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Combined chemotherapy regimens involving the concurrent administration of cisplatin
and paclitaxel remain a standard approach for the treatment of many solid tumors;
however, they are associated with a high incidence of neurotoxic complications. The
central component of neurotoxicity remains insufficiently studied. The hippocampus is
one of the most vulnerable structures of the central nervous system. Fragmentary data
on the phasic nature, temporal dynamics, and morphofunctional correlates of central
neurotoxicity with the simultaneous use of cisplatin and paclitaxel form a gap between the
clinical manifestations of cognitive deficit and the results of most experimental models.
The aim of this study was to characterize the temporal dynamics of morphological
changes in the rat hippocampus following the concurrent administration of cisplatin
and paclitaxel and to identify the key phases of central neurotoxicity development.
Experimental studies were performed on adult male white inbred rats weighing 180-
220 g. Morphological and morphometric changes in the hippocampus were evaluated
on days 1, 7, 14, 28, 60, 90, and 120 after treatment using light microscopy and
morphometric analysis of neuronal and glial elements. Statistical analysis was performed
using one-way analysis of variance (ANOVA) and the Mann-Whitney U test. Concurrent
administration of cisplatin and paclitaxel resulted in a phase-dependent pattern of
hippocampal injury. In the early observation periods, edematous-dystrophic neuronal
changes and disturbances of neuroglial interactions predominated. On days 7-14,
progressive destructive processes were observed, while day 28 was characterized by
the maximal level of morphological damage with pronounced disorganization of the
pyramidal layer. In the late periods (60-120 days), signs of incomplete morphological
repair were detected, including partial restoration of layer organization with persistent
reactive glial changes. The obtained results indicate that the concurrent administration
of cisplatin and paclitaxel leads to persistent structural alterations of the hippocampus,
which may underiie cognitive disorders and substantiate the need for further investigation
of neuroprotective strategies.

Keywords: hippocampus, neurotoxicity, cisplatin, paclitaxel, combined chemotherapy,
morphology, CA1 and CA3 neurons.

Introduction

Combined chemotherapeutic regimens involving the
concurrent administration of cisplatin and paclitaxel remain a
cornerstone in the treatment of numerous solid malignancies.
Despite their well-established clinical efficacy, these
protocols are associated with a high incidence of neurotoxic
complications. Clinical observations in patients receiving
platinum-taxane regimens have documented impairments
in memory and attention, slowed cognitive processing, and
affective disturbances. These manifestations are consistent
with experimental evidence demonstrating the adverse

impact of chemotherapy on neurogenesis and cognitive
function [4, 6, 19].

Such cognitive sequelae following systemic chemotherapy
are linked to long-lasting alterations in neuronal plasticity and
adult neurogenesis, as confirmed by both experimental and
clinically oriented studies [1].

Although chemotherapy induced peripheral neuropathy
has been extensively investigated, the central component
of neurotoxicity remains insufficiently systematized at the
experimental level. In this context, the hippocampus exhibits
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particular vulnerability. As a structure characterized by high
metabolic activity, its functional integrity critically depends on
the preservation of neurogliovascular units. Cisplatin induces
DNA damage, disrupts mitochondrial homeostasis, and
activates apoptotic signaling pathways [2, 15, 16]. Paclitaxel,
in turn, destabilizes microtubule dependent transport and
promotes glial activation [10, 13, 18]. The convergence of
these pathogenic mechanisms produces a synergistic toxic
effect that may potentiate hippocampal injury [5, 11].

Despite this, data regarding the phased and temporal
dynamics of central neurotoxicity under simultaneous
exposure to cisplatin and paclitaxel remain fragmented.
This gap limits the precise identification of morphological
and functional correlates associated with specific
chemotherapeutic regimens. Most preclinical models of
paclitaxel-induced neurotoxicity are based on short-term
protocols lasting 2-3 weeks, employing high single doses
with a limited number of injections. While such approaches
rapidly induce peripheral neuropathy, they fail to reproduce
the gradual evolution of central nervous system damage
observed in clinical practice [3, 12, 21].

In contrast, real-world therapeutic programs typically
involve prolonged treatment schedules of 6-18 weeks,
characterized by lower single doses but substantially higher
cumulative exposure to paclitaxel, frequently combined with
platinum-based agents [8, 9, 22, 25]. This pattern of exposure
induces chronic, phase-dependent central neurotoxicity
whose parameters do not correspond to those modeled
in conventional experimental paradigms. The discrepancy
between clinical manifestations of central toxicity and findings
from standard preclinical studies necessitates a targeted
analysis of hippocampal morphological alterations under
prolonged combined cisplatin and paclitaxel administration
that more closely reflects clinical treatment protocols.

Recent evidence further indicates the involvement of ion
channels, particularly voltage-gated sodium channels, in the
mechanisms of paclitaxel-induced neurotoxicity, thereby
expanding the pathogenetic framework of central nervous
system injury [23].

Aim of the study: to characterize the temporal dynamics
of morphological changes in the rat hippocampus following
concurrent administration of cisplatin and paclitaxel, and
to identify the key phases in the development of central
neurotoxicity.

Materials and methods

The study was conducted on sexually mature male white
inbred rats weighing 180-220 g. The animals were housed in
the vivarium of lvano-Frankivsk National Medical University
under standard conditions: temperature 2112 °C, relative
humidity 55-60 %, and a 12/12-hour light-dark cycle, with
free access to food and water. A seven-day acclimatization
period was provided prior to the initiation of the experiment.
Euthanasia was performed by inhalational overdose of
ether anesthesia. All animals survived until the scheduled
experimental endpoints.

All procedures were carried out in accordance with
the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986) and the Declaration of Helsinki
(2013). The study protocol was approved by the Bioethics
Commission of lvano-Frankivsk National Medical University
(Protocol No. 146/24, dated 26 September 2024).

The control group consisted of intact animals that
received no pharmacological agents and were maintained
under identical housing conditions (n=30). Combined toxicity
was induced by concurrent intraperitoneal administration of
cisplatin at a dose of 2 mg/kg (the solution was pre-warmed
to 37 °C immediately before injection) and intravenous
administration of paclitaxel at a dose of 5 mg/kg via the tail
vein once weekly for six consecutive weeks (n=30). This
regimen ensures dose equivalence to clinical combined
chemotherapy protocols.

The selected doses of cisplatin (2 mg/kg) and paclitaxel
(5 mg/kg) were aligned with clinically relevant exposure
levels. Dose conversion was performed using the human
equivalent dose method, whereby the animal dose was
translated into a human dose using Km coefficients for rats (6)
and humans (37), in accordance with the recommendations
of Reagan-Shaw S. et al. [24]. The cumulative doses were
12 mg/kg for cisplatin and 30 mg/kg for paclitaxel.

Animals were sacrificed on days 1, 7, 14, 28, 60, 90, and
120. The hippocampus was fixed in 10 % neutral buffered
formalin, embedded in paraffin, and semi-thin sections were
prepared for light microscopy and morphometric analysis
of neurons in the CA1 and CA3 regions. Morphometric
evaluation was performed on serial histological sections
stained with hematoxylin and eosin. The following parameters
were assessed: perikaryal area, nuclear diameter, nuclear-to-
cytoplasmic ratio, and neuronal density per visual field. For
each animal, atleast 10 fields were analyzed from three non-
consecutive sections. Measurements were obtained digitally
using a calibrated microscopy system and ImagedJ software.

Statistical analysis was performed in Python using the
SciPy library. Parametric comparisons were conducted using
one-way analysis of variance (ANOVA), and nonparametric
pairwise comparisons were performed using the Mann-
Whitney U test. Data are presented as meantstandard
deviation (M+SD). Differences were considered statistically
significant at p<0.05.

The experimental study was carried out from April
to October 2025, which was determined by the staged
withdrawal of animals at predefined time points.

Results

In intact rats, the morphological organization of the
hippocampus corresponded to age-matched normal
morphology. Morphometric parameters of neurons in the
CA1 and CA3 regions showed no statistically significant
differences across the observation time points and remained
stable throughout the study period.

Morphological examination of the hippocampus in
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experimental animals revealed a distinct temporal pattern
of toxic injury developing under concurrent cisplatin and
paclitaxel administration.

On day 1, an early response to toxic exposure was
observed. This stage was characterized by pericellular
edema, cytoplasmic vacuolization, and partial rarefaction
of the molecular layer. Moderate swelling of CA1 neurons
was noted, while astrocytes exhibited early signs of
hyperactivation, manifested by thickening of cellular
processes and enlargement of perikarya.

Histological micrographs demonstrated initial hippocampal
alterations typical of the acute toxic phase. Vacuolization
of pyramidal neuron perikarya was evident, along with
focal areas of cytoplasmic clearing, indicating edema and
early disruption of ionic homeostasis. The molecular layer
displayed focal tissue loosening, and intercellular spaces
appeared moderately widened. Neurons retained their
general contours; however, cytoplasmic heterogeneity was
clearly detectable. Glial cells within the visual field responded
with thickened cytoplasmic processes, consistent with early
astrocytic activation.

Overall, the morphological pattern corresponded to initial
structural alterations of the hippocampus, dominated by
edematous-dystrophic changes (Fig 1A)

%3

Fig. 1. Morphological changes of the hippocampus in the early
phase of combined cisplatin and paclitaxel toxicity on day 1
(fragment A) and day 7 (fragment B) of the experiment. 1 —
neuroplasmic edema, 2 — cytoplasmic vacuolization, 3 — focal
rarefaction of the molecular layer, 4 — pyknotic neurons, 5 —
nuclear shrinkage, 6 — chromatin condensation, 7 — pericellular
edema, 8 — disruption of CA1 laminar organization. Hematoxylin-
eosin, x400.

Beginning from day 7, pronounced signs of destruction
became evident: pyknotic nuclei, hyperchromasia, and
shrinkage of perikarya. The laminar organization of CA1
appeared irregular, and the number of dystrophic neurons
increased.

The presented micrograph clearly demonstrates that
the injury acquired a more overtly destructive character.
Pyknotic neurons with dark, shrunken nuclei and condensed
chromatin were observed. The perikarya of individual cells
were reduced in size, with irregular contours, indicating

progression of cytopathic processes. The lamination of the
pyramidal layer was disrupted, and neuronal rows became
uneven, with marked disorganization of the CA1 region.

Small foci of neuroplasmic lysis were also detected, along
with early signs of cytoskeletal fragmentation. Background
glial elements retained a reactive appearance, confirming
the presence of a neuroinflammatory component.

Thus, the constellation of these alterations is characteristic
of the initial destructive phase of toxicity (Fig. 1B).

From day 14 of the experiment, profound dystrophic
changes in pyramidal neurons were recorded (Fig. 2A).

Fig. 2. Profound destructive changes of the hippocampus
during the period of maximal injury on day 14 (fragment A) and
day 28 (fragment B) of the experiment. 1 — degeneration of
CA1-CA3 neurons (of varying severity), 2 — fragmentation and
homogenization of neuroplasm, 3 — pericellular and interstitial
edema, 4 — disruption of synaptic zones. Hematoxylin-eosin,
x400.

The cytoplasm appeared unevenly cleared, with
areas of neuroplasmic disintegration and fragmentation,
indicating destruction of intracellular structures. The nuclei
of a substantial proportion of neurons were deformed or
shrunken, and focal chromatin condensation was observed.
Pericellular spaces were markedly widened, consistent with
pronounced edema.

The laminar organization of the CA1-CA3 regions was
disrupted: the regular alignment of neuronal rows was
lost, neuronal contours became indistinct, and the stroma
exhibited foci of vacuolization and tissue rarefaction. The
overall morphological pattern corresponded to a phase
of progressive toxic destruction dominated by cytopathic
mechanisms of injury.

By day 28, toxic alterations reached their culmination, and
neuronal destruction acquired a massive character (Fig. 2B).
The majority of CA1-CA3 neurons were in a state of profound
degeneration or complete structural breakdown. In some
areas, the neuroplasm transformed into a homogeneous
mass, perikaryal contours were obliterated, and nuclei were
either absent or represented by dark residual structures. The
stroma contained numerous zones of extensive edema, with
lysed fragments and areas of marked tissue disorganization.

Vol. 32, Ne1, Page 5-12
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Synaptic zones, normally well delineated within the
pyramidal layer, appeared fragmented or completely
disrupted, indicating severe impairment of neuronal
connectivity. The overall histoarchitecture of the hippocampus
was substantially distorted, with pronounced laminar
disorganization, a feature clearly corresponding to the phase
of maximal cytotoxic impact of the combined cytostatic
agents.

By day 60, a reduction in the extent of toxic injury was
observed; however, hippocampal architecture remained far
from normal (Fig. 3A).

Fig. 3. Dynamics of morphological repair of the hippocampus at
delayed time points of combined toxicity on days 60 (fragment
A), 90 (fragment B), and 120 (fragment C) of the experiment.
1 — partial destruction and dystrophy of perikarya, 2 — residual
glial and interstitial edema, 3 — irregular laminar organization of
pyramidal neurons, 4 — reactive astrocytes with thickened and
elongated processes, 5 — areas of partial neuronal normalization,
6 — residual dystrophic neurons, 7 — signs of restoration of
astrocytic processes and stabilization of neuroglial interactions,
8 — narrowed intercellular spaces and reduction of cerebral
edema. Hematoxylin-eosin, x400.

At delayed time points of combined toxicity, signs
of incomplete morphological repair persisted in the
hippocampus. The perikarya of individual neurons remained

dystrophically altered: the cytoplasm exhibited uneven
staining with areas of clearing and fragmentation. Pericellular
spaces were focally widened, reflecting the persistence of
residual glial and interstitial edema.

The laminar organization of the pyramidal layer showed
partial restoration; however, neuronal rows remained
irregular, with localized areas of rarefaction. Astrocytic
elements demonstrated sustained reactivity, manifested by
thickening and elongation of processes and heterogeneity of
cytoplasmic staining. At the same time, in certain visual fields,
signs of stabilization of neuroglial interactions were observed,
accompanied by reduction of edema and narrowing of
intercellular spaces.

Overall, the detected alterations corresponded to a phase
of partial morphological stabilization of the hippocampus,
with persistence of residual manifestations of toxic injury.

By day 90, the morphological pattern was consistent with
a phase of moderate repair. Neuronal cell bodies acquired
more regular contours, and nuclei appeared lighter, with less
condensed chromatin. The alignment of pyramidal neurons
gradually improved, and the degree of their disorganized
arrangement decreased.

In the intercellular matrix, the number of edematous
zones diminished, although foci of glial reactivity were
still present. Preserved neurons with features of partial
ultrastructural normalization were observed; however, areas
containing dystrophic remnants of prior injury persisted.

This morphological presentation indicates incomplete yet
moderately progressive repair (Fig. 3B).

At the most remote time point, day 120, signs of
morphological repair were observed. Perikaryal contours
became more regular, neuronal cytoplasm appeared more
homogeneous, and chromatin acquired a more typical
distribution pattern. Astrocytes demonstrated restored
process architecture, indicating stabilization of neuroglial
interactions.

The laminar structure of the hippocampus approached
near-orderly organization, and intercellular spaces were
narrowed. The number of edematous zones in the stroma
decreased. However, complete reconstruction of neuronal
networks did not occur. Isolated dystrophic neurons, areas of
subtle tissue rarefaction, and residual manifestations of prior
toxic exposure were still present. The overall morphological
pattern corresponded to a phase of incomplete but clearly
evident recovery (Fig. 3C).

Morphometric parameters of hippocampal neurons at the
peak of injury (day 28) following concurrent paclitaxel and
cisplatin administration reflected pronounced alterations in
perikaryal area, nuclear size, nuclear-to-cytoplasmic ratio,
and neuronal density in response to combined toxicity
(Table 1).

The morphometric data obtained on day 28 of the
experiment demonstrate statistically significant alterations
in neurons of the CA1 and CA3 regions of the hippocampus
following concurrent administration of cisplatin and paclitaxel.

Adecrease in perikaryal area, nuclear diameter, nuclear-
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Table 1. Morphometric parameters of hippocampal neurons
(CA1 and CA3) at the peak of injury (day 28) following concurrent
administration of cisplatin and paclitaxel.

. Control Cisplatin +
Parameter Region|  11:5p) | paclitaxel (M+SD)
oorikarval aren. i |CA1__|1784£126 [1327£10.9"
Y UM [CA3 T [196.2414.1 [147.8+12.3*

CA1 7.423+0.381(6.112+0.414*

Nuclear diameter, pm

CA3 7.889+0.442|6.481+0.370*
Nuclear-to- CA1 0.408+0.027 |0.331+£0.019*
cytoplasmic ratio CA3 0.393+0.040 [0.309+0.027*

Neuronal density, cells|CA1 22.82+2.38 [15.61+2.10*

per field of view CA3  [20.33+2.09 |13.92+1.83*

Notes: data are presented as M*SD; * — p<0.05 compared
with control.

to-cytoplasmic ratio, and neuronal density is consistent
with the findings of light microscopic analysis and reflects
the development of dystrophic and destructive processes
within the pyramidal layer of the hippocampus at the peak
of combined neurotoxicity.

Discussion

The obtained morphological findings reflect a sequential,
phase-dependent development of central neurotoxicity under
combined cisplatin and paclitaxel administration. As early
as day 1, initial signs of cytotoxic stress were detected,
manifested by pericellular edema, cytoplasmic vacuolization,
and reduced density of the molecular layer.

Similar acute responses have been described in
experimental models of 5-fluorouracil and paclitaxel
exposure, where primary destabilization of ionic homeostasis
and activation of glial cells create an early toxic milieu [10,
18]. Our observations are consistent with these data and
further support the concept that the initial phase of combined
exposure is accompanied by disruption of neuron-glia
interactions, which are regarded as one of the key triggering
mechanisms of central chemotherapy-induced toxicity [30].

The generalized mechanisms of central chemotherapy-
induced neurotoxicity, including neuroinflammation, oxidative
stress, and disruption of neurotransmitter systems, have
been comprehensively described in recent review articles [2].

In the early period following cisplatin administration, the
development of cytopathic alterations in the hippocampus
has been reported, associated with impaired energy
metabolism and activation of stress-dependent signaling
pathways [7].

Concurrently, experimental models of paclitaxel-induced
neurotoxicity indicate a systemic pattern of toxic alterations
that is not confined to the peripheral nervous system but
may extend to central nervous system structures. This is
supported by contemporary review data emphasizing the
systemic nature of chemotherapy-related neurotoxicity [3,
17, 27]. In this context, the early hippocampal morphological
disturbances identified in our study reflect the cumulative
effect of both agents already at the initial stages of exposure.

During the intermediate period (7-14 days), destructive

processes predominated, including the appearance of
pyknotic nuclei, fragmentation of neuroplasm, deformation
of perikarya, and disruption of the laminar organization of
the CA1 region.

Experimental studies have demonstrated that paclitaxel
induces a neuroinflammatory response in the hippocampus,
accompanied by elevated levels of proinflammatory cytokines,
particularly TNF-a and IL-18 [14]. At the level of gene
expression, this response evolves into a broader cascade of
signaling pathways associated with inflammation, oxidative
stress, and activation of apoptotic mechanisms [13]. Cisplatin
further amplifies these processes by disrupting mitochondrial
homeostasis and activating caspase-dependent pathways
of neuronal injury [15, 16]. Thus, the intermediate phase
reflects the combined action of both cytostatic agents, which
is fully consistent with the morphological findings obtained
in the present study.

The peak of injury on day 28 was characterized
by massive neuronal destruction within the CA1-CA3
regions, cytoskeletal disorganization, and disruption of
synaptic architecture. Similar hippocampal morphological
alterations have been described in models of Taxol-induced
neurotoxicity [18].

Data reported by Kang S. et al. [12] indicate that
combined chemotherapy results in substantial deformation
of hippocampal microarchitecture and reduced dendritic
complexity, which corroborates our findings under concurrent
cisplatin and paclitaxel administration. Clinically significant
cognitive deficits following chemotherapy are widely
documented in both clinical and experimental studies [20,
29], and reduced neurogenesis together with impaired
structural integrity of the hippocampus are considered their
morphological substrate [6].

The morphometric parameters obtained on day 28
reflect the phase of maximal hippocampal injury. A 25-30 %
reduction in the perikaryal area of CA1 and CA3 pyramidal
neurons, decreased nuclear diameter, and more than a 30 %
decline in neuronal density are consistent with data from
experimental models of paclitaxel- and platinum-induced
neurotoxicity, in which the peak of degenerative changes
typically occurs during the third to fourth week of exposure.

Comparable morphometric shifts have been reported
by Mercado-Gémez O. et al. [18], Kang S. et al. [12], and
Manohar S. et al. [16], thereby supporting the validity of the
selected model and the interpretation of the present findings.

At delayed observation time points (60-120 days), partial
reparative changes were noted in both neuronal and glial
elements; however, complete restoration of hippocampal
morphological organization did not occur. The persistence
of astrocytic reactivity, disruption of laminar structure, and
the presence of dystrophically altered neurons are consistent
with reports of prolonged suppression of neurogenesis and
sustained dysfunction of neuron-glia interactions following
systemic chemotherapy [1, 4, 19, 28]. These findings indicate
a persistent toxic process that continues even after cessation
of drug administration.

Vol. 32, Ne1, Page 5-12
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The combined effect of cisplatin and paclitaxel exhibits
a pronounced synergistic pattern. Cisplatin induces DNA
damage and mitochondrial dysfunction [16, 17], whereas
paclitaxel disrupts microtubule dynamics and promotes glial
activation and neuroinflammation [11, 14, 18].

In the study by Carozzi V. et al. [5], concurrent exposure
to these agents was shown to markedly exacerbate
neurotoxicity and alter glial cell reactivity. Such synergy
explains the severity of injury observed in our model, ranging
from early destabilization of ionic fluxes to pronounced
structural disorganization of hippocampal tissue.

Particular attention should be given to data implicating
ion channels and transporters in the mechanisms of
chemotherapy-induced neurotoxicity. Recent studies indicate
the involvement of voltage-gated sodium channels in the
development of functional and structural disturbances of
nervous tissue under paclitaxel exposure [23, 27]. In light of
the morphological alterations identified in our study, impaired
membrane stability and altered electrical conductivity may
represent one of the key mechanisms of neuronal injury in
this model.

Thus, the present findings demonstrate that prolonged
weekly administration of cisplatin and paclitaxel induces a
sequential cascade of hippocampal damage, ranging from an
acute edematous-dystrophic response to maximal structural
destruction followed by incomplete repair. The persistence
of morphological defects at delayed time points is consistent
with reports of sustained cognitive deficits after systemic
chemotherapy [6, 19, 20, 29].

These observations underscore the rationale for early
implementation of neuroprotective strategies aimed at
attenuating neuroinflammation, preserving mitochondrial
homeostasis, and stabilizing neuronal structures, which
are considered promising approaches for the prevention of
platinum-taxane-induced neurotoxicity [26].

Atthe same time, the obtained results should be interpreted
in light of certain study limitations. The morphological analysis
was primarily based on light microscopy and conventional
histological staining, which does not allow differentiation of
the contribution of specific cellular populations or molecular
mechanisms of injury. Further investigations employing
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TiKy8aHHs 6azambOX COMIOHUX My X/IUuH, 0OHaK acouitorombCs 3 BUCOKOK Yacmomor HelpOMmOKCUYHUX yCKnaOHeHb. LleHmparnbHul
KOMIMOHEeHm Helpomokcu4yHocmi U Hadani 3anuwaemscs He0ocmamHb0o susdeHuM. [inokamn € oOHieo 3 Halibinbw epasnueux
cmpykmyp ueHmparbHoi Hepgogoi cucmemu. ®pasmeHmapHi daHi w000 ghazHocmi, 4acoeoi duHamiku ma MopghohyHKUIOHaNbHUX
Kopensmie ueHmparbHOi HelpomoKcUu4YHOCMI rnpu O00HOYacHOMY 3acmocyeaHHi yucriamuHy ma naknaimakceny opmyromb
PO3pU8 Mix KNIHIYHUMU Mposisamu KoeHimusHoe2o degbiyumy ma pesyribmamamu binbuwocmi ekcriepuMeHmarnsHux modened. Mema
pobomu — oxapakmepu3sysamu Yacogy OUHaMiKy MOPGOOI02iYHUX 3MIH y 2ioKaMIi Wypie ricrisi OOHOYacHO20 88€0eHHS YucnamuHy
ma naknimakcesny ma usHa4umu Kir4086i gha3u ¢hopmyeaHHs ueHmparbHoOI Helpomokcu4dHocmi. EkcriepumeHmarnbsHi 00CiOXKeHHS
nposedeHo Ha cmameego3pinux camysx binux iHépedHux wypie macoto 180-220 2. MopghbornozidHi ma MopghomempuYHi 3MiHU
einokamna oyjHrosanu Ha 1, 7, 14, 28, 60, 90 ma 120 doby nicrisi eeedeHHs npenapamis 3 BUKOPUCMAaHHSM C8immo8oi Mikpockonil
ma mopcbomempii HelpoHig i enianbHUX enemeHmie. CmamucmuyHy 0bpobKy pe3ynbmamig 30iticCHo8anu 3 8UKOPUCMaHHIM
ducnepcitiHozo aHanizy (ANOVA) ma U-kpumepito MaHHa-Yimni. BcmaHoeneHo, wo o0Ho4YacHa 0is yucrinamuHy ma naknimakcerny
3yMOesToe (ha3HUl xapakmep YUWKOOXeHHS airnokamma. Y paHHi mepMiHU CriocmepeXXeHHsI nepeesaxarsnu Habpsikogo-0ucmpoiyHi
3MiHU HelipoHig i MopyweHHs HelipoanianbHux 83aemodill. Ha 7-14 doby si03Ha4anu npoepecysaHHsi 0ecmpyKmusHUX rpouyecis, a
Ha 28 006y — makcumanbHUl pigeHb MOPEOT02iYHUX YUIKOOXKEHb i3 8Upa)XeHor 0e3opaaHizauieto nipamioHo20 wapy. Y eiddaneHi
mepwmiHu (60-120 0ib) susiensanu 03HaKu HernosHoi Mopghos02ivHOI penapauii 3 YacmkosuM 8iOHOBMEHHSAM wWapoeoi opaaHisauil
ma 36epexeHHs1 peakmugHUX anianibHUX 3MiH. Ompumani pe3ynbmamu cgid4amb, W0 00HoYacHe 88€0eHHS yucrnnamuHy ma
naknimakcerny ¢popmye cmiliKi CmpyKmypHi ropyweHHs 2inokamna, sKi MOXymb Jiexamu 6 OCHO8i KoeHimueHux posnadie i
06rpyHmMo8gytome HeobxiOHicCmb Modasbwo20 MowyKy HelpornpomeKmopHUX rioxodis.

Knro4yoBi cnoBa: einokamr, HellpomoKcu4Hicmsb, YucrniamuH, nakmiimakces, kombiHosaHa ximiomeparnisi, Mopghborioaisi, HelpoHU
CA1iCAS.
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In contrast to the extensively studied anatomy of the arterial system of the heart, the
venous system has remained in the background of researchers’ interests. However,
in recent years, the range of surgical procedures and manipulations involving the
cardiac venous system has significantly expanded worldwide, including invasive
electrophysiological studies and implantation of leads for left heart stimulation, among
others. The aim of the study was to construct and analyze regression models of coronary
sinus dimensions depending on anthropometric body parameters and other coronary
sinus dimensions in patients without coronary artery pathology. A total of 24 patients
(15 men and 9 women) of middle age (44-60 years according to the age classification
of the World Health Organization) without coronary artery pathology were examined.
All patients underwent CT coronary angiography at the State Institution “Amosov
National Institute of Cardiovascular Surgery of National Academy of Medical Sciences
of Ukraine” The study included patients without clinical manifestations of coronary artery
disease. All patients underwent contrast-enhanced multislice computed tomography
of the heart (CT coronary angiography) with assessment of anatomical parameters
of the coronary venous sinus during the venous phase of contrast enhancement.
Demographic (age, sex), anthropometric (body weight, height) and cardiometric
parameters were introduced into the model as independent variables. Multiple linear
regression analysis was performed using the licensed software package “Statistica 6.0”
to identify the most significant factors. In all six constructed models of coronary sinus
dimensions in patients without coronary artery pathology based on anthropometric
parameters, the coefficient of determination (R? ranged from 0.122 to 0.468. Thus,
the size of the coronary sinus depended on the studied body parameters by less than
50 %, and therefore these models have limited practical significance. All constructed
models included the anteroposterior chest dimension, and only in one case was body
length included. In six statistically significant models of coronary sinus dimensions in
patients without coronary artery pathology based on other coronary sinus dimensions
and anthropometric body parameters, the coefficient of determination ranged from 0.548
to 0.736. The constructed models most frequently included the transverse dimension
of the coronary sinus at the ostium in the sagittal and axial planes, as well as the
transverse dimension of the coronary sinus at the level of the oblique vein of the atrium
in the axial plane (15.0 % each). These models may be applied in clinical practice for
individualized preoperative assessment of the anatomy of the cardiac venous system.
The proposed method of regression modeling of coronary sinus dimensions provides
the possibility of noninvasive prediction of its parameters in patients without coronary
artery pathology, thereby contributing to improved accuracy in planning invasive and
interventional cardiology procedures.

Keywords: coronary sinus, CT coronary angiography, morphometry, anthropometry,
men and women without coronary artery pathology.

Introduction

For along time, the coronary venous system of the heart
remained in the background of scientific interest, in contrast

to the thoroughly studied and well-described coronary arterial
bed, which is largely o6ycnoeneHo the high number of life-

Copyright © 2026 Bilash S. M. et al. This is an open access article distributed under the Creative Commons Attribution License, which 1 3
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Modeling coronary sinus dimensions using regression analysis in patients without coronary artery pathology

saving interventions performed on the coronary arteries [7,
14, 21, 35]. In recent years, the spectrum of diagnostic and
therapeutic procedures in interventional cardiology involving
the cardiac venous system has significantly expanded,
including invasive electrophysiological studies, left ventricular
pacing in cardiac resynchronization therapy, and delivery of
stem cells to the myocardium after myocardial infarction,
among others [1, 2, 9, 11].

Various methods are used to assess the anatomy
of the cardiac venous bed, among which the study of
cadaveric material and retrograde contrast imaging during
interventional procedures predominate [23, 27, 30, 31]. A
limitation of cadaveric studies is that the coronary venous
sinus, as a soft elastic structure, lacks physiological turgor
post mortem, which precludes accurate determination of its
true dimensions [33]. Retrograde contrast imaging of the
coronary venous sinus allows assessment of its anatomy
only in a two-dimensional space, in contrast to contrast-
enhanced multislice computed tomography synchronized
with cardiac contractions (CT coronary angiography), which
enables evaluation of all morphometric parameters in a three-
dimensional format [5, 10, 20, 25].

Despite the substantial number of studies devoted
to the morphometry of the coronary sinus, questions
remain unresolved regarding the influence of individual
anthropometric and cardiometric characteristics on its
dimensions [8, 15, 22]. Moreover, most available data have
been obtained from patients with cardiovascular pathology,
which may distort normal anatomical relationships [17, 19,
28, 29]. The application of regression analysis methods
makes it possible to develop predictive models that allow
estimation of coronary sinus dimensions in patients without
structural changes of the coronary bed. This provides a
basis for standardization of morphometric parameters and
optimization of preparation for invasive cardiac interventions
[2, 9, 13, 36].

The aim of the study was to construct and analyze
regression models of coronary sinus dimensions depending
on anthropometric body parameters and other coronary sinus
dimensions in patients without coronary artery pathology.

Materials and methods

Atotal of 24 middle-aged patients (15 men and 9 women;
44-60 years according to the age classification of the World
Health Organization) without coronary artery pathology
were examined. All patients underwent CT coronary
angiography at the State Institution “Amosov National
Institute of Cardiovascular Surgery of National Academy
of Medical Sciences of Ukraine ” All examinations were
conducted in accordance with generally accepted ethical
standards, requirements for the protection of the rights,
interests, and personal dignity of research participants, and
the legislative regulations of Ukraine, as confirmed by the
Protocol of the Meeting of the Biomedical Ethics Commission
of the Ukrainian Medical Stomatological Academy (Protocol
No. 171 dated 27.02.2019).

During CT coronary angiography, the following coronary
sinus dimensions were measured (Fig. 1): KS_F — length
of the coronary sinus from the ostium to the oblique vein
of the atrium (mm); KS_G - transverse dimension of the
coronary sinus at the ostium in the sagittal plane (mm);
KS_H — transverse dimension of the coronary sinus at the
ostium in the axial plane (mm); KS_I — transverse dimension
of the coronary sinus in the middle third in the sagittal plane
(mm); KS_J —transverse dimension of the coronary sinus in
the middle third in the axial plane (mm); KS_K — transverse
dimension of the coronary sinus at the level of the oblique
vein of the atrium in the sagittal plane (mm); KS_L —
transverse dimension of the coronary sinus at the level of
the oblique vein of the atrium in the axial plane (mm). In
addition, the anteroposterior chest dimension (GR_KL, mm)
was determined on computed tomography images.

Oblique atrial vein

Coronary Sinus ostium

Fig. 1. Scheme for determining the dimensions of the coronary
venous sinus.

Body weight was measured in all patients in the
morning on an empty stomach (12 hours after the last
meal) and after bowel evacuation using medical scales
with an accuracy of 0.1 kg. Body height was measured
using a stadiometer with an accuracy of 0.5 cm. Body mass
index (BMI) was calculated using the formula: BMI=m/h?,
where m is body weight in kilograms and h is body height
in meters. A BMI value <18.5 kg/m? indicates underweight;
18.5-24.9 kg/m? corresponds to normal body weight;
25.0-29.9 kg/m? indicates overweight; and 230.0 kg/m? is
indicative of obesity [18].

Since statistically significant differences between men
and women among body parameters and coronary sinus
dimensions were established only for body weight and
height, no separate sex-based stratification of variables was
performed in modeling coronary sinus dimensions.

Regression models of coronary sinus dimensions were
constructed using stepwise multiple regression analysis in
the licensed software package “Statistica 6.0” [4].

Results
The constructed regression models of coronary sinus

14

ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology



Bilash S. M., Liulka Ye. M., Barannikov K. V., Pronina O. M., Shostya A. M., Koptev M. M., Pirog-Zakaznikova A. V., et al.

dimensions depending on anthropometric body parameters
in patients without coronary artery pathology are represented
by the following linear equations:

length of the coronary sinus from the ostium to the oblique
vein of the atrium = -32.15 + 0.458xGR_KL (R?=0.468;
F 122=19.32; p<0.001; Error of estimate=11.46);

transverse dimension of the coronary sinus at the ostium
in the sagittal plane = -3.524 + 0.093xGR_KL (R?=0.436;
F(1.22)=5.16O; p<0.05; Error of estimate=4.520);

transverse dimension of the coronary sinus in the
middle third in the sagittal plane = -13.17 + 0.038xGR_KL
+ 7.984xROST (R?=0.272; F( )=3.926; p<0.05; Error of
estimate=1.979);

transverse dimension of the coronary sinus in the middle
third in the axial plane = -5.710 + 0.058xGR_KL (R?=0.464;
F 12=19.08; p<0.001; Error of estimate=1.458);

transverse dimension of the coronary sinus at the level
of the oblique vein of the atrium in the sagittal plane = -0.044
+ 0.025xGR_KL (R?=0.222; F,, . =6.264; p<0.05; Error of
estimate=1.118);

transverse dimension of the coronary sinus at the level
of the oblique vein of the atrium in the axial plane = 0.976
+ 0.017xGR_KL (R?=0.122; F( )=3.068; p<0.093; Error of
estimate=1.094);

here and hereafter, R? — coefficient of determination;

2.21

(1.22)

1.22

F, =" .n and calculated (!!.!!
Fééﬁer criterion; St. (E"Fror of estimate — standard error of the
estimate.

A regression model for the transverse dimension of the
coronary sinus at the ostium in the axial plane depending
on anthropometric body parameters was not constructed.

We also constructed the following regression models of
coronary sinus dimensions depending on other coronary
sinus dimensions and anthropometric body parameters in
patients without coronary artery pathology, expressed as
the following linear equations:

length of the coronary sinus from the ostium to the oblique
vein of the atrium = -24.35 + 0.435xGR_KL + 1.036xKS_G
- 4.256xKS_L (R?=0.681; F( =14.23; p<0.001; Error of
estimate=9.306);

transverse dimension of the coronary sinus at the ostium
in the sagittal plane = -4.016 + 0.799%KS-H + 0.229xMAS
- 2.018xIMT_1 (R*=0.732; F,,,=18.23; p<0.001; Error of
estimate=2.726);

transverse dimension of the coronary sinus at the ostium
in the axial plane = -7.662 + 0.593xKS_G + 3.166%SEX
+ 0.661xKS_J (R?=0.736; F( )=18.60; p<0.001; Error of
estimate=2.453);

transverse dimension of the coronary sinus in the middle
third in the sagittal plane = 3.424 + 0.163xKS_G + 0.501xKS-
J - 0.769xKS_L+ 0.501xKS_K (R?=0.577; F 4.10=6-487;
p<0.01; Error of estimate=1.585);

transverse dimension of the coronary sinus in the middle
third in the axial plane = -5.747 + 0.050xGR-KL + 0.154xKS-
H (R?=0.579; F . =14.41; p<0.001; Error of estimate=1.324);

; (2.21)
transverse dimension of the coronary sinus at the level

3.20)

3.20

4.19

of the oblique vein of the atrium in the sagittal plane = 9.786
+0.659xKS_L + 0.353xKS-I - 0.114xKS_H — 5.313xROST
(R*=0.548; F , ,,,=5.766; p<0.01; Error of estimate=0.917);

transverse dimension of the coronary sinus at the level
of the oblique vein of the atrium in the axial plane = 2.193
+ 0.481xKS_K (R?=0.273; F,,,=8.246; p<0.01; Error of
estimate=0.996).

(1.22)

Discussion

Overall, most contemporary morphological studies indicate
moderate positive correlations between the dimensions
of the coronary venous sinus and general anthropometric
parameters (height, weight, body surface area) [3, 24, 26].
In all six regression models constructed by us for coronary
sinus dimensions in patients without coronary artery pathology
based on anthropometric parameters, the coefficient of
determination (R?) ranged from 0.122 to 0.468. Thus, less
than 50 % of the variability in coronary sinus dimensions can
be explained by the studied body parameters, and therefore
these models do not have substantial practical significance.
This confirms the conclusion that general anthropometric
indicators cannot fully replace anatomical imaging for clinical
decision-making [8, 9, 16].

All constructed models included the anteroposterior chest
dimension, and only in one case was body height included.
This emphasizes that thoracic measurements may provide
additional information regarding cardiac topography within
the thoracic cavity and the relationship of cardiac structures
to the musculoskeletal framework, which is not reflected by
other anthropometric parameters. Other studies have also
highlighted the importance of thoracic anatomy for predicting
cardiac structural morphology; however, direct comparative
data between the anteroposterior chest dimension and
coronary venous sinus dimensions have not yet been
identified [2, 21].

Of the seven possible models, we constructed six
statistically significant regression models of coronary sinus
dimensions in patients without coronary artery pathology
based on other coronary sinus dimensions and anthropometric
body parameters, with coefficients of determination greater
than 0.5 (R?=0.548-0.736). This indicates that combined
models incorporating additional coronary venous sinus
measurements provide substantially better prediction of its
morphology, supporting the feasibility of applying these models
in clinical practice for predicting morphometric characteristics
of this structure. The most frequently included variables in the
constructed models were the transverse dimension of the
coronary sinus at the ostium in the sagittal and axial planes,
the transverse dimension at the level of the oblique vein of
the atrium in the axial plane (15.0 % each), as well as the
transverse dimension in the middle third in the axial plane,
the transverse dimension at the level of the oblique vein of
the atrium in the sagittal plane, and the anteroposterior chest
dimension (10.0 % each). Only the regression model for the
transverse dimension of the coronary sinus at the level of the
oblique vein of the atrium in the axial plane demonstrated
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a coefficient of determination of 0.273 and therefore lacks
substantial practical significance. This may be explained by
anatomical features of this region, relatively high variability of
individual parameters that correlate weakly with general body
dimensions, as well as technical aspects of measurement
in this area, for example sensitivity to the phase of the
reconstruction cycle in CT imaging [24, 26, 34].

Our results confirm the importance of selecting an
appropriate imaging modality. Among measurement
techniques, most researchers prefer contrast-enhanced
CT due to its superior spatial resolution and the possibility
of constructing three-dimensional volumetric images and
measurements. Studies based on cadaveric material do not
allow adequate assessment of the spatial structure of the
coronary venous sinus due to the absence of physiological
tissue turgor [6, 12, 15, 32].

It should be noted that, according to many researchers,
there is currently a lack of clearly unified standards worldwide
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MOJENOBAHHA PO3MIPIB KOPOHAPHOIO CUHYCA 3A IOMOMOI OO PEIFPECIMHOIO AHATI3Y Y MALIEHTIB BE3
MATONOTII KOPOHAPHUX APTEPIA

Binaw C. M., Jlronbka €. M., bapaHHikos K. B., lpoHina O. M., Llocmsi A. M., Konmee M. M., [Tupoa-3aka3Hikoea A. B., OniliHi4eHKO
A. 0., JoHyeHko C. B., OnekcieHko B. B., Mamat O. B.

Ha siomiHy 8i0 demaribHO 8ug4eHOI aHamoMii apmepianbHOI cucmemMu cepuysi, BeHO3Ha cucmema 3anuwanack Ha 0py2oMy rnaHi
8 Kori iHmepecy docnioHukig. lpome 3a ocmaHHi POKU y ceimi 3Ha4HO 36inbuwuecs criekmp XipypeidHux onepaujit ma maHinynsayid
i3 3a0isIHHSIM 8€HO3HOI cucmeMu cepusi, makux siK iHea3u8Hi eneKmpoi3ionoaiyHi O0CiOXeHHs, iMrnnaHmauis enekmpodie 0ns
cmumynsauii nisux eiddinie cepys, mowo. Mema pobomu — nobydysamu ma nposecmu aHarsni3 peapecitiHux modeneli po3mipie
KOPOHapHO20 CUHyca 8 3ariexHocmi 8i0 aHmMpPONoMempuYHUX napamempie mina ma iHWux po3Mipie KOPOHapHO20 CUHyca y
nauyieHmie 6e3 namornoeii KopoHapHUx apmepid. [NposedeHo obcmexeHHs 24 nauieHmie (15 Yonosikis i 9 XiHOK) cepedHb020 8iKy
(44-60 pokis 8i0noeidHo 00 8ikosoi knacudgbikauii BcecgimHboi opaaHizauii oxopoHu 300poe’si) 6e3 namornoeii KopoHapHuUX apmepid,
kompum sukoHysanu KT-kopoHapozepadito Ha 6a3i Y «HauioHansHul iHcmumym cepuego-cyOuHHOT xipypeaii im. M. M. AmMocosa
HAMH YkpaiHu». [Jo docnidxeHHs 6ynu 6KYeHi nauyieHmu, y kKompux He Byro KriHiYHUX rposieig iuemMiyHoi Xxeopobu cepus.
Bcim nauieHmam npoeodunu mynbmucnipanbHy KOMItomepHy momoepagito cepuysi 3 KoHmpacmyesaHHsM (KT-kopoHapozpadpisi)
3 OUIHKOIO aHamMOoMIYHUX rapamempie KOPpOHapHO20 8eHO3HO20 CUHYyca Mi0 Yac 8eHO3HOI (ha3u KOHmMpacmyeaHHs. 5K He3anexHi
3MiHHI 0o moderii byrnu esedeHi OemoepadpiyHi (8iK, cmamb), aHmMpornomempuyHi (Maca mina, 3picm) ma kapOioMempuYHi MOKa3HUKU.
[ns eudHayeHHs HaUbinbw 3Ha4Yyuux YUHHUKI8 8UKOPUCMOBY8aiu MHOXUHHUU NiHIUHUU peepeciliHul aHarni3 npogedeHuli 8
niyeHsitiHoMy nakemi «Statistica 6.0». B ycix wecmu nobydogaHux MoOernsix po3mipie KOpPOHapHO20 CuHyca y nauieHmie 6e3
rniamoroaii KopoHapHUX apmepili 8 3anexXHOCMI 8i0 aHMPONOMempPUYHUX MOKasHUKie koegbiuyieHm demepmiHauii (R?) dopigHroe 8id
0,122 9o 0,468. Tobmo senu4yuHa po3mipie KOPOHapPHO20 CUHyca MeHwe Hix Ha 50 % 3anexxums 8i0 Napamempie mina, wo sus4anu
i momy daHi MoOeni He Maromb 8aXUB020 MPaKMUYHO20 3Ha4eHHs1. [o ycix nobydosaHux modernel 8xo0umb nepedHb0-3adHil
pOo3mip 2pyOHOI KrTimKu ma fuwe 8 00HoMY 8unadky — 0oexuHa mina. B 6 docmosipHux Modessix po3mipie KOPOHapHO20 CUHyca y
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nayieHmie 6e3 namornoaii KOpoHapHUX apmepill 8 3anexHocmi 8i0 IHWUX PO3Mipie KOPOHapPHO20 CUHYyCca ma aHmpPONoOMempUYHUX
napamempig mina koecgpiuieHm demepmiHauii dopisHroe 8id 0,548 do 0,736. [Jo nobydosaHux modernel Haudyacmiuwe 8xo05imb:
rorniepeyHull po3mip KOPOHapPHO20 CUHyca 8 OiNiHUj eupria y cazimarbHit ma 8 akciarnbHil MowuHax, a makox nornepeqyHuli po3mip
KOPOHapHO20 CUHYyca Ha pieHi Kocoi 8eHU nepedcepdsi 8 akciarnbHiti ninouwuHi (mo 15,0 %). Aari moderi Moxyms 6ymu sukopucmai
Y KniHigHiG npakmuui 0ns iHOuesiOyarnizoeaHoi nepedornepauiltiHoi ouiHKU aHamomil 8eHO3HOI cucmemu cepuys. 3anpornoHosaHul
Memoo pezpeciliHo2o MOOesIt08aHHS PO3MIpI8 KOPOHaPHO20 CUHYca 3abesrneqye MOXIU8ICMb HeiH8a3UBHOR20 MPO2HO3y8aHHSI lio20o
napamempis y nauieHmie 6e3 namosoeil KopoHapHUX apmepill, Wo crpusie Mid8UWEHHI0 MOYHOCMI MiaHy8aHHs IH8a3UBHUX ma
iHmMepeeHUiltHUX KapOiono2iYHUX 8mpydaHb.

KnroyoBi cnoBa: kopoHapHuli cuHyc, KT-kopoHapoepadpis, Mopghomempisi, aHmpornomempis, 4onosiku ma xiHku 6e3 namosoeil
KOpOHapHuUx apmepid.
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Scorpionism is a widespread phenomenon occurring in various regions of the world and
poses particular danger to elderly individuals and children. Despite numerous cases of
scorpion venom exposure in humans, only a limited number of publications describe
the clinical picture, especially regarding respiratory system involvement. Even fewer
studies address morphological changes in the lungs or bronchi of deceased individuals
or laboratory animals, particularly at different time intervals after a scorpion sting.
These gaps at the morphological level, even with a relatively well-studied pathogenetic
mechanism of scorpion venom action, do not allow for a complete understanding of its
toxic effects. Only through comprehensive investigation of the venom is it possible not
only to develop effective antivenoms but also to explore its potential as a promising
therapeutic agent. The aim of the study was to determine microscopic and morphometric
changes in the bronchi and lung parenchyma of rats three hours after administration
of Leiurus macroctenus scorpion venom. Ten male rats maintained under vivarium
conditions were used and divided into two groups of five animals each: group 1 (control)
received physiological saline, and group 2 received scorpion venom at a dose of
28.8 ug/ml. Three hours after administration, the animals were euthanized and the
lungs were collected for histological examination. For microscopic and morphometric
analysis, 4-5 um sections (stained with hematoxylin-eosin and Azan Trichrome) and
semi-thin sections of 1-2 um (stained with methylene blue) were prepared. Microscopy
was performed at magnifications ranging from x40 to x1000 using an OLIMPUS
BX 41 microscope. Morphometric analysis was conducted using Quickphoto Micro
2.3 software. Statistical analysis of the results was performed using the licensed
software package “Statistica 6.0” with nonparametric methods. Three hours after
venom administration, pronounced inflammatory changes developed in the lungs of
experimental animals, manifested by massive lymphocytic-neutrophilic infiltration, most
intense around medium- and small-diameter bronchi and bronchioles, up to partial
destruction of their walls, fragmentation of muscle bundles, and adventitial edema.
The interalveolar space was dominated by basophils, eosinophils, and macrophages,
indicating a marked inflammatory response. In the parenchyma, areas of distelectasis
alternated with emphysematous regions, where focal destruction of interalveolar
septa and fluid accumulation were observed. Morphometric analysis demonstrated
a decrease in alveolar width, alveolar entrance width, and alveolar depth (p=0.112,
p=0.008, and p=0.174, respectively), as well as a statistically significant narrowing
of the conducting portion of respiratory bronchioles (p=0.045). A tendency toward
redistribution of air between the alveolar and bronchiolar compartments was identified,
reflected histologically by changes in morphometric ratios. The obtained data indicate
the development of acute inflammatory-destructive lung injury with impaired ventilatory
function already at early stages after intoxication. The combination of observed
microscopic changes suggests the formation of structural remodeling of the lung
parenchyma as early as three hours after venom administration in laboratory animals.
Keywords: morphology, scorpion venom, Leiurus macroctenus, rats, bronchi, lung
parenchyma, morphological changes, morphometric changes.
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Introduction

Climate-driven shifts in environmental processes have
led to an expansion of the distribution range of scorpion
species that are dangerous to humans. Thus, scorpions
of the genus Tityus, whose range is represented in South
America, have shown that over 20 years, in a number of
regions the number of scorpionism cases increased by 20 %,
and in some regions of Argentina by 30-50 %. According to
scientists, this was a consequence of an increase in regional
temperature by 1-1.5 °C. In particular, in Argentina a trend
toward an increase in scorpionism cases specifically in cities
has been noted, which poses an additional hazard [2]. In
particular, Tityus carrilloi, which was previously considered
endemic to Argentina, has already spread into Paraguay,
representing a serious challenge to that country’s health
care system, as the venom of this scorpion has pronounced
neurotoxic activity [4].

Similar results were obtained in another study, where
scientists predict that by 2070 the distribution range of
the scorpion T. metuendus in Brazil will increase, posing a
danger to the Indigenous peoples of this country, who usually
suffer from scorpionism incidents 2.4 times more often and
have a child mortality rate 10 times higher [7]. The use of
artificial intelligence to create a predictive model of scorpion
distribution in Brazil supplemented and confirmed these data
as well [8].

Globally, the number of scorpion stings has reached 1
million per year, with rates of 100-300 cases per 100,000
population in certain regions. Case fatality is estimated at
0.2-0.5 % [3].

Aparticular concern is the fact that scorpions even within
the same region can have different venom composition,
which is explained by substantial proteomic diversity. This
further complicates the management of scorpionism cases,
given the frequent unavailability of antivenom in rural areas
[5].

Morocco is one of the countries that suffers considerably
from scorpionism. From 2021 to 2024, 2,206 cases were
recorded there, of which 41 were fatal. Notably, most cases
were recorded at home [10]. Data from Algeria show that
scorpion stings are also increasing there: the annual number
of cases averages 585.8 per 100,000 population. In 2019,
the highest rate was recorded 694.8 per 100,000. Over
the observation period from 2018 to 2024, 10 deaths were
recorded [23].

In Brazil, the number of cases is steadily increasing from
66,986 in 2014 to 170,616 in 2023. Predictive models show
that the number of scorpionism cases will rise to 274,246 in
2033. According to the authors, a key role in this is played
by the scorpion species Tityus serrulatus, individuals of
which can survive 400 days without food and are capable of
reproducing without the participation of males [21].

Thus, scorpionism is a widespread and dangerous
phenomenon, because scorpion venom varies markedly by
species and is often a mixture of neurotoxins, cardiotoxins,
nephrotoxins, and hemolytic toxins that affect different organ

systems [25]. There is a need for morphological studies of
venom effects on the main target organs, which will allow
assessment of the possibility of developing appropriate
pharmacotherapy.

The aim of the study was to determine microscopic and
morphometric changes in the bronchi and lung parenchyma of
rats three hours after administration of Leiurus macroctenus
scorpion venom.

Materials and methods

The study was conducted on 10 white laboratory rats
weighing 200£10 g, which were bred and maintained
in a certified vivarium in accordance with the “Standard
Rules for the Arrangement, Equipment, and Maintenance
of Experimental Biological Clinics (Vivaria)” (vivarium of
the Educational and Scientific Center “Institute of Biology
and Medicine” of Taras Shevchenko National University
of Kyiv) on a standard diet with free access to water and
a 12-hour light cycle. The animals were divided into two
groups of 5 animals each. Group 1 — control group, which
received physiological saline. Group 2 — experimental group,
which received a single intramuscular injection of Leiurus
macroctenus scorpion venom solution at a concentration of
28.8 pg/mlin a dose of 0.5 ml (venom diluted in physiological
saline) calculated according to LD50=0.08 mg/kg for this
species [12]. Three hours after venom administration, the
rats were euthanized by CO, inhalation. The lungs were
removed at +4 °C immediately after euthanasia.

Venom was obtained by milking 15 sexually mature
Leiurus macroctenus scorpions bred in captivity, which
had been maintained for one year on a standard diet of
Shelfordella lateralis cockroaches with free access to distilled
water. The scorpions were kept under standard conditions at
a temperature of 25-35 °C, humidity of 50-60 %, and natural
lighting, with adequate ventilation provided in the terrariums.
The milking procedure was performed once according to
the method of Ozkan O. and Filazi A. [20] as modified by
Yaqoob R. et al. [27], by applying an electrode to the prosoma
and tail segment of an immobilized scorpion, with an electric
current of 24 V applied for 5 seconds. The collected venom
was stored at -20 °C.

The study was carried out in accordance with current
regulations governing work with laboratory animals and
in compliance with the “European Convention for the
Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes,” as well as the Law of Ukraine
No. 3447-1V dated 21.02.2006 “On the Protection of Animals
from Cruelty”.

Part of the lung samples was fixed in 10 % neutral
formalin, followed by dehydration in alcohols of increasing
concentration, processing using a Logos ONE tissue
processor (MILESTONE, lItaly), and embedding in paraffin
blocks using an automatic station TEC 2800 (HESTION,
Australia). Serial sections 4-5 um thick were then prepared
using an AMR-400 rotary microtome (Amos Scientific Pty,
Australia). The sections were stained with hematoxylin-
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eosin and by the Azan Trichrome method. Another portion
of the samples was fixed in 2.5 % glutaraldehyde solution
(pH 7.3-7.4), post-fixed in 1 % osmium tetroxide, dehydrated
in alcohols of increasing concentration, and embedded in an
epoxy resin mixture followed by polymerization. Semi-thin
sections 1-2 ym thick were prepared from these samples.
The sections were cut using an Ultratome LKB 4801 A
ultramicrotome (Bromma, Sweden) and stained with
methylene blue.

Section analysis was performed using an OLIMPUS
BX 41 light microscope at magnifications x40, x100, x200,
x400, x800, and x1000. Image acquisition and morphometric
analysis were carried out using Quickphoto Micro 2.3
software. The morphometric parameters studied included
alveolar width, alveolar depth, alveolar entrance width, width
of the conducting portion of the respiratory bronchiole, mean
thickness of the interalveolar septum, the ratio of alveolar
entrance width to alveolar depth (ratio A), and the ratio of
the conducting portion width of the respiratory bronchiole to
alveolar depth (ratio B).

Statistical analysis of the obtained results was performed
using the licensed software package “Statistica 6.0”
with nonparametric evaluation methods. Distribution
characteristics of each variation series, mean values, and
standard deviations were assessed. The significance of
differences between independent quantitative variables was
determined using the Mann—Whitney U test.

Results

In the lungs of rats administered Leiurus macroctenus
scorpion venom, massive areas of lymphocytic-neutrophilic
infiliration are observed three hours after injection. These
changes are most pronounced around medium- and small-
diameter bronchi and bronchioles, in some areas leading to
partial destruction of their walls. Foci of lipocyte accumulation
are also noted, predominantly located near sites of
inflammatory infiltration. In the muscular layer of certain
bronchi, disruption of its continuous structure is observed
due to fragmentation of muscle bundles. In addition, marked
adventitial edema is present in these bronchi (Figs. 1, 2).

In the interalveolar space, basophils and eosinophils
predominate, containing numerous granules of varying
optical density. Basophils exhibit abundant cytoplasm filled
with large transparent vesicles and optically dense granules,
and their nuclei are bilobed. Eosinophils also possess
bilobed nuclei, although cells with bean-shaped nuclei are
observed. Their cytoplasm is densely packed with numerous
small granules. Macrophages are also identified, with
cytoplasm completely filled with relatively large transparent
phagolysosomes, indicating high phagocytic activity. Some
of these cells lack nuclei, while others show reduced nuclei,
which may suggest incomplete phagocytosis (Fig. 3).

Areas of lung tissue consolidation are observed due
to collapse of alveolar walls. At the same time, regions of
alveolar dilation are noted, followed by destructive changes
in their walls and accumulation of fluid (Fig. 4).

v =

Fig. 1. Fragment of rat lung three hours after administration
of Leiurus macroctenus scorpion venom. 1 — lymphocytic-
neutrophilic infiltration; 2 — destroyed bronchiolar wall; 3 —
lipocytes. Hematoxylin-eosin staining. Magnification x40.
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Fig. 2. Fragment of rat lung three hours after administration
of Leiurus macroctenus scorpion venom. 1 — lymphocytic—
neutrophilic infiltration; 2 — fragmented muscular layer of the
bronchus. Hematoxylin-eosin staining. Magnification x40.
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Fig. 3. Fragment of rat lung three hours after administration of
Leiurus macroctenus scorpion venom. 1 — macrophage with
phagolysosomes; 2 — eosinophil; 3 — basophil. Methylene blue
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Leiurus macroctenus scorpion venom. 1 — stromal edema; 2 —
arteriole. Hematoxylin-eosin staining. Magnification x40.

Morphometric analysis of the specimens demonstrated
progression of a general trend toward redistribution of
air between the alveoli and the conducting portion of the
respiratory bronchioles. This was reflected by a decrease in
alveolar width to 47.29+11.31 um, alveolar entrance width
to 27.50+4.01 ym, and alveolar depth to 68.72+9.50 um,
which were 21.35 % (p=0.112), 23.89 % (p=0.008), and
5.68 % (p=0.174) lower than control values, respectively. The
mean thickness of the interalveolar septum was only 0.67 %
lower (p=0.406) than in the control group. The width of the
conducting portion of the bronchiole three hours after venom
administration was 55.22+4.39 ym, which was statistically
significantly 7.36 % lower than the control value (p=0.045).

The ratio of alveolar entrance width to alveolar depth
(ratio A) and the ratio of the conducting portion width of
the respiratory bronchiole to alveolar depth (ratio B) three
hours after venom administration were 0.407+0.082 and
0.817+0.125, respectively, which were 22.77 % (p=0.112)
and 3.31 % (p=0.940) lower compared to the control group.

Discussion

Thus, three hours after administration of Leiurus
macroctenus scorpion venom, progressive edema was
observed in the rat lungs, predominantly affecting the
pulmonary stroma, along with infiltration of the interstitial
space by inflammatory cells, which may impair tissue
trophism and gas exchange processes. A continuing trend
toward redistribution of air between the alveoli and the
conducting portion of the respiratory bronchioles was noted,
manifested by decreased alveolar width and entrance depth,
consolidation of lung tissue, and collapse of alveolar walls.
At the same time, areas of alveolar dilation were observed,
accompanied by subsequent destructive changes of their
walls and accumulation of fluid.

Studies describing lung morphology under the action of
animal venoms are few in number, and they often concern
snake venoms [1, 9, 13]. Thus, observation of groups of

mice injected with the venom of the snake Crotalus durissus
cascavella at a dose of 50 ug/kg showed different microscopic
patterns at 1, 3, 6, 12, 24, and 48 h after administration.
After 1 h, thickening of the interalveolar septa and marked
vascular congestion were observed, with the appearance
of a round-cell infiltrate, which by 3 h had already extended
to the interalveolar septa with the formation of emphysema
and disatelectasis. After 6 h, the infiltration decreased,
but other changes persisted or progressed, and bronchial
changes appeared which at 24-48 h caused bronchiolar
spasm. Hemorrhages also appeared [1]. Other authors also
studied the venom of this snake species, but administered it
at a lower dose, 3.0 pg/kg. They found agreement between
the macroscopic picture, manifested by impaired respiratory
function, and the histological picture of lung injury acute
parenchymal damage with a combination of atelectasis,
emphysema, hemorrhages, round-cell infiltrate, edema, and
vascular stasis [9].

A study of the effects of Vipera berus berus and Vipera
berus nikolskii venom on lung morphometric parameters
found that, compared with the control group (rats injected with
saline), the mean vascular area in the lung increased 1.31-
fold relative to intact animals, while the mean “respiratory
compartment” index decreased to 0.8. The relative areas of
disatelectasis, atelectasis, and emphysematous changes
increased 6.03-, 7.15-, and 2.0-fold, respectively, compared
with controls [16, 17].

Administration of Pseudechis papuanus venom at a dose
of 35 g after 40-60 min causes pulmonary edema in mice with
massive accumulation of “hyaline” (proteinaceous) material in
the alveolar spaces. At the same time, administration of the
venom at a dose of 15 ug does not lead to the appearance
of any microscopic changes in the lungs [26].

Comparison of morphological changes after administration
of the venoms of the scorpions Tityus serrulatus and T.
bahiensis at a dose of 200 pg/kg showed that in both cases
laboratory animals exhibited marked hemorrhages, an
inflammatory reaction, and an increased number of white
blood cells in the bronchi and bronchioles [19].

A histological study of the effects of two Moroccan
scorpion venoms showed that there is a correlation between
the severity of the pathomorphological manifestations of
venom action and its LD,,. At different time intervals, the
authors noted dilation of alveolar spaces and destruction of
alveolar structures in experimental animals [6].

Only isolated studies address the morphological impact of
Leiurus macroctenus scorpion venom. In particular, available
results concern changes in the adrenal glands of rats. One
day after venom administration, pronounced changes in
adrenal structure were detected, with hemorrhages and
vascular congestion in this organ, indicating a systemic effect
of the venom of this scorpion species [15]. Same microscopic
changes were observed during kidneys investigation. Three
hours after administration of Leiurus macroctenus venom
intensive polymorphonuclear infiltration and disruption of
blood vessels were found. Tubular necrosis appears in
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kidneys tubular system [18].

A systematic review of 12 autopsy cases after scorpion
stings was conducted by a team of researchers, who
found that although the changes were nonspecific, they
were uniform: the lungs showed signs of marked blood
congestion and edema, which microscopically manifested as
hemosiderophages in the alveoli, atelectasis, disatelectasis,
edema (eosinophilic proteinaceous material), and subpleural
emphysema [11].

A study of the effect of Tityus serrulatus scorpion venom
on the bronchial epithelial cell line BEAS-2B showed that
exposure to the venom at concentrations of 10 and 50 pg/
mL for 1, 3, 6, and 24 h reduced cell viability, and cell death
occurred through necrosis rather than apoptosis, as indicated
by cytometry results [22].

Androctonus australis hector scorpion venom, when
administered to laboratory animals at a dose of 10 ug/20 g,
causes acute lung injury with involvement of alveolar
macrophages and neutrophils (in particular, around the
bronchi), occurring against a background of areas of edema
and hemorrhages [24].

At the same time, bee venom, conversely, may have a
positive effect on the morphological structure of the lungs.
An experimental study showed that its venom can block
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MIKPOCKOMIYHI TA MOP®OMETPUYHI 3MIHU Y BPOHXAX | MAPEHXIMI NETEHb NTABOPATOPHUX LWYPIB YEPE3 TPU
roguHu nicna BBEQEHHA OTPYTU CKOPIMIOHY LEIURUS MACROCTENUS
lyHac B. I, Maeecbkuti O. €., Ckopyk P. B., KupuyeHko B. I., BaHOypka H. M., Copokoymoe B. I1., lyHac I. B.

CKOpMiOHI3M € nowupeHuUM s8UlEeM, WO 3ycmpidyaembCsi 8 Pi3HUX pezioHax ceimy, ma Hece ocobrnugy Hebesrneky 0ns ocib
rnoxurnoeo eiky ma dimel. He3saxato4u Ha YucrneHHi sunadku Oiif ompymu CKOPIIiOHI8 Ha Op2aHi3M HOUHU, He3HaYHa KiflbKicmb
nyb6rnikauit onucytoms KiHiYHy KapmuHy, ocobrueo 3 60Ky OuxanbHOI cucmemu y makux nauieHmis. LLje meHwe pobim rnpucesyeHi
onucy MopghosoeidHUX 3MiH fieeeHb Yu 6poHXie y nomepnux ocib 4Yu 1abopamopHUX MEapUH, 30KpemMa 8 pi3Hi Yacosi pamKu ricrs
yKycy ckoprioHa. [JaHi npo2anuHu Ha Mopghorio2iYHOMY pigHi, Hagimb rpu 0ocums O0bpe 8UBHEHOMY amMoO2eHEeMUYHOMY WIIAXY
0ii ompymu ckopnioHa, He 00380/15IH0Mb Mamu MO8HE PO3YMIHHS KapMmUHU MOKCUYHO20 8risiugy 0aHoi pe4osuHu. Jluwe 3a ymos
8cebiyHO20 O0CriOXEeHHsT Ompymu MOXuge 8 nodasnbWoMy He MiflbKU CM8OPeHHs1 npomuompymu 00 Hei arne i 3acmocyeaHHs
SIK IEPCEeKMUBHO20 nikapcbKo2o 3acoby. Mema docnidxeHHs — U3Ha4umu MikpOCKOMi4Hi ma MopghoMempuYHi 3MiHU y 6poHxax
i napeHximi nezeHb wWypie Yyepe3d 3 200uHU nicrig 8sedeHHs1 ompymu 8udy ckoprioHa Leiurus macroctenus. [na 0ocrnioxeHHs
sukopucmaro 10 wypie camuie, Wo ympumysanucsi 8 ymosax gieapito i 6ynu posdineri Ha 2 epyrnu rno 5 ocib y koxHil: epyna 1 —
Wypu KOHMPOIbHOI epynu, SIKUM 8800unu ¢hi3ionoaidyHuli pO34UH ma Wypu epynu 2 — aKuMm 8800usiu ompymy ckoprioHa y 003i
28,8 mke/mn. Hepes 3 200uHu nicrisi 66e0eHHs MPosoduu eemaHasito Wypie 3 8UITyHEHHSIM JfIe2eHb Ha 2iCmosiozidHe OOCIOKEHHS.
[nsi npoeedeHHs1 MiKpOCKOMiYHO20 | MOPGhOMempPUYHO20 OOCITIOKEHHS 8U20MOBIANUCS 3Pi3U MOBWUHOK 4-5 MKM (3abapeneHHs
2eMamoKcUIiHOM-e03UHOM | 3a memodom Azan Trichrome) ma HaniemoHki 3pisu 1-2 MkM (MemuneHosul cuHitl). Mikpockorito
BUKOHYysasu npu 36inbweHHsix 8id0 x40 0o %1000 Ha mikpockorni OLIMPUS BX 41. MopgomempuyHuli aHani3 8UKoHy8anu 3
doromoeoto npozpamHoeo 3abesneyeHHss Quickphoto Micro 2.3. Cmamucmuy4Hul aHaniz ompumMaHux pesynbmamie nposedeHul
y niyeHsitiHomy nakemi «Statistica 6.0» 3 sukopucmaHHsIM Herapamempu4Hux Memodig oyiHKU. HYepe3 3 200uHuU nicris 86e0eHHs
ompymu y negeHsix 00C1iOHUX meapuH hOPMYyOMbCS 8UPAXEHI 3arnarbHi 3MiHU, W0 NPOSeNstomMbCs MacugHO JliMgboyumapHo-
HelmpodginbHoro iHinbmpaujiero, Halibinbw iHMeHCUBHO HagKolo 6poHXie cepedHb020, Mario2o diamempie ma 6poHxion, ax 0o
4acmkKo8020 pyliHy8aHHAM iX CMIHOK, chpazmeHmauii M’a308uUx ry4kie ma Habpsiky adeeHmuuii. Y MixanbeeonsipHoMy npocmopi
nepesaxarome 6a30¢biriu, e03uHOINU ma Makpoghazu, Wo Makox cei0HUMb Ha KOPUCMb 8UPaXXeHOI 3anarnbHOi peakuii. Y napeHximi
dinsiHKu ducamernekmaasie yepeytomscs 3 OinsHkamu emgpizeMu, 0e MicusiMu criocmepizaembcsi 0eCmPyKUisl MiXarb8eonsapHUX
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nepeeopodoK ma Hakonu4deHHs1 piduHu. Mpu mMopgomempuyHOMy AOCIOKEHHI 3aghiKcO8aHO 3MEHWEHHS WUPUHU anbeeorl, ix
8x00y ma anubuHu (p=0,112, p=0,008 ma p=0,174 8i0rMo8iOHO), @ MaKoX cmMamuCmMuY4HO 3Ha4dyue 38yXXeHHs NMpoeidHo20 8iddiny
pecnipamopHux 6poHxion (p=0,045). BusieneHo meHOeHuito 0o nepepo3nodiny nosimps Mix anb8eonspHUM ma 6pOoHXionsapHUM
giddinamu, o 8idobpaxeHo npu 2icmorsnozidHomMy 00CHIOKEeHHI 3MiHaMU Crig8iOHOWEHb MOPGOOMempPUYHUX rMoka3HuUkKie. OmpumaHi
OaHi ceid4ampb npo PO38UMOK 20CMpPOe0 3ananbHO-0eCMPYKMUBHO20 YPaXEHHS 1e2eHb 3 MOPYWEHHAM 8EHMUIAUIUHOI QoyHKUT
8xe y paHHi mepmiHu micns iHmokcukauii. CyKyrnHicmb 8Usi8NeHUX MIKPOCKOMIYHUX 3MiH 8Ka3ye Ha ¢hopMy8aHHsT CmpyKmypHOI
nepebydosu rezeHes8oi napeHximu y 8idrnoeiob Ha mokcu4Hy Oito ompymu exe Ha 3 200uHy nicns ii eeedeHHs1 nabopamopHUM
meapuHam.

KnrouoBi cnoBa: mMopghornoeis, ompyma ckoprnioHa, Leiurus macroctenus, wypu, 6poHXU, napeHxiMa nezeHb, MopgonoeidHi
3MiHU, MOPGHOMEeMPUYHI 3MiHU.
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Adverse post-myocardial infarction remodeling is a key pathway toward chronic heart
failure. While sodium-glucose cotransporter-2 (SGLT2) inhibitors improve outcomes in
heart failure, evidence on their structural effects when therapy is initiated after the acute
injury phase remains limited. Study aim — to evaluate whether delayed initiation of
empagliflozin attenuates histological remodeling features and reduces morphometric
indices of cardiomyocyte hypertrophy in rats with isoproterenol-induced myocardial
injury. Sixty male outbred white rats (200-250 g) were allocated to three groups
(n=20 each): intact control, isoproterenol (ISO) + placebo, and ISO + empagliflozin.
Myocardial injury was induced by ISO (85 mg/kg/day, subcutaneously, on days 0
and 1). From day 14, animals received empagliflozin (10 mg/kg/day by oral gavage)
or vehicle for 30 days. Hearts were harvested on day 44. Left-ventricular sections
were obtained from subendocardial, intramural, and subepicardial layers and stained
with hematoxylin-eosin and Masson'’s trichrome. Digital morphometry quantified
cardiomyocyte and nuclear area. Statistical analysis was conducted using the IBM
SPSS 26.0 software (IBM, USA). It was established that ISO caused microvascular
congestion, interstitial edema, cardiomyocyte disarray, and increased collagen
deposition on Masson’s staining. Delayed empagliflozin reduced the qualitative
severity of injury and attenuated hypertrophic morphometry. Cardiomyocyte area was
higher in ISO + placebo than in control (342.8+12.5 ym? vs 223.2+8.4 um? p<0.01)
and decreased in ISO + empagliflozin (287.4+8.3 um? p<0.05 vs ISO + placebo),
while remaining above control. Nuclear area followed a similar pattern (36.95+1.07
um? vs 20.73+0.54 um? in ISO + placebo and 26.81+0.65 um? with empagliflozin).
Acquired data suggests that delayed empagliflozin use after the experimental
myocardial damage partially alleviates structural remodelling and morphometric signs
of cardiomyocyte hypertrophy.

Keywords: empagliflozin, morphology, myocardial remodeling, isoproterenal, fibrosis,
morphometry, heart failure.

Introduction

Adverse post-myocardial infarction (post-MI) remodeling
is a multilevel process that connects an acute ischemic
injury to chronic heart failure through myocyte loss,
fibroblast activation, extracellular matrix (ECM) expansion,
and maladaptive changes in ventricular geometry [16, 18].
Fibrosis and cardiomyocyte hypertrophy jointly increase
myocardial stiffness and contribute to electrical instability
and progressive dysfunction, which makes them clinically
meaningful structural endpoints [28].

The study by Yap et al. examined the complex, dual role
of macrophages in heart repair and remodeling following a
myocardial infarction. It highlights the functional shift from

early-phase pro-inflammatory macrophages, which clear
necrotic debris, to late-phase reparative macrophages that
facilitate scar formation and tissue stability. A central theme
is the distinct origins of these cells, contrasting protective
resident cardiac macrophages — which are present from birth
and support heart health — with recruited monocyte-derived
macrophages that can drive excessive inflammation and
heart failure. By utilizing advanced single-cell sequencing,
the authors argue for a move beyond simple classification
toward “precision immunotherapies” that aim to reprogram
these immune cells to optimize healing and prevent the
pathological structural changes that lead to chronic cardiac
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dysfunction [33].

In addition to gross structural changes, the infarct border
zone (IBZ) serves as a critical arrhythmogenic substrate
where complex cellular and molecular remodeling facilitates
the development of life-threatening ventricular arrhythmias.
This localized remodeling involves the transformation of
resident fibroblasts into matrifibrocytes, the disruption of gap
junction proteins such as Connexin43, and the impairment
of ion channel function, which collectively create reentry
circuits and electrical instability within the peri-infarct
myocardium. Addressing these alterations through targeted
pharmacological interventions or catheter ablation is
essential, as the stabilization of the IBZ represents a pivotal
therapeutic strategy for preventing sudden cardiac death
post-myocardial infarction [7, 24].

SGLT2 inhibitors have emerged as disease-modifying
therapy in heart failure, reducing heart-failure hospitalization
and improving outcomes across phenotypes, including
patients without diabetes [3, 20, 22]. Beyond glycemic
actions, SGLT2 inhibition has been linked to improved
myocardial energetics, reduction of oxidative stress,
modulation of ionic homeostasis, and attenuation of
profibrotic signaling, suggesting the potential to influence
remodeling pathways directly [11, 19, 29]. However, the
timing of initiation may be critical: structural remodeling
evolves over weeks to months, and the degree to which
SGLT2 inhibitors can modify remodeling when started after
the early injury phase remains insufficiently characterized.

Rodent models are essential for mechanistic evaluation
because they allow standardized injuries and controlled
tissue sampling. The isoproterenol (ISO) model produces
diffuse beta-adrenergic stress and injury with subsequent
interstitial remodeling and fibrosis and is widely used to test
antifibrotic and antihypertrophic interventions [5, 15].

Alpha-adrenoceptors provide a critical inotropic boost
during early cardiac stress, while their chronic activation
results in a unique pattern of hypertrophy and fibrosis
that differs from isolated beta-stimulation. This suggests
that the alpha1i-signaling pathway is a significant, yet
often overlooked, driver of early adaptive and subsequent
maladaptive remodeling, emphasizing the need to consider
multi-receptor signaling in the development of heart failure
therapies [13].

Accordingly, this study tested the hypothesis that delayed
initiation of empagliflozin after ISO-induced myocardial injury
attenuates structural remodeling on histology and reduces
morphometric indices of cardiomyocyte hypertrophy.

The aim of the study — to evaluate whether delayed
initiation of empagliflozin attenuates histological remodeling
and reduces morphometric indices of cardiomyocyte
hypertrophy in rats with isoproterenol-induced myocardial
injury.

Materials and methods
Experiments were designed and reported in accordance
with ARRIVE 2.0 guidance and applicable European animal

welfare legislation [14, 23]. Sixty male outbred white rats
(200-250 g) were housed under standard conditions (12 h
light / 12 h dark, 20-24 °C) with ad libitum access to chow
and water. All procedures were approved by the institutional
animal ethics committee Ivano-Frankivsk National Medical
University (protocol No. 153/25 17.09.2025).

A controlled, parallel-group design was used with three
groups (n=20 per group): 1 —intact control; 2 —1SO + placebo;
3 -1S0 + empagliflozin. Randomization was performed using
a computer-generated list. Image acquisition parameters
were standardized, and digital morphometry was performed
by an investigator blinded to group allocation.

Myocardial injury was induced by subcutaneous
injections of isoproterenol hydrochloride (ISO; Sigma-Aldrich,
USA) at 85 mg/kg/day for two consecutive days (days 0 and
1), a commonly applied regimen for beta-adrenergic injury
followed by remodeling [17, 25]. Control animals received an
equal volume of 0.9 % saline on the same schedule.

To model delayed initiation after the early injury phase,
no active treatment was administered during days 0-13 aside
from routine monitoring. From day 14, animals in the ISO +
empagliflozin group received empagliflozin 10 mg/kg/day via
oral gavage for 30 consecutive days (days 14-43); the ISO
+ placebo group received vehicle on the same schedule.
The selected dose is within the range used in preclinical
remodeling studies and provides systemic SGLT2 inhibition
in rats [4, 12].

Animals were assessed daily for activity, grooming,
respiratory pattern, and food/water intake. Humane endpoints
included marked weight loss, severe dyspnea, or persistent
distress. All animals were euthanized at the planned
endpoint on day 44. Euthanasia was performed under deep
anesthesia followed by exsanguination in accordance with
AVMA guidance [1].

After thoracotomy, hearts were excised, rinsed in cold
saline, and fixed in 10 % neutral buffered formalin for at
least 24 h. After paraffin embedding, 4-5 ym transverse
sections were obtained from the mid-ventricular level.
Sampling explicitly included three left-ventricular layers:
subendocardial, intramural, and subepicardial. Sections were
stained with hematoxylin-eosin for general morphology and
Masson’s trichrome for collagen visualization [6].

Images were acquired using a bright-field microscope
equipped with a calibrated digital camera. Total magnification
x576 corresponded to a 40% objective, a 10% ocular, and a
1.44x camera adapter (40x10%1.44=576). Scale bars were
generated after calibration with a stage micrometer and were
included in representative micrographs.

Digital morphometry was performed in ImageJ/Fiji [27].
For each animal, one section per ventricular layer was
analyzed. In each layer, 10 non-overlapping fields were
selected using systematic random sampling (random starting
field followed by every k-th field). Cardiomyocytes with an
intact contour and a clearly visible nucleus were measured,;
per animal, at least 90 cardiomyocytes (=30 per layer) were
quantified. Cross-sectional area (um?) of the cardiomyocyte
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and nuclear area (um?) were obtained by manual outlining.
For statistical analysis, the mean value per animal (not per
cell) was used as the experimental unit to avoid pseudo-
replication.

Statistical analysis was performed using IBM SPSS 26.0
software (IBM, USA). Data are presented as meantSEM.
Normality was assessed using the Shapiro-Wilk test. Group
differences were evaluated using one-way ANOVA followed
by Tukey’s post-hoc comparisons for multiple testing. A two-
sided p<0.05 was considered statistically significant.

Results

All animals were followed until the prespecified endpoint
(day 44). Representative micrographs are shown for the
two post-injury experimental groups included in the image
set (ISO + placebo and ISO + empagliflozin) (Fig. 1,
Fig. 2). Control histology is summarized for context but not
illustrated in the current figure set. Qualitative microscopy
was complemented by quantitative morphometry across all
three groups (Table 1).

Fig. 1. Representative hematoxylin and eosin micrographs of
left-ventricular myocardium from the ISO + placebo group (A)
and the ISO + empagliflozin group (B). Scale bar = 50 ym.
Notes: CM — cardiomyocyte; BC — blood capillary; N — nucleus.

A T z > ‘B ‘(s S5 e AY

Fig. 2. Representative Masson’s trichrome micrographs of left-
ventricular myocardium from the ISO + placebo group (A) and
the 1ISO + empagliflozin group (B). Collagen fibers are stained
blue. Scale bar = 50 um. Notes: CM — cardiomyocyte; BC —
capillary; FF — focus of fibrosis.

In the ISO + placebo group, hematoxylin and eosin
stained sections demonstrated a remodeling phenotype
characterized by cardiomyocyte enlargement, myofibrillar
disorganization, microvascular congestion, and interstitial
widening consistent with edema. Clusters of small
mononuclear cells were frequently observed in the
interstitium, supporting an inflammatory component of
ongoing post-injury remodeling (see Fig. 1A).

Table 1. Morphometric parameters of left-ventricular
cardiomyocytes.

Parameter Control ISO + ISO + p value
(n=20) placebo |empagliflozin
(n=20) (n=20)
Cardiomyocyte [223.248.4 [342.8+12.5* |287.4+8.3# [<0.001
area, ym?
Nuclear area, |20.73+0.5436.95+1.07* |26.81+0.65# |<0.001
pm?

Notes: * — p<0.01 vs control; #— p<0.05 vs ISO + placebo (one-
way ANOVA with Tukey post-hoc).

In the ISO + empagliflozin group, the overall severity
of these changes was reduced. Myocardial architecture
appeared more orderly with less conspicuous interstitial
widening and fewer inflammatory cell aggregates, while
residual cardiomyocyte hypertrophy remained detectable
(see Fig. 1B).

Masson'’s trichrome in ISO + placebo showed prominent
expansion of collagen (blue) within the interstitium and
around small vessels, with areas of more confluent collagen
deposition suggestive of replacement fibrosis in regions
compatible with myocyte dropout (see Fig. 2A).

In ISO + empagliflozin, collagen accumulation remained
present but appeared less extensive and less confluent than
in the placebo group, with more preserved cardiomyocyte
bundles separating collagen strands (see Fig. 2B).

Quantitative morphometry supported the qualitative
impressions. Compared with controls, cardiomyocyte area
increased by 53.6 % in ISO + placebo and by 28.8 % with
empagliflozin; relative to ISO + placebo, empagliflozin was
associated with a 16.2 % lower mean cardiomyocyte area
(one-way ANOVA with Tukey post-hoc; see Table 1).

Nuclear area followed a similar pattern: relative to
controls, nuclear area rose by 78.2 % in ISO + placebo
and by 29.3 % in ISO + empagliflozin, with a 27.4 % lower
nuclear area in ISO + empagliflozin versus ISO + placebo
(see Table 1).

Discussion

This study evaluated whether empagliflozin initiated
after the early phase of beta-adrenergic myocardial injury
influences structural remodeling in a rat ISO model. The
main findings are that delayed empagliflozin reduced the
qualitative severity of histological remodeling (edema,
microvascular congestion, injury pattern, and collagen
deposition) and attenuated morphometric signatures of
cardiomyocyte hypertrophy compared with placebo. These
results indicate that remodeling pathways remain partially
modifiable beyond the acute injury “window” and that SGLT2
inhibition can exert a measurable antihypertrophic and
potentially antifibrotic signal even when started after early
injury evolution.

Post-injury remodeling is a dynamic, evolving
continuum rather than an isolated event. Following the
acute phase, sustained inflammatory signaling triggers
fibroblast proliferation, myofibroblast differentiation, and
extracellular matrix (ECM) turnover. This is accompanied
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by a cardiomyocyte growth response, primarily driven by
mechanical strain and neurohormonal activation [34].

Within this framework, fibrosis and hypertrophy are
intrinsically linked: ECM expansion enhances passive
stiffness and impairs cardiomyocyte-capillary coupling, while
hypertrophy — initially an adaptive response to normalize
wall stress — eventually becomes maladaptive. Although the
isoproterenol (ISO) model differs from coronary occlusion, it
reliably replicates diffuse injury and interstitial remodeling,
serving as a robust platform for evaluating therapies targeting
fibrosis and hypertrophy [2, 15]. The qualitative changes
observed in this study — including microvascular congestion,
edema, structural disarray, and collagen deposition — align
closely with this established conceptual framework.

Clinical trials have established that SGLT2 inhibitors
significantly reduce heart failure hospitalizations and improve
cardiovascular outcomes across diverse HF phenotypes,
including in non-diabetic populations [8, 31, 32]. While the
rapid clinical benefits are often attributed to hemodynamic
and renal mechanisms, accumulating mechanistic evidence
suggests that SGLT2 inhibition directly modulates myocardial
morphology. Proposed pathways include enhanced substrate
and mitochondrial metabolism, attenuation of oxidative
stress, restoration of intracellular sodium and calcium
homeostasis, and suppression of pro-fibrotic signaling and
inflammatory activation [9, 10, 21]. Although these specific
pathways were not directly assayed in the present study,
our morphological and morphometric findings are consistent
with a remodeling-modifying effect rather than a purely
hemodynamic influence, as they reflect fundamental changes
in tissue composition and cellular growth.

In rat models of myocardial infarction, empagliflozin
has been shown to improve post-infarct remodeling, a
process associated with increased expression of GTP-
cyclohydrolase-1 and NO-signaling pathways, suggesting
microvascular and redox-mediated protection against
hypertrophy and interstitial remodeling [4]. Furthermore,
studies in non-diabetic rats early after infarction have
demonstrated significant impacts on cardiac fibrosis and
physiology [12]. Despite variations in injury triggers and
timing across these studies, a consistent theme emerges:
the capacity of SGLT2 inhibition to mitigate the fibrotic and
hypertrophic processes inherent to myocardial remodeling.

Human mechanistic trials provide additional context.
EMPA-TROPISM demonstrated improvements in ventricular
volumes, mass, and functional parameters in non-diabetic
HFrEF patients, consistent with reverse remodeling at the
organ level [26]. In the post-MI setting, the EMMY trial
reported beneficial effects on biomarkers and imaging
parameters when empagliflozin was initiated shortly after
acute myocardial infarction [30]. The present study differs
intentionally by delaying therapy until day 14 after ISO
injury, aiming to approximate a subacute/chronic initiation
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EMNAMNI®N0O3UH NOCNABNIOE NOCTYLWKOAXYBAINbHE PEMOAOENIOBAHHA MIOKAPOA LUYPIB NPU
BIATEPMIHOBAHOMY NPU3HAYEHHI B MOAENI I3BONPEHANIHY: MOP®ONOIN4YHE TA MOP®OMETPUYHE
OocnigXeHHA

KosaHsb 1. I., ®edopoe C. B., KozaHb H. M., lepaweHko A. C.

Hecnpusamnuee nocmiHgbapkmHe pemodentosaHHsi Miokapda € 0OHUM i3 K/IH0HO8UX Wiisixie 00 ¢hopMysaHHSI XPOHIYHOI cepuesoi
Hedocmam+ocmi. [Monpu me, wo iHeibimopu Hampil-2mnroK03H020 KompaHcrnopmepa-2 (H3KTI2) nokpawyroms KriHiYHI
pesynbmamu npu cepuyesiti HedocmamHocmi, 0aHi w000 IXHiX CMpyKmypHUX echekmie 3a yMo8u rno4yamky mepartii nicrs eocmpoi
ha3u ywKoOXeHHs 3anuuwarmecsi obmexeHuMmu. Mema 0ocrnidxeHHs1 — ouiHumu, Yyu rnocnabsoe sidmepmiHogaHe Mpu3Ha4eHHs
emnaanichrio3uHy 2icmorsoziyHi 03HaKu pemMooerto8aHHs ma 3MeHWye MopghomempuyHi iHOekcu einepmpodii kapdiomioyumie y
wypie 3 iaornpeHaniH-iHOykogaHuM yuKoOXXeHHsIM Miokapda. LLlicmdecsim camuig binux 6e3rnopodHux wypie (200-250 e) po3nodinunu
Ha mpu epynu (n=20 y KOXHIll): iHmakmHul KoHmporb, izonpeHanid (ISO) + nnauebo ma ISO + emnaanichno3uH. YWKoOXKeHHS
miokapOa modesosanu eeedeHHsm ISO (85 ma/ka/006y, nidwkipHo, y OHi 0 i 1). MNovuHarodu 3 14-20 OHs meapuHU ompumysanu
emnaanighno3uH (10 me/ke/0oby nepopanbHO Yepes 30HO) abo Hocit npomsizom 30 OHie. Cepusi sunyyqanu Ha 44-U OeHb. 3pi3u
n1ieo20 winyHo4yka eidbupanu i3 cybeHdokaplianbHO20, iIHMpamypanbHo20 ma cybenikaplianbHo20 wapie i 3abapenrosanu
2eMamoKcuniHoM-eo3uHoM ma 3a MaccoHom. Ljughposoro Mopghomempietro eusHadyanu nnowyy kapoiomioyuma ma nnowyy siopa.
CmamucmuyHuli aHarni3 BUKOHY8arsu i3 BUKOpUCMaHHSIM rpogpamHozo 3abesnedeHHsi IBM SPSS 26.0 (IBM, CLLIA). BcmaHosrneHo,
wo ISO cnpuyuHsas MikpocyduHHUU 3acmil, iHmepcmuuianbHuUl Habpsik, de3opaaHisauito kapdiomioyumis i nocuneHe gidknadaHHs
KonazeHy npu 3abapeneHHi 3a MaccoHom. BiomepmiHosaHuli emnaznighrio3uH 3MeHWYy8as SIKiCHy 8UPaXXeHICMb YWKOOXEHHSI ma
rocnabnosas MopghoMempuyHi 03HaKu einepmpodii. [nowa kapdiomioyuma 6yna binbworo y epyni ISO + nnauebo, HiX y KOHMPOrTi
(342,8+12,5 mkm? npomu 223,2+8,4 mkm? p<0,01) i 3MeHwysanacek rnpu 3acmocyeaHHi emnaanichrio3uHy (287,4+8,3 mkm? p<0,05
rnopigHsiHo 3 ISO + nnayebo), 3anuwarHucs 8UWOH 3a KOHMPOsb. [nowa sidpa 3miHoeanacs nodibHo (36,95+1,07 Mkm? npomu
20,7310,54 mkm? y ISO + nnauyebo ma 26,81+0,65 mkm? npu emnaanichnolduHi). OmpumaHri pe3ynsmamu 00380715t0mb 3pobumu
BUCHOBOK, W0 8idmepMiHO8aHe Mpu3Ha4eHHs1 emnaznichrio3uHy ricsis eKCrepuMeHmarnbHO20 yUIKOOXKEHHS Miokapda 4acmkKogo
riocnabnoe cmpykmypHe pemooesnto8aHHs ma MopgboMempuyHi 03HaKu 2inepmpodpii kapdiomioyumis.

KnrouoBi cnoBa: emnaenichrio3uH, Mopghoroaisi, pemodesntosaHHs Miokapoa, i3onpeHariH, ¢ibpos, mopgomempisi, cepyesa
HedocmamHicme.
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Modern military confiicts are accompanied by gunshot injuries affecting all parts of
the body. The thyroid gland is located near the carotid arteries, internal jugular veins,
esophagus, larynx, and trachea. Injury to these structures creates the potential for
rapid airway compromise due to compression or bleeding from adjacent tissues, while
the thyroid gland itself may also serve as a potential source of hemorrhage. When
determining the extent of surgical intervention, it is not always possible to clearly define
the exact boundaries of a gunshot injury. This issue can be addressed by conducting
pathomorphological studies of the damaged area of the thyroid gland. The aim was
to study the pathomorphological changes of the thyroid gland in gunshot injuries in
order to determine the volume of surgical intervention. The treatment outcomes of
combatants with gunshot injuries to the thyroid gland, which accounted for 7.4 %, were
analyzed. Of this number, 28.6 % of wounded patients with grade Il and IV thyroid
injuries were included in the group that underwent pathomorphological examination.
For pathomorphological analysis, upon delivery of the material from the mobile hospital
(Role 2), preliminary freezing of tissues was performed by immersion in liquid nitrogen
followed by fixation in 96 % ethanol. After paraffin processing of the material from
the damaged areas of the thyroid gland, sections 4-5 um thick were prepared and
stained with hematoxylin and eosin. The set of pathomorphological studies was carried
out using a Primo Star microscope (Carl Zeiss) at x280 magnification. Images were
captured with a high-resolution digital camera with 8-bit digitization, AxioCam (ERc
5s), with a pixel size of 2.2 um and Carl Zeiss AxioCam (ERc5s) Configuration Tool
software. The examinations revealed large macrohemorrhages beneath the capsule
and within thyroid follicles with partial destruction. The presence of colloid vacuolization
within the follicular lumen indicated the onset of destructive changes in the follicle
itself; however, on the 5th day after injury, partially destroyed follicles demonstrated
a reverse process. In cases of complete destruction of the follicular wall, there was
a high risk of hormone release into the bloodstream with subsequent development of
“thyrotoxic storm” and acute mental disorder. Thus, the thyroid gland demonstrated the
ability to undergo regenerative changes 4-5 days after injury, indicating the necessity
of performing primary surgical wound debridement and subsequent necrectomies
only within the boundaries of damaged tissues.

Keywods: thyroid gland, gunshot injury, pathomorphological changes of the follicle,
thyrocyte.

Introduction

Since 2014, Russian military aggression against the
people of Ukraine has been ongoing.
Russia has continuously developed and improved various

types of high-energy weapons, the use of which results in
severe injuries among servicemen of the Armed Forces of
Ukraine and the civilian population [9, 13, 16, 20]. Tissue

During this time,
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damage caused by gunshot wounds occurs through three
mechanisms: direct impact or crushing, shock waves, and
temporary cavitation. The cavitation effect extends to an
area approximately 20-30 times greater than the bullet
diameter. The cavity formed by this phenomenon, especially
in parenchymal organs, causes significant injury around the
wound channel, where, due to microcirculatory damage, a
secondary zone of necrosis develops that cannot be identified
during the initial examination [3]. Although these mechanisms
are well described in the literature, the development of new
weapons and advances in protective armor have significantly
altered injury patterns and their anatomical distribution.

Neck trauma has long been of professional interest to
trauma surgeons. The first data on combat injuries to this
region were collected during the American Civil War (1861-
1865), when more than 4,000 neck wounds were recorded
with a mortality rate exceeding 35 % without surgical
intervention [15]. Although the neck accounts for only 1 %
of total body surface area, according to some authors it
disproportionately accounts for 16-39 % of injuries. The
neck contains vital structures including major blood vessels,
nerves, and the upper airway. Moreover, unlike the head
or chest, the anatomical structure of the neck lacks natural
protection. As a result, penetrating or blunt neck injuries have
devastating consequences and are highly lethal in 41-73 % of
cases [25]. Isolated neck injuries, according to some authors,
account for up to 10 % of all injuries [18].

Due to a restrained approach to early surgical
interventions, mortality in neck wounds at earlier stages
of medical evacuation exceeded 54 %, and severe
complications developed in nearly 80 % of the wounded. At
present, some authors report that with surgical management
of combat neck injuries, mortality does not exceed 2-6 % [23].

The neck contains vital structures including major blood
vessels, nerves, and the upper aerodigestive tract. Zone II,
located between the cricoid cartilage and the angle of the
mandible, contains the carotid and vertebral arteries, internal
jugular veins, esophagus, trachea, and cranial nerves X,
Xl, and XII, and is also the location of the thyroid gland [4,
6]. Injury to these structures creates the potential for rapid
airway compromise due to direct trauma or indirectly through
compression or hemorrhage from adjacent tissues, with the
thyroid gland itself being a potential source of bleeding [10].
Previous studies of penetrating neck trauma have described
thyroid injuries as rare and clinically insignificant [19, 23].

In peacetime, the incidence of thyroid gland injuries
was <0.1 %. Among these, 59.7 % of patients had isolated
thyroid injury, while in 40.3 % the injury was associated with
damage to adjacent neck organs. Authors report that 75.8-
85.6 % of these injuries had a penetrating mechanism [23].
Visual and instrumental assessment of injury extent does not
always allow clear delineation of the boundaries of gunshot
damage to the thyroid gland. This issue can be addressed
by performing pathomorphological studies to determine the
cause and extent of tissue damage specifically in gunshot
injuries of the thyroid gland.

The aim of the study was to investigate the
pathomorphological changes of the thyroid gland in gunshot
injuries in order to determine the appropriate extent of
surgical intervention.

Materials and methods

During the specified period, the proportion of combatants
with gunshot injuries to the thyroid gland treated at the Military
Medical Clinical Center of the Northern Region (Role 3) was
7.4 %, all of whom were male. The exact total number of
wounded during this period cannot be disclosed, as these
data are classified. All injured individuals were male, with a
mean age of 32.0+1.5 years. In 45.6 % of cases, combined
trauma was identified, including both gunshot injury and
thermal damage. All gunshot wounds were penetrating in
nature; 82.4 % were through-and-through wounds, and
17.6 % were blind wounds; 97.8 % were fragment injuries
and 2.2 % were bullet wounds; in 47.1 % of cases, fragment
injuries were associated with blast trauma.

Regarding the number of injuring agents, multiple
injuries occurred in 79.4 % of cases, with a maximum of
five metallic fragments; single injuries accounted for 20.6 %.
The maximum fragment size reached 4.5x2.5 cm?. In cases
of single gunshot wounds, the external carotid artery was
injured in 5.9 % of cases and the larynx in 2.9 %. In multiple
gunshot injuries, the carotid artery was damaged in 27.9 %
of cases, the jugular vein in 11.6 %, the pharynx in 41.2 %,
the larynx in 23.5 %, the trachea in 10.3 %, the hyoid bone in
5.9 %, the esophagus in 4.4 %, and the thyroid gland in 7.4 %
(it should be noted that the incidence of injuries to this organ
is steadily increasing). The distribution of thyroid injuries by
class was as follows: class | — 32.3 % (local and general
conservative treatment), class Il — 41.4 % (local treatment
and primary surgical wound debridement; in the presence
of hematoma and bleeding — hemostasis and hematoma
drainage), class lll — 20.7 % (thyroid necrectomy), class
IV — 3.4 % (necrectomy performed twice).

To assess injury severity, the ISS scale (216) was applied,
or in cases involving injury to two or more neck organs
(corresponding to a score 23), the abbreviated injury scale
(AIS) was used [24]. In this cohort, according to ISS scores,
injury severity was moderate in 48.5 % of patients (ISS <16),
severe in 33.8 % (ISS 16-25), and critical in 19.1% (ISS >25).

After admission, 72.1 % of the wounded underwent
ultrasound examination of the soft tissues of the neck using
a Logiq P8P910 device (USA, 2021) with a linear L3-12p
probe operating at 3-12 MHz to determine the extent of injury.
In cases of airway injury, 36.2 % of combatants underwent
video bronchoscopy, and in suspected esophageal injury,
26.5 % underwent video esophagogastroduodenoscopy
using an OLYMPUS CV-170 video endoscopy system (2017).
Spiral computed tomography of the head, neck, chest, and
abdominal organs was performed in 82.4 % of patients using
a “Revolution EVO” scanner with a 0.5 mm slice thickness.

For histological examination, thyroid tissue obtained from
the wound channel was fixed in 40 % neutral formalin and
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processed according to standard pathological laboratory
protocols (the authors express gratitude to the staff of
the State Institution “Danilevsky Institute for Endocrine
Pathology Problems of the NAMS of Ukraine” for assistance
in conducting pathomorphological studies). Upon delivery of
specimens from the mobile hospital (Role 2), tissues were
preliminarily frozen by immersion in liquid nitrogen followed
by fixation in 96 % ethanol. After paraffin processing of
material from damaged thyroid areas, 4-5 uym sections
were prepared and stained with hematoxylin and eosin. The
complex of pathomorphological examinations was performed
using a Primo Star microscope (Carl Zeiss) at x280
magnification. Images were captured with a high-resolution
8-bit digital AxioCam (ERc 5s) camera with a pixel size of
2.2 ym using Carl Zeiss AxioCam (ERc5s) Configuration
Tool software [16].

Statistical analysis of the obtained results was performed
using Excel (Microsoft Office, USA).

Results

Primary surgical medical care for wounded combatants
was initially provided at Role 1 (also known as unit-level
medical care), where all efforts were focused on hemorrhage
control; primary surgical wound management, including
debridement and drainage of the gunshot wound; antibiotic
prophylaxis; and infusion support. The wounded were
subsequently transported to a mobile hospital (Role 2)
of the Armed Forces of Ukraine in the Donetsk region,
where repeated surgical wound debridement with limited
necrectomy and attempts to remove metallic fragments
using specialized magnetic instruments were performed in
patients with mild and moderate injuries, while stabilization
measures were provided for severely injured patients. In most
cases, transportation was accomplished within the “golden
hour.” After stabilization, severely wounded servicemen
and other personnel with neck injuries were transferred to
the Military Medical Clinical Center of the Northern Region
(Role 3) for further examination and treatment. During
videobronchoscopy, bronchial tree sanitation was performed,
and in 3 patients (2.2 %), foreign bodies were removed from
the bronchial lumen.

Normally, thyroid gland tissue consists of clusters of
follicles, which are the structural and functional units of the
gland. Follicles contain a cavity filled with homogeneous
gelatinous material (colloid) [1] (Fig. 1). When stained with
hematoxylin and eosin, the colloid appears pink, while
follicular cells (thyrocytes) appear purple. The colloid consists
of thyroglobulin, an iodinated glycoprotein that represents an
inactive storage form of thyroid hormones [14]. The space
between follicles is filled with connective tissue stroma,
penetrated by fenestrated capillaries and lymphatic vessels,
and contains parafollicular cells. The thyroid gland is the
only endocrine gland whose secretory products are stored
intracellularly within thyrocytes, which line the follicular wall
as a single layer of cuboidal or columnar epithelium resting
on a basement membrane.

Fig. 1. Fragment of the thyroid gland with a follicle filled with
colloid (red arrow), a single layer of follicular cells — thyrocytes
(blue arrow), and parafollicular cells (black arrow). Hematoxylin-
eosin staining. x280.

As a result of gunshot injury, pathomorphological changes
occur in the thyroid gland that are specific to this organ and
determine the subsequent course of treatment. The excised
portion of the thyroid gland with predominant gunshot
destruction was subjected to histological examination (Fig. 2).

Fig. 2. Fragment of the thyroid gland after gunshot injury at the
time of hospitalization: presence of large macrohemorrhages
in the thyroid gland beneath the capsule (red arrow) and within
the follicles (blue arrow); preserved follicles (white arrow);
a destroyed follicle with preserved colloid (black arrow);
vacuolization of the colloid (green arrow). Hematoxylin-eosin
staining. x280.

Macroscopic examination revealed the presence
of a subcapsular hematoma. Histological analysis
demonstrated blood infiltration of thyroid tissue, with large
macrohemorrhages beneath the capsule and within follicles
accompanied by partial destruction. In damaged follicles,
thyrocytes resting on a thickened basement membrane
transformed from cuboidal or columnar to flattened
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epithelium. The presence of colloid vacuolization within the
follicular lumen indicated the onset of destructive changes
in the follicle itself; however, the possibility of a reversible
process remained. In cases of complete destruction of the
follicular wall, hormone release into the bloodstream may
occur, potentially leading to the development of a “thyrotoxic
storm” [17] and acute mental disorder.

Investigation of thyroid tissue pathomorphosis allows
understanding of the evolution of structural changes
after gunshot injury. On the 5th day of hospitalization,
extracapsular macrohemorrhage was detected, along with
destructive follicular changes manifested by fibrotization
of the follicular wall with closure of its lumen (irreversible
pathomorphological changes), as well as follicles with
preserved lumens (indicating possible anatomical and
functional recovery) (Fig. 3).
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Fig. 3. Fragment of the thyroid gland after gunshot injury on
day 5: extracapsular macrohemorrhage extending beyond the
capsule (yellow arrow), complete destruction of follicles and their
walls with preservation of volume (blue arrow), fibrotization of
follicular walls (white arrow). Hematoxylin-eosin staining. x280.

All patients underwent surgical interventions that
included necrectomy with removal of remaining metallic
fragments that could not be extracted using specially
designed magnetic instruments at previous levels of care.
When feasible, cartilage and pharyngeal reconstruction
was performed. Surgical management also included thyroid
necrectomy of varying extent, followed by drainage of the
postoperative wound and, when necessary, creation of a
lower tracheostomy.

Discussion

Thus, in cases of gunshot injury to thyroid gland, we
identified large macrohemorrhages beneath the capsule and
within the follicles with partial destruction of the latter. The
presence of colloid vacuolization within the follicular lumen
indicates the onset of destructive changes in the follicle.

However, on the 5th day after gunshot injury, the thyroid
gland demonstrated the capacity for regenerative changes.
In cases of complete destruction of the follicular wall, there
was a high risk of hormone release into the bloodstream with
subsequent development of “thyrotoxic storm” and acute
mental disorder.

We consider this study relevant and timely, as the global
literature reports an increase in gunshot injuries to the neck
with thyroid involvement from 3.2 % [17] to 13.8-20 % of all
gunshot injuries, which corresponds to our findings (7.4 %)
and allows us to present our own experience in the diagnosis
and management of this pathology.

Due to the close anatomical proximity of vital structures
in the neck, which may be simultaneously injured during
gunshot trauma, mortality rates range from 35-36 % to 54-
58 % of all fatal cases [26]. The primary cause of mortality
in penetrating neck trauma is uncontrolled hemorrhage. It
is believed that prolonged bleeding, particularly with the
development of hemorrhagic shock, leads to hypothermia,
coagulopathy, and acidosis, the so-called lethal triad resulting
in irreversible systemic changes [7]. However, some authors
suggest that the lethal triad does not always directly lead
to death, emphasizing acidosis associated with severe
hypoxemia and tissue hypoxia. These authors consider
tissue hypoxemia, acidosis, and ischemia-reperfusion
toxemia to be the main causes of death in hemorrhagic shock
[5]. In our opinion, this is more characteristic of prolonged
bleeding or its consequences.

The thyroid gland ranks first among organs in terms of
blood flow per unit mass. Its blood supply is primarily provided
by the paired superior and inferior thyroid arteries [8]. In
3-10 % of individuals, an unpaired artery, the “Neubauer
artery” (a. thyroidea ima), arises from the aortic arch or
brachiocephalic trunk [12]. Neck wounds are characterized
by the impossibility of applying a tourniquet. Continued
bleeding within a confined space may result in the formation
of a compressive hematoma and venous obstruction,
potentially leading to impairment of the parathyroid glands
or laryngeal nerves. Subsequently, such hematomas may
become infected and cause the development of neck
phlegmon. Advanced hemostatic patches that form covalent
bonds with moist tissues, as well as active patches containing
biochemical agents that promote coagulation, demonstrate
significantly greater hemostatic effectiveness compared
to compression-only dressings [21]. Recently, hemostatic
dressings containing clotting activators (fibrinogen, thrombin,
etc.) have been developed. Studies have shown that the
use of such dressings at the prehospital stage achieves
hemostasis in 90.5 % of cases [22]. This approach has
enabled the transfer of up to 70 % of patients with vascular
injuries from Role 1 to Role 2 without profuse bleeding.

Patients with hemodynamic instability underwent
emergency surgery. In determining surgical tactics, entry and
exit wound sites were considered in cases of minor injuries.
The trajectory of the wound tract and the extent of damage
were assessed using preoperative computed tomography
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[27], which was performed in 82.4 % of patients. Isolated
thyroid injury is extremely rare and occurs in approximately
1-2 % of cases. In the studied cohort, no isolated thyroid
injuries were identified, which was confirmed by preoperative
computed tomography.

During removal of foreign bodies (metal fragments)
located in high-risk areas of the neck, in order to prevent
damage to vital anatomical structures, fragments were
extracted either by palpation or using specialized magnetic
instruments through separate surgical approaches [2].

Conclusions
1. The study of pathomorphological changes of the thyroid
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MNATOMOP®ONOTIYHI 3MIHU LLMTONOAIEHOI 3ANO3U BHACNIOOK KOMEIHOBAHUX BOTHEMATNBHUX YPAXEHb
XopouwyH E. M., Makapoe B. B., Bopoecskkuti O. O., Mictopa K. B., He2odyiiko B. B., YepHob6inb b. M.

CyuyacHi 8ilicbkogi KOHhIIKmu Cynpo8ooXyrombCsi 802HenanbHUMU mpasmaMu 6cix yacmuH mina. LljumonodibHa 3anosa
posmauwiosaHa nobrnusy COHHUX apmepill, 8HymMpIilUHIX SSPeMHUX 8eH, cmpaegoxidy, 2opmaHi, mpaxei. Tpasma 0aHux cmpykmyp
cmeoproe nomeHujarn 051 WeuOKo20 MOPYWEeHHs npoxiOHocmi duxanbHUX WIISXie Yyepe3 CMUCHEHHSI YU Kpo8omeyi 3 CYyCiOHIiX
cmpykmyp, Oe i cama wumornodibHa 3a5103a maKox € MoMeHYitiHUM 0xeperiom kposomedi. [pu 8usHa4YeHHi 06’emy ornepamueHo20
8mpyyYaHHs He 3aeX0u MOXHa eKa3amu Ha YimKy MexXy e02HernasibHo20 MOWKOOXeHHs. Bupiwumu daHy npobremy MoxXnugo
nposigwu namomopghosio2iyHi O0CIOKEHHST yUIKOOKeHOI OinsHKU uumonodibHol 3ano3u. Mema — eus4umu namomopghornoaivyHi
3MIiHU wumonodibHoI 3a103uU Npu 802HenanbHOMY opaHeHHI O BU3HaYEeHHS 06’eMy Xipypai4Ho20 empydyaHHs. bynu sugyeHi
pesynibmamu rikyeaHHs1 bitiyie 3 8oeHenanbHUM NopaHeHHsIM uumornodibHol 3ano3u, wo cknanu 7,4 %. Bid daHoi kinbkocmi 8
epyny, sikum 6yno nposedeHo namomopgornoziyHe docnioxeHHs, ysitiwnu 28,6 % nopaHeHux 3 Il ma IV knacamu nowkKoOXXeHHs
wumonodibHoi 3ano3u. s npoeedeHHs1 mfamomopghorioeidyHo20 AocioxeHHs npu docmasui Mamepiany 3 MobirlbHO20 Wnumario
(Role 2) nposodunu rornepedHe 3aMOpOXy8aHHS MKaHUH WIISIXOM 3aHypPeHHs MKaHUH y piOKult azom 3 HacmyrHow gikcauieto
8 96 % cnupmi. lNicna napaghiHosoi 06pobKU Mamepiary i3 NOWKOOKeHUX OiNTHOK WumornodibHOI 3a103uU 8U20mMOessAnuU 3pi3u
mosuuHoro 4-5 MKkm, siKi 3abaperiosarnu 2eMamoKCuliHoM ma eo3iHoMm. Kommnekc namomopghonozidyHux OoCioxeHb Mposoouscs Ha
mikpockoni Primo Star (Carl Zeiss) 3i 36inbweHHsim x280 pasig. 306paxkeHHs1 modasanuck Ha Uughposy kamepy 8UCOKOI po30iribHOI
30amHocmi 8-6imHo2o oyugppysaHHs AxioCam (ERc 5s) 3 poamipom nikcerns 2,2 MKkmM ma rpoepamMHumM 3abeanedeHHsm Carl Zeiss
AxioCam (ERc5s) Configuration Tool. [pu nposedeHHi daHux ocriOxeHb susigreHi 8e/uKi MakpoKpo8oauuau rid Karcyy ma y
gporikynu wumornodibHOI 3a5103U 3 HaCMKO800 iX pylHauieto. HaseHicmb sakyonidauii konoidy & npoceimi gooriikyna ceidyuna rnpo
rioyamok 0ecmpyKmueHuUx 3MiH camo20 ¢hborikyna, npome Ha 5 oby nicnsi mpasmu y goonikynax, siki 6yu yacmkoego 3pyliHo8aHi,
criocmepieascsi 380pomHitl npouec. [Npu noeHil pytHauyii cmiHKu ghonikyna 6ye 8UCOKUU pu3uk 8UKUOY 20PMOHI8 y KpO8 siHe pycrio 3
HacmynHUM po38UMKOM « MUPEOMOKCUYHO20 WMOPMY» ma 20Cmpo20 rcuxidHo2o posnady. Takum YUHOM, 8CmaHoerieHa 30amHicmb
wumonodibHoi 3ano3u niddasamuck pezeHepamugHUM 3MiHam Yyepes 4-5 0i6 nicrisi MOWKOOXeHHS, WO 8Ka3ye Ha HeObXiOHICMb
BUKOHaHHS 1ep8UHHOI XipypaidHoi 06pobKu paH ma HacmynHUX HEKPEKMOMIU MiNbKU 8 Mexax MoWKOOXeHUX MKaHUH.

KntouoBi cnoBa: wumonodibHa 3anosa, oeHenansbHe nopaHeHHs, namomMopghorioaiyHi 3MiHU ¢horikyna, mupeoyum.
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The long-term clinical reliability of intraosseous implants is often compromised
by aseptic loosening, an implant failure mode driven by chronic inflammation and
fibrous encapsulation. Current evidence suggests that osseointegration relies on
complex osteoimmunological interactions rather than mechanical interlocking. This
study aimed to investigate the immunomodulatory effects of functional protective
coatings, specifically bioactive hydroxyapatite (HAp) and bio-inert alumina (Al203),
on the interplay between innate and adaptive immune responses. A rat femoral model
(n=160) was utilized, featuring seven distinct implant surface configurations varying
in roughness (Ra 1.89-23.7 um) and chemical composition. Peri-implant bone tissue
harvesting was conducted at 1, 2, 4, and 8 weeks to capture the progression from
acute to chronic inflammatory stages. The methodology employed a comprehensive
immunohistochemical (IHC) analysis using specific markers: CD3 for T-cells, CD25 for
activated lymphocytes, CD45R for B-cells, CD68 for pan-macrophages, and CD163
for the reparative M2 phenotype of macrophages. Statistical validation involved non-
parametric Kruskal-Wallis analysis with Dunn’s post-hoc correction and Spearman’s
rank correlation to quantify topographic versus chemical influences. Persistent T-cell-
mediated inflammation characterized the peri-implant environment of the titanium
control groups; regardless of surface roughness, these implants exhibited elevated
densities of activated T-cells (CD3+/CD25+) sustained through the eighth week,
confirming a chronic inflammation. Established bioactive HAp coatings significantly
suppressed adaptive immune activation, promoting a decisive phenotypic shift toward
reparative M2 macrophages (CD163+) and facilitating early woven bone formation
by week 4. A distinct inmunogenic failure mode was observed in the hybrid alumina-
titanium coating group (TSPTC), where mechanical instability led to the release
of coating particles, triggering specific B-cell (CD45R+) infiltration, indicative of a
pathological humoral reaction rather than physiological myelointegration. Impact
assessed by correlative analysis revealed no significant association between surface
roughness and immune cell infiltration, whereas an increasing bioactivity rank
correlated negatively with adaptive immune cell densities, indicating the dominant
role of surface chemistry over topography in resolving inflammation. Characterized
by regularities in immune crosstalk, the data showed that T-cell density positively
correlated with activation markers, while the HAp layer acted as an immunological
buffer, effectively masking the titanium substrate to prevent autocrine amplification
of inflammation. Our study underscores the critical importance of stable functional
protective coatings in tuning the peri-implant immune environment. Specifically,
these coatings play a pivotal role in overriding chronic adaptive immune signals
and promoting M2 macrophage polarization, thereby establishing the pro-reparative
microenvironment necessary for long-term osseointegration.

Keywords: osteoimmunology, osseointegration, functional protective coatings,
titanium implants, macrophage polarization, interleukin-2 receptor.

Introduction

Osseointegration of intraosseous implants is no longer

viewed only as a mechanical interlocking phenomenon but as
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a complex biological cascade governed by the principles of
osteoimmunology [29]. Successful peri-implant bone healing
relies on a precise inflammatory sequence: an initial acute
proinflammatory phase to recruit progenitor cells, followed
by a timely transition to a reparative and anti-inflammatory
environment [24]. Despite advancements in the last few
decades, chronic implant failure remains a significant clinical
challenge. In orthopedics, long-term aseptic loosening
affects approximately 13 % of total hip arthroplasty
patients over 25 years postoperatively, necessitating
complex revision surgeries [5]. Similarly, in dentistry, peri-
implantitis, a progressive inflammatory condition, affects
nearly 20 % of patients, threatening the longevity of oral
rehabilitation and imposing substantial healthcare costs
[30]. The principal cause of such failures is frequently a
dysregulated immune response, in which the inflammatory
sequence described above is unsuccessful, that results in
a long-term proinflammatory milieu and subsequent fibrous
encapsulation, rather than effective osseointegration [12].

To address this challenge, implantology has introduced
the concept of functional protective coatings, which are
designed not only to mitigate mechanical problems,
such as stress shielding [17], but also to harness their
immunomodulatory properties essential for preventing
chronic inflammation and guiding towards successful tissue
regeneration [2, 26]. Among these, bioactive materials such
as hydroxyapatite (HAp) are known for their osteoconductive
properties and potential to modulate early immune
responses [23], whereas ceramics such as alumina (Al,O,)
offer excellent biocompatibility and mechanical stability,
with emerging evidence suggesting their role in immune
modulation [15]. Investigating these materials is crucial,
given their widespread use and potential for advanced
immunomodulatory designs.

Consequently, an effective functional protective coating
must possess inherent anti-inflammatory properties and
facilitate a rapid transition to a reparative immune phenotype,
a challenge that current research is actively addressing [6]. To
date, many studies in this direction were focused on the innate
immune system, particularly the plasticity of macrophages
(MPH). While functional protective coatings show promise
in modulating innate immune responses through M2
MPH polarization [9, 16], a significant gap remains in
understanding their impact on the adaptive immune system,
which plays a crucial role in chronic bone implant failure.
Recent evidence challenges the traditional view of titanium
as biologically inert and suggests that titanium implants
can elicit T cell-mediated immune responses under certain
conditions [28]. The sustained activation of T- and B-cells
stimulated by surface instability or particle release, can
drive chronic inflammation and osteolysis [3]. This potential
for activation of chronic inflammation presents a significant
challenge in surface bioengineering. For instance, techniques
such as plasma spraying, while increasing roughness (R,) for
enhanced mechanical anchorage, can indirectly exacerbate
inflammation, thereby triggering a chronic adaptive immune

response, as described by Kheder W. et al. [11].

This raises a pivotal question: can functional protective
coatings, such as alumina or HAp, act as immunological
buffers and preserve the beneficial topographic cues that
tune M2 MPH while simultaneously dampening the adverse
activation of T- and B-lymphocytes? This highlights the need
to understand the complex interaction between implant
materials and the adaptive immune system, which has yet
to be fully elucidated and is only now gaining significant
relevance due to the increased focus on the role of
T-regulatory lymphocytes (Tregs) in recent studies [27, 29].

We hypothesized that functional protective coatings,
particularly alumina and HAp ceramics, combine their unique
chemical properties with a specific surface topography to
form an anti-inflammatory microenvironment, with increased
M2 polarization and reduced infiltration of T- and B-cells,
which decreases peri-implant inflammation.

Accordingly, the primary objective of this study was
to investigate the immunomodulatory effects of functional
protective coatings (Al,O, and HAp) on both innate and
adaptive immune responses, specifically focusing on T- and
B-cell activation and their interactions with MPH polarization,
using a comprehensive immunohistochemical approach on
in vivo rat femoral model. The secondary objective was to
assess a local bone tissue response to the experimental
modifications of titanium implant surfaces, according to
the standard protocols for pre-clinical in vivo evaluation of
medical devices [10, 25].

Materials and methods

Implant fabrication and animal model. The detailed
protocols for implant fabrication, surface characterization,
surgical procedure, and animal housing have been
described previously [4]. Briefly, seven groups of cylindrical
titanium implants (15%1.5 mm) were manufactured with
varying surface roughness (R, 1.89-23.7 ym) and chemical
compositions (titanium, alumina, and HAp) using sandblasting
and plasma-spray technology. The experimental design is
illustrated in figure 1.

This study utilized archived paraffin-embedded histological
samples from a previously approved in vivo study (Biomedical
Ethics Committee of Dnipro State Medical University meeting
minutes No. 2 dated 26.10.19). Briefly, 160 female Wistar
rats received intramedullary implants in the distal femur and
were euthanized at 1, 2, 4, and 8 weeks post-surgery (n=5 per
group/time point). Harvested bone specimens were fixed in
10 % neutral buffered formalin and demineralized with EDTA
prior to paraffin embedding. The animals were divided into
seven groups according to the implant type: Ti, untreated
titanium; TS, sandblasted titanium; and sandblasted titanium
with consequent various plasma-sprayed configurations
(TSP, titanium powder; TSPC, alumina ceramics; TSPT,
titanium wire; TSPTC, titanium wire and alumina; TSPH,
HAp-ceramics). Twenty rats that received untreated and
uncoated titanium (Ti) implants served as the control group,
20 rats from the TSPH group served as a comparative cohort
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Fig. 1. Experime\ntal workflow and analytical stratification. Left panel: Implant coatings were characterized by surface roughness
(R, 1.89-23.7 um) and chemical composition (Ti, Al,O,, HAp). Middle panel: In vivo study design using a rat femoral model (n=160),
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with harvest points at 1, 2, 4, and 8 weeks for histological and immunohistochemical (IHC) profiling of macrophages (MPH), T-cells,
and B-cells. Right panel: Statistical stratification strategy separating topographic effects (roughness gradient) from chemical effects,
comparing Al,O, and HAp coatings against Ti. Note: * — TS and TSPT were selected for chemical effect evaluation to serve as
titanium reference controls; their roughness values bracket the ceramic groups (~9-12 ym), facilitating the dissociation of surface

chemistry contributions from topographic cues.

with conventional HAp-coated implants, and another 20
animals formed the sham-operated group.

Histological and immunohistochemical analyses. 4-um-
thick sections were obtained from archived paraffin blocks
using a Thermo HM 3558 microtome (Thermo Fisher
Scientific, Germany). Sections of each tissue sample were
used for routine histological staining with hematoxylin and
eosin (H&E) and for subsequent immunohistochemical (IHC)
staining. For this purpose, they were mounted on adhesive
slides (Superfrost, Thermo, Germany), deparaffinized with
xylene, and rehydrated. Further procedures were performed
according to the standard protocol [19]. The primary
antibodies used were as follows: CD163 (rabbit monoclonal
EPR19518, 1:500), CD25/IL-2 receptor (rabbit polyclonal,
1:400), CD3 (rabbit monoclonal SP7, 1:150), CD45R/B220
(rabbit polyclonal, 1:2000), and CD68 (rabbit polyclonal,
1:1000; all antibodies, Abcam, United Kingdom). The sections
were incubated with primary antibodies overnightat4 °Cina
humid chamber. Immunodetection was performed using the
Master Polymer Plus Detection System (Master Diagnostica,
Spain), followed by visualization with a diaminobenzidine
(DAB) chromogen reaction in the presence of hydrogen
peroxide and horseradish peroxidase, which produced a
brown signal at the antigen binding sites. Counterstaining
was performed using Gill's hematoxylin for 30 s. Finally, the
sections were dehydrated in graded alcohols, cleared in
xylene, and mounted under coverslips using a permanent
mounting medium.

Microscopy and histomorphometry. Microscopy was
performed using a ZEISS “Axiolmager.A2” (Carl Zeiss

AR, Germany) light microscope (%10, x20, and x40
objectives). Digital images and morphometric analyses
were performed using ZEN 2 Blue Edition software (Carl
Zeiss AR, Oberkochen, Germany). Tissue inflammation
was evaluated using a semiquantitative scoring system
for polymorphonuclear leukocytes (PNLs), MPH, and
lymphocytes [10] as follows: (G0) absent; (G1) mild, up to 5
inflammatory cells per high power (x400) field (PHF); (G2)
moderate, 5-10 inflammatory cells PHF; and (G3) severe,
heavy inflammatory infiltrate.

Quantitative analysis of IHC marker expression was
performed within a standardized region of interest (ROI) in the
peri-implant tissue that remained after implant extraction. For
each section, five separate ROIs were selected using high-
power magnification (x400) to count the IHC-positive cells.
The mean value of these ROls was considered satisfactory
for the representation of each specimen and was expressed
as the number of cells per mm?.

Statistical analysis. All statistical analyses were
performed using GraphPad Prism software (version 8.2
(263); GraphPad Software, San Diego, CA, USA). Data
are presented as mean * standard deviation (SD). After
assessing data normality using the Shapiro-Wilk test,
differences between multiple experimental groups were
evaluated using the Kruskal-Wallis test with Dunn’s post-
hoc correction.

To quantify the impact of the material composition, an
ordinal bioactivity rank was assigned based on established
chemical reactivity hierarchies [8]: titanium (bio-inert
metal)=1; Al,O, (bio-inert ceramic)=2; HAp (bioactive
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ceramic)=3. Spearman’s rank correlation was calculated in
groups of implants with similar R_ that represented different
coating composition (TS and TSPT — titanium, TSPC and
TSPTC —alumina, TSPH — HAp) to determine the relationship
between bioactivity ranks and immune cell density. Similarly,
a correlation analysis was performed between the measured
roughness values (R,) of only the titanium-based groups
(Ti, TSP, TS, TSPT) and the density of the corresponded
immunolabeled cells to assess the relationship between
roughness and inflammation. Statistical significance was
set at p<0.05.

Results

Qualitative histological and immunohistochemical
assessments. Histological analysis using H&E staining
revealed changes in inflammatory and tissue repair events
across all observational periods. In the acute phase (1-7
days), all experimental groups exhibited a provisional
matrix composed of fibrin and erythrocytes with significant
monocytic infiltration and scattered PNLs (Fig. 2 A). By week
2, all alumina- and titanium-based coating groups displayed
a dense lymphomacrophagic infiltrate (G3) organized within
a fibrous capsule (Fig. 2 B), whereas TSPH group showed
early woven bone formation in small areas, replacing the
fibro-inflammatory cuff. In the chronic phase (weeks 4-8),
inflammation resolved to a mild, scattered profile (G1) in the

Impl

T

TSPH group, where peri-implant areas were characterized
by direct bone-to-implant contact (Fig. 2 C); conversely,
the rough titanium (TS and TSPT), alumina and hybrid
groups (TSPC and TSPTC) maintained persistent moderate
inflammation (G2) containing a mixed lymphomacrophagic
diffuse infiltrate with occasional foreign-body giant cells
surrounding detached coating particles (Fig. 2 D).

Immunohistochemical analysis corroborated these
morphological observations (Fig. 3).

By week 2, CD68-positive MPH (Fig. 3 J, K), and CD3-
positive T-lymphocytes (Fig. 3 A, B), and CD45R" cells
(Fig. 3 G, H) formed a diffuse 20-40-pum-thick inflammatory
infiltrate localized amidst the fibrous tissue directly adjacent
to the implant interface. CD25* cells were dispersed among
the lymphocytic infiltrates (Fig. 3 D, E). CD163-positive
M2-MPH were sparsely distributed within the fibrous tissue,
predominantly in samples harvested after four weeks. At
week 8, scattered CD163* M2 cells were still retained in a thin
fibrous layer on the bone-free areas of the implant surfaces
(Fig. 3 M, N). The cell distribution pattern was generally
diffused with a gradient of increased cellularity towards the
implant surfaces; however, in some cases, abundant foci
of immune cells were found at a distance from the implant
surface. In particular, the TSPTC group exhibited focal
accumulations of MPH and dense CD3*/CD45R"* lymphocytic
clusters, specifically localized near the detached coating

Fig. 2. Histological findings in the peri-implant zones of the studied animals. A— After 1 week of implantation, acute inflammation was
still present around the implant (Ti group, x4); B — prominent lymphomacrophagic infiltrate and fibrosis around the implant site after
2 weeks (TSPT group, x200); C — peri-implant bone formation after 4 weeks in the TSPH group (x200); D — alumina coating debris
with massive fibrosis and chronic inflammation (4 weeks, TSPTC, x200). Notes: Impl, dashed circle — implant site. H&E staining.
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Fig. 3. Qualitative and quantitative immunohistochemical analyses of the peri-implant immune microenvironment. Representative
micrographs (left/middle columns) and corresponding cellular density quantification (right column) over 8 weeks for: (A—-C) T-cells
(CD3); (D—F) activated T-cells (CD25/IL-2R); (G-I) B-cells (CD45R); (J-L) pan-macrophages (CD68); and (M—O) M2-polarized
macrophages (CD163). Diffuse T-cell infiltration within the fibrous tissue after 2 weeks in the groups with Ti (A) and TSPC (B) implant
surface modifications; expression of IL-2 receptor on lymphocytes of peri-implanted area around TS-modified implants after 2 (D)
and 4 (E) weeks of exposure; diffuse B-cell infiltration after 2 weeks of TSPH (G) and TSPTC (H) implant exposure; appearance
of macrophages in peri-implant areas of TSP (J) and TSPT (K) implant surfaces; M2-polarized macrophage occurrence around
TSPH implants after 4 (M) and 8 (N) weeks of exposure. Histological keys: Impl — implant interface; * — coating particles; + — new
bone formation; arrows — foreign body giant cells; arrowheads — lymphocytes. Statistical analysis: Box-and-whisker plots displaying
the median (center line), 25th—75th percentiles (box), and min/max (whiskers). Significance markers: + — p<0.05, t1 — p<0.001,
111 — p<0.0001 vs. uncoated Ti; # — p<0.05, ## — p<0.001 vs. TSPH (HAp); * — p<0.05, ** — p<0.001, *** — p<0.0001 vs. sham
control. Brackets indicate significant differences between the experimental groups.
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particles and in the necrotic zones.

Quantitative analysis of inmune cell infiltration. At week
1, pan-MPH density (CD68-positivity) was uniformly high
across all experimental groups (48.2 to 54.8 cells/mm?,
Fig. 3 L), indicating a generalized inflammatory response,
irrespective of surface modification. No statistically significant
intergroup differences were observed (p>0.05). By week 8,
the TSPTC group exhibited a mean density of 17.6+1.1 cells/
mm?, which was significantly higher than that of the rough Ti
group (TS, p<0.05) and TSPH group (10.0+1.6 cells/mm?;
p<0.05).

The density of M2-polarized MPH at week 2 was
5.612.3 cellss/mm? in the sham group, whereas that in the
titanium-based implant groups ranged from 0.8-2.0 cells/
mm? (Fig. 3 O). At week 4, the TSPH group exhibited a
marked increase in CD163* cells (9.6+2.9 cells/mm?),
significantly exceeding that of the TS group (2.6+0.9 cells/
mm?; p<0.05). At week 8, the TSPH group maintained a
density of 4.0+£1.6 cells/mm?, which remained significantly
higher than that of the sham group (p<0.05).

T-cell infiltration at week 1 reached 25.4+5.6 cells/mm?
in the TSPT group (Fig. 3 C). Concurrently, activated T-cells
expressing the IL-2 receptor in the same group reached
16.6+2.3 cellssrmm? (Fig. 3 F). At week 2, the CD25" cell
density in the TSPT group remained elevated (13.2+1.6 cells/
mm?3). In contrast, the TSPH group exhibited a significantly
lower CD25" cell occurrence at week 2 (5.4+1.1 cells/mm?;
p<0.05). By week 8, CD3* cell infiltration in the TSPH group
declined to 1.6+1.1 cells/mm?, whereas the TS group retained
higher values (5.2+0.8 cells/mm?). CD25* expression in the
TSPTC group at week 8 (4.2+1.3 cells/mm?) was significantly
higher than that in the TSPH group (0.4+0.5 cells/mm?;
p<0.05).

CD45R-positive cells peaked at week 2 in the titanium-
based groups, ranging from 40.0 to 42.6 cells/mm? (Fig. 3 1),
significantly exceeding the sham values (p<0.01). At week
4, the TSPTC group demonstrated the highest CD45R* cell
density (46.2+9.6 cells/mm?), which was significantly greater
than that of the TSPH group (16.0+3.4 cells/mm?; p<0.05). By
week 8, CD45R* cell occurrence declined in the TSPH group
(10.4£1.1 cells/mm?), whereas the TSPT and TSPTC groups
maintained higher numbers (21.6+2.3 and 24.2+3.1 cells/
mm?, respectively). The difference between the TSPH and
TSPTC groups at week 8 remained significant (p<0.05).

Correlative analysis of surface drivers and cellular
crosstalk. To elucidate the underlying drivers of the observed
cellular responses and their interdependencies, we conducted
correlative analyses relating surface characteristics to
immune cell infiltration and explored the cellular crosstalk.
Spearman’s rank correlation analysis revealed no statistically
significant associations between surface roughness (R,) and
immune cell density for any marker within the titanium-based
groups at any time point (p>0.05).

In contrast, correlation analysis using the assigned
bioactivity rank demonstrated significant negative correlations
with adaptive immune cell populations. T-cells density

showed moderate negative correlations with bioactivity
rank at weeks 2 (r=-0.46; p<0.05), 4 (r=-0.34; p<0.05), and
8 (r=-0.48; p<0.05). Similarly, CD25 expression negatively
correlated with increasing bioactivity rank at weeks 2 (r=-
0.59; p<0.05), 4 (r=-0.51, p<0.05), and 8 (r=-0.54, p<0.01).

CD45R* cell density was negatively correlated with
bioactivity rank at weeks 2 (r=-0.66; p<0.0001) and 8 (r=-
0.35; p<0.05). Among innate immune markers, pan- MPH
density demonstrated a weak negative correlation with the
bioactivity rank at week 4 only (r=-0.33; p<0.05), whereas
CD163 expression showed no significant correlation with the
bioactivity rank at any time point.

Correlation matrix analysis based on the implant
bioactivity rank demonstrated significant associations within
the adaptive immune compartment. T-cell density correlated
positively with CD25" activation status at weeks 2 (r=0.47;
p<0.05), 4 (r=0.90; p<0.0001), and 8 (r=0.77; p<0.01). The
CD3* and CD45R* populations were positively correlated at
weeks 2 (r=0.39; p<0.05) and 8 (r=0.36; p<0.05). CD45R*cell
density correlated positively with M® occurrence at week 4
(r=0.44; p<0.05) and week 8 (r=0.37; p<0.05). No significant
correlations were identified between M2-M®s and the total
number of M®s or M2 and adaptive immune populations at
any time point (p>0.05).

Discussion

Our study provides in vivo evidence demonstrating that
the osseointegration of functional implant coatings is affected
by complex ostecimmunological interactions, extending
beyond the traditional macrophage-centric paradigm
[24]. A notable finding was the demonstration of relative
independence of inflammatory manifestations from surface
topography: while Ti surfaces induced sustained activation
of the adaptive immune system, the bioactive HAp ceramics
actively suppressed this response, promoting immune
quiescence and a marked shift towards a reparative M2
macrophage phenotype. Additionally, a distinct B-lymphocyte
response was identified in association with coating instability,
establishing a direct cellular link between mechanical failure,
particle release, and immunogenic failure of implants.
Furthermore, the pivotal role of macrophage polarization in
facilitating reparative outcomes has been well documented.

Historically, titanium has been considered biologically
inert, and biocompatibility studies have largely focused on the
innate foreign body reaction [24]. However, our results align
with emerging evidence from Harloff T. et al. [7] and others,
challenging this view by demonstrating that titanium implants
trigger a specific T cell-mediated response. We observed
that all titanium-based groups, regardless of roughness,
maintained elevated levels of activated T-cells (CD3*/CD25*)
well into the chronic phase (week 8). This persistence can be
attributed to the upregulation of the high-affinity IL-2 receptor
a-chain (CD25). Once expressed, CD25 establishes a potent
autocrine feedback loop, allowing T-cells to proliferate in
response to their own cytokines and sustain the inflammatory
response indefinitely [1]. Such persistent activation parallels

Vol. 32, Ne1, Page 38-46

43



Osteoimmunomodulation by functional protective coatings: tuning innate and adaptive immunity for titanium implant ...

the significant fibrous encapsulation observed around Ti,
TS, and TSP implants from the second week onwards,
confirming a state of sustained chronic inflammation. This
inflammatory response is driven by the release of titanium
nano- and microparticles, TiO,, and Ti#* ions, which may
trigger distinct immune mechanisms [18]. Specifically,
persistent T-cell activation likely stems from the upstream
activation of Toll-like receptors (TLRs) and the intracellular
NFAT signaling pathways. As detailed by Shirazi S. et al.,
oxide surfaces trigger NF-kB [21], while concurrent calcium
signaling activates NFAT, a transcription factor essential for
CD25 gene expression [1].

Supporting this, we found a strong negative correlation
between bioactivity rank and T-cell density, confirming our
hypothesis that functional coatings act as immunological
buffers. A bioactive HAp layer masks the underlying titanium
substrate, effectively attenuating immune recognition and
preventing the initial activation cascade of the TLRs and NF-
kB pathways, as well as inhibiting the calcium-calcineurin-
NFAT axis downstream. This suppression of early signaling
inhibits the downstream activation of T-cells, thereby
preventing the chronic inflammatory signaling cascade that
could lead to aseptic loosening [2, 12, 29].

A key unexpected finding was the distinct immunogenic
profile of the hybrid (“sandwich”) titanium-alumina coating
(TSPTC group). While ALO, is chemically inert and generally
biocompatible [15], the mechanical instability of the hybrid
coating led to the release of detached particles, as observed
histologically at week 4 post-implantation. This event
coincided with a notable increase in B-cell infiltration, which
was not observed around the stable HAp or pure alumina
coatings (TSPH and TSPC groups). This observation provides
a cellular mechanism for the inflammation described by
Kheder W. et al. [11] regarding the Ti particles. This suggests
that the release of coating debris transitions the immune
response from a generic foreign body reaction to a specific
humoral attack, potentially involving antibody-mediated
cytotoxicity and osteolysis [6, 28]. While B-lymphopoiesis is
a normal feature of the regenerating bone marrow around
the implant material, described as “myelointegration” [21], the
dense B-cell clusters observed around the unstable coating
groups within the fibrous layer were not homeostatic. Instead,
they correlated strictly with detached coating particles,
suggesting a shift from physiological myelointegration to
pathological humoral response. This underscores a critical
implant design principle: the immunomodulatory benefit of
coating diminishes if mechanical stability is compromised, as
detached coating particles trigger not only giant cell reactions
but consequently potent specific immune response.

Bone healing acceleration relies on shifting the immune
balance from adaptive immune activation to reparative
M2 macrophage polarization. In this context, Shirazi et al.
stated that nanotopography can act as a potent ‘ally’ in
immunomodaulation [21]; however, our results challenge this
view. Consistent with established models, surface topography
alone is insufficient to drive regeneration [6, 9, 23, 26] or to

override the chronic adaptive immune response to titanium.
Indeed, until the eighth week of implant exposure, titanium
surfaces regardless the surface topography (Ti, TS, TSP, and
TSPT), as well as alumina-based coatings, to a lesser extent,
retained M2 polarization in a low level. This corresponds to
the fibrosis development observed around these coatings
at weeks 2-4 [4]. In contrast, the HAp coating induced a
statistically significant increase in the number of M2-MPH at
4 weeks. These data suggest that surface chemistry should
be prioritized over topography to ensure long-term immune
quiescence. This increase in M2-MPH is functionally linked to
the superior bone formation previously reported in this model
[4], as M2-M®s are established sources of osteogenic factors
[20, 21]. The findings suggest that the osteoconductivity of
hydroxyapatite (HAp) is not solely attributable to its intrinsic
material properties but is also influenced by the downstream
effects of its immunomodulatory capacity. By promoting
a shift in the inflammatory environment towards an M2-
polarization, the bioactive surface enhances the secretion
of essential osteogenic cytokines, such as BMP-2 and
VEGF, which are critical signals for the neoangiogenesis,
recruitment and differentiation of mesenchymal stem cells
into functional osteoblasts [14]. The absence of a correlation
between total macrophage infiltration and M2 occurrence
further underscores that biocompatibility is not characterized
by the absence of MPH but by the effective modulation of
their phenotype through surface chemistry. Additionally, the
strong negative correlation observed between the coating
bioactivity rank and adaptive immune activation reflects the
fundamental differences in the surface physicochemical
properties of the materials under investigation [8]. Unlike
the passivated and electrically inert surfaces of titanium
and alumina, which support only non-specific adsorption,
hydroxyapatite exhibits dynamic ion-exchange capabilities
and heterogeneous electrostatic domains that mimic native
bone minerals [8].

The present study employed a rat femoral model,
which, despite its established utility for osseointegration
research, exhibits metabolic and immunological differences
from human clinical conditions [22]. The observation period
was confined to 8 weeks, which, while sufficient to capture
the critical transition from acute to chronic inflammation,
necessitates longer-term studies (ranging from 6 months to
1 year) to assess the durability of the benefits conferred by
hydroxyapatite (HAp) coatings [13]. Furthermore, although
immunohistochemistry offers precise spatial localization, it
remains less comprehensive in terms of quantitative analysis
compared to flow cytometry. Future investigations employing
multiplex arrays could provide further insights into the specific
cytokine profiles (e.g., IL-4, IL-10 versus TNF-a) that drive
the cellular changes observed in this study.

Conclusions

1. Histological evaluation of the local bone tissue
response to the investigated materials indicated that titanium
implants with untreated surface were not immunologically
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inert, as they elicited a persistent T-cell-mediated response
and moderate inflammation, consistent with fibrous
encapsulation. In contrast, bioactive hydroxyapatite coatings
facilitated the downregulation of the inflammatory response
and promoted early osteoinduction within four weeks.

2. The osteoconductivity of functional protective coatings
depends on their ability to modulate the local inflammatory
milieu. By actively suppressing adaptive immune activation
and promoting M2-macrophage polarization, these coatings
establish a specific pro-reparative microenvironment, which is
essential for effective osteoconduction and osseointegration.
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OCTEOIMYHOMOAYnNAUIA 3A 4OMOMOIor0 ®YHKUIOHAIIbHO-3AXUCHUX NOKPUTTIB: HANALUTYBAHHA
BPOOXXEHOIO TA ADANTUBHOIO IMYHITETY NMPU OCTEOIHTEIMPALII TATAHOBUX IMMJTAHTATIB

BoHdapeHko O. 0., PondyeiHa M. O., BondapeHko H. C., Manbuee I. O., Jlockymoe O. €., LlinoHbKa I. C.

[Loszocmpokosa KriHiuHa HadiliHicmb 8HYMPIWHBOKICMKOBUX iMAaHmamie 4acmo ropywyemsCsi acenmuyHUM PO3XUMy8aHHSIM,
murom HecrpoMOXHOCMI iMraHmamy, Wo BUKIUKaHUU XPOHIYHUM 3ananeHHsaM i ¢pibpo3Horo iHkarcynsauieto. CydacHi OaHi
csi04yamab, W0 ocmeoiHmezpaujisi rpyHmMyemscsi Ha CKriadHUX 0CmeoiMyHOI02iYHUX 83aeMOQIsiX, a He fluwe Ha MexaHiqHil hikcauii.
Memoto ybo20 0ocnidxeHHS Byno 8UBYEHHS IMyHOMOOYIOYUX ehekmie hyHKUiOHaIbHO-3aXUCHUX MOKpUmMmMmig, 30Kpema
bioakmusHozo 2idpokcuanamumy (HAp) ma 6ioiHepmHoeo okcudy antomiHiro (kopyHO, AlI203), Ha 83aemo0ito Mix 8pOOKeHO ma
Habymoro imyHHoto 8idnoesiddt. Bukopucmosysanacsi Modesib cmeaHo80i Kicmku wypa (n=160) i3 cimoma pisHuUMu eapiaHmamu
r108epX0Hb iMIaHmamy, siki 8iopisHsinuck wopcmkicmio (Ra 1,89-23,7 mkm) ma ximidHum ckriadom. 36ip nepiimniaHmHoI Kicmkogoi
MmKaHUHU npoeoounu Ha 1, 2, 4 ma 8 muxHsix 0ns eidcmexxeHHs1 nepexody 8id eocmpoi 0o xpoHiyHoi cmadii 3ananeHHs.. Memoduka
8K/oYana KoMraekcHUU imyHozicmoximidHul (IFX) aHarnis i3 eukopucmaHHsIM HacmyrnHux mapkepie: CD3 onsa T-knimuH, CD25
(peuenmop iHmepnelkiHy-2) dns akmuesosaHux nimegpoyumie, CD45R dnsa B-knimuH, CD68 ona makpocghazie 3azanom ma CD163
0ns1 penapamueHo20 cheHomury M2 makpocgpazie. CmamucmuyHa oyjiHKa 8UKOHy8aracsl 3 BUKOPUCMaHHSIM Herapamempu4yHo20
memoOdy Kpyckana-Bornica 3 nocm-xok kopekuieto [JaHHa ma paH2080i kopernauii CripmeHa 01151 U3HaYEHHS CrTig8IOHOWEHHS 8riusie
monoepadbii ma ximiyHoz2o cknady. [lepi-imnnaHmHe cepedosuwe MumMaHo8UX KOHMPOIIbHUX 2Py Xapakmepu3ysanocsi CmilKum
T-Kr1imuHO3anexHum 3ananeHHsIM,; He3anexHo 8id WopPCMKOCmi MO8EPXHI Ui iMrnnaHmamu 0eMoHcmpysaru nid8uweHy WinbHicmb
akmueosaHux T-knimuH (CD3+/CD25+), w0 36epieanacsi 0 80CbM020 MUXHSI, MiOmMeepOXyHU pO38UMOK XPOHIYHO20 3arasneHHsI.
BcmaHoeneHi 6ioakmusHi mokpumms HAp cymmeeso nipueHidysanu akmusauito Habymoi imyHHOT 8idnoeidi, Cripusito4u supaxxeHomy
geHomurnosomy 3cysy y bik penapamusHux M2 makpogpazie (CD163+) i cmumyntooyu paHHe ¢hopmysaHHs 2pyb6080/10KHUCMOI
KICMKU 8XKe Ha Yemaeepmomy muxHi. Y epyni 3 2i6pudHum nokpummsim okcud antomiHito-mumar (TSPTC) cnocmepizascsi okpemuti
iMyHo2eHHUU mun 8i0Mo8u: MexaHiYHa HecmabinbHicmb rpu3sodusia 00 gidwapysaHHsI YaCMUHOK MOKPUMMS, WO iHiyireano
iHinempauito B-knimun (CD45R+), xapakmepHy 0nsi mamorioe2iyHoi 2yMoparnsHOi peakujl, a He ¢hizionoeiyHoi mienoiHmezpaujii.
KopenauyitHuti aHarniz He rnoka3ae cymmego20 38’93Ky MiXK WOPCMKICMIO MO8epXHi ma iHginbmpauieto iMyHHUMU KraimuHamu,
modi K 3pocmaHHs1 bioakmusHOCMI Mano HeeamueHUl KopenayitHul 368’a30K i3 WinbHIiCmio KnimuH Habymoil iMmyHHOI 8idnoeioi,
niOKpeCIoYU rPoe8iOHy Posib XiMiYHUX erracmueocmel Mo8epXHi rMopieHsIHO 3 moriogpadieto y npuaHiYeHHI 3ananeHHs. JaHi, wo
Xapakmepu3yrmbCs 3aKOHOMIPHOCMSMU iMyHHOI MiXXKTiMUHHOT 83aeMOo0il, oka3sariu no3umugHUl 38 130K MiXK WirlbHicmito T-KrimuH
ma MmapKepamu akmueauii, y mol yac sk wap HAp disie sk imyHHUU 6ychep, egpekmusHO MacKyrodu mumaHosuu 0risi 3arnobieaHHs
aymOoOKPUHHOMY MOCUJIEHHIO 3ananeHHs. Hawe 0ocnioxeHHs niOkpecoe, wo cmabinbHi hyHKUIOHaIbHO-3axUCHI MOKpUmMmsi
€ KPUMUYHO 8axnueumu Ofsi HanawmyeaHHs repi-iMniaHmamH{og0o iMyHHo20 cepedosulla, 30Kpema WIISIXOM MpueHiHeHHS
XPOHIYHUX cueHarie Habymoi imyHHOI 8idnoeidi ma nocuneHHs1 nonsapusayii M2 makpogpaeis, w0 cmeoproe npo-penapamugHe
Mmikpocepedosuuje, HeobxioHe st 00820CMPOKOBOI ocmeoiHmezpauii.

KnoyoBi cnoBa: ocmeoimyHosozis, ocmeoiHmezpauisi, (hyHKUIOHarIbHO-3axUCHI MOKpUMMSi, mumasosi iMrninaHmamu, nonsipudauis
makpoghazie, peuenmop iHmepnelkiHy-2.
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Obesity is a common phenomenon and disease that requires continuous development
of the assessment of morpho-functional data of obese people, including soft tissues.
The aim of the study was to use computerized tomography data to determine the
density of skin, subcutaneous tissue, and intra-abdominal adipose tissue in people
with different body weights. Computerized tomography (CT) scans and tissue density
analysis were evaluated in Housfield units (HU). To standardize the calculations, we
selected CT scans performed at the level of the xiphoid process, the lower edge of
the 12th rib, the navel, the upper point of the ilium, and at the level of the spina iliaca
anterior superior in people with normal body weight (body mass index (BMl) 18.5-
24.9), with excess body weight (BMI 25.0-29.9), grade | obesity (BMI 30.0-34.9), and
grade Il obesity (BMI 35.0-39.9). It has been determined that with an increase in body
weight and degree of obesity, not only an increase in the thickness of subcutaneous
adipose tissue and intraperitoneal fat is clearly visible in all “sections,” but also a
statistically significant decrease in skin density. If we take the average density of
Subcutaneous adipose tissue (-63.38 HU units) as a unit, the density of adipose
tissue in people who are overweight decreases by 1.19 times, in people with grade |
obesity — by 1.43 times, and in people with grade Il obesity — by 1.62 times. Changes
in the density of intraperitoneal fat are even more noticeable. Taking the density of
intraperitoneal fat (-569.56 HU units) as a unit, the density of fiber in people with excess
weight decreases by 1.24 times, in people with grade | obesity — by 1.46 times, and
in people with grade Il obesity — by 1.85 times (p<0.05 between the indicators of
people with normal weight and obesity). Therefore, with an increase in body weight,
the density of skin, subcutaneous adipose tissue, and intraperitoneal fat in Housefield
units decreases, and this difference is particularly significant between people with
normal body weight and those with grade Il obesity. Since the density of soft tissues
decreases significantly with increasing body weight, the risk of iatrogenic (surgical)
damage increases, as their resistance to mechanical damage decreases.
Keywords: soft tissues, adipose tissue, skin, intraperitoneal fat, subcutaneous adipose
tissue, obesity, computed tomography, diagnosis, tissue density, Housfield units.

Introduction

According to WHO criteria, obesity is defined as a body
mass index (BMI) of 30 kg/m? or higher, and is further
classified as class 1 (30.0-34.9 kg/m?), class 2 (35.0-39.9 kg/
m?), and class 3 (240.0 kg/m?) [29]. Obesity has become one
of the most pressing global public health issues of the 21st
century. Obesity has reached epidemic proportions worldwide:
in 2022, more than 1 billion people were classified as obese,

representing 13 % of the world’s population [1]. Such dramatic
trends have prompted experts to characterize obesity as a
global epidemic, or even a “pandemic” in terms of its scale
[12]. At the same time, according to some estimates, by 2030,
more people will be overweight or obese than not [15]. Itis also
noteworthy that obese people are much more likely to develop
type 2 diabetes, hypertension, and dyslipidemia — conditions
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that together contribute to metabolic syndrome and lead to
cardiovascular complications [23]. Patients with obesity have
an increased incidence of surgical complications, mortality,
wound infection, and wound drainage. In other words, there is
strong evidence that there is a link between obesity and poor
surgical outcomes. This is especially true for wound healing
[20]. Itis clear that the increase in the number of obese patients
requires more frequent medical care and appropriate imaging
[4]. And although obese patients face unique challenges in
medical imaging and during surgical procedures, in recent
years, medical equipment manufacturers, radiologists, and
radiologists have recognized this problem and developed
innovative methods to solve it. This is certainly a positive
development. At the same time, the approaches to assessing
tissue and organ density in obese people and people of
normal weight, which is done in Housfield units [13], are
practically the same. However, CT-based body composition
analysis is increasingly becoming part of clinical practice [9],
meaning it's a clinically necessary test.

Computed tomography (CT) and magnetic resonance
imaging (MRI) are cross-sectional, non-invasive methods
used to measure fat distribution in the abdominal cavity
(visceral fat and subcutaneous fat components) and its
correlation with various diseases and laboratory parameters
[17]. By measuring body composition, such as the amount
and location of fat, as well as the amount and quality of
muscle, clinicians can obtain valuable information about the
patient’s physiological status [5].

The radio density of adipose tissue can be objectively
measured using CT in Hounsfield units (HU) [8]. The mean
CT-derived fat tissue radio density has been introduced as
an indirect surrogate marker of fat tissue quality [14]; several
potential factors have also been introduced, such as blood
flow [12], adipocyte size [28], and lipid content [2]. Increased
radio density of subcutaneous adipose tissue may indicate
adipose tissue fibrosis [24].

In our opinion, the assessment of soft tissue density based
on CT data is not only morphofunctionally significant, but may
also be important in predicting the development and course
of various inflammatory processes. The density of adipose
tissue is particularly important in surgical interventions. It
seems logical that as tissue density decreases, its resistance
to damage decreases and, thus, the risk of trauma increases,
which, in turn, leads to an increase in the frequency of
surgical complications.

The goalis to use computed tomography to determine the
density of the skin, subcutaneous tissue, and intra-abdominal
adipose tissue in people of different body weights.

Materials and methods

Analysis of CT scans performed at the Bukovina
Clinical Oncology Center (Chernivtsi), the “Oktet” computer
tomography office (Chernivtsi), the commercial non-profit
enterprise “Sokyrianska Hospital” (Sokyriany), the communal
institution “Vyzhnytska Central District Hospital” (Vyzhnytsia),
and the “St. Luke Clinic” (Chernivtsi) on Optima CT 540,

Somaton go. Up, Brilliance 64, and Aquilion Lightning during
2024-2025, was performed using the Micro Dicom computer
program, 2025 (DICOM Viever 2025.1 (64 bit) Bild 3321,
unlicensed for commercial use) on an Intel CORE 13 9th Gen
computer device. The CT scans presented were performed
on the recommendation of doctors for medical reasons to
establish or verify various diagnoses. Patients did not receive
any additional radiological exposure. Patients were informed
that the results of their studies could be used for scientific
research, for which informed consent was obtained (protocol
No. 1, dated 28.11.2025, of the ethical review by the Expert
Commission of the Bukovina Clinical Oncology Center of the
Ministry of Health of Ukraine on the absence of violations of
ethical standards and generally accepted legislative acts).

Tissue density analysis was performed using the above-
mentioned Hounsfield units (HU) [13]. Housfield units (HU)
are a dimensionless unit that is universally used in computed
tomography to express CT numbers in a standardized and
convenient form. Housfield units are obtained by linear
transformation of the measured attenuation coefficients. This
conversion is based on arbitrarily defined radio densities of
air and pure water:

» the radio density of distilled water at standard
temperature and pressure (STP) is 0 HU;

« the radio density of air at normal temperature is 1000
HU.

There are no equivalents to Hounsfield units in any other
form of structural imaging.

Typical values:

* air: -1000 HU;

* bone (cortical): >1000 HU;

* bone (trabecular): 300 to 800 HU;

* brain (gray matter): 40 HU'";

* brain (white matter): 30 HU™;

« subcutaneous fat: from -100 to -115 HU®;

* liver: 45-50 HU'?;

* lungs: from -950 to -650 HU'?;

* metal: >3000 HU;

» muscles: from 45 to 50 HU';

« kidney cortex: from 25 to 30 HU'Y;

* spleen: from 40 to 45 HU'Y;

» water: 0 HU (by definition).

To standardize the calculations, we selected CT scans
performed at the level of the xiphoid process, the lower edge
of the 12th rib, the navel, the upper point of the ilium, and at
the level of the spina iliaca anterior superior in people with
normal body weight (BMI 18.5-24.9), with excess body weight
(BMI 25.0-29.9), grade | obesity (class 1) (BMI 30.0-34.9),
and grade |l obesity (class II) (BMI 35.0-39.9).

If the “skeletotopic points” of the sections are clear, then
the sections at the level of the navel were chosen because
of the possibility of reproducing measurements between
observers (researchers) using CT scanning of a single section
passing through the navel (which is easily detectable) and
can be used in oncology as a prognostic tool for measuring
the characteristics of the host organism [25]. Moreover, some
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authors believe that computed tomography of the abdominal
cavity at the level of the navel is the most accurate diagnostic
method for assessing abdominal adipose tissue [23].

By moving the cursor, measurements of subcutaneous
fat thickness were taken and 36 determinations of HU units
of skin, subcutaneous fat, and fat deposits in the abdominal
cavity were made on each of the five “slices”. The data
were entered into tables for statistical and mathematical
processing and graphing. For illustration, we present CT
“slices” of patients with normal body weight, overweight,
and obesity of | and Il degrees at the navel level (Figs. 1-4).

Ermiichuk Dmytro Dmytréukdvina Clinical Oncology Center
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Fig. 1. CT scan of patient E., 47 years old with normal body

weight, performed at the level of the navel. The thickness of the
subcutaneous fat tissue is from 5.0 to 7.07 mm.
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Fig. 2. CT scan of patient F., 62 years old with excess body
weight, performed at the navel level. Subcutaneous fat thickness
from 11.12 to 50.05 mm.
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Fig. 3. CT scan of patient T., 53 years old with grade | obesity,
performed at the navel level. The thickness of the subcutaneous
fat tissue ranges from 12.83 to 71.69 mm.
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Fig. 4. CT scan of patient |., 62 years old with grade Il obesity,
performed at the navel level. The thickness of the subcutaneous
fat tissue ranges from 54.83 to 85.77 mm.

Statistical processing of the obtained results was
performed using packages of applied computer programs
for variational-statistical analysis of medical and biological
examination data and was carried out using the spreadsheet
processor “Office Excel 2013” (product number 00216-
40000-00000-AA905) and the Statistica 6 software package.

Results

The results of Housfield unit measurements in patients
with normal body weight, overweight, grade | obesity, and
grade |l obesity are presented in Tables 1-4.

Vol. 32, Ne1, Page 47-54
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Table 1. Average Housefield unit (HU) measurements in patients with normal body weight (n=36).

Level Skin Subcutaneous tissue Internal fat Subcutaneous tissue thickness (mm)
Sword-shaped process 34.43+8.21 -54.70+11.87 -61.90+£10.54 4.000-5.830
Lower edge of the 12th rib 27.54+7.01  |-69.90+12.32 -48.44+6.56 4.240-5.110
Navel level 43.05+9.33  |-62.80+10.76 -58.01+7.88 5.000-7.070
Upper edge of the ilium 25.77+8.02  |-63.05+9.88 -52,88+6,66 4.000-13.42
Spina iliaca anterior superior |52.05+12.35 |-66.96+10.16 -76.60+£12.54 3.030-11,170
On average: 36.57 -63.38 -59.56

Table 2. Average measurements of Housfield

units (HU) in overweight patients (n=36).

Level Skin Subcutaneous tissue Internal fat Subcutaneous tissue thickness (mm)
Sword-shaped process 13.02+3.02 -69.07+£10.54 -75.89+9.54 6.010-7.920
Lower edge of the 12th rib 26.75+4.54 -77.88+11.21 -65.21+7.88 6.340-7.150
Navel level 19.65+3.78  |-78.67+10.98 -73.11+£10.32 7.120-7.140
Upper edge of the ilium 24.31+4.22  |-69.7848.78 -81.12+13.22 6.770-15.450
Spina iliaca anterior superior |31.15+5.44 -83.23+12.02 -75.45+10.88 5.430-13.230
On average: 22.97 -75.73 -74.16
Table 3. Average measurements of Housfield units (HU) in patients (n=36) with grade | obesity.
Level Skin Subcutaneous tissue Internal fat Subcutaneous tissue thickness (mm)
Sword-shaped process -10.21+2.56  |-96.90+13.54 -83.95+9.88 14.34-31.93
Lower edge of the 12th rib -14.03+3.48 |-83.80+12.02 -83.7948.76 15.96-45.98
Navel level -17.78+5.24 |-91.56+13.04 -93.29+10.42 15.10-50.97
Upper edge of the ilium 6.110+1.080 |-85.54+12.45 -98.83+12.34 25.39-42.79
Spina iliaca anterior superior |-8.820+1.460 |-95.04+14.22 -76.19+7.78 28.37-51.42
On average: -8.950 -90.57 -86.81

Table 4. Average measurements of Housfield

units (HU) in patients (n

=36) with grade Il obesity.

Level Skin Subcutaneous tissue Internal fat Subcutaneous tissue thickness (mm)
Sword-shaped process -22.3245.46 |-98.76+11.22 -95.20+9.54 16.02-49.60
Lower edge of the 12th rib -16.20+54.22 [-105.3+14.1 -119.5+15.3 19.37-30.19
Navel level -19.80+4.68 |-108.7+14.7 -106.6+14.6 32.01-93.04
Upper edge of the ilium -6.040+£0.680 |-105.0+12.8 -118.2+15.1 19.48-103.7
Spina iliaca anterior superior |-20.79+5.36  |-97.09+10.54 -110.6+£13.7 42.96-107.0
On average -17.04 -103.0 -110.0

The decrease in the average Housefield unit (HU)
measurements in overweight patients compared to people
with normal weight was mainly statistically insignificant

(p=0.05), although a corresponding trend was observed.

At the same time, a statistically significant difference in the
reduction in measurements was found between patients

normal body weight excess body weight Ilobesity 'I] gIlobesity
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Fig. 5. Graphical changes in skin density according to Housfield units.
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with grade | obesity and people with normal body weight
(p<0.05), as well as between patients with grade Il obesity
and examined patients with normal body weight (p<0.01).

For clarity, we constructed graphs of changes in the

density of the corresponding tissues in patients with different
body weights (Figs. 5-7).
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Discussion

The literature has repeatedly pointed out the importance
of determining the area of fat on CT cross-sections or
studying the volume of subcutaneous fat and intraperitoneal
deposits [18, 26], as well as the importance of CT values
and their relationship to the distribution of adipose tissue
and anthropometric indicators [11]. M. Pop and M. Marusteri
[21] indicate that the reference interval for visceral fat was
determined as (-121.86:-84.18 HU), and the reference
interval for subcutaneous fat as (-122.98:-93.21 HU), with
a statistically significant difference between them. It should
be remembered that higher radio density of adipose tissue
in any location may reflect increased levels of local and

systemic inflammation and other changes, such as increased
vascularization [6, 7]. However, such data are relevant when
comparing the results obtained in a single group of people
(with the same body weight). The question arises whether
there are changes in tissue density with an increase in body
weight.

As can be seen from the tables and graphs we have
presented, with an increase in body weight (degree of
obesity), not only is there a clear increase in the thickness
of subcutaneous adipose tissue and intra-abdominal fat in all
“sections,” but there is also a statistically significant decrease
in skin density.

Vol. 32, Ne1, Page 47-54

51



Changes in the density of soft tissues of the abdominal cavity organs and abdominal wall depending on body weight...

In general, according to our surveys, the density of
subcutaneous adipose tissue corresponds to the density
of intraperitoneal fat in each category of people of the
corresponding body weight, and their fluctuations are not
statistically significant. However, to determine the level of
change in fat tissue density between people of different body
weights, we proposed a subcutaneous intraperitoneal fat
density index (PFI), which was calculated using the formula
PFI=SCF/IAFx100 %, where PFI (peritoneal fat index) is the
peritoneal fat index, SCF (subcutaneous fat) is subcutaneous
fat, and IAF (intra-abdominal fat) is intra-abdominal fat. After
processing the data and substituting it into the formula, we
obtained the corresponding results. Accordingly, the PFIl in
people with normal body weight was 106.4 units; in people
who were overweight, it was 102.1 units; in people with
grade | obesity, it was 104.3 units; and in people with grade
Il obesity, it was 93.62 units. As we can see, the index is
not indicative in people with normal weight, overweight,
and grade | obesity, but it decreases in people with grade |l
obesity (p<0.05).

If we take the density of subcutaneous adipose tissue
(-63.38 HU) as a unit, then the density of adipose tissue in
people who are overweight will be reduced by 1.19 times, in
people with grade | obesity — by 1.43 times, and in people with
grade Il obesity, it will be reduced by 1.62 times. Changes in
the density of intraperitoneal fat are even more noticeable.
If the density of intraperitoneal fat (-59.56 HU) is taken as a
unit, then the density of fat in people who are overweight is
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3MIHU WINbHOCTI M'AKUX TKAHUH OPTAHIB YEPEBHOT MOPOXHWHW TA YEPEBHOI CTIHKM B 3ANEXHOCTI BIf

MACMU TINA 3A OAHUMU KOMIMTIOTEPHOI TOMOTIPA®II

Manuweecskuli I. O., Ximiy C. [., Isawyk O. I., Onbxomsik O. O.

OUpPiHHS € nowupeHUM sisuwem ma xeopoboro, wo nompebye nocmiliHo2o po38UMKY OUIHKU MOPGOhYHKUIOHANbHUX MOKa3HUKI8
opaaHiamy ntodel 3 OXUPIHHAM, 8 MOMYy Yucsi M’aKux mkaHuH. Mema docrnidxeHHs1 — 3a OaHUMU KOMITromepHoi momozpadbii
poeecmu 8U3Ha4YeHHS WinbHOCMI WKipU, MiOWKIPHOI KINIMKOBUHU ma 8HYMpiulHbOOYEPEBUHHOI XUPOBOI MKaHUHU y r1todell 3 Pi3HOH
macoro mina. AHarniz komn’tomepHux momoepam (KT) ma aHani3 winbHocmi mkaHUH oujHrogarnu 8 o0uHuusx Xaycepinda (HU). Ans
cmaHdapmus3auii ob4yucneHb Hamu 6yrnu eidibpaHi KT ckaHu, kompi 6ynu 8UKOHaHi Ha pigHi Me4ernodibHo20 8i0pocmKa, HUXHL020
Kpato 12-20 pebpa, ryrka, 8epxHboi MoYKU Kily6080i KicmKku ma Ha pieHi spina iliaca anterior superior y rirodeli 3 HOpMarsibHOK Macor
mina (iHdekc macu mina (IMT) 18,5-24,9), 3 Hadnuwkosor macor mina (IMT 25,0-29,9), oxupiHHsam | cmyners (IMT 30,0-34,9) ma
oxupiHHam Il cmyners (IMT 35,0-39,9). BusHa4yeHo, wo 3 pocmom mMacu mifia ma cmyrneHsi OXUPIHHS, YimKo rpociiokosyembcs
Ha 6Cix «3pizax» He MifnbKu 36iMbUWeHHS MOBUUHU MiIOWKIPHO-XKUPOBOI KITIMKOBUHU ma 8HYMpillHbOOYEPEBUHHO20 XUpy, ane U
8UOHO cCMamucmu4YHO OOCMOBIPHE 3MEHWEHHST WiIbHOCMI WKIPU. SIKWO 8355mMu cepedHH 8€/1UHUHY WiNTlbHOCMI MIOWKIPHO-KUPOBOT
KrimkosuHu (-63,38 oduHuub HU) 3a oduHuyto, mo wjinbHicme KnimkosuHu y nroded i3 3alieoo Macow mina 3MeHWyemscs y
1,19 pasu, y nodel i3 | cmyneHem oxupiHHs — y 1,43 pasu, a y noded i3 Il cmyneHem oxupiHHs — y 1,62 pa3u. SMiHU winsHocmi
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8HYMPIWHbO-04EPEBUHHO20 XUPY We MoMimHiwi. B3sewu eenudyuHy winbHOCMi 8HymMpiuHbL0-04epe8uHHo20 Xupy (-59,56
o0uHuuyb HU) 3a oOuHuyto, mo winbHicme K1imkoguHU y ntoded i3 3alieor Macot mina ameHwyembscs y 1,24 pasu, y nrodel
i3 | cmyneHem oxupiHHa — y 1,46 pasu, a y model i3 Il cmyneHem oxupiHHs — y 1,85 pa3u (p<0,05 mix nokasHukamu nodel 3
HOPMasIbHOK Macor mina ma OXupiHHSAM). Omxxe, 3i 36ifbWeHHAM Macu mina winbHicme WKipU, MiOWKIiPHO-XUPOBOI KITIMKO8UHU
ma 8HyMmpIilWHbLOO4YEePEe8UHHOZ20 XUpy 3a 00UHUUSMU Xaycginda 3meHwyemscs. Taka 8idMiHHICMb 0cobu8o cymmesa Mix 11o0bMu
3 HOpMaslbHOK Macor mina ma oXupiHHAM Il cmyners. OCKinbKU WinbHICmMb M IKUX MKaHUH 3i 36irbWeHHsIM Macu mina 8ipo2ioHo
3MEHWYembCS, MO 3p0CMae PU3UK SMPO2EHHUX (XipypeidHUX) YWKOOXeHb, adxe 3MeHWyembCsi cmilikicmpb iX 00 MexaHiYHuX
YWKOOXEHb.

KnioyoBi cnoBa: m’ski mKaHUHU, XUpoea mKaHUHa, WKipa, 8HYMPIiWHb004Yepe8UHHUU XUp, MiOWKIPpHO-XUpos8a KimKoeuHa,
OXUPIHHS, KOMIMT'tomepHa momozpadbisi, diaeHoCmuKa, WinbHiCmb MKaHUH, 00UHUYi Xaycginda.
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The variability of the linear parameters of dental arches may be determined by
craniofacial characteristics and tooth sizes. Conducting a study that will allow a
more accurate description of the interaction, i.e., the relationships of these three
structures within a specific population, will make it possible to increase the validity
of orthodontic diagnosis and treatment. The selection of Burstone cephalometric
parameters is the most appropriate, given the limited number of studies using this
analysis in the Ukrainian population. The aim of the study — development and analysis
of regression models of the linear dimensions of dental arches in Ukrainian young men
and young women with physiological occlusion and a wide facial type depending on
the characteristics of Burstone cephalometric indicators and computed tomography
tooth dimensions. On primary computed tomography scans and cephalograms of 25
Ukrainian young men and 25 young women with physiological occlusion and a wide
facial type, obtained from the databank of the Research Center and the Department
of Pediatric Dentistry of the National Pirogov Memorial Medical University, Vinnytsia,
measurements of linear and angular indicators by the Burstone method and the
dimensions of teeth and dental arches were performed. Regression models of dental
arch dimensions depending on cephalometric indicators and computed tomography
tooth dimensions were built using the licensed package “Statistica 6.0”. It was
established that in young men and young women with physiological occlusion and
a wide facial type, all 18 possible significant models of linear parameters necessary
for constructing the correct shape of dental arches were built depending on the
characteristics of Burstone cephalometric indicators and computed tomography tooth
dimensions, with a coefficient of determination (R?) greater than 0.6 (in young men R?=
from 0.829 to 0.980, p<0.001 in all cases; in young women R?= from 0.680 to 0.962,
p<0.001 in all cases). Analysis of the frequency of inclusion of computed tomography
tooth dimensions and Burstone cephalometric indicators in the models showed: in
young men, cephalometric indicators were included most often (23.70 %), the width
of the crown part of the corresponding teeth in the mesiodistal plane (20.74 %), and
the width of the crown part of the corresponding teeth in the vestibulo-oral plane
(17.04 %); in young women, cephalometric indicators were included most often
(27.21 %), the width of the crown part of the corresponding teeth in the mesiodistal
plane (13.24 %), the width of the crown part of the corresponding teeth in the vestibulo-
oral plane (11.03 %), and the width of the cervical part of the corresponding teeth
in the vestibulo-oral plane (10.29 %). Analysis of the frequency of inclusion of the
corresponding teeth in the models showed. in young men, maxillary lateral incisors and
canines were included most often (13.59 % each), maxillary central incisors (11.65 %),
and mandibular canines (10.68 %), in young women, maxillary central incisors were
included most often (23.23 %), mandibular canines (14.14 %), mandibular lateral
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incisors (13.13 %), maxillary lateral incisors (12.12 %), mandibular central incisors
(11.11 %), and maxillary canines (10.10 %).

Keywords: dentistry, Burstone cephalometry, computed tomography dimensions of
teeth and dental arches, young men and young women, facial type, physiological
occlusion, regression analysis.

Introduction

Malocclusion is the third most common pathology of the
oral cavity, after caries and periodontal diseases. The global
prevalence of malocclusion is 54.83 %, with the highest
rates in Asia at 61.81 % and Europe at 61.50 %, and the
lowest in Africa at 32.50 %. Regional differences were also
noted in the prevalence of anterior open bite — in Africa the
prevalence is 18.60 %, whereas in Europe itis 4.46 %. Deep
bite, conversely, was most frequent in Europe — 33.08 % and
the rarest in Africa —6.30 % [8]. A meta-analysis of 11 studies
including a total of more than 13 thousand individuals showed
that the prevalence of Class | malocclusion was 56 %, Class
II—31 %, Class lll — 11 %, with the most frequently detected
traits being crowding (41%), increased overjet (34 %),
negative overjet (13 %), crossbite (11 %), anterior open bite
(7 %), and diastemas (4 %) [18].

Data from a survey of 1144 schoolchildren in Turkey
showed that normal occlusion was observed in only 2.6 %
of children. Most frequently, the examined individuals had
Class | malocclusion — 53.3 %, Class Il — 20.8 %, and Class
Il = 7.4 %. In addition, anterior crossbite was found in 6.5 %,
posterior crossbite in 10 % — deep bite in 22.6 %, and open
bite in 2.3 %. It is important to note that onychophagia was
recorded in 41% of children, which is considered one of the
causes of malocclusion development [3]. In Saudi Arabia, the
prevalence of malocclusion is 72 %, with the prevalence of
each class at the following levels: Class | — 66.51 %, Class
II-17.70 %, Class lll - 15.79 % [10].

Examination of 1960 children aged 3-5 years in North-
Eastern Italy revealed that 3.7 % of them had crossbite.
Specifically, anterior crossbite was presentin 3.3 %, posterior
right crossbite in 3.7 %, posterior left crossbite in 2.9 %,
and bilateral crossbite in 0.6 %. No statistically significant
differences in prevalence distribution by age or sex were
found by the researchers [12].

A review of 721 children in India revealed that the
prevalence of anterior crossbite was 26.7 %. In particular,
in 11.4 % of patients with anterior crossbite it was combined
with posterior crossbite. 62 % of patients had unilateral
involvement and 38% had bilateral involvement. Mandibular
shift was also noted in 48.19 % of cases, gingival recession
in 22.3 %, and mobility of the lower incisors in 6.2 % [26].

In Vietnam, the prevalence of malocclusion is 60.7 %,
specifically Class | was present in 19 %, Class Il in 31 %,
and Class 1l in 10.7 %. An analysis of various harmful habits
found that finger sucking was associated with Class | (OR
3.28) and Class Il (OR 3.22), lip biting — with Class Il (OR
4.37)and Class lll (OR 6.83), tongue thrusting increased the
likelihood of Class | (OR 5.25) and Class Il (OR 6.42), and
mouth breathing was associated with a higher likelihood of
Class Il (OR 2.71) [28].

In China, among children aged 3-5 years (a total of
2335 children examined), the prevalence of malocclusion
was 83.9 %. The most frequently detected traits were deep
bite (63.7 %), increased overjet (33.9 %), midline deviation
(26.6 %), anterior crossbite (8.0 %), and anterior crowding
(6.5 %). No statistically significant differences by gender
were found [30].

A long-term study was conducted by Finnish scientists.
A total of 1964 individuals born in 1966 participated, who
at the end of the study were 46 years old. During the
examination, 39.5 % had signs of malocclusion. The most
frequently detected traits were crossbite (17.9 %), deep
bite 26 mm (11.7 %), and increased overjet 26 mm (9.7 %).
These results show that orthodontic disorders are a frequent
phenomenon, even in a cohort of individuals who had been
treated in childhood [16].

Orthodontic pathologies (such as malocclusion), unlike
other oral diseases, require long-term and costly treatment.
In England, NHS expenditure on primary orthodontic services
is approximately £250 million per year. 7.6 % of treatments
ended in early termination, corresponding to approximately
£2.3 million in expenditure, 5.2 % of cases ended with
“residual need” according to IOTN (expenditure about £1.6
million), and due to missing data another £13.2 million. Thus,
in total 44 % of expenditure is potentially inefficient [22]. This,
in particular, encourages initiating orthodontic treatment as
early as possible, which will subsequently reduce its cost
[24], and will satisfy the patient’s aesthetic outcome [29].
Therefore, there is a need for a more thorough assessment
of data concerning individuals of young age.

The aim of the study — development and analysis
of regression models of the linear dimensions of dental
arches in Ukrainian young men and young women with
physiological occlusion and a wide facial type depending on
the characteristics of Burstone cephalometric indicators and
computed tomography tooth dimensions.

Materials and methods

Primary computed tomography scans and cephalograms
of 25 Ukrainian young men (aged 17 to 21 years) and
25 Ukrainian young women (aged 16 to 20 years) with
physiological occlusion and a wide facial type were
obtained from the databank of the Research Center and
the Department of Pediatric Dentistry of the National
Pirogov Memorial Medical University, Vinnytsya. Computed
tomography (using the dental cone-beam computed
tomography scanner Planmeca ProMax 3D Mid, Finland)
and cephalometric radiographic (using the dental cone-beam
computed tomography scanner Veraviewepocs 3D Morita,
Japan) examinations were performed on the basis of the
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principle of voluntary informed consent at the private dental
clinic “Vinintermed” and at the “Planmeca 3D Maxillofacial
Diagnostic Center”. The Bioethics Committee of the National
Pirogov Memorial Medical University, Vinnytsya (Protocol
No. 6 dated 07.05.2025) established that the conducted
studies do not contradict the basic bioethical standards of
the Declaration of Helsinki, the Council of Europe Convention
on Human Rights and Biomedicine (1977), relevant WHO
provisions, and the laws of Ukraine.

Measurements of cephalometric parameters were

Horisuntal Plane Burstone Il [

Fig. 1. Cranial base indicators and horizontal skeletal indicators
according to the Burstone method. 1 — distance Ar-Pt (mm);
2 — distance Pt-N (mm); 3 — angle N-A-Pog (°); 4 — distance
N-A (mm); 5 — distance N-B (mm); 6 — distance N-Pog (mm).

Huorisontal Plane Bursione

Conn{ Wi

Fig. 2. Vertical skeletal and dental indicators according to the
Burstone method. 7 — distance N-ANS (mm); 8 — distance
ANS-Gn (mm); 9 — distance PNS-N (mm); 10 — angle MP-HP
(°); 11 = distance 1u-NF (mm); 12 — distance 1I-MP (mm); 13 —
distance 6u-NF (mm); 14 — distance 6I-MP (mm).

performed according to the method of Burstone C. J. [7]in the
OnyxCeph®*™ application, version 3DPro (Image Instruments
GmbH, Germany), on cephalograms obtained in a standard
manner and created in the 3D Slicer v5.4.0 software with
points marked on 3D objects.

According to this methodology, the following were
determined: cranial base indicators and horizontal skeletal
indicators (Fig. 1); vertical skeletal and dental indicators
(Fig. 2); intermaxillary indicators (Fig. 3); dentoalveolar
indicators (Fig. 4).

Hurisuntal Plane Bursivie 1

Fig. 3. Intermaxillary indicators according to the method.
15 — distance ANS-PNS (mm); 16 — distance Ar-Go (mm); 17 —
distance Go-Pog (mm); 18 — distance B-Pog (mm); 19 — angle
arGoMe/ArGoGn (Ar-Go_Gn) (°).

Hurisontal FlanefBucsio

Fig. 4. Dentoalveolar indicators according to the method. 20 —
angle OP-HP (°); 21 —distance A-B (mm); 22 — angle Max1-SpP/
Max1-NF (Max1-NF) (°); 23 — angle Mand1-MeGo/Mand1-Mp
(Mand1-MP) (°).
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Morphometric assessment of teeth and dental arches
was performed using the software applications i-Dixel One
Volume Viewer (Ver.1.5.0) J Morita Mfg. Cor and Planmeca
Romexis Viewer (ver. 3.8.3.R 15.12.14) Planmeca OY.

Tooth morphometry included determination of the
following distances (mm) [23]: the width and length of the
crown part of the corresponding teeth in the mesiodistal
(MdK and MdLK, respectively) and vestibulo-oral (VoK and
VoLK, respectively) planes; the width of the cervical part
of the corresponding teeth in the mesiodistal (MdC) and
vestibulo-oral (VoC) planes; the length of the root part of the
corresponding teeth in the mesiodistal (MdLR) and vestibulo-
oral (VoLR) planes; and the length of the corresponding
teeth (MdLD).

Since previous studies did not reveal significant
differences or trends when comparing computed tomography
dimensions of homonymous teeth on the right and left sides
of the maxilla and mandible [19], we used mean values for
the corresponding teeth: 11 or 41 — maxillary or mandibular
central incisors, 12 or 42 — maxillary or mandibular lateral
incisors, 13 or 43 —maxillary or mandibular canines, 14 or 44
—maxillary or mandibular first premolars, 15 or 45 — maxillary
or mandibular second premolars, 16 or 46 — maxillary or
mandibular first molars.

Dental arch morphometry included determination of the
following distances (mm) [23]: in the transverse plane —
PonM, PonPr, VestBM, 13_23Bugr, 13_23Apx, 33_43Bugr,
33_43Apx, mapex_6, napx_6, dapx_6, dapx_46, and
mapx_46; in the sagittal plane — DL_C, DL_F, and DL_S; in
the vertical plane — GL_1, GL_2, and GL_3.

Using the licensed statistical package “Statistica 6.0”,
stepwise regression analysis was applied to model the linear
dimensions of dental arches depending on the characteristics
of Burstone cephalometric indicators and computed
tomography tooth dimensions.

Results

In young men with physiological occlusion and a
wide facial type, regression models (with a coefficient of
determination R?>0.60) of the linear dimensions required to
construct the correct shape of dental arches depending on
the characteristics of Burstone cephalometric indicators and
computed tomography tooth dimensions take the form of the
following linear equations:

distance PonPr=8.495 + 2.199xMdK12 + 0.661xMdLK43
+ 2.573xVoK11 - 0.989xMdLK11 - 1.932xVoK42 +
1.400%xVoK44 - 0.763xVoK14 + 0.167x1I-MP (R?=0.947,
F(B_16)=35.73, p<0.001, Std.Error of estimate=0.588);

distance PonM= 27.81 + 2.165xVoK15 + 0.172xANS-
Gn - 0.197xAr-Pt + 0.255xGo-Pog - 0.221xMand1-MP
- 0.667xB-Pog + 0.426xVoLK13 (R?=0.922, F 71,,=28.89,
p<0.001, Std.Error of estimate=0.807);

distance 13_23Bugr= -15.00 + 1.717xMdK12 +
0.420xMdLD15 + 0.941xVoLK41 + 1.895xVoK11 -
0.532xMdLD45 + 1.290%xVoK16 + 0.446xVoLR11 +
0.332xB-Pog - 0.136x1u-NF (R?=0.978, F . =74.56,

717

(9.15)

p<0.001, Std.Error of estimate=0.400);

distance 13_23Apx= 15.98 + 0.529xN-ANS
- 2.975xMdC42 + 2.918xMdK15 - 0.860xMdLR42 -
1.145xMdLK13 + 0.467xMdLD14 - 0.597xVoK14 (R?=0.913,
F 716=24.01, p<0.001, Std.Error of estimate=0.830);

distance VestBM= 68.74 + 2.209xVoK15 - 0.305%Ar-
Go_Gn-0.213xMand1-MP + 1.603xMdK15 + 0.458%1I-MP
-0.331xVoLR11 (R?=0.938, F ... =45.06, p<0.001, Std.Error
of estimate=0.786);

distance napx_6=-20.79 + 0.871xPNS-N + 3.620%xVoC43
- 8.172xMdK42 + 0.175xMax1-NF - 1.072xVoLR41 +
0.925xVoLR43 + 3.046xVoC11 - 0.651xMdLR 11 (R?=0.942,
F 6.16=32-36, p<0.001, Std.Error of estimate=0.951);

distance dapx_6=0.156 +4.432xVoC13 + 2.283xMdK46
- 0.539xMdLD42 + 0.582xMdLD13 - 2.408xVoK12 +
0.436xN-A + 2.931xVoK44 - 3.047xVoC41 (R?=0.928,
F 6.16=29.83, p<0.001, Std.Error of estimate=1.447);

distance mapex_6= -30.13 + 3.863xMdK45 +
1.863xMdK12 + 5.909xMdK15 + 3.338xMdC41 + 0.179xGo-
Pog - 1.066xVoLK41 - 1.787xMdK14 (R?=0.946, F.7=42.33,
p<0.001, Std.Error of estimate=0.969);

distance 33_43Bugr=-4.076 + 3.659xMdK42 - 0.085xN-A-
Pog + 1.417xMdK12 - 1.190xMdK14 + 0.419xMdLD43
- 0.434xMdLD13 + 1.488xVoK41 (R?=0.829, Fon=11.78,
p<0.001, Std.Error of estimate=0.784);

distance 33_43Apx=4.671-0.565xA-B + 1.296xMdLK43
- 0.678xMdLK42 - 0.723xMdLD44 + 2.910xVoC12 +
2.225xMdC41 + 0.425xMdLD14 - 0.437xVoLR43 (R?=0.859,
F 616=12.18, p<0.001, Std.Error of estimate=1.036);

distance mapx_46= -12.98 + 4.249xMdK16 +
1.009xMdLD43 + 1.573xVoK16 - 0.265%Pt-N - 1.271xVoLR12
+ 1.879%xVoC43 - 0.911xVoLK13 + 0.096xAr-Go (R?=0.955,
F(8.15)=39.58, p<0.001, Std.Error of estimate=0.751);

distance dapx_46= 14.29 - 0.211xMand1-MP +
2.306xVoK16 + 2.572xMdC12 + 3.420xMdK16 + 0.211xN-
A-1.874xMdK46 + 0.335xMdLD13 (R?=0.926, F716=28.51,
p<0.001, Std.Error of estimate=0.970);

distance DL_C=-16.35 + 1.882xMdK11 + 0.434xVoLK13
+0.161x11-MP - 0.522xVoK46 + 0.083xPt-N - 0.200xVoLK41
+0.389xVoK12 (R?=0.950, F( =46.24, p<0.001, Std.Error
of estimate=0.337);

distance DL_F=-23.88 + 2.616xMdK11 + 1.881xVoK12
+ 0.513xVoLK13 + 0.817xMdK44 - 0.195xMdLR13 +
1.095xMdK15 - 0.704xVoK45 + 0.427xVoK14 - 1.075xVoC41
+0.026xMP-HP (R?=0.980, F ,=67.98, p<0.001, Std.Error
of estimate=0.281);

distance DL_S=-7.963 + 3.007xMdK11 - 0.358xMdLR12
+ 0.255xVoLK11 + 0.903xVoK12 + 0.562xMdLK13 +
0.537xVoK14 + 0.043xN-A-Pog (R?=0.964, F 71,6523,
p<0.001, Std.Error of estimate=0.417);

distance GL_1=-17.53 + 0.366xN-A-Pog - 2.153xVVoLR12
+ 3.097xMdK13 + 1.129xVoLR43 - 1.729xMdK43 +
0.156xMax1-NF + 0.276x1I-MP (R?=0.889, F . =19.51,
p<0.001, Std.Error of estimate=1.023);

distance GL_2= 32.80 + 1.817xMdK13 - 0.386xAr-
Go - 3.960xVoK46 + 2.526xMdK43 - 1.029xMdLR12 +

(6.18)
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0.886xMdLD15 + 1.489%xVoK45 (R?=0.870, F
p<0.001, Std.Error of estimate=1.219);

distance GL_3= 17.92 + 0.679%x6u-NF - 0.329%Ar-
Pt + 1.444xMdK13 - 3.542xMdK16 + 1.117xMdLK11 +
2.318xMdK14 - 0.386xMdLK41 (R?=0.900, F  ,=21.87,
p<0.001, Std.Error of estimate=0.792);

where, here and in the following equations, R? —
coefficient of determination; F<!)=! — critical " and obtained
(") Fisher’s test value; p — confidence level; Std.Error of
estimate — standard error of estimate.

In young women with physiological occlusion and a
wide facial type, regression models (with a coefficient of
determination R?>0.60) of the linear dimensions required to
construct the correct shape of dental arches depending on
the characteristics of Burstone cephalometric indicators and
computed tomography tooth dimensions take the form of the
following linear equations:

distance PonPr=3.131 + 2.881xMdK11 + 2.410xVoK11
- 2.941xVoK41 - 0.336xA-B + 1.006xMdC11 (R?=0.693,
F 5.10=8.60, p<0.001, Std.Error of estimate=1.349);

distance PonM= 9.226 + 2.564xMdK11 + 0.144x1u-
NF + 1.071xMdLD11 - 0.725xMdLD41 - 2.732xVoC41 +
5.039xVoC42 - 2.530xVoK13 + 0.141xAr-Go (R?=0.852,
F(8_16)=11.55, p<0.001, Std.Error of estimate=1.163);

distance 13_23Bugr= 10.88 + 2.428xMdK11 +
2.690xVoC12 - 0.221xA-B - 0.616xVoLK42 + 0.320xB-Pog
- 0.099xMax1-NF - 0.021xMdC43 (R?=0.955, F )=51.10,
p<0.001, Std.Error of estimate=0.496);

distance 13_23Apx= 16.87 + 4.673xMdK12
+ 0.053xMdC43 + 5.397xMdK11 - 6.750xMdK43 -
0.635xVoLR41 + 1.045xV0oC43 - 2.323xMdC11 +
0.434xB-Pog - 1.788xMdC13 (R?=0.962, F . =42.74,
p<0.001, Std.Error of estimate=0.682);

distance VestBM=-11.36 + 0.903xMdLD11 - 3.687xVoC41
+ 5.056xMdK42 + 1.998xVolLK43 + 7.303xVoC43
- 7.480xVoK43 + 0.888xMdLK43 + 1.853xMdK16 -
0.971xVoLK11 + 0.173xAr-Pt (R?=0.945, F10.14=24.27,
p<0.001, Std.Error of estimate=0.804);

distance napx_6= 3.182 + 0.664x1u-NF - 0.246xGo-
Pog - 1.448xMdLR12 + 0.594xMdLD14 + 1.312xMdLK42
+ 0.324xAr-Pt - 1.040xMdK46+ 1.640xVoLK13+
0.754xMdLD44 (R?=0.944, F . ,.=27.90, p<0.001, Std.Error
of estimate=1.092);

distance dapx_6= -41.46 + 5.752xVoC12 + 1.143xAr-
Pt + 0.895xMdLD15 - 1.132xMdLR13 + 2.581xMdLD42
- 1.668xMdLD41 + 0.832xB-Pog (R?=0.854, F, .=14.16,
p<0.001, Std.Error of estimate=2.121);

distance mapex_6= 12.84 + 2.773xMdLK11 +
1.443xMdLD12 + 0.411xANS-PNS - 3.963xMdK44 -
1.224xVoLR41 +0.900xMdLD45 - 0.759xMdLD11 (R?=0.900,
F71,=21.86, p<0.001, Std.Error of estimate=1.326);

distance 33_43Bugr= 2.621 - 1.873xVoK45
+ 2.840xVoC12 + 1.733xMdK16 - 1.467xMdK46 +
0.119xMax1-NF + 1.114xVoC43 (R?=0.680, F . .=6.38,
p<0.001, Std.Error of estimate=1.514);

distance 33_43Apx= -19.93 - 1.830xMdLK42 +

,=16.30,
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3.774xMdC42 + 0.552xAr-Pt + 1.212xMdLK13 +
1.513xVoK11 - 0.136xN-A-Pog + 0.169xMP-HP (R?=0.878,
F717=17.41, p<0.001, Std.Error of estimate=1.164);

distance mapx_46=34.20 + 3.075xMdK11 -0.050xMdC43
+ 0.198xN-Pog + 0.830xB-Pog - 2.164xVolLK42 +
1.421xVoK45 - 0.213x1I-MP (R?=0.885, F, =17.59,
p<0.001, Std.Error of estimate=1.304);

distance dapx_46=35.68 +0.683xN-Pog +1.017xVoLR11
+ 2.790xMdC12 - 0.568xN-A - 0.807xMdLR43 +
0.581xMdLR41 (R?=0.938, F ; ,,,=43.02, p<0.001, Std.Error
of estimate=1.210);

distance DL_C=-7.984 + 0.102xMax1-NF + 0.855xVoK12
+ 0.588xMdK46 - 0.037xAr-Go_Gn - 0.199x6u-NF +
0.079xPt-N - 0.072x OP-HP (R?*=0.898, F,,, =21.47,
p<0.001, Std.Error of estimate=0.451);

distance DL_F=-11.70 + 3.009xVoC12 + 1.101xMdK16
- 0.465xB-Pog + 0.184xPt-N - 0.724xMdLK42 +
0.473xMdLK11 - 0.080xN-B - 0.707xVoK11 + 1.396xMdC13
-0.139xN-ANS (R?=0.936, F,  ,,.=20.45, p<0.001, Std.Error
of estimate=0.544);

distance DL_S=-18.19 + 3.162xVoC12 + 1.807xMdK16
+ 1.819xVoK41 - 1.456xMdC12 + 0.067xMand1-MP +
0.880xVoK15 - 0.601xVoK45 (R?*=0.931, F, ,=32.70,
p<0.001, Std.Error of estimate=0.576);

distance GL_1=23.17 - 0.382xOP-HP - 0.907xVoLR11
+ 0.485xVoLR13 - 1.714xMdC42 + 1.652xMdK11 -
2.020xMdK13 + 0.399xVoLK11 (R?=0.871, F,,,=16.45,
p<0.001, Std.Error of estimate=0.778);

distance GL_2= 10.70 - 1.244x\/oLK43 + 0.398x6u-
NF + 1.690xVoC43 - 2.783xVoK41 + 1.318xVoLK42 -
0.815xMdLD11 + 0.422xVoLR13 + 0.422xVoK11 (R?=0.827,
F 6.16=9-58, p<0.001, Std.Error of estimate=1.342);

distance GL_3=0.688 + 0.559xVoLR43 + 5.103xVoC42
- 3.367xVoK41 + 0.335x6u-NF + 1.085xMdLK12 +
1.105xMdC11 - 0.735xMdLK42 - 2.400xVoC13 + 0.158xN-A-
Pog (R?=0.929, F< )=21.87, p<0.001, Std.Error of
estimate=0.752).

6.17)
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(10.14)
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9.15

Discussion

Thus, in young men with physiological occlusion and a
wide facial type, all 18 possible significant (p<0.001 in all
cases) models of linear parameters required to construct
the correct shape of dental arches were built depending on
the characteristics of Burstone cephalometric indicators and
computed tomography tooth dimensions, with a coefficient
of determination greater than 0.6 (respectively R?= from
0.829 to 0.980).

When analyzing the frequency of inclusion of Burstone
cephalometric indicators and computed tomography tooth
dimensions in the regression equations in young men with
physiological occlusion and a wide facial type, the following
percentages of inclusion of these indicators into the models
were established: cephalometric indicators (23.70 %), width
of the crown part of the corresponding teeth in the mesiodistal
plane (20.74 %), width of the crown part of the corresponding
teeth in the vestibulo-oral plane (17.04 %), length of the
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corresponding teeth (8.89 %), length of the crown part of
the corresponding teeth in the mesiodistal and vestibulo-oral
planes and length of the root part of the corresponding teeth
in the vestibulo-oral plane (5.93 % each), width of the cervical
part of the corresponding teeth in the vestibulo-oral plane
(5.19 %), length of the root part of the corresponding teeth
in the mesiodistal plane (3.70 %), width of the cervical part
of the corresponding teeth in the mesiodistal plane (2.96 %).

When analyzing the frequency of inclusion of the
corresponding teeth in the regression equations in young
men with physiological occlusion and a wide facial type, the
following percentages of inclusion of these indicators into
the models were established: maxillary incisors (25.25 % of
all variables, including 11.65 % central incisors and 13.59 %
lateral incisors), mandibular incisors (16.51 % of all variables,
including 9.71 % central incisors and 6.80 % lateral incisors),
maxillary canines (13.59 %), mandibular canines (10.68 %),
maxillary premolars (16.51 % of all variables, including 8.74 %
firstand 7.77 % second), mandibular premolars (7.76 % of all
variables, including 3.88 % first and 3.88 % second), maxillary
first molars (5.83 %), mandibular first molars (3.88 %).

In young women with physiological occlusion and a wide
facial type, all 18 possible significant (p<0.001 in all cases)
models of linear parameters required to construct the correct
shape of dental arches were also built depending on the
characteristics of Burstone cephalometric indicators and
computed tomography tooth dimensions, with a coefficient
of determination greater than 0.6 (respectively R?= from
0.680 to 0.962).

When analyzing the frequency of inclusion of Burstone
cephalometric indicators and computed tomography tooth
dimensions in the regression equations in young women with
physiological occlusion and a wide facial type, the following
percentages of inclusion of these indicators into the models
were established: cephalometric indicators (27.21 %),
width of the crown part of the corresponding teeth in the
mesiodistal plane (13.24 %), width of the crown part of the
corresponding teeth in the vestibulo-oral plane (11.03 %),
width of the cervical part of the corresponding teeth in the
vestibulo-oral plane (10.29 %), length of the corresponding
teeth and width of the cervical part of the corresponding
teeth in the mesiodistal plane (8.82 % each), length of the
crown part of the corresponding teeth in the mesiodistal
plane (6.62 %), length of the crown part of the corresponding
teeth in the vestibulo-oral plane (5.88 %), length of the root
part of the corresponding teeth in the vestibulo-oral plane
(5.15 %), length of the root part of the corresponding teeth
in the mesiodistal plane (2.94 %).

When analyzing the frequency of inclusion of the
corresponding teeth in the regression equations in young
women with physiological occlusion and a wide facial type,
the following percentages of inclusion of these indicators into
the models were established: maxillary incisors (35.35 %
of all variables, including 23.23 % central incisors and
12.12 % lateral incisors), mandibular incisors (24.24 % of
all variables, including 11.11 % central incisors and 13.13 %

lateral incisors), maxillary canines (10.10 %), mandibular
canines (14.14 %), maxillary premolars (3.03 % of all
independent variables, including 1.01 % first and 2.02 %
second), mandibular premolars (6.06 % of all variables,
including 2.02 % first and 4.04 % second), maxillary first
molars (4.04 %), mandibular first molars (3.03 %).

The studies most closely related in topic to our research
are the works performed by Brotskyi N. O. and co-authors,
which, in addition, were also conducted in a Ukrainian
population corresponding to our age category. However,
in his studies a cephalometric analysis method according
to Ricketts was used. In one of the studies, the correlation
between cephalometric indicators and the dimensions of
teeth and dental arches was assessed. Without taking
facial type into account, the proportion of associations with
maxillary tooth dimensions was 7.76 % in young men and
9.39 % in young women, with mandibular tooth dimensions
—9.39 % in young men and 8.98% in young women, with
dental arch dimensions 24.60 % in young men and 10.32%
in young women [4]. In another study, regression models of
linear dimensions required to construct the correct shape
of dental arches were built. For young men and young
women, all 18 possible significant models (p<0,001) with
a coefficient of determination >0,6 were constructed. The
variables most frequently included in the models were, in
young men, teleradiometric indicators (27.35 %), the width
of the crown part in the mesio-distal direction (20.51 %)
and in the vestibulo-oral direction (17.09 %), the distance
from the incisal edge to the root apex (11.11 %); in young
women, teleradiometric indicators (37.50 %), crown width
in the mesio-distal direction (18.75 %), the width of the
enamel-dentin junction and the distance from the incisal
edge to the root apex (8.04 % each) [5]. In the most recent
work, correlations between teleradiometric indicators
according to Ricketts and CT dimensions of teeth and dental
arches were analyzed. Correlations between teleradiometric
indicators and tooth dimensions were of moderate strength
and amounted to r from 0.32 to 0.50 [6].

Assessment of cephalometric and dento-maxillary
indicators in a sample of 113 individuals with Class Il
malocclusion did not reveal any statistically significant
associations between the magnitude of anterior Bolton
discrepancy and cephalometric indicators, such as SNA
(r=-0,046; p=0,629), ANB (r=-0,089; p=0,348) and others [1].
The results of another similar study showed manifestations
of sexual dimorphism, in particular, in men most linear arch
dimensions were statistically significantly larger than in
women (p<0.05), although no such differences were found
for the Bolton ratio [21].

Assessment of 100 plaster models (50 men and
50 women) showed the presence of moderately strong
associations between crown diameters and dental arch
length, with coefficients up to 0.60-0.62 for mandibular arch
length and up to 0,68 between maxillary arch length and
individual crown diameters [2].

When analyzing plaster models of mixed dentition
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(100 models of boys and girls aged 7-10 years), low but
significant inverse associations were found between the
mesio-distal diameters of certain teeth and the magnitude of
the arch “space deficiency”. In girls, for the maxilla r=-0.383
(p=0.001) for 11 and r=-0.383 (p=0.001) for 21 were found,
for the mandible r=-0.341 (p=0.004) for 42, and in boys for
the mandible r=-0.369 (p=0.038) for 46 [9].

In an Egyptian sample of children aged 11-16 years,
in the mandible a significant direct association was found
between AP and AL (r=0.641; p=0.006) and between CMWT
and AL (r=0.618; p=0.008). At the same time, for the maxilla
no significant associations were established [11]. In another
study with a similar age sample, the TS-ALD index in the
maxilla had moderate direct associations with arch length
(r=0.241; p=0.031), anterior arch length (r=0.315; p=0.004),
and intermolar width (r=0.325; p=0.003), and in the mandible
inverse correlations with the mandibular plane angle (r=-
0.287; p=0.048) [13].

F. A. Kareem and co-authors established that the upper
arch perimeter is most strongly associated with arch length
(r=0.769), intermolar width (r=0.670) and intercanine width
(r=0.640), whereas in the mandible the perimeter correlates
more strongly with intermolar width (r=0.708) and intercanine
width (r=0.684), and the association with arch length was
weaker (r=0.273) [14].

S. Singh and G. Shivaprakash [25], during statistical
analysis, found a significant inverse association between
mandibular crowding and effective mandibular length (r=-
0.290; p=0.025), pronounced direct correlations between
maxillary and mandibular crowding (r=0.640; p=0.001) and
between effective maxillary and mandibular lengths (r=0.555;
p=0.001).

The obtained data are of great interest for practical
orthodontics, as indicated by the results of clinical cases in
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MOJEOBAHHA NIHINHUX PO3MIPIB 3YBHUX AYT B YKPAIHCbKUX IOHAKIB | OIBYAT I3 ®I3I0JTOMNYHUM MPUKYCOM
| LIWPOKUM TUMOM OBJINYYS B 3ATNIEXXHOCTI B OCOBJIMBOCTEN TENEPEHTITEHOIPA®IYHUX MOKA3HUKIB 3A
METOOOM BURSTONE TA KOMIMTIOTEPHO-TOMOIPA®IYHUX PO3MIPIB 3YEIB

Opnoscbkutl . B., bensies E. B., IOp A. M., 3akanama T. P,, Icakoea H. M., Pomawkina O. A., Py6aH M. M.

BapiabernbHicmb niHiliHUX napamempig 3y6HuUx 0y Moxe bymu 3ymoerneHa KpaHioghauianbHUMu ocobriueocmsamu ma po3mipamu
3ybis. [NposedeHHs1 BociO)eHHs, W0 00380/1UMb MOYHIWe ornucamu 83aemModito, mobmo, 83aEMO38 I3KU YUX MPbOX CMPYKmMyp
y Mexax crieyucbiyHoi nonynsayii, dozeonums nidsuwumu obrpyHmosaHicms 0pmodoHMUYHOI diagHOCMUKU ma fiKyeaHHs. Bubip
merniepeHmeeHOMempPUYHUX MOKa3HUKi8 3a Burstone € Halbinbw OouinbHUM, 38a)atodu Ha MaroducerbHiCmb O0CIOKeHb 3
8UKOPUCMAaHHSAIM Ub020 aHanisy Ha yKpaiHcbkil monynsauii. Mema 0ocnidxxeHHs1 — po3pobka ma aHaria pegpeciliHux modesneu miHilHUX
posmipie 3ybHuUx dye 8 yKpaiHCbKUX roHaKig i digdam i3 ¢hi3ionoaiyHUM NPUKYCOM i3 WUPOKUM muriom obriuyysi 8 3anexHocmi i
ocobrnusocmeli menepeHmeeHoepaidHUX rMokasHuKie 3a Memodom Burstone ma kommn’romepHo-momozpaghiyHuUX po3mipie 3ybis.
Ha nepsuHHUX KOMMT’tomepHUX momozpamMax ma mesiepeHmeeHozpamax 25 yKkpaiHCbKux toHakig i 25 digdam i3 ¢hisionoaiyHum
MPUKYCOM i LWUPOKUM murom obruyys, wo byru ompumani 3 6aHKy 0aHUX HayKoB0-00CiOHO20 yeHmpy ma kaghedpu cmomamornoaii
Oumsi4oeo 8iKy BiHHUUbKO20 HaujoHanbHO20 MeduyHo20 yHigepcumemy im. M. . [Tupozosa, npoeedeHo 8UMIpro8aHHS MiHIUHUX |
Kymoeux rokasHukie 3a memodom Burstone ma poamipis 3ybis i 3y6Hux dya. PezapeciliHi Modeni po3mipie 3y6HuUx dye 8 3anexxHocmi
8i0 meriepeHmMaeHoOMempPUYHUX MMOKa3HUKI8 i KOMIT'tomepHO-momozpaidHUX po3mipie 3ybig nobydosaHi 3a 00MOMO2010 fTiUeH3IHO20
nakemy «Statistica 6.0». BcmaHo8reHo, wo 8 toHakie i dig4am i3 ¢hizionoaiyHuM rnpuKycom i WupoKkum murom obruyys nobydosaHi
yci 18 moxnusux docmosipHux modenel MiHiGHUX napamempie HeobxiOHux Ons nobydosu KopekmHoi chopmu 3y6HUX Oye 8
3anexHocmi 8i0 ocobriueocmeli menepeHmMeeHOMempUYHUX oKa3HuKie 3a Memodom Burstone ma Komm’tomepHo-momozpaghidHuX
po3amipie 3ybis i3 koegiuieHmom demepmiHauii (R?) 6inbwum 0,6 (8 roHakie R?=gid 0,829 do 0,980, p<0,001 e ycix sunadkax; dis4am
R?= gid 0,680 0o 0,962, p<0,001 & ycix sunadkax). AHani3 Yacmomu 8xo0xeHHs1 o Modesneli KoM 'toMePHO-MoMozpaghidHUX
poswmipie 3ybie i menepeHmaeHoMempuUYHUX NMoKa3HUKie 3a Memooom Burstone noka3as: 8 roHakie Halibinibw 4acmo exo0simb
mernepeHmaeHoMempuUYHi nokasHuku (23,70 %), wupuHa KOPOHKOB80I YacmuHu 8i0noesioHuUx 3ybie y mesio-ducmarnbHil NIouuHiI
(20,74 %) ma wupuHa KOPOHKOBOT YacmuHU 8i0rnosiOHuUX 3ybie y secmubyno-oparsnbHil nnouwuHi (17,04 %); y 0is4am Halibinbw Yacmo
8X005IMb mesiepeHmMaeHOMempPUYHi nokasHuKU (27,21 %), wupuHa KOPOHKOBOI YacmuHu 8idnosioHux 3ybie y me3io-OucmarbHil
nnowuHi (13,24 %), wupuHa KOpOHKOBOI YacmuHu 8i0rnosiOHUX 3ybig y eecmubyno-opansHit nnowuHi (11,03 %) ma wupuHa
npuwitikogoi YacmuHu 8idnosioHux 3ybie y eecmubyno-opanbHil nnowuHi (10,29 %). AHaniz yacmomu exo0xeHHs1 00 modenel
8i0rnosiOHuUX 3ybie nokasas: 8 oHakKig Halbinbw Yacmo exodamb eepxHi 6idHi pisui U ikna (no 13.59 %), eepxHi npucepedHi piayi
(11,65 %) ma HuxHi ikna (10,68 %); y Oisdam Halibinbw Yyacmo 8xo05imb 8epxHi npucepedHi piaui (23,23 %), HuxHi ikna (14,14 %),
HUWXHI 6idHI pi3yi (13,13 %), eepxHi 6i4Hi pisui (12,12 %), HUXHI npucepedHi pi3yi (11,11 %) ma eepxHi ikna (10,10 %).

Knro4yoBi cnoBa: cmomamonoeisi, ueganomempis 3a memodom Burstone, komn’tomepHo-momozpaghiyHi poamipu 3ybie i 3yOHuUX
Oye, roHaku ma dig4yama, mur obnuyysi, QisionoaiyHul MpUKyc, peepecitiHull aHarsis.
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Modern Ukrainian society has been in conditions of active military operations for
several years, which have caused disruption of sleep patterns, lack of proper rest,
and a sense of security, which has led to a state of chronic stress. The main role in
protecting the body from stress factors, regulating sleep, and implementing adaptive
reactions belongs to the pineal gland and the hormone it synthesizes — melatonin.
However, prolonged exposure to stress factors leads to disruption of the functional
activity of the pineal gland, which manifests itself not only at the cellular level but
also in the state of the vascular bed. The aim of the work was to study morphological
changes in the state of the extraorgan vascular bed and rheological properties of the
pineal gland blood under conditions of chronic stress. The study was conducted on
12 adult white male Wistar line rats, which were divided into control and experimental
groups. Animals in the control group were kept under normal vivarium conditions
without the influence of additional factors. Animals in the experimental group were
subjected to chronic stress by forced swimming for 60 minutes a day for 10 days. To
study the state of the vascular bed of the pineal gland, morphological, morphometric,
and statistical research methods were used. During the study, morphological
manifestations of extraorgan blood circulation disorders in the pineal gland were
detected, manifested by changes in the rheological properties of the blood and the
restructuring of the walls of venous and arterial blood vessels. It was established that
violations of the rheological properties of blood in venous vessels were manifested
by blood separation, aggregation and lysis of erythrocytes and stasis, and in arterial
vessels — by the practically absence of erythrocytes in the lumen of the vessels.
Morphological changes in the state of the vascular wall in the veins were manifested
by endothelial cell hypertrophy, stretching and thinning of the vascular wall, and its
ruptures. In arterial type vessels, hypertrophy and edema of endothelial cells and
spasm of muscle cell membranes were detected. Thus, the detected morphological
changes indicate impaired blood circulation and slowing of blood flow, which leads
to hypoxia of the pineal gland parenchyma.

Keywords: chronic stress, pineal gland, blood vessels, rheological properties of blood.

Introduction

The conditions of the modern reality of Ukrainian society,
which has been in conditions of active military operations for
several years, are characterized by socio-economic difficulties
and uncertainty of the situation, which undoubtedly affects the
state of mental health of the population [9, 14]. In addition,
all these factors, against the background of the sounds of
explosions, sirens, sleep disturbances, lack of proper rest
and a sense of security, cause a state of constant stress in
all segments of the population [20, 22, 23]. It is known that

chronic stress, in its various manifestations, remodels brain
homeostasis, which negatively affects the psychological
state, is accompanied by depressive disorders, cerebral
circulation disorders, premature brain aging and atrophy,
which ultimately leads to functional and morphological
restructuring of all body systems, the development of various
diseases, impaired cognitive functions and a decrease in
the quality of life [26, 29]. The main role in protecting the
body from stress factors, regulating sleep, and implementing
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adaptive reactions belongs to the organ of the central
neuroendocrine system — the pineal gland and the hormone
it synthesizes — melatonin [6, 8]. It is known that melatonin
has a wide spectrum of biological activity, is a universal
adaptogen that has a protective effect on all organs under
stress and slows down the development of pathological
changes in the body [18, 19, 30]. Therefore, prolonged
exposure to stress factors leads to pineal dysfunction, which
is accompanied by a decrease in melatonin secretion, sleep
disorders and neurological disorders [2, 7, 24].

In recent years, an increasing number of scientific
publications have been devoted to the study of changes in
the morpho-functional features of the pineal gland under
the influence of pathological factors, including stress [21]. At
the same time, there are few among them that consider and
investigate the morphological manifestations of changes in
the vascular bed and rheological properties of the blood of the
pineal gland, which arise against the background of chronic
stress and can lead to inhibition of the functional activity of
the organ and psychoneurological disorders [12, 13].

Therefore, the aim of our study was to study morphological
changes in the vascular bed and rheological properties of
pineal gland blood under conditions of chronic stress.

Materials and methods

The results of this work are a fragment of the research
topic of the Department of Morphology and Public Health
of the Petro Mohyla Black Sea National University of the
Ministry of Education and Science of Ukraine “The influence
of environmentally hazardous factors on the mechanisms
of development of civilization diseases and their correction
with physiologically active substances”, state registration
number 0124U002163.

All stages of the study, manipulative interventions and
euthanasia of animals were carried out in compliance with the
requirements and general principles of work with experimental
animals in accordance with the following standards: Council
of Europe Convention on Bioethics (1997); European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes, General
Ethical Principles of Experiments on Animals, approved
by the First National Congress of Ukraine on Bioethics
(2001); Law of Ukraine “On the Protection of Animals from
Cruelty” (2006) and other international treaties and current
national legislation in the field of biomedical research. The
study was conducted according to a protocol approved by
the Bioethics Commission of the Petro Mohyla Black Sea
National University (Protocol No. 4 dated June 24, 2024).

The experimental study involved 12 sexually mature
laboratory rats of the Wistar line, weighing 200-220 g. The
choice of males for the study was due to the absence of cyclic
fluctuations in blood plasma melatonin levels compared to
females, in which the content of this hormone, and therefore
the morphological and functional state of the pineal gland,
is determined by the phase of the ovarian cycle [16, 27].

The experimental animals were kept in standard vivarium

conditions throughout the study and had free access to food
and clean water. Artificial lighting sources were not used in
the vivarium, since the pineal gland, which is the main source
of endogenous melatonin, reacts to changes in light levels
with morpho-functional restructuring, which is accompanied
by fluctuations in the level of the hormone in the blood plasma
[11, 15]. Therefore, the research was performed under natural
lighting typical of the autumn-winter period.

To study the effect of chronic stress on the state of the
vascular bed of the pineal gland, two groups of animals were
formed: control and experimental. Each group included six
rats, which is the minimum acceptable norm for the number
of animals required for statistical research. The animals in the
control group were kept in standard vivarium conditions and
were not exposed to additional factors, since any, even minor,
changes in maintenance or manipulation are a stressful factor
for the animals and can cause morphological changes in the
pineal gland, which is responsible for the start of the stress
response and adaptation processes. The animals in the
experimental group were simulated to experience chronic
stress through forced swimming. For this purpose, the rats
were placed in a tank with 10 liters of water for 1 hour. The
water temperature was maintained within 28-30 °C, and the
room temperature was 25 °C [3]. One-time training sessions
were carried out for 10 days.

Rats from the control and experimental groups were
removed from the experiment simultaneously, on the 1st
day after the last forced swim, by performing a single-
stage decapitation under thiopental anesthesia, which was
administered intraperitoneally at a rate of 25 mg/kg of animal
weight. After the decapitation procedure was completed,
the animals’ skulls were scalped with subsequent removal
of its vault along with the dura mater. Then the brain was
separated together with the pia mater from the base of the
skull and fixed in 10 % neutral formalin solution for 20 hours.
After washing the fixed material and isolating the pineal
gland, dehydration was carried out in alcohols of increasing
concentration. Using standard methods, the obtained
material was embedded in paraffin blocks, from which
sections 5-6 ym thick were made on a semi-automatic rotary
microtome “Microm” (Germany) and stained with hematoxylin
and eosin in accordance with generally accepted methods.
The obtained histological preparations of the pineal gland
were studied and photographed at a magnification of x10
binoculars, x10, x20, x40 objective lenses of a microscope
of the “Carl Zeiss” brand (Germany). Photo documentation
of the research results was performed using a Canon digital
camera.

To assess the morpho-functional state of the blood vessel
wall of the pineal gland, the area of the endothelial cell
nuclei was determined by measuring their large and small
diameters. Morphometric measurements were performed
using a screw-type ocular micrometer MOV 1-16 at an
objective magnification of x40.

Statistical calculations were performed on a personal
computer using the “STATISTICA 10” software for computers
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with the Windows operating system. The numerical data
obtained during morphometric measurements were
processed using standard statistical methods, calculating
the arithmetic mean, standard error of the arithmetic mean,
and standard square deviation. The results are presented as
Mzm. Student’s t-test was used to assess the significance of
differences between groups. The difference was considered
significant when the numerical parameters between the
control and experimental groups differed at a level of value
not less than p<0.05.

Results

Histological studies of pineal gland preparations showed
that in the control group of animals, extra-organ blood vessels
had an intact appearance and uniform blood distribution. It
was found that the walls of blood vessels were characterized
by a typical three-layer structure and consisted of intima,
media, and adventitia. The intima was represented by evenly
spaced endothelial cells. The nuclei of endothelial cells were
characterized by predominantly round shape. According to
the results of morphometric measurements, it was found that
the average area of the nuclei of endothelial cells of large-
caliber venous vessels was 12.69+0.43 um?, and of arterial
vessels — 18.06+0.52 ym?2. The middle layer of blood vessels
consisted of layers of smooth muscle cells, the number of
which depended on the caliber and type of vessel. As the
diameter of the arteries increased, the number of muscle cell
layers increased accordingly. The middle layer of venous
vessels, in addition to smooth muscle cells, contained elastic
fibers. The adventitia was formed by loose connective tissue.
It should be noted that the walls of blood vessels of both
arterial and venous types were not thickened and without
ruptures (Fig. 1).
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Fig. 1. Micrograph of the pineal gland of laboratory rats of the
control group: 1 —extraorgan blood vessels; 2 — pineal gland;
3 — subarachnoid space. Staining: hematoxylin and eosin, x100.

During microscopic examination of the preparations of
rats of the experimental group, it was found that daily forced
swimming for 10 days causes pathological changes in the
blood vessels of the pineal gland, as an organ that plays

a major role in ensuring the adaptation of the organism in
response to the influence of stress factors, which leads to
its morphological restructuring and changes in functional
activity. Thus, during the light-optical study of extra-organ
blood vessels, we detected morphological manifestations of
changes in the structure of their walls and disturbances in the
morphological manifestations of the rheological properties
of blood.

In the lumen of large-diameter extra-organ veins, a
fairly clear separation of blood into plasma and erythrocyte
mass is noted. Moreover, it should be noted that the plasma
component of the blood acquired a pronounced eosinophilic
color and a homogeneous appearance, which may indicate
coagulation of blood plasma proteins. Upon further
examination of the erythrocyte mass, it was found that it was
a conglomerate formed by single isolated erythrocytes with
varying degrees of staining. Some erythrocytes were bright
red, while others were pale pink. In some places in the studied
conglomerate, clumps of adhered erythrocytes were found,
the gaps between which were practically indistinguishable.
In such vessels, adhered erythrocytes blocked the lumen of
the venous vessel, which was accompanied by blood stasis.
When examining extra-organ vessels of the venous type of
small diameter, manifestations of erythrocyte aggregation
were also detected. The wall of such blood vessels and
endothelial cells underwent changes. Endothelial cells were
arranged chaotically, which led to an increase in the distance
between neighboring endothelial cells, thinning of the
vascular wall, and the appearance of defects and ruptures,
as a result of which blood plasma and single erythrocytes
entered the extravascular space (Fig. 2). Ruptures of the
vascular wall were also found in large diameter veins.
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Fig. 2. Micrograph of extraorgan blood vessels of the pineal
gland of venous type during chronic stress in rats: 1 — large
diameter vein; 2 — erythrocyte mass; 3 — blood separation; 4 —
vein wall; 5 — small diameter veins; 6 — nature of the distribution of
blood elements in small veins; 7 — rupture of the venous vascular
wall. Staining: hematoxylin and eosin, x200.

In addition, in venous vessels, morphological
manifestations of impaired rheological properties of blood
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were detected, which were manifested by the phenomena
of erythrocyte lysis, which appeared on histological
preparations in the form of a pale pink homogeneous mass.
It was established that such an erythrocyte mass occupied
either the central zone of the blood vessel lumen or was
closely adjacent to the vessel wall, which was in contact with
the capsule of the pineal gland. It was found that the blood
plasma in such vessels appeared transparent, indicating
the absence of protein coagulation. It was found that the
lumens of blood vessels in certain places had expansions
of different sizes, formed exclusively in the wall that was not
adjacent to the organ capsule. In such areas of the venous
wall, its thickening and the reaction of the endothelial layer
are noted, in the form of convergence of adjacent endothelial
cells and an increase in the size of their nuclei (Fig. 3).
Further histological examination revealed that the nuclei of
endothelial cells of venous vessels acquired an oval shape,
and their average area was 15.9610.61 um?, which exceeded
the control values by 25.77 % (p<0.05) and indicated edema
and hypertrophy.
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Fig. 3. Micrograph of a longitudinal section of a venous-type
vessel adjacent to the pineal gland capsule of a rat under chronic
stress: 1 — wall of an extraorgan vein; 2 — intact erythrocytes; 3
— lysis of erythrocytes; 4 — convergence of adjacent endothelial
cells; 5 — pineal gland capsule; 6 — pineal gland parenchyma.
Staining: hematoxylin and eosin, x400.

When studying extra-organ vessels of the pineal gland
of arterial type of different diameters, we also found signs
of hemocirculatory disorders. It was found that the arterial
vessels appeared ischemic. There were practically no
erythrocytes in their lumens. Only single arterioles were
filled with erythrocytes. It was found that the hemorrhage of
arterial vessels on longitudinal sections was expressed over
a significant area (Fig. 4).

It is also necessary to note morphological changes in
the structures of the vascular wall of arterioles. The reaction
of endothelial cells was primarily observed. They had an
elongated shape, appeared hypertrophied with sharply
enlarged dark nuclei filled with heterochromatin. It was found
that the area of endothelial cell nuclei increased by 30.73 %

blood

Fig. 4. Micrograph of extraorga
gland of rats under chronic stress: 1 — arteriole lumens; 2 — vein
lumen; 3 — ruptures of the vein wall; 4 — erythrocyte adhesion;
5 — erythrocyte lysis in the parietal zone. Staining: hematoxylin
and eosin, x400.

(p<0.05) compared to the control values and amounted to
23.61+£0.82 ym?2. It was noted that the nuclei of endothelial
cells protruded into the lumen of the blood vessel. Along with
this, it is necessary to note changes in the muscular layer of
the blood vessel wall. The smooth muscle elements of the
media were in a state of spasm, which was accompanied by
a decrease in the lumen of the vessel.

Discussion

The presented study was aimed at supplementing data on
pathological changes in the vascular bed of the pineal gland
and the rheological properties of blood in laboratory Wistar
rats under conditions of chronic stress, since information
on the state of the vascular bed in the domestic and foreign
literary sources we have reviewed is sparse, which is due to
both the small size of the gland and the complex topographic
features of its location in the brain, which complicates
atraumatic access to it [5, 10, 17]. In addition, there is no data
in the literature on the state of endothelial cells of the pineal
gland vessels, which play an important role in maintaining
vascular wall tone and ensuring adaptation to hemodynamic
changes [25, 28].

The morphological studies conducted showed that chronic
stress simulated by forced swimming was accompanied in
experimental animals by pronounced disorders of extra-organ
blood circulation in the pineal gland, which were manifested
both at the level of venous and arterial links. Thus, in the extra-
organ venous bed we detected pathomorphological changes
in the rheological properties of blood, manifested by blood
separation, aggregation and lysis of erythrocytes and stasis,
which indicates impaired blood circulation and slowing of
blood flow [4, 12]. Disturbances in the rheological properties
of blood led to morphological changes in the structure of the
venous vessel wall, manifested by hypertrophy of endothelial
cells, an increase in the distance between adjacent cells,
stretching and thinning of the vascular wall and its ruptures,
which contributed to the development of plasmorrhagia and
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edema [12, 13].

Manifestations of chronic stress were also detected in
extra-organ vessels of the arterial type and were manifested
by the almost complete absence of erythrocytes in the lumens
of the vessels, which indicates impaired oxygen transport,
the development of hypoxia of pinealocytes and a decrease
in the functional activity of the organ [12, 13]. Given the
anatomical features of the pineal gland’s location in the
brain and its close connection with it, insufficient oxygen
supply to the gland can lead to hypoxia, brain damage, and
decreased brain function [1]. The impact of chronic stress
was also accompanied by pathomorphological changes
in the arterial vessel wall. It was found that the nuclei of
endothelial cells were edematous, and as a result increased
in size relative to the control group by 30.73 %. The nuclei
of endothelial cells were dark because they were filled with
functionally inactive heterochromatin, which stains well with
basic dyes. Morphological changes in the muscular layer
of the arterial wall, under conditions of chronic exposure to
stress factors, were manifested by spasm and a decrease
in the lumen of the corresponding vessel, which leads to
impaired hemocirculation and ischemia.

Thus, the results obtained by us coincide with the results
of scientific works of other researchers who studied the
influence of chronic stress of various genesis on the state
of the pineal gland and indicate that the prolonged exposure
to stress factors is accompanied by pathological changes in
the morphology of the wall of the blood vessels of the pineal
gland, impaired rheological properties of blood and blood
circulation, which leads to hypoxia of the organ parenchyma,
changes in the structural and functional properties of pineal
cells, their apoptosis, a decrease in the activity of the organ
and disruption of adaptive processes [12, 13].
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MOP®OJOrIYHI 3MIHN EKCTPAOPITAHHOIO CYOUMHHOIO PYCIA WWULIKONOAIEHOT 3ANO3MU LLYPIB 3A YMOB

XPOHIYHOIO CTPECY

lMwuyeHko B. B., YepHo B. C., Halidiy O. B., BoHOap A. O., lOnesuy O. I. Os4yapeHko I'. B.

CyuacHe ykpaiHcbKe cycrinibcmeo exe Oekiflbka pokie nepebysae 8 ymosax akmueHUX gilicbkogux Oill, sIKi cmasnu rnpuYUuHOK
MOPYWEHHST PEXUMY CHY, 8i0CYmHOCMI MOBHOUIHHO20 8iOMOYUHKY ma nodyymmsi 6e3rneKu, Wo CrpuqyuHUIO cmaH XPOHIYHO20
cmpecy. [ornosHa pornb y 3axucmi opaaHiamy 8i0 cmpecosux ghakmopig, peaynsauii cHy ma 30ilcHeHHI adanmauilHux peakuyiti
Hanexums wuwkonoOdibHil 3an03i ma 20pMOHyY, SIKUU 80Ha cuHmMe3ye — menamoHiHy. O0Hak, mpueanudl ernnue cmpecosux
gakmopig rpu3eodume 00 MOPyUEeHHsT QOyHKUiOHaIbHOI akmugHOCMI WUWKOMoOiOHOI 3a/103U, WO MPOS8NSIEMbLCS HE MINbKU Ha
KTimuHHOMY pigHi, a i Ha cmaHi cyOuHHoe0 pycria. Memoto pobomu 6yr1o 8ug4eHHs1 MOPGhONI02iYHUX 3MiH cmaHy eKcmpaopeaHHO20
CyOUHHO20 pycria ma peorsiozidyHuUX enacmusocmell Kpoesi wuwkonodibHOI 3amo3u 3a yMo8 XpOHiHHO20 cmpecy. [JocrnioxeHHs
npoesoduriocsi Ha 12 dopocrnux binux wypax-camusx niii Bicmap, siki 6yru po3nodineHi Ha KOHMPOoribHy i docnioHy epynu. TeapuHu
KOHMpOnbHOI epynu rnepebysanu 3a 3sudyalHux ymos gigapito 6e3 ernnugy dodamkosux ¢hakmopis. TeapuHam 00CniOHOI epynu
MmoOesosanu XPOHIYHUU CMpec WIISIXOM MpuUMyco8o2o rnnasaHHs no 60 xeunuH Ha doby enpodoex 10 0i6. [Ana docnidxeHHs
cmaHy cyOUHHO20 pycna WuwKonoibHOI 3a1103U 8UKOpUCMOo8ysasiu Mopghosio2iyHi, MOpghoMempuYdHi ma cmamucmu4Hi Memoou
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docnidxeHHs1. B xodi nposedeHHs1 docnidxkeHHs1 Bynu susienieHi MopghonoeidHi nposisu MopyweHHs ekcmpaopaaHHo20 Kpogoobizy
Yy wuwkornodibHil 3ano3i, wo 8usensanucs 3MiHamu peosozidHuUx ernacmusocmel Kposi ma nepebydo8or CMIHOK KPOBOHOCHUX
cyOuH 8eHO3HO20 i apmepianbHO20 murny. BcmaHoeneHo, wo nopyweHHs peosnoziyHux enacmusocmel Kposi y cyOuHax
8EHO3HO20 MUy MPOSABNAANUCS cenapauieto Kposi, azpeaauiero i 1i3UCoM epumpoyumie ma cma3som, a y cyOuHax apmepianbHO20
mury — npakmu4Hoto 8i0CymHicmro epumpouumig y npocsimax cyOuH. MopgbonoaiyHi 3miHu cmaHy cyOUHHOI CMIHKU y 8eHax
nposienanucs ginepmpogiero eHoomenioyumie, po3msiay8aHHSIM | MOMOHWEHHSM CyOUHHOI cmiHKU ma ii po3pusamu. Y cyouHax
apmepianbHO20 murly susierieHa 2inepmpoagis i HabpsK KimuH eHdomenito ma crasm KimuH mM'a3080i 060/10HKU. TakumM YUHOM,
8usIBM1EHI MOPGYONIO_iYHI 3MIHU c8i04amb PO MOPYWEHHST YUPKYIAUii Kposi ma yrnoginibHEHHSI KPpO8OMOKY, WO npu3sodums 00
einokcii napeHximu wuwkornodibHoi 3ano3u.

KntouyoBi cnoBa: xpoHiyHuUli cmpec, wuwkornodibHa 3ai03a, KPOBOHOCHI CyOUHU, peosioaidHi erracmugocmi Kposi.
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Introduction

The identification of victims from skeletal remains is  forensic investigations are often limited to incomplete
essential in cases of mass fatalities, including accidents, or fragmented skeletal remains. Skeletal identification
explosions, and natural disasters. Under such circumstances, ~ represents a major challenge in forensic medicine and
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requires multidisciplinary expertise encompassing anatomy,
radiology, archaeology, dentistry, and related fields. This
process is fundamental for subsequent investigations
aimed at establishing key biological profiles, including sex,
age, stature, and ancestry. Among these parameters, sex
determination constitutes the primary and most critical step,
as the accurate estimation of age and stature is dependent
on sex-specific characteristics [1].

Sex determination from skeletal remains can achieve an
accuracy of up to 100 % when the entire skeleton is available
[18]. The accuracy decreases to approximately 95 % when
only the pelvic bones are examined, 92 % when analysis
is limited to the cranium, and increases to 98 % when both
the pelvis and cranium are assessed together [18]. In cases
where a complete cranium is unavailable, the mandible
serves as an essential source for sex determination. Its high
resistance to bacterial degradation, extreme heat, and other
environmental insults makes it one of the skeletal elements
most likely to be preserved and suitable for analysis [5].

The mandible is the largest and strongest skull bone
that forms the lower third of face. It has a curved body
anteriorly, while posteriorly it extends into two rami that
bears the coronoid and condylar processes [10]. Each
condylar process articulates with temporal fossa to form
the temporomandibular joint, that enables mandibular
movement, essential for chewing and digestion. The
mandible is the attachment site of masticatory muscles,
including the masseter, temporalis, lateral pterygoid and
medial pterygoid muscles [26]. Variations in geographical
origin and dietary habits influence the shape of the mandible,
consequently its morphological characteristics vary among
different ethnic groups [9].

Sex determination from the mandible can be performed
through metric and non-metric approaches. There have
been many attempts to establish metric method for the
determination of the mandibles of males and females [7,
11, 20, 28]. However, it requires completed, well-preserved
specimens and precise measurement tools. In contrast,
non-metric analysis relies on morphological traits and offers
practical advantages, as they can be applied rapidly, do not
require specialized equipment, and remain applicable even
in fragmented or incomplete mandibles.

Previous studies have demonstrated that several non-
metric mandibular traits exhibit statistically significant sexual
dimorphism, such as posterior mandibular ramus flexure, the
shape of the chin, the shape of mandible base, antegonial
notch, gonial angle, muscle marking, surface of mandible,
and the shape of coronoid process [8, 13, 14, 15]. However,
the reported predictive accuracy of these traits varies
considerably across studies and populations. S. Shivaprakash
and A. G. Vijaykumar [22]age, stature and ethnic background.
The identification of human skeletal remains is considered an
initial step in forensic investigations and is crucial for further
analysis. Objective-Determination of sex by using mandibular
ramus posterior flexure. Materials and methods-The study
was conducted on 104 adult mandibles, which were obtained

from the mandibles available in the department of anatomy,
Kasturba Medical College, Mangalore and from the students
of 1 styear MBBS. Results-Using Mandibular ramus posterior
flexure, out of 104 mandibles, we could determined the
morphological sex in 79 mandibles with 76% accuracy rate
and sex was misclassified in 25 mandibles. In the present
study, overall predictive of accuracy of (76% estimated sexual
differences by analysing posterior mandibular ramus flexure,
finding 80% accuracy for males and 71 % for females in
Indian population. Another study in Jordanian population
demonstrated that the posterior mandibular ramus flexure
had more accurately diagnostic for female (94,6 %), than
for male (47,6 %) [4]. V. Saini [19] evaluated four traits (chin
shape, gonial flaring, shape of lower border, and muscular
attachment) and reported that the roughness of muscular
attachments was the most reliable indicator for sex estimation,
achieving the highest classification accuracy of 83.59 %.
Other authors analysed the combination of the chin shape,
the presence of an antegonial notch, and divergence of
the gonial angle and found that Thai male mandible were
distinguishable from female counterpart with an approximate
70 % accuracy rate [12].

Itis important to note that accuracy in determining sex is
variable and the degree of sexual dimorphism in mandibles
is different for each population. Therefore, this study aimed
to assess selected nonmetric mandibular characteristics and
evaluated their effectiveness for sex determination in adult
Indonesian population.

Materials and methods

This was a cross-sectional study that involved 49 dried
human mandibles, 30 males and 19 females, obtained from
the Department of Anatomy Histology and Pharmacology,
Faculty of Medicine, Universitas Airlangga, Surabaya,
Indonesia. The availability of the identified dry mandible
with known sex in the institutional collection limited the
sample size. The study was approved by the Research
Ethics Committee of Rumah Sakit Universitas Airlangga,
and registration number is 103/KEP/2024. Mandibles with
pathological conditions such as fractures or defects, broken
condylar or coronoid processes, broken and damaged
mandibular angles were excluded from the study [14].

When analysing the mandibles, the examiner did not
know the sex of the mandible reported in the corresponding
identification, making this a blind study. For sexual
identification of mandibles, eight non-metric parameters were
selected. The protocol derived from Deana N. F. and Alves N.
[8] (modified) was carried out to observe these features:
« chin shape was analysed from anterior and inferior view:
bilobate, square, or pointed (Fig. 1a — c);
chin profile was analysed according to protrusion of the
chin from lateral view: vertical or prominent (Fig. 1d — e);
» mandibular ramus shape was analysed at the midpoint of

the ramus: pinched or wide (Fig. 2a — b);
» mandibular ramus profile was analysed according to the
curvature of the ramus against the mandibular body:
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vertical, slanted, or inverted (Fig. 2c — e); inverted (Fig. 3c —e);
* posterior mandibular ramus flexure: flexure or straight + muscle marking was analysed according to the surface of
(Fig. 3a — b); the ramus: rough/more prominent or smooth (Fig. 4a — b);
+ gonial angle divergence was analysed by observing the  * presence of antegonial notch at the inferior border of
angle curves inward or outward: everted, straight, or mandible: present or absent (Fig. 4c — d).

Fig. 2. Mandibular ramus shape: (a) pinched and (b) wide. Mandibular ramus profile: (c) vertical; (d) slanted; and (e) inverted.
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Fig. 3. Posterior mandibular ramus flexure: (a) flexure and (b) straight. Gonial angle divergence: (c) everted; (d) straight; and (e)
inverted.

Fig. 4. Muscle marking: (a) rough/more prominent and (b) smooth. Presence of antegonial notch: (c) present and (d) absent.
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For the statistical analysis, the data were analysed by the
Pearson chi-square test and discriminant function analysis
using SPSS program, version 22.0. Sex-specific predictive
value/accuracy was calculated from the discriminant function
classification table. The p-value <0.05 being considered
statistically significant.

Results

According to chi-square test (see Table 1), the non-
metric features that significantly differentiated sex were
chin shape (p<0.05), posterior mandibular ramus flexure
(p<0.001), gonial angle divergence (p<0.001), and muscle
markings (p<0.001). The bilobate chin shape was found only
in males, while females exhibited either a square or pointed
chin shape. Most mandibles in males had flexures at the
posterior border of the ramus (83.3 %) and more prominent
or coarse muscle markings (83.3 %). Females exhibited a
straight posterior border of the ramus (73.7 %) and finer
muscle markings (78.9 %). The everted gonial angle type
was predominant in males at 76.7 %, while females showed
an inverted type (42.1 %).

Table 1. Comparison of non-metric parameter to differentiate
the sex of the mandible.

Mal F |
Non-metric parameter n (%) na;"z ? emates
Bilobate 7 (23.3) 0
. 17
Chin shape Square (56.7) 9(47.4) | <0.05
Pointed 6 (20.0) | 10 (52.6)
Vertical 9(30.0) | 2(10.5)
Chin profile ) 21 0.165
Prominent (70.0) 17 (89.5)
Pinched 18 113 (68.4)
Mandibular ramus (60.0) 0.771
shape ) 12 '
Wide (40.0) 6 (31.6)
. 1
b Vertical (36.7) 3(15.8)
andibular ramus
X 15 0.229
profile Slanted (50.0) 14 (73.7)
Inverted 4(13.3) | 2(10.5)
Posterior 25
Fl 26.
mandibular ramus exure (83.3) °(26.3) <0.001
flexure Straight 5(16.7) | 14 (73.7)
23
Everted 5(26.3
Gonial angle (76.7) ( : <0.001
divergence Straight 5(16.7) | 6(31.6) ’
Inverted 2(6.7) | 8(42.1)
Rough/more
: 25(83.3) | 4 (21.1
Muscle marking prominent (83.3)] 4(21.1) <0.001
Smooth 5(16.7) | 15 (78.9)
20
P t 9474
Antegonial notch resen (66.7) @4 1 6 208
Absent 10(33.3) | 10 (52.6)

The four non-metric parameters with significant differen-
ces were then analysed by employing the discriminant
analysis. The predictive sex of the mandible is shown in

Table 2. The male and female predictive value were 86.7 %
and 78.9 %, respectively. The total predictive accuracy was
83.7 %.

Table 2. The predictive sex of the mandible using the discriminant
function analysis.

Predicti f th ibl
True sex of the mandible redictive sex of the mandible
Male Female
Male 26 4
Female 4 15

Discussion

The mandible is considered the most sexually dimorphic
bone in the skull. Variations in the mandible traits among
populations are influenced by environmental factors, growth
patterns, developmental duration, and dietary habits, all
of which are closely related to masticatory function [27].
The present study demonstrates that several non-metric
mandibular traits exhibit significant sexual dimorphism and
can be applied as an initial approach for sex determination
in an Indonesian population. Among the eight non-metric
traits evaluated, chin shape, posterior mandibular ramus
flexure, gonial angle divergence, and muscle markings
showed statistically significant differences between males
and females. When these parameters were combined
using discriminant function analysis, a high level of sex
classification accuracy was achieved (86.7 % in males and
78.9 % in female), supporting the usefulness of non-metric
mandibular assessment as a practical screening tool in
forensic contexts.

The shape of the chin emerged as one of the most sexually
dimorphic features. Our study reported that a bilobate chin
configuration observed exclusively in male mandibles and
square shape was shown by 56.7 % of males. Whereas
female mandibles predominantly exhibited square or pointed
chin shapes. Previous studies have identified chin shape as a
traitin sex differentiation, with square chins more commonin
males and pointed chins more frequently observed in females
[1, 6, 14]. Although the shape of the chin is more distinctive
in males than in females, sex determination based solely on
this trait is not sufficiently reliable. Nevertheless, its strong
association with male sex underscore its usefulness as an
initial morphological indicator.

In the present study, 83.3 % of males exhibited posterior
mandibular ramus flexure, while 73.7 % of females presented
a straight posterior border, suggesting that ramus flexure is
predominantly a male trait. This result aligns with several
previous studies suggesting that ramus flexure must be
considered as one additional feature in sex determination [6,
22]. However, the reported accuracy rate of this trait varies
among different population. D. H. Badran et al. [4] reported
that ramus flexure higher predictive accuracy in female
(94.6 %) than in male (47.6 %) within a Jordanian population,
with an overall accuracy 70.9 %. Similarly, another in an
Indian population reported a total accuracy of 61 % for this
parameter [16]2014 to August, 2015 in various Medical
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Colleges of the state of Odisha, India with the use of morbid
anatomical specimen of mandibles and simple measuring
instruments. The posterior ramus of adult mandibles were
studied for presence or absence of any notching and if
present its position in relation to occlusal plane. The study
resulted, that there was a role of notch position in sex
determination. The presence or absence of the notch though
was not a consistent finding of all the mandibles. Males had
frequent notching at the level of occlusal plane (P< 0.01.

The divergence of the gonial angle also showed a
significant sex difference in this present study. An everted
gonial angle more frequently observed in male (76.7 %) and
inverted configurations predominating in females. Gonial
eversion has been remain as a male trait in previous studies
[1, 8, 12, 19, 23]. A study conducted by Shree B. et al. [23]
demonstrated that 89 % males in a North Indian population
had gonial eversion and 68 % females had inversion. Similarly,
Saini V. [19] reported that gonial flare yielded an overall
accuracy of 78.34 % for sex determination. N. F. Deana and
N. Alves [8] also found that Black males in Brazilian population
presented the everted more frequently than Black females
with the sex accuracy up to 93 % in Black males.

In the present study, the muscle markings on the
mandibles surface were significantly more prominent in
male than female. Several previous studies have reported
similar observations [12, 24, 25]. Study by Alias A. et al. [1]
using postmortem computed tomography data in Malaysia,
showed that man was significantly association with prominent
muscle marking (85 %), whereas women had less prominent
muscle marking (90 %).

The observed sexual dimorphism in mandibular traits,
including chin shape, gonial eversion, muscle markings,
and posterior ramus flexure, is likely associated with
differences in biomechanical loading, growth patterns, and
hormonal influences between males and females [3, 17,
27]. Males generally exhibit stronger masticatory muscles,
particularly the masseter and medial pterygoid, which
attach around the gonial region and mandibular ramus. The
greater mechanical loading produced by these muscles
contributes to more pronounced bone remodelling, resulting
in features such as a more prominent or squared chin,
everted gonial angle, and stronger muscle markings [2, 19,
21]. Posterior ramus flexure likely results from variations in
the size, strength, or angulation of the masticatory muscles,
particularly the masseter and medial pterygoid muscles
attaching below the ramus flexure. In males, the more
pronounced medial pterygoid attachment contributes to a
more vertically oriented ramus, while the temporalis and
lateral pterygoid muscles attach superior to the flexure [2].
In contrast, females typically generate lower masticatory
forces, leading to smoother muscle attachment surfaces and
less pronounced mandibular features. These morphological
differences are further influenced by sex hormones and
growth dynamics, as prolonged post-pubertal skeletal
development in males and earlier estrogen-mediated
maturation in females contribute to the development of

distinct mandibular characteristics [17].

In this result, when the four significant non-metric
parameters were analysed collectively using discriminant
function analysis, the model achieved sex-specific
predictive accuracies of 86.7 % for males and 78.9 % for
females, with an overall predictive accuracy of 83.7 % based
on cross-validated classification. These values indicate a
substantial improvement over chance classification and
demonstrate the advantage of combining multiple non-
metric traits rather than relying on a single morphological
feature. The use of cross-validation further strengthens the
reliability of the reported accuracy by minimizing the risk
of overfitting. These findings also reinforce the concept
that sexual dimorphism based on mandibula is population-
specific, highlighting the importance of developing local
standards for forensic identification.

Despite these encouraging results, several limitations
should be acknowledged. The sample size was relatively
small and unevenly distributed between sexes, which may
influence classification performance. Furthermore, the
analysis was limited to dry mandibles and did not incorporate
metric measurements or radiological data, which may provide
complementary information for sex determination.

Future studies should aim to validate these findings
in larger and more balanced samples, assess observer
reliability, and explore the integration of non-metric and
metric mandibular parameters. The incorporation of
three-dimensional imaging techniques, such as CT-based
morphometric analysis, may further enhance the accuracy
and objectivity of sex estimation models. Nevertheless,
the present study highlights the value of non-metric
mandibular analysis as a rapid and practical initial step in
sex determination, particularly in forensic situations involving
incomplete or fragmented skeletal remains.

Conclusion

1. This study demonstrates that selected non-metric
mandibular parameters exhibit significant sexual dimorphism
and can be effectively utilized as an initial approach for
sex determination in an Indonesian population. Among the
evaluated traits chin shape, posterior mandibular ramus
flexure, gonial angle divergence, and muscle markings
showed statistically significant differences between males
and females, with an overall predictive accuracy of 83.7 %.

2. The findings highlight the advantage of using a
multivariate, non-metric approach rather than relying on
a single morphological trait. Given its practicality, minimal
equipment requirements, and applicability to incomplete
or fragmented skeletal remains, non-metric mandibular
analysis represents a valuable screening tool in forensic
and anthropological contexts. However, population-
specific validation remains essential, and future studies
incorporating larger samples, observer reliability assessment,
and complementary metric or imaging-based methods
are recommended to further enhance the accuracy and
robustness of sex determination models.
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Morphological analysis of dry adult mandible as an initial approach in sex determination

MOP®OJOIMNYHUU AHATII3 CYXOI 4OPOCHOI MAHAIEYNU AK MOYATKOBUIM NIAXIO 0O BUSHAYEHHSA CTATI
lMpacemioeami /1., CakiHa C., [esi P. K.

BusHaueHHs cmami 3a cKkerlemHUMU 0cmaHKaMUu € 8UpiluanbHUM KPOKOM y cy0080-meduyHiti iDeHmudbikauii, ocobnueo y sunadkax,
KO/lU ocmaHKuU HerosHi abo ghpaemeHmosaHi, Kk-om mi, Wo mparnisiomecs nid yac macosux kamacmpogh. Ceped enemeHmis
cKeslema HUXHS wenerna Yacmo 36epieaembcsi 3a805IKU C80ili 8UCOKIU cmitikocmi 0 MOWKOOXeHb HaBKOMUUWHbLO20 cepedosulya.
HuxHs wenena e Halbinbwoto ma HalMIUHIWOK KICMKOK STULUe8020 ckerilema. BoHa 3abe3nedye npuKkpinneHHs1 OCHOBHUX Xy8arbHUX
m'a3ie. HuxHs wenena makox 0eMoHCmpYe Yimki MOpghonoeidHi 03HaKU, SKi € UiHHUMU 01151 8U3Ha4eHHs1 cmami. [ogidomrisnocs npo
Kinlbka HeMempUYHUX O3HaK HUXHbOI wenenu, siki deMoHcmpyromb cmamesut Oumopghiam. OOHaK npo2HOoCMuUYHa MoYyHicmb Yux
03HaK 3Ha4Ho eapitoe ceped PisHUX ronynauiti Yeped 2eHemuyYHi, QhyHKUIOHabHIi ma ekonoeidHi ennusu. Kpim moeo, 0ocrioxeHHs,
wWo sus4aromb HEeMempUYHI XapakmepucmuKu HUXHBOI wenenu & iHOOHEe3iUCLKOMY HaceneHHI, 3anuwaromscs 0OMeXeHUMU.
Lle docnidxeHHs mano Ha Memi rpoaHasiysamu HeMempuyHi xapakmepucmuKu HWXHbLOI wiennenu y dopocnux iHOoHe3ilyjie ma
ouiHUMU ix ecbekmueHicmpb 05151 8U3Ha4eHHs1 cmami. byno nposedeHo nepexpecHe O0CIOXKeHHS HUXHBLOI wenenu y 49 dopocnux
ocobuH (30 4onosikie ma 19 xiHok) 3 iHOOHe3ilicbKkoi nonynauil. Cnocmepieanucs giciM HeMempu4YHUX napamempis, 8KIHO4ar4u
gopmy r1idbopidds, npoghink nidbopidds, hopMy 2ifKu HUXHBLOI wenenu, npoginb 2ifKu HUXHLOI werenu, 3a0Hil 8u2uH 2inku
HUXHBOI wenenu, po3biXHicmb Kyma 20Hiany, M'308e MapKyeaHHs ma Hasi8Hicmb aHmez20HianbHOI eupisku. CmamucmuyHul
aHari3 npoeoduscs 3 BUKOPUCMaHHAM 8i0rnogidHo20 npoepamMHo20 3abesneqyeHHss SPSS eepcii 22.0. Byna po3paxosaHa 4acmoma
3ycmpidanbHOCMi KOXHOI 3miHHOI. Cmamesi 8idMiHHOCMI aHanisysarnu 3a 00noMo20K mecmy Xi-keadpam, a pieeHb 3Haqywocmi
8cmaHoentosarnu Ha pisHi p<0,05. [Nomim npogoduscs aHari3 QUCKPUMIHaHMHOI GbyHKUIT 051 OUiHKU KOMBIHOB8aHOI IPO2HOCMUYHOT
moYHOCMI 3Ha4YyuUX o03HaK. B pedynbmami, yomupu mMopghorozivyHi 03HaKu npodeMoHcmpysanu 3Ha4Hul cmamesul OuUMopaiam,
sKnoYaroyu ¢popmy nidbopidds (p<0,05), 3adHili suauH 2irku HUXHLOI wenenu (p<0,001), po3bixHicMb Kyma 20HiarbHO20 32UHY
(p<0,001) ma m'a308i nosHauyku (p<0,001). Ha ocHosi aHanisy duckpumiHaHMHOI ¢hyHKUIT, MOYHICMb PO2HO3y8aHHS 8U3HAYEHHS
cmami cmarosuna 86,7 % y yonosikie ma 78,9 % y XiHOK, a 3a2aribHa Mo4Hicmb rpoeHo3y8aHHs cmaHosusna 83,7 %. OmpumaHi
OaHi nidkpecorms, WO Kiflbka HEMempUYHUX MOPGOOTO2iYHUX 03HaK HUXHBLOI wesnenu, ekmodarodu ¢opmy nidbopiods, 3adHil
8U_UH 2iIIKU HUXHBOI wenernu, po3biKHICMb Kyma 20HiarbHO20 32UHY ma M'a308i Mo3Ha4yKu, 0eMOHCMPYomb supaxkeHul cmamesuli
OumMOophiam i MOMy MOXymb CrIyXumu rnoyamkosum nioxodom Ao 8usHayeHHs1 cmami e iHOoHe3ilickKill mnonynauii. KombiHosaHa
OUjHKa KiflbKOX HEMempUYHUX 03HaK MoKpau,ye mMoYHiCmb Mpo2HO3y8aHHs1 ma MPOMOHYE NPakmMuUYHUl IHCMpYMEHmM CKPUHiHaYy 8
cy0080-Me0UYHOMY KOHMEKCMI, 0COB/IUBO KOMU CKelemHi ocmaHKuU € HernosHuUMuU abo gopazmeHmMosaHuMU.

KntouyoBi cnoBa: cydosa aHmpononoais, npasa o0UHU, HUXHS wienena, Hemempu4yHa Mopghosioeisi, cmameaul OuMopghim.
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