;

— osteosynthesis index (fixator period): the ratio of the number of days in the EF to the value
of lengthening in cm.

To assess the accuracy of the correction, the values of mechanical (InMPTA, mLDTA) and anatomical
(aADTA, aPPTA) angles were assessed before and after the correction.

Complications were evaluated according to the classification of ]. Caton [15-19].

The functional outcome and quality of life were assessed by analyzing the LEFS questionnaires
completed by patients [17-19]. The questionnaire, consisting of 20 questions, was completed
by patients before surgery, at the end of the correction period (before dismantling the struts),
before EF removal, and 2.5-3 months after EF removal. A score of less than 19 points was rated
as minimal function or no function; 20-39 points as significant limitation of function; 40-59 points
as moderate restriction, 60-79 points as minor limitation. A score of 80 points was the maximum
and implied full function.

Comparison of frequency characteristics of nominal data (gender, etiology, deformed segment)
was performed using the chi-square test (with Yates' correction for small cohorts) and Fisher's
exact test. When comparing quantitative parameters (age, RLU values, magnitude of deformation
components, duration of treatment and its constituent periods, magnitude of lengthening, IF, 10,
etc.), the Mann-Whitney U-test, Student's t-test, and median chi-square were used. The dynamics
of the parameters (LEFS questionnaire data) were assessed using the sign test and the Wilcoxon
test. Quantitative data were rounded to tenths. Statistical processing was performed using the MO
Excel 2016 and Jamovi 2.3.28 software.

RESULTS

Data on the duration of treatment periods for patients in both groups, as well as the values of fixation and
osteosynthesis indices assessed in patients requiring segment lengthening, are presented in Tables 2
and 3. No statistically significant difference (p < 0.05) was found in any of the assessed indicators.

After correction in each group, the mechanical and anatomical angles were within the reference
values in 88.9 % of cases (16 of 18 segments). Two patients (one in each group) had periprosthetic
deformity. Since the correction of deformities in those cases had to consider the upcoming
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arthroplasty, the target angle values differed from the reference values and were achieved. Thus,
the accuracy of correction in both Group1 and Group 2 was 94.4 %. The median values of mechanical
angles (in the frontal plane) and anatomical angles (in the sagittal plane), as well as the quartile
values, are given in Tables 4 and 5.

Table 2
Duration of separate periods of patients’ treatment, Me [Q25;Q75]
Periods Duration, days
Group 1 (standard technique) | Group 2 (spring technique) p
g.(’”ec“.on’ considering 30.5 [15.8;34.8] 21.5 [18.3;36.5] >0.05
istraction
Correction without considering 16 [9.3;26.3] 14[10.3;27.3] >0.05
istraction
Fixation (among patients who . )
do not need lengthening) 251[207;272] 239[196.3;335.5] >0.05
Table 3
Additional outcome measures for patients undergoing segment lengthening, Me [Q25;Q75]
. Index value, days/cm
Indices . : - p
Group 1 (standard technique) | Group 2 (spring technique)
Fixation 98.15 [84.5;128] 107 [91;109.3] >0.05
Osteosynthesis 126.55[102.4;151.4] 119[80.6;119.5] >0.05
Table 4
Accuracy of correction of multi-apical deformities in the frontal plane, Me [Q25;Q75]
Accuracy of correction of multi-apical deformities, °
Angular Group 1 (standard technique) Group 2 (spring technique)
deformities Before correction After correction Before correction After correction
mMPTA | mLDTA | mMPTA | mLDTA | mMPTA | mLDTA | mMPTA | mLDTA
Varus 80 98 88 87.5 83 97 88 89
[67.3;83] |[96.5;99.5]|[86.3;89.8]| [86.3;91] | [81;84] |[94.5;100]| [87;88] |[87.5;89.5]
Valeus 95 77.5 88 88 95 76 88 89
su [91;100] | [71;84.3] | [86;89] [88;90] |[94.5;98.5]|[68.5;80.5]| [87;88] | [89;91.5]
Notes: mMPTA — mechanical medial proximal tibial angle; mLDTA mechanical lateral distal tibial angle
Table 5

Accuracy of correction of multi-apical deformities in the sagittal plane, Me [Q25;Q75]

Accuracy of correction of multi-apical deformities, °
Angular Group 1 (standard technique) Group 2 (spring technique)
deformities Before correction After correction Before correction After correction
aPPTA aADTA aPPTA aADTA aPPTA aADTA aPPTA aADTA
Antecurvatum 75 99 80 81 79 86.5 80 81
[65;80] | [90;103] | [79;83.3] | [79;82] | [76;80.5] |[84.5;92.5]|[78.8;81.3]| [80;81.3]
Recurvatum 88 79 82.5 80 80.5 70.5 82 80.5
[81;95] |[77.5;80.5]|[82.3;82.8]|[79.5;80.5]|[80.3;80.8]|[68.3;72.8]|[81.5;82.5] [79.8;81.3]

Note: aPPTA — anatomical posterior proximal tibial angle; aADTA — anatomical anterior distal tibial angle

The comparison of the LEFS questionnaire data filled in by patients of both groups at different
stages of treatment showed no statistically significant difference between the groups (Table 6).
The assessment of the dynamics of the indicators before the start of treatment and upon its
completion revealed significant difference was in both the control and study groups (Table 7).

All complications that arose during treatment belonged to categories I and II according to Caton

(Table 8).
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Table 6

Comparison of the indices of subjective assessment of quality of life and segment function according
to the LEFS questionnaire at different stages of treatment, Me [Q25;Q75]

Evaluation period Evaluation score, points p
Group 1 (standard technique) | Group 2 (spring technique)
Before surgery 56.5 [43.5;62.5] 55.5 [44.3;65] >0.05
Upon correction completion 25.5[23;29.8] 26.5[23;31.5] >0.05
Before EF removal 38.5[32;42] 43 [36;45] >0.05
2-3 months after EF removal 64 [52;72.3] 65 [56.8;76] >0.05
Table 7

Evaluation of the dynamics of the indicators of subjective assessment of the quality of life and segment
function according to the LEFS questionnaire before the start of treatment and at its completion,
Me [Q25;Q75]

Evaluation period Evaluation points p
Group 1 (standard technique) | Group 2 (spring technique)
Before surgery 56.5[43.5;62.5] 55.5 [44.3;65] < 0.05
2-3 after EF removal 64 [52;72.3] 65 [56.8;76] <0.05
Table 8
Complications according to J. Caton (1991)
Number of complications
C]?Eeagtg;y Complication Group 1 (standard technique) | Group 2 (spring technique)
No % No %
Soft-tissue pin-tract infection 8 44.4 7 38.9
Hypotrophic regenerate 1 5.6 2 11.1
I Neuropathy 1 5.6 1 5.6
Ankle contracture 1 5.6 1 5.6
Total 11 61.1 11 61.1
Hypotrophic regenerate 2 11.1 3 16.7
Premature consolidation 1 5.6 0 0
I Transoseous element instability 2 11.1 3 16.7
Regenerate fracture 2 11.1 0 0
Total 7 38.9 6 33.3
DISCUSSION

The study revealed that the accuracy of correction in both groups was 94.4 %. The correction
period for Group 1 was 16 days (30.5 days with distraction), for Group 2 it was 14 days (21.5 days
with distraction). The duration of the fixation period in patients who did not need lengthening was
251 and 239 days, respectively. The difference in all cases was insignificant.

The indicators of quality of life and segment function require separate consideration. This is
especially important, since one of the objectives of the "spring" technique development was
to ensure greater comfort for the patient during the correction period [4, 13]. However, the analysis
of the data of the questionnaire on quality of life and segment function showed no significant
difference in the indicators at the end of correction, i.e. before dismantling the strata. Formally, one
could conclude that both methods are assessed by patients as equally uncomfortable and equally
restricting the function of the segment. However, it should be noted that there was not a single
patient in the samples whose treatment was performed in stages using each of the techniques
and who could compare the discomfort from both methods from his/her own experience. Therefore,
the conclusion can rather be made that the treatment with application of EF modifications (circular
ones) is uncomfortable for patients.
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Thus, formally, the "spring" technique for correction of multi-apical deformities of the tibia does
not have significant advantages over the standard one. However, this statement is based only
on the criteria that were considered by the study design. However, it is necessary to indicate other
important details. It is known that if the distance between the rings is less than 10-12 cm, the fixator
frame is more cumbersome due to the need to use Z-plates and/or "idele" rings, an alternative is
to use minimized struts which also has its limitations [20]. The use of the "spring" technique allows
us to completely avoid this problem.

Figure 3 shows a case report of a patient with a three-apical deformity. Due to pronounced
antecurvatum (75°), the distance between the rings along the posterior surface of the segment was
from 68 to 72 mm. The installation of three orthopaedic hexapods would have been technically
possible, but it was a difficult task for the orthopaedic surgeon, both in terms of assembling
the construct and in the “triple” computer calculation. Such a fixator would have been extremely
inconvenient for the patient due to its weight, bulkiness and the need to change the lengths
of 18 struts. Therefore, the correction was successfully implemented using the “spring” technique.

The search in the world literature [13] revealed eight studies that discuss the issues of gradual
correction of multi-apical deformities of the lower leg using orthopaedic hexapods [2,4, 6,
8-10, 21, 22]. However, only two of them have the content that allows for a limited comparison
of the parameters studied in this work.

Fig. 3 Clinical case of applying the "spring" technique for tri-apical deformity of the tibia: (a) patient's appearance
and radiographs before surgery; (b) at the end of distraction, the distance between the supports along the posterior
surface is significantly smaller than the optimal distance for mounting the struts; (c) one orthopaedic hexapod
and springs were been successfully mounted and correction began
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Fig. 3 (continued) Clinical case of applying the "spring" technique for tri-apical deformity of the tibia: (d) photo
of the patient and his radiographs at the end of the correction

Among nine patients (13 segments) in the sample of Ray et al.[10], only two patients (three segments)
had reached the age of 18 years at the time of treatment and therefore could be considered. To assess
the correction accuracy, the authors used the mechanical axis deviation (MAD) which does not allow
comparison with the results of our work, since we analyzed the values of mechanical and anatomical
angles. The authors of the study assessed consolidation using the angular healing index (AHI).
This parameter was the quotient of the number of fixation days divided by distraction regenerate
length (cm) in the area where the distance between the bone fragments was the greatest. In adult
patients, the average AHI value was 89 days/cm (64—-128.3). It can be noted that in comparison with
Group 1 of the present study, those data demonstrate better union rates by 9.15 days/cm. However,
there is a significant difference in the average age of patients in the samples: 19.7 years (18-21)
in Ray et al’ s study [10] and 38.8 years (21-65) in our study.

To date, there is only one published paper containing data on the results of clinical application
of the "spring" technique. A 2017 article by one of the authors of the present study [4] analyzed
four cases of treatment of patients with multi-apical deformities of the lower leg bones. The average
value of angular deformity was 34° (11-82). One of the patients also underwent segment lengthening
by 30 mm. On average, the correction period was 7 weeks (5-9 weeks), and fixation was 49.5 weeks
(41-54). When converted into days (for ease of comparison): 49 days (35-63) for the correction period
and 346.5 days (287-441) for the fixation period. The comparison with Group 2 of the present study
demonstrates significantly longer correction and fixation periods. However, the average value of angular
deformity in the patients of the study was greater, which may partially explain the duration of treatment.
It is also necessary to indicate in analyzing the results that the early version of the "spring” technique
was used to treat those patients. It differs from the variant described in this paper in the following:
the springs were fixed directly to the supports, without traction clamps and positioning the springs
parallel to the axis of the intermediate fragment(s). The technical characteristics of the springs also
differed: length in the neutral position — 100 mm, wire diameter — 1 mm, coil diameter — 10 mm,
number of coils — 42. These factors created conditions for lower rigidity of fixation of the intermediate
support.Therefore, it canbe assumed that the action of the compression forces of the springs was uneven
and multidirectional. The above fact increased the risk of undesired displacement of the intermediate
fragment, which, in turn, affected the duration of treatment.

CONCLUSION

Based on the analysis of the criteria used for evaluation, it was found that the "spring" technique
for multi-apical deformity correction of the lower-leg bones is as effective as the standard
one. The advantages of the "spring" technique are related to its greater convenience of its use
for the doctor and more comfort for the patient.
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Abstract

Introduction Sagittal morphotypes graded by Roussouly are characterized by specific biomechanics
of the spinopelvic alignment (SPA) that can be investigated using the finite element (FE) modeling.

The objective was to design three-dimensional realistic models simulating anatomical and constitutional
types LPA and evaluate deformity and strength of the models under compression.

Materal and methods Lateral standing spondylograms of the skull, pelvis and upper third of the femur
were produced for volunteers (n = 169) who agreed to participate in the study. Radiographs were interpreted
with Surgimap 2.3.2.1.) and computed tomography (CT) of the SPA was performed for individuals (n = 5)
with average sagittal parameters for each of the five Roussouly morphotypes (I, I1, III, ITIA, IV). The CT findings
were used to simulate (SolidWorks) five parametric finite element models of normal morphotypes of SPA
and examine the deformity and strength.

Results The highest von Mises stresses under compression were measured in the bodies and intervertebral
discs (IVD) ThX-LI (2.961 MPa), posterior supporting structures LIV-SI (2.515 Mpa) with type I model,;
vertebral bodies and IVD of the thoracic and lumbar spine, mainly at the ThXII-LI (3.082 MPa) and LIV-
LV (3.120 Mpa) levels with type II model; anterior aspects of the bodies and IVD ThXI-LII, posterior thirds
of the bodies, pedicles and facet joints LI-SI (1.720 Mpa) with type III model; the bodies and intervertebral
discs of the ThIX-LII vertebrae (1.811 MPa), posterior supporting structures of the LI-SI vertebrae (1.650 Mpa)
with type IIIA model; in the spinous processes and articular portion of the arches of the LI-SI vertebrae
(3.232 MPa) with type IV model.

Discussion The lateral configuration of the SPA has a key effect on the segmental distribution of gravitational
force and determines the specificity of the sagittal biomechanics of the spine, its resistance to dynamic loads
and tendency to various degenerative pathologies.

Conclusion Types III and IITA were the most biomechanically balanced types, hypolordotic form (types I
and IT) was associated with overloaded anterior vertebral structures including intervertebral disc protrusion
(IDP) and overloaded posterior supporting structures in case of hyperlordosis (type IV).

Keywords: spine, sagittal balance, Roussouly classification, mathematical modeling, finite element analysis
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INTRODUCTION

The human vertebral column became S-shaped during evolution which is optimal for maintaining an
economical orthostatic position [1, 2]. The geometric combination of the physiological curvatures
and the pelvis provides a balance chain with the coordination proportionally distributing the trunk
weight around the gravitational line minimizing energy expenditures and the need for conscious
postural control [3].

In 1992, Duval-Beaupere et al. introduced the concept of sagittal balance and described a number
of radiometric parameters of the pelvis, emphasizing the role of morphology in the regulation
of postural balance [4]. Studies of the profile geometry of the spinopelvic complex (SPC) revealed
significant anatomical variability of the spine in healthy individuals and the impossibility
of systematizing the sagittal shape based on average radiometric parameters [5]. In 2005, Roussouly
offered to distinguish four morphological types of the SPC in the normal population considering
the sacral slope and the sagittal shape of the spine [6]. A hypothesis was proposed about the type-
specificity of the distribution of gravitational load on various vertebral structures, which implies
the presence of sagittal biomechanics and degeneration of the SPC, being characteristic of each
of its morphotypes [7].

The conclusions are mostly based on the analysis of radiometric parameters and are of an inferential
nature [8]. Fundamental research is aimed at objectifying the causes of various spinal conditions [9].
Finite element (FE) analysis is one of the most popular methods to simulate a real physical system
(geometry and loading conditions) using mathematical approximation [10]. Simple and interacting
elements (units) are used with a finite number to be employed for approximation of a real system
with an infinite number of unknowns [11]. The FE modeling is widely used in clinical studies due
to the reproducibility of its results and low cost of the experiment [12]. FE analysis can be practical
for the study of the etiology of degenerative diseases of the spine and for identification of various
factors affecting lumbar biomechanics, including the geometric variability of morphotypes
of the SPC [13].

Understanding of the sagittal biomechanics of the morphological types of SPC is important
for the study of the pathogenesis of degenerative spine diseases to predict outcomes of surgical
interventions.

The objective was to design three-dimensional realistic models simulating anatomical
and constitutional types of SPA and evaluate deformity and strength of the models under
compression.

MATERIAL AND METHODS

The FE model of the spine was constructed based on the model proposed by Kolmakova
and Rikun [14]. Lordosis and kyphosis are associated with different intervertebral heights anteriorly
and posteriorly where the intervertebral disc (IVD) is located. The IVD consists of cartilaginous
tissue and is anatomically divided into three parts. The inner part (nucleus pulposus) is a gel-like
mass rich in water. The outer portion (fibrous ring) has a hard and fibrous structure. The third
part of the disc is a thin layer of hyaline cartilage, which separates the disc from the vertebral
body. The geometric model includes the CIII (1) and CIV (2) vertebrae, the intervertebral disc (3),
facet joints (4), the interspinous ligament (5), the posterior vertebral arches (6), the spinous (7),
transverse (8), and articular (9) processes (Fig. 1 a). Cancellous (10) and compact bone tissue are
present in the vertebrae (Fig. 1 b).
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Fllz%] 1 Geometric model of the CIII-CIV segment of the cervical spine: (a) isometric view; (b) sectioned lateral view
A thin cortical layer covers vertebral bodies. It is assumed that simulated vertebral arches
and vertebral processes consist of compact bone tissue. The Z-axis of the coordinate system is
directed along the segment axis. The X-axis is directed in the anteroposterior direction of the spinal
segment. The presence of lordosis is considered due to a greater anterior IVD height, or kyphosis
with a lower anterior height of the disc.

The geometric model of segments with different geometric parameters was used for FE modeling
and determination of the stress-strain in the thoracic (ThI-ThXII) and lumbar (LI-LV) spine.

The bone components and intervertebral discs were integrated using first-order hexahedral hybrid
solid FEs. The collagen fibers of the annulus and ligaments were represented by flat truss FEs (T2D2).
The facet joint surfaces were modeled using frictionless surface-to-surface contact. The nucleus
pulposus (NP) and the annular matrix were considered as a virtually incompressible hyperelastic
material as described by the Mooney-Rivlin law.

Young's modulus for NP was measured in the range of 0.0045-1.5 MPa (v=0.45) and 20 MPa
(v=0.4) for hyaline plates. The deformed collagen fibers were described by a nonlinear stress-
strain function. The contact between the surfaces of the facet joints was assumed to be rigid with a
friction coefficient of 0.15. The layers of facet cartilage with an initial gap of 0.5 mm were described
as elastically isotropic (Young's modulus 35 MPa).

Cortical and cancellous bone tissues of the vertebral bodies, IVD, facet joints, interspinous
ligaments, vertebral arches and processes were considered to be isotropic linearly elastic materials.
The mechanical characteristics of the structural components of the segments were set in accordance
with the literature data [15, 16] (Table 1).

Table 1
Mechanical properties of the structural components of the vertebral segment
Structural component Young's modulus of elasticity, MPa Poisson's ratio
Cortical bone 10000 0.3
Cancellous bone 100 0.2
Facet joints 1,5 0.3
Intervertebral disc 2,5-98 0.45
Interspinous ligament 3,5 0.3

Young's modulus of elasticity and Poisson's ratio for the structural components of the spine were
presented in different ranges [6]. The calculations were produced using the ABAQUS software
package using the finite element method; the problem was solved using the linear theory of elasticity.
Geometric models were constructed in accordance with the actual dimensions of the cervical [17],
thoracic, lumbar [18] spine and intervertebral disc [19].
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Based on the conducted research, the following sequence of steps was proposed for implementing
the algorithm for modeling the stress-strain of the spinal elements:

1) determination of the initial reference body geometry for calculations of the spine (the body
relative to which the position of a given body is determined);

2) determination of the displacement of segments for each type of spinal column relative
to the position of the segments in the reference body according to the projection of the spine
onto the vertical plane;

3) division of the spinal column segment system into sections to be used in the ABAQUS program
to form finite superelements used to reduce the amount of calculations in the FE method,;

4) Numerical solution for determining the stress-strain of the spinal column in the displacements
defined in paragraph 2;

5) determination of additional equivalent stresses in the spinal segments caused by displacements
relative to the reference body.

Mesh Convergence Study

A linear hexahedral mesh and eight-node quadratic tetrahedral elements (C3D8) were considered
for the cortical bone, cancellous bone, and posterior supporting structures. Collagen fibers
of the annulus and ligaments were represented by plane truss elements (T2D2). A mesh convergence
test was performed to determine the appropriate mesh resolution of the FE model to confirm
the accuracy of the simulation. The mesh density was found to provide good convergence of results
with an element side length of approximately 1-1.5 mm. The mesh convergence results showed
a difference of less than 5 % in the IVD loads when the number of elements was doubled.

Screening of the healthy population was produced to select individuals with different sagittal
morphology of the spine in accordance with the classification revised by Roussouly (2017) [20].
Lateral standing spondylograms of the skull, pelvis and upper third of the femur were produced
for volunteers who agreed to participate in the study. Sagittal parameters of the SPC (Surgimap
2.3.2.1.) were interpreted and the subject was assigned to one of the five Roussouly types. Finally,
169 volunteers were rated as type I (n = 20; 11.9 %), type II (n = 42; 24.9 %), type III (n = 50; 29.6 %);
type ITIA (n=25; 14.7 %), type IV (n = 32; 18.9 %). The number of patients in each group was averaged
to 20 to improve the proportionality of the data.

The resulting database of 100 individuals allowed us to determine the normal ranges of sagittal
parameters (Sacral Slope, SS; Pelvic Incidence, PI; Pelvic Tilt, PT; Global Lumbar Lordosis,
GLL; Lordosis Tilt Angle, LTA; Lumbar Lordosis Apex, LLA; Number (verteb) Lumbar Lordosis,
NLL) for each of the five morphotypes. The radiographic parameters were subjected to standard
statistical analysis, which showed a normal distribution of the variables in the study population.
Parametric statistics methods were used for calculations, and quantitative parameters were
presented as the arithmetic mean and standard deviation (Table 2). The arithmetic mean values
of all radiometric sagittal parameters were measured in each of the five groups characterizing
the “reference” lateral shape of the SPC for a specific group, and the standard deviation allowed
geometric variations of morphotypes within the designated boundaries. The selected volunteers
underwent computed tomography (CT) of the SPC for modeling of parametric FE models.
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Table 2
Mean values of sagittal parameters for different Roussouly morphotypes (n = 100), descriptive statistics
Roussouly| nvalid Statistical Parameters

type | (bylist) |3 . ior | age PI SS PT GLL LTA LLA | NLL
I 20 X 40.70 | 38.845 | 29.450 | 10.110 |-50.295| -7.930 | 5.375 | 2.650
c 6.697 | 3.6176 | 2.7907 | 2.9693 | 4.2201 | 2.3595 | 0.2221 | 0.4894

I 20 X 39.40 | 40.765 | 30.830 | 10.270 | -48.080| —-5.910 | 4.225 4.075
o 6.916 | 4.3347 | 2.9631 | 2.7741 | 4.3819 | 1.5697 | 0.2552 | 0.5200

- 20 X 40.30 | 52.955 | 39.855 | 13.080 |-59.395| —3.950 | 4.250 | 4.100
c 7.420 | 3.5798 | 2.0028 | 3.2638 | 3.6360 | 2.6106 | 0.3804 | 0.5282

[IA 20 X 38.85 | 48.140 | 45.140 | 4.140 |-64.525| -5.495 | 4.100 | 4.775
o 8.768 | 3.0285 | 4.5217 | 1.9228 | 4.3052 | 2.1852 | 0.5982 | 0.2552

v 20 X 39.90 | 62.270 | 49.850 | 12.045 |-70.555| -1.530 | 3.175 | 5.650
c 7.752 | 3.8674 | 2.8057 | 4.1461 | 4.0028 | 2.1436 | 0.2447 | 0.5155

Note: X — arithmetic mean; c — standard deviation.
RESULTS

Parametric FE models were developed in the SolidWorks environment to explore deformation and
strength properties of five normal morphotypes of the SPCinaccordance with the revised classification
of Roussouly. Computer tomograms of five "reference" volunteers selected at the previous stages
of the study were used as input data for modeling the spine. The models were constructed
in accordance with the determinants of sagittal morphology of the STC, determined by Roussouly
for each of the five morphotypes [20], and the radiometric parameters of the “reference” participants.

The simulated three-dimensional model type I (Fig. 2 a) was characterized by low-grade SS (29.4°)
and PI (39.4°), had a short (NLL, 3 vertebrae) lumbar hyperlordosis (GLL, (-49.5°)) with a low
location of the apex (LLA, IVD LIV-LV) and a negative LTA value (-8.9°). The thoracolumbar spine
was characterized by an extended kyphosis, and the PT value (10.3°) corresponded to the average
values of the normal range (0-20°).

Type II (Fig. 2 b) was characterized by low-grade values of SS (31.3°) and PI (41.2°). The model
was constructed taking into account the hypolordoticity (GLL, (-47.9°)) and hypokyphoticity
of the spinal column and in accordance with a higher (than in type I) location of the LLA (the center
of the LIV vertebra), a more positive LTA (-6.7°), a larger number of vertebrae in the lordotic arch
(NLL, 4 vertebrae) and average PT values (9.8°).

Alignment

PT 10.1°
PI 39.4°

s 204 ; o Fig. 2 Sagittal parameters
PL-LL -10.1° PI 41.2° (Surgimap 2.3.2.1.)
S§S 31.3° .
‘ Lida 16,00 measured in (a) a volunteer
s 23 with type I SPC;
(b) participants with type II
SPC and a 3D model
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Three-dimensional modeling of morphotype III (Fig. 3 a) involved the radiometric parameters
of the corresponding “reference” participant as SS (39.6°), PI (52.2°), and GLL (-58.8°). This variant
of the geometric shape was characterized by a relatively long arc of the lumbar lordosis (NLL,

4.5 vertebrae), high position of the LLA (LPD LIII-LIV), lower LTA values (-4.5°), and average PT
values (12.6°).

Some of the parameters used to model type IIIA (Fig. 3b) were comparable with those used
for morphological type III (LTA, -6.1°; LLA, IVD LIII-LIV; NLL, 5 vertebrae), but a number of criteria
had differences characteristic of this morphotype. The pelvic anteversion PT (3.9°) specific to type IIIA
determined a combination of high SS (45.0°) and GLL (-65.0°) values with low PI parameters (48.9°).

Alighment =
PT 12.6°
PI 61.8°
Alignment S5 49.2°
° L1-L4 -36.1°
:; 51%260 PI-LL -1.9°

SS 39.6°
L1-L4 -31.6°
PI-LL -11.1°

Fig. 3 Sagittal parameters (Surgimap 2.3.2.1.) measured in (a) a volunteer with SPC type III; (b) a volunteer
with SPC type IIIA and a 3D model

The three-dimensional model of type IV (Fig. 4) was represented by a harmonious hypercurved SPC
with segmental hyperextension of the lumbar spine. The large PI value (61.8°), characteristic of this
sagittal morphotype, served as a determinant of a large sacral slope SS (49.2°) and a high-grade GLL
(-69.8°), extended LLA (MPD L2-L3; NLL, 5.5 vertebrae) of lumbar lordosis.

Alignment

g o 390

PI 48.9°
'S5 45.0°

Fig. 4 Sagittal parameters
(Surgimap 2.3.2.1.)
measured in a volunteer
with SPC type IV

and a 3D model

WOBMOB SN ¢/ |50 0 Q

LTA (-1.8°) was characterized by values close to 0, and PT (12.6°) was within the average values
of the normal range (0-20°).
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The FE models of Roussouly five sagittal types of SPC allowed us to explore and characterize the stress-
strain state under axial load. All nodes of the lower surface of the FE model of the LV vertebra were
fixed as boundary conditions.

Color maps of the stress-strain of five vertebral morphotypes were determined with the FE method.
Various zones of the stress-strain of the vertebrae were determined using the results of the method
offered to 3D models of the spinal column: the red color corresponded to the zone of the maximum
stress; the blue color characterized the minimum vertebral stress; the color transition indicated
the stress effect on the adjacent vertebrae.

The type I model showed the highest von Mises equivalent stresses in the thoracolumbar region
under axial load (Fig. 2 a). The bodies and IVDs of the ThX-LI vertebrae were the most heavily loaded
parts (2.961 MPa). The highest stresses occurred on the posterior supporting structures (spinous
processes, articular processes, pedicles) of the lumbar spine and on the dorsal part of the bodies
of the lower lumbar vertebrae (LIV-SI) (2.515 Mpa).

The type II model demonstrated the highest equivalent stresses in the anterior supporting
structures (vertebral bodies and IVD) of the thoracic and lumbar spine under compression load
(Fig. 2 b). The stress field was uneven throughout the specified region, with the highest values noted
at the ThXII-LI (3.082 MPa) and LIV-LV (3.120 MPa) levels. The posterior supporting structures
of the second type of the spine experienced insignificant loads (0.650 MPa).

The third type, due to its geometric balance, was characterized by biomechanical stability (Fig. 3 a).
The most loaded zone was noted in the anterior thoracolumbar vertebrae and IVD (ThXI-LII)
and along the lumbar spine (LI-SI): mainly the posterior third of the vertebral bodies, the pedicles
and facet joints (1.720 MPa). Nevertheless, the stress level was characterized by significantly lower
values compared to Roussouly morphotypes I and II (1.431 Mpa).

Theincreased stresslevel intype IIIAhad alocalization characteristic of type III,but was characterized
by a greater extent of boundaries (Fig. 3 b). It covered the area from ThIX to LII vertebrae, and
extended to the posterior sections of the bodies of LIII-LV vertebrae. The stresses exceeded those in
type III, both in the thoracic (1.811 MPa) and lumbar spine (1.650 Mpa).

The type IV model demonstrated the biomechanics of a hypercurved vertebral column (Fig. 4).
In the thoracic region, zones with a moderate level of equivalent stresses (2.743 MPa) were
identified along the anterior surface of the bodies (anterior half of the bodies and IVD) of the ThIII-
ThXI vertebrae under axial loads. The posterior supporting structures of the LI-SI vertebrae was
found to be the most heavily loaded, while the stress values on the spinous processes and articular
sections of the arches had values similar to those of type I (3.232 MPa).

DISCUSSION

In recent decades, significant progress has been noted in the study of sagittal morphology
and biomechanics of the SPC with assessments becoming a routine procedure in the diagnosis
and treatment of various spinal conditions [21]. The variability of the profile geometry of the SPC
in healthy individuals was reported by several researchers with the presence of four types
(with a fifth subtype in the revised classification) of the normal profile configuration substantiated
and the type-specificity of diseases proven. Reproducible and accessible methods for modeling
the spinal column are used to objectify the causes of the degenerative pathology [22]. FE modeling
is the most common method for studying the spine biomechanics in silico [23]. The results of various
tests conducted on mathematical models of the spinal column are published to confirm the
conclusions of analytical studies [24, 25].
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In the present experiment, an attempt was made to explore the mechanical characteristics
of parametric FE models of four classical types of SPC and the retroverted variant of morphotype III,
constructed on the basis of CT scans of the spine of healthy subjects with average values of sagittal
parameters. The findings demonstrated a significant influence of the profile configuration
of five SPC models on their sagittal biomechanics, which was manifested by different reactivity
of the FE stiffness matrix under axial compression load. The data on the stress-strain of the models
confirmed the theoretical patterns formulated earlier in the majority of cases [7]. The hypolordotic
lumbar spine was considered as the main predictor of IVD degeneration considering the concept
of "contact force" presented by Roussouly. Subsequent clinical studies have repeatedly confirmed
the fact that individuals with discogenic pathology are characterized by low PI values corresponding
to hypolordosis [26, 27]. The deformation and strength properties of FE models with low PI
(types I and II) indicated zones of the greatest equivalent stresses in the vertebral bodies and IVD,
mainly in the thoracolumbar (type I, ThX-LI; type II ThXII-LI) and lumbar (type I, LIV-SI; type II
LIV-LV) spine. With the vertebral endplates oriented in a plane being closer to the horizontal plane
the gravitational load vector has perpendicular impact on them increasing the overload of the IVD.
There are significant stresses on the posterior supporting structures (spinous processes, articular
processes, pedicles) in the FE model of type 1. These features are caused by a short hypercurved
lordosis, when the vector of biomechanical axial action is shifted to the posterior supporting
column. There are data in the literature that are consistent with our findings. Miiller et al. reported
complex loads on 28 FE models of the lumbar spine and indicated the compression force had impact
primarily on the IVD with a hypolordotic lumbar spine, and on the contrary, the facet joints were
more susceptible to its influence with high LL values [28]. The significant impact of gravitational
load on the posterior supporting structures of the lumbar spine under hyperlordosis conditions
was confirmed by out findings in the study of the stress-strain condition of the FE model
of morphotype IV. In addition to that, the region of increased equivalent stresses of this model
was determined in the bodies and IVD at the level of thoracic hyperkyphosis (ThIII-ThXI).
Roussouly et al. interpreted the biomechanics of local stresses of the hypercurved lumbar spine
and noted that the distribution of the KS depended on the PI value [7]. The higher the PI values,
the more inclined are the vertebrae that make up the lower arc of the lumbar lordosis, that contributes
to the distribution of the gravitational load parallel to the endplates. Under these conditions,
the pressure on the IVD decreases, and the facet joints are subject to a combined effect of axial (due
to hyperextension) and shear (due to sliding force). The study of FE models of types III and IIIA
showed no zones of mechanical overloads equivalent to types I, IT and IV, which characterizes their
geometric balance and biomechanical harmony. Moderate stress zones in type III and type IIIA
were localized in the bodies and IVDs of the thoracolumbar spine, on the posterior supporting
structures of the lumbar spine of the FE models. There are similar studies assessing stresses
and resulting deformations along the spinal column using geometrically personalized FE models.
The authors came to the conclusion that the PI value was closely related to the distribution
of load forces: the stress is distributed evenly along the entire spine with the hypolordotic form;
the load concentration is observed mainly around the lower part of the spinal column (LIII-LV)
with the normal and hyperlordotic configuration [29, 30].

The profile configuration of the SPC has a substantial influence on the segmental distribution
of gravitational force and determines the specificity of the sagittal biomechanics of the spine,
the resistance to dynamic loads and susceptibility to various degenerative conditions. Type III
and type IIIA appeared to be the most balanced types, the anterior vertebral structures including
the IVD were overloaded with the hypolordotic form (types I and II), and the posterior supporting
structures were overloaded in the case of hyperlordosis (type IV) or local hyperextension (type I).
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CONCLUSION

The FE modeling algorithm offered allows in silico estimation of the stress-strain condition
of various spinal structures with high reproducibility of results. The FE analysis of three-dimensional
realistic models of the spinal column, constructed using the geometric parameters of Roussouly
five morphological types demonstrated the ambiguity of the sagittal biomechanics. Morphotypes III
and IITA demonstrated the most harmonious distribution of equivalent stresses, whereas hypo-
(types I and II) and hyperlordotic (type IV) forms of SPC contributed to type-specific overload
of various parts of the spine. Therefore, the anatomical and constitutional features of the spinal
column can be considered one of the main factors determining the resistance to dynamic loads
and its tendency to different degenerative conditions.
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Abstract

Introduction The concept of the pathogenesis of periprosthetic joint infection (PJI) is the ability of pathogenic
microorganisms to colonize the surfaces of implants, which are infected during the surgery or by hematogenous
dissemination of bacteria. It causes poor results of PJI treatment. Microbiological identification of pathogen
species is the gold standard in the diagnosis of PJI.

Purpose To assess the etiology of the infectious process in patients with periprosthetic hip joint infection.

Methods The study analyzed revision interventions (n = 294) for PJI1 of the hip joint performed within the period
from 2010 throughout 2021. A total of 147 patients were operated on: 56 % (n = 82) were men and 4 % (n = 65)
were women. At the time of hospitalization, the fistula PJI type was diagnosed in 71 % (n = 105); 20 % (n = 29)
had edema and hyperemia of the postoperative suture area, and 9 % (n=13) of cases had open wounds.
The object of the study was bone and soft tissue samples obtained during excision of the infected material,
as well as removed implant components. Cultures were grown on dense nutrient media. Bacterial cultures
were identified by generally accepted methods using TB Expression (BioMerieux, France) and Walk Away 40
(USA) bacteriological analyzers.

Results The etiology of periprostheticinfectionwasidentified in the majority of patients (93 %), while pathogens
could not be detected in the remaining cases. Bacteriological analysis revealed microbial associations in 31 %
of patients, gram-positive microflora in 52 % of patients, and gram-negative microflora in 10 %.

Discussion The most common types of microorganisms are gram-positive bacteria with a tendency
for resistant strains to grow. Gram-negative bacteria are isolated in joint infection, but less frequently.
The results demonstrate isolated gram-negative cultures in 10 % of cases. The second most common cause
of periprosthetic joint infection is polymicrobial infection, which was detected in 31 % of cases. Microbial
associations occurr in 10-45 % of cases; such a clinical situation at the start of treatment complicates
the empirical choice of drugs for antibacterial therapy.

Conclusions Microbiological study allowed identification of the etiology of the infectious process in 93 %
of patients. In more than half of the cases (52 %), the cause of implant-associated infection is gram-
positive microflora, and in 31 % of cases are microbial associations. Reinfection was noted in 41 % of cases
in polymicrobial patients.

Keywords: periprosthetic infection, microflora, inflammation, arthroplasty, revision
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INTRODUCTION

The concept of the pathogenesis of periprosthetic joint infection (PJI) is based on the dynamic
equilibrium of the interaction between the implant and the human immune system [1].
Implants are seeded with pathogenic microorganisms either during surgery or by hematogenous
dissemination of bacteria [2-6]. Many bacteria form biofilms on metal and polyethylene surfaces
of implant components [2,7-9]. This ability of microorganisms (the so-called cecil forms)
ensures their persistence and survival in the hospital environment. In addition, bacteria resistant
to antimicrobial drugs are resistant to them in the biofilms. They become the least vulnerable
to the action of antibiotics [10, 11]. Long-term healing of postoperative bone wounds is often
associated with the penetration of pathogens and the occurrence of microabscesses in bone tissue,
and the colonization of osteoblasts [12—-14]. At the same time, there are difficult-to-treat types of PJI
pathogens, such as staphylococcal strains resistant to antibacterial drugs of three or more classes,
fluoroquinolone-resistant and carbapenem-resistant gram-negative microorganisms, and fungal
microflora [2, 15, 16]. All of the above factors reveal the cause of poor results in the PJI treatment
and emphasize the need to determine the etiology of the pathological process.

Microbiological diagnosis is carried out by isolating and identifying the pathogen after collecting
material from several of the most contaminated affected tissues [17]. To destroy the biofilm,
the removed implant components are treated with ultrasound; for the same purpose, a dithiothreitol
solution can be used [18-21]. The incubation time of biofilm bacteria is 14-21 days, which leads
to their higher survival rate, compared to mono infections, for which the incubation period is
5-14 days [22].

Purpose: to assess the etiology of the microbial landscape in patients with periprosthetic hip joint
infection

MATERIAL AND METHODS

The study was conducted on the material obtained from 147 patients (56 % men, 44 % women) after
revision surgeries for periprosthetic hip joint infection. The age of the patients was (54.7 * 12.7) years.
The number of study samples was 294. Fistulous PJI type was observed in 105 (71 %) patients,
hyperemia and edema in the area of the postoperative suture were noted in 29 (20 %), and open
wounds were present in 13 (9 %) cases. In 28 patients (19 %), an acute course of the infectious
process duration was on average 21.8 days (Me — 22; 95 % CI from 19.7 to 24.0) and in 119 (81 %)
chronic infection continued on average 26.3 months (Me — 13; 95 % CI from 20.5 to 32.3).

In 114 (78 %) cases, purulent inflammatory complications developed after primary arthroplasty and
only in 33 (22 %) cases after revision. The treatment process was significantly complicated by severe
comorbid conditions of patients according to the ASA (American Society of Anesthesiology) scale,
diagnosed in 82 (56 %) patients.

The objects of the study were samples of bone and soft tissues obtained during resection of the infected
tissues as well as removed implant components of the patients with hip PJI. Based on the recommended
methods, seeding was performed on solid nutrient media (bile-salt agar, Sabouraud agar, Levin medium,
Columbia agar and nutrient agar with 5 % sheep blood). The samples were placed in a thermostat
and incubated at 37 °C for 24-48 hours. The number of colonies in Petri dishes was calculated;
the obtained result was converted to a decimal logarithm, expressed in CFU/ml. To create anaerobic
conditions, gas generator bags "Anaerogas" were used, growing fungal flora for 5 days at 30 °C.

Bacterial cultures were studied with conventional methods, as well as using bacteriological
analyzers TB Expression (BioMerieux, France) and Walk Away 40 (USA).
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Statistical data processing was performed using the Statistica for Windows, v. 13.0 (Stat Soft Inc.,
USA) and Microsoft Excel (Microsoft, USA) software package. Percentage calculations were
performed to characterize the microbiological spectrum. Descriptive statistical results were
the mean * standard error (SE) for quantitative data. Data distribution was analyzed using
the Shapiro - Wilk and Kolmogorov — Smirnov normality tests. Comparisons between unrelated
samples were performed using the Mann — Whitney test. Differences were considered significant
at p <0.05.

RESULTS

In the intra-operatively harvested biological material, 196 strains of pathogenic microorganisms
were isolated, the spectrum of which is presented in Figure 1. Staphylococcus aureus family was
dominant in 64 % of cases, a significant part of the isolated strains also included Enterobacteria ceae
(10 %), Enterococcus aureus (9 %) and Pseudomonas aureus (9 %).

MRSA and MRSE were detected in 39 cases (20 %), and in 17 (9 %) cases it was P. aeruginosa (Fig. 1).

Identification of microorganisms to verify the taxonomic affiliation of pathogenic bacteria showed
that among the isolated and identified bacteria, the main part of the microflora was made up
by Staphylococcaceae and the dominance of strains Staphylococcus aureus, Staphylococcus epidermidis
and Staphylococcus saprophyticus.

Microflora was identified in 137 patients (93 %), but in 10 patients, pathogens could not be identified.
In 76 patients (52 %), isolates of gram-positive microflora were detected, in 15 patients (10 %)
it was gram-negative microflora in monoculture. In 46 patients (31 %), the presence of microbial
associations was revealed (Fig. 2).

W Staphylococcaceae
W Enterococcaceae

® Gram-positive
microflora

W Actinomycetaceae
M Corynebacteriaceae

= Gram-negative
microflora

= Microbial
associations

®m Non-identified

W Micrococcaceae

W Peptostreptococcaceae

i Streptococcaceae

1 Enterobacteriaceae
Vibrionaceae

agents
1 Pseudomonadaceae
Moraxellaceae
Fig. 1 Spectrum of pathogens causing hip PJI Fig. 2 Identified microflora

It should be noted that in 22 % of cases, or in 17 of 76 patients with isolated gram-positive
microflora (dominant strain of Staphylococcus aureus, as well as epidermal Staphylococcus),
recurrence of infection occurred. Repeated suppuration in 15 patients with gram-negative microflora
(represented mainly by the strains of Pseudomonas aeruginosa) was noted only in two cases (13 %).
The most frequently isolated families in the polymicrobial infection were Staphylococcaceae (78 %),
Enterobacteriaceae (28 %), Enterococcaceae (26 %), Pseudomonadaceae (15 %) and Moraxellaceae (6.5 %).

Apparently due to previous therapy with antibacterial drugs, polymicrobial associations are quite
common in patients with PJI and occupy the second place after gram-positive microflora. Microbial
association of two agents was detected in 34 patients (74 %), of three agents in 11 (24 %). The growth
of four microorganisms was revealed in one patient.
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The total number of patients with recurrent infection in the presence of microbial associations was
19 (41 %) which was the highest number of complications. In order to stop the inflammatory process,
six patients with recurrent infection underwent repeated surgical debridement; eight patients
underwent spacer change, and the rest underwent resection arthroplasty.

With an unidentified composition of microflora, two out of 10 patients experienced repeated
suppuration during their hospital stay. These patients underwent a two-stage revision intervention.

A comparative assessment of the results of an intraoperative study of the microbiological spectrum
of pathogens in patients with acute and chronic forms of implant-associated infection is presented
in Fig. 3.

In the structure of surgical interventions for PJI, the manifestation of infection was 22 days (ICI-17 —
27.5 days) in 28 (19 %) patients, and in 119 patients the duration of the purulent process averaged
26 months (8-35 months).

In the structure of the microbial landscape of patients with acute and chronic infection,
the contribution of isolated gram-positive (44 % and 55 %) and gram-negative (7 % and 10 %)
microflorawascomparable (Fig. 3). However,itwasnoted that microbial associations and MRSE strains
were significantly (p < 0.05) more common in patients with acute infection. Methicillin-resistant
strains of epidermal staphylococcus were the cause of acute infectious process in almost every
third case (29 %). In general, re-infection occurred in 7 (25 %) patients with acute and in 39 (33 %)
patients with chronic PJI.
SSLo

Gram-positive microflora
Gram-negative microflora
Microbial associations

No growth

MRSA

MRSE

7%
ESBL 3%
11%
10%

0% 20% 40% 60%
Acute PJI  ® Chronic PJI

P. aeruginosa

Fig. 3 Microbiological characteristics of the inoculation material of patients with acute and chronic hip joint PJI
DISCUSSION

Assessing the microbial landscape of patients with implant-associated infection, it should be noted
that microbial cells, especially in biofilm conditions, acquire increasingly pronounced resistance
to antimicrobial drugs. This, in turn, requires new approaches to risk assessment and treatment
of the infectious process that developed after hip arthroplasty. The risk of PJI remains during
the entire period of presence of an orthopedic implant in the body. The main pathogens are
gram-positive bacteria (most often Staphylococcus aureus and Staphylococcus epidermidis),
characterized by the growth of resistant strains [23-26]. The lack of targets for the manifestation
of the action of antimicrobial therapy in many gram-positive microorganisms leads to the lack
of control over resistant strains, causing legitimate concern among treating physicians, which is
reflected in both domestic and foreign publications [27-30].
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The second most significant etiologic cause of implant suppuration is polymicrobial infection.
Theincidenceofpolymicrobialinfectiontendstoincrease;weobserveditin31 %ofcases.Polymicrobial
infection in our patients is represented by a predictable spectrum: Staphylococcaceae — 78 %,
Enterobacteriaceae — 28 %, Enterococcaceae — 26 %, Pseudomonadaceae — 15 %, and Moraxellaceae —
6.5 %. Such a clinical situation complicates the choice of an adequate antibiotic therapy and
often leads to poorer outcomes compared to PJI due to monomicrobial microflora, what has also
been stressed in the literature [31, 32]. A number of researchers point out the need to consider
the expression of pathogenicity of microorganisms, as well as their ability to form biofilms [33-37].
In this regard, the identification of the spectrum of PJI pathogens is of great importance.

Fungal microflora was not detected in the patients in our study, but foreign literatures reports
fungal infections, which occur in 1-4 % of cases. The overwhelming majority (80 %) are Candida
fungi [38, 39]. This problem is typical for immunocompromised patients [40, 41].

The microbiological study of periprosthetic tissues revealed the etiology of the infection
in the overwhelming majority (93 %) of the cases studied. The most common reason
for non-identification of the pathogen was obviously the use of antibacterial drugs before
the pathogen was detected.

CONCLUSION

The dominant cause of PJI development is gram-positive microflora and microbial associations.
Reliable differences in patients with acute and chronic PJI were noted in the level of microbial
associations and the presence of MRSE strains with a trend toward dominance in the group
with an acute nature of infection.
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Abstract

Introduction Congenital scoliosis is a multifactorial disease caused by abnormalities in vertebral development
during embryogenesis. The TBX6 gene, located at locus 16pl11.2, plays a key role in somitogenesis,
and the heterozygous deletion is associated with the development of specific phenotypes of congenital
scoliosis (TBX6-associated congenital scoliosis, TACS). Despite numerous studies on the role of TBX6
in the pathogenesis of congenital scoliosis, there is a paucity of data on the phenotypic manifestations
of heterozygous 16p11.2 deletion.

The objective was to identify and confirm the TACS phenotype being associated with 16p11.2 deletions
in the Russian patients.

Material and methods A single-center retrospective cohort study included 187 patients diagnosed
with congenital scoliosis treated at the Turner National Medical Research Center for Pediatric Orthopedics
and Traumatology between 2012 and 2021. Heterozygous deletion (16pl1.2 region) were verified using
MQRT-PCR. The deletion group consisted of 42 patients, and the control group included 145 probands. Clinical
and radiological findings were reviewed to identify localization, type and multiplicity of vertebral anomalies
and associated malformations. Descriptive statistics and Pearson's correlation coefficient were used for data
processing.

Results Heterozygous deletion of TBX6 was detected in 22.4 % of patients. The thoracic and lumbar spine
were common localizations, while involvement of the cervical spine was not identified in the deletion group.
Vertebral malformations were the most common anomaly in both study groups, but their prevalence was
higher among patients with TBX6 deletion (50 % vs. 43.4 %). Multiple spinal malformations were more
common in the deletion group (50 % vs. 35 %). Associated internal organ defects were less common in patients
with deletion (31 % vs. 43.4 %), while rib synostoses and Sprengel's disease were more common.

Discussion TACS is characterized by specific manifestations including multiple vertebral malformations
in the thoracic and lumbar spine, rib synostoses and Sprengel's disease, which is consistent with the scientific
literature.

Conclusion The findings indicate the need to include genetic testing for TBX6 deletion in the diagnostic
algorithm for congenital scoliosis to facilitate early detection and a personalized approach to treatment
of this cohort of patients.
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INTRODUCTION

Congenital spinal deformities including congenital scoliosis (CS) are a challenge in pediatric
orthopedics and are caused by abnormalities in vertebral development during embryogenesis [1].
Teratogenic factors and associated mutational damage to the genome, affecting the formation
of the fetus in the first 6—8 weeks of embryogenesis, are considered to be critically significant causes
leading to spinal malformations [2]. The incidence of CS, according to epidemiological studies,
is 0.5-1 case per 1,000 newborns [3].

Developmental anomalies of the vertebrae, such as hemivertebrae, butterfly vertebrae
and segmentation defects, can be the cause of progressive scoliosis and/or kyphosis leading
to impaired cardiovascular and respiratory function and neurological deficit [4, 5]. Despite
the advances in the diagnosis of the condition in young children, progressive congenital curvatures
of the spine require high-tech and timely surgical treatment before the age of three in a significant
cohort of patients [6].

Recent advances in molecular genetics allowed for identification of the genes responsible
for congenital spinal deformities and congenital scoliosis [7, 8, 9]. The TBX6 gene is one of the key
factors determining the development of the spinal column; it is involved in somitogenesis, regulating
the formation of the paraxial mesoderm that gives rise to vertebrae and ribs [10, 11]. Approximately
7.9-10.6 % of cases of congenital scoliosis are associated with TBX6 mutations and can develop
sporadically, with familial cases described in 1-3.4 % of patients [12]. Studies on experimental
animal models have confirmed that hypomorphic alleles and deletions of TBX6 lead to the formation
of butterfly vertebrae and hemivertebrae [13]. The target is a heterozygous deletion at the site
of chromosome 16p11.2 affecting the region of the short arm (p) of chromosome 16 where TBX6
gene is located. Deletion is a type of genetic mutation with a particular region of DNA lost [14].
The loss results in changes in the structure of the gene or genes leading to the impaired functions.
Homozygous deletion of 16p11.2 is embryonic lethal [15]. In the case of the TBX6 gene, heterozygous
deletion and other genotypes can characterize TBX6-associated congenital scoliosis (TACS),
described by Liu et al. in 52 Chinese patients [16]. TACS is characterized by specific phenotypes
and clinical manifestations including hemivertebrae and butterfly vertebrae, predominantly
in the lower thoracic and lumbar spine [16].

Analysis of patient cohorts in China, Japan and the United States has shown that TBX6 mutations
are often associated with simple spinal malformations and are rarely associated with severe
segmentation defects or intraspinal abnormalities [17]. The clinical role of the studies includes
the development of predictive models, such as TACScore that help identify patients at high risk
of having TACS [18]. However, heterozygous TBX6 deletion and TACS phenotype have not been
examined in Russian and European populations.

The objective was to identify and confirm the TACS phenotype being associated with 16p11.2
deletions in the Russian patients. Analysis of the findings allows us to identify characteristic
phenotypes and determine the frequency of occurrence in the group of patients, and to assess
the possible correlation with concomitant anomalies in the development of organs and systems.

MATERIAL AND METHODS

The design was a monocentric cohort retrospective study. The results of molecular genetic
and clinical examination of 187 patients treated between 2012 and 2021 at the Turner National
Medical Research Center for Pediatric Traumatology and Orthopedics were reviewed.
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Inclusion criteria included verified diagnosis of congenital scoliosis based on a comprehensive
clinical and radiological examination, absence of a positive genetic history, voluntary informed
consent of patients or their legal representatives to participate in the study.

Exclusion criteria included patients whose diagnosis of congenital scoliosis was not confirmed
during the examination; verified genetic syndromes in patients and/or their relatives, as well as
refusal of the patient or legal representative to participate in the study. The study was performed
in two stages. The first stage included molecular genetic testing for genomic DNA isolated from
probands' peripheral blood leukocytes and aimed at finding deletions in the region of chromosome
16p11.2. Genomic DNA was isolated using a commercial reagent kit (Synthol, Moscow). A multiplex
quantitative real-time polymerase chain reaction (PCR) method (MQRT-PCR) with fluorescently
labeled TagMan hybridization probes was used to detect heterozygous deletion of the TBX-6 gene.
PCR was performed in 25 pl mixture containing 1xPCR buffer, 0.5 units of Taq DNA polymerase
activity SynTaq (Syntol, Moscow), 3.5 mmol/1 MgCI2, 200 pmol/l of each dNTP, 5 % dimethyl
sulfoxide, 0.5 % formamide. The reaction mixture also contained 500 nmol/l of each oligonucleotide
primer and 200 nmol/l of each fluorescently labeled PCR probe (Eurogen, Moscow). Testing was
performed using the Bio-Rad CFX96 system (Bio-Rad, USA).

Clinical data of the selected patients were reviewed to determine the phenotypic manifestations
of the disease at the second stage of the study. The probands were divided into two groups depending
on the presence of heterozygous deletion. The group with the genotype of heterozygous deletion
16p11.2 consisted of 42 patients and 145 probands constituted the normal group. The analysis
included data from medical records, radiography, multispiral computed tomography (MSCT)
and magnetic resonance imaging (MRI) findings.

Descriptive statistics methods were used to evaluate the results. The Pearson's contingency
coefficient was used to evaluate the significance of correlation.

RESULTS

Multiplex quantitative real-time PCR (MQRT-PCR) performed on 187 genomic DNA samples showed
heterozygous deletion of 16p11.2 of the TBX6 gene (TBX6/null genotype) verified in 42 probands.
Clinical and instrumentation findings in the groups with heterozygous deletion (n = 42) and without
it (norms) (n = 145) were analyzed at the second stage of the study through panoramic radiography
of the spine in the supine position, MSCT to verify the localization and type of vertebral anomaly,
MRI to rule out intracranial pathology. The average age of patients at the time of examination was
(6.00 = 2.73) years. There were 79 (42 %) male and 108 (57 %) female patients.

Localization of anomalies

The lumbar and thoracic spine were commonly involved segments in both groups among other
localizations of spinal anomalies. With the majority of cases suffering from multiple spinal lesions,
vertebral malformations the data are presented in absolute numbers. Patients of the normal
group (Fig. 1 a) showed 394 maldeveloped vertebrae including 33 (8.5 %) localized in the cervical
spine, 288 (73 %) in the thoracic spine and 73 (18.5 %) demonstrated lumbar involvement.
The heterozygous deletion group (Fig. 1 b) demonstrated 104 abnormal vertebrae registered with
2 (1.9 %) localized in the cervical spine, 78 (75 %) in the thoracic spine and 24 (23 %) were lumbar
involvement. The Pearson's contingency coefficient was used to evaluate the relationship between
localization and heterozygous deletion. A positive value obtained (0.09) characterized the tightness
of the stochastic relationship of random variables, which confirmed the correlation between
the presence of a deletion and the localization of developmental anomalies.
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Fig. 1 Distribution of localizations of spinal developmental anomalies: (a) patients in the group without verified
deletion (norm); (b) patients in the deletion group (TBX6/null)

Typological analysis

Developmental defects are divided into types (grades) in accordance with the generally accepted
MacEwan classification that is expanded and supplemented to include defects of vertebral formation
(hemivertebrae), impaired vertebral fusion (butterfly vertebrae), vertebral segmentation defects
(non-segmented column) and their combinations. Single isolated hemivertebrae were commonly
detected in the patients including 63 (43.4 %) in the group without verified deletion and 21 cases
(50 %) in the deletion group (Fig.2). The differences were found in the cohorts of patients
with segmentation disorders (isolated non-segmented rods and combinations of non-segmented
rods with hemivertebrae and butterfly vertebrae) with a total of 30.9 % in the normal group versus
21.4 % in the group with deletion.
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Fig. 2 Distribution of spinal malformations: (a) group without verified deletion (norm); (b) group of heterozygous

deletion (TBX6/null). B — butterfly vertebra; N — non-segmented rod; H — hemivertebra and their combinations
Multiple spinal malformations were recorded in 51 patients (35 %) of the normal group
and in 21 cases (50 %) in the heterozygous deletion group. Considering the proportion of multiple
spinal involvement, it can be concluded that this type of developmental anomalies is more common
in patients with heterozygous deletion. The Pearson coefficient was greater than the expected
value (0.109 > 0.090) suggesting that there was a relationship between the presence of a deletion
and the localization of the defect at a significance level of p = 0.05.
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Associated developmental defects

Pre-admission tests and somatic examination of each patient revealed concomitant congenital
spinal deformities, malformations of other organs and systems identified as (Table 1) minor cardiac
anomalies, gastrointestinal malformations and urinary anomalies. Orthopedic conditions diagnosed
included Sprengel's disease, diastematomyelia, Spina Bifida, tethered spinal cord syndrome, VATER
and VACTERL associations, rib synostoses and other malformations (isolated cases of isolated tarsal
coalitions, caudal regression syndrome, brachydactyly, aplasia of the fingers, polydactyly, Churg-
Strauss syndrome, pituitary dwarfism, high myopia, lipomyeliomeningocele).

Table 1
Specification of associated developmental anomalies in patients
Group
Developmental anomalies Norm Heterozygous deletion
abe. | % abc. %
Minor cardiac anomalies (OOO, LVH, autonomic rhythm 7 48 0 0
disturbances)
Gastrointestinal malformations (anal atresia, esophageal atresia) 5 3.4 0 0
Malformations of the urinary tract (aplasia, duplication, hypoplasia, 6 41 0 0
renal dystopia)
Sprengel's disease 4 2.8 2 4.7
Diastematomyelia 7 4.8 0
Spina Bifida 7 | 4.8 1 0.1
Tethered Cord Syndrome 1 0.6 0
Synostosis of the ribs 15 | 10.3 7 16.6
VATER/VACTERL associations 5 3.4 1 2.3
Others 7 4.8 2 4.8
Total number of patients 64 | 43.8 13 28.5

DISCUSSION

Heterozygous deletion of the TBX6 gene was detected at locus 16p11.2 in 22.4 % of patients
with verified diagnosis of congenital scoliosis. This figure is greater than that reported in the world
literature with the frequency of TBX6-associated mutations ranging from 7.9% to 10.6 %
in the Chinese, Japanese and North American populations [17]. Chromosomal local deletions
and duplications including the 16p11.2 as the cause of congenital scoliosis phenotype was
reported by Al-Kateb et al. [19]. Wu et al. [17] suggested that the impact and frequency of TBX6
mutations determining development of congenital scoliosis vary depending on the population,
indicating possible interaction with other genetic and environmental factors. In our opinion, the
higher mutation frequency in the Russian cohort can be caused by regional characteristics of the
population. Given the data obtained, a more extensive genetic profile of patients in the deletion
group is of interest.

Analysis of the localization of spinal malformations revealed predominant lesions of the thoracic
and lumbar spine in patients with and without TBX6 deletion. However, the group with heterozygous
deletion showed no anomalies in the cervical spine and anomalies in this localization was 8.4 %
in the normal group. This is consistent with the findings reported by Liu et al. with involved lower
thoracic and lumbar spine observed with the TACS phenotype [16]. This localization pattern may
be related to the function of the TBX6 gene in somitogenesis, which is critical for the formation
of paraxial mesoderm at the spinal levels [20]. Heterozygous deletion of TBX6 results in decreased

Genij ortopedii. 2025;31(3) 318



Clinical studies

gene expression and impaired segmentation and vertebral formation [21]. White et al. reported
a decrease in TBX6 levels in mice leading to defects in somite formation and correlating with those
observed in patients with spinal anomalies [22].

Typological analysis revealed that hemivertebrae were the most common type of skeletal anomalies
in patients with TBX6 deletion (50 %) and without it (43.4 %). The fact is consistent with the findings
reported by Liu et al. emphasizing the importance of this morphological feature for determining
the treatment strategy of congenital scoliosis and further dynamic observation [23]. Isolated
segmentation disorders were not commonin the group with aheterozygousdeletion (7.2 % versus 17.2 %
in the normal group) reflecting the specificity of TBX6-associated anomalies reported by Yang et al.
The authors suggested that heterozygous TBX6 mutations led to a decrease in gene expression rather
than to the critical level required for the occurrence of complex segmentation defects [24].

Multiple spinal anomalies were detected in 50 % of patients with TBX6 deletion that was much
greater than the similar indicator in the normal group (35 %). This is consistent with the findings
reported by Liu et al. [23], Wu et al. [25] and Feng et al. [26] who found multiple spinal defects being
more common in patients with TBX6 mutations. The mechanism emphasizes the more complex
nature of the lesions in the cohort of patients and plays a clinical role in predicting the course
of the disease and planning surgical treatment [27].

Associated malformations of visceras including cardiovascular, urinary and digestive anomalies were
less common in patients with TBX6 deletion compared to the normal group. These factors partially
contradict the data reported by Liu et al. [16] on the high frequency of combined systemic anomalies
indicating regional or methodological differences. In addition to that, the findings do not rule out
the presence of other mutational injury to the genome in the normal group including microdeletions
or polymorphisms of other genes. Powel et al. reported more common cardiac malformations
detected in patients with TBX6 mutations in a systematic review. [28] However, orthopedic anomalies
including rib synostoses (16.6 %) and Sprengel's disease (4.7 %) are more characteristic of TACS, and
Otomo et al. reported the more frequent cases of synostoses and rib hypoplasia or aplasia in patients
with TBX6 deletions [29]. Panigrahi et al. [30] reported a series of clinical observations of patients
with congenital scoliosis and Sprengel's disease and suggested a positive correlation between
TBX6 mutations and the pathological position of the scapula. Yang et al. reported the occurrence
of complex forms of congenital scoliosis being associated with developmental abnormalities of other
organs and systems and complex oligogenic influence [31].

The study we present has a number of limitations. The patient sample is limited to one clinic
reducing the possibility of extrapolating the results to a larger patient sample. The lack of whole-
genome sequencing places restriction on the search of etiopathogenetic justifications for other
concomitant developmental anomalies in the study groups. A greater cohort of patients is
scheduled to be recruited for further investigations to explore regional and ethnic characteristics
of patients with TACS. Another study is planned to assess the effect of heterozygous TBX6 mutations
on the occurrence of the dysplastic nature of the course of congenital scoliosis. This will help clarify
the mechanisms of pathogenesis and improve approaches to early diagnosis of the pathological
condition and treatment of patients with this pathology.

CONCLUSION

The findings obtained suggest that TBX6-associated scoliosis is characterized by vertebral
malformations localized mainly in the thoracic and lumbar spine, with a predominance
of hemivertebrae. The high frequency of rib synostoses and multiple anomalies requires further
study to clarify the prognostic value of the manifestations.
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Abstract

Introduction Implant-associated infection (IAI) caused by gram-negative pathogens is characterized
by a more severe, recurrent course and higher mortality than the one caused by gram-positive ones. The main
reason is growing antibiotic resistance of these pathogens and the complexity of choosing drugs for inpatient
and outpatient therapy.

Purpose To evaluate the influence of various factors and compare the features of the course of implant-
associated infection caused by P. aeruginosa, K. pneumoniae, A. baumannii in patients with positive and poor
treatment outcomes

Methods A retrospective analysis of the medical records of 172 patients treated at the Department of Purulent
Osteology between January 1, 2017 and December 31, 2022 for implant-associated infection caused
by P. aeruginosa, K. pneumoniae, A. baumannii was conducted. Based on the results of a telephone survey
or examination, patients were divided into 2 groups: positive and poor treatment outcomes by Delphi criteria.
The impact of various factors in the anamnesis, laboratory and microbiological analysis, features of surgical
intervention, antibacterial therapy and the course of the early postoperative period on the outcomes was
analyzed in the IBM SPSS STATISTICS (version 26).

Results Among patients with [AI caused by gram-negative bacteria, the rate of poor outcomes was 45 %,
with fatality rate of 10 %. During the comparative study, a statistically significant effect on the development
of a poor outcome was shown by the postoperative level of serum albumin (p =0.002), the sensitivity
of the isolated isolate to the tested antibacterial drugs (p = 0.011), the isolation of the pathogen from patients’
biomaterial in the postoperative period (p =0.001), a more frequent need for intravenous administration
of albumin and iron (p =0.003 and p = 0.056, respectively) and the need for repeated surgical intervention
in the early postoperative period (p = 0.001).

Discussion IAI caused by gram-negative bacteria is characterized by a prolonged recurrent course and high
mortality, primarily associated with the overall growing antibiotic resistance of pathogens which requires
an individual approach to both surgical treatment and drug therapy, as well as the development of new
tactical approaches to therapy.

Conclusion The rate of poor outcomes was 45 %. Hypoalbuminemia and antibacterial resistance of isolates
of P. aeruginosa, K. pneumoniae, A. baumannii, detection of the pathogens in the postoperative material, as well
as the need for surgical reoperation in the early postoperative period, are risk factors for poor outcomes.
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INTRODUCTION

Asthepopulationagesandtheincidenceofosteoarthritisgrows,thenumberoflargejointreplacements
will increase. By 2040, 2.8 million hip replacements (HRs) and one million knee replacements (KRs)
are expected to be performed [1]. Although these interventions are generally successful, joint
replacements can be complicated by periprosthetic joint infection (PJI) with a two-year incidence
of 1.63 % for HRs and 1.55 % for KRs [2]. The incidence of fracture-associated infection (FAI) ranges
from 1.8 % to 27 % and depends on the location and type of fracture [3].

In the majority of cases, implant-associated infection (IAI) develops in the first two years after joint
replacement, but thereafter the risk of this complication continues to exist, and its number
increases annually by 0.04-0.06 % [4]. Given the widespread growth of primary arthroplasty, the rate
of revisions caused by infectious complications has also been growing.

Despite the fact that the leading causative agents of bone and joint infections, including those
associated with orthopedic implants, are staphylococci, the participation of Gr(-) pathogens
in the etiology, including K. pneumoniae, P. aeruginosa, A. Baumannii, is a prognostically unfavorable
sign [5, 6]. The rate of Gr(-) bacteria in the structure of causative agents of orthopedic infection
varies from 10 % to 23 % [5, 7], but the ever-increasing rate of isolation of strains with resistance
to various antibiotics is particularly challenging due to the limited choice of antibacterial drugs,
both at the inpatient and outpatient stages of treatment. In this regard, many authors indicate
the participation of Gr(-) bacteria in the etiology of IAI as an independent factor in the possible
failure of treatment in 50 % of cases of such patients [8, 9].

Currently, there are very few published scientific papers (mainly foreign ones) devoted to the study
of treatment outcomes of patients with IAI caused by Gr(-) bacteria. According to researchers, risk
factors in the treatment of such patients include, first of all, the wrong choice of the type of surgical
intervention [10], and the key error is retention of the infected implant [8, 11, 12]. At the same
time, the effectiveness of exclusively conservative therapy is only 10 % [13]. In addition, the factors
of poor outcomes include female gender, detection of microbial associations, obesity [11, 12], history
of repeated surgical debridements|[8, 14], antibiotic resistance of the infectious agent [15], and others.

Due to the relatively small number of publications on the topic of IAI caused by Gr(-) bacteria
and the complexity of treating patients with IAI, this problem requires a more detailed study.

Purpose To evaluate the influence of various factors and compare the features of the course
of implant-associated infection caused by P. aeruginosa, K. pneumoniae, A. baumannii in patients
with positive and poor treatment outcomes

MATERIALS AND METHOD

A continuous single-center retrospective study included patients diagnosed with IAI who were
treated at the Department of Purulent Osteology from January 1, 2017 to December 31, 2022.

Inclusion criteria:
— Detected IAI;

— Surgical debridement in the infection focus (index surgery);

—Isolation of P aeruginosa, K.pneumoniae, A.baumannii strains (both as isolated strains
and in the microbial association) from one or more samples harvested for microbiological study before
the intervention and in the intraoperative material (tissue biopsy, removed implant, synovial fluid).

Exclusion criteria:

— reoperation due IAI recurrence caused by P. aeruginosa, K. pneumoniae, A. baumannii,
— infection located exclusively within soft tissues;
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— spinal IAI;
— amputation (exarticulation) performed during a sanitizing operation,

The exclusion criterion was the lack of information on the two-year outcome (including impossible
telephone communication with the patient).

Patients were selected for the study using the Mikrob-2 microbiological monitoring program
(2017-2020) and the Across-Engineering LIS (2021-2022) based on the analysis of the results
of MBI of the biomaterial of patients treated in 2017-2022 at the Department of Purulent Osteology.
Isolation of clinical strains of P. aeruginosa, K. pneumoniae, A. baumannii was performed in accordance
with international MBI standards (Standards for microbiology investigations, UK SMI). Species
identification was carried out on Microlatest panels using iEMS Reader MF (2017-2020), and since
2021 with the MALDI-TOF-MS (Matrix Assisted Laser Desorption Ionization Time of Flight Mass-
Spectrometry) method using the FlexControl system. The sensitivity of isolated cultures of Gr(-)
bacteria to antibacterial drugs was assessed in accordance with the EUCAST criteria (2017-2022).

After the medical records of patients who met the inclusion criteria (n = 172) had been selected,
a telephone survey was conducted, during which patients were asked standard questions
about whether they had had clinical or laboratory signs of recurrent infection within two years
after the index surgery, and whether repeated debridement operations had been performed. In case
of a patient's death, the patient's relatives were interviewed. All included patients were divided into
two groups by outcomes according to the Delphi criteria [16]: positive outcome (group 1) and poor
outcome (group 2). A positive outcome was absence of clinical and laboratory signs of recurrent
infection and debridement surgery within two years from the date of the index surgery.

According to the inclusion and exclusion criteria, 172 individuals were included in the study.

Group 1 comprised 95 subjects (55 %), of whom 37 (22 %) did not undergo surgical interventions
either due to the lack of indications or due to dissatisfaction with the quality of life. Surgical
interventions, during which no data on infection were found (no growth of microorganisms was
obtained during the MBI of the intraoperative material) were performed in 58 patients (34 %).

Group 2 included 78 patients (45 %), of whom 59 patients (34 %) underwent another sanitizing
operation due to recurrent infection, both at our Center or at other clinics. In addition, 18 deaths
(10 %) were registered in this group.

Based on the medical records and the results of a telephone survey, a database was created,
which included:

— anthropometric information (age, gender, body mass index (BMI);

— anamnesis data (infection location, time since the time of the primary surgical intervention
or the intervention after which the IAI developed until the manifestation of the infection,
duration of the infectious process, number of debridements in the anamnesis, duration since
the last debridement until the index operation);

— results of laboratory blood tests at the time of admission and before discharge from the hospital:
leukocytes, ESR, CRP level, hemoglobin, total protein, albumin, creatinine;

— results of microbiological investigation (MBI) of biomaterial samples (fistula biopsies, synovial
fluid, wound discharge, tissue biopsies, removed implants, hematoma) obtained in the pre-, intra-
and postoperative periods;

— type of surgical intervention, its duration, intraoperative blood loss, volume of drained discharge;

— medication therapy at the inpatient (antibacterial therapy (ABT), intravenous infusion of albumin,
iron preparations) and outpatient stages;
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— re-debridement or its absence in the early postoperative period after the index operation,;
— retained implant at the time of discharge from hospital.

The obtained data were recorded in the form of spreadsheets in MS Office Excel, 2007 (Microsoft,
USA); the data structure was visualized and analyzed using IBM SPSS STATISTICS (version 26).
Quantitative indicators were assessed for compliance with the normal distribution using
the Kolmogorov — Smirnov test. In the absence of a normal distribution, quantitative data were
described using the median (Me) and the lower and upper quartiles (Q1-Q?3). Categorical data were
described indicating absolute values and percentages. Comparison of two groups by a quantitative
indicator whose distribution differed from normal was performed using the Mann—-Whitney U test.
To assess the risk in the comparison groups, the odds ratio (OR, 95 % CI) was calculated. Comparison
of percentages in the analysis of four-field contingency tables was performed using the Pearson
chi-square (y?) test (for expected event values greater than 10) or the Fisher exact test (for expected
event values less than 10); the relationship was assessed using the Cramer test. Differences
in indicators between groups were considered statistically significant at p < 0.05.

RESULTS
Anthropometric and anatomical data

The analyzed groups were comparable by gender, age and BMI (Table 1). The dominant IAI location
were the joints and bones of the lower limb (n = 164, 95 %) in the area of the hip joint (n = 94, 55 %)
or knee joint (n = 33, 19 %). No statistically significant impact of infection location on the outcome
of treatment was found (p = 0.948).

Table 1
Comparison of groups in gender, age and BMI
Factors Group 1,n=95 Group 2,n =177 p

Males, n (%) 47 (49) 33 (43) p =0.443
Age, years, Me [IQR] 63.0 [49.0-68.0] 58.0[45.0-66.0] p=0.114
BMI, weight/height W/H?, Me [IQR] 27.5[24.2-31.6] 27.8 [23.7-33.0] p=0.838

Table 2

Comparison of groups in IAI history
Me [IQR]
Factors p
Group 1,n=95 Group 2,n="77

glsiﬁ\ffgsltl;?}(\;\;le?gal;?)plant installation* and infection 153.5 [30~1247] 95 [23-730] p=0,331
Duration of infection (days) 610[161-1410] | 493[121-1226] | p=0,345
Interval between previous and index debridement (days) 241 [81-862] 135[28-455] | p=0,095

Note: * — after primary and revision surgeries

Despite the lack of statistical significance, the manifestation of infection or its relapse developed
earlier in group 2 patients, and the duration of the infectious process was shorter than
in the comparison group (Table 2).

The proportion of patients with the first debridement intervention was 24 % in group 1 and 14 %
in group 2, and two or more debridements in the anamnesis were performed in 40 % and 52 %
of patients, respectively (p = 0.173). The median number of debridements in the anamnesis was
1 [1.2] in the group with positive outcomes and 2 [1.3] in the comparison group (p = 0.112).
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Laboratory findings
Table 3
Results of laboratory tests before surgery and before discharge from hospital
Parameter Me [1OR] p
Group 1,n=95 Group 2,n =177
Leucocytes, 10%1 7.6 [6.5-9.7] 8.3[6.0-9.9] p=0.625
ESR, mm/h 44 [26-63] 53[29.5-63] p =0.430
Before surgery CRP, mg/1 25[10.5-40] 33 [9-175] p=0.121
Hemoglobin g/1 117 [104-131] 111 [97.5-132] p=0.246
Albumin g/1 40 [35.5-43] 35 [33-43] p = 0.068
Leucocytes, 101 6.6 [5.7-8,2] 6.8 [5.2-8.0] p=0.749
) ESR, mm/h 35[22-52.5] 39 [22-55.5] p=0.926
Eﬁ&gfﬁgiﬂggﬁgl CRP, mg/l 23.5 [12-42] 25.5 [13-52] p=0.284
Hemoglobin g/l 99 [95-114.5] 100 [91-108.5] p=0.250
Albumin g/1 34 [32-41] 32 [28-35] p = 0.002*

On admission, patients in Group 2 tended to have higher levels of inflammation (white blood cell
count, CRP, and ESR) and lower levels of hemoglobin and albumin, with no significant differences
between the groups (Table 3). Before discharge, laboratory test results were similar in both groups
and reflected the normal course of the postoperative period. It is worth noting that there was
a statistically significant increase in albuminuria in the patients with poor outcome (p = 0.002).

Features of surgical intervention

In the studied cohort of patients, the most common types of surgical intervention were
the installation of an antimicrobial spacer (n=112, 65 %), resection arthroplasty with muscle
grafting (n =16, 9 %), and revision surgery with implant retention (n =11, 6 %). However the type
of surgical intervention did not have a significant impact on the outcome (p = 0.487). To fabricate
the antimicrobial spacer, gentamicin-containing bone cement was used, which was additionally
impregnated with a heat-stable antibacterial drug at a dose of 4 g per 40 g of cement. In this type
of surgical intervention, vancomycin was added to the bone cement in 53 % of cases, meropenem
in 15 %, and fosfomycin in 10 %. Moreover, only in 23 % of cases was the antibiotic active against
the microorganism isolated from the intraoperative material.

The volume of intraoperative blood loss was Me: 600 [400-800] ml, there were no statistically
significant differences in the groups for this parameter (p = 0.133). In group 1, drainage blood loss
was slightly lower than in group 2: 450 [340-600] and 500 [380-750] ml, respectively (p = 0.091).
MB findings

According to the MBI results of the biomaterial,
K. pneumoniae was isolated in 55 % of cases,
A. baumannii in 18 % and in 27 % of cases
it was P. aeruginosa. The distribution of isolated
cultures in the compared groups is shown
in Fig. 1.
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Fig.1 Distribution of patients in the groups
according to the isolated microbes detected
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At the preoperative stage, the microbiological study of the biomaterial from the implantation
area, monocultures of K. pneumoniae, A. baumannii or P. aeruginosa were isolated in 58 % of cases.
However, no statistically significant impact of the infection etiology, the information about
which was obtained at the preoperative stage, on the treatment outcome was found (p = 0.895).
K. pneumoniae, A. baumannii or P. aeruginosa were also isolated from other loci in 9.3 % of cases
(urine — 7.6 %, blood — 0.6 %, sputum — 0.6 %), which indicates the potential hematogenous spread
of the causative IAI agent.

In 94 % of cases (n = 172), the pathogen was isolated from intraoperative tissue biopsies. Despite
the absence of statistically significant differences between the groups (p = 0.192), it is noteworthy
that the median number of tissue biopsies from which the microorganism was isolated was 4 [2-5]
in group 1 and 5 [3-5] in group 2. K. pneumoniae, A. baumannii, or P. aeruginosa strains were isolated
from the material on the implant surface in 73 % of cases.

The incidence of polymicrobial infection in the compared groups did not differ and was 66 %
and 69 %, respectively, in groups 1 and 2 (p =0.871) (Table 4). In both groups, the microbial
associations with the leading Gr(-) pathogens also contained Gr(+) bacteria without significant
impact of the composition on the treatment outcome (p = 0.570).

Table 4
Microbial associations detected in the biomaterial of the patients in the compared groups

CocTaB MMUKPOOHBIX acCoIMaIin Ipynmna 1, no= 63| ['pymma 2, n = 53
n % n %
Contains only Gr(-) bacteria, including E. coli, Enterobacter spp. and others| 9 14 5 9
Contains only Gr( +) bacteria, including S. aureus, S. epidermidis and others| 54 86 48 91
The proportion of patients in whom isolated  100%
strains of P aeruginosa, K. pneumoniae, 25% 32%
A. baumannii were sensitive to fluoroquinolones LA
was 5.25 times higher in group 1 than in group 2, 0% L < o I [ W FO-Saead
while the proportion of patients with extremely 399% C5-5,n=59
resistant strains, on the contrary, was 1.3 times 40% — m KP-S,n=41
higher in group 2 (Fig.2). At the same time, m KP-R, n =23

a statistically significant impact of sensitivity wE

to antibacterial drugs on the outcome was
observed (p =0.011, Cramer's V = 0.254).

Postoperative period

Systemic antibacterial therapy was administered
to all patients. In 10 % of cases, it was necessary

0%

Group 1

Group 2

Fig.2 Analysis of sensitivity of Gr(-) strains
to the main antibacterial drugs in comparison groups.
Strains:FQ-S—fluoroquinolone-sensitive,CS-S—sensitive
to cephalosporins, but resistant to fluoroquinolones,
KP-S — sensitive to carbapenems, but resistant
to fluoroquinolones and cephalosporins, KP-R —

to start antibacterial therapy before the ndex  carbapenem-resistant

surgery due to either a life-threatening septic condition or a previous sanitizing surgical intervention.
Empirical antibacterial therapy with vancomycin and with the fluoroquinolone group agent (cipro-
or levofloxacin) from the day of surgery was received by 9 % of patients, and with vancomycin
and cefoperazone-sulbactam by 29 %. In the rest of the cases, antibacterial therapy was prescribed
based on the results of preoperative cultures. Etiotropic antibacterial therapy from the day of surgery
was prescribed to 61 % of patients, while this did not have a statistical impact on the outcome
(p=0.120). A tendency towards a shorter inpatient course of antibacterial therapy was noted
in the patients of group 1 compared to group 2: 13 [10-15] and 16 [11-24] (p = 0.096), respectively.
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In 86 % of cases, oral antibacterial drugs were prescribed at the outpatient stage. Among patients
with these recommendations, adverse outcomes were somewhat less common (p = 0.077, OR 0.443,
95 % CI:0.178-1.052). At the outpatient stage, fluoroquinolones were recommended in 55 % of cases,
co-trimoxazole in 13 %, and both fluoroquinolones and co-trimoxazole in 9 %. Despite the fact that
the very fact of prescribing these drugs did not have a statistically significant impact on the outcome
(p = 0.446, p = 0.665 and p = 0.300, respectively), it was confirmed that in the case where the isolated
microorganism was sensitive to the drug prescribed at the outpatient stage, the probability
of a positive outcome increased significantly (p = 0.001) by 7.87 times (95 % CI: 2.26-27.03).

Patients in group 2, compared to group 1, required the administration of albumin solution infusion
(26 % and 2 % of cases, p =0.003) and iron preparations (27 % and 15 % of cases, p = 0.056) more
frequently. Moreover, the duration of prescribed symptomatic therapy in group 2 was also longer
(Table 5).

Table 5
Frequency of administration of drugs for symptomatic therapy
Infusion Me [1QR] p
Group 1,n =63 Group 2,n =53
Abumin solution 5.0[5.0-5.0] 10.0 [5.0-11.0] p=0.101
Iron preparations 4.0 [3.0-5.0] 5.0[5.0-10.0] p=0.286

In the postoperative period, 40 patients (23 %) showed a re-growth of the studied pathogens
in the intraoperative material, hematoma contents or wound discharge, which increased the risk
of an unfavorable outcome in the future by 3.4 times (95 % CI 1.61-7.2; p = 0.001). Revision surgery
in the early postoperative period was required in 38 cases (22 %), which increased the likelihood
of an unfavorable outcome in the future by 4.86 times (95 % CI 2.18-10.84; p =0.001), of which
postoperative wound debridement was performed in 19 patients (10.9 %), implant removal and
muscle grafting in 8 patients (4.6 %), antimicrobial spacer reinsertion in 7 patients (4 %), implant
removal in 3 cases (1.7 %) and arthrodesis in one (0.6 %) patient. Finally, at the time of discharge,
reimplantation was used in 133 patients (77 %); nowever, the insertion of a new implant did not
have a statistically significant impact on the likelihood of a poor outcome (p = 0.101).

DISCUSSION

Gr(-) microorganisms K. pneumoniae, P.aeruginosa and A.baumannii belong to a group
of frequently encountered pathogens that are highly resistant to antibiotics, designated
by the Infectious Diseases Society of America as “ESKAPE pathogens”. According to the WHO,
the representatives of these species are classified as pathogens with a critically high priority level [17].
K. pneumoniae, P. aeruginosa and A. baumannii are characterized by the presence of a certain set
of pathogenicity and persistence factors, including the ability to form biofilms and internalize into
eukaryotic cells, including osteoblasts [18]. As the diversity of resistant strains steadily increases,
the frequency of their spread not only among patients but also among the population increases,
which causes high alertness among clinicians and the healthcare system [19].

Carbapenem-resistant enterobacterales (CRE) are of particular importance due to their high
resistance to antibiotics, including broad-spectrum antibiotics [20]. According to the 2019
report of the Centers for Diseases Control, from 2012 to 2017, 210,500 cases of infections caused
by Enterobacterales, producing broad-spectrum beta-lactamase or carbapenemases, were registered
in the United States, resulting in 12,900 deaths annually [21]. The global spread of CRE pathogens is
rapid, which restricts the choice of antimicrobial drugs during the infectious process to polymyxins,
tigecycline, aminoglycosides, and in some cases high doses of carbapenems. However, these drugs
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may not be effective enough and cause many adverse reactions [22]. In addition, the resistance
ability in these pathogens to beta-lactams and fluoroquinolones makes it impossible to prescribe
prolonged etiotropic antibacterial therapy, which is standard for the treatment of bone and joint
infections, due to the lack of other oral drugs active against Gr(-) pathogens.

Despite the low rates of IAI caused by Gr(-) pathogens [7], the treatment outcomes of such patients
are significantly worse. In addition to rifampicin-resistant staphylococci and fluconazole-resistant
Candida fungi, Gr(-) microorganisms resistant to fluoroquinolones are also classified as pathogens
causing PJI that is difficult-to-treat (DTT), and for which a higher recurrence rate has been proven,
requiring repeated sanitizing surgical interventions [23].

The results of a number of studies demonstrate that Gr(-) etiology of IAl is an independent predictor
of poor outcome [8, 9, 12]. Thus, Kalbian et al. observed poor treatment results in patients with
PJI caused by Gr(-) microorganisms and associations of Gr(-) and Gr(+) bacteria more frequently,
compared to infection caused exclusively by Gr(+) pathogens (OR=2.9, p<0.0001; OR = 2.5,
p =0.013, respectively) [24]. And a meta-analysis showed that IAI caused by microbial associations
involving Gr(-) bacteria caused treatment failures more frequently compared to monobacterial
infection [12]. In our sample, the majority of IAI cases (67 %) were caused by bacterial associations,
while the proportion of patients with poor outcomes after a two-year follow-up period was
45 %, which generally confirms global trends. Also, our cohort had a high mortality rate of 10 %,
which is significantly higher than among patients with IAI that did not consider the etiology
of the infectious process, about 3 % during the first year [25]. Depending on the type of Gr(-) pathogen
involved in the IAI etiology, the rate of positive treatment outcome was 65 % for P. aeruginosa,
58 % or A.baumannii and 48 % for K. pneumoniae. No significant effect of the composition
of microbial associations on the outcome of complex treatment was found (p = 0.871).

In our study, the groups were comparable in terms of gender, age, and BMI regardless of the treatment
outcome. The data in scientific publications on this issue vary. Some authors claim that these
parameters do not differ in groups with positive and poor outcomes [26], others believe that female
gender and obesity are risk factors for failed outcomes [12], and others indicate old age as a predictor
of poor outcome [15]. Hsieh et al. conducted a study of 346 patients and compared the influence
of various factors on the course of IAI caused by Gr(+) and Gr(-) microorganisms. The authors
concluded that patients with IAI caused by Gr(-) microorganisms were older (mean age 68 years
versus 59 years; p < 0.001), and the period from primary JR to the manifestation of the infectious
process was shorter (74 days versus 109 days; p < 0.001) [27].

IAI caused by Gr(-) bacteria frequently has a long and wave-like course, combining periods
of exacerbations requiring surgical intervention and antibacterial therapy, and remission.
In our study, the duration of the infectious process in both groups was more than a year and did
not differ significantly. The time interval from the day of surgery to the manifestation of infection
and from the last debridement operation to the index operation was slightly shorter in the group
of poor outcomes (p = 0.331 and p = 0.095, respectively). According to a meta-analysis of 11 clinical
studies, including 593 patients with PJI caused by Gr(-) pathogens, acute infection had a more
unfavorable course compared to chronic infection: the success rate after two-stage treatment was
66 % and 75 %, respectively, at a two-year follow-up [12]. Moreover, it was found that treatment
outcomes when the infection was localized in the knee joint were significantly worse than in the
hip joint (35 % versus 15 %, p = 0.002, respectively). In our study, these indicators did not differ:
when the IAI was localized in the hip joint the failure outcome was 37 %, and in the knee joint 39 %.

Pfang et al. concluded that a history of a large number of debridement operations is an independent
predictor of an poor outcome of IAI caused by species of the enterobacteria family [8]. Our previous
study of the outcomes of IAI caused only by K. pneumoniae obtained similar results [14]. In the current
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study, no significant intergroup differences (p =0.112) were found in the number of previously
performed debridements, while in group 2 there were 30 % more patients with a history of two
or more redebridements.

The levels of laboratory markers of inflammation in the studied groups were comparable in the pre-
and postoperative periods. However, patients in group 2 showed a tendency toward more pronounced
hypoalbuminemia upon admission, the level of which by the time of discharge was significantly
different from group 1 (p =0.002), despite the fact that they received albumin solution infusions
more often (p = 0.002) and for a longer period (p = 0.101) after the operation. The obtained results
are consistent with the data of Scarcella et al., who found that patients with reduced albumin
levels were more likely to develop infection recurrence. The authors believe that a significant
role in the development of hypoalbuminemia is played by chronic inflammation resulting
in immunosuppression, which, in turn, complicates the elimination of the infectious process
itself, closing this vicious circle [28]. In addition, hypoalbuminemia decreases the effectiveness
of antibacterial therapy by reducing the amount of transport proteins. As a result, the fraction
of the antibiotic unbound to albumin increases in the blood, which increases the risk of adverse
reactions due to decreased antibacterial activity of the drug [29]. Thus, both foreign and domestic
authors come to the conclusion that hypoalbuminemia increases the risk of infectious complications
after orthopedic interventions. This allows us to consider this symptom as an independent predictor
of failure of complexIAItreatment[30,31]. Another possible predictor of failed outcomes ininfectious
diseases, including IAlI, is considered to be anemia [32]. In our study, the need for intravenous iron
preparations was also more frequently observed among the patients in group 2 (p = 0.056).

Wehave established a significant (p = 0.011,Cramer'sV = 0.254) impact of the sensitivity of the isolated
microorganisms to the tested antibacterial drugs on the outcome of complex treatment. Among
patientsinwhom the etiology of IAIwas strains of Gr(-) microorganisms sensitive to fluoroquinolones,
there was the highest rate of successful outcomes — 87 %. And among patients in whom Gr(-) bacteria
resistant to fluoroquinolones and cephalosporins and microorganisms with extreme resistance were
isolated, the rate of positive outcomes was 49.2 and 49 %, respectively. Similar results were shown
by Fantoni et al., whose study reported successful results of treatment in the patients with infection
caused by carbapenem-resistant strains of Gr(-) microorganisms in only 50 % of cases [13].

The choice of drugs for ABT, both at the inpatient and outpatient stages, is the cornerstone
in the treatment of patients with IAI caused by Gr(-) pathogens. The basis of ABT is considered
to be parenteral administration of predominantly bactericidal antibiotics for 7-14 days from the day
of surgery, followed by a transition to oral drugs up to 6-8 weeks after each stage of surgical
treatment [33] or up to three months after a single-stage intervention [34]. All patients included
in our study received systemic ABT with at least two drugs. Therapy was considered etiotropic if the
strain of microorganism isolated was sensitive to at least one antibiotic received. Etiotropic ABT
from the day of surgery, that considered the results of MBI of preoperative biomaterials, was received
by 61 % of patients included in the study. Moreover, the median duration of ABT at the inpatient
stage in group 2 was slightly longer than in group 1: 16 [11-24] and 13 [10-15] days, respectively
(p = 0.096), which was due to a more frequent need to perform revision of the postoperative wound
or impossibility of changing to etiotropic oral ABT of patients in group 2.

The small number of oral antibiotics active against the studied pathogens determines the difficulties
in carrying out a prolonged etiotropic therapy in specialized patients. The choice of drugs is limited
to the fluoroquinolone class and co-trimoxazole. Fluoroquinolones have the advantage of antibiofilm
activity, good penetration into bone tissue and relatively good tolerability [35]. In the study
by Rodriguez-Pardo et al., which included 242 patients with IAI, the rate of fluoroquinolone-
sensitive isolates of Gr(-) bacteria was 81 %, which, when performing revision with implant retention
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and prescribing long-term etiotropic oral therapy, arrested infection in 79 % of cases observed
at a two-year follow-up [36]. In our study, there was a similar group of patients that had the highest
rate of success (87 %), which confirms the significant impact of pathogen sensitivity to antibiotics
on treatment outcomes (p = 0.011). However, the high level of resistance of Gr(-) microorganisms
to antibiotics of this group greatly limits the possibilities of their use [37]. In the sample we studied,
87 % of pathogens were resistant to fluoroquinolones, that, according to scientific publications,
affects treatment outcomes for such patients [36].

To date, the question remains open as to whether it is advisable to prescribe fluoroquinolones
attheoutpatient stage of treatmentiftheisolatesobtained are not sensitive tothem.Wehave not found
any studies on the efficacy of fluoroquinolone monotherapy for the treatment of infections caused
by strains resistant to them. Grossi et al. showed that additional administration of fluoroquinolones
to prolonged beta-lactam infusion throughout the entire treatment period (median 90 days) did
not have an effect on the outcome of treatment of patients with IAI caused by strains resistant
to fluoroquinolones [26]. In another study, 28 specialized patients received combination therapy
with cefepime and fluoroquinolone after debridement. The efficacy over a two-year follow-up
was 79 %, but the study did not analyze the effect of each antibiotic separately [38]. In our study,
we did not obtain significant differences (p = 0.446) in the effectiveness of treatment depending
on the presence or absence of a drug from the fluoroquinolone group in the extended antibiotic
therapy in case of pathogen resistance to them.

Another drug that is theoretically active against the leading Gr(-) pathogens in orthopedic
infection, with the exception of P. aeruginosa, which is naturally resistant to the drug, is co-
trimoxazole. The antibiotic has a bactericidal effect and is able to penetrate into bone tissue [39].
However, co-trimoxazole does not have antibiofilm activity and about 70 % of K. pneumoniae
and A. baumannii strains are resistant to it [37, 40]. Cisse et al. showed that the use of a combination
of fluoroquinolones and co-trimoxazole for 8—12 weeks after surgical debridement in 30 patients
with IAI caused by E. cloacae was effective in 80 % of cases [41]. The efficacy of co-trimoxazole
in IAI caused by other Gr(-) pathogens has not yet been studied. In our study, the administration
of co-trimoxazole or fluoroquinolone in the presence of sensitivity to them of isolates isolated from
the patient statistically significantly (p = 0.001) increased the probability of a favorable outcome
by 7.87 times (95 % CI 2.26—-27.03), which once again confirms the critical role of antibiotic resistance
in predicting the outcome of IAI treatment.

Revision of the surgical intervention area in the early postoperative period was required in every fifth
patient, which increased the risk of a poor outcome by 4.86 times (95 % CI 2.18-10.84). Moreover,
growth of Gr(-) bacteria in the early postoperative period increased the probability of poor outcomes
by 3.4 times (95 % CI 1.61-7.21) (Cramer's V =0.252). Culture isolation was recorded in 23 %
of patients. In most cases, it was isolated from the intraoperative material during revision surgery,
less frequently from a hematoma or wound discharge.

It is known that surgery with retention of the infected implant often leads to recurrence of IAI [8, 15].
In our study, in the majority of cases, the index surgery included complete removal or replacement
of the infected implant with a new one. In the study sample, 77 % of patients were discharged
with exchanged implants, most often antimicrobial spacers. As a result, we did not observe
a significant impact of the presence of metal implants on the treatment outcome (p = 0.101).

CONCLUSION

Complex treatment of IAI caused by Gr(-) bacteria results in failure in 45 % of cases at a two-year
follow-up, including a 10 % mortality rate. The leading gram-negative pathogens in most cases are
found in mixed microbial associations with Gr(+) bacteria.IAl of this etiologyis characterized by along
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recurrent course. Significant risk factors for poor outcome within two years after the debridement
operation are hypoalbuminemia, both initial and in the postoperative period, and early revision
of the postoperative wound associated with positive growth of the pathogen from the biomaterial
obtained from the surgical intervention area. Moreover, the prognosis in such patients is significantly
influenced by the sensitivity of isolated Gr(-) pathogens to antibacterial drugs, which is of particular
concern due to widespread growth of antibacterial resistance and requires the development of new
tactical approaches to treatment.
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ABSTRACT

Introduction The use of lysozyme as a bactericidal agent against the leading pathogens of chronic
osteomyelitis can become an alternative or supplement to existing antibacterial drugs.

Purpose To study the antibacterial effect of lysozyme against clinical strains of Staphylococcus aureus
and Staphylococcus epidermidis

Materials and methods Control strains of Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis
(ATCC 14990) and clinical strains (n = 48), including MRSA (n = 6) and MRSE (n = 6), isolated from wounds
and fistulas of patients with chronic osteomyelitis were used as test cultures. The antibacterial effect
of lysozyme was assessed using the disk diffusion method.

Results Lysozyme exhibited bactericidal activity against control strains of S. aureus and S. epidermidis,
the growth inhibition zone of bacteria was 11-12 mm. Among clinical strains of S. aureus, 87.5 % were
sensitive to lysozyme, the growth inhibition zone diameter was 9-13 mm. No bactericidal effect was observed
against three strains of S. aureus, including two MRSAs, and continuous bacterial growth was observed around
the disk. Among strains of S. epidermidis, the antibacterial activity of lysozyme was observed against 79.2 %
of isolates, the growth inhibition diameter was 8—11 mm. Resistance of three MRSE strains to lysozyme was
noted. Lysozyme enhanced the effect of vancomycin and cefoxitin against methicillin-sensitive staphylococci
and norfloxacin and vancomycin against methicillin-resistant staphylococci.

Discussion Despite the inhibitory effect found, the use of lysozyme alone may be limited due to its possible
degradation by proteases, as well as some immunogenicity. There are studies on the synergism of the combined
action of lysozyme with various antibiotics on gram-positive and gram-negative bacteria. The data obtained
in our experiment showed an increased antibacterial effect by the combined action of antibiotics and lysozyme
against the leading causative agents of osteomyelitis.

Conclusion It has been established that lysozyme has an antibacterial effect against clinical strains
of S. aureus, S.epidermidis, including MRSA and MRSE, isolated from wounds of patients with chronic
osteomyelitis. An increased antibacterial effect is observed by a combined action of lysozyme with cefotaxime,
norfloxacin and vancomycin.
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INTRODUCTION

Commonly, osteomyelitis is caused by bacteria of the genus Staphylococcus, mainly S. aureus
and S. epidermidis (including methicillin-resistant strains MRSA and MRSE), that demonstrate
a high degree of resistance to conventional antibiotics. This makes the treatment of patients
with osteomyelitis difficult and requires the search for new, more effective drugs [1-4].

As an alternative or addition to existing antibacterial drugs, the use of lysozyme as a bactericidal
agent against the leading causative agents of chronic osteomyelitis may be a relevant area. Lysozyme
is an antimicrobial enzyme found in various biological fluids, such as saliva, tears, and breast
milk[5, 6]. Lysozymes are divided into three main families: chicken type (c-type), goose type (g-type),
and invertebrate type (i-type). Phage type, bacterial type, and plant type lysozymes are also known.
Chicken and human lysozymes are c-type lysozymes. The chicken one consists of 129 amino acid
residues (14.3 kDa), the human one of 130 amino acid residues (14.7 kDa). There is 59 % sequence
identity between human and chicken lysozymes, but the antibacterial activity of chicken lysozyme
is three times lower than that of the human one. However, its use is limited due to insufficient
availability [5, 7, 8].

Since lysozyme is a natural component of the body, it is generally well tolerated and has a low risk
of toxicity, so it is used for medical purposes. Lysozyme destroys the peptide glycans that make
up the wall of bacterial cells, which leads to osmotic destruction and death of bacteria [8].
The combination of lysozyme with antibacterial drugs may enhance their effect [9, 10]. Lysozyme
is also able to modulate the body's immune response [7, 8]. Currently, lysozyme is already used
as preservation and antiseptic agent [6, 8]. The prospect of using lysozyme as an antibacterial
agent against the leading causative agents of osteomyelitis may expand the scope of its application
in medicine.

Purpose To study the antibacterial effect of lysozyme against clinical strains of Staphylococcus
aureus and Staphylococcus epidermidis.

MATERIALS AND METHODS

Control strains of Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 14990)
and their clinical strains (n = 48), including MRSA (n = 6) and MRSE (n = 6), isolated from wounds
and fistulas of patients with chronic osteomyelitis were used as test cultures.

Bacteriawereidentified usingaBactoScreenbacteriological analyzer (LLC NPF Litekh). The sensitivity
of microorganisms to antibacterial drugs was determined with the disk diffusion method.
The results were assessed using the EUCAST criteria (2017-2022). Detection of methicillin-resistant
staphylococcal genes in the biological material was carried out with a reagent kit for detection
and quantitative determination of MSSA and MRSA, MSSE and MRSE DNAs by polymerase chain
reaction (PCR) with hybridization-fluorescence detection AmpliSens MRSA-screen-titer-FL.

The antibacterial effect of lysozyme was assessed using the disk diffusion method. Discs made
of technical filter cardboard (GOST 6722-75) and discs with antibiotics impregnated with lysozyme
(CAS-No. 9001-63-2, 20000 U/mg, AppliChem) at a concentration of 30 ug/ml were placed
on the surface of a dense nutrient medium (Miiller-Hinton agar) seeded with a daily culture
of S. aureus or S. epidermidis. Petri dishes with the seeded cultures were incubated in a thermostat
atatemperature of 37 °C. After 24 hours, the results were recorded by measuring the growth inhibition
zone around the disc. The action of lysozyme on the control strains was repeated six times.

Bacterial resistance profiles of S. aureus, S. epidermidis were analyzed to four antimicrobial drugs
(AMD): cefoxitin (FOX), gentamicin (GEN), norfloxacin (NOR), vancomycin (VAN).
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For statistical processing of the obtained data, the Gnumeric 1.12.17 software and LibreOffice
spreadsheets (version: 5.4.1.2) were used. The samples were tested for compliance with a certain
distribution law using the Anderson-Darling criterion. Considering that the data in the samples
were subject to normal distribution, the Student criterion was used to test the hypothesis of equality
of the mean values. The digital data are presented as the arithmetic mean (M) and standard deviation
(SD). Differences were considered significant at p < 0.05.

Microbiological studies were conducted at the microbiology laboratory of the Ilizarov National
Medical Research Center of Traumatology and Orthopaedics.

RESULTS

The control strains of S. aureus u S. epidermidis were sensitive to the action of lysozyme (Fig. 1).
Among the clinical isolates of bacteria, there were strains sensitive and insensitive to lysozyme.

S. aureus

S. epidermidis

Fig. 1 Antibacterial effect of lysozyme together with and without antibiotics on the control and clinical bacterial
strains of S. aureus, S. Epidermidis: (a, d) — control and clinical stains; (b, e) — control strains; (c, f) — clinical strains

No significant differences in the diameter of growth retardation were observed between the control
and clinical strains (Table 1).

Table 1
Growth inhibition of the bacteria S. aureus and S. epidermidis after action of lysozyme (30 mcg/ml)
Miscroorganism Diameter of growth inhibition zone, mm
S. aureus ATCC 25923 (n = 6) 11.3+0.47
S. aureus (n = 24) 11.2+1.10
S. epidermidis ATCC 12228 (n = 6) 10.0+ 0.43
S. epidermidis (n = 24) 10.5 +1.05

Lysozyme alone at a concentration of 30 pg/ml showed a bactericidal effect on the control strains
of S. aureus and S. epidermidis, the zone of bacterial growth inhibition was 11-12 mm. Among
the clinical strains of S. aureus, sensitivity to lysozyme was detected in 87.5 %, the diameter
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of the growth inhibition zone was 9-13 mm. In relation with three strains of S. aureus, including
two MRSA, no bactericidal effect was noted, continuous bacterial growth was observed around
the disk.

Among S. epidermidis strains, antibacterial action of lysozyme was noted against 79.2 %
of isolates, growth inhibition diameter was 8-11 mm. Three MRSE strains were found to be
resistant to lysozyme.

S. aureus (n = 18) and S. epidermidis (n = 18) strains were sensitive to the action of the antibacterial
drugs tested. Lysozyme enhanced the action of antibiotics, which was expressed in an increased
zone of bacterial growth inhibition around the disks. Significant differences were observed
for vancomycin and cefoxitin (Table 2).

Lysozyme did not enhance the effect of cefoxitin and gentamicin against methicillin-resistant
staphylococci. Significant differences were observed only for norfloxacin and vancomycin (Table 3).

Table 2
Zone of growth inhibition of methicillin-sensitive staphylococci isolated from wounds
of patients with chronic osteomyelitis under lysozyme action
Diameter of growth inhibition zone, mm
Drug (mcg) MSSA, (n =18) MSSE, (n =18)
- + lysozyme (30) - + lysozyme (30)
Cefoxitin (30) 23.3+ 0.47 26.5 £ 0.81* 33.3+2.10 35.7+ 1.90
T p =0.02476 ) ) ) )
Norfloxacin (10) 29.0 £0.82 30.0+0.79 31.3+0.83 32.0%+1.40
Gentamicin (10) 19.0+£1.40 19.7 £1.24 20.8 £ 6.60 22.3+1.80
: 15.8+£0.47* 17.3+1.10*
Vancomycin (5) 13.7+0.94 P =0.0404 15.0£0.51 p=0.0216
Note: * — level of significance of differences between groups, p < 0.05
Table 3
Zone of growth inhibition of methicillin-resistant staphylococci isolated from wounds
of patients with chronic osteomyelitis under lysozyme action
Diameter of growth inhibition zone, mm
Drug (mcg) MSSA, (n=18) MSSE, (n =18)
- + lysozyme (30) - + lysozyme (30)
Cefoxitin (30) 20.3+0.84 20.0 +0.82 19.5+£1.10 20.0 +0.80
. 30.2+0.61* 32.2 £0.62*
Norfloxacin (10) 27.3%1.25 p=0.0248 29.8 £1.03 D =0.0242
Gentamicin (10) 18.8£0.24 18.5%0.20 10.7 £0.94 12.0£0.41
. 17.5+0.72*
Vancomycin (5) 14.3+0.47 14.2 £ 0.62 14.7 £0.47 p=0.025
Note: * — level of significance of differences between groups, p < 0.05
DISCUSSION

S. aureus is considered a clinically significant pathogen in chronic osteomyelitis, which, interacting
with the body's cells through the small colony variant (SCV), biofilm formation and toxin secretion,
induces an inflammatory response, causing cell death by apoptosis and necrosis [1]. S. epidermidis
bacteria also play an important role in the development of infections in chronic osteomyelitis [3, 11].
In the last decade, there has been an increase in the number of bacteria with multidrug resistance,
which leads to the ineffectiveness of traditional approaches to the treatment of patients with chronic
osteomyelitis and determines the need to search for new drugs [2, 4].
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A promising direction is considered to be the use of antimicrobial peptides of the innate immune
system [12]. It is known that peptides obtained as a result of lysozyme cleavage exhibit antimicrobial
activity, primarily against gram-positive bacteria [13]. They can act directly (lytic effect) or indirectly
(modulate the immune system). The antibacterial mechanism of lysozyme is due to its muramidase
activity, which hydrolyzes the B-1.4-glycosidic bond of peptide glycans, the ability to bind to nucleic
acids of microorganisms and cause mutation or decay of bacterial genetic material [5, 14, 15].

Due to differences in the mechanisms of bacterial resistance to antibiotics and antimicrobial
peptides, clinical use of lysozyme has a lower risk of developing resistance in microorganisms. It is
believed that resistance to peptide-degrading enzymes in bacteria develops rarely, resulting from
horizontal transfer of resistance determinants rather than de novo mutation [16].

The available literature reports on an inhibitory effect of lysozyme obtained from egg white
on drug-resistant bacteria, including MRSA [17]. In our study, 87.5 % of MSSA, 79.2 % of MSSE,
and 50 % of MRSA and MRSE strains were sensitive to the action of lysozyme.

The use of lysozyme alone may be limited by the possibility of its degradation by proteases present
in body fluids, as well as some immunogenicity, which may cause immune reactions when used
repeatedly [18, 19]. The issue of lysozyme as an allergen remains controversial. Some researchers
believe that lysozyme, being a component of the human immune system, does not cause an allergic
reaction [20]. Other studies have shown that it acts as a weak allergen [21, 22]. Moreover, being
applied directly on the wound surface, lysozyme can be easily washed off by exudate. In this regard,
new methods for delivering lysozyme to the site of infection are being developed to increase
the effectiveness of its action and reduce side effects [23]. Those include hydrogels, nanofilms, fibrous
membranes and composite systems with modified lysozyme, which could improve the stability
of lysozyme and reduce its immunogenicity [24, 25].

One of the alternative uses of peptides is their combination with traditional antibiotics to treat
patients with osteomyelitis [26]. The data obtained in our experiment showed an increased
effect of antibiotics on all sensitive microorganisms, but significant differences were found
for the combination of lysozyme with vancomycin and cefoxitin. In relation to methicillin-resistant
staphylococci, an increase in antimicrobial activity was noted only for the combination of lysozyme
with vancomycin and norfloxacin.

The study of the combined action of lysozyme obtained from egg white with various antibiotics
(gentamicin,ofloxacin,oxacillin,rifampicin, polymyxinB,vancomycin,ciprofloxacinandtetracycline)
on gram-positive and gram-negative bacteria, including drug-sensitive and drug-resistant strains,
a synergistic mechanism of action was established that reduces the resistance of microbes [9, 26, 27].
Antibacterial peptides change the permeability of the cell membrane, allowing more antibiotic
to penetrate the cell and bind to intracellular targets, enhancing its action and reducing the side
effects of high concentrations [9, 10].

Researchers have shown that the bactericidal effect of the combined action of lysozyme
and antibiotics against planktonic cells and biofilms obtained in vitro is more pronounced compared
to the use of the drugs separately [28].

At the same time, it is necessary to consider the fact that all bacteria have both general and specific
mechanisms of protection against innate immunity factors. The resistance mechanisms used
by gram-positive bacteria, including S. aureus, include changes in the charge and composition
of the cell wall. The sensitivity of gram-positive bacteria to antimicrobial peptides depends on:
the content of negatively charged teichoic acids in the cell wall which bind lysozymes and reduce
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their enzymatic activity [8, 19]; inactivation of peptides due to their binding to surface or secreted
proteins and polysaccharides; cleavage of antimicrobial peptides by bacterial proteases; adaptation
of bacteria to the effects of antimicrobial peptides; displacement of antimicrobial peptides by efflux
pumps and transport systems [16, 29, 30].

CONCLUSION

It has been established that lysozyme has an antibacterial effect against clinical strains
of S.aureus, S.epidermidis, including MRSA and MRSE, isolated from wounds of patients
with chronic osteomyelitis. An increased antibacterial effect is observed by a combined action
of lysozyme with cefotaxime, norfloxacin and vancomycin.
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Abstract

Introduction Exo-prosthetics of limbs through osseointegration opens up new possibilities in prosthetics.
Modern prostheses are becoming more high-tech, which requires deep understanding of the anatomical
and functional features of the bone-joint system.

Aim To identify features of structural reorganization of articular cartilage and subchondral zone of the tibia
in lower leg prosthetics using an implant with calcium phosphate coating and an implant without additional
coating.

Materials and methods The study was performed on 5 intact (control) and 6 experimental dogs
(age 1.8 £ 0.5 years, weight 19 + 1.2 kg). A tibial stump was modeled in the animals at the border of the middle
and upper third of the diaphysis. After 2.5 months a PressFit type implant was installed. Depending
on the Press-Fit type, the animals were divided into groups: group 1 made of Ti6Al4V alloy (n = 3);
group 2 of Ti6Al4V alloy with calcium phosphate coating (n = 3). Duration of the experiment was 180 days
after prosthesis fitting. Histomorphometric study of the articular cartilage and subchondral zone was performed
on paraffin sections using an AxioScope.Al microscope supplied with AxioCam camera and Zenblue software
(CarlZeissMicrolmagingGmbH, Germany).

Results Bone tissue remodeling was expressed by thinning of the subchondral bone plate, osteolysis, changes
in the architecture of bone trabeculae in the subchondral trabecular bone, and a decrease in bone tissue
mineralization. These signs were more intense in group 1. Signs of reparative osteogenesis with osteoblasts
on the surface of bone trabeculae were noted in group 2. Subchondral bone plate thickness reduced twofold
in group 1, and by 1.5 times in group 2 relative to the control. The values of the parameter of trabecular
area were reduced in group 1 by 17 % and in group 2 by 10 %. Statistically significant decrease in the values
of articular cartilage thickness was recorded in group 1 and was accompanied by a higher (by 1.8 times)
frequency of vessels been found in the deep zone of cartilage compared to group 2.

Discussion The identified changes in the subchondral zone corresponded to stage 0 (according
to the O-M classification. Aho et al., 2017): very early signs of osteoarthritis, when subchondral sclerosis is
not pronounced, the subchondral bone plate is thin. Structural changes in articular cartilage corresponded
to grade 0-1 according to the histological classification of the International Society for the Study
of Osteoarthritis OARSI.

Conclusion Histomorphometric changes in the osteochondral component of the tibial plateau during lower
leg prosthetics (thinning of the subchondral bone plate, rarefaction of the subchondral trabecular bone,
penetration of vessels into non-calcified cartilage) are predictors of arthrosis. The use of implants made
of Ti6Al4V alloy coated with a calcium phosphate provides reduction of bone resoption intensity and activates
reparative osteogenesis.

Keywords: exo-prosthetics, titanium implant, calcium phosphate coating, articular cartilage, subchondral
bone, histomorphometry
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INTRODUCTION

Exoprosthetics of limbs via osseointegration provides physiological weight-bearing, osteoperceptual
sensory feedback, improved range of motion in the proximal joint, which contributes to the creation
of a fully functional artificial limb and opens up new possibilities for prosthetics [1-3]. Modern
prostheses are becoming increasingly complex and high-tech, requiring a deep understanding
of the anatomical and functional features of the musculoskeletal system [4-6]. The study
of the structural reorganization of the main elements of the adjacent joint due to prosthetics is
of great importance for the development of rehabilitation programs aimed at improving the quality
of life of patients.

Previous studies on a single-stage technology for lower leg prosthetics showed stability and survival
of the Press-Fit implant and bone formation along the entire length [7], while structural changes
in the femoral condyles in the area of contact between the hyaline cartilage and the subchondral
bone were detected in the adjacent joint [8]. Numerous recent studies demonstrated increasing
evidence of pathological changes in the subchondral bone during the development of arthrosis [9-11].
Today, there is an urgent need to develop methods for visualization and histological quantitative
assessment of the processes of subchondral bone remodeling [12, 13].

The study of the processes of implant osseointegration is aimed at improving the contact between
bone tissue and the implant by acting on the composition of the implant and the microstructure
of its surface [14, 15], the bone tissue regenerating on the surface of the implant [16], and also
by applying medicinal and biologically active substances to the surface of the implant [17, 18].

Studies of the structural reorganization of the articular cartilage of the adjacent joint in prosthetic
care are few in number; the features of the reorganization of the subchondral bone and histological
predictors of arthrosis have not been studied. These facts determined the purpose of the study.

The purpose of the study was to identify features of structural reorganization of articular cartilage
and subchondral bone of the tibia in lower leg prosthetic fitting using a calcium-phosphate coated
implant and an implant without any coating.

MATERIALS AND METHODS
Study design

The study was conducted on six mongrel male dogs (age: (1.8 = 0.5) g; body weight: (19.0 # 1.2) kg).
A tibial stump was modeled at the border of the middle and upper thirds of the diaphysis.

After 2.5 months, a Press-Fit implant was installed in the animals [19]. Then the implant was fixed
and a compression load on the bone Fu = 20 N was performed using a special device (Fig. 1) [20]
for 35 days, followed by an exoprosthesis attachment. The animals were divided into two equal
groups depending on the implant material: group 1 with an implant made of Ti6Al4V alloy (n = 3);
group 2 with an implant made of Ti6Al4V alloy coated with calcium (n = 3). The experiment period
was 180 days after prosthesis fitting.

Object of study: articular cartilage and subchondral plate of the tibia

As a control, the articular cartilage and subchondral bone of the tibia of three intact dogs were
examined.

Ethical approval

The study was conducted in accordance with the principles of the European Convention ETS No. 123
for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (with the
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appendix of 15.06.2006, Strasbourg) and the rules of good laboratory practice (GOST 33044-2014).
The protocol of the institutional ethics committee dated 29.11.2024 No. 1 (76).

the area

of the osseo-cartilaginous
fragment collection

for histomorphometric
examination

Fig. 1 Radiographs of the tibia with a prosthetic fitting using a Press-Fit implant and the installation of a compression
device; the rectangle shows

Euthanasia

The animals were withdrawn from the experiment after muscle relaxation with a solution
of 1 diphenhydramine (0.02 mg/kg) and 2 rometar (5 mg/kg), followed by a lethal dose of barbiturates.

Histomorphometric study

For histomorphometric study, the articular end of the tibia was exposed; soft tissues were
removed, and the bone-cartilage fragments were fixed in a 10 solution of neutral formalin (pH 7.4).
Then the bone-cartilage fragments were placed in a decalcifying solution consisting of a mixture
of formic and hydrochloric acid solutions. After the decalcification stage, the material was washed
in running water and subjected to histological processing, including the stages of dehydration,
impregnation, and embedding in paraffin.

By embedding, the pieces were oriented considering the zonal structure of the articular cartilage;
paraffin sections of adequate thickness [21] were used perpendicular to the articular surface
and were prepared using a Thermo Scientific HM 450 microtome (USA). The main method
of staining histological preparations was used: hematoxylin and eosin staining and a special method
of three-color staining according to Masson with aniline blue.

Light-optical study of the preparations and digitalization of the images were performed
on an AxioScope.Al microscope with an AxioCam digital camera (CarlZeissMicrolmagingGmbH,
Germany). Describing the subchondral bone based on the definition of its two structural units:
the subchondral bone plate and the subchondral trabecular bone [9].

For the quantitative study, Zenblue software (CarlZeissMicrolmagingGmbH, Germany) was used.
The following parameters were measured: thickness of non-calcified cartilage (hca., mm), thickness
of calcified cartilage (hea ., pm), thickness of subchondral bone plate (h;y,,;, pum). In the subchondral
trabecular bone, the area of bone trabeculae (Sy,, %,) and their thickness (hy, um) were calculated.
In the deep zone of the cartilage, the frequency of vessel was determined; this parameter was
calculated as the sum of vessels in the visual fields divided by the number of all visual fields studied
(an average of 20 fields were analyzed in each animal at 400-fold magnification).
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Statistical methods

Quantitative data were processed in Microsoft Excel spreadsheets. Samples were assessed for normal
distribution using the Kolmogorov criterion. The measure of the central tendency of morphometric
parameters was presented as a median and quartiles, minimum and maximum values (Me (p25-p75)
[min-max]) and as the mean and error of the mean (M * m). The Mann — Whitney criterion was used
to assess differences in the compared groups, and the Barnard criterion for the frequency indicator;
differences were considered significant at p < 0.05.

RESULTS
Articular cartilage histopathology

The light-optical study of histological preparations showed that the articular cartilage of the lateral
condyle of the tibia in the experimental and control groups retained its zonal structure (Fig. 2).

Fig. 2 Articular lining of the lateral condyle of the tibia: (a) control (intact norm); (b) group 1; (c) group 2. Paraffin
sections, stained with the three-color method according to Masson, x40
In most experimental cases, there was no tangential arrangement of cells in the superficial zone;
empty cellular lacunae and acellular fields were noted; the intercellular substance of the superficial
zone was unevenly stained (Fig. 3 a); difibering foci were not detected; in group 1, synovial pannus
was noted in one case (Fig. 3 c).

Fig. 3 Articular cartilage: (a) superficial zone (group 2);
(b) penetration of vessels into the deep zone of cartilage
(group 2); (c) synovial pannus on the articular surface
(group 1); (d) penetration of vessels into the deep zone
of cartilage (group 1). Paraffin sections. Staining with
hematoxylin and eosin (a, c¢), Masson's three-color
method (b, d), x400
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In the intermediate zone, chondrocytes were located more solely and in the form of isogenic groups
consisting of two cells. In the deep zone, there was a columnar arrangement of cartilaginous cells;
hypertrophied chondrocytes prevailed, some cells had signs of chondroptosis.

In both groups, areas of basophilic line disruption, penetration of vessels and bone marrow pannus
into the deep zone of non-calcified cartilage were revealed (Fig. 3 b, d).

The frequency of vessels in the deep zone in group 1 was (0.65 = 0.06), which is statistically
significantly (p = 0.0148) higher than in group 2 (0.35 = 0.02).

The thickness of non-calcified cartilage in group 1 was statistically significantly lower than
in the controls; in group 2 it was comparable to the controls; the differences between the groups
are statistically significant (Table 1). The values of the parameter “calcified cartilage thickness”
in groups 1 and 2 are comparable with the controls (Table 1).

Table 1
Quantitative characteristics of articular cartilage and subchondral zone of the tibia
in experimental groups and in controls
Groups Parameters
huncal.cr, (mm) hcal.cr.(um) hs.b,pl (um) hTr (llm) STr (%)
Me 1,28 125,93 144,11 156,47 45,21
Control |(Q1;Q3) (1,21; 1,33)  |(104,68; 135,66)| (87,55; 205,31) | (81,95;234,91) | (24,73; 49,15)
[min-max] [1,16-1,66] | [95,98-173,84] | [60,92-223,87] | [28,23-281,94] | [20,31-51,01]
Me 1,09 132,64 67,95 107,93 30,81
Group 1 (Q1; Q3) (1,06; 1,13) | (79,92; 154,41) | (87,55; 205,31) | (59,05; 124,93) | (20,11, 35,49)
[min-max] | [1,01-1,15] | [60,14-194,82] | [40,02-203,86] | [21,06-293,71] | [11,79-38,51]
p 0,0001 0,3263 0,0218 0,0071 0,0102
Me 1,24 120,34 97,44 112,91 37,04
(Q1; Q3) (1,18; 1,32) |(105,43; 129,24)| (87,97, 172,96) | (70,35; 140,54) | (28,72; 37,69)
Group 2 |[min-max] [1,15-1,79] | [75,36-189,76] | [60,92-167,86] | [56,82-195,12] | [18,28-49,01]
p 0,5823 0,9081 0,0105 0,2801 0,0126
p! 0,0124 0,9528 0,001 0,0129 0,0268

Note: p level of difference as compared with the controls; p’ level of significance of differences between groups according
to the Mann-Whitney criterion, at p < 0.05

Subchondral bone plate histopathology

The subchondral bone plate in the control group was of uneven thickness and continuous throughout
(Fig. 4 a). In the experimental groups, the subchondral bone plate was thinned; in group 1 it was
absent in some places (Fig. 4 b); in group 2, areas lined with osteoblasts were seen (Fig. 4 c). The values
of the parameter "thickness of the subchondral bone plate" in both groups were statistically significantly
lower than the norm; the minimum values were recorded in group 1 (Table 1).

Staining histological sections with the three-color method according to Masson showed
that the subchondral bone plate in the control was stained mainly red; in group 2 a decrease
in the proportion of fuchsinophilic structures was noted, and in group 1, anilinophilic structures
predominated (Fig. 4), which indirectly indicated a decrease in bone matrix mineralization.

In the experimental groups, rarefaction of the subchondral trabecular bone was revealed; the most
pronounced signs of resorption were noted in group 1 (Fig.5 a,b). Histomorphometric study
revealed a statistically significant decrease in the values of the parameters of the area and thickness
of the trabeculae in group 1 relative to the controls (Table 1), in group 2 the parameter "thickness
of the trabeculae" did not have statistically significant differences with the controls, the differences
between the groups were statistically significant (Table 1).
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Fig. 4 Contact of the articular cartilage and subchondral bone: (a) control; (b) group 1; (c) group 2. Designations:
1 — deep zone of articular cartilage; 2 — zone of calcified cartilage; solid arrows — basophilic line; dotted line —
borders of subchondral bone plate; double-edged dotted arrow — subchondral bone plate is absent; dotted arrows —
osteoblasts lining the subchondral bone plate. Paraffin sections. Staining by Masson's three-color method, x400

Fig. 5 Subchondral trabecular bone: (a) group 1; (b) group 2;
(c) autolysis of bone matrix (group 1); (d) osteoblasts
on the surface of the trabecula (group 2). Paraffin sections,
stained with Masson's three-color method (a, b), hematoxylin
and eosin (c, d). Magnification: x40 (a, b), x100 (c), 400 (d)

In group 1, osteolytic phenomena were more frequent: autolysis of the bone matrix, splitting
of the basic substance of the trabeculae along the adhesion lines (Fig. 5 c); the surfaces of the bone
trabeculae did not contain cells. In group 2, there were trabecular surfaces lined with active
osteoblasts producing the basic substance (Fig. 5 d).

DISCUSSION

The condition of the adjacent joint is of great importance for the restoration of the function
of the prosthetic limb. Prosthetics of the lower limbs in both children and adult patients may
result in contractures and deforming arthrosis in the joints located above [22]. It is known that
surgical intervention on bone structures is accompanied by compensatory changes in bone tissue
metabolism, the development of stress remodeling, which ensures the adaptive restructuring
of bone tissue after surgery [23]. Thereby, destructive changes in the articular cartilage are noted
in the adjacent joint [24, 25].
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In this study, the features of subchondral zone remodeling in the tibia during exoprosthetics
of the limb were studied for the first time on an experimental model using histomorphometry
methods. The processes of bone tissue remodeling include thinning of the subchondral bone plate,
osteolysis and changes in the architectonics of bone trabeculae in the subchondral trabecular bone,
a decrease in bone tissue mineralization that was more intensely expressed in group 1, and signs
of reparative osteogenesis expressed by active osteoblasts lining the surfaces of bone trabeculae
in group 2. Histomorphometrically, a twofold decrease in the values of the parameter "thickness
of the subchondral bone plate" in group 1 and by 1.5 times in group 2, compared to the controls, can
be attributed to the processes of bone tissue remodeling. The values of the parameter “trabecular
area” were reduced on average by 17 in group 1, by 10 in group 2, and the minimum values
of the parameter “trabecular thickness” were recorded in group 1.

According to the classification of Aho et al. [26], the changes in the subchondral zone observed
in our study corresponded to stage 0 (very early signs of osteoarthritis), when subchondral sclerosis
is not expressed but the subchondral bone plate is thin.

The initiating role of the subchondral bone in the degradation of the articular cartilage was confirmed
by numerous studies [27-29]. The subchondral bone, together with the articular cartilage, forms
an “osteochondral” functional unit and is a mechanical basis for the articular cartilage, supporting
its structure and trophism, protecting it from excessive loads [30—-32].

The pathological changes in the contact zone between cartilage and subchondral bone provoke
significant structural changes in the entire joint. Thinning of the subchondral bone plate
and rarefaction of the subchondral trabecular bone lead to an increased load on the articular cartilage
anddisruption of its structure [29]. Remodeling of subchondral bone tissue is accompanied by vascular
invasion into the area of calcified cartilage. The combination of vascular invasion into the articular
cartilage and an increased influx of catabolic factors without inhibition of metalloproteinases
ensures the progression of cartilage tissue destruction [33, 34].

The observed structural changes in the articular cartilage of the tibial plateau in lower leg prosthetic
applicatoion (thinning, death of some chondrocytes in the superficial zone, uneven staining of the
intercellular matrix) corresponded to grade 0-1 according to the histological classification of the
International Osteoarthritis Society OARSI [35].

A statistically significant decrease in the articular cartilage thickness was observed in group 1
and was accompanied by a higher (1.8 times) of occurrence of vessels in the deep zone of non-calcified
cartilage compared to group 2. The use of group 2 implants contributed to less pronounced changes
in the subchondral zone.

The knowledge gained about the features of structural reorganization of the articular cartilage
and the subchondral zone of the adjacent joint in the conditions of limb prosthetics is of great
importance. Therapeutic strategies aimed at stimulating reparative osteogenesis can prevent joint
destruction.

CONCLUSION

Histomorphometric changes in the osteochondral component of the tibial plateau in lower leg
prosthetic care (thinning of the subchondral bone plate, rarefaction of the subchondral trabecular
bone, penetration of vessels into non-calcified cartilage) are predictors of arthrosis. The use
of implants made of Ti6Al4V alloy coated with a calcium phosphate provides reduction of bone
resoption intensity and activates reparative osteogenesis.
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Abstract

Introduction The development of new ceramic materials with high osteointegrative characteristics
and experimental substantiation of their application is an important issue in traumatology. The purpose
of the work was to study the biological compatibility and osteointegrative characteristics of implants made
of zirconium ceramics stabilized with yttrium, ytterbium and gadolinium for filling diaphyseal bone defects
in an experiment.

Material and methods The study was performed on 18 male Chinchilla rabbits. Diaphyseal defects
with intramedullary implantation of a rod made of a new ceramic porous (PC), non-porous (NPC) material
and titanium alloy (TA) were modelled. The animals were divided into 3 groups based on the rod used: PC, NPC
and TA (n = 6 in each). Hematological parameters were studied one day before and 8 weeks after the operation.
Withdrawal of animals from the experiment, X-ray control and tissue sampling with subsequent histological
and morphometric examination were performed at 8 weeks after the operation. Statistical data processing
was performed using the Statistica 10 software. The Kruskal — Wallis test with subsequent intergroup analysis
was used to compare the study groups. The Wilcoxon criterion was used to assess changes in dynamics
in individual groups. The results are presented as median and interquartile range.

Results Eight weeks after the surgery, in the PC group compared to the NPC and TA groups the levels
ofleukocytes,monocytesand granulocytesweresignificantlylower (p = 0.025;p = 0.022;p = 0.005,respectively);
no significant differences were found in other hematological parameters. The results of histomorphological
studies showed that better integration of implants was observed when using PC rods compared to TA and NPC
implants. The thickness of the bone trabecula in the implantation area was significantly higher in the PC group
compared to the TA and NPC groups (86.2 [55.8; 109.9], 56.0 [47.2; 75.9] and 33.1 [19.0; 84.5], respectively,
in both cases p < 0.001).

Discussion We studied the biocompatibility and osteointegrative properties of implants made of a new ceramic
material in two versions, nonporous and porous (pore size of 10-50 ym), and compared them with titanium
alloy implants. It was previously proven that alloyed ceramic materials are attractive for tissue regeneration
due to their functional properties, biological activity, and therapeutic effects provided by the introduced
ions. The results of our histological and morphometric studies confirmed the better biocompatibility
and osteointegration of implants made of porous zirconium ceramics (PC) containing yttrium, ytterbium,
and gadolinium ions, compared to implants made of NPC and TA.

Conclusion A new zirconium-based ceramic demonstrates biological compatibility. Implants with pore sizes
of 10-50 pm have good osteointegrative characteristics which determine their possible use in the treatment
of bone defects.

Keywords: diaphysis, bone defect, implant, zirconium ceramics, biological compatibility, osseointegration,
experiment
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INTRODUCTION

In 2020, in peacetime, more than 11 million fractures resulting from accidents were registered
in Russia. Bone injuries to the upper limbs in the structure of injuries, poisoning and other
consequences of external causes amounted to 34.6 %, the lower limbs to 33.2 %, malignant
neoplasms of bone tissue to 4.2 % of all oncological diseases [1]. The rate of limb injuries during
military conflicts of the last decade exceeds 60-70 % and does not tend to decrease, while injuries
to the lower limbs with disruption of bone integrity and weight-bearing function occur twice as often
as to the upper limbs [2]. The presence of a bone defect is the cause of long-term, sometimes failed
treatment, and can lead to persistent disability [3]. To compensate diaphyseal defects, various
methods of auto- and alloplasty are used in combination with closed intramedullary osteosynthesis
with a titanium nail or transosseous distraction osteosynthesis, as well as a combination of bone
grafting technologies according to Ilizarov and Masquelet [4].

An orthopedic traumatologist must have a sufficient number of implants/augmentations of various
designs, as well as a diverse arsenal of osteoplastic and bone substituting materials to treat
a pathological orthopedic symptom complex and critical bone tissue defects resulting from
high-energy and gunshot trauma. Autobone, allografts and demineralized matrix as bone substituting
materials are often not applicable for extensive defects; there are risks of donor bed inflammation,
immune reaction of recipients and rejection of a foreign implant [5]. Special bioinert durable
materials and structures made of ceramics and titanium with high osteointegrative characteristics
are required, which will allow not only recovery of the shape of the lost bone fragment, but also
restoration of the supporting function of the limb as a whole [6, 7].

The use of artificial bone substitute biomaterials has advantages due to their compatibility
with autologous bone, ease of modeling and the possibility of their use in large volumes [8].
Bioceramics have found wide application in surgical traumatology and orthopedics [6]. In Russia
and abroad, various types of ceramics based on calcium phosphate are successfully used, being
the closest materials in their composition and structure to human bone tissue [9], as well as zirconium
ceramics due to their inertness to body tissues and good mechanical characteristics [10]. Moreover,
a positive effect of zirconium on osteoblasts has been shown [11]. Research has been conducted
on the modification of the chemical structure of bone substituting materials to optimize their
biointegration and physical characteristics [12]. In particular, the introduction of rare earth elements
into zirconium ceramics has a significant effect on the corrosion resistance of composites [13]
and on the inhibition of the expression of genes specific to osteoclasts [14].

Due to the fact that the development of new ceramic materials with high osteointegrative features
and experimental trials of their use for diaphyseal defects is a relevant problem in modern
traumatology, the Mikroakustika LLC has developed a new ceramic material, zirconium ceramics
stabilized with yttrium, ytterbium and gadolinium Zr9Y5Yb5Gd (TU-20.12.19.001-20883295-2020).
The ceramic material has corrosion and erosion resistance, wear resistance, is resistant to oxidation
and high-temperature sterilization.

The purpose of the work was to study the biological compatibility and osteointegrative characteristics
of implants made of zirconium ceramics stabilized with yttrium, ytterbium and gadolinium for filling
diaphyseal bone defects in experimental conditions.

MATERIALS AND METHODS
Samples for tests

A new ceramic material was studied: zirconium ceramics stabilized with yttrium, ytterbium
and gadolinium. The samples were made by cold pressing followed by sintering in an atmospheric
furnace. After sintering, final mechanical treatment was performed. Samples of the ceramic material
of two types were prepared: non-porous and porous (pore size 10-50 um). Rods for fracture
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osteosynthesis (intramedullary implantation) 50 mm long with a round cross-section of 5 mm were
fabricated from porous and non-porous materials. Rods of a similar size were made of a medical
titanium-based alloy.

Experimental animals

The study was performed on 18 male Chinchilla rabbits weighing 3-3.5 kg. The animals were kept
in identical feeding and housing conditions (at the vivarium of the Ural State Medical University).
All animals had a veterinary certificate of quality and health. The protocol for the use and care
of animals complied with the “Methodological recommendations for the maintenance of laboratory
animals in vivariums of research institutes and educational institutions” RD-APK 3.10.07.02-09
and “Directive 2010/63/EU of the European Parliament and of the Council of the European Union
on the protection of animals”. The study was approved by the local ethics board of the Ural State
Medical University, protocol dated 05.20.2020 No. 5.

Diaphyseal defect modelling and intramedullary implantation of the rod

All animals underwent bilateral modeling of the diaphyseal defect of the femurs and bilateral
intramedullary osteosynthesis with rods. In accordance with the study design, the animals were
divided into three groups (six in each). Non-porous ceramic (NPC) rods were implanted into the right
and left femurs in the first group, porous ceramic rods (PC) were implanted in the second group,
and titanium alloy (TA) rods were implanted in the third group.

Under intravenous anesthesia, the medullary canal of the femur in the intercondylar region was
retrogradely drilled, and a rod made of bone substituting material was installed in the canal.
Then, a linear incision of the skin and fascia was made along the lateral surface of the thigh,
and access to the diaphysis of the femur was achieved layer by layer between the muscles.
At the border of the middle and lower thirds of the femur, a cylindrical 10-mm long bone defect
of the diaphysis was formed by double circular osteotomy which was crossed with a rod made of bone
substituting materials that had been retrogradely installed in the medullary canal at the first stage
of the surgical intervention. The wound was sutured layer by layer. The animals were withdrawn
from the experiment; radiography of the hind limbs and tissue harvesting were performed eight
weeks after the operation.

Hematological study

Blood samples were collected from the marginal vein of the rabbits' ears into standard laboratory
test tubes one day before surgery and eight weeks after surgery before the animals were withdrawn
from the experiment. Hematological parameters were determined using an automatic hematological
analyzer Cell-70 (Biocode-Hygel, France). The study was performed according to the protocol
recommended by the manufacturer.

Histological study of peri-implant bone tissue

Each sample of laboratory animal femurs, cleared of soft tissue, was fixed by immersion in 10 %
buffered formaldehyde at room temperature for at least seven days. After fixation, the samples were
decalcified for 48 hours in a solution of hydrochloric (11.5 * 0.5 %) and formic (5.8 = 0.3 %) acids,
which was changed every 24 hours. Decalcified samples with partially dissolved and removed ceramic
specimens, as well as with removed titanium implants, were cut to form two 2- to 4-mm-thick
plates at the diaphysis level. The resulting plates were dehydrated in graded ethanol and embedded
inparaffintoformblocks.Paraffinblocks were sectioned toathickness of 3to4 um,and the material was
stained with hematoxylin and eosin. Histological and morphometric studies were performed using
an Olympus CX-41 microscope and a Levenhuk M1000 PLUS camera. Measurements were taken
using the Phenix Phmias 3.0.6731 software. Histomorphological determination of bone trabecular
thickness was performed in the peri-implant area (10 measurements per sample, 60 measurements
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per study group). The length of the bone trabecular surface (LBTS) formed in the implant area,
the total length of the osteoblast surface (TLObS) and the total length of the osteoclast surface
(TLOCcS) located on the surface of these trabeculae were measured in micrometers (um) on digital
images of histological preparations captured at a total magnification of 400x (eyepiece — 10x,
lens — 40x). Measurements were taken in at least 20 fields of view for one case. Next, we calculated
relative indicators: the percentage of the length of each of the designated cell types. The length
of the trabecula was taken as 100 %. The calculation was carried out using the formulas:

%TLODbS = TLObS (um) x 100 % / LBTS(um);
%TLOCcS = TLOCcS (um) x 100 % / LBTS (um).

Statistical processing of the findings was performed using the methods of variation statistics
in Statistica 10. The Kruskal — Wallis test with subsequent intergroup analysis was used to compare
the study groups. To assess changes in dynamics (before surgery and eight weeks after surgery)
in the groups, the Wilcoxon test for comparing two related (dependent) samples was used. The level
of p < 0.05 was considered significant. The data are presented as median [interquartile range].

RESULTS

Eight weeks after the implantation
of the test materials, radiography
of the pelvis and both hind limbs
of the experimental animals was
taken (Fig.1). Radiography showed
that the area of the diaphyseal defect
was bridged by a ceramic implant
installed intramedullary and tightly
fitted the bone tissue in certain
areas. Osteotomy lines were not
traced, the cortical plates in the area
of the previously formed bone defect

were closed. The integrity of the femur Fig. 1 Frontal X-ray of the pelvis and both hind limbs
) of a rabbit with implanted ceramic rods (porous ceramics)
was restored. eight weeks after surgery

Results of hematological counts of rabbits’ blood samples before surgery and eight weeks after surgery
are presented in Table 1. Before surgery, no significant differences were found between the groups
in any of the studied indicators.

Eight weeks after the surgery, the level of leukocytes, monocytes and granulocytes was significantly
lower in the PC group. It was noted that in the NPC group two months after the surgery the level
of leukocytes and granulocytes demonstrated a significant increase relative to the initial level while
inthe PC group asignificant decrease in these indicators was observed. No significant differences were
found between the groups in the level of lymphocytes, although there was a tendency towards lower
values in the PC group for this indicator. No significant differences were found between the studied
groups in the number of erythrocytes, hemoglobin level, and volume of erythrocytes. No significant
differences were found between the groups in the platelet count of the blood either. At the same
time, a significant increase in the number of platelets and plateletcrit relative to the initial level was
observed in the TA and NPC groups, which was apparently due to moderate reactive thrombocytosis.
In the PC group, the number of platelets did not differ from the preoperative level.
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Table 1
Hematological parameters of rabbits before and after surgery
Hematological indicators in the studied groups
Parameter Term s Non-porous Porous ceramics
Titanium (TA) ceramics (NPC) (PC) pl
1 9.4[8.0; 11.1] 9.9[8.0; 10.7] 9.4[8.0; 12.4] 0.932
<109
Leucocytes, 1071 11.8 [10.2; 13.00] 11.7[11.1; 12.4] 7.6 [6.9; 8.1] 0.021
p2 0.138 0.028 0.028
1 5.3 [4.8; 5.6] 5.7[5.1; 7.1] 4.9 [4.1;6.5] 0.301
9
Lymphocytes, 1071 6.8 [6.3; 8.3] 6.60[5.9; 6.8] 4.6 [4.5;7.2] 0.103
p2 0.043 0.686 0.675
1 0.3 [0.2; 0.3] 0.3[0.2; 0.3] 0.3 [0.2; 0.4] 0.888
9
Monocytes, x10°/1 2 0.4 [0.2; 0.5] 0.3[0.3; 0.3] 0.2 [0.2; 0.2] 0.043
p2 0.361 0.068 0.285
1 3.8 [3.0; 5.4] 4.0[2.8; 3.5] 4.7[3.9; 5.4] 0.243
X 9 ) ) )
Granulocytes, x10%1 - 4.2 [4.0; 4.7] 5.2 [4.2; 5.4] 2.7 [2.4; 3.4] 0.005
p2 0.686 0.028 0.028
1 6.68 [6.39; 6.93] 6.90 [6.69; 7.17] 6.67[6.42;6.78] | 0.368
<1012
Erythrocytes, 10%/1 = 62 16.75: 7.69] 6.82 [6.55; 7.05] 6.94[6.52;7.74] | 0.816
p2 0.345 0.463 0.345
Hemoglobin, g/ 1 144 [142; 148] 147 [144; 150] 145 [140; 148] 0.526
globin, 2 150 [141; 152] 146 [134; 149] 148 [147; 152] 0.684
p2 0.686 0.295 0.281
Hematocit. % 1 41.8[40.5; 41.9] 42.4[41.3; 42.8] 41.3[40.9;42.8] | 0.613
» 2 43.7 [43.2; 44.0] 42.5 [41.0; 43.6] 42.9[41.6;43.1] | 0.459
p2 0.225 0.917 0.116
VY. f 1 63.2 [62.7; 63.6] 63.2 [61.9; 66.4] 63.3[62.5;63.8] | 0.927
: 2 63.1 [62.4; 64.0] 62.1 [61.0; 62.6] 63.2[61.2;64.0] | 0.479
p2 0.178 0.116 0.463
1 372 [341; 429] 491 [473; 575] 429 [392; 508] 0.150
<109
Thrombocytes, x10°/L | 647 [433; 700] 636 [473; 836] 496 [393; 593] 0.264
p2 0.043 0.046 0.249
VPV f 1 5.2 [4.8;5.5] 5.5 [5.1; 6.0] 5.5[5.2; 5.8] 0.498
: 2 5.1[5.1; 5.4] 5.3 [4.9; 6.0] 5.2[5.0; 5.9] 0.963
p2 0.500 0.465 0.753
. 1 0.19 [0.18; 0.24] 0.27 [0.23; 0.35] 0.24[0.22;0.25] | 0.095
o)
Plateleterit, % 2 | 0.32[0.23;0.36] 0.32 [0.28; 0.50] 0.29[0.21;0.30] | 0.610
p2 0.043 0.028 0.249

Note: 1 — before surgery; 2 — eight weeks after surgery; p1 — Kruskal — Wallis test; p2 — Wilcoxon test

Histomorphometric evaluation of osteointegrative features of implants

Osseointegration studies in the TA group showed that a continuous band of trabecular bone,
represented by both lamellar and reticulofibrous bone tissue, was formed around the implant
(Fig. 2 a). Active and resting osteoblasts were visualized on the internal side of the trabeculae facing
the implant (Fig. 2 c). In some small areas. loose fibrous connective tissue with moderately dilated
microvesselsfilledwith erythrocyteswasfound (Fig.2 b).Particles ofimplantation material measuring
from one to 7 uym and isolated areas with an increased accumulation of monocyte-macrophage
differon cells with signs of phagocytosis were visualized (Fig. 2 c). Local inflammatory infiltrates
were detected. A few resorption cavities with osteoclasts were found on the surface of the bone
tissue; active osteogenesis and osteoblasts with amorphous bone substance around them were
noted in some cavities. Hematopoietic fatty bone marrow occupied a significant place between
the bone layer around the implant and the compact plate. The microcirculatory bed in the bone
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marrow area was represented mainly by dilated thin-walled sinusoidal capillaries with signs
of erythrostasis. Moderate reactive changes were noted in the compact plate. It was characterized
by thickening of the adhesion lines. expansion of the Haversian canals of osteons (Fig. 2 a). In most
Haversian and Volkmann canals, blood microvessels with dilated lumens surrounded by a layer
of loose fibrous connective tissue were found (Fig. 2 d). Small layers of partially compacted spongy
bone substance were determined on the endosteal and periosteal surfaces of the plate. Vascularized
loose connective tissue was found in the intertrabecular spaces (Fig. 2 a). Osteoclastic resorption
was weak. There were signs of reactive reparative restructuring of the maternal bone against
the background of sluggish chronic aseptic inflammation due to mild metallosis in the peri-implant
zone. The relative extent of the osteoblast surface was 57.47 %, the relative extent of the osteoclast
surface was 4.5 %. In general, osseointegration of the implant was noted, the material used did not
cause a pronounced negative impact on the tissues of the compact plate and bone marrow.

Fig. 2 Histological structure of tissues in the area of TA implantation: (a) formation of a bone “sleeve” of trabecular

structure around the implant; (b) fibrous connective tissue on the surface of the trabecular bone on the side adjacent

to the implant, osteoclasts are visible on the surface of the bone trabeculae; (c) area of loose fibrous connective tissue

in the intertrabecular zone with signs of imbibition of the implantation material and a local focus of inflammation;

(d) a compact plate with dilated Haversian canals and dilated full-blooded microvessels. Paraffin section. Stained

with hematoxylin and eosin. Magnification 100 (a), magnification 400 (b—d)
In the NPC group, the histomorphological study revealed the formation of fibrous tissue with a layer
of bone trabeculae on the outside at the border with the implant along its perimeter (Fig. 3 a).
The connective tissue showed scarce cellularity, represented by a few fibroblastic differon cells
and clusters of inflammatory cells (leukocytes, lymphocytes, plasma cells, monocyte-macrophage
differoncells).Closer to the compact plate, fibrosing bone marrow with foci of inflammatoryinfiltrates
was noted. Microvessels were few in number, mostly with fibrosed walls and obliterated lumens
(Fig. 3 a). Imbibition of particles of the implantation material in the tissue of the peri-implantation
area was noted (Fig. 3 b). Bone trabeculae of lamellar structure on the surface of the connective
tissue sleeve had signs of chronic inflammation (Fig. 3 c¢). Haversian canals of the compact plate
were unevenly expanded, mostly empty or filled with fibrous tissue (Fig. 3 d). Expressed osteoclastic

resorption was not observed, the histological picture was probably associated with impaired bone
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microcirculation and the state of the chronic inflammatory process. According to the results
of the morphometric study, the relative extent of the osteoblast surface was 57.2 %, the relative
extent of the osteoclast surface was 1.7 %.

Fig. 3 Histological structure of tissues in the area of implantation of the NPC rod made: (a) formation of a fibrous
sleeve with a thin trabecular layer outside around the implant, the bone marrow is fibrotic with foci of inflammatory
infiltrate; (b) fibrous, poorly vascularized tissue adjacent to the implant, particles of the implantation material
integrated into the connective tissue are visible; (c) bone trabeculae of a lamellar structure on the surface
of the connective tissue case with signs of chronic inflammation; (d) compact plate with unevenly expanded,
deserted, fibrotic Haversian canals. Paraffin section. Stained with hematoxylin and eosin. Magnification 100 (a, d);
magnification 400 (b, c)
In the PC group, the results of histomorphological studies of implant osseointegration revealed
that a layer of trabecular bone tissue was formed around the implant; its bone trabeculae were
represented by reticulofibrous bone tissue, but closer to the compact plate the bone tissue had
a lamellar structure;imbibition of material particles in the tissue of the peri-implantation area
was revealed (Fig. 4 a, b). Between the compact plate and the bone tissue formed on the surface
of the implant, gelatinous bone marrow with fatty inclusions and areas of hematopoiesis,
or hematopoietic fatty bone marrow, were visualized. The bone marrow vessels had thin walls, were
dilated and filled with blood cells and plasma, unevenly distributed in the vessel bed. On the surface
of the bone trabeculae, consisting of lamellar bone tissue, functionally active osteoblasts located
in a single row were more often visualized (Fig. 4 c). An active process of osteogenesis was noted
on the surface and in the outer areas of the reticulofibrous bone trabeculae. Osteoclasts were rare
and were often not attached to the surface of the trabeculae. However, resorption lacunae were
found, filled with loose fibrous connective tissue with foci of osteogenesis or bone cells with newly
formed amorphous bone substance in the pericellular space. The compact plate was characterized
by widening of the lumens of some Haversian canals. On the periosteum side, foci of osteoclastic
resorption were noted (Fig. 4 d). Morphometry showed that the relative extent of the osteoblast
surface was 62.3 %, the relative extent of the osteoclast surface was 2.9 %. Thus, the new porous
zirconium-based ceramics showed good osseointegration of the implant; the material used did not
cause a pronounced negative impact on the tissues of the compact plate and bone marrow.
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Fig. 4 Peculiarities of the histological structure of tissues in the area of implantation of a PC rod: (a) formation
of a bone "sleeve" of trabecular structure around the implant, the space between newly formed bone trabeculae
and the compact plate of the maternal bone is filled with hematopoietic fatty bone marrow with small areas
of loose fibrous connective tissue; accumulations of particles of implanted material were found on the surface
of bone trabeculae and in the intertrabecular spaces; (b) trabeculae of reticulo-fibrous bone tissue on the surface
of the implant; (c) a layer of cuboid-shaped active osteoblasts on the surface of the bone trabeculae adjacent
to the implant; (d) a compact plate with widened Haversian canals, enhanced adhesion lines and resorption
from the periosteum. Paraffin section. Stained with hematoxylin and eosin. Magnification: 100 (a, d),
magnification: 400 (b, c)

The results of histomorphological studies to determine the thickness of bone trabeculae
in the implantation area in the TA, NPC and PC groups are presented in Figure 5. This indicator
for the implanted porous ceramic rod was significantly higher not only compared to a titanium
alloy implant (p < 0.001), but also compared to a non-porous ceramic implant (p <0.001):
86.2 [55.8; 109.9] pm, 56.0 [47.2; 75.9] pm and 33.1 [19.0; 84.5] ym, respectively.

p<0.001

120.0 4 |
p<0.001

100.0 -

Fig. 5 Thickness of bone trabeculae in the area
of implantation: titanium alloy (TA) rod, non-
40.0 - porous new ceramic material (NPC) and porous new
ceramic material (PC) in rabbits

20.0

Thickness of bone trabeculae, ym
3
o

0.0 - T T 1
TA NPC PC

DISCUSSION

Due to the increase in human life expectancy and the aging of the population, the development
of new materials and technologies for the functional replacement of a part of an organ or system
is one of the key areas of scientific and technological strategy in the Russian Federation (Decree
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of the President of the Russian Federation No. 642). Special durable materials and structures
with high osteointegrative characteristics are required, which will allow not only to recover the shape
of the lost bone fragment, but also to restore the supporting function of the limb as a whole [15].
Ceramic materials as bone substitutes occupy a special place due to their unique combination
of properties. High strength, wear resistance, low friction coefficient allow the use of such material
under high loads, and compatibility with human tissues reduces the risk of inflammation and adverse
reactions [16]. Moreover, the composition of the ceramic material can be adapted to improve specific
properties [17]. To improve the biological and physical efficiency of multifunctional biomaterials,
metal ions are used [18]; in particular, research is being conducted on alloying ceramics with rare
earth elements [19]. Such alloy ceramic materials are attractive for tissue regeneration due to their
functional properties, biological activity and therapeutic effects provided by the introduced ions [20].

Inourexperimental study,weinvestigated thebiocompatibilityand osseointegrationofimplants made
of a new ceramic material based on zirconium oxide containing yttrium, ytterbium, and gadolinium
ions. It has been previously proven that the introduction of zirconium into the composition
of ceramics significantly improves the mechanical properties of materials [21]. At the same time,
the presence of zirconium in composites does not have a cytotoxic effect on pre-osteoblasts [22],
improves the reaction of osteoblasts in vitro [11], and does not affect the dynamics of hematological
parameters [23]. Good results were obtained in clinical studies on the use of zirconium oxide
implants [24]. The introduction of yttrium into zirconium dioxide-based ceramics provides
exceptional mechanical properties; such a material demonstrates cytocompatibility and does
not cause cytotoxic side-effects or allergic reactions in surrounding tissues [25]. The inclusion
of ytterbium and gadolinium in the ceramic material promotes the proliferation and differentiation
of mesenchymal stem cells of the bone marrow, stimulates the deposition of newly formed bone
and collagen, and increases the durability of the ceramics [26, 27].

We conducted a study of the reaction of the experimental animal organism to the implantation
of a new ceramic material based on zirconium oxide containing ions of yttrium, ytterbium, and
gadolinium. We obtained the main hematological indices in this experiment to fill diaphyseal bone
tissue defects. Our study showed a similar reaction of the animal organism to the new material and
the titanium alloy.

It is known that by changing the nature of the surface and porosity of the implant, its functional
properties can be significantly changed. Thus, smaller pore sizes can increase molecular transport
and removal of cellular metabolic waste. Conversely, large pore sizes promote cell movement [28, 29].
In our study, implants made of a new ceramic material are presented in two versions, non-porous
and porous (with a pore size of 10-50 um). It was determined that in the case of using non-porous
ceramic samples and titanium alloy implants, the parameters of the leukocyte, erythrocyte and
platelet blood components in the postoperative period do not have significant differences. Whereas
in porous ceramics application, the level of leukocytes, the number of granulocytes and monocytes
was lower than in the other two groups, which may indicate a less pronounced inflammatory process
in response to the implantation of an artificial bone substitution material.

The results of previous studies prove that new bone actively forms in contact with zirconium ceramic
surfaces; secreting osteoblasts are found peri-implant in large quantities [30]. Comparative studies
have established that zirconium dioxide implants and titanium-based implants demonstrate similar
results in terms of osseointegration indices [31, 32]. The results of our histomorphological studies
have shown that the implanted rods made of porous zirconium ceramics show better integration
compared to the titanium implants and the implants made of non-porous zirconium ceramics.
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Titanium and non-porous ceramic rods showed moderate or insignificant osseointegration.
Moreover, signs of chronic inflammation were noted, which indicated a worse survival rate of these
implants.

CONCLUSION

The development of new bioceramics based on zirconium oxide and containing ions of yttrium,
ytterbium, gadolinium for compensation of bone and osteoarticular critical size defects is grounded
on the physical and chemical stability, high mechanical strength of the material, the possibility
of demonstrating not only osteoconductive, but also osteoinductive properties. The biological
compatibility of the new ceramic material for filling diaphyseal defects of bone tissue was established
in an experiment on animals. Implants with pore sizes of 10-50 um have good osteointegrative
characteristics, which determines the possibility and necessity of conducting clinical trials
(with the permission of Roszdravnadzor).
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Abstract

Introduction Local antibiotic therapy is used to prevent and treat periprosthetic joint infection, but
the available antibiotic delivery systems have some limitations.

The objective was to determine optimal parameters of pressure, exposure time and type of solvent to ensure
prolonged elution of vancomycin from the original osteosubstituting material based on cancellous allograft
bone using an in vitro experiment.

Material and methods Seven impregnation techniques with different combinations of parameters
were examined including pressure: from atmospheric to reduced (7-10hPa), time: from 5 minutes
to 24 hours, solvent (distilled water, 50 % ethanol solution, a combination of 50 % ethanol and 5 %
polyvinylpyrrolidone (PVP)). The efficacy was assessed by changes in the diameter of the S. aureus ATCC
43300 inhibition zone using the bacteriological method and the dynamics of vancomycin concentration
in the eluate and high-performance liquid chromatography (HPLC). Statistical analysis was performed using
the ANOVA method, Tukey's post-hoc test, Spearman's rank correlation and calculation of the area under
the pharmacokinetic curve.

Results The best efficiency was demonstrated by the method employing reduced pressure, 60-minute
exposure and an alcohol solution with PVP, which provided prolonged release of vancomycin for 14 days
with the maximum area under the elution curve (301364.70) and a high correlation between the concentration
of the antibiotic and the growth inhibition zone (r=0.908, p <0.001). The pressure was found to be
the most significant factor (F=19.9916, p <0.0001), followed by solvent type (F=7.7485, p=0.0006)
and impregnation time (F = 6.8084, p = 0.0014).

Discussion The technique with use of reduced pressure and an alcohol solution with PVP provides
prolonged release of vancomycin for 14 days as opposed to conventional local antibiotic therapy with
limited effectiveness of 3 to 7 days. The advantage of the approach includes uniform elution kinetics
compared to polymethyl methacrylate and biodegradable carriers, which demonstrate a sharp initial release
of the antibiotic. The complementary use of the microbiological method and HPLC indicated antimicrobial
activity of vancomycin maintained after impregnation being essential for the therapeutic effect.

Conclusion It has been experimentally established that reduced pressure (7-10 hPa), an exposure time
of 60 min and the use of 50 % ethanol with 5 % PVP as a solvent appeared to be the optimal parameters
for ensuring prolonged elution of vancomycin from an osteosubstituting material based on cancellous
allograft bone.

Keywords: bone-substituting material, impregnation, vancomycin, local antibiotic therapy, antibiotic elution,
periprosthetic joint infection, MRSA
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INTRODUCTION

Osteosubstitute materials (bone grafts, calcium phosphate materials, bioactive glasses, biopolymers,
composite materials) are used to fill defects formed during total joint replacement, spinal arthrodesis,
after radical treatment of chronic osteomyelitis and in orthopedic oncology [1]. With modern
antiseptic and antibacterial agents used intra- and postoperatively infection is one of the most
serious and devastating complications following orthopedic surgery [2].

Staphylococcus aureus is the most common causative agent of periprosthetic joint infection [2, 3].
The infectious process caused by this microorganism passes through several stages: penetration
into the body, evasion of immune system factors, adhesion to the implant surface and formation
of a biofilm [4,5]. Cell wall components, enzymes and exotoxins of S.aureus contribute
to the virulence by ensuring invasion and stable persistence of the pathogen in the bone [1].
Moreover, staphylococcal cells in biofilms demonstrate reduced sensitivity to antibiotics [4, 6]
which leads to chronic infection, repeated surgical interventions and long-term etiotropic
antibacterial therapy [7].

Systemic antibacterial therapy to be administered in the perioperative period as a standard of medical
care during the interventions is used to prevent infections during implantation of a significant volume
of allogeneic osteosubstituting materials which is the [8]. However, systemic antibiotic therapy
can be ineffective due to insufficient blood supply at the site of the replaced defect [9]. Physical
adsorption of antibiotics on the surface of osteoplastic materials is a promising method of local
antibiotic therapy in the treatment of infections. Key factors of therapeutic effectiveness are to be
identified in the development of osteosubstituting materials with antibacterial properties. The ability
to ensure stable maintenance of a local antibiotic concentration exceeding the minimum inhibitory
concentration (MIC) over a long period of time is the fundamental criterion to be considered. This
condition is necessary to achieve an antibiofilm effect and prevent the selection of resistant strains
of microorganisms [10]. The uniformity of antibiotic release from the osteosubstituting material is
an important parameter. Previous studies have shown that a significant portion of the antibiotic
elutes during the first day after implantation, which reduces the effectiveness of antibacterial
therapy [11].

The objective was to determine optimal parameters of pressure, exposure time and type of solvent
to ensure prolonged elution of vancomycin from the original osteosubstituting material based
on cancellous allograft bone using an in vitro experiment.

MATERIAL AND METHODS

Thebiological material was obtained from the femoral heads resected during primary hip arthroplasty
and immediately placed in a three-layer sterile package. The patients were examined preoperatively
for antibodies to human immunodeficiency viruses HIV-1 and HIV-2, hepatitis B and C, total IgM/
IgG antibodies to Treponema pallidum (ELISA) in the blood and signed informed voluntary consent
for intraoperative bone collection. The material was frozen at -80 °C, a standard temperature
for long-term storage of biological tissues to slow down protein and other molecules degradation.

Freshly frozen femoral heads were manually cleaned off the cartilage and cortical bone under sterile
conditions. The remaining cancellous bone was sawn into 5x5x5 mm blocks (n = 21) to standardize
the samples and facilitate placement in 10 ml test tubes. A combination of chemical and physical
effects was used to delipidize and purify the material according to the method described
in patent RU 2722266 C1 “Lyophilized biological biodegradable mineralized bone-plastic material
and the manufacturing method” (Fig. 1).
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Fig. 1 Stereomicroscopic image of purified delipidized bone material prior to block cutting (a) and after block
cutting and impregnation with AB vancomycin (b). Magnification 2x (Lomo, Russia)
Pressure, impregnation time and type of solvent as the three key parameters were explored
to optimize impregnation of osteosubstituting material with vancomycin (Vancobact,
Pharmasyntez JSC, Russia).

The pressure during impregnation varied from atmospheric (= 1013 hPa) to reduced (7-10 hPa)
at a solution temperature of +2 °C to +8 °C. The pressure allowed for conditions under which
the water was in a pre-boiling state to ensure the best penetration of the antibiotic into the porous
structure of the material and the effective impregnation.

The impregnation time period ranged from 5 min to 24 h. Short impregnation periods (5 and 60 min)
were used to assess the possibility of rapid saturation of the material with antibiotic, which is
important for the practical application of the method and the potential reduction in the overall
manufacturing time of the final product. Long-term exposure (24 hours) allowed us to estimate
the maximum possible degree of material saturation under various conditions.

The following solvents were used:
1) distilled water (H2O) as a base solvent;
2) 50 % ethanol solution with better penetrating ability due to lower surface tension;

3) a combination of 50 % ethanol with 5 % polyvinylpyrrolidone (PVP), where the polymer additive
was supposed to provide better stabilization and retention of the antibiotic in the transplant
structure.

The volume of the solution depends on the calculated density of the solvents, based on the need
to achieve a mass percentage of the antibiotic of 5 %. The aqueous solution has a density
of approximately 1 g/ml, while a 50 % alcohol solution has a lower density (~0.93 g/ml)
and the density of the solution slightly increases (~0.94 g/ml) with use of a 50 % alcohol solution
with the addition of PVP. Three cancellous bone samples were used for each method. A comparative
analysis of the methods was produced by sequential changing of one parameter with fixed values
of the others (Table 1).

Table 1
Methods of impregnation of samples of original osteosubstituting material with vancomycin
No Solvent V of the solution, mL Pressure, hPa Impregnation time
1 |H,O 20 ~1013 60 min.
2 [HO 20 ~1013 24 h
3 HO 20 7-10 5 min.
4 |[HO 20 7-10 60 min.
5 |HO 20 7-10 24 h
6 | Ethanol 50 % 21.5 7-10 60 min.
7 |Ethanol 50 % + PVP 5 % 21.2 7-10 60 min.
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For a comparative study of the duration of antibacterial activity, each impregnated sample was
placed in a separate sterile tube containing 3 ml of physiological solution. A sample without
vancomycin was used as a negative control. Incubated at 37 °C for 18-24 hours. The samples were
transferred to fresh saline after 24 hours and continued to be incubated under the same conditions.
A suspension of the test isolates with an optical density of 0.5 by McF was prepared, applied with
a cotton swab to Mueller-Hinton agar and distributed over the surface. Reference strains of S. aureus
ATCC 43300 (MRSA) with a vancomycin MIC of 1.5 mg/ml were used as test strains. A suspension
of the daily bacterial culture (0.5 McF) was distributed over the surface of Mueller-Hinton agar. After
each day of incubation, 10 ul of the incubation solution with samples were applied to the bacterial
lawn in three replicates and incubated for 24 hours at 37 °C. The formation of a growth inhibition
zone at the site of application of a drop of supernatant was assessed as the presence of a sufficient
concentration of vancomycin to inhibit bacterial growth. The dynamics of vancomycin elution were
assessed visually by the presence and size (diameter, mm) of the MRSA growth inhibition zone
(Fig. 2). The physiological solution was replaced daily and fresh saline was added to the sample tube.
The procedure was repeated until there was no visible growth inhibition zone in the Petri dishes.

Fig. 2 Petri dishes with S. aureus
ATCC43300(MRSA)culture 10days
after the start of the experiment:
(a) no growth inhibition zone,
method 1; (b) growth inhibition
zone at the site of drop application,
method 7

The concentration of vancomycin in the incubation solution was determined by high-performance
liquid chromatography (HPLC) on a SHIMADZU device, Shim-pac HR-ODS column (Japan). From
test tubes with samples, 1 ml of the daily incubation solution was transferred to Eppendorf tubes
and centrifuged for 5 min., 13,000 rpm. Then the supernatant was transferred to a vial and placed
in the chromatograph. The volume of the injected sample was 100 ul. Flow rate was 0.45 ml/min.
The test lasted for 25 min. The vancomycin retention time on the chromatogram was 8.5 min.
During the first 7 days, the incubation solution was diluted 1000 times, and the concentrations
were multiplied by the dilution factor. Standard vancomycin solutions in concentrations from
0.1 to 10 mg/ml were used for HPLC calibration. The calibration curve was plotted based on the
peak area corresponding to the vancomycin retention time (8.5 min). Chromatographic analysis
was performed in LabSolutions software, ensuring accuracy and reproducibility of measurements
by performing triplet analyses of each sample.

Statistical analysis was used to process the data in order to determine significant differences
between vancomycin impregnation methods. Primary data were recorded in Microsoft Excel 2019,
Version 16.72. The normality of distribution was tested using the Shapiro — Wilk test as the most
powerful for small and medium-sized samples (n < 50). All quantitative indicators demonstrated
normal distribution (p > 0.05). Quantitative data were presented as mean * SD. One-way analysis
of variance (ANOVA) was used to compare means between groups, followed by Tukey's post-hoc test
to detect pairwise comparisons because:

— all groups had equal sample size;
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— pairwise comparisons between all groups were needed,;

— Tukey's test provided good control of Type I error maintaining sufficient statistical power.

The area under the pharmacokinetic curve (AUC, Area Under Curve) was calculated as an integral
pharmacokinetic indicator of vancomycin elution during the observation period using the trapezoid
method. The calculation was produced using GraphPad Prism 9.0 software (GraphPad Software, USA)
based on the experimentally obtained drug concentrations at various time points (from 1 to 14 days).
The Spearman correlation coefficient was used to assess correlation between vancomycin
concentration and the zone of growth inhibition. The significance threshold was set at p < 0.05.
The determination coefficient (R?) was used to assess the degree of compliance of the experimental
data with the exponential model. All statistical analyses were performed using Microsoft Excel 2019,
Version 16.72, IBM SPSS Statistics, Version 23.0.0.0 (USA), MacOS, Monterey 12.2.1.

RESULTS

Analysis of the antibacterial activity of various impregnation methods for S.aureus (MRSA)
demonstrated comparable efficiency with growth inhibition zones in the range of 20.7-24.7 mm
(Table 2) on the first day of observation. Some groups of samples reduced the activity after two days.

Table 2
Dynamics in the diameter of MRSA growth inhibition zones in groups
of samples impregnated with different methods
Day Diameters of MRSA growth inhibition zones using different methods, M # SD, mm

Method 1 Method 2 Method 3 Method 4 Method 5 Method 6 Method 7
1 22.0+0.0 21.7+0.6 24.0%+0.0 23.3%+1.6 24.7+0.6 20.7+0.6 22.3+1.2
2 16.7+2.3 18.3+0.6 20.0+0.0 20.7+0.6 20.7+0.6 20.7+0.6 22.3+1.2
3 15.3+0.6 16.0+ 1.7 16.3+1.2 16.7 £0.6 15.3%£1.5 15.3£0.6 22.0+0.6
4 9.0%0.0 12.7+£1.2 14.0£3.5 14.0£3.6 16.7+1.5 15.7%2.5 16.7+1.5
7 b/d* b/d 12.0+0.0 13.3£1.2 15.3+£1.2 15.3+£1.2 16.0 £0.0
8 b/d b/d 8.0%0.0 8.7%0.6 13.3+£1.2 13.7£0.6 15.0£1.0
9 b/d b/d b/d 8.0£0.0 9.3+2.3 11.7£2.5 13.0£13.0
10 b/d b/d b/d b/d 9.0+ 0.0 8.7+0.6 10.7£2.3
11 b/d b/d b/d b/d b/d 53%4.6 8.0£0.0
14 b/d b/d b/d b/d b/d b/d 8.0+ 0.0

Note: b/d — values below the detection limit of the method (0.0 = 0.0); data are presented as mean * standard deviation
(M # SD), n = 3 for each group.

Statistical analysis of the results revealed significant differences in the effectiveness
of the antimicrobial treatment methods. One-way analysis of variance (ANOVA) showed statistically
significant differences in the dynamics of the diameter of MRSA growth zone suppression in samples
impregnated with different methods (F =4.8192, p = 0.0001). Impregnation in an aqueous solution
of antibiotic at atmospheric pressure was the least effective, and increasing the time from 60 min
to 24 h had no impact on the duration of antimicrobial activity (AMA) of samples impregnated
by methods 1 and 2. Saturation of samples in an aqueous solution of antibiotic under negative
pressure did not lead to a significant prolongation of the antistaphylococcal activity. The use
of an alcohol solution for impregnation under vacuum conditions was the most effective
in comparison with methods 1 and 2 (p = 0.0283 and 0.05). The impregnation of 5 min., 60 min.
and 24 hours showed no significant effect of time on the duration of AMA of samples groups 5, 6
and 7, respectively (p from 0.9476 to 1.0 in pairwise comparisons). Statistical analysis of the dynamics
in the diameters of the MRSA growth inhibition zones using the Tukey post-hoc test showed that this
parameter for samples impregnated with methods 5, 6 and 7 was statistically significantly higher
than the indicator for method 1; in addition, the indicators for method 7 were significantly better
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differences between the impregnation methods (Table 3). The duration of effective elution ranged
from 4 to 14 days, with the least total amount of vancomycin isolated from samples impregnated
according to Method 1 using an aqueous solution and atmospheric pressure and the largest amount
was isolated from samples saturated in an alcohol solution with a polymer under vacuum conditions
(method 7).

Table 3
Dynamics of vancomycin concentration in incubation solution with samples impregnated in different ways
Day Vancomycin concentration, M + SD, pg/ml
1 2 3 4 5 6 7
1 23658 + 1183 | 18747 +938 | 21551+ 1078 | 25001 + 1250 | 65258 £3263 | 44679 + 2234 | 82755 + 2069
2 258 +13 3234+ 162 4287 =215 7839 + 392 17894 + 895 17516 876 | 99578 £ 4979
3 574 +29 1234 £ 62 1852 =92 2816 = 141 4648 £ 233 5791 + 287 92877 + 4644
4 447+73 246 £ 13 1554 =75 1755 =88 3780 189 5260 + 263 45621 + 2281
5 b/d* 36%2 1354 £ 68 489 * 25 1957 £98 3649 + 183 9658 £ 483
6 b/d b/d 823+ 41 546 + 28 933 + 47 2846 * 143 5710 + 286
7 b/d b/d 450 £ 23 480 + 24 784 %39 1120+ 56 3903 £ 195
8 b/d b/d 1297 238 £ 12 41721 490 * 25 1244 + 62
9 b/d b/d b/d 38.1%2.0 236.1+12.0 166.9 £ 8.0 987 £ 50
10 b/d b/d b/d b/d 45.0%2.3 69.0 3.5 259+ 13
11 b/d b/d b/d b/d b/d 43.0+3.4 54.1+2.7
14 b/d b/d b/d b/d b/d b/d 27.9+1.4
Total release 24937 23497 32000 £ 39202.1 % 95952.1 + 81629.9 342674 *
1183.5 954.8 1112.6 1314.8 3384.9 2414.8 7507.3

Note: b/d — values below the detection limit of the method (0.0 £ 0.0); data are presented as mean * standard deviation
(M £ 8SD), n = 3 for each group; total release calculated as the sum of the average values for the observation period, pg/ml.

It was found that increasing the impregnation time in an aqueous solution of the antibiotic
at atmospheric pressure from 60 min. to 24 h statistically increased the concentration of vancomycin
in the incubation solution throughout the observation period (p < 0.05). The most pronounced
differences were observed after two and four days (p = 0.0000).

Increasing the saturation time of the samples in an aqueous solution under vacuum from 5
to 60 min showed no significant differences in the concentration of the antibiotic isolated
on the first day (p > 0.05), and the concentration of vancomycin eluted from the samples in method 4
was 1.4-1.8 times higher than in method 3 after 2 to 3 days (p = 0.0001). A similar trend was revealed
when analyzing the effect of pressure on the intensity of the antibiotic release. A similar trend
was revealed when analyzing the effect of pressure on the intensity of antibiotic release. Samples
inoculated with methods 1 and 4 showed no significant differences in vancomycin release on the first
day (p=0.2479), however, differences in the concentration of the antibiotic in the incubation
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solution were statistically significant after two days (p = 0.0000). Increasing the impregnation time
of samples in an aqueous solution in a vacuum to 24 hours (method 5) showed the highest saturation
efficiency of all the methods using distilled water, both in terms of the duration of vancomycin
elution and the concentration (p < 0.05).

A 60-min impregnation in an alcoholic antibiotic solution (method 6) under vacuum conditions was
comparable to 24-h saturation in an aqueous solution (method 5) (p > 0.05) in terms of the duration
of vancomycin elution and the total mass of antibiotic released. Addition of the polymer
to the alcoholic antibiotic solution (method 7) provided the longest elution time (14 days)
and the highest amount of released antibiotic among the methods.

The area under the elution curve (AUC) demonstrated significant variability between groups.
The minimum value was recorded with method 1 (13108.00), then a consistent increase in the indicator
was observed: method 2 (14123.50), method 3 (21224.50), method 4 (26701.60), method 5 (63323.10),
method 6 (59333.40). The maximum AUC value was achieved with method 7 (301364.70), which
exceeded the indicator by more than 23 times for method 1 and by 5 times for method 6.

The results indicated a significant influence of both impregnation time and pressure on the elution
characteristics, with the greatest efficiency achieved when using a combined solvent with
the addition of PVP.

Assessment of the correlation between the concentration of vancomycin in the incubation fluid
and the zones of inhibition of microorganism growth (Fig. 4) indicated the strongest correlation
for samples of group 7 (r=0.908; p <0.001), which indicated a high degree of linear dependence
between the parameters. Methods 4, 5 and 6 demonstrated statistically significant correlations
(p < 0.05), with correlation coefficients of 0.809, 0.822 and 0.723, respectively. Method 3 showed
borderline statistical significance (r = 0.796; p = 0.058), while Methods 1 and 2 did not reach the level
of statistical significance (p > 0.05) despite high correlation coefficients (0.777 and 0.870, respectively).
el =
Method
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- 7

In, um/ml
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Fig. 4 Dynamics: (a) of vancomycin elution from samples impregnated with different methods; (b) of changes

in growth inhibition zones of S. aureus (MRSA)
The exponential decay analysis revealed a high degree of confomity of the exponential model for most
groups, as confirmed by the values of the coefficient of determination (R?). Group 2 showed an almost
perfect conformity (R? = 0.990) and the steepest slope of the exponent (-1.509) indicating the fastest
decrease in indicators in this group. Groups 3—7 showed similar exponential decay characteristics
with R?>0.91 and flatter slopes ranging from —0.591 to —0.778. Notably, Group 1 showed the lowest
conformity to the exponential model (R? = 0.484) with a relatively steep slope (-1.111).

The exponential dependence of the antibiotic release kinetics demonstrated the importance
of a comprehensive assessment of several key parameters: the duration of antimicrobial activity,
the total dose of the released antibiotic and the area under the pharmacokinetic curve (AUC), which
together determine the therapeutic efficacy of local antibiotic therapy.
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DISCUSSION

Local antibiotic therapy in modern orthopedic surgery demonstrates high efficiency
in the prevention and treatment of infectious complications after operations (arthroplasty,
vertebrology, maxillofacial surgery, oncology, purulent osteology) [12-15]. Literature analysis
indicates significant progress in the development and implementation of various systems for local
delivery of antibacterial drugs [16—-18].

Polymethyl methacrylate (PMMA), as a traditional material for local antibiotic therapy, provides
stable, but not prolonged release of the antibiotic when mixed with vancomycin lasting from 1
to 9 days and up to 14 days in exceptional cases [19-21]. In addition to disadvantages of bone cement
including re-intervention [16, 22] and the risk of bacterial colonization with the formation of primary
biofilms on the PMMA surface in the first 18 hours [23, 24], only 7 % of the total amount of antibiotic
used is eluted into the surrounding tissue [25]. Increased local concentration of the antibiotic
through increased mass of the added drug (more than 6 g per 40 g of PMMA) reduces the mechanical
strength of the cement, which does not meet ISO standards [26].

As an alternative for creating a local depot, biodegradable carriers (calcium sulfate, biodegradable
polyurethane, polyethyl acetate, polylactide-coglycolide and polylactide) are reported [12,27]
with local concentrations being approximately ten times higher than with PMMA but remained below
reported cell toxicity thresholds[28]. However, complete resorption of the implants after 6 weeks
(range 30-60 days), outpacing the rate of bone formation can lead to the formation of bone
cavities, fractures and recurrent infection [29]. The kinetics of antibiotic release from all carriers
is characterized by an initial peak release after 48 hours: (9862 * 1782) ng/ml for PMMA spacers;
(38394 £ 7071) ng/ml for PMMA beads, with a subsequent gradual decrease in local concentration
[30]. Biodegradable materials demonstrate a faster and more complete release of antibiotics
compared to PMMA (CaSO4 during the first three days) [22]. In our series Method 7 demonstrated
a smoother exponential decrease (R? > 0.91, slope from -.591 to -0.778).

Other methods of local antibiotic therapy include direct sprinkling of the wound with antibiotic
during surgical treatment or intra-articular administration of antibiotic solutions, which allows
for the short-term creation of therapeutic concentrations at the site of surgical intervention
(up to 24 hours) without a significant increase in systemic levels of the antibiotic [31, 32].

Allografts impregnated with antibiotics is an alternative method for creating local concentrations
of antibiotics, devoid of the above-described disadvantages. The available methods can be divided
into several categories depending on the technology of saturating the material with antibacterial
drugs. Allograft bone mixed manually in antibiotic solution followed by dryingis the simplest and most
common method. Impregnation time can vary from a short period of 30-60 min to prolonged 120-
180 min. Antibiotic release is uneven, with the maximum concentration in the first 24-48 hours
with40-60 % of the total amount of impregnated antibioticbeingreleased [33—36]. Coraca-Huber et al.
reported some of the antibiotic concentrations exceeding the MIC for staphylococci for up to 7 days
in vitro and for up to 3 days in vivo with the allograft immersed in an antibiotic solution [36].

Iontophoresis is an effective method for providing high initial concentrations of antibiotics
and maintaining antimicrobial activity for up to 2 weeks [37]. However, the method is characterized
by significant variability of results and requires additional studies of the effect on bone structure.

Our study offered an optimized method for impregnating osteosubstituting material as an approach
to local antibiotic therapy. As opposed to conventional methods demonstrating limited effectiveness
(3-7 days of antimicrobial action), the method provided prolonged release of vancomycin for up
to 14 days while maintaining therapeutically significant concentrations using a combination
of reduced pressure (7-10 hPa) and an alcohol solution with the addition of PVP. Statistical analysis
revealed that the factors explored in the study had impact on the impregnation efficiency.
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In our series, we used a complementary approach, combining the microbiological method and HPLC,
which allowed us to obtain a more complete picture of the efficiency of the impregnation method
developed.

Microbiological analysis plays a role and allows confirmation of the preserved vancomycin AMA
after exposure to various physical and chemical factors during the impregnation process.

The presence of zones of inhibition of MRSA growth throughout the observation period suggests
that the antibiotic retains its biological activity despite potential structural changes under
the influence of pressure, temperature and chemical agents. High correlation between the size
of inhibition zones and antibiotic concentration (r=0.908; p<0.001) confirms the release
of the active form of the drug from the samples.

HPLC provides a quantitative assessment of the kinetics of vancomycin elution and allows us
to determine the exact concentrations of the drug at different time points. This enables detailed
pharmacokinetic profiles to be constructed, release uniformity to be assessed and the total
antibiotic release to be determined. Analysis of AUC and exponential decay patterns (R?>0.91)
demonstrates the benefits of the optimized impregnation technique for sustained drug delivery.
The osteosubstituting material used in the study is characterized by an optimal porous structure
comparable to other materials used in bone grafting. Autografts and allografts have a porosity
of 50-90 % with a pore size of 100-500 um. Synthetic materials demonstrate the following
parameters: hydroxyapatite, porosity of 30-90 % with pores of 100-400 pm; tricalcium
phosphate, porosity of 35-80 % with pores of 100-400 um; bioactive glasses, porosity of 20-60 %
with pores of 100-500 pm. Biopolymers, such as collagen matrices (porosity of 85-95 %, pores
of 50-350 um) and PLLA scaffolds (porosity of 60—90 %, pores of 100-500 um) have a developed
porous structure [38, 39]. The material architecture provides a large surface area for interaction
with antibiotics, which is confirmed by examples of impregnation of synthetic osteosubstituting
materials [40—-42]. The spongy structure of such a product allows for a high degree of antibiotic
adsorption, which ensures stable and controlled release of the drug in combination with optimal
impregnation conditions (pressure, solvent, time).

Despite the high local concentrations of the antibiotic achieved during elution, the use of vancomycin
remains safe in the context of potential toxicity. At concentrations up to 1000 ug/ml, vancomycin
does not have a significant cytotoxic effect on osteoblasts, confirming its safety for bone tissue when
applied locally [43]. With high local concentrations of the antibiotic (up to 1400 pg/ml) laboratory
tests demonstrate minimal systemic vancomycin levels (less than 1.5 mg/ml) and the absence
of nephrotoxicity, confirmed by the absence of statistically significant changes in creatinine and urea
levels after surgery (p >0.05) [15]. The exponential nature of the antibiotic release (RZ>0.91
for methods 3-7) ensures a gradual decrease in local concentrations and increases the material safety.

A longer period of antibiotic release can be expected in clinical scenario when the impregnated
allograft is impacted in the bone bed. This is due to the fact that the compression of the material
creates additional diffusion barriers that slow down the elution of the drug. This assumption
requires further study in vivo, but the results obtained allow us to predict a sufficient duration
of the antimicrobial effect for the prevention and treatment of peri-implant infection.

The study allowed us to identify the optimal parameters of impregnation of osteosubstituting
material based on spongy allobone with vancomycin to ensure prolonged elution of the antibiotic.
The obtained results open up prospects for the creation of new protocols of local antibiotic therapy
in orthopedic surgery. The method can be used to obtain material for osteosubstitution in infected
cases to form a local depot of an antibiotic with controlled release to be employed in the complex
treatment of patients with peri-implant infection.
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CONCLUSION

Pressure followed by the type of solvent and exposure time were shown to hav the greatest
influence on the impregnation efficiency. The combination of reduced pressure, an alcohol solution
with the addition of polyvinylpyrrolidone and an optimal exposure time provided the best results
being superior to those obtained with conventional methods. The technique allows for a more
uniform release of the antibiotic with a gentle slope of the exponential elution curve and ensures
the maintenance of therapeutically significant concentrations of vancomycin for two weeks.
This exceeds the indicators of standard methods of local antibiotic therapy and creates prerequisites
for effective prevention and treatment of peri-implant infection. High correlation between
the concentration of the antibiotic and the zones of MRSA growth inhibition confirms the preservation
of the biological activity of vancomycin after impregnation, which is essential for clinical use.
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Abstract

Introduction The established treatments for purulent infection in the bone and joint involve one- or two-stage
local effect on the biofilm with use of bone cement and an active substance including an antibiotic in addition
to systemic therapy.

The objective was to evaluate experimental qualitative and quantitative antibiotic release from bone cement
introduced into a new type of lattice-structured spacer.

Material and methods A new type of lattice-structured implant/spacer manufactured using additive
technologies and a comparison sample simulating a traditional reinforced spacer made of bone
cement + antibiotic were used. Vancomycin release was measured by spectrophotometry for periods of 30 days.
A regression line was used to plot calibration curves based on data obtained from mother solutions.

Results An effective profile of antibiotic release from bone cement was obtained in the first days
of the experiment, followed by a decrease at the end of the first week and an exit to a uniform plateau. The
amount of fixed antibiotic in solutions did not exceed 1 % of the total mass of bone cement and active substance.
The amount of antibiotic released from the lattice-structured samples was higher than that in the comparison
samples.

Discussion Antibiotic release is a superficial process and is not dependent on the total volume of bone cement.
A possible increase in the volume of the medicinal composition does not lead to a proportional increase
in the amount of the active substance released. The findings showed that the antibiotic release is more intense
even with a smaller volume of material in the lattice structures compared to the control samples, which
emphasizes the importance of optimizing the geometry and structure of the material to achieve maximum
efficiency of the release of active substances.

Conclusion The lattice structure of implants quantitatively affects the release of antibiotic from bone cement
into the environment.

Keywords: bone infection, bone cement, implant, antibiotic elution, additive technologies
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INTRODUCTION

Purulent infection is one of the most formidable complications in surgery of the musculoskeletal
system [1-3]. Conventional systemic therapy is effectively accompanied by a local effect
on the pathological focus [4-7]. Infection can be arrested with a two-stage revision surgery:
placement of a spacer made of bone cement (BC) with an active substance (selected antibiotic)
followed by implantation of a revision construct. The technique can be applied to joint and long
bone conditions [8].

Many technologies have been developed to increase the time and amount of antibiotic
release into the environment. It is a known fact that the elution of the active substance occurs
from the superficial layer of the spacer (within 2-3 mm). This predetermines the possibility
of increasing the degree of elution by increasing the contact area of the therapeutic composite layer
(bone cement + antibiotic) and the environment [9]. The antibiotic (AB) effect on the surrounding
tissue extends to a maximum of 20-25 mm. Technologically, the distribution of the therapeutic
composite layer (TCL) over the surface of the spacer is limited by the location of the infectious
focus and is costly in terms of the use and redistribution of large volumes of AB [10]. The strength
characteristics of the formed spacer are supposed to facilitate functional capabilities of the patient
and serve as the basis for osteosynthesis if needed [11, 12].

The use of lattice structures in the manufacture of basic implants could increase the contact area
of the composite layer and the environment and improve the elution of AB from the BC. Preliminary
calculation of strength characteristics allows to minimize changes in the implant design specified
by the manufacturer. The combination of a volumetric lattice structure with TCL forms the so-called
metamaterial, which could become one of the options for solving the problem [13]. A volumetric
lattice structure as part of an implant/spacer is produced using additive technologies. This is
achieved with the design of elementary cells that fill the volume of the product. The distribution
of the elementary cell has an impact on the strength of the structure [14]. Topological or structural
optimization is another method to be used. N. Kladovasilakis et al. [15] optimized the designs for hip
implants achieving 50% porosity and maintaining strength requirements. Lattice-based implants
can act as a preformed base with predetermined parameters to reduce or eliminate the need
for handicraft production of reinforced spacers.

The objective was to evaluate experimental qualitative and quantitative antibiotic release
from bone cement introduced into a new type of lattice-structured spacer.

MATERIAL AND METHODS

A lattice-structured cylinder (Fig. 1 a) was selected as a base for antibiotic loaded bone cement,
copying a fragment of the proposed implant number I and comparison sample II (Fig. 1 b), that is,
a fragment of a pin with a 2 mm mantle of BC applied on the surface as a continuous layer.

J Fig.1 Types of the samples:
i (a) lattice-structured implant I;

— (b) comparison sample II
I b

Sample Iis a composition of an inner rod with a diameter of 6 mm and a layer of outer ribs at an angle
of 45° with an outer diameter of 12 mm. A cylinder with an outer diameter of 8 mm serves as
a comparison sample. The characteristics of the samples are presented in Table 1.

373 Genij ortopedii. 2025;31(3)



Pilot study

Table 1
Comparative parameters of the samples

o | Diameter,| Length, Diameter Diameter ..o |Cement volume,| Surface area,
N# mm mm of the pin, mm | of the rib, mm Porosity, % mm? mm?
I 12 60 6 1 61.9 3702 2261
II 8 60 - - 0 3769 2261
The study samples

The antibiotic release from the TCL was explored using four samples of each structure produced
with laser stereolithography and strengthened using ultraviolet light. A photopolymer printer
with photopolymer resin was selected for the sample production. Synycem bone cement (France)
was used for the study. TCL of each test sample was prepared with 4.0 g of the dry bone cement
and 0.2 g of Vancomycin. AB was chosen with regard to the thermal stability, active use in clinical
practice and research on the problem. The powdered component of the BC was homogeneously
mixed with the antibiotic, then 2 ml of monomer was added to the mixture, and homogeneously
mixed to a plastic condition. The TCL was applied to the samples using a disposable 5 ml syringe
and an internal diameter of 12 mm which served as a mold. The samples are shown in Fig. 2.

Fig. 2 Appearance of the manufactured samples: (a) samples I; (b) samples II

The lattice structures were coated with TCL so that it did not protrude beyond the ends o the sample.
The outer diameter of the samples was 12 mm. Each sample was placed in a Falcon tube filled
with 30 mL of Dulbecco's phosphate-buffered saline (DPBS) without Ca?* and Mg2+ at 37 °C.
The samples were immersed to ensure complete contact with DPBS.

Evaluation of antibiotic release from the medicinal composite

Quantification of the antibiotic in solutions was produced using the spectrophotometric method
and a BioMate 3S UV-Visible spectrophotometer (USA) to identify the dependence of the optical
density of solutions and the concentration of the AB.Measurements were performed in the wavelength
range from 190 to 230 nm. The peak of measurements corresponding to the antibiotic was assessed
in the spectra. Several stock solutions of AB were used as calibration standards: Vancomycin
at concentrations of 0, 0.00005, 0.0001, 0.00025, 0.0005, 0.00075, 0.001, 0.002, 0.003, 0.004 mg/ml.
The sample volume in the cuvette measured was 1000 pl. Vancomycin in a volume of 0.5 g was
dissolved in 5 ml of DPBS to obtain a concentration of 1 mg/ml.

To construct calibration curves, a regression line was used based on data obtained from mother
solutions. The nonparametric Mann — Whitney test was used to assess the reliability of differences
in AB release between the structures and compare two independent samples and determine
statistically significant differences between them.
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Table 2
Concentration calculated for constructing Vancomycin calibration curves using stock solutions
Amount of stock solution, ul Amount of DPBS, ul Concentration, mg/ml

400 from a concentration of 0.01 600 0.004

300 from a concentration of 0.01 700 0.003

200 from a concentration of 0.01 800 0.002

500 from a concentration of 0.01 4500 0.001

750 from a concentration of 0.001 250 0.00075

500 from a concentration of 0.001 500 0.0005

250 from a concentration of 0.001 750 0.00025

200 from a concentration of 0.001 1800 0.0001

500 from a concentration of 0.0001 500 0.00005

Measurement of antibiotic elution kinetics

The AB elution was measureed after 1, 3, 7, 15 and 29 days, respectively. The total amount
of Vancomycin in the solution was determined at each measurement point according to the schedule.
For each day, the concentration was estimated using the following formula:
p(d)
Cald) ===+ ¢(d),
where p is the spectrometer value in the sample taken on a given day;, k is the regression coefficient,

c is the coefficient associated with the dilution of the sample in the cuvette, d is the exposure length
in days.

The coefficient associated with sample dilution in the cuvette depended on the day of measurement.
This was due to the fact that the concentration increased over time. To determine the Kkinetics
of the antibiotic, the time derivative was used and the rate of the antibiotic release was calculated
with the formula:

Ca(di) - Ca(di—l)
di —di_4

where d; is the exposure duration of the i-th shot.

u(d;) =

The mass of the extracted antibiotic at a given exposure time (d) was calculated by multiplying
the corresponding concentration of the antibiotic in the sample by the total volume in the vial V:

mg(d) = Cy(d) - V.

RESULTS

Analysis of the peaks for the absorption spectra showed that the wavelength for Vancomycin was
271-280 nm, which is consistent with the drug's pharmacopoeia data.

The regression coefficient was measured and the regression curve plotted (0). The value
of the regression coefficient k was 405.9 for Vancomycin. The linear dependence for AB showed
a high determination coefficient R? > 0.986 (Fig. 3). Based on the concentration measured within one
day of shooting, the average values were calculated for both structures. The average elution values
for the experimental sample I were higher than those for the comparison sample II at all stages
of exposure (Fig. 4). The pairwise reliability of differences in mean values was assessed.
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No significant difference in the average values of Vancomycin concentration was found between
the samples. Control sample II showed the lowest rate of antibiotic release and the smallest spread
(Fig. 5). The total mass of the isolated AB Vancomycin was calculated separately and measured
0.1969 mg in sample I and 0.1051 mg in sample II, respectively (Fig. 6). The average value of AB

release in experimental sample II was 97% better than in the control.
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Fig. 5 Kinetics of Vancomycin

Fig. 6 Mass of isolated antibiotic

29

The results of a multi-day experiment showed changes in the mass of the isolated AB obtained

depending on the control periods (Table 3).

Table 3
Antibiotic release from TCL
Amount of Vancomycin, mcg
No 1 3 7 15 29
I 57.8+15.2 73.8+21.9 87.8*31.6 141.5+74.4 196.9 + 101
I 46.5+8.0 57.2+10.0 68.6 £ 13.9 90.3 £ 28.4 105.1+35.8
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A coefficient was introduced as the ratio of the free surface of the sample to the volume of the TCL
to describe the comparative characteristics of the samples. The parameter allowed us to evaluate

the efficiency of AB release depending on the geometric

features of each sample. The percentage of the released Table 6
AB to the initially set was calculated to quantitatively Relative characteristics of samples
evaluate the elution process (Table 4). No | Area/Volume Vancomycin, %
The introduced coefficient as the ratio of the free I 0.61 0.07 £0.05
surface of the sample to the volume of the BC showed I 0.6 0.05 +0.0179

the dependence on the released amount of AB.

DISCUSSION

The study was conducted to determine the effect of a lattice structure on the antibiotic eluted
from the drug composite layer, i.e. antibiotic-loaded bone cement. A characteristic profile
of AB elution from the BC was obtained in all samples with a significant release in the first days
of the experiment, followed by fading after seven days and reaching a uniform plateau after 15 days,
which is consistent with the results of similar studies [16—20]. The amount of released AB measured
to a maximum of 1% of the mass of the impregnated preparation.

A significant difference in the amount of isolated Vancomycin was noted between the samples.
Lattice-structured samples showed higher amount of AB isolated despite the relatively higher initial
content of TCL in the comparison samples.

The main part of the antibiotic is eluted from micropores and cracks of the surface layer of bone
cement [21-25], which is confirmed by our results. The higher level of Vancomycin release can be
explained by the presence of lattice-structured ribs. The single TCL structure divided into small areas
increases the contact zone with the washing solution and increases the diffusion of AB compared
to the control sample. This phenomenon is important for local antibiotic therapy with controlled
and prolonged release of active substances being a key factor in the effectiveness [26].

The antibiotic release is considered as a surface process and does not depend on the total volume
of the BC [27, 28]. A possible increase in the volume of the TCL does not lead to a proportional
increase in the amount of AB released. In this series, this is confirmed by the fact that even with
a smaller volume of material in the lattice structures, the release of the antibiotic is more intense
compared to the control samples. Optimizing the geometry and structure of the material is essential
for achieving maximum efficiency in the release of active substances [29, 30].

The limitation of the study include investigation of one type of a common antibiotic only.
A comparative analysis of combinations of active substances eluted from the TCL, lattice variants,
studies on metal samples, that is, a large volume of experiments, is required.

CONCLUSION

The study showed that the use of lattice structures for the fabrication of spacer implants allowed
for an increase in the rate and amount of AB eluted from the TCL compared to conventional
reinforcement with bone cement.
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Abstract

Introduction Atrophic nonunion and defects is a rare complication of clavicle fractures. Therefore questions
arise when choosing the optimal method of their treatment.

Purpose We aimed to retrospectively assess the effectiveness of treating atrophic clavicle midshaft
nonunion and defects with a free fibular autologous graft fixed with the Ilizarov mini-fixator in combination
with an intrameduallary wire.

Materials and methods A retrospective study of 14 patients (11 females, 3 males) in the mean age
of 34.1 £ 2.8 years with atrophic nonunion and defects of the clavicle was carried out. Eleven patients had
post-traumatic nonunion after failures of its surgical treatment including seven cases of multiple surgeries,
and three cases were congenital nonunion. Pain in the clavicle area was the main complaint in 13 patients.
Five had minor restrictions in the shoulder joint function, and two had a pronounced adduction contracture
of the shoulder joint. Surgical treatment included debridement, resection of the ends of the fragments
to the paprika sign, defect plasty with a free autologous fibular graft followed by combined fixation
with an intramedullary wire and the Ilizarov mini-fixator. Supportive compression of 1 mm every two weeks
was produced at the junction of the fragments in order to stimulate repair. The mini-fixator was removed
after radiographic confirmation of a continuous union of the graft with the fragments.

Results and discussion The post-resection defect averaged 3.1 £ 0.2 cm. Union was achieved in 11 cases.
The average period in the mini-fixator was 159.9 # 11.9 days. In all cases, after dismantling the device,
the range of motion in the shoulder joint retained preoperative parameters. The complications were
one graft migration, soft-tissue inflammation and deep infection (two cases). Soft-tissue inflammation was
treated with antibiotics while deep infection required prompt debridement. Long-term results were followed
in 13 patients. There were no problems with the donor site in the long term. The Ilizarov mini-fixator assisted
by an intramedullary wire provides stable fixation and allows compression at the junction of bone fragments
with a fibular autograft to stimulate bone formation and union in clavicle midshaft nonunion and defects.

Conclusion The combination of three technical components (autologous grafting, Ilizarov mini-fixator,
intramedullary wire) yields positive results in the management of large post-resection defects of the clavicle
midshaft. Upon graft consolidation, the clavicle acquires a near-to-normal radiographic bone structure.

Keywords: clavicle midshaft, nonunion, bone defect, free fibular grafting, mini-Ilizarov apparatus,
intramedullary fixation
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INTRODUCTION

Clavicle fractures account for 2 to 5% and up to 10 % of fractures in adult and paediatric
population, respectively, and therefore are a frequent practice for an orthopaedic surgeon [1].
The middle third of the clavicle is affected in 80 %. It can be effectively treated conservatively [1-3].
However, non- or mal-union of the clavicle were reported in up to 15 % of conservatively treated
displaced fractures [2-5]. Therefore, unstable and open clavicle fractures, displaced fractures
and with pronounced shortening or threat of skin perforation continue to require surgical
treatment [3-5]. Currently, the main surgical techniques for clavicle fracture repair are plating
and intramedullary osteosynthesis, resulting in nonunion rates ranging from 2.6 to 5.9 % [4-8].
It is difficult to assess a direct relationship between surgery and incidence of nonunion. However,
it is obvious that inaccurate reduction and instability of fixation can be considered as factors
provoking nonunion.

Autologous iliac crest grafting in combination with either plating or nailing are the most common
surgical methods for clavicle nonunion [9, 10]. Fragment end layer and the need for a wide dissection
of tissues in clavicle nonunion are undoubted problems for achieving union with these techniques.
Donor site morbidity after collection of a tricortical graft is a negative consequence. External fixation
in the treatment of clavicle nonunion is not a unified approach, and has not been used for extended
defects [6, 11-14]. Vascularized grafting, as reported, requires precision techniques, experienced
plastic surgeons, and is very traumatic for the donor site [14, 15].

Treatment failure is always a challenging problem that encourages surgeons to search for the most
appropriate way of treating clavicle nonunion, including recalcitrant cases [14]. To date, the approach
to surgical treatment of clavicle nonunion and defects is not standardized but external fixation has
been discussed both for fractures and hyper- /hypotrophic nonunion of the clavicle [6, 16].

We aimed to retrospectively assess the effectiveness of treating atrophic clavicle midshaft nonunion
and defects with a free fibular autologous graft fixed with the Ilizarov mini-fixator in combination
with an intrameduallary wire.

MATERIAL AND METHODS

From 2011 to 2022, fourteen patients (11 females, 3 males) with clavicle nonunion and defects
were treated with free autologous fibular grafting and combined fixation with the Ilizarov mini-
fixator and an intramedullary wire (Table 1). Their mean age was 34.1 * 2.8 years (range, 12—
53 years). All patients had been previously treated surgically at other hospitals with various
methods. The nonunion was post-traumatic after operations for closed fractures in 11 patients.
The disease duration ranged from one to 24 years. Three youngest patients had presumably
congenital pseudarthrosis of the clavicle diagnosed at the age of over 10 years. They started
feeling pain or deformity while growing but their medical records had no history of trauma.
Seven patients had more than one intervention for nonunion. One patient had a history of deep
infection with remission for more than one year (Table 1, P7) but active signs of inflammation
were not diagnosed at admission both by clinical examination and laboratory tests.

Pain of varying intensity was the main complaint in 13 patients. Preoperative examination assessed
the range of motion (ROM) in the shoulder joint and radiographic views in two projections. ROM
was full in seven patients. Five had a slight restriction in shoulder abduction (up to 30 degrees
of total ROM), and two had a pronounced joint motion limitation.
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Table 1
Patient data

Patients Pl | P2 P3| P4 |P5 P6 P7 P8 P9 |PI10|P11 |P12|P13 P14 |Meansor%

Age 1220 49 | 19| 16 | 30 | 38 | 53 | 36 39 | 51 | 44 | 39 | 44 34\%;52'8
Gender F F|F | F F M|F | F|F | F | M| M F|F  768%F
Etiology CP | IF | IF | CP | CP | IF |[MVA|MVAMVA| IF | IF |MVA MVA IF

Duration

of the disease | 12 2 2 6 9 3 1 1 1 1 24 1 4 9 54%1.2
(years)

PL | PL 2PL| PL

Previous PL 7
Iw IW | EF | EF PL+ | PL+ | EF | PL | PL+ | PL+ | IW | IW :
surgery Iw EF Iw BG | BG BG | BG recalcitrant

a?fl‘)edefe“ 2 | 2 15| 2 25| 4 |25 45 35|35|35|35| 3 | 5 | 31%0.2

?&g%rytime 205 | 180 | 180 | 120 | 245 | 175 | 105 | 100 | 145 | 125 | 130 | 100 | 180 | 185 |155.4 % 10.0

Consolidation| + + - - + + - + + + + + + + 78.6 %

Duration of
fixation (days) 144 | 216 | 183 | 123 | 124 | 168 | 183 | 105 | 121 | 166 | 178 | 163 | 147 | 175 |159.9+11.9

Follow-up Long-term
(years) 1 1 1 1 1 1 10515 1 1 1 1 5 9 959 9%
Complicationsj - |BGM| PI | PTI |PTDI] - | DI | - - - - - - |DSP| 35.7%

Notes: P — patient; MVA — motor vehicle accident; IF — isolated fracture; CP — congenital pseudarthrosis; IW —
intramedullary wire; PL. — plating; BG — bone grafting; EF — external fixator; BGM — bone graft migration; PI — pin
instability; PTT — pin tract infection; PTDI — pin tract deep infection; DI — deep infection; DSP — donor site pain

The size of the defect was measured in frontal and axial radiographs, the hypotrophy of the fragments
was assessed, and the resection of the endplates was planned (Fig. 1 a).

Surgical technique and postoperative care

An anterior approach to the clavicle was used with a patient lying in the supine position.
After the removal of foreign bodies and debridement of the interfragmentary gap, resection
of nonunion endplates was performed to the bleeding bone (paprika sign) and the fragment ends
were shaped for a side-to-side contact with the graft. The length of the defect was measured.
The wound was tamponed.

The ipsilateral lower limb was chosen for graft harvesting, what facilitated the work of the surgical
team. The fibula was approached in the middle third, retreating proximally at least 10 cm from
the ankle joint gap, and a vibrating saw was used for cutting the graft. After hemostasis, the wound
was sutured. Primary co-aptation of the graft was assisted by inserting a 1.8-mm intramedullary
wire. Depending on the anatomical features of the fragments (defects caused by metal implants),
the wire exited from the acromial or sternal end of the clavicle. The wound was sutured.

Three 1.5-mm cantilever wires were inserted in each fragment of the clavicle (Fig. 1 b). The wires
passed throughboth cortical plates. The moment of exit from the cortexwas feltasa"fall"; therefore,
the pressure on the drill was weakened when passing the second cortical plate. The penetration
of the wire into the soft tissues outside the second cortex was no more than 1 to 2 mm.
The topography of the neurovascular bundle was necessarily considered. The wires were held at an
angle of 90-100° to each other, depending on the soft tissues. The external part of the wires was
bent using a wire holder and mounted on the threaded rod of the Ilizarov mini-apparatus. The rod
was positioned along the axis of the clavicle and along the projection of the intramedullary wire.
Proximally, washers could be used in order to maximize the stability of the support. The distal
support was attached to a connection plate in order to enable axial compression (Fig. 1 b).
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Fig. 1 X-rays and photo of P1 (Table 1) with hypotrophic nonunion of the clavicle with a 5-mm gap and incongruent
sclerotic ends of the fragments (a); defect repair and deformity correction upon mini-fixator placement and tight
contact of the graft with the fragments (b); photo of the patient showing the shoulder function which is slightly
restricted due to the placed mini-fixator (c); union and graft remodeling after 1-year (d)
In the postoperative period, dressings were changed if required. Supportive compression of 1 mm was
produced every two weeks. Radiographic checks were taken after 2 and 4 months, further radiographic
assessment was recommended based on the consolidation dynamics after 5 and 6 months post-
surgery. In the case of the radiographic signs of graft lysis in the contact area, acute compression
up to 2-3 mm was performed for tighter contact of the fragments. Exercise therapy was initiated
on the first postoperative day with the upper limb fixed in a scarf bandage that was prescribed
for at least three months after the operation (Fig. 1 c).

RESULTS
The size of the defects varied from 1.5 to 5 cm and averaged 3.1 # 0.2 cm after resection. Union

was achieved in 11 cases (78.6%) and an average consolidation time was somewhat over 4 months
(Table 1). Failures in union were patients 3, 4 and 7. In patient 3, union of the graft was achieved
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with only the proximal fragment. The device was removed due to wire instability. Re-osteosynthesis
was recommended, but the patient was lost for further treatment. Patient 4 had the device removed
due to pin-tract infection; a second osteosynthesis procedure was proposed after infection arrest
but the patient was lost for repeated treatment due to a change in his residence place. In patient
5, pin-tract infection developed into deep infection with the need for surgical debridement, after
which it was arrested and nonunion healed. Case 7 had a history of chronic infection and this was
one of the reasons for infection recurrence. After three months, a fistula opened in the projection
of the graft; there were radiographic signs of sequestration, what required surgical debridement
but the patient rejected further surgical treatment.

Among other complications was graft migration in patient 2 as instability of the intramedullary
wire developed due to marginal defects and bedsores from the previous metal implant. Migration
was diagnosed in the early postoperative period while producing compression. This required revision
intervention with changing the intramedullary wire. Pain at the donor site was observed in patient 14.
The patient fell with her foot twisted on the 7th day after surgery. Pain persisted in the area of the ankle
joint but radiography did not reveal any ankle fracture. In the long-term follow-up period, the patient
did not complain, radiological signs of ankle joint osteoarthritis were not detected.

In all cases, after fixator removal, the passive ROM in the shoulder joint was within the preoperative
ROM and the patients were referred for physiotherapy rehabilitation.

DISCUSSION

Despite the severity of the condition, it is difficult to consider clavicle nonunion and defects acommon
pathology as the nonunion rate following clavicle fractures is not high [1-7]. Pain, shortening,
deformity and limitation of shoulder ROM that accompany nonunion and defects of the clavicle make
surgical treatment mandatory. The success rate after primary treatment of nonunion with various
methods of osteosynthesis is quite high [6, 9, 10]. Therefore, there is not much experience in treating
its failures, and comparative and prospective studies on the topic are unlikely in the future. Our
study was a retrospective series of 14 cases collected within a relatively long period of eleven years
due to the rarity of the pathology. Moreover, the cases were failures of nonunion treatment with
common methods at other facilities. Therefore, based on our retrospective experience of clavicle
surgery for nonunion treatment failures, we are inclined to opine that the tactics of treating clavicle
nonunion and defects should choose the method of autologous grafting and a fixator that is capable
of maintaining stability over a long period of time required for graft remodeling [10, 11].

The Ilizarov mini-fixator that was designed for small bones is capable to produce stable bone
fixation, compression and distraction [12, 17, 18]. While planning a revision operation, it is also
necessary to consider such negative factors as a history of polytrauma, unstable fixation, multiple
interventions, and blood supply disorders at the ends of fragments.

Intramedullary nailing has been successfully used for treating clavicle nonunion. However,
the optimal category for this kind of intervention is patients who had no previous surgical
treatment [10]. The lack of rotational stability of this fixation method, in our opinion, is a significant
drawback. On the other hand, nailing seems more reasonable than plating due to a complex three-
dimensional anatomy of the clavicle. It was the reason for the use of an intramedullary reinforcement
wire in the technique described by us.

Undoubtedly, bone plating has sufficient fixation capability. However, the surgeon may encounter
difficulties in positioning the screws as previous implants leave their tracts in the clavicle.
Moreover, compression in the area of the junction with the fragments could be produced once only
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during the intervention to install the plate. There were also problems with postoperative wound
healing by using wave plating [9]. AO plates used as external fixators cannot allow compression
in the postoperative period [11]. The removal of the plate will always require additional surgical
intervention and this intervention is associated with the risk of refracture if a structural graft is
used. Good results were obtained with double plating [19], but the sample was relatively small.
Unfortunately, our study also features this limitation.

It was assumed that external fixation appears to be a reasonable treatment option in hypertrophic
nonunion of the clavicle but not in the atrophic one [6]. In our series of atrophic nonunion, an important
merit of the Ilizarov mini-fixator was utilized which its ability to produce supportive compression. The
technique seems reasonable for marginal aseptic lysis of the graft in the areas of contact with the clavicle
fragments, diagnosed by radiographic checking. Thus, additional surgical plasty with bone chips would
not be required. To produce compression would be enough to approximate the fragments to the graft.
The intramedullary wire in our technique allows such compression without the risk of secondary
displacement of the graft. For cortical defects in the fragments caused by previous implants, we
recommend paying close attention to stable insertion of the intramedullary wire as it should provide
necessary fixation of the graft. The cantilever wires do not pass through the graft and do not hinder
its periosteal blood supply. As wide dissection of soft tissues to insert the wires into the fragments
is not required, their periosteal blood flow remains preserved and certainly has a positive effect on
achieving union [9, 10, 20]. The variability of Ilizarov mini-fixator assemblies allows the inclusion of
half-pins, as in AO mini-fixators [13]. Therefore, this external fixator can be used in adult patients with
increased body weight. On the other hand, the technology can be used in children and adolescents
with small clavicle sizes as insertion of 1.5-1.8-mm wires will not splinter the bone. Given the lack of
consensus on the treatment of congenital nonunion of the clavicle [21, 22], the described technique,
in our opinion, has shown its possible application in children despite the difficulties with the wire and
mini-fixator care in terms of their compliance with asepsis. Other advantages of the Ilizarov mini-
fixator include the ease of its dismantling and the possibility to start physiotherapy exercises early [12].

Undoubtedly, cancellous bone from the iliac crest can be considered the "gold standard" of bone
grafting. Its use for cases of a small interfragmentary gap, marginal defects in the fragments,
or combined with osteoperiosteal decortication leads to good outcomes [9, 11, 19]. However, the iliac
crest is a spongy graft, and the closure of a segmental defect of the tubular bone with it requires
samples with 2-3 cortical plates and its harvesting may result in donor site pain. On the contrary,
the diameter of the fibular graft is close to the diameter of the clavicle and its adaptation in the zone
of contact of fragments does not require additional time or complex techniques. The advantages
of a fibular graft include its reinforcing properties due to the cortical structure and a medullary
canal, which facilitates the insertion of an intramedullary wire. Pain at the donor site level occurred
only in one of our cases and was associated with a concomitant injury of the ankle joint ligaments
in the early postoperative period. Conservative treatment proved to be effective and the patient had
no complaints in the long term.

Moreover, our technique does not require precision equipment, is relatively simple and affordable
in contrast to vascularized bone grafting [14, 15]. Moreover, the technique is sufficiently safe. There
were no cases of neurovascular problems, brachialgia or injury to the pleura in our clinical cases,
similar to other studies with the application of mini-fixators to manage clavicle nonunion [12, 13].
There were two patients who developed deep infection, including the one with its history. It was
recently reported that revision surgery after failed surgical treatment of midshaft clavicle fractures
is often associated with positive detection of bacteria but without signs of infection [23, 24].
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One could judge our technique being a complex procedure due to its three-component structure
and possible wire-tract infection. Other techniques that ensured union in recalcitrant cases
with resection defect within 1.5 cm are also complex and took longer time to heal [24]. We developed
our technology that provides stability and compression mainly for failures of clavicle nonunion
treatment accompanied by larger defects or for congenital cases,being aware of the atrophic condition
of the fragments ends. Finally, only two cases after multiple previous surgeries did not heal.

Randomized controlled trials would be a valuable contribution to the problem but unfortunately
their implementation could hardly be realized.

CONCLUSION

The combination of three technical components (autologous free fibular grafting, Ilizarov
mini-fixator, intramedullary wire) provides control of the graft by mechanical compression
and consolidation in the management of large postresection defects of the clavicle midshaft. Upon
graft consolidation, the clavicle acquires a near-to-normal radiographic bone structure. The upper
limb recovers its functionality.
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Abstract

Introduction Smart orthopedic implants integrate advanced sensor technologies to revolutionize joint
replacement and orthopedic care. These implants enable real-time monitoring of key parameters such
as wear, load distribution, and infection indicators, facilitating early intervention and personalized treatment.

This review aims to evaluate the current advancements, clinical applications, challenges, and future directions
of smart orthopedic implants.

Methods A systematic literature review was conducted following PRISMA guidelines, analyzing peer-reviewed
studies published between February 2015 and January 2025. Sources were retrieved from PubMed, Scopus, Web
of Science, and Google Scholar. Inclusion criteria focused on technological innovations, clinical applications,
and regulatory considerations.

Results & Discussion Technological advancements in materials, sensor integration, wireless communication,
and artificial intelligence have optimized implant functionality. Smart implants enhance postoperative
monitoring, predict implant wear, and personalize rehabilitation. Despite their benefits, challenges such
as biocompatibility, data security, battery life, and regulatory approval hinder widespread adoption. Addressing
these issues through interdisciplinary research is critical for future developments.

Conclusion Smart orthopedic implants have the potential to transform musculoskeletal healthcare
by enabling real-time patient monitoring and personalized treatment strategies. Continued innovation
in materials, Al-driven analytics, and regulatory frameworks will be crucial for overcoming current limitations
and ensuring their widespread clinical adoption.

Keywords: Smart orthopedic implants, Spinal implants, Trauma fixation, Sports medicine implants, Joint
replacement, Integrated sensors, Real-time patient monitoring, Personalized healthcare
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INTRODUCTION

Smart orthopedic implants represent a significant advancement in medical technology, combining
therapeutic functions with diagnostic capabilities to enhance patient care. These implants are
designed to monitor various physiological parameters in real-time, providing valuable data that can
inform treatment decisions and improve outcomes [1]. By integrating sensors and communication
technologies, smart implants can detect changes in pressure, force, strain, displacement, proximity,
and temperature within the body, offering insights that were previously unattainable through
traditional methods [2].

The evolution of orthopedic implants has been marked by a transition from purely mechanical
devices to sophisticated systems capable of interactive functions. Traditional implants primarily
served structural roles, such as replacing or supporting damaged bones and joints [3]. However,
advancements in materials science, sensor technology, and wireless communication have enabled
the development of smart implants that not only fulfill structural requirements but also monitor
the biological environment. For instance, modern smart implants can measure mechanical loads
and stresses, providing data on how the implant interacts with the surrounding tissues during
different activities [4]. This information is crucial for assessing implant performance and longevity.

Beyond joint replacement, smart orthopedic implants are being explored for applications in spine
surgery, trauma fixation, and sports medicine. Personalization in joint replacement has become
increasingly important as it allows for treatments tailored to individual patient needs. Smart
implants facilitate this by providing continuous, patient-specific data that can guide personalized
rehabilitation protocols and postoperative care [5]. For example, sensors within the implant can
monitor the healing process and detect early signs of complications, such as infection or implant
loosening, enabling timely interventions. This personalized approach not only enhances patient
outcomes but also contributes to more efficient healthcare delivery by reducing the incidence
of complications and the need for revision surgeries [6].

To ensure a comprehensive evaluation, this review follows a systematic methodology, incorporating
studies from a diverse range of orthopedic specialties. By analyzing the latest technological
advancements, clinical applications, and emerging challenges, this review provides a holistic
overview of the role of smart orthopedic implants in modern medicine.

This review aims to evaluate the current advancements, clinical applications, challenges, and future
directions of smart orthopedic implants.

METHODOLOGY

To conduct this comprehensive literature review on smart orthopedic implants, a systematic
and structured approach was employed to ensure thorough and unbiased coverage of relevant
research. The methodology adhered to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines to enhance transparency and reproducibility. The steps
of the methodology are detailed below:

Literature Search Strategy

e A comprehensive search was conducted across multiple reputable scientific databases, including
PubMed, Scopus, Web of Science, and Google Scholar.

e Search queries incorporated relevant keywords and Boolean operators to ensure a wide but precise
retrieval of literature. The primary search terms included:

— "Smart orthopedic implants";

— "Joint replacement”;

— "Integrated sensors";

— "Real-time patient monitoring";
— "Personalized healthcare".

e Synonyms and related terms were also included, such as "intelligent implants", "biomechanical
sensors" and "orthopedic innovations".
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Inclusion and Exclusion Criteria

e Inclusion criteria were applied to identify studies relevant to the scope of the review:
— Studies published in English;
— Peer-reviewed articles, conference papers, and systematic reviews;

— Publications focused specifically on smart orthopedic implants and their applications in joint
replacement or patient monitoring;

— Studies discussing technological innovations, clinical applications, or challenges associated
with smart implants.

e Exclusion criteria were employed to refine the selection further:
— Articles not available in full text;
— Non-peer-reviewed sources, editorials, and opinion pieces;

— Publications focusing solely on traditional orthopedic implants without integrating smart
technologies.

Study Selection Process
— The initial database search yielded 164 articles;
— After removing duplicate entries, 116 articles remained;

— Titles and abstracts were screened independently by two reviewers to assess relevance. A total
of 84 articles were selected for full-text review;

— The full-text evaluation led to the final inclusion of 66 studies based on their alignment
with the inclusion criteria and their contribution to the objectives of the review.

Data Extraction and Management

e A standardized data extraction form was developed to ensure consistency across studies. Key data
points included:

— Publication details (authors, year, journal);

— Study type (e.g., experimental, observational, or review);

— Focus of the study (e.g., sensor technology, clinical outcomes, biocompatibility);

— Key findings and conclusions.
e Extracted data were systematically organized into tables to facilitate synthesis and analysis.
Quality Assessment

e The quality of included studies was assessed using established tools tailored to the study type.
For example:

— Experimental studies were evaluated using the Cochrane risk-of-bias tool;
— Observational studies were assessed with the Newcastle-Ottawa Scale (NOS);

e Studies with significant methodological limitations were noted but retained if they provided
valuable insights.

Synthesis of Findings
¢ A narrative synthesis approach was adopted to summarize findings across diverse studies;

e Data were categorized into key themes, including technological innovations, clinical applications,
real-time monitoring, and challenges associated with smart implants;

e Visual aids, such as the PRISMA flow diagram and summary tables, were employed to enhance
clarity and presentation of the findings.
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A PRISMA flow diagram (Fig.1) was used to illustrate the study selection process, including
the number of records identified, screened, assessed for eligibility, and included in the final review.
Reasons for exclusion at each stage were clearly documented.

Records identified

|dentification through database
searching: 164

Records after
duplicates removed: 116

Screening Records screened: 116 Records excluded: 32

Full-text articles Full-text articles
Eligibility assessed for excluded: 18 (reasons:
eligibility: 84 not meeting inclusion
criteria, insufficient
data, not relevant to
orthopedic implants and
Joint replacement)

Studies included in
Inclusion qualitative synthesis:
66

Fig. 1 Illustrates the PRISMA flow diagram

RESULTS AND DISCUSSION
Technological Innovations in Smart Implants

Smart orthopedic implants have undergone significant technological advancements, particularly
in the integration of various sensor types, material selection, design considerations, and wireless
communication technologies [7]. These innovations aim to enhance the functionality and efficacy
of implants in monitoring patient health and improving clinical outcomes.

A variety of sensors have been incorporated into smart implants to monitor physiological
and mechanical parameters. Strain gauges are commonly used to measure mechanical load and stress
on the implant, providing data on pressure applied during different activities [8]. Temperature
sensors monitor local temperature around the implant to detect signs of inflammation or infection.
Accelerometers track patient movements and activity levels, ensuring proper usage and adherence
to rehabilitation protocols. pH sensors detect changes in pH levels, indicating infection or tissue
response to the implant [2]. Additional developments include biosensors capable of detecting
biochemical markers that signal early complications, such as osteolysis or metallosis, further
improving diagnostic precision (Table 1).

Table 1

Comparison of Smart Implant Technologies Based on Functionality, Application, and Advantages

Technology Function Application Advantages
Strain Gauges Measure stress/load  |Joint replacements Early detection of implant wear

. . . Timely intervention
Temperature Sensors |Detect infection Trauma fixation for inflammation
Accelerometers Monitor movement Spinal implants Optimize rehabilitation adherence
Biosensors Detect biomarkers Various implants Advanced infection diagnostics
Wireless . . -

5G/IoMT communication All smart implants Faster, real-time data transmission
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The selection of materials and design of smart implants are critical to their performance
and biocompatibility. Implants are typically made from materials such as titanium, stainless
steel, and various polymers designed to integrate well with bone and tissue. These materials are
chosen for their strength, durability, and compatibility with the human body to minimize the risk
of rejection and complications [9]. Recent advances have introduced bioactive coatings that promote
osseointegration, further enhancing the longevity and stability of implants. The design must
also accommodate the integration of sensors and electronic components without compromising
the structural integrity of the implant. Advancements in microelectronics and nanotechnology
have enabled the development of smaller, more efficient sensors and power sources, making smart
implants less intrusive and more comfortable for patients [10].

Wireless communication and data transmission technologies are integral to the functionality
of smart implants, enabling real-time monitoring and data collection. Smart implants are equipped
with wireless communication capabilities, such as Bluetooth or Near Field Communication (NFC),
allowing them to transmit data to external devices like smartphones, tablets, or computers [11]. This
facilitates remote monitoring by healthcare providers, enabling timely adjustments to treatment
plans without the need for frequent in-person visits. Emerging communication technologies, such
as 5G and Internet of Medical Things (IoMT), offer faster, more secure data transfer, enhancing
real-time decision-making in orthopedic care. Some implants also have onboard data storage,
allowingthemto store informationlocallyuntil it canbe downloaded during a follow-up appointment.
Advanced algorithms and software can analyze this data to detect patterns, predict potential issues,
and provide recommendations for personalized care [12].

Real-Time Monitoring Capabilities

Smart orthopedic implants have significantly advanced real-time monitoring capabilities,
offering detailed insights into implant wear, early infection detection, and the measurement
of load distribution and stress. These functionalities are pivotal in enhancing patient outcomes
and extending implant longevity [7].

One of the primary advantages of smart implants is their ability to monitor wear and tear in real-time.
By integrating strain gauges and other sensors, these implants can detect minute deformations
and stresses that occur during daily activities [1]. This continuous monitoring allows for the early
identification of potential issues, such as implant loosening or material degradation, enabling timely
medical interventions to prevent further complications [13]. AlI-powered predictive modeling is now
being employed to analyze wear trends, allowing for proactive maintenance and early intervention
strategies.

Early detection of infections is another critical function of smart implants. Infections can lead
to severe complications if not promptly addressed. Smart implants equipped with temperature
and pH sensors can monitor the local environment around the implant site [1]. Elevations
in temperature or shifts in pH levels can indicate the onset of an infection, allowing healthcare
providers to initiate treatment before the condition worsens [14]. Advanced biosensors capable
of detecting inflammatory cytokines and bacterial activity are now being explored, offering a more
precise and earlier detection of infections.

Measuring load distribution and stress on implants is essential for assessing their performance
and ensuring patient safety. Smart implants utilize embedded sensors to capture data on the forces
exerted during various physical activities [15]. This information is invaluable for understanding how
different movements affect the implant and surrounding tissues. For instance, in joint replacements,
monitoring load distribution can inform personalized rehabilitation protocols, ensuring
that patients engage in activities that promote healing without overloading the implant [16].
Real-time biomechanical feedback allows for dynamic adjustments in patient rehabilitation plans,
further enhancing recovery outcomes.

The integration of these monitoring capabilities into orthopedic implants represents a significant
advancement in personalized medicine [17]. By providing continuous, real-time data, smart implants
enable healthcare providers to tailor treatments to individual patient needs, promptly address
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complications, and optimize rehabilitation strategies. This proactive approach not only enhances
patient outcomes but also contributes to the longevity and success of the implants [5]. As these
technologies continue to evolve, integration with cloud-based analytics and AI-driven diagnostics
will further refine personalized patient care.

Data-Driven Optimization of Patient Outcomes

The integration of artificial intelligence (AI) and machine learning (ML) into smart orthopedic
implants has ushered in a new era of data-driven optimization in patient care. These technologies
enable the analysis of real-time data, facilitating personalized treatment strategies and enhancing
clinical outcomes [18].

Al and ML algorithms are adept at processing vast amounts of data generated by smart implants,
identifying patterns, and predicting potential complications [19]. For instance, by analyzing sensor
data on joint movement and load distribution, Al can detect anomalies indicative of implant wear
or misalignment, facilitating early interventions. This predictive capability enhances patient
outcomes by preventing issues before they become clinically significant [20].

Personalized rehabilitation plans are another significant benefit of Al integration. Data from
smart implants inform tailored rehabilitation protocols, adjusting exercises based on real-time
feedback [21]. This approach ensures that patients engage in activities that promote optimal
recovery while avoiding movements that could jeopardize implant integrity. Such individualized
care accelerates healing and improves overall patient satisfaction [22].

Integrating implant data with electronic health records (EHRs) creates a comprehensive patient
profile, enhancing clinical decision-making. This amalgamation allows healthcare providers
to monitor patient progress remotely, adjust treatment plans in real-time, and maintain detailed
records of implant performance [23]. Moreover, the continuous data flow from smart implants
to EHRs facilitates large-scale analyses, contributing to improved implant designs and personalized
treatment strategies [24].

The integration of AI and ML into smart orthopedic implants represents a significant advancement
in personalized medicine. By providing continuous, real-time data, smart implants enable healthcare
providers to tailor treatments to individual patient needs, promptly address complications,
and optimize rehabilitation strategies [25]. This proactive approach not only enhances patient
outcomes but also contributes to the longevity and success of the implants.

Applications in Specific Orthopedic Conditions

Smart orthopedic implants represent a significant advancement in the treatment of various
musculoskeletal conditions, offering real-time data and personalized therapeutic interventions.
Their applications are particularly notable in knee and hip replacements, spinal implants,
and the management of trauma and sports-related injuries [26].

In knee arthroplasty, the advent of smart implants has transformed postoperative care. Devices
such as the Persona IQ® have been developed to function similarly to standard knee replacements
but with integrated sensor technology. These sensors are embedded within the tibial stem and are
capable of measuring a range of parameters, including range of motion, step count, and walking
speed [27]. The collected data is wirelessly transmitted to healthcare providers, enabling continuous
remote monitoring of the patient's progress. This real-time feedback allows for the timely
identification of any deviations from expected recovery patterns, facilitating prompt interventions
when necessary [28]. Moreover, the personalized data supports the customization of rehabilitation
protocols, ensuring that exercises are tailored to the individual's specific needs and capabilities,
thereby promoting optimal recovery outcomes [29].

Similarly, in hip arthroplasty, smart implants are being utilized to enhance patient outcomes. These
devices integrate sensor technology to monitor various parameters, providing valuable data that
can be used to tailor postoperative care and rehabilitation [1]. In spinal surgery, the application
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of smart implants is emerging as a promising innovation. These devices are designed to monitor
parameters such as load distribution and alignment, providing real-time data that can assist
surgeons in optimizing implant placement and postoperative care [17].

Intherealm oftrauma and sports medicine, smart implants hold significant potential for transforming
patient care. In fracture management, for instance, smart implants can monitor the stability
of the fixation and the progress of bone healing, allowing for timely interventions if complications
arise. In sports medicine, smart implants can provide data on joint loading and movement patterns,
aiding in the optimization of rehabilitation protocols and the prevention of re-injury [30, 31].

Challenges and Limitations

The advancement of smart orthopedic implants introduces several challenges and limitations
that must be addressed to ensure their efficacy and safety. Key concerns include biocompatibility
and long-term durability of integrated sensors, battery life and energy efficiency of the implants,
and data privacy alongside cybersecurity issues [32].

Biocompatibility is a critical factor in the development of smart implants. The integration of sensors
and electronic components within these devices necessitates materials that are not only functional
but also compatible with human tissue. Materials such as polyethylene, titanium, and parylene
have been utilized due to their favorable biocompatibility profiles [33]. However, the presence
of electronic components can elicit foreign body reactions, including inflammatory responses
and fibrous encapsulation, which may compromise sensor functionality over time [34]. For instance,
histological changes in the tissue surrounding the implant, such as inflammation and fibrous tissue
formation, can impair biosensor activity, leading to potential device failure. Additionally, concerns
have been raised regarding the potential cytotoxic, genotoxic, or pyrogenic effects of implant failure,
particularly in younger patients [35].

The longevity of smart implants is closely tied to their power management systems. Many devices rely
on batteries to power integrated sensors and communication modules. Ensuring adequate battery
life while maintaining a compact implant size presents a significant engineering challenge [36].
Microelectromechanical systems (MEMS)-based technologies have been employed to reduce
the size of sensors and associated circuitry, thereby decreasing power consumption. However,
operating at higher frequencies to achieve this reduction can lead to increased energy absorption
by surrounding tissues, potentially causing heating and signal attenuation [37]. Exploring alternative
power sources, such as energy harvesting from body movements or wireless power transmission, may
offer solutions but also introduce additional complexities in design and safety considerations [38].

Data privacy and cybersecurity are paramount concerns in the deployment of smart implants. These
devices collect and transmit sensitive patient data, including physiological parameters and activity
levels,whichmustbe protected fromunauthorized accessand breaches[39]. Theincreasing prevalence
of cyber threats in healthcare necessitates robust security measures to safeguard this information.
Ethical considerations also arise regarding the ownership and use of the data generated by these
implants. Ensuring compliance with data protection regulations and maintaining patient trust are
critical for the widespread adoption of smart implant technologies [40]. Furthermore, the integration
of wireless communication systems within implants introduces potential vulnerabilities that could
be exploited, underscoring the need for comprehensive cybersecurity strategies in the design
and implementation of these devices [41].

Addressing these challenges requires a multidisciplinary approach, combining expertise
in materials science, biomedical engineering, cybersecurity, and clinical practice. Ongoing research
and development efforts are focused on enhancing the biocompatibility and durability of implant
materials, improving energy efficiency and exploring alternative power solutions, and implementing
robust data protection mechanisms. Through these concerted efforts, the potential of smart
orthopedic implants to improve patient outcomes can be fully realized [42, 43].
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Regulatory and Ethical Considerations

The integration of smart implants into orthopedic practice necessitates careful navigation
of regulatory frameworks and ethical considerations to ensure patient safety, data security,
and informed consent [44].

Regulatory approval processes for smart implants are complex and multifaceted. In the United
States, the Food and Drug Administration (FDA) oversees the evaluation and authorization of these
devices. Depending on the risk classification of the implant, different regulatory pathways may
be applicabl [45]. For instance, devices deemed to have moderate risk may undergo the 510(k)
premarket notification process, which requires demonstrating substantial equivalence to a legally
marketed predicate device. This pathway is generally less burdensome than the premarket approval
(PMA) process, which is reserved for higher-risk devices and necessitates more extensive clinical
evidence [46]. The FDA has been working to provide clearer guidance on the regulatory requirements
for smart medical devices, acknowledging the unique challenges they present [47].

Ethical implications of continuous patient monitoring via smart implants are significant. While these
devices offer the potential for real-time health monitoring and early detection of complications, they
also raise concerns about patient autonomy and the potential for over-surveillance [48]. Continuous
data collection may lead to information overload for both patients and healthcare providers, and
thereis arisk that patients may feel their privacyis being infringed upon. Moreover, the psychological
impact of constant health monitoring should not be underestimated, as it may induce anxiety or
alter patient behavior. It is essential to balance the benefits of continuous monitoring with respect
for patient autonomy and privacy [49, 50].

Addressing patient consent and data ownership is crucial in the deployment of smart implants.
Patients must be fully informed about what data will be collected, how it will be used, who will have
access to it, and the measures in place to protect their privacy [51]. Clear and comprehensive consent
processes are essential to ensure that patients understand and agree to the data practices associated
with their implants. Furthermore, issues of data ownership must be clarified; patients should have
rights to access their data and control its use [52]. This includes the ability to withdraw consent
and have their data deleted if they so choose. Healthcare providers and device manufacturers must
navigate these issues carefully to maintain trust and comply with data protection regulations [53].

Future Directions and Research Gaps

The field of smart orthopedic implants is poised for significant advancements, driven by emerging
technologies and interdisciplinary collaboration. Innovations such as self-healing materials,
bioelectronics, and bioprinting are at the forefront of research, aiming to enhance implant
functionality and patient outcomes [54].

Self-healing materials represent a promising avenue in orthopedic implant development. These
materials have the intrinsic ability to repair damage without external intervention, potentially
extending the lifespan of implants and reducing the need for revision surgeries [55]. Incorporating
self-healing polymers or composites into implant design could allow for the automatic repair
of microcracks or other minor damages that occur over time, maintaining the structural integrity
and performance of the implant. Research in this area is ongoing, with studies exploring various
self-healing mechanisms and their applicability to load-bearing orthopedic devices [56].

Bioelectronicsisanotheremergingfieldwithsignificantimplicationsforsmartimplants. Theintegration
of electronic components with biological systems enables real-time monitoring and therapeutic
interventions [57]. For instance, bioelectronic implants can be designed to monitor bone healing
processes and deliver electrical stimulation to promote tissue regeneration. Recent advancements
have led to the development of multifunctional bone implants that combine sensing capabilities with
therapeutic actuation systems, offering a comprehensive approach to patient care [58, 59].

Bioprinting, particularly three-dimensional (3D) bioprinting, holds significant potential
in creating custom smart implants tailored to individual patient anatomies. This technology allows
for the precise fabrication of complex structures using bioinks composed of cells and biomaterials [60].
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In orthopedic applications, 3D bioprinting can be utilized to produce scaffolds that mimic the native
bone architecture, facilitating better integration and promoting tissue regeneration. Moreover,
bioprinting enables the customization of implants to match patient-specific defect sites, potentially
improving surgical outcomes and reducing recovery times [61].

The successful development and implementation of these advanced technologies necessitate close
collaboration between orthopedic surgeons, engineers, and data scientists. Surgeons provide critical
clinical insights and define the functional requirements of implants, while engineers contribute
expertise in materials science, biomechanics, and device design [62]. Data scientists play a pivotal
role in analyzing the vast amounts of data generated by smart implants, developing algorithms
to interpret sensor outputs, and creating predictive models to inform clinical decision-making [63].
This interdisciplinary approach ensures that smart implants are designed with a comprehensive
understanding of both clinical needs and technological capabilities, ultimately leading to more
effective and personalized patient care [64].

Despite these promising developments, several research gaps remain. Further studies are needed
to optimize the properties of self-healing materials for orthopedic applications, ensuring they
can withstand the mechanical demands of load-bearing implants. The long-term biocompatibility
and stability of bioelectronic components within the human body require thorough investigation [65].
Additionally, while bioprinting has demonstrated potential, challenges related to the vascularization
of printed tissues and the scalability of the technology must be addressed. Ongoing research
and collaboration across disciplines will be essential to overcome these challenges and fully realize
the potential of smart orthopedic implants [66].

CONCLUSION

In conclusion, smart orthopedic implants represent a groundbreaking innovation at the intersection
of medicine, engineering, and data science, offering a transformative approach to joint replacement
and musculoskeletal care. By integrating advanced sensors, wireless communication, and real-time
data analytics, these implants provide unprecedented capabilities for monitoring wear, detecting
complications, and optimizing treatment outcomes. The incorporation of emerging technologies,
such as self-healing materials, bioelectronics, and bioprinting, alongside interdisciplinary
collaboration, underscores the vast potential of smart implants to enhance orthopedic care
and improve patient quality of life. Despite challenges related to biocompatibility, data security,
and regulatory hurdles, the ongoing evolution of smart implant technologies highlights a promising
future where personalized, data-driven, and patient-centered solutions become the cornerstone
of healthcare. Embracing these innovations will not only redefine orthopedic practices but also
pave the way for a new era of intelligent healthcare systems designed to deliver better outcomes
and quality of life for patients worldwide.
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Anniversary

Professor Dyachkov Alexander Nikolaevich
(75t birthday anniversary)

Professor Alexander Nikolaevich Dyachkov, MD, Chief
Researcher of the Educational Department of the Ilizarov
Center, celebrated his 75" birthday on May 27, 2025.

His road to the medical profession began with graduation
from the Omsk Medical Institute. He continued his career
in emergency surgery. The young doctor Alexander Dyachkov
came to Kurgan in 1976 and was chosen by competition
for the position of junior research fellow in the experimental
department. All his thoughts were devoted to research work,
and he worked in a well-coordinated team of like-minded
people.

Successful results of the research into the effectiveness
of the transosseous osteosynthesis method, conducted under
the supervision of G.A. Ilizarov, allowed Alexander Dyachkov
to take a new approach to solving the problem of muscle
defect management and became the basis for his candidate's
dissertation, which he brilliantly defended in 1985. The work
was the first to evaluate the reparative processes in muscle tissue during defect management.
Translation of the experimental results into clinical practice had a significant effect and could
reduce disability in severe orthopedic pathology and injuries.

!

Later, A.N. Dyachkov became interested in studying the potential of using the Ilizarov method
in craniosurgery. The concept he developed became the basis for preparing a dissertation for doctor
of medical sciences degree, which he successfully defended in 1997.

Alexander Nikolaevich has dedicated more than 40 years to work at the Ilizarov Center and has
come a long professional path. For many years, he worked as the Scientific Secretary of the Center
and made a great contribution to the development and implementation of scientific research
planning. Professor Dyachkov was the Scientific Secretary of several dissertation councils organized
on the basis of the Ilizarov Center for many years. His assistance to dozens of applicants in preparing
scientific papers and theses is invaluable. More than 10 candidate and doctoral dissertations were
defended under his direct supervision. A.N. Dyachkov is the author and co-author of more than
250 printed works, 25 inventions and utility models. In 2010, A.N. Dyachkov was appointed acting
director of the Center, and then deputy director for scientific work.

For high performance in scientific and clinical activities, he was awarded the medal of the Order
of Merit for the Fatherland.

The medical dynasty of the Dyachkovs at the Center can also be considered his special merit.
Currently, his son and grandson work at the Ilizarov Center. They are also successful in their
profession and are known for their scientific achievements.

The staff of the Center and the editorial board of the journal Genij Ortopedii congratulate the Honorary
Professor of the Ilizarov Center Alexander Nikolaevich Dyachkov on his anniversary and wish him good
health, family well-being, peace of mind and strength to implement new scientific ideas, support young
scientists and continue the traditions established by Academician G.A. Ilizarov.
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Obituary

Professor Ulrich Eduard Vladimirovich
(1937 - 2025)

An outstanding pediatric surgeon, one of the founders
of the Russian surgical vertebrology, founder
of the St.Petersburg School of Pediatric Vertebrologists,
Honorary professor of the Ilizarov Center, doctor of medical
sciences, professor Eduard Vladimirovich Ulrich passed away
on June 2, 2025. He was only 87 years old. “Only”, because his
clear and sharp mind, strong handshake, brilliant erudition,
unbending will, colossal performance, selfless devotion to his
favorite work and intuition in determining advanced trends
in spinal surgery did not depend on age.

The beginning of Eduard Vladimirovich's professional way
a of a series of tests. His childhood coincided with the siege
of Leningrad and evacuation; his father was repressed during
Stalin's rule and was rehabilitated only in 2011. By the way,
Eduard Vladimirovich spent 12 years fighting for this
rehabilitation. The choice of profession was predetermined
by the war years and observation of evacuation hospitals,
but even after successfully passing the entrance exams,
the commission had questions for the son of a repressed
person with a German surname.

After graduating from Leningrad Pediatric Medical Institute (LPMI) in 1961, he worked for two years
as a surgeon in the district hospital of the Arkhangelsk region together with experienced operating
nurses who had gone through the Great Patriotic War, and in practice he knew "the difference
between Esmarch's mug and Esmarch's mask." Later, he recalled this time as a period of professional
happiness. Returning to Leningrad in 1963, Eduard Vladimirovich connected his whole life with
the Department of Pediatric Surgery of LPMI, going from a postgraduate student and assistant
to the head of the department.

In 1967, Eduard Vladimirovich Ulrich defended his candidate's of medical sciences dissertation
on the topic of "Surgical treatment of post-traumatic deformities of the bones of the upper extremities
in children under the supervision of G.A. Bairov, a famous pediatric surgeon, corresponding member
of the Academy of Medical Sciences." At a time when pediatric surgery required universe approach, he
dealt with emergency and planned thoracic and abdominal surgery, issues of pediatric anesthesiology
and proctology. In the 1970s, Eduard Vladimirovich began to study the topic that was completely
unknown at that time, congenital deformities of the spine, and in 1985 he successfully defended his
doctoral dissertation on the topic of "Surgical treatment of malformations of the spine in children."

There was no computerization yet, but he systematized data on more than 500 patients and created
a classification of congenital anomalies of the spine and spinal canal. At a time when special spinal
instruments were unavailable in our country, Eduard Vladimirovich created the first original metal
instrumentation for the correction of spinal deformities in young children using his own drawings,
developed unique operations for hemivertebrae, vertebral segmentation disorders, thoracic
insufficiency syndromes and spinal cord splitting, focusing on finding methods for correcting such
defects. During the same period, research was initiated on combined extravertebral pathology,
methods of contrasting the spinal canal and anesthetic protection of the spinal cord. It were
the years when CT and MRI had just started to be introduced into medical practice, and most surgical
decisions were made based on only X-ray spondylography.

Professor E.V. Ulrich was ahead of his time, having organized the first training course in pediatric
vertebrology in Russia in the mid-1990s (the creation of this specialty was only just discussed)
and having put forward the idea of creating a specialized emergency vertebrology service
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in St. Petersburg. He did not find support in the city administration at that time, but almost 10 years
later this idea was finally implemented by the director of the Turner Children's Orthopedic Institute
A.G. Baindurashvili within the framework of the regional center for spinal injuries in children.

The merits of Professor E.V. Ulrich have been recognized by leading world specialists. In 1999,
E.V. Ulrich together with Professor ]J. Dubousset (France), with whom they had been friends
for many years, organized the GICD (Cotrel-Dubousset Group) congress in St. Petersburg, which
was attended by more than 100 vertebrologists from Europe, Asia and Africa. In the early 2000s,
under his leadership, a comprehensive program was prepared that united researchers, doctors
and teachers of medical universities and actually determined the creation of the school of pediatric
vertebrologists in St. Petersburg, from which many specialists emerged and now head the leading
medical centers, institutes and clinics of our country.

Eduard Vladimirovich's active life position was reflected in the advancement of knowledge
and in the education of young people. In 2004, he became the first laureate of the Ternovsky
Award for Services to Children's Surgery. At the same time, he joined the staff of the newly created
scientific and practical journal "Spine Surgery" and published in its very first issue an article devoted
to the classification of vertebral anomalies together with R. Winter and J. Lonstein. E.V. Ulrich was
a member of the editorial boards of several surgical and orthopedic journals, the author of seven
monographs, numerous patents, and the supervisor and scientific consultant of three doctoral
and 19 candidate dissertations.

He gradually limited his practical work with age but Eduard Vladimirovich remained a person
to whom everyone, regardless of age and experience, could turn for help. Anyone who was lucky
enough to communicate with him remembers the sincere joy that Professor Ulrich experienced when
talking about the ideas and successes of colleagues and students. His presence in the operating room,
calm voice and practical advice made them work more confidently and set seemingly unattainable
goals, and successfully solve the most unusual situations.

Eduard Vladimirovich Ulrich passed away at the age of 87, but he remains in our memory as a wise
Teacher, Colleague, Scientist and a Man with a capital letter. Thank you, Eduard Vladimirovich,
for the fact that all those years we had the happiness of being with you ...

Students and colleagues of Professor E.V. Ulrich,
editorial board of the journal Genij Orthopedii
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