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ABSTRACT. The aim of this work is to compare the influence of the main types of biomaterials on the
x-ray picture of the healing of the defect of compact bone tissue. The experiment involved 96 white Wistar
rats. In the middle third of the diaphysis of the femur there was reproduced perforated defect with a
diameter of 2.5 mm, which in the animals of the 1st group was left to heal by a blood clot, in the animals
of the 2" group was filled with B-tricalcium phosphate (B-TCP), in the animals of the 37 group — with
natural hydroxyapatite (NHAp), and in the animals of the 4th group — with biocomposite material
(synthetic hydroxyapatite/collagen SHAp/Col). The study of the healing of injured bones with the
measurement of their optical density was carried out on the 15%, 30, 60'" and 120" day by computed
tomography. It is established that during the whole period of the experiment the investigated biomaterials
(except NHAp) are replaced by regenerate components. Rating from the lowest optical density to the
largest on the 15-30'" day was represented by the site of the defect in animals of the 1st group (225+36 HU
and 52664 HU), sites of implantation of SHAp/Col (1165+31 HU, 1575+67 HU), p-TCP (1500+49 HU,
1544456 HU), NHAp (2715+197 HU 2703481 HU), and on the 60™ day by the area of the defect in animals
of the 1%t group (1259+73 HU), the sites of implantation of B-TCP (1423+12 HU), SHAp/Col (1757+86 HU)
and NHAp (2841£109 HU). On the 120™ day of the experiment, the optical density of the defect area of
the animals of the 1% group (1652+24 HU) has not reached the same indication as of the maternal bones
(1762+33 HU), the site of implantation of NHAp (3000+81 HU) significantly exceeded it (1680+61 HU),
and the sites of implantation of B-TCP (1762+60 HU) and SHAp/Col (177757 HU) equaled with it
(1750+49 HU, 1714+44 HU). Thus, NHAp provides high and stable densitometrical properties of the defect
area of compact bone tissue, and all other materials for the period of 120 days contribute to full restoration
of the optical density of the injured bone. © 2019 Bull. Georg. Natl. Acad. Sci.
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The search for effective means and methods of bone
grafting to optimize reparative osteogenesis is one of
the most urgent problems of modern traumatology.
More and more new osteoplastic materials are actively

introduced in clinical practice. They represent

different forms of bone collagen, glycosaminogly-
cans, hydroxylapatite, tricalcium phosphate and their
combinations. According to the literature, the latter
demonstrate their efficiency, biocompatibility and

safety [1, 2]. At the same time, information about
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other defining characteristics such as the comparative
effect of biomaterials on the optical density of the
regenerate components in the scientific literature for
some commercial drugs is completely absent, and for
others densitometrical indicators have a significant
discrepancy (several times) [3-5]. The latter is
probably due to the fact that the above characteristic is
influenced by many factors, which include the size
and shape of the implant, the size of the defect, the
regenerative potential of bone tissue [6, 7]. Therefore,
in our opinion, it is necessary to compare existing
osteoplastic materials with each other under the same
conditions in experimentally created bone defects. In
addition, the available in scientific literature results of
the study of the comparative effect of calcium-
phosphate materials on the x-ray picture of the healing
of bone defects are mainly obtained on the spongy
bones, skull bones, and for some drugs there are no
results for the compact bone tissue [8-10].

Taking this into account, the aim of our work is to
compare the influence of the main varieties of bioma-
terials on the x-ray picture of the regenerative process

in the experimental defect of compact bone tissue.

Material and Methods

The experiment involved 48 rats Wistar rats, which had
the same age (8 months) and weight (about 250 g). The
study was conducted in com-pliance with the rules
of humane treatment of experi-mental animals and
approved by the Commission on Bioethics of Sumy
State University (Minutes Nel/l1 of 24.01.2018).
With the help of dental boron, under general
intramuscular anesthesia (acepromazine — 2.5 mg/kg,
ketamine — 75 mg/kg) and under aseptic conditions,
a defect was formed in the middle third of the
femoral shaft with a diameter of 2.5 mm.

Further, depending on the biomaterials used, the
animals were divided into 4 groups:

Group 1 (24 rats) — control, the bone defect was
left to heal under blood clot;

Group 2 (24 rats) — the defect was filled with the
B-tricalcium phosphate in the form of block (jB-
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TCP, osteo-plastic material «chronOS™y, Synthes,
Switzerland);

Group 3 (24 rats) — the defect was filled with the
natural hydroxyapatite of spongy substance of the
tubular bones of cows (NHAp,

material «cerabone®», Botiss, Germany) in the

osteoplastic

form of granules (2-2.5 mm);

Group 4 (24 rats) — the defect was filled with the
biocomposite calcium-phosphate material based on
the synthetic hydroxyapatite and collagen of the 1st
type from the skin of cattle in the form of granules
with a size of 3.5 mm (SHAp/Col, osteoplastic
material «Collapany, Intermedapatyt, Russia).

The bone defect

measurement of its optical density in Hausfield

healing study with
units (HU) was performed using Toshiba Activion
(Japan) computed tomograph under General
intramuscular anesthesia (ketamine — 50 mg/kg) on
the 15th, 30th, 60" and 120" day after injury.
Statistical processing of the obtained digital values
was performed using the Statistica 7.0 software
package. The average values are presented as M+m,
where M is the average value of the indicator, m is the
standard error of the average value. The significance of
differences between the indicators of the animals of the
first, second, third and fourth groups, of the 15%, 30%,
60™ and the 120%™ days was evaluated using Student t-
test. Differences were regarded as statistically probable

in the conditions of p<0.05.

Results and Discussion

The study found that one of the main radiological
differences in the healing of bone defects in animals
of all study groups was the difference in the dynamics
of changes in optical density. Thus, taking into
account the optical density index, it can be noted that
on the 15"-30" day of the experiment in the rating
from the lowest to the highest value, the fist place was
occupied by the defect site, which was under the blood
clot (225436 HU, 526+64 HU), and then the
SHAp/Col implantation site (1165+31 HU, 1575+67
HU), B-TCP (1500449 HU, 1544+56 HU) and NHAp
(2715197 HU, 2703+81 HU) (p<0.05).
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Table. Data of variation-statistical processing (M+m) of the optical density of the defect site and the maternal

bone in Hounsfield units (n=12)

Optical density in units of Hounsfield
Group .
. Metering area Day after surgery
experiment
15 30 60 120
G . The area of the defect 225436234 526+64234 1259+£73234 16524243
I
oup Maternal bone 1729+109° 1746245 1738+51° 1762+33"
G 5 The area of the defect 1500449134 15444563 1423+12134 17624603
O
HP Maternal bone 1619431 1663+41 1597+55* 1750+49
G 3 The area of the defect | 2715+197:24 2703+81 124 2841+£109124 3000+81 24
I
oup Maternal bone 1678+43" 1689+18" 1665+41" 1680-61°
G 4 The area of the defect 1165431123 15754673 175748623 17774573
O
P Maternal bone 1630+61" 1793422 1791+29 1714+44

Note. The sign ' (p<0.05) shows significant difference in the optical density of animals of any group relative to the first,
respectively the signs >4 show the significant difference of animals of any group relative to the second, third and fourth.
The sign * (p<0.05) shows significant difference in optical density between the defect area and the maternal bone.

Thus, the sites of implantation of SHAp/Col,
B-TCP and NHAp did not differ only in optical
density, but on the 15" day of the experiment
significantly exceeded the similar indicator of the
regenerate of the animals whose defect was healed
by a blood clot. The latter indicates that the optical
density of the defect site was due to the density of
the calcium-phosphate material implanted in its
cavity. It should also be noted that on the 15% day
of the experiment, the optical density of the defect
site, which was exposed under the blood clot
(225436 HU), the implantation sites of SHAp /Col
(1165+31 HU) and B-TCP (1500+49 HU) did not
reach the same index of the maternal bone
(1729+£109 HU, 1630+61HU, 1619+£31 HU), and
the implantation sites of NHAp (2715197 HU)
significantly exceeded it (1678+43 HU) (Table).

Under this condition, on the 15" day of the
experiment, the boundary between the defect site
and the adjacent maternal bone was well traced in
all experimental groups. However, this was
particularly evident in animals whose defect healed
under a blood clot and in animals with an implanted
SHAp/Col. This is due to the fact that the
regenerate of animals of the control group due to
the very low optical density in the defect area was
not visualized, and the density of the shadow of

SHAp/Col was significantly lower than that of the
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maternal bone. In contrast to these experimental
groups, the optical density of the implantation site
of B-TCP and NHAp was visually closer to the
same index of the maternal bone. However, due to
the presence of small depressions on the outer
surface of the cortical bone layer, clear contours of
B-TCP and NHAp in the defect cavity and in the
bone marrow canal, the site of their implantation
was also well visualized (Fig. 1).

On the 30" day of the experiment, the optical
density of the defect site of the control group
animals increased by 2.3 (p<0.05) times compared
to the 15" day of the experiment. Due to the
increase in the optical density of the regenerate in
the defect area, its contours began to be traced.
However, due to the significant difference between
the optical density of the regenerate (52664 HU)
and the maternal bone (1746+45 HU), the defect
area, as before, was still well visualized and clearly
delineated from the edges of the maternal bone. On
the 60" day of the experiment there was an increase
in the optical density of the injury site by 2.4 times
(p<0.05) compared to the previous period. Despite
this, the optical density of the regenerate (1259+73
HU) was significantly lower than in the maternal
bone (1738+£51 HU), due to which the place of the
former injury on the computer tomogram could still

be distinguished.
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Fig. 1. Computed tomography of rat femurs on the 15" day after injury. The area of the defect
in animals of the control group (1), and with the implanted B-TCP (2), NHAp (3), SHAp/Col (4).

The optical density of the SHAp/Col implantation
site (1575+67) on the 30" day of the experiment was
close to the same index of the maternal bone (1793£22),
so that the visual boundary between them was almost
not traced. The site of the previous injury could be
distinguished only by the left part of the osteoplastic
material in the medullary canal and a small indentation
in the cortical bone plate. On the 60" day, the place of
SHAp/Col implantation externally had a restored
cortical layer, and its optical density (1757+86 HU) was
equal to the maternal bone (1791429 HU). However,
due to the presence of a small thickening of the
diaphysis from the medullary canal, the area of
SHAp/Col implantation could still be detected.

Unlike the animals of the fourth group, the dyna-
mics of changes in the optical density of the B-TCP
implantation site had a wave-like dynamics. First, du-
ring the first month, the optical density remained prac-
tically unchanged (1500449 HU and 1544456 HU),
and on the 60" day of the experiment, the densitometric
index under study decreased (1423+12 HU), which, in
our opinion, may indicate the predominance of implant
resorption over bone tissue regenerate maturation. At

the same time, these changes in the optical density of
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the B-TCP implantation site visually on a computer
tomogram were accompanied by a gradual decrease in
the implant size from the bone marrow canal and a
decrease in the defect size. However, in the area of
implantation of NHAp on the 30-60™ day of the expe-
riment, the optical density (2703+81 HU and 2841+109
HU) was unchanged and significantly surpassed the
similar indicator of a maternal bone (1689+18 HU and
1665+41 HU). As a result, the contours of the implant
were clearly traced both at the level of the defect and in
the bone marrow canal (Fig. 2, 3).

Due to the presented dynamics of densitometric
changes in the bone defect on the 60th day of the
experiment, there were changes in the optical density
rating. Thus, the B-TCP implantation sites moved
from the third place on the 15"-30" day to the second,
while the SHAp/Col implantation sites, on the
contrary, from the second to the third place. Thus, on
the 60" day of the experiment, the rating from the
lowest to the highest optical density index was headed
by the defect site, which was healed under the blood
clot (1259+73 HU), the next was the B-TCP
implantation site (142312 HU), SHAp/Col
(1757486 HU) and NHAp (2841+109 HU) (p<0.05).
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Fig. 2. Computed tomography of rat femurs on the 30 day after injury. The area of the defect
in animals of the control group (1), and with the implanted B-TCP (2), NHAp (3), SHAp/Col (4).

A DFDV L 0 L ) F D
Fig. 3. Computed tomography of rat femurs on the 60 day after injury. The area of the defect
in animals of the control group (1), and with the implanted 3-TCP (2), NHAp (3), SHAp/Col (4).

On the 120" day of the experiment in the defect  its approximation to the same indicator of the
site, which was healed under the blood clot, and in ~ maternal bone or equaling with it. At the same time,
the implantation site of the studied biomaterials  the lowest optical density was observed in the
(except HAp), there was a tendency to increase the  regenerate of the control group animals (1652+24
optical density compared to the previous period and ~ HU), the highest — in the NHAp implantation site
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(3000+£81 HU), and in the implantation sites of -
TCP (1762460 HU) and SHAp/Col (1777457 HU)
the densitometric index had no significant
difference. At the same time, other researchers who
carried out their measurements of the optical
density of calcium phosphate implant sites mainly
in experiments on the spongy bones and skull
bones, demonstrate slightly different values of the
densitometric index. So, Azevedo AS. et al. found
out that the optical density of the proximal
metaphysus of the tibia of New Zealand rabbits on
the 90" day after implantation of p-tricalcium
phosphate into the cavity of its defect did not have
a significant difference with the same index of the
defect site, which healed under the blood clot, and
was 450+£250 HU [3]. However Kamal M. et al.
note that the optical density of the site of the defect
of the alveolar process of the upper jaw of New
Zealand rabbits in 8 weeks after implantation into
its cavity of B-tricalcium phosphate is 3421+103.2
HU [5]. According to Tanaka T. et al., the optical
density of the proximal epiphysis of the tibia in
humans 2 weeks after implantation into the cavity
of its defect of p-tricalcium phosphate
(1010.9+81.1 HU) was much higher than in the
adjacent to the area of implantation spongy bone
(178.0£45.1 HU), and after 6 years (168.8+75.1
HU) —the same (174.9+69.3 HU) [4]. Thus, there is
a significant difference in the optical density of the
B-tricalcium phosphate implantation site between
the results of the three research groups.

In our study on the 120" day of the experiment,
the optical density of the defect site in the animals
of the control group (1652424 HU) approached, but
did not reach the same index of the maternal bone
(1762+33 HU) (p<0.05), which, according to the
study,
incomplete reparative osteogenesis. At the same

densitometric can be estimated as
time, in the animals whose defect healed under the
blood clot, there was a complete restoration of the
original shape of the bone, and visually on a
computer tomogram it was difficult to detect the

place of the former injury. However, in the area of
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B-TCP implantation in the last observation period
the optical density (1762+60 HU) was equal to the
same index of the maternal bone (1750+49 HU),
which indicates the replacement of calcium
phosphate material with well-mineralized bone
tissue. At the same time, there was no complete
restoration of the original form of the bone, because
at the level of implantation of the biomaterial there
was still a barely noticeable deepening or dense
endosteal callus.

Data on the effect of biocomposite calcium
phosphate materials on the density of the formed
regenerate are also available in the scientific literature.
Thus, the results of the study of Huang Z. et al.
indicate that the optical density of the site of defect of
the epiphysis of the femur of New Zealand white
rabbits 12 weeks after implantation into its cavity of
biomaterial (chitosan/mineralized collagenfibrils/
mesenchymal stem cells) amounted to 357+23 HU. At
the same time, the above figure was 4.5 times greater
than in the area of the defect, which healed under the
blood clot (-100+£10 HU) [8]. However, according to
Danilkovich N. et al., the optical density of the defect
site of the rabbit radius 3 months after implantation of
the biomaterial (collagen-hydroxyapatite scaffold/
mesenchymal stem cells / platelet growth factors) was
2200+100 HU and exceeded the same index of the site
of the defect, which healed under the blood clot
(1800£100 HU) [12].

In our study, the optical density of the femoral
shaft defect site on the 120% day after SHAp/Col
implantation was 1777457 HU. In addition, in the
last period of the experiment, the densitometric
index did not only approach, but also exceeded by
3.67% (p>0.05) the same index of the maternal
bone (1714+44 HU), which together with the
absence of deformation on the outer surface of the
cortical bone layer indicates a complete
restoration of the defect. At the same time,
endosteal callus remained, which indicates the
absence of a complete restoration of the initial
form of the injured bone in the last period of

observation (Fig. 4).
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Fig. 4. Computed tomography of rat femurs on the 120th day after injury. The site of the restored

DFOV: 19 % 2.8cm

defect in animals of the control group (1), and with the implanted B-TCP (2), NHAp (3), SHAp/Col (4).

The leader in optical density among the studied
by us osteoplastic materials was the NHAp
implantation site. The latter, according to the
densitometric index under study, not only exceeded
the implantation site of all other calcium phosphate
materials studied by us, but also had an almost
constant optical density throughout the entire
duration of the experiment. For its part, the study of
Zaccaria L. et al. [9] also indicate that the optical
density of the area of the defect of human skull
bones even 4 years after implantation of
hydroxylapatite into its cavity has a high value
(2800 HU). Son J. S. et al. [13] note that the optical
density of the femoral shaft defect site of hounds 10

weeks after implantation into its cavity of
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hydroxylapatite has a much lower value (862+61
HU). In our study, during 120 days of the
NHAp
maintained a high optical density (2703£81—
3000481 HU), which significantly exceeded the
same index of the maternal bone (1665+41—
1689+18). Due to this, there were no signs of
NHAp replacement by regenerate components

experiment, the implantation  site

during the entire observation period.

Conclusion. Thus, NHAp provides high and stable
densitometrical properties of the defect area of
compact bone tissue, and all other materials for the
period of 120 days contribute to the full restoration

of the absolute optical density of the injured bone.
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M. 3mM963m3z0

br9dols bsbgerdpozm #6039(5L0AIGH0, deatkzeermgool ©g3s3dsdgbdo, beydo, #133506s

(Hommyboos 5350093000 §g3Mob b. domsegzs@osl doge)

§0658009056g B53GHMIoL FoBobos BoMIslogngdol dmsgamo Lobgmdgdol ys3¢gbols TgsMgds
3m0935§BHmeo  dgmmmgsbo  Jumzomol  gBgIBHJool  I3MEbsemdol  M9bBHRIbE  LryMsoby.
9939600960 BoGM©S ,30LGM -0l }0dol MMbAMEEINgd3LAE 5¢d0bmL 306H0sy35DY. gdmls
©05530bol dvgs gbsdgdo smEyagbowr 0dbs 2,588 ©0s3gBHMOL 39MHBMMOMmIdMMO ©IRIIEHO;
6Hdgeos 3063900 XaMBOL 3BMZIYdL F9gdvYEo Lolbeoo 15s83mOmbsermo ©MEH™ZIL,
dgmdg X3IBOL @begaeegdl B-GM03swwEodgmbas@om dggligl, 8gsdy X3nBol gbm3zgergdl —
3mbgdM030  3oMMJulosdsGoGoo  (NHAp), bom  Jgmobg  xamauol  ¢gbmggergds -
d0m3md3mbod@mo  IsLsgrgdom  (Lobmg@ozm®o  3oEOmmIbosdsGodo/3mesygbo SHAp/Col).
©3D056gdwmo dgemgdol 93mMbsemds s 850039 M3BH03MMo od3zMogz0lL IEY6s dglfsgmoe
0gbs 9gmbmmdgdg, MEsdgs0g, 9gbsdmsg s SdgmEy Emal 3Md3orBIhvymo GHMImyMIgool
390mg9bgdom. ©sEaobs, MmI dmgwo gJudgmodgbBol  as6dsgmdsdo  asdm3gzgmemo
30m3slogmgdo  (NHAp-ob  2905) s0agbowo  3m33mbgbEgdom  Boboggmrs.  (33wrowgds
MEsdEILlo  Mm3EH03Mo  Bod3zMm0300s0  Msmergliolizgh IgmbMmAgEg-MEELdgemy  @Ygdol

0moegdo Homamagbomo ogm 30H39w0 X3ROl 3dM39Egdol IB0sbIdIMEo 50Y0Egdom
(225+36 HU 05 526+64 HU), 033q0ob@0oMgdmamo ¢d698000 SHAp/Col (1165+31 HU, 157567 HU),

B-TCP (1500+49 HU, 1544+56 HU), NHAp (2715197 HU 270381 HU), bmeoem dgbsdm3g omgls
300390 XaMBoL (bm3zgegdol EsBosbgdmmo wdboo (1259+73 HU), B-TCP (1423+12 HU),
SHAp/Col (175786 HU) cos NHAp (2841109 HU)-ob 033¢sb@EHogool «jdbgdom. g9dudg@modgb@ol
sb3gmE3g ©®IL, 306390 XaIBOL  (BM3IEIBOL  IBOBIOMWO SOOIl MIBHOIYMDs
b033300393 (1652+24 HU) 396 dosefos 08539 dsBggbgdgaol, Molog gool d3¢rgdds (1762+33
HU), NHAp (3000+81 HU)-0l 033qsbEs3ool mdsbo 3608369cm3abo sFs®d9ds Aol (1680+61
HU), bogoe B-TCP (1762+60 HU) s SHAp/Col (1777+57 HU)-0b 033¢0s6¢o3ool vbgdo dolbo
Ao oym (175049 HU, 1714+44 HU). 30Gogs0, NHAp wmbembzgargmgl 3mddsddudo
dzemgsbo Jumzomol ©sBosBIRMEWo 50Ol Fsmser s LBEGHWOEH ©gbLoGHMIgEHMHOE
botolbl, ©d sBIgmEg ©®IL Yg39es Bsbosgwol  ghmmdmogo bgdmgdgwgds  3sbs3oMmMdGL

©3D056gdwmo dzemol m3@o3mo bodzzMmogol L SmEagbsL.
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