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Segmental bone defects represent a complex clinical chal-
lenge in reconstructive orthopedics, etiologically associated
with high-energy trauma, oncological resections, and osteo-
myelitic processes. The two-stage Masquelet technique with
induced membrane formation demonstrates high efficacy in
reconstructing critical-size bone defects, however, the molec-
ular-biochemical mechanisms of reparative osteogenesis dur-
ing its application remain insufficiently investigated. Objec-
tive. To evaluate the dynamics of biochemical markers of bone
metabolism in patients with segmental defects of long tubular
bones during treatment using the induced membrane (Mas-
quelet) technique in order to determine the metabolic charac-
teristics of osteogenesis and to optimize bone regeneration.
Methods. The study included 85 patients aged 18 to 65 years.
The experimental group consisted of 44 patients with segmen-
tal bone defects, while the control group comprised 41 patients
with low-energy fractures. Biochemical markers such as alka-
line phosphatase, osteocalcin, p-CrossLaps, calcium, phospho-
rus, and parathyroid hormone were analyzed. Results. Before
treatment, significant abnormalities in bone metabolism mark-
ers were observed in the experimental group: elevated alkaline
phosphatase (175.45 £ 46.2) U/L, osteocalcin (53.70 + 12.4) ng/
mL, f-CrossLaps (0.949 + 0.271) ng/mL. Following treatment,
75-92 % of patients demonstrated normalization of biochemical
parameters, indicating stimulation of reparative osteogenesis.
Conclusions. The Masquelet technique effectively stimulates
bone regeneration in segmental defects, as confirmed by the nor-
malization of biochemical markers. Comprehensive biochemical
monitoring can serve as a valuable tool for assessing treatment

efficacy.

Ceemenmapni deghexmu Kicmok € 00801 CKAAOHOI0 NPOOIEMOI0
PEKOHCMPYKMUBHOI opmonedii, emioloeiuHo Noe’a3aHoi 3 Gu-
COKOeHep2eMUYHUMU IMPABMAMU, OHKOJIOIYHUMU 1 OCMeoMie-
aimuunumu npoyecamu. Hdeoxemanna memoouxa Masquelet
3 popmyeannam iHOYKYIUHOI MeMOpanu 0eMOHCMPYE BUCOKY
epexmueHicms y 8IOHOGIEHHI KPUMUYHUX KICIKOBUX OedeKmis,
npome MONEeKYIAPHO-OIOXIMIYHI MeXaHi3Mu penapamueHozo
ocmeozene3y 8 pasi ii 3acmocy8anHs 3a1Uuarmsca Heoocmam-
Hb0 OocaidoceHumu. Mema. Busuumu ounamixy Oioximiunux
Mapkepig KiCmk08oeo mMemabonizmy 6 nayieumis i3 cezmeu-
maprumu oegpekmamu 0082ux mpyouacmux Kicmoxk y npoyeci
JIKYBAHHA 3 BUKOPUCMAHHAM MeMOOUKU iHOYKO8AHOI Membpa-
nu (Masquelet) ons eusnavenna memaboniynux ocobausocmeil
ocmeocenesy i onmumizayii ocmeopeeenepayii. Memoou.
Obcmediceno 85 nayienmis gixom 6i0 18 do 65 poxis. [locniony
epyny ckaanu 44 ocobu 3 ceemenmapnumu oegexmamu Kic-
MoK, NPOAIKOBAHUX 30 08OXemanHolo memoouxoro Masquelet.
Koumponwny epyny (41 nayieum) cmanosuiu xeopi 3 HU3bKO-
enepeemuyHuMu neperomamu. JJocniodcents Ku04aN0 euUsna-
YeHHA MapKepig KiCmKoeo2o memabonizmy (yrcua pocghamasa,
ocmeoxanvyut, f-CrossLaps), nokasHuKie MiHepaibHO20 0OMiHY
(kanvyiil, pocghop) ma pecyiamopHuil hakmop (napameopmon).
Pesynomamu. [lo nikyeanns 6 nayienmig i3 cecmenmapHumu
Odehexmamu 8UABIEHO NIOBUWEHHS PIBHIE TYIICHOI (hochamaszu
(175,45 £ 46,2) mxxam/a, ocmeoxanvyuny (53,70 £ 12,4) ne/mn ma
p-CrossLaps (0,949 + 0,271) ne/mn. Ilicnas nikyeanns ¢ 75—92 %
6UNAOKI6 cnocmepieanacs HOPMANi3ayis NOKA3HUKIE 0I10Xi-
MIUHO20 PeMOOenO8anHs KICMKOGOI MKAHUHU, WO C8I0YUmb
npo cMuMynAYilo penapamueHo2o ocmeozene3y. Buchosxu.
Memoouxa indykyiiinoi memopanu cnpuse cmumynayii penapa-
MUBHO20 Ocmeozenes3y, o niomeepoNCcyemucsa HopMaiizayicio
bioximiunux mapkepie. Komniexcne oyinroeanusa OI0XiMiuHUX
NOKA3HUKIG € BAJICIUGUM [HCMPYMEHMOM MOHIMOpuH2y eghex-
muenocmi nikyeanus. Kiwouosi cnosa. Ceemenmapnuii oeghexm,
IHOYKYIUHA MeMOpaHa, ocmeoeenes, OIOXIMIUHI MapKepu, Kicm-
KOGULL MemabonizM.
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Introduction

Replacement of segmental bone defects is cur-
rently an extremely relevant issue in orthopedics and
traumatology. Well-known techniques, such as vas-
cularized fibular autograft or the Ilizarov distraction
osteosynthesis method are common. Although they
are quite effective, they also have certain drawbacks.
In particular, they are technically complex, require
highly qualified specialists and modern material and
technical support, as well as a large number of com-
plications in the postoperative period [1, 2].

To minimize the number of complications and un-
satisfactory results, in 1986 A. Masquelet proposed
a two-stage technique, which consists in the implan-
tation at the first stage of polymethyl methacrylate
(PMMA) (bone cement) saturated with an antibiotic,
which is responsible for the formation of a pseudosy-
novial membrane. The second stage after the forma-
tion of the induced membrane within a period of 6
to 8 weeks implied removal of the spacer and filling
the cavity with a spongy autograft. The properties of
the membrane are defined by its mechanobiological
characteristics: mechanically, it prevents the invasion
of fibrous tissue into the recipient site while facilitat-
ing the restoration of the damaged segment's anat-
omy; biologically, it stimulates tissue regeneration,
leading to the formation of an induction membrane
that revascularizes the bone graft and prevents its re-
sorption [3, 4].

This technique allows to reconstruct significant
diaphyseal defects, even if the recipient area has been
irradiated or infected, provided that a pre-formed
shell is formed to protect and revascularize the bone
graft [5].

Stimulation of the osteogenic potential of auto-
grafts using growth factors and osteoinductive cells
remains an area of active research [6, 7]. Current
studies are still in their early stages and require an-
swers to many unresolved questions.

Ultimately, further investigation into the meta-
bolic properties of induction membranes holds great
promise for uncovering new.mechanisms of bone
tissue biology and regeneration. This could signifi-
cantly improve the quality of care for many patients.
The technique of using the induced membrane is
unique and has the potential to shift the paradigm
for implanting foreign bodies into the human body.
Despite being used in practice for over 30 years, sci-
entific and practical studies on its properties are just
beginning.

Objective: to assess the time course of biochemi-
cal markers of bone metabolism in patients with seg-

mental bone defects during treatment using the in-
duced membrane technique (Masquelet) in order to
determine the metabolic features of osteogenesis and
optimize osteoregeneration.

Material and methods

The study was conducted on the basis of the Bio-
chemistry Laboratory of the State Institution “Insti-
tute of Traumatology and Orthopedics of the National
Academy of Medical Sciences of Ukraine”. The re-
search was carried out in accordance with the terms
of the Declaration of Helsinki with the approval
of the Bioethics Committee (Protocol No. 3 dated
26.04.2025). All patients involved in this study signed
a voluntary informed consent to participate.

The study involved examination of 85 subjects
aged 18 to 65 years (mean age (42.3 £ 8.7) years).

The experimental group included 44 patients with
segmental bone defects, mostly lower limbs, in which
the two-stage Masquelet method was used. The con-
trol group included 41 individuals hospitalized for
intra-articular injuries and low-energy closed frac-
tures of the lower limbs. The groups were identical in
terms of age and sex.

The clinical observation was based on the quan-
titative determination of bone tissue remodeling
markers by the method of parallel biochromatic and
monochromatic adsorption measurement (Automatic
electrochemiluminescent analyzer Cobas E 411 and
biochemical analyzer Cobas E 311 using Roche Diag-
nostics test systems).

Laboratory studies included the determination
of the following indicators: markers of bone for-
mation (alkaline phosphatase (ALP), osteocalcin),
indicators of resorption (B-CrossLaps) and mineral
metabolism (total calcium, phosphorus), regulatory
factors (parathormone), additional enzymes (creatine
phosphokinase (CPK), lactate dehydrogenase (LDH)).
Blood sampling was performed in the morning on an
empty stomach before the start of treatment and after
its completion. The patients' blood serum was ana-
lyzed after being separated using an ELMI Centri-
fuge CM-6MT.

For statistical analysis of values, a descriptive
method was used with the calculation of the mean
(M), the mean standard error (m). The probability
of the difference was assessed depending on the type
of data cut by parametric (Student's t-test for unre-
lated samples) and non-parametric (Pearson's y?,
Mann-Whitney U-test) methods. The relationship
between the parameters studied was revealed by
calculating the Spearman correlation coefficient.
All data are presented as the mean and standard
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error of the mean. The difference was considered sig-
nificant at p < 0.05. Calculations were performed in
the Statistica 12 software.

Results

The analysis of the initial indicators in the study
group revealed significant deviations from the ref-
erence values. An increased level of alkaline phos-
phatase (> 129 pkat/l) was observed in 23 % of pa-
tients with an average value of (175.45 + 46.2) pkat/1
in the group with an increased level. Deviations
from the norm of osteocalcin were detected in 55 %
of patients, of which > 22.0 ng/ml in 45 % (up to
(53.70 £ 12.4) ng/ml). Increased B-CrossLaps lev-
els were recorded in 42 % of cases (mean value
(0.949 £ 0.271) ng/ml), with the highest rates ob-
served in patients with disease duration of more than
2 years. Calcium-phosphorus metabolism disorders
were detected in 35 % of cases, including hyperphos-
phatemia in 18 and hypocalcemia in 12 % (Fig. 1).

After the treatment, positive dynamics were
recorded: normalization of alkaline phosphatase lev-
els in 85 % of patients (the average value decreased
to (102.3 £+ 28.6) pkat/l), restoration of osteocalcin
levels to reference values in 75 %. The B-Cross-
Laps level decreased by an average of 35 % (to
(0.621 = 0.248) ng/ml) with complete normalization
of the indicator in 82 % of people. Indicators of min-
eral metabolism normalized in most patients: calcium
levels in 92 %, phosphorus in 88 % of cases.

The indicators of the control group were
characterized by stability - and were within
the reference values: alkaline phosphatase —
(103.4 + 25.6) pkat/l, calcium — (2.52 + 0.28) mmol/l,
phosphorus — (1.28 £ 0.38) mmol/l,
B-CrossLaps — (0:621 £ 0.248) ng/ml,
osteocalcin — (29.8 £ 11.7) ng/ml, parathormone —
(28.9 + 11.8) pg/ml (Fig. 2).

Discussion

The analysis of the obtained results demon-
strates complex changes in biochemical markers in
patients with segmental defects of bone tissue. Par-
ticular attention is drawn to changes in markers
of bone formation and resorption, which showed
characteristic changes. Alkaline phosphatase levels
were elevated ((102.5 £ 31.2) ukat/l) with significant
gender differences ((105.3 + 29.8) pkat/l in men vs.
(97.7 £ 24.6) pkat/l in women, p < 0.05). Osteocalcin
levels were also elevated ((27.8 + 10.7) ng/ml), indi-
cating osteoblast activation.

A similar pattern was found in the study by
N. S. Rathwa et al., who associated it with compen-
satory activation of bone formation processes [8, 9].
The B-CrossLaps resorption marker demonstrated an
elevated level ((0.64 = 0.23) ng/ml) with significant
individual variability (CV = 35.7 %).

In the publications of F. Perut et al. and S. Wei
et al. also noted the high variability of this indica-
tor and its importance for studying the intensity
of bone resorption [10, 11]. The data on mineral me-
tabolism were the most stable. The calcium level
(2.55 + 0.23) mmol/l was characterized by the lowest
variability (CV = 8.9 %), which indicates the preser-
vation of homeostasis mechanisms.

M. Kumar et al. emphasize the importance
of maintaining a stable calcium level for the pro-
cesses of reparative osteogenesis [12]. Of partic-
ular note is the increased level of parathormone
(28.2 + 13.7) pg/ml with high variability (CV =456 %)
and right-sided asymmetry of distribution.

O. W. Omogbai et al. associate this with the ac-
tivation of compensatory mechanisms of regulation
of calcium-phosphorus metabolism [13]. Enzymatic
activity also underwent characteristic changes. CPK
level was increased (15.3 £+ 4.3) U/L with significantly
higher values in the female group (p < 0.05). LDH
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activity (197.4 + 47.6) U/L showed a normal distribu-
tion of data.

J. A. Nicholson et al. proved similar changes and
their significance for assessing the metabolic activity
of bone tissue. The identified correlations between
markers (LF/osteocalcin r = 0.72, B-CrossLaps/LF
r = 0.68) confirm the relationship between the pro-
cesses of formation and resorption [14].

The results indicate that a comprehensive assess-
ment of biochemical markers can be used to mon-
itor treatment effectiveness. At the same time, it is
necessary to take into account the high individual
variability of some indicators and their gender char-
acteristics. When analyzing the pathogenic mecha-
nisms of reparative osteogenesis, it is important to
note the role of various growth factors and cytokines.
An increased level of osteocalcin (27.8 = 10.7) ng/ml
together with high activity of LF (102.5 + 31.2) pkat/I
may reflect the activation of the BMP2-dependent os-
teogenesis pathway.

S. Martin-Iglesias et al. demonstrated that such
changes correlate with BMP2 expression and os-
teoblast activation [15, 16]. The relationship between
markers of bone resorption and formation deserves
special attention. An increased level of B-CrossLaps
(0.64 £ 0.23) ng/ml with a simultaneous increase in
osteocalcin indicates a disruption of the balance of re-
modeling processes. N. Patel et al. showed that such
a combination of changes is characteristic of delayed
consolidation [17].

The role of inflammatory factors is also signifi-
cant. The high variability of ‘parathyroid hormone
(CV = 45.6 %) and the right-sided asymmetry of its
distribution may reflect the activation of pro-in-
flammatory mechanisms.  H. ElHawary et al. noted
similar changes in case of impaired fracture consol-
idation [18]. The stability of mineral metabolism in-
dicators (calcium CV = 8.9 %) with significant vari-
ability of other markers may indicate the preservation
of systemic regulatory mechanisms under conditions
of local disorders of osteogenesis.

V. Fischer et al. emphasize the ‘importance
of maintaining mineral homeostasis for successful
consolidation. Gender differences in the levels of LF
((105.3 £:29.8) pkat/l in men versus (97.7 + 24.6) in
women) and CPK may be associated not only with
hormonal characteristics, but also with different
intensity of mechanical load [19]. The identified
changes also suggest the participation of VEGF-de-
pendent mechanisms in the disruption of reparative
osteogenesis. K. Hu et al. noted that the activation
of angiogenesis is a critical factor for successful con-
solidation [20]. Therefore, a comprehensive analysis

of biochemical markers opens up new opportunities
for understanding the pathogenesis of reparative oste-
ogenesis and optimizing treatment tactics.

Conclusions

The study showed that before treatment, patients
had significant' bone metabolism disorders, which
were manifested by deviations of biochemical mark-
ers from reference values.

Patients with segmental bone defects were found
to have an increase in the levels of markers of both
formation (LF — (102.5 + 31.2) pkat/l, osteocalcin —
(27.8 £10.7) ng/ml) and resorption (B-CrossLaps —
(0.64 + 0.23) ng/ml), which indicated a disruption in
the balance of remodeling processes.

Most of the studied indicators were within the ref-
erence values but were characterized by signifi-
cant individual variability. Statistically significant
gender differences were found for LF indicators
((105.3 £ 29.8) pkat/l in men and (97.7 = 24.6) in
women, p < 0.05) and CPK, which should be consid-
ered when interpreting the results.

The highest variability was demonstrated by
the levels of parathyroid hormone (CV = 45.6 %) and
B-CrossLaps (CV = 35.7 %), the lowest by the con-
centration of total calcium (CV = 8.9 %). The data
distribution for most indicators exhibited right-sided
skewness, except for calcium and LDH, which dis-
played a nearly normal distribution.

Correlations were established between markers
of bone formation and resorption (r = 0.68-0.72;
p < 0.01), which confirms the complex nature of met-
abolic disorders and the need to monitor a wide range
of biochemical markers to determine the effective-
ness of treatment.

The results demonstrated high efficiency, as ev-
idenced by the normalization of most biochemical

indicators.
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