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ABSTRACT

BACKGROUND: It is known that bioceramic implants containing various calcium or silicon compounds in isolation demonstrate
osteoconductive effect in the replacement of post-traumatic bone defects. The combined use of these elements in single
material should potentiate the organotypic filling of the bone cavity by creating favorable ion microenvironment and staged
biodegradation.

AIM: To identify the correlation of radiological indicators of the density of newly formed bone tissue and content of micro- and
macronutrients in a bone defect when it is replaced by bioceramics with various mass ratio of calcium phosphate and silicate.
MATERIALS AND METHODS: The study was performed on male rabbits of the “white giant” breed, which, after receiving a
standardized delimited metaphysical bone defect, implants with variable ratio of calcium phosphate and calcium silicate (in
proportions of 40/60, 50/50 and 60/40 wt. %) were used to replace it. The results were evaluated using multispiral computed
tomography and scanning electron microscopy energy dispersive analysis with detection by the method of correlation analysis
of possible connections between the obtained data.

RESULTS: Quantitative indicators of calcium and phosphorus content in bone regenerate in all groups increased mainly in the
period from 30 to 60 days, and silicon content, reaching maximum amounts by the 30th day of the experiment, subsequently
decreased monotonously, which showed participation of this element in the starting regenerative processes, and its decrease
served as a marker of organotypic restructuring. In the elemental analysis of newly formed bone tissue during implantation
of bioceramics containing phosphate and calcium silicate in the proportion of 60/40 wt. %. The highest amounts of calcium,
phosphorus and silicon and the highest density of newly formed bone tissue were noted, which had direct correlation, and this
pattern was observed both in the early stages (30 days) and throughout the experimental study.

CONCLUSION: Analyzing the data obtained, it can be concluded that it is advisable to study the features of the course of
reparative osteogenesis depending on the ionic environment, as well as the high potential of using synthetic bioceramics in
general and the prospects of using implants on the basis of phosphate-silicate composites for bone defects replacement.

Keywords: osteogenesis; experiment; implant; calcium phosphate; calcium silicate; multispiral computed tomography; scan-
ning electron microscopy; energy dispersive analysis.
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OueHKa 3/71eMEHTHOro COCTaBa M PEHTreHOJI0rM4ecKom
NAOTHOCTM KOCTHOM TKAHW NPU 3aMeLLeHUU
MeTadusapHoro aedeKkra 6MoKepaMUyeCKUMM
dochar-cMAUKATHBIMU FrpaHyNaMu
(axcnepumeHTanbHoe uccnepgoBaHue)

A.A. Poxxpecteenckuit!, I.T. O3i06a’, [.A. MonoHsHKuUH?

1 OMCKMiA rocyapCTBeHHBIA MeaMUMHCKMA YHuBepeuTeT, OMcK, Poccus;
Z OMCKMiA rocyAapCTBEHHbII TexHUYeCKuit yHuBepcuTeT, OMcK, Poccust

AHHOTALMA

06ocHoBaHuMe. W3BecTHO, YTO OMOKEpaMUYECKME MUMNAHTaTbI, M30JIMPOBAHHO COLEPIKALLME Pa3fNyHble COEANHEHUA Kalb-
LMS UM KPEMHUS, LEMOHCTPUPYIOT OCTEOKOHAYKTUBHbIN 3QEKT Npyu 3aMeLLeHU NoCTTpaBMaTUYECKUX LedeKTOB KOCTHOM
TKaHW. COBMECTHOE MCMoJb30BaHWE 3TUX 3/1EMEHTOB B €MHOM MaTepuane A0KHO MOTeHUMPOBaTb OPraHOTUMMYECKOE 3a-
MOMHEHWe KOCTHOM NOIOCTU NYTEM Co3AaHNsA 61aronpusTHOrO MOHHOTO MUKPOOKPYIKEHWSA W CTaAuiiHO Broaerpagaumm.
Lienb. BbisiBUTb KOppensuuio peHTreHoNorMYeCcKUX NoKasaTesneld NIOTHOCTU HOBOOBPA30BaHHOM TKaHW U COLEPIKaHUsA MU-
KPO- 1 MaKpO3/IeMEHTOB B KOCTHOM fiedeKTe Npu ero 3aMeLLieHun BUOKepaMMKOIA C PasfiNiyHbIM MaccoBbIM COOTHOLLIEHUEM
doctata 1 cuMKaTa Kanbuus.

Martepuanbl M MeToabl. MccnepoBaHue BbINOMHANOCH HA KPOSIMKax-CaMuax nopofpl Oenblit BeNMKaH, y KOTopbX nocne
MNOJy4YeHUs CTaHAAPTU3UPOBAHHOMO OTFPaHUYEHHOr0 MeTadK3apHOro KOCTHOMO AedeKTa ANs ero 3aMeLLeHust UCMoMb30-
Ba/M MMNMaHTaTbl C BapbUpyeMbIM COOTHOLLEHMEM (ocdaTta Kanbums M cunukata Kanbumsa (B nponopumsx 40/60, 50/50
n 60/40 macc.%). OueHka pesynbTaToB NpoBOAMAACch METOAAMU MyNbTUCTIMPANIbHON KOMMbIOTEPHOW TOMOrpaguu 1 pacTpo-
BOVA 3/1eKTPOHHOW MUKPOCKOMKM M 3HEPTOANCNIEPCUOHHOTO aHaNN3a C BbISIBIEHWEM METOA0M KOPPEeNsLMOHHOTO aHann3a Bo3-
MOXXHBIX CBA3E/ MEXAY NOSy4eHHbIMU AaHHBIMU.

PesynbTatbl. KonnuecTBeHHbIEe MOKa3aTeNn COAepKaHUA Kanbums 1 gocdopa B KOCTHOM pereHepate BO BCeX rpynnax Ha-
pacTanu npeumyLiecTBeHHo B cpoky oT 30 Ao 60 cyToK, a NoKasaTenu KpeMHus, A0CTUras MakcuMyMa K 30-M CyTKaM 3Kc-
NePUMEHTa, B LabHEMLLEM MOHOTOHHO CHUXaMCh, Y4TO CBUAETENbCTBOBANO 06 Y4acTUM 3TOro MUKPO3IEMEHTA B MYCKOBbIX
pereHepaTopHbIX MPOLECCaX, @ ero CHUMEHME CYXKMNO MapKepPOM OpraHOTUMMYECKOW NepecTpoiiku. B xoae aneMeHTHoro
aHanu3a HoB00OpPa30BaHHOM KOCTHOWM TKaHW MpY UMMNaHTaLUMM BUOKepaMuKK, copepxaluer gocdaTt v CUIMKaT Kanbums
B nponopumm 60/40 Macc.%, Obinn 0TMeUeHbl HanbonbLLee KOMYECTBO KanbLus, Gpocdopa 1 KpeMHUs U HaubonbLuas NnoT-
HOCTb HOBOOOPa30BaHHOM KOCTHOW TKaHW, YTO MMENO NpAMYI0 KOPPESIALMOHHYIO CBA3b, MPUYEM 3Ta 3aKOHOMEPHOCTb HabJlio-
Ailanacb Kak B paHHue cpokm (30 CyTOK), Tak W Ha NPOTSIKEHWUM BCErO IKCMEPUMEHTASIbHOMO MCCIEA0BaHMS.

3akntoueHne. AHanusnpys NoayyeHHble AaHHbIE, MOXHO CAeNaThb BbIBOL O LieNecoobpasHocTh u3ydeHus ocobeHHocTen Te-
YeHMs penapaTMBHOTO OCTEOreHe3a B 3aBMCUMOCTW OT MOHHOTO OKPYXEHWS, @ TaKXKe BbICOKOM NOTEHLMae UCNosb30BaHNs
CUHTETMYECKON DMOKEpaMUKM B LIESIOM W NEepCNeKTMBHOCTU MPUMEHEHUS UMMJIAHTATOB Ha ocHoBe (OChATHO-CUIMKATHbIX
KOMMO3WUTOB AN 3aMeLLEeHUS KOCTHBIX AedeKTOB.

KnioueBble cnoBa: 0CTEOreHes; 3KCMNEPUMEHT; UMNNAHTaT; CIJOCCI)aT Kanbuud; CUNMKaT KasbUuna; MynbTUCNUPalibHAA KOM-
NblOTEpPHaA TOMOI'pad)MFI; pacTpoBas 3J1eKTPOHHaA MUKPOCKONKA; 3Hep|’0,D,VICI'IepCVI0HHbIl7I daHans.
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BACKGROUND

Bone tissue deficiency resulting from osteodestructive
processes requires organotypic replenishment. In addition
to posttraumatic osteogenesis [1] and Ilizarov bone
transport methods [2], free bone autograft implantation
is an ideal method for bone tissue restoration, which has
been recognized in orthopedics in recent decades [3]. With
the development of medical technologies and a detailed
study of the patterns of bone tissue reparation, the optimal
range of materials used increasingly includes bioceramic
implants that have undergone a transformation from
bioinert and biotolerant to those that optimize and potentiate
reparative regeneration at cellular and molecular levels [4].
Owing to its biochemical composition, the implant induces
a favorable microenvironment, affecting the elemental
composition of the bone, which has an activating effect
on osteogenic differentiation of cells, and its staged
degradation contributes to the organotypic replacement
of the bone defect [5]. Hence, researchers are particularly
interested in studying essential (magnesium, copper, zinc,
manganese, and iron) and conditionally essential (boron and
silicon) microelements of bone tissue, which have varying
mechanisms of action in reparative regeneration and can
therefore be differentially used in implantable materials.
For example, it was revealed that copper, manganese, and
zinc are cofactors of enzymes responsible for the synthesis
of collagen and glycosaminoglycans, which in turn serve as
the basis for bone matrix restoration [6], and their combined
deficiency leads to a significant decrease in the calcium level
in skeletal tissues [7]. Boron has a dose-dependent effect
on the differentiation of bone marrow stromal cells. At a
concentration of up to 100 ng/ml, it induces a positive effect,
which is confirmed by an increase in levels of osteocalcin;
type | collagen; bone morphogenesis proteins 4, 6, and 7;
osteopontin, bone sialoprotein, and Runx2; however, at a
level >1000 ng/ml, boron inhibits histogenesis [8, 9]. Silicon
is crucial in the synthesis of sialoproteins and type | collagen
[10] and activates the differentiation of osteoblasts, thereby
increasing the osteogenic cellular potential [11]. Several
studies have shown that at the initial stages of reparation,
the contents of phosphorus and calcium in the intercellular
fluid relatively increase, and the concentration of silicon
significantly increases by 150-200 times [12]. In the future,
as the bone regenerate matures, a reverse trend is expected,
including a decrease in the silicon content and an increase in
phosphorus and calcium levels [13]. Such a pattern can serve
as a marker of an adequate course of the reparative process.

Thus, data on the active participation of silicon in
osteogenesis indicate the possibility of developing artificial
implantable materials used to replace bone defects,
containing silicon along with calcium and phosphorus. Testing
of such composites and studying the dynamics of changes in
the content of these elements in reparative regeneration of
bone tissue are relevant.
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This study aimed to identify the correlation between
radiographic indicators of the density of newly formed
bone tissue and the content of micro- and macroelements
in a bone defect when it is replaced with bioceramics with
different mass ratios of phosphate and calcium silicate.

MATERIALS AND METHODS
RESEARCH DESIGN

An experimental, single-center, prospective, blind,
continuous, controlled study was conducted.

ELIGIBILITY CRITERIA

The study was performed on 3-month-old male white
giant rabbits weighing 4000+200 grams.

STUDY CONDITIONS

The study was conducted at the Omsk State Medical
University (OmSMU) of the Ministry of Health of Russia.

METHOD OF MEDICAL INTERVENTION

An implant with a variable ratio of calcium phosphate
(hydroxyapatite, HA, Ca;y(P0,),(0H),) and calcium silicate
(wollastonite [WT] and B-CaSi0;) containing gelatin as a
binding component (RU patent no. 2785143, dated 12/05/2022)
was developed and manufactured at OmSMU. Macroscopically,
the implant represented a set of spherical granules ranging
in size from 0.2 mm to 1.0 mm in diameter, containing HA/
WT in a proportion of 60/40 wt.%, 50/50 wt.%, and 40/60
wt.%. The use of these ratios was explained by the choice
of the starting point of the study, which was determined at
equilibrium amounts of the components, and by identifying
the potential for improving regeneration with an increase in
the proportion of calcium phosphate or silicate.

Table 1 presents the elemental composition of the initial
powders from which the implantable granules were made.

No significant differences were found in the mass
fractions of calcium and gelatin in the initial powders in all
groups. The highest amount of phosphorus was noted in the
60/40 group, which had a significant difference with the 40/60
group, and that of silicon was observed in the 40/60 group,
which was significantly different from the 60/40 group.

Table 2 shows some physical characteristics of the
implantable granules.

The physical properties of the granules at any ratios of the
initial elements did not differ, and the specified parameters of
the proposed implantable material seemed comparable and
optimal in terms of physicochemical characteristics for its
use in replacing bone defects.

The animals were randomly divided into four groups
(24 animals in each group): the control group (group 1),
wherein the defect was not filled, and three main study
groups, wherein the animals were implanted with a material
with different ratios of calcium phosphates and silicates into
the formed bone defect (group 2 with HA/WT ratio 60/40
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Table 1. The composition of composite powders used to produce granules and the proportion of gelatin in granules, wt. %

Mass fractions of elements in powders

HA /WO Proportion of gelatine
calcium phosphorus silicon
60/40 35.3:0.2 9.9+0.1* 8.8+0.2* 18.7+0.5
50/50 33.9+0.6 8.5:0.2 10.7+0.7 18.410.7
40/60 33.620.7 6.8+0.1* 12.7+0.4* 20.410.3
Note. * — differences between groups are statistically significant, HA — hydroxyapatite, WO — wollastonite.
Table 2. Physical characteristics of granules
HA / WO, weight.% HVq 52» Mpa Pav, 9/cm® Piruer 3/CM3 P, %
60/40 22.2+0.4 1.09+0.03 2.3520.07 52.2+2.1
50/50 26.7:0.4 1.07+0.03 2.6120.12 59.6+2.2
40/60 24.110.3 1.01+0.04 2.27+0.14 55.4+3.0

Note. HV 4, — Vickers microhardness, p,,, py, — average and true density of granules, P — granule porosity, HA — hydroxyapatite, WO — wol-

lastonite.

wt.%, group 3 with HA/WT ratio 50/50 wt.%, and group & with
HA/WT ratio 40/60 wt.%). Subsequently, at days 30, 60, and
90, eight animals of each group were withdrawn to analyze
the results of the experimental study.

All animals underwent a standardized compression defect
of the metaepiphyseal part of the femur under intramuscular
sedation with a solution of tiletamine hydrochloride and
zolazepam hydrochloride (with the dosage calculated based
on body weight), which was filled with the test material
in the experimental groups, whereas in the control group,
plastic replacement of the defect was not performed. Surgery
involved the formation of a full-layer fragment of the cortical
plate measuring 10 x 5 mm along the anterior—outer surface
of the distal metaepiphysis using a milling saw, followed by
its impression to a depth of 8 mm. Moreover, the volume

of the formed defect cavity was identical in all series of
the experiment and amounted to 400+20 mm? (RU patent
no. 20802431, dated August 28, 2023). After elevation of
the osteotomized fragment, the formed post-compression
bone cavity remained intact (Fig. 1a), or 0.4 cm? of synthetic
material was placed in the defect site (Fig. 1b). The cortical
plate was fixed in the maternal bed, and the soft tissues were
sutured layer by layer.

OUTCOME RECORDING METHODS

Bone tissue response to implantation and the
dynamics of reparative processes were monitored by
X-ray examination (Toshiba Radrex digital X-ray diagnostic
complex) and multispiral computed tomography (MSCT,
Toshiba Aquilion CXL 128 X-ray computed tomograph) at the

Fig. 1. CT of the metaphyseal defect area: @ — the zone of compression defect of the distal metaphysis of the femur of a laboratory
animal, group 1 (CT-scan), b — the zone of compression defect of the distal metaphysis of the femur of a laboratory animal, group 3

(CT-scan).
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initial stages of follow-up (on day 7 after surgery), and on
days 30, 60, and 90 after implantation. The density of newly
formed bone tissue was measured using MSCT scans in
the sagittal projection in standardized indices, Hounsfield
units (HU) in five selected identical points located in the
area of the proximal, distal sections and the geometric
center of the hone cavity, subcortical zones under the
resected part, and the contralateral cortical plates. When
compared in groups, the indices were summed up and
subjected to statistical analysis according to the Misch
scale [14], proposed for assessing newly formed bone
tissue with the allocation of four variants of regenerate
density indices depending on the measurement results. In
variant 1, the density exceeding 1250 HU corresponded to
an isolated initial layer of compact bone; that from 850 to
1250 HU corresponded to bone with uniform expression
of compact and spongy substance, that from 350 to 850
HU corresponded to bone with a porous compact plate
and loose spongy substance, and that less than 350 HU
corresponded to an almost complete absence of a compact
layer and unformed trabecular spongy bone.

The elemental composition of the tissue in the area
of the bone defect being replaced was analyzed with
scanning electron microscopy and energy-dispersive
analysis (SEM-EDA) using a JCM-5700 scanning electron
microscope equipped with a JED-2300 (JEOL) X-ray
energy-dispersive spectrometer. The average longitudinal
section 2 mm thick of the metaphyseal femur in the
defect area was assessed in animals withdrawn from the
experiment on days 30, 60, and 90. Before the analysis,
soft tissues, including the periosteum, were carefully
removed from the surface of the bone fragment, and
then the bone was dried at 38°C for 4 weeks. To orient
the structure of the defect, milling grooves were applied
to the macropreparation, limiting the defect area. The
study field was lowered by 4 mm from the center of the
resected cortical plate, thereby reaching the center of
the defect. Using the SEM-EDA method, micrographs and
data on the content of calcium, phosphorus, and silicon
in the samples and maps of their distribution in the
structure of the near-surface layer of the studied bone
tissue fragment were obtained.

STATISTICAL ANALYSIS

Statistical processing of the results was performed on
a personal computer using statistical functions in Microsoft
Excel 2020 and the Statistica 10.0 application package. As
part of descriptive statistics, the indicators of the median,
lower, and upper quartiles were calculated. To test the
hypothesis of normal data distribution, a Gaussian curve
was used. The hypothesis of normality was rejected in most
samples; thus, the significance of differences was determined
using nonparametric statistics. To compare two independent
groups, the Mann—-Whitney U-test was used. The critical
level of significance when testing statistical hypotheses was
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0.05. To identify possible relationships between the signs,
a correlation analysis was performed using the Spearman
rank correlation method. As a result, a number of correlation
coefficients (r;) were obtained for the number of variables
selected for analysis.

ETHICAL CONSIDERATIONS

The study was performed in compliance with the
principles of humanity set out in the directives of the European
Community (86/609 / EEC) and the Helsinki Declaration,
based on the approval of the Ethics Committee of OmSMU
(no. 128, dated 02/03/2021).

RESULTS

In the postoperative period, the experimental animals
were under daily follow-up with control and assessment of
vital and laboratory parameters. In days 1-6, changes in the
clinical status and behavior of rabbits were observed. In the
first 24 hours, the study animals were apathetic, adynamic,
did not lean on the operated limb, and refused food. By the end
of day 6, the animals had fully restored mobility, appetite, and
support ability of the operated limb. In the early postoperative
period (day 12), one of the rabbits in the control group had
a femur fracture in the area of the formed defect; a slight
displacement of the fragments allowed it not to be excluded
from the study. In the remaining animals, no traumatic or
bacterial complications were detected, which allowed the
study to be completed to the final point of withdrawal from
the experiment [15].

Control MSCT study performed on day 7 after surgery
showed that in all the main groups, the granules completely
filled the formed defect, whereas no signs of their migration
and pathological periosteal or endosteal reaction were
noted. The median density on day 7 after implantation in all
experimental groups of animals were very close and ranged
from 290 to 305 HU (p >0.05). The median tissue density in
the defect area in the control group without implantation
of the material at the same time was 108 HU, which was
significantly lower than those in the experimental groups.

Subsequently, the MSCT presentation in the control
group and in the groups with implantation of materials
with different ratios of calcium phosphate and silicate was
heterogeneous; however, in all groups, the bone tissue
density indicators significantly increased by week 12 of the
study (Fig. 2). Thus, in group 1 (Fig. 2a), the average tissue
density in the area of the formed defect by the end of the
first 4 weeks was 189.1 [175.0; 198.5] HU, and by week
12, demonstrating consistent positive dynamics, it reached
287.1 [276.0; 296.5] HU. Such relatively high average data
did not fully correspond to the MSCT presentation, wherein
convincing signs of bone regeneration were revealed only in
the area of the osteotomized cortical layer and the adjacent
endosteal zone. In the central parts of the metaphyseal
defect, the parameters of the tissue filling the defect were
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Fig. 2. Density indicators of newly formed bone tissue in the implantation zone of the material in groups: @ — group 1, b — group 2,

¢ — group 3, d — group 4.

significantly lower than the density indicators characteristic
of unformed spongy bone, which determined the minimum
level of the integrative result, which did not correspond to
type 4 according to the Misch classification.

In group 2 (Fig. 2b), according to the MSCT study results,
after 30 days of follow-up, the newly formed tissue with
inadequate homogeneity occupied almost the entire volume
of the bone defect and reached the minimum values of intact
bone in density, corresponding to type 4 according to the
Misch classification. Subsequently, throughout the entire
follow-up period, a stable tendency toward compaction and
restructuring of the bone regenerate was noted, as expressed
in achieving an average density of 421.0 [411.0; 430.0] HU
by day 90 (type 3 according to the Misch classification), and
the dispersion of indicators in different studied areas became
minimal.

In group 3 (Fig. 2c), according to the MSCT study, on
day 30 after surgery, the average value of the density of
newly formed tissue was 202.0 [195.5; 222.0] HU, which
was significantly lower than the standard density values of
bone tissue according to Misch. The density that determines
unformed bone was not achieved by day 90 of the study (322.5

DAl https://doi.org/1017816/vt0b24522

[311.0; 335.1] HU), with a non-critical spread of maximum and
minimum values.

Moreover, less positive dynamics of osteogenesis was
recorded in group 4 (Fig. 2d) according to MSCT data. On day
30 of follow-up, the average value of the density of newly
formed tissue was almost two times lower than the density
of unformed spongy bone and amounted to 184.0 [175.5;
195.5] HU. An 18% increase by day 60 and a less obvious 7%
improvement by day 90 allowed this indicator to approach
only a little closer; however, it still did not correspond to
the bone density of type 4 according to the classification of
S. Misch.

In assessing the dynamics of the studied indicators in
different groups, it should be noted that by day 30 of the
experiment, the average value of bone density in group 2
significantly exceeded the similar result in other groups
(p <0.01); however, the growth of the parameter in question
in days 30—60 was most pronounced in group 3 (p=0.0474),
milder in groups 1 and 4 (p=0.0481), and weaker in group 2
(p=0.0491). In days 60-90, the greatest increase in bone
density was registered in group 2 (p=0.042), and less intense
and almost identical dynamics were revealed in the other



https://doi.org/10.17816/vto624522

ORIGINAL STUDY ARTICLES

experimental groups (p=0.046). Moreover, the final integrative
indicators in days 60 and 90 indicated complete replacement
of the defect with newly formed bone tissue with obvious
signs of the beginning of organotypic restructuring in
group 2 (p <0.01). The studied indicators in groups 1 and 4
demonstrated similar dynamics and very close values at the
control points of the study, confirming the slow, incomplete,
and uneven replacement of the defect with unformed spongy
bone (p=0.048). In group 3, despite a significant increase
in bone density in days 30-60 of follow-up, which reached
63.8%, the final result by day 90 (with an increase dynamics

450
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2 350
= Group 2
@
§ 300
g Group 3
@ 250 P
200
=@ Group 4
150
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of 22.2% from days 60-90) did not reach the reference values
characteristic of unformed spongy bone (p=0.046) (Fig. 3).
At the next stage of the study, the bone samples were
analyzed using the EDA method. In assessing the amount
of calcium, phosphorus, and silicon in the bone tissue
of the area of the repaired defect, similar dynamics of
the ratio of elements in the study area were recorded
in all groups, and the dynamics of changes in absolute
quantitative values were the same (p=0.041). However,
calcium, phosphorus, and silicon content significantly
differed between the groups at different times of the

30 Days 60 Days

90 Days

Follow-up period

Fig. 3. Diagram of the average density of newly formed bone tissue in the groups during the entire follow-up period.

Table 3. Changes in the content of calcium, phosphorus and silicon on the surface of the cut of newly formed bone tissue (according to

the terms of the experiment), Me [LQ; HQ]

fl ‘ Timi Groups
ements imin
g Control 60/40 50/50 40/60
o 30 1461 2061 1475 131
y [13.95: 15.22] [19.75: 21,551 (2.1 16.1] [10.29: 12.72]
o 26.11 35.51 27 19.95
Calcium, weight % day 60 [23.75: 28.45] [32.75: 40.01]* [22.45: 27.65] [17.26; 2155]
- 28.41 36.02 24,08 275
y [26.15: 30.22] [30.93; 38.25]* [21.95: 26.95] [19.5: 23.51]
o 30 6.64 15.58 12.55 8.69
y [6.39: 718] [13.67: 1741]" [10.76; 14.65]* 784 9411*
Phosphorus, dav 60 10.10 1771 13.53 12.02
weight % y [973: 11.49] [16.35: 18.95]* [11.41; 16.65]* [963; 13.11]
oy 90 175 18.56 1611 .61
y [11.23: 12.32] [17.9: 19.17]* [12.18; 15.35]* [10.58; 12.44]
o 30 0.75 195 145 0.98
y [0.51; 0.81] [179; 2.15p* [1.15; 1.74]* [0.97: 1.15]
- . 0.23 051 0.17 0.13
Silicon, weight%  day 60 [0.21: 0.28] [0.25: 0.81]* [0.11; 0.33] [0.03; 0.18]
4oy 90 0.04 0.17 0.11 0.05
y [0.02; 0.09] [0.08; 0.23]* [0.05; 0.19]* [0.02; 0.07]

Note. * — differences between groups are statistically significant (p <0.05).
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study (Table 3). Calcium levels increased predominantly
throughout the monitoring period in all groups (p <0.04).
However, they reached their highest value in group 2 by
day 30 of follow-up and, at all subsequent times, exceeded
the indicators in other groups by 18.3%-44.6% (p=0.03),
with a relatively more uniform distribution of elements in
the studied areas (Fig. 4).

=g
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The final calcium levels in the group without bioceramic
implantation exceeded those in groups 3 and 4 (p=0.045).
Similar dynamics were revealed in the change in phosphorus
content in the samples (p=0.045). However, unlike calcium,
the final mass fractions of phosphorus in groups 1, 3, and
4 were statistically proportionate, although they remained
one-third less than that in group 2 on average (p=0.046).
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Fig. 4. Micrography of the surface of a bone sample of a labora-
tory animal with implantation of granules of the composition HA/
WT 60/40 wt.% on day 30 (a, b), maps of the distribution of calcium
(c), phosphorus (d) and silicon (e) in this area.
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The silicon content in all groups demonstrated the opposite
trend, as it changed from maximum amounts on day 30 of
the experiment to an almost tenfold decrease by day 90.
The highest silicon content in the bone defect area was
registered in the group of animals that were implanted
with a material containing the smallest amount of calcium
silicate (group 2, HA/WT 60/40 wt.%). Moreover, the silicon
content in the samples decreased at all stages of the study
as the proportion of silicon salt in the granules increased
(from 40 to 60 wt.% when changing from materials with
a HA/WT proportion of 60/40 wt.% to granules containing
calcium phosphate and silicate in a ratio of 40/60 wt.%).
Not only the low amount of silicon found on day 30 in group
4 was unexpected, but also the tenfold difference in this
indicator by the end of the experiment (day 90) compared to
the data in group 2 (p=0.002), owing to its maximum values
in the initial powders.

According to data of the EDA analysis of the areas of
the restored bone defect, it can be concluded that, at all
monitoring periods, the content of calcium, phosphorus,
and silicon was significantly higher in group 2 than in the
other groups (p=0.02), which was evident by day 90 (p=0.02)
(Table 4). Furthermore, the decrease in the silicon level in
the studied macropreparations of group 2 at all monitoring
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periods occurred less rapidly with similar positive dynamics
of calcium and phosphorus indicators.

When conducting Spearman’s correlation analysis,
significant correlations of medium and high strength were
revealed between the level of microelements in the structure
of newly formed tissue and bone density in all groups, except
for phosphorus in group 3 (in this case, no correlation was
noted). The strongest correlation was noted in relation to the
amount of silicon and the density of newly formed tissue in
groups 1 and 2 (=—0.848 and r=-0.775, respectively). A direct
correlation between calcium content and tissue density was
revealed in all study groups and was assessed as a moderate
correlation. Changes in the amount of phosphorus in the bone
tissue structure did not always correspond to an increase
in the density of newly formed tissue; thus, in group 2, a
moderate correlation was noted (r=0.458), and in group 3, no
correlation was found (r=0.158) (Table 5).

DISCUSSION
SUMMARY OF THE MAIN RESULTS
OF THE STUDY

The study results indicate that implants containing
calcium phosphates and silicates can be used to fill

Table 4. The distribution of trace elements in the structure of the newly formed tissue on the 90th day of the study, Me [LQ; HQ]

Group Calcium, weight.%

Phosphorus, weight.% Silicon, weight.%

28.41
[26.15; 30.22]

36.02
[30.93; 38.25]

24.08
[21.95; 26.95]

2175
[19.55; 23.51]

11.75 0.04
[11.23; 12.32] [0.02; 0.09]
18.56 0.17
[17.94; 19.17] [0.08; 0.23]
14.1 0.1
[12.18; 15.35] [0.05; 0.19]
11.61 0.05
[10.58; 12.44] [0.02; 0.07]

Table 5. Spearman correlation coefficient for the levels of calcium, phosphorus and silicon in biopsies by weight.% and bone density in HU

Group Elements r p | t (N-2)

Ca/HU 0.691 >0.001 6.526

1 P/HU 0.733 >0.001 1319
Si/HU -0.818 >0.001 -9.673

Ca/HU 0.681 >0.001 6.298

2 P/HU 0.458 0.001 3.503
Si/HU -0.775 >0.001 -8.34

Ca/HU 0.573 0.0002 4,74

3 P/HU 0.158 0.27 1.08
Si/HU -0.696 >0.001 -6.58

Ca/HU 0.573 >0.001 474

4 P/HU 0.559 0.00003 4.58
Si/HU -0.694 >0.001 -6.54

Note. Ca — calcium, P — phosphorus, Si — silicon.
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bone defects, owing to their properties of osteoinduction
and osteoconduction in the absence of a pathological
inflammatory reaction of the surrounding tissues. The most
pronounced osteogenic effect, confirmed by radiation and
microscopic research methods, was observed in group 2,
wherein materials with a ratio of calcium phosphates and
silicates of 60/40 wt.% were implanted into the metaphyseal
defect zone.

DISCUSSION OF THE MAIN RESULT
OF THE STUDY

The capacity for physiological, reparative regeneration
and post-load remodeling is a fundamental characteristic
of bone tissue, determining the cycles of replacement and
remodeling. These processes include the recruitment and
differentiation of populations of osteoblastic and osteoclastic
cells which activity is coordinated and regulated by a complex
combination of biological, biochemical, and physical factors
[16, 171. Among the most crucial biological components
responsible for the reparative activity of bones, various
growth factors that manifest as a result of the activation of
platelet alpha granules such as PDGF, VEGF, TGF, IGF-I, IGF-II,
FGF, TGF-B1, and others [16], biologically active substrates
(endostatins, angiopoietins, and thrombospondin 1) [18],
T-lymphocytes, and pro-inflammatory cytokines, particularly
interleukin-17F (IL-17F) [19], are traditionally considered.
Several studies highlighted the reorganization of complete
hormonal regulation of damaged areas of the skeleton, on
which the adequacy and nature of the restorative processes
generally depend, noting that it is the cascade of endocrine
changes that accompanies physiological and reparative
regeneration of bone tissue at all its stages [2023]. In some
studies, the process of regulation of intercellular behavior and
interaction of determined and induced cellular elements with
the extracellular matrix and cytoskeleton is considered as the
most critical component of osteogenesis, and the integrins
that implement it are actively involved in angiogenesis, cell
migration, and general regulation of the cell cycle and in the
differentiation of osteoblastic and osteoclastic structures [24].

A problem in the course of reparative regeneration in
the area of a bone defect is the need for its clear orientation
toward organotypic replacement, as in the early stages of
replenishment of lost structures, the growth of connective
tissue with its subsequent fibrosis stops the process of
neo-osteogenesis. In contrast, the connective tissue growth
factor, under certain conditions, acts as the most crucial
regulator of skeletogenesis, ensuring the physiological
course of mesenchymal condensation, chondrogenesis, and
osteogenesis [25]. Some experimental studies have shown
that the connective tissue growth factor, which is expressed
and secreted by osteoblasts during proliferation, regulatory
induces osteogenic differentiation in the osteoblasts, and
its pathological expression becomes a component of new
mechanisms for the development of non-organotypic
replacement and secondary osteoporosis [26]. Fibrosis

Vol. 31 (3) 2024

DAl https://doi.org/1017816/vt0b24522

N.N. Priorov Journal of Traumatology and Orthopedics

becomes an unjustified non-specific reaction of the body,
physiologically ensuring the isolation of the remaining
bone cells from contact with the external environment,
but hindering the differentiation and specialization of
connective tissue, especially in contact with abiogenic
structures (e.g., implants and endoprostheses) [27].
Following this logic, the replacement of the defect with
bioimplants has the same risks of uncontrolled growth
of undifferentiated connective tissue. This process can be
hindered, or more precisely, organotypic replenishment of
the defect can be facilitated by staged degradation of the
implanted material and by creating a microenvironment
that would induce or facilitate the development of further
differentiation of growing osteogenic structures. In this
regard, relying on the studied mineral composition of bone
tissue, many researchers pay attention to the presence
and distribution of essential elements in the damage zone.
Notably, during bone tissue formation, the concentration of
some macro- and microelements increases, in particular
calcium, phosphorus, and silicon [12]. It is logical to create
such concentrations of these components that would,
on the one hand, be able to direct histogenesis in the
proper direction and, on the other hand, provide growing
tissues with the optimal amount of the required elemental
material. Although widely used in modern traumatology
and orthopedics, the isolated use of bioimplants consisting
of various calcium or silicon compounds has also some
drawbacks. It has been established that implants made of
calcium phosphates have a serious issue of uncontrolled
biodegradation, when slow resorption inhibits the
processes of osseointegration, and rapid dissolution can
lead to insufficient filling of the bone defect [28]. The
use of hydroxyapatite promotes osteogenesis processes;
however, this process develops mainly on the bioimplant
surface, and undifferentiated connective tissue can form
in its center with insufficient degradation [29]. Silicon in
bioimplants has a different mechanism of action; gradually
releasing, it potentiates osteogenesis by acting primarily
on the vascular component of granulation tissue [30].
Because bone tissue, being highly specialized, develops and
is restructured under conditions of oxybiotic nutrition, the
induction of endothelial cell function through the activation
of VEGF and the main fibroblast growth factor provides the
necessary biological effect [31, 32]. A high concentration of
silicate ions, more than 20 times higher than the initial one,
was revealed in the growth zones of young bone, with their
maximum amount being in the cytoplasm of osteoblasts,
where orthophosphoric acid potentiates their differentiation
and increases the concentration of osteogenesis markers,
including the procollagen type | carboxy-terminal propeptide
[12]. A significant disadvantage of materials made with
silicon (bioglass) is that they undergo biodegradation much
faster than calcium phosphates, which does not allow them
to be used as an osteoconductive framework for relatively
slowly growing bone [33].
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Some studies have shown that the use of implantable
materials based on composites, including calcium phosphate
and silicate, in replacing bone tissue defects shows
comparatively better results than their separate use [13, 34,
35]. The combined use of these substances can potentiate the
strengths of each of the components and relatively neutralize
the weaknesses. Accordingly, the study of the features of
changes in the amounts of phosphorus, calcium, and silicon
in growing bone tissue can provide indirect information on
the features of its regeneration and the dependence of the
elemental composition on the stage of the process and
determine the optimal ratio of the studied components in
the implant composition. A highly informative tool for such
a study is the combined SEM-EDA method, which allows
visualization of the surface morphology of biological object
samples, identification of the qualitative and quantitative
elemental composition of their surface layer, and collection
of data on the integral and local distribution of atoms of
chemical elements in the mapping mode [36].

In general clinical practice, the widely used test for
monitoring and visualizing bone tissue regenerative processes
is routine X-ray examination, owing to its availability, sufficient
degree of objectivity, and simplicity. Its significant drawback
is the lack of objective criteria that allow identifying,
evaluating, and comparing areas of reparative activity. The
next generation of X-ray methods, multispiral computed
tomography, which enables detecting areas of interest in
numerical values, HU, does not have this drawback. The basis
for comparing bone tissue density is the scale proposed by
Misch and Kircos in 1999. They indicated 150 HU as the lower
limit of bone density; however, in some studies, bone tissue
was diagnosed at a density >200 HU, that of muscle tissue is
148 HU, and undifferentiated tissue is from 5 to 135 HU [37].
The consensus opinion is that organotypic bone remodeling
is detected with an optical density of the tissue under study
exceeding 350 HU [38-40], which was adopted as the main
criterion in the present study.

The starting point of the study was determining the
radiographic density of bone defect structures during their
initial filling with phosphate-silicate granules. Since day
7 after defect replacement, the median densities in the
experimental groups did not have a significant difference and
significantly (more than 2 times) exceeded this indicator in
group 1 without defect replacement with implants. it can be
recognized that the initial radiographic density of bone defect
structures was determined by the density of the implanted
material and did not depend on the ratio of phosphates and
silicates in its composition. By day 30 after implantation, a
decrease in density indices by 3.5% was noted in group 2 and
by more than 50% in groups 3 and 4 and a moderate increase
in the control group by 75% (up to 189 HU). We believe that
such a significant decrease in density indices by this time in
the experimental groups was primarily due to the primary
fragmentation and degradation of the implanted material
and the low area of newly formed bone tissue. According
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to previously obtained data, its area ranged from 8.51 [6.25;
9.971in group 2 to 6.11 [4.75; 8.21] in group 3 and 3.68 [2.87;
4.88] in group 4 [15]. A less significant decrease in density in
group 2 was explained by a large amount of new bone.

Additionally, the residual granules of the implanted
biocomposites had a direct effect on the radiographic density.
Morphometric study showed that all the groups contained
fragments of granular material (15-35 pm in size) tightly
embedded in the newly formed trabecular structure. However,
by day 90, their quantity did not exceed 7.9% of the total
defect volume in group 2 and remained at 17.4% and 17.3%
in groups 3 and 4, respectively, whereas the area of newly
formed bone tissue in group 2 was 23.06 [19.51; 26.01]%, 17.5
[15.4; 20.8]% in group 3, and 7.6 [4.5; 9.3]% in group 4 [15].
Consequently, the area of newly formed tissue had a greater
effect on the radiographic density of the regenerated segment
than the remaining, partially resorbed, granule fragments.

Comparison of the data obtained with SEM and MSCT with
the determination of correlations between them became the
main objective of the study.

The study of the elemental composition of bone preparations
using the EDA method showed that in group 2, at all follow-
up periods, the content of calcium, phosphorus, and silicon
was not only the highest, but also had a statistically significant
difference with the control and experimental groups, with the
amount of calcium and phosphorus increasing only until day 60
and the silicon content decreasing tenfold by day 90. In group
4, the mass fractions of calcium and phosphorus, although
increasing until day 90, were the lowest and comparable with
the indicators in the control group. Significantly higher level
of silicon was determined on day 30 in the control group, but
significantly lower level than in other experimental groups
was noted. The data of group 3 occupied an intermediate
position, but were closest to the indicators of group 4. Thus,
the maximum accumulation of calcium in the bone defect zone
was revealed in group 2, which was generally proportional to
its concentration in the powders.

Based on the data obtained, it can be assumed that the
focus on the number of elements in the original material
cannot be accepted as an isolated factor determining the
resource of ionic action. This study showed a more crucial
role of the ratios of calcium phosphates and silicates in the
implanted material for the manifestation of their regenerative
potential. The best potentiating effect with a mass content
of 60% HA and 40% WT in granules, indicating the greatest
expression and duration of bone tissue formation, is explained
by an earlier and higher degree of material degradation,
including with the use of tissue active cellular elements
(e.g., giant cells of foreign bodies), with subsequent faster
capture and accumulation of them by osteoblastic cells.
Notably, when using phosphate-silicate implants with a HA/
WT ratio of 40/60 wt.%, the MSCT density of newly formed
tissue in the area of the formed defect by day 90 was lower
than in group 1, where the metaphyseal defect area remained
unfilled.
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The results obtained by the SEM-EDA method were
compared with those with the objective X-ray presentation.
It revealed that the best results of defect replacement were
noted in group 2, where hone structures were registered
by day 30, which continued organotypic reorganization on
days 60 and 90 of the experiment and eventually reached
the density of mature spongy bone. In other experimental
and control groups, the bone regenerate density indices by
day 90 of the study significantly fell behind the results of
group 2, with closer values recorded in animals of group
3 and the lowest and comparable ones in groups 1 and 4.
The correlation between the radiographic data obtained and
the levels of calcium, phosphorus, and silicon showed a
high closeness of the relationship between the amount of
calcium and bone regenerate density, which is a studied
and explainable pattern. The direct correlation between the
high silicon content in the early stages of connective tissue
specialization and the radiographic bone density revealed
in this study confirms the importance of this microelement
in regenerative processes, and its decrease can serve as a
marker of organotypic restructuring. Conversely, according
to the data obtained, the probable optimal ratio of calcium
phosphate (hydroxyapatite) and calcium silicate (wollastonite)
was approximately 60/40 mass%. The data of the experiment
indicate that a further increase in the calcium silicate content
leads to a slowdown in organotypic restructuring and in the
formation of the bone regenerate. The prospects of the study
are identification of the limits of the regenerative potential
of implants with a proportional decrease in the amount of
silicon in the implanted biomaterials.

The results of this study demonstrate the feasibility
of evaluating the features of the course of reparative
osteogenesis depending on the ionic environment, as well
as the high potential for the use of synthetic bioceramics
in general and the possibility of using implants based on
phosphate-silicate composites to replace bone defects.

CONCLUSION

The stages of accumulation of calcium, phosphorus, and
silicon ions are directly associated with the radiographic
indicators of bone regenerate density and change in the
processes of regeneration and specialization of the structures
of the damaged area.

Quantitative indicators of calcium and phosphorus content
in the bone regenerate increase mainly in days 30-60, and
silicon indicators reach their maximum values by day 30
of the experiment and then slowly decrease. This indicates
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