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Abstract
Objective. To analyze current experimental models of fracture union failure and bone
nonunion formation, assess their pathogenetic validity, advantages, limitations, and
potential applicability in preclinical studies.
Methods. A scoping literature review was conducted, including a systematic search for
publications devoted to experimental models of fracture nonunion and nonunion. The
literature search was conducted in PubMed, Scopus, and Web of Science using the
following keywords and their combinations: fracture nonunion, delayed healing, animal
model, and bone healing. The review included original experimental studies on
laboratory animals that described the method for modeling fracture nonunion, the
animal species, the mechanism of nonunion formation, and the methods for evaluating
the results. Clinical studies, abstracts, reports, and publications without experimental
modeling were excluded from the analysis. The selected studies were analyzed based on
the model type, pathogenetic mechanism, replication features, and limitations of use.
Results.The analysis revealed significant heterogeneity in existing experimental models.
Mechanical models based on fixation instability predominantly reproduce hypertrophic
nonunion variants and are characterized by high reproducibility. Critical bone defect
models are widely used to evaluate biomaterials and regenerative technologies; however,
they do not always reflect the pathogenesis of clinical nonunion. Biological models that
include periosteal damage, impaired blood supply, or suppression of the osteogenic
potential of tissues are more capable of reproducing atrophic forms of consolidation
failure. Combined models that integrate mechanical and biological factors demonstrate
a higher pathogenetic similarity to clinical nonunion variants but are characterized by
greater technical complexity. Systemic and genetic models allow for the study of the
influence of metabolic disorders, aging, and molecular mechanisms on reparative
osteogenesis. Differences in animal species, observation periods, and nonunion
confirmation criteria have been shown to limit the comparability of results between
studies.
Conclusions. A universal experimental model capable of fully reproducing all clinical
variants of fracture healing failure currently does not exist. The choice of model should
be determined by the study objective and the proposed mechanism of bone healing
impairment. A promising direction is the standardization of existing approaches and the
development of combined models that simultaneously consider mechanical, biological,
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and systemic factors. This could improve the reproducibility of experimental studies and
facilitate the translation of preclinical data into clinical practice.

Keywords: fracture nonunion, delayed union, hypertrophic nonunion, animal model,

fracture healing.

1. Introduction

The incidence of fracture nonunion is estimated to
be between 5% and 10%, and this rate may increase as
survival rates improve for patients with severe injuries
[1]. Fracture nonunion is associated with prolonged
pain, limited limb function, repeated surgeries,
prolonged rehabilitation periods, and significant
socioeconomic burden [2].

Bone fracture healing is a complex, multistage
process dependent on the interaction of mechanical
stability, local blood supply, cellular osteogenic
potential, inflammatory response, and systemic
metabolic factors [3]. Disruption of any of these
components can lead to delayed consolidation or
nonunion, highlighting the need to study the
mechanisms of pathological bone healing. Therefore,
experimental models are particularly important. The
use of appropriate animal models to simulate healing
defects is crucial for improving existing treatments and
developing new therapies. Models are essential for
studying the pathogenesis of nonunion, assessing the
role of mechanical and biological factors, and preclinical
testing of new treatment methods, including bone
grafting materials, growth factors, cell technologies,
biomaterials, drugs, and combined regenerative
approaches [4].

Experimental orthopedics utilizes models of
mechanical instability, critical bone defects, impaired
blood supply, periosteal removal, suppression of bone
marrow osteogenic potential, soft tissue interposition,
drug-induced inhibition of osteogenesis, and combined
models of atrophic nonunion. However, each of these
models has its own advantages, limitations, and

2. Materials and Methods

A search of PubMed, Scopus, and Web of Science
databases was performed for publications devoted to
experimental models of impaired fracture healing and
nonunion (2000-2025). Keyword combinations were
used: “fracture nonunion”’; “delayed union”;
“hypertrophic nonunion”; “animal model”; “fracture
healing”.

Inclusion criteria were:

¢ experimental preclinical studies devoted to
modeling delayed fracture healing or nonunion;

e studies on laboratory animals describing the
modeling method;

varying degrees of correspondence to clinical patterns
of fracture nonunion in humans [5].

However, the literature lacks a unified approach to
selecting the optimal experimental model of impaired
bone healing. A significant proportion of studies utilize
different animal species, anatomical sites, defect
creation methods, fixation techniques, observation
periods, and nonunion confirmation criteria, which
complicates direct comparison of results, reduces
experimental  reproducibility, and limits the
translational value of preclinical data [6].

Furthermore, critical bone defect models are often
considered equivalent to fracture nonunion, although
the pathogenesis of these conditions is not entirely
identical; a critical defect primarily reflects the inability
to independently bridge the bone gap, whereas clinical
nonunion can be associated not only with defect size but
also with mechanical instability, impaired blood
supply, infection, and biological insufficiency of the
regeneration zone [7,8].

Based on this, experimental models of impaired
consolidation can be tentatively classified as
mechanical, defective, biological, combined, infectious,
and systemic/genetic [9].

This study was conducted in the scoping literature
review format with elements of a systematic search.

The aim of this article is to analyze current
experimental models of impaired fracture healing and
nonunion formation, and to evaluate their pathogenetic
validity, advantages, limitations, and applicability in
preclinical studies.

¢ primarily modern publications supplemented by
classical experimental studies;

¢ availability of data on the type of model, animal
species, and outcome evaluation criteria.

Clinical studies, publications without
experimental modeling of consolidation disorders,
abstracts, reports, and review articles (except for
individual key reviews used to refine the classification
of models) were excluded from the analysis.
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Key words:

fracture nonunion; delayed union; hypertrophic nonunion; animal model; fracture
healing. n =28 (PubMed), n = 195 (Scopus), n = 492 (Web of Science)

Filter: Study Type:

Experimental preclinical studies modeling delayed fracture healing or nonunion;
animal studies describing the modeling method; full-text publications; availability
of data on model type, animal species, and outcome evaluation criteria

Excluded:

Duplicates removed (n = 120); Excluded after title and abstract assessment (n = 494);
Excluded after full text assessment; no nonunion model (n = 28); clinical studies
(n=19); reviews without experimental data (n = 11); abstracts/reports (n =7)

36 articles were included in the review:

Systematic reviews (n = 8)
Preclinical experimental studies (n = 28)

Figure 1 - Algorithm for selecting and including publications in a literature review
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model used, the mechanism of nonunion formation,

3. Results
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nonunion and are used to study the effect of stability on

Table 1 - Mechanical Models of Nonunion

Animal
Study 11;101?12 / Modeling Method Advantages Limitations
Rotational instability after Slmple and Does not repFoduc'e
Mailster et . . reproducible model; vascular and biological
osteotomy with varying . . . .
al., 1984 Rat / femur . . allows evaluation of impairment; mainly
stiffness of intramedullary :
[10] L the effect of reflects hypertrophic
fixation .. . .
mechanical instability nonunion
Reproducibly induces
Hietaniemi Osteotomy + loosely delayed .. .
. . . . . Limited representation of
et al., 1995 Rat/femur inserted intramedullary pin union/nonunion; ; .
. . 1 . . atrophic nonunion
[11] —rotational instability technically relatively
simple
Large animal model;
Schell et Sheep / C.olmparlson of rigid and high translational High cost and complexity
al., 2008 o critically unstable external relevance; .
tibia .. . . of maintenance
[12] fixation biomechanical
assessment possible
Peters et Sheep / Rotationally unstable Detailed evaluatllon of Requ.lres prolonged .
al., 2010 o L . callus formation observation and expensive
tibia fixation —delayed healing . .
[13] dynamics experimental setup
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Table 1 (Continuation) - Mechanical Models of Nonunion

Study Animal / Bone Modeling Method Advantages Limitations
R fixati
Claes et al., 2009 ec'luced Ixation Allows assessment of fixation Does not induce stable
Rat / femur stiffness (early . . . .
[14] .. influence on fracture repair atrophic nonunion
dynamization)
Schoen et al., 2008 Critical-size defect + . Corfﬂ.ames mechanical Model is closer tf) segmental
Rat / femur . . instability and bone defect; defect than classical fracture
[15] intramedullary nail . . . . .
suitable for biomaterial studies nonunion
Osteot +
Garcia et al., 2008 . steotomy ™ High reproducibility; suitable Small animal size limits
Mouse / femur insufficient fixation . . . . .
[16] for genetic studies surgical manipulation

stability
Alteration of fixation
stability at different
healing stages

Tateiwa et al., Mimics clinical treatment

2025 [17]

Complex design; limited

Rat T
standardizatio

scenarios for nonunion

Mechanical models provide useful information Critical Defect Models

about the role of instability, but have limitations:
hypertrophic nonunion is less common in humans, and
looking exclusively for unstable union may
overestimate the importance of the mechanical factor.
Furthermore, they do not reproduce the biological
aspects of atrophy (periosteal and vascular damage).

Table 2 - Critical Defect Models

Critical defect models (CSDs) create a bone
segment that will not heal on its own without a graft or
osteogenic factor. These are most commonly segmental
defects of the femur or radius of a given length (e.g., 15—
20 mm in rabbits). CSD models are useful for testing

materials and therapies.

Animal
Study Bone / Modeling Method Advantages Limitations
Standardized imple technique; high
critical-size radial ’ fe roducigili v; ° Rabbit radius is partially
Zhao et al., 2016 Rabbit / TP t; unloaded by the ulna —possible
. defect model for suitable for assessment .. .
[18] radius . . overestimation of regenerative
evaluation of bone of osteoplastic .
. . capacity
healing materials
. . Standardized model; . . .
5-mm critical-size . Small animal size limits surgical
Poser et al., 2014 Rat/ . useful for evaluation of
femoral defect with . . procedures; does not fully
[19] femur .. tissue-engineered .. .
plate fixation reproduce clinical nonunion
constructs
Critical-size calvarial
Rat Widely used; highl Lack of mechanical loading —
Spicer et al., 2012 / defect for testing yu shy © . © 8
calvarial . . reproducible; suitable poor representation of long-bone
[20] biomaterials and . ) . .
bone for biomaterial studies healing
growth factors
Determination of Allows standardization Rib model does not reflect
Liuetal, 2016 ~  Rabbit/ o anon o y , ? (o mpder coes ho
. critical-size of defect size; useful biomechanics of long tubular
[21] rib . . .
segmental rib defect  for regenerative studies bones
Reconstruction of
Rabbit / econstruction o High clinical relevance; Reflects defect reconstruction
Meng et al., 2019 large segmental D . .
segmental . similarity to human rather than formation of classical
[22] defects using the . .
defect reconstructive surgery fracture nonunion

Masquelet technique

Despite their high value for evaluating bone
grafting materials and tissue engineering, critical defect
models predominantly reproduce the inability to
independently fill the bone gap and do not always
reflect the pathogenesis of clinical nonunion caused by

mechanical instability, infection, or biological
insufficiency of the regeneration zone.

Biological models of nonunion

These models directly disrupt regenerative
potential. Examples: periosteal coagulation

(thermocoagulation) or periosteal excision.

https:/ldoi.org/10.52889/1684-9280-2026-77-3-jto057
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Table 3 - Biological models of nonunion

Animal / . N
Study 11131::1: Modeling Method Advantages Limitations
Atrophic nonunion  Enables investigation of
model; assessment of biological Primarily describes tissue
Brownlow et al., . vascular and characteristics of alterations; limited as a
Rabbit . . . . .
2002 [23] metabolic activity atrophic nonunion; reproducible model for
within nonunion high pathogenetic nonunion induction
tissue relevance
Osteotomy + Reliabl}f reproch.lces . . .
. . atrophic nonunion;  Technically demanding; highly
Kaspar et al., 2008 periosteal injury + >
Rat / femur models local dependent on standardization of
[24] bone marrow removal . ..
. suppression of Iinjury extent
+ fixation .
osteogenesis
Allows evaluation of
the role of periost
N Periosteal € rote of periosteum More commonly induces
Grongroft et al., Mouse / o in reparative .
cauterization — . delayed union rather than stable
2019 [25] femur . osteogenesis; .
delayed healing . nonunion
reproducible delayed
healing model
Dysfunction of High molecular and
Wang et al., 2019 Mouse / periosteal pathogenetic relev.ance; Require§ geneti? or cellular
mesenchymal useful for studying techniques; difficult to
[26] femur . .
progenitor cells —»  cellular mechanisms of reproduce
impaired regeneration atrophic nonunion
Marked local
Onishi et al., 2020 Ext(.enswe resection of suppression of High rlsklof .C(.)mplllcz?tlons and
27] Rat/femur periosteum and bone  osteogenesis; closely variability; limited

marrow

mimics atrophic

reproducibility
nonunion

Biological models have a greater ability to
reproduce atrophic nonunion than mechanical models
because they directly affect the osteogenic potential of
tissues. However, increased pathogenetic similarity is
accompanied by increased complexity of the
methodology, increased variability of results, and
decreased reproducibility.

Combined Models of Nonunion

Combined models of nonunion combine
interventions on several key components of reparative

Table 4 - Combined Nonunion Models

osteogenesis: mechanical stability, periosteal viability,
bone marrow osteogenic potential, blood supply, and
infection. This approach allows for the reproduction of
conditions closer to clinical atrophic nonunion in
humans, in which impaired healing is rarely caused by
a single mechanism. Most commonly, combined models
involve a combination of unstable fixation with
periosteal removal, bone marrow damage, segmental
defect creation, or local devascularization.

Animal
Study Il;lon:l: / Modeling Method Advantages Limitations
Osteotomy + bone Classical atrophic Technically invasive;
Rabbit / marrow removal + nonunion model; silicone barrier creates
Oni et al., 1995 [28] tibia periosteal resection + effectively reproduces artificial conditions that
silicone barrier local suppression of may not fully reflect
implantation osteogenesis clinical settings
Combines mechanical . .
Osteotomy + unstable . . Small animal size;
Oetgen et al., 2008 Mouse / - . and biological factors; o . .
fixation + periosteal . . difficulty in surgical
[29] femur suitable for genetic

cauterization

. standardization
studies

https:/ldoi.org/10.52889/1684-9280-2026-77-3-jto057
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Table 4 (Continuation) - Combined Nonunion Models

Advantages

Limitations

Combines mechanical and
biological factors; suitable
for genetic studies

Small animal size; difficulty
in surgical standardization

Reproduces combined effects
of instability and periosteal
damage

Requires precise control of
cauterization extent; potential
variability in results

Larger animal model than
mice or rats; suitable for
evaluation of regenerative
therapies

Rabbit radius is partially
unloaded by the ulna; model
is closer to segmental defect
than classical fracture
nonunion

Study Animal /Bone  Modeling Method
Osteotomy +
Oetgen et al., 2008 unstable fixation +
Mouse / femur .
[29] periosteal
cauterization
Wau et al,, 2021 N Unstabl.e fixation +
[30] Rat / tibia periosteal
cauterization
10-mm segmental
Sharun F;]al" 2021 Rabbit / radius defect + thermal
periosteal injury
Animal
Helbig et al., 2020 models / Segmer?tal bo.ne
defect + infectious
[31] segmental
component
defect

Reproduces infection-related
nonunion; high clinical
relevance

High technical complexity;
risk of systemic
complications; requires strict
infection control

Combined models have the greatest pathogenetic
similarity to clinical nonunion, as they simultaneously
affect mechanical stability, local osteogenic potential,
blood supply, and the infectious component. However,
this increased clinical relevance is accompanied by
greater technical complexity, variability in results, and
an increased risk of complications.

Systemic/Genetic Models of Impaired Consolidation

Systemic and genetic models aim to reproduce
impaired bone healing by altering the body's overall

mechanisms. Unlike local mechanical and biological
models, these approaches mimic clinical conditions in
which impaired consolidation develops as a result of
diabetes mellitus, osteoporosis, chronic inflammation,
aging, prolonged glucocorticoid use, smoking,
nutritional deficiency, or inherited disorders of
osteogenesis signaling pathways. Such models are
particularly important for studying the pathogenesis of
atrophic nonunion and evaluating the effectiveness of
orthobiological treatments.

metabolic state

or specific

molecular

genetic

Table 5 - Systemic/genetic models of consolidation disorders

Animal
Study l\r/lllon:lzl/ Modeling Method Advantages Limitations
Effectivel
Streptozotocin-induced the frf;cllZZncheoI;rc(l)i];:iZs Systemic metabolic
Kayal et al., 2007 Mouse / diabetes —impaired mellitus on fracture alterations may affect
[32] diabetic model angiogenesis and healine: hieh clinical outcomes beyond bone
delayed fracture healing caling, ugh cimica tissue
relevance
All ling of
Rat / Long-term prednisolone luc(;‘;sr’z(())?; :fliiccics Risk of systemic
Gilley et al., lucocorticoid administration — & relevant to clinical ! complications, weight
2009 [33] 8 suppression of . . loss, and increased
model . immunosuppressive )
osteogenesis . mortality
conditions
Aging —chronic callus Reflects age-related Requires prolonged
Hebb et al., 2018 Ased mice inflammation and impairment of bone observation; high
[34] J reduced cellular regeneration; high maintenance cost of
proliferation translational relevance aged animals
NF1/Ras-MAPK pathway IH igh patthogenetllct 1 C 1 H
Kolanczyk et al., Nf1-deficient disruption — re es‘:;;c:rt}(')lr(;(;?fzgila r?lr;lc}ljele‘ lene;;: dlc
2007 [35] mice pseudarthrosis-like P . . .
henotvpe neurofibromatosis accessibility
P yPp type 1
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Table 5 (Continuation) - Systemic/genetic models of consolidation disorders

Animal / . ey
Study Model Modeling Method Advantages Limitations
Komatsu et al., Mouse / Altered Wnt signaling Useful for investigating Difficult interpretation;

(Lrp5—/-, anti-Dkk1) —

molecular mechanisms limited clinical

2010 [36 ti del
[36] genetic mode impaired bone repair of osteogenesis reproducibility
Namkung- Rat / Ovariectomy — Reproduces the effect Primarily .reflects
. . . of reduced bone mass osteoporosis rather
Matthai et al., osteoporotic osteoporosis and on fracture than classical fracture
2001 [37] model impaired fracture healing

consolidation nonunion

Despite their high pathogenetic significance,
systemic and genetic models primarily reproduce
consolidation failure caused by metabolic, age-related,
or molecular genetic factors and do not always reflect

4. Discussion

Fracture nonunion is a multifactorial process, so no
single experimental model can fully reproduce all
clinical variants of nonunion. The analysis revealed that
published models differ in their underlying
pathogenetic mechanism: some reproduce primarily
mechanical instability, while others reproduce bone
defects, periosteal damage, suppression of osteogenic
potential, or systemic regenerative disorders. This
diversity of approaches explains why research results
are difficult to directly compare.

Mechanical models are most often used to study
the role of fixation stability. In the studies of Melster et
al. [10] and Hietaniemi et al. [11], failure of union was
achieved through rotational instability after femoral
osteotomy in rats. These models clearly demonstrate
the importance of mechanical factors, but are more
consistent with hypertrophic or fibrous nonunion. A
similar approach was used by Schell et al. [12] and
Peters et al. [13] in sheep, which increased the
translational value of the model, but simultaneously
increased the cost and complexity of the experiment.

Critical defect models occupy a special place. Zhao
et al. [18] used a rabbit model of a critical radius defect,
Poser et al. [19] a rat femur defect, and Spicer et al. [20]
a skull defect. These models are convenient for
evaluating biomaterials, bone grafting materials, and
tissue-engineered constructs. However, they should not
be automatically equated with classic fracture
nonunion. A critical defect primarily reflects the
inability of the bone gap to fill spontaneously, whereas
clinical nonunion is often associated with a combination
of instability, impaired blood supply, infection, and
biological failure.

Biological models are more aimed at reproducing
atrophic nonunion. Kaspar et al. [24] used a

local mechanical or vascular causes of nonunion.
However, these models offer the greatest potential for
studying the fundamental mechanisms of reparative
osteogenesis and developing targeted therapies.

combination of osteotomy, periosteal injury, and bone
marrow removal. Grongroft et al. [25] used periosteal
injury to study delayed healing, and Onishi et al. [27]
proposed a model with extensive resection of the
periosteum and bone marrow. Such approaches are
pathogenetically closer to atrophic nonunion, since they
affect the local osteogenic potential of tissues. At the
same time, they require more precise surgical
standardization, and the results can significantly
depend on the extent of periosteal and bone marrow
injury.

Combined models appear to be closest to clinical
conditions, since impaired consolidation in humans is
rarely associated with only one factor. Oni et al. [28]
described a rabbit model with osteotomy, bone marrow
removal, periosteal excision, and placement of a silicone
barrier. Oetgen et al. [29] combined unstable fixation
with periosteal thermocoagulation in mice, and Wu et
al. [30] wused wunstable fixation and periosteal
coagulation in rats. Sharun et al. [8] proposed a rabbit
model with a 10-mm defect and thermal injury to the
periosteum. These models better reflect the
multifactorial nature of nonunion, but remain
technically complex and less convenient for widespread
standardization.

Systemic models deserve special attention. Helbig
et al. [31] examined models of a segmental defect with
an infectious component, which is important for
studying infected nonunion. Kayal et al. [32]
demonstrated the effect of streptozotocin-induced
diabetes on angiogenesis and fracture healing, Gilley et
al. [33] used a glucocorticoid model with long-term
prednisolone administration, and Hebb et al. [34]
analyzed impaired regeneration in aged animals. These
models are important because nonunion in clinical

https:/ldoi.org/10.52889/1684-9280-2026-77-3-jto057
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settings often develops against a background of
systemic risk factors. However, they do not always
reflect the local mechanical and vascular causes of
impaired consolidation.

Genetic models allow for a more in-depth study of
the molecular mechanisms of osteogenesis disorders.
Kolanczyk et al. [35] used Nfl-deficient mice, which is
of particular interest for studies related to congenital
impaired NF1/Ras-MAPK
signaling. Komatsu et al. [36] studied the effects of

pseudoarthrosis  and

impaired Wnt signaling on bone regeneration. Such
models have high fundamental value, but require
specialized infrastructure and are not always accessible
to routine experimental laboratories.

When analyzing the included studies, the lack of
uniform criteria for confirming nonunion is
noteworthy. Different studies use different observation
periods, imaging methods, histological criteria, and
biomechanical assessments. This complicates the
comparison of results between models and reduces data

5. Conclusions

Our literature review revealed that existing
experimental models of malunion vary significantly in
their mechanisms of formation, reproducibility, and
degree of correspondence to clinical nonunion patterns.
Mechanical models primarily reflect the effects of
fixation instability, critical defect models are used
primarily to evaluate regenerative technologies, while
biological and combined approaches allow for a better
reproduction of atrophic malunion patterns. Systemic
and genetic models are important for studying the
fundamental mechanisms of impaired osteogenesis.

Despite the large number of proposed approaches,
a universal experimental model capable of fully
reproducing all clinical nonunion variants in humans
currently does not exist. Analysis of the included
studies also revealed a lack of uniform criteria for
confirming nonunion, along with differences in follow-
up periods and outcome assessment methods, limiting
the comparability of data between studies.

Further development in this area will likely
involve not so much the creation of new models as the
standardization of existing approaches and the
development of combined models that simultaneously
consider the mechanical, biological, and systemic
factors of impaired bone regeneration. This could
improve the reproducibility of experimental studies
and facilitate the translation of the obtained results into
clinical practice for treating patients with impaired
fracture union.

reproducibility. Therefore, the choice of model should
be determined not only by the animal species or the
technical feasibility of the surgery, but above all by the
purpose of the study: studying mechanical instability,
biological failure, infection, systemic factors, or
evaluating new regenerative treatments.

Study Limitations

This review has several limitations. The included
studies were characterized by significant heterogeneity
in terms of animal species, follow-up periods, nonunion
confirmation criteria, and outcome assessment methods
used. Furthermore, some of the analyzed publications
were classical studies, limiting direct comparison with
modern experimental approaches. A formal risk
assessment of bias was not conducted. The purpose of
this review was to systematize existing experimental
models and conduct a comparative analysis, rather than
to quantify the quality of evidence.
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Tyiingeme

IMoayabH MakcaTbl: CBIHBIKTapABIH OipiryiHiH Oy3blAybl >KoHe CylieKTepAiH OipikmeyiHiH KaAbIIITacybIHBIH
Kasipri Texxipubeaik MogeabaepiH Taajay, OAapABIH I1aTOTEHETMKAABIK >KapaMABIABIFLIH, apPTHIKIIBLABIKTapBIH,
IIIeKTeyAepiH JKoHe KAMHIKAaFa AeiHIi 3epTTeyaepaeri a4eyeTTi KOAAaHBLAYBIH Oaraaay.

Oaicrepi. CoHpIKTapAblH Oipikmey >keHe OipikmeyiHiH 9KCIIEpMMEHTTIK MoJeAbJepiHe apHaAfaH
OacpLABIMAapABl Kyliteadi TypAe i34eyai KaMTUTBIH o4e0MeTTepre LIOAY KYpriziasi. Oaebuerrepai izaey PubMed,
Scopus >xaHe Web of Science caiitrapsiHAa Keadeci TYViH ce3gepai maijasaHBIl KYPrisiaai: «ChIHBIKTapAbIH
Oipikmeyi», «KelIiKTipidreH KOHCOAMAAIUs», <«KaHyapJap Mogeai» >KeHe «CyMeKTiH >Kasblaybl». Illoayaa
CBHIHBIKTapAbIH OipikileyiH Mogeabdey oJiciH, >KaHyapaap TypiH, Oipikiey mariga ©oay MexaHM3MIiH >KoHe
HoTIDKeAepai Oarasay oAicTepiH CMIIATTANTHIH 3epTXaHaAbIK >KaHyapAapfa apHaAFaH TYIIHYCKa 9KCIIEPUMEHTTIK
3epTreylep KamTblaraH. TaHgaaraH 3epTreyaep MoOJAeAb TypiHe, IaTOTEHETMKAABIK MeXaHU3MIe, perAuKaryis
epexIleikTepiHe >KoHe NalijalaHy IIeKTeyAepiHe Heri3AeAill TaaaaHAbl.

Hoatmxeaepi. Taagay KoagaHBICTaFBl TOXKipubeaik MogeabjepAe aliTapAbIKTall TeTepOTreHAiAiKTi aHBIKTaAbl.
bBekiTy TypaKCBI3ABIFbIHA HETi3AeATeH MeXaHMKaAbIK MOJeAbJep HeridiHeH runepTpodusiaslK Oipikiey HycKaAapbiH
kebeiiTedl >KoHe OSKOFaphl KailTadaHybIMeH cumarTadaasl. CylieK axayAapblHBIH MaHBI3ABI MOJeAbaepi
O6uomaTepmnaagap MeH pereHepaTMBTI TeXHOAOIMsAAapAbl Oarazay YINiH KeHiHeH KOoAJdaHBLAaAbl. /ereHMeH, oaap
KAMHMKAABIK, OipiKmeyaiH ITaToreHe3iH opKamraH KepceTe Oepmeiigi. Ilepmocreaanas! 3akbIMAaHyAbl, KaHMeH
KaMTaMachl3 eTyAiH Oy3BIAYBIH HeMece TiHAepAiH OCTeOreHAiK d1eyeTiHiH OachIAYBIH KaMTUTBIH OMOAOIMAABIK
MoJeAbjep KOHCOAMAaLMs CoTCi3AiriHig anoq)M}IAHK TypAepiH KkeOeliTyre KabiaeTTi. MexaHMKaABIK >KoHe
6uoaorusAablK pakTopaapAsl GipikripeTin 6ipikTipiareH MoaeAbAep KAMHMKAABIK OipikiieyiH HYCKalapbIHa KOFaphl
IaTOreHeTUKAABIK YKCACTBIKTBI KepceTeai. bipak TexHMKaABIK KypAeaAidiriHiH >KOrapblaaybIMeH CHUIIaTTaAaabl.
XKyiteaik >xoHe TreHeTMKaABIK MoOJeAbJep 3aT aaMacy Oy3blAyAapAblH, KapTalOABlH JKoHe MOAeKyAaAblK
MeXaHM3MAePAIH pellapaTUBTi OCTeOreHe3re acepiH sepTTeyre MyMKiHAIK Oepeai. Kanyapaap typaepingeri, 6akoraay
Ke3eHJepiHJeri >koHe Oipikmeyai pacray earleMIIapTTapBIHAAFBl allbIpPMaIIBIABIKTap 3epTTeyAep apachlHAAFBI
HOTVDKeAepAiH caabICTBIPMaAbLABIFBIH IIEKTeMTiHI KOpCeTiAreH.

Kopsorteiaabl. Kasipri yaxkpITTa CBHIHBIKTapABIH >Ka3blAy COTCi3AiriHiH OapAbIK KAMHUKAABIK HYCKaJlapbH
TOABIFBIMEH KoOeliTyre KabideTTi amOebarl DKCIIepMMEHTTIK MOJAeab XKOK. MoJeAabai TaHAay 3epTTey MaKcaThIMEeH
JKOHe CyIleK >Ka3bIAYBIHBIH OY3BLAYBIHBIH YCBIHBLAFAaH MeXaHM3MiMeH aHBIKTaAyhl Kepek. IlepcriekTuBaabIK OGarbIT -
KOAAQHBICTAaFBl ToCiAdepAl cTaHAapTTay >KoHe MeXaHMKAAbIK, OMOAOIVABIK JKoHe Kyiteaik akropaapasl Oip
yaKbITTa ecKepeTiH OipikTipiareH Mogeabaepai o3ipaey. bya skcnepuMeHTTIK 3epTTeyaepaiH KaliTadaHYBIH
>KaKCapThIIl, KAMHMKaFa AeiHTi depeKTepai KAMHMKAABIK ToXXipubere ayAapyAbl XKeHiaAeTyi MyMKiH.

TyiiH ce3aep: CHIHBIKTApAbIH Oipikieyi, KeIIiKTipiareH KOHCOAMAALMS, TUIEpTpOoPUsIABIK Oipikiiey,
>KaHyapAaap MOAel, CYMeKTiH >Ka3bLAYHL.
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Pesome

ITeap oB30pa: MpOBECTM aHAAU3 COBPEMEHHBIX DKCIIEPMMEHTAABHBIX MOJeAell HapyIleHNsl KOHCOAUAALU
repeaAoMoOB ¥ (GOPMUPOBAaHMsI HeCpallleH!s KOCTHOM TKaHU, OLIEHWUTh MX IIaTOreHeTUYEeCKYK0 ODOCHOBAaHHOCTB,
IIpeUMYIIEeCTBa, OTPaHIIEeHNs U IIOTEeHIIMaAbHYIO IPYMEHNMOCTb B A0OKANHIYECKIX MICCAe AOBAHVISX.

Meroaspl. BeiltoaHeH 0030p AnMTepaTyphl € DAeMeHTaMM CHCTEMaTU3VMPOBAHHOIO IIOMCKa IIyOAMKALINI,
ITOCBSIIIEHHBIX DKCIIEPUMEHTAAbHBIM MOJAEASM HapyIleHUs KOHCOAMAALMN IIepeAOMOB U HecpallleHNs KOCTHON
TKaHu. Ilonck aurtepatypsl nposoguacs B 6asax gaHHBIX PubMed, Scopus m Web of Science ¢ mcroansosanuem
KAIOUEBBIX CAOB U MX KOMOMHAIIMIL: «HecpallleHle [Iepe10Ma», «3aMeAAeHHast KOHCOAUAALIVS», «KMBOTHAsI MOAEAb»
U «3aKUBJAeHUe KocTell». B 0630p BKAIOUaAM OpUTrMHaAbHBIE DKCIIEpUMEHTaAbHbIE YICCAeA0BaHIs Ha 1a00paTOPHBIX
SKVMBOTHBIX C OIIMCaHMEM MeTOAAa MOAEAMPOBaHNS HapyIleHUs KOHCOAMAALUM, BMAAa >KMBOTHOTO, MeXaHM3Ma
¢popMupoBanus HecpaleHMs M CIIOCOOOB OIleHKM pe3yabTaTos. OToOpaHHBIE paOOTH aHAAM3MPOBAAM IIO THILY
MOJeAM, IIaTOTeHeTNIeCKOMY MeXaHU3MY, OCOOEHHOCTSIM BOCIIPOM3BEAEHIISI U OIpaHUYEHIIAM IIPUMEHEeHN.

Pesyapratel. IIpoBedeHHBII aHaAM3 IIOKa3ad 3HAUYUTEABHYIO HEOAHOPOAHOCTh  CYIIECTBYIOIIVX
DKCIIEpMMEHTAaABHBIX MoOJeJeil. MeXaHUYecKue MOJAeAM, OCHOBaHHBIE Ha HeCTadMABHOCTM  (PUKCALNY,
HPeUMYIIEeCTBEHHO BOCIIPOU3BOAAT IMIIEpTPOQUUECKNe BapUaHThl HeCpaIleHMs U XapaKTepU3YIOTCS BBICOKOII
BOCIIPOU3BOAVMMOCTBIO. MoJeayr KpUTUYECKOIO KOCTHOIO JedeKTa IMUPOKO IIPUMEHSIOTCSI AASl  OLIEeHKU
OroMarep1aloB U pereHepaTUBHBIX TEXHOAOIMIL, OAHAKO He BCerda OTpakaloT I1aToreHe3 KAMHIIEeCKOTO HeCpaleHysl.
buoaornueckne MogeaAd, BKAIOHAIOIIVe IIOBpeXXAeHUEe HaAKOCTHMIIBI, HapylleHue KpOBOCHaOXXeHMUs WAU
II0JaB/AeHIe OCTEOTEeHHOTO ITOTeHIIMala TKaHe i, 001a4ai0T 60AbIIel CITIOCOOHOCTHIO BOCIIPOU3BOAUTE aTpOPUIeCcKe
¢$opmBbl Hapy1IeHMs KoHcoAnAanuu. KoMOuHUpoBaHHbIe MOAeAN, 0O be AUHSIONI e MeXaHIecKue 1 611010rdecKye
(aKTopsl, AeMOHCTPUPYIOT H0A€ee BBICOKYIO ITaTOr€HeTUIeCKYIO OAN30CTh K KAMHIYECKMM BapiaHTaM HecpallleHIs,
HO OTAMYAIOTCs OOABINel TeXHMIEeCKOl CAOXKHOCTBIO. CucTeMHbIe U TeHeTMdecKre MOAeAM ITO3BOASIIOT M3ydaTb
BAMSIHVE MeTabOAMYeCKUX HapyIIeHWI, CTapeHMs M MOAEKyASPHBIX MEXaHM3MOB Ha IIPOLIeCCHl pellapaTHBHOIO
OCTeoTreHe3a. YCTaHOBAEHO, YTO PasAN4MUs B UCIOAB3YEMBIX BMAAX >KMBOTHBIX, CpOKaX HabOAIOAEHMUS U KPUTEPUSIX
IIOATBEP>KAEHIS HeCpalleHIsI OTPaHNIMBAIOT COITIOCTaBUIMOCTb Pe3yAbTaTOB MeXKAY UCCAeAOBAHUIMIU.

BeIBOABL. YHMBEpPCAABHON BDKCIEPUMEHTAaABHON MOAEAV, CIIOCODHOJ ITOAHOCTBIO BOCIIPOU3BECTH BCe
KAMHIYECKIe BapMaHThl HapyIleH!sI KOHCOAM ALY IIepe10MOB, B HACTOsIIIlee BpeMsI He CylecTsyeT. Beibop Mogean
AOJXKEH OIIpeAeASLThCS LIeAbIO UCCAeA0BaHMS U IIpeAIoAaraeéMbIM MeXaHU3MOM HapyIIeHMsI KOCTHOTO 3a>KUBAEHUSL.
[lepcrieKTUBHBIM HallpaBAe€HUEM IIPeACTaBASETCS CTaHAAapPTM3alLMsl CYLIeCTBYIOIIMX II0AXOA0B U pa3paboTka
KOMOVHMPOBaHHBIX MOJ€eA€ll, YIUTHIBAIOLIVX O4HOBPEMEHHO MeXaHIuecKle, O11010TIecKle i cucteMHble GaKTOPHI.
DTO MOXET MOBBICUTH BOCIPOM3BOAVMOCTh BDKCIIEPMMEHTaABHBIX MCCAAOBAHUI U YAYYIINTH TPaHCASLINIO
AOKAVHIYECKNX JAHHBIX B KAVHMYECKYIO IIPaKTHUKY.

Karouesble caoBa: HecpallleHIe IIepeaoMa, 3aMejJeHHas KOHCOANAALsl, ITuIepTpodpuieckoe HecpallleHne,
SKMBOTHasI MOJ€Ab, 3aKIBAEeHIe KOCTeIl.
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