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Abstract

Aim - to carry out a quantitative assessment of the healing of tubular bone
fracture modeled by applying a hole defect in it and to analyze existing
methods of bone regenerate morphometry.

Material and methods. The data were obtained on 30 white mature rats,
which had a hole defect made in the tibiae. Morphological and morphometric
studies of the regenerate were performed on the 3rd, 10th, 15th, 24th and 45th
days after surgery on histological sections.

Results. Microscopically the tibial regenerate in mature rats is characterized
by the presence of hematoma from 3rd to 10th days, as well as granulation
tissue from 3rd to 24th days, fibroreticular tissue, woven bone from 3rd to 45th
days, and lamellar bone, from 10th to 45th days of reparative osteogenesis.
Along with the well-known structures of the bone regenerate, muscle fibers
have been identified in its granulation tissue. Due to the peculiarities of the
structural organization of fibroreticular tissue, woven and lamellar bones and

their localization in the regenerate, it is proposed to distinguish organized
and unorganized layers in the first, and typical and atypical (disorganized)
components in the rest. Histomorphometry was used to obtain data on the
actual values of the areas of hematoma, granulation, fibroreticular tissue,
woven and lamellar bones on 3rd, 10th, 15th, 24th, 45th days after fracture
modeling, their percentages to the total area of the regenerate and the dynamics
of their changes from one period to another.

Conclusion. The histomorphometry data of the tibial regenerate on the 3rd,
10th, 15th, 24th and 45th days after surgery, as well as the revealed features
of its histostructure, supplement the available information on bone fracture
healing and can be used for fundamental medicine.
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AHHOTauus

IDenp — oCylIecTBUTh KOJIMYECTBEHHYIO OLIEHKY 3a’KUBIIEHHUs IepesioMa
TpyO4aToi KOCTH, CMOJIeJIMPOBAHHOTO ITyTeM HaHeCeHUs B Hell CKBO3HOI'O
nedekTa, ¥ IPOBECTH aHAJIU3 CYIIeCTBYOIIUX METOIUK MOPPOMETPUN KOCT-
HOTO pereHepara.

Marepuai u MeTonbl. JlaHHbIe 1o1y4deHbl Ha 30 6eIbIX 10JI0BO3PeJIbIX KPbI-
cax, KOTOPbIM HaHOCWJICSI CKBO3HOM JIbIpYaThIil fiedpeKT B GoiibiebeprioBbIx
KocTsix. Mopdosoruyeckoe u MopdpoMeTpryeckoe U3ydyeHUe pereHepara
ocymecTsisii Ha 3, 10, 15, 24, 45-e cyTku nocie orneparyy Ha TUCTONO-
I'MYeCKUX Cpe3ax.

Pesynbrarsl. VccienoBanue perenepara 60iblie6eprioBoi KOCTH 110J10-
BO3peJIbIX KPbIC MUKPOCKOIIMYECKH XapaKTepH3yeTC sl HAJINYKeM IeMaTOMbl
Ha 3 1 10-e cyTkH, a TakXKe IPaHYJSIIUOHHON TKaHU — Ha 3—24-e CyTKH,
¢$ubpopeTHKyIIpHOi, rpy6OBOJIOKHUCTOM TKaHel — Ha 3—45-e CyTKH U Iula-
CTHUHYATO! TKaHU — Ha 10-45-e cyTku peniapatuBHOrO ocreorenesa. Hapsay
¢ 06111en3BeCTHBIMU CTPYKTYpPaMH pereHepara B ero rpaHy/IsILIMOHHOM TKaH!
BBISIBJIEHBI MBIIIEYHbIE BOJIOKHA. B CBSI3M C 0COGEHHOCTSMH CTPYKTYPHOM
opranusanuu ¢pubpopeTUKyISPHOM, rpybOBOJIOKHUCTOM, IJIaCTUHYATON

TKaHel U UX JIOKaJIM3aliiell B pereHepare Ipe/ijIookeHO BbIJIeJIUTh B [1epBOM
OpraHU30BaHHBIM ¥ HEOPTAHU30BAHHBIH CJIOH, @ B OCTAJIBHBIX — TUIIMYHBIN
Y HETHITMYHBIH (Pa3pyIIaoIINiCcsT) KOMIOHEHTH. MeTonoM rucroMopdome-
TPHUH NOJIy4YeHBb! JaHHbIe O GaKTHUECKHUX 3HAYEHUSIX IIJION[afield reMaToMBI,
rpaHyJISIMOHHON, GUOPOPETUKYIISIPHOM, TPyDOBOJIOKHUCTOM U IIJIaCTUHYA-
To¥ TKaHe# Ha 3, 10, 15, 24, 45-e cyTku 1OCIIe MOJeJIMPOBAHMUS IIepesioMa,
HX NPOIEHTHBIX OTHOIIEHUSIX K OOIIe IUIOaan pereHepara u IMHAMUKe
HX U3MEHEHHH OT OJTHOT'O CPOKA K IPyTOMYy.

3axunouenue. JlaHHble rucToMopdOMeTpUX pereHepara 60sible6epIioBoi
xocty Ha 3, 10, 15, 24, 45-e cyTku HOCIIe Ollepariuy, a TaK)Xe BhISBIIEHHbIE
0COOEHHOCTH ero TMCTOCTPYKTYPBl PACIIMPSIIOT U AOMOJHSOT UMEIOIIyI0Cs
MHPOPMALHIO 110 33)KUBJIEHUIO 11€PeJIOMOB KOCTeH U MOI'yT OBbITh UCIIOJIb30-
BaHBI JUIs QYHIAMEHTAIbHON MeIUIMHbL.

KoroueBnie cioBa: Tpy64arasi KOCTb, pereHepar, reMaToMa, I'paHyJ/IsIIUOHHast
TKaHb, GUOPOPETUKYIISIPHAs TKaHb, IPyDOBOJIOKHUCTAs TKAaHb, IUTACTHHYATAsI
TKaHb, MOPGOMETPHSI, METOL.
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m INTRODUCTION
According to the statistics, in the Russian Federation
traumas rank second after cardiovascular diseases
and first among causes of early disablement in patients
aged below 60 [1]. This makes the question of traumatism
especially important [2]. Considering the social and economic
consequences the state incurs due to its citizens’ traumas, the
research into problems of reparative regeneration of bones
seems vital.

The healing of bone fractures is a complex multi-
staged process the assessment of which involves clinical
signs and X-ray, ultrasonic [3], morphologic (light
microscopy and histomorphometry), as well as laboratory
methods (identification of bone metabolism markers).

m AIM

To carry out a quantitative assessment of the healing of
tubular bone fracture modeled by applying a hole defect
in it and to analyze existing methods of bone regenerate
morphometry.

m MATERIAL AND METHODS

The study used 30 sexually mature male outbred white
rats weighing 200-210 g (6 animals per experimental time
point). The fracture of the tibia was modeled by making
a through hole defect (2.2 mm) with an electrical tool
consisting of a hard alloy burr for the angled handpiece
(JSC *OEZ Vladmiva”, Belgorod, Russian Federation)
and X-Smart endo motor with tip and reduction gearbox
(Dentsply, Maillefer, Switzerland) in the proximal section
of the diaphysis under ether anesthesia [4]. Postoperative
observation time points (days 3, 10, 15, 24, and 45)
were established based on key stages of reparative
osteogenesis according to Korzh N.A. and Deduh N.V.
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(2006) [5]. For the purposes of histological research, a
fragment of the tibia between the proximal epiphysis and
diaphysis was excised. The specimens were fixed in 10%
neutral buffered formalin, decalcified in 5% formic acid
solution, dehydrated through a graded series of isopropyl
alcohol, and embedded in homogenized Histomix
paraffin medium. Histological sections (5-6 pym thick)
were prepared and stained with hematoxylin-eosin and
Masson’s trichrome. Visual assessment of histological
changes in the media, measurement of their structural
components, and photographing were performed on
the hardware-software system consisting of a personal
computer (Nis-Elements BR 4.60.00 software), Nikon
Eclipse Ni microscope and Nikon DS-Fi3 digital camera
(Nikon Corporation, Japan). The measurements of the
morphometric parameters of the bone regenerate were
performed in the NDP.view?2 software kit (Hamamatsu
Photonics K.K., EU, Japan, UK, USA). The numeric data
was uploaded to a licensed program JASP (v. 0.19.1.0,
The JASP Team, Amsterdam) to perform descriptive
statistics (calculation of the median and the quartiles).
The same program was used to test the normality of data
distribution using the Shapiro-Wilk test. Considering the
data distribution different from normal, to compare the
independent groups in various times of experiment, the
Mann-Whitney U-test was used to establish statistically
significant changes. The confidence interval for values
was 95%.

m RESULTS

On day 3 of the experiment, in the area of the defect
a section of a hematoma is visualized, surrounded by
granular and fibroreticular tissue (Fig. 1), with foci of
woven bone visualized in the latter.
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Figure 1. Tibial bone regeneration site after applying a hole defect
in it on the 3rd day of the experiment: A — area of the tibia with
regenerate, B — hematoma in which remnants of muscle fibers

(1) with vessels (2), C — granulation tissue containing a vessel

(2), fibroblast (3), macrophage (4), lymphocyte (5), D — area of an
organized (6) and non-insular disorganized (7) fibroreticular tissue
containing areas of typical woven bone (8) that adhere to granulation
tissue (9), E — area of non-insular disorganized fibroreticular tissue
in contact with red bone marrow, 10 — megakaryocytes. Staining:
hematoxylin-eosin (A-C, E), according to Masson (D).

PucyHok 1. Yuacmok pezeHepama 6onbwebepyosoil kocmu nocne
HaHeceHusi B Hell CKBO3H020 Oblp4amozo degpekma Ha mpembu
cymku akcnepumeHma: A — yqacmok bonbwebepyoBol kocmu ¢
pezeHepamoM, b — 2zemamoma, B Komopol Bcmpedaromcsi ocmamku
MblIlWEeYHbIX BOSIOKOH (1) ¢ cocydamu (2), B — 2paHynsyuoHHas
mkaHb, codepxxauwasi cocyo (2), pubpobnacm (3), Makpogpaz

(4), numgpoyum (5), I' — ysacmok opz2aHu3dosaHHoli (6) u
6e3ocmpoBKoBoU HeopeaHu3oBaHHoU (7) pubpopemukynspHol
mkaHu, codepxawull yHacmku munu4Hol epy6oBosiokHUcmou
mKaHu (8), Komopble npunexam K epaHynsiuUoHHOU mKkaHu

(9), 4 — yyuacmok 6e3ocmpoBkoBoll HeopaaHU30BaHHOU
¢ubpopemukynsipHol mkaHu, KoHmakmupytouwuil ¢ KpacHsIM
KOCMHbIM M0320M, 10 — mezakapuoyumsi. OKpacka:
2emMamoKcuwiuH-303uH (A-B, [1), no Maccowny (I').

In the hematoma area, fibrin mesh is visualized that
fragments the area, separate it from the granular tissue
and prevent proliferation of the blood corpuscles into
the neighboring tissue. Within the mesh, debris of or
deteriorating blood corpuscles are visualized, muscle
fibers and fractured fragments of bone. Individual vessels
are visualized on the periphery of the hematoma.

In the granular tissue around the hematoma, the cells
are distributed loosely. The cellular composition is
diverse. Fibroblasts, macrophages, lymphocytes, poorly
differentiated cells, and capillaries in various cross-
sections are identified.

The fibroreticular tissue is represented by a
disorganized accumulation of cells and fibers, with
vessels located between them. It should be noted that
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Figure 2. The tibial bone regeneration site after applying a hole
defect in it on the 10th day of the experiment: A — area of the

tibia with regenerate, B — hematoma containing fibrin fibers (1),

C — granulation tissue containing a vessel (2), fibroblast (3),
macrophage (4), lymphocyte (5), D — area of granulation tissue with
muscle fibers (6), E — organized (7) and insular (8) disorganized
fibroreticular tissue containing areas of typical woven bone (9),

F — section of typical woven bone surrounding bone marrow
cavities with insular disorganized fibroreticular tissue, turning into
typical lamellar bone (10) surrounding bone marrow cavities with
red bone marrow (11), G — area of typical lamellar bone of the
regenerate with red bone marrow surrounding it, 12 — osteoblasts,
13 — osteocyte, 11 — bone marrow cavity with red bone marrow,
12 — bone trabeculae of typical lamellar bone, 14 — osteoclast,

15 — megakaryocytes. Staining: hematoxylin-eosin (A-D, F, G),
according to Masson (E).

PucyHok 2. Y4acmok pezeHepama 6onbwebepuyosoli kocmu
nocne HaHeceHus B Hell CKBO3HO20 Oblp4amozo degekma Ha 10-e
CymKu aKcnepuMeHma: A — ydacmok bonbwebepyosoli kocmu

c pezeHepamoMm, b — ezemamoma, codepxxawas pubpuHoBbie
BosiokHa (1), B — 2paHynsayuoHHasi mkaHb, codepxaujasi cocyo
(2), pubpobnacm (3), makpogpae (4), numgpoyum (5), I —
yd4acmok gpaHynsiyUOHHOU mKaHU C Mblue4YHbIMU BOIOKHaMuU

(6), 4 — ywacmok opeaHu3oBaHHoU (7) u ocmpoBkoBoli (8)
HeopzaHu3oBaHHOU ¢pubpopemukynspHol mkaHu, cooepxawuil
ydacmku munuyHot epybososiokHucmol mkaHu (9), E — yqacmok
munuyHol epyboBonokHucmol mkaHu, okpyxatowell KOCmHO-
M0320Bble N0IoCMu C 0OCMPOBKOBOU HeopaaHu30BaHHOU
¢ubpopemukynsipHoll mkaHbto, nepexoosawull B munuyHyo
nnacmuH4amyo mkaHb (10), oKkpy)xarouyro KOCMHO-M0320Bbie
nosiocmu ¢ KpacHbIM KOCMHbIM Mo32oM (11), XK — yyacmok
munuy4Holl nnacmuH4Yamol KocmHol mkaHu pezeHepama c
OKpy)Karowum peaeHepam KpacHbIM KOCMHbIM MO320M, 12 —
ocmeobnacmel, 13 — ocmeoyum, 11 — KOCMHO-M0320Basi NOJ0CMb
C KpacHbIM KOCMHbIM M0320M, 12 — KocmHble mpabeKybl
munuyHol nnacmuH4Yamou kocmHoll mkaHu, 14 — ocmeoknacm, 15
— Mezakapuoyumsl. Okpacka: eeMamokcunuH-303uH (A-I, E, XK),
no Maccory ().
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there are more cells than fibers, and the structural
components of the fibroreticular tissue surrounding the
granulation tissue are arranged along it in the form of
a layer (organized layer of fibroreticular tissue). On the
compact bone side, the structural components of the
fibroreticular tissue are arranged in bundles oriented
in various directions (disorganized non-islet layer of
fibroreticular tissue), and between them appear elongated
areas of coarse fibrous tissue. These areas are surrounded
by osteoblasts and consist of loosely arranged collagen
fiber bundles organized into fascicles.

The compact bone area adjacent to the defect
region contains lacunae without osteocytes. The red
bone marrow in contact with this area contains large
megakaryocytes.

The histomorphometry of the regenerate of tibia on
day 3 of the experiment showed that its total area was
10.480 [10.317;10.710] mm?, the area of the hematoma
in the regenerate was 6.250 [5.942;6.513] mm?, the area
of the granular tissue was 1.790 [1.698;1.875] mm?, area
of fibroreticular tissue was 1.615 [1.530;1.685] mm?,
coarse fibrous bone tissue, 0.885 [0.807;0.932] mm?,
which, in percentage of the total area of the regenerate
was 60%, 17%, 15% and 8%, respectively.

Structurally, the defect area on day 10 of the
experiment is similar to that of day 3, but on the periphery
of fibroreticular tissue, lamellar tissue appears (Fig. 2).
It is to be noted that the regenerate tissues form evenly
along the entire circumference of the defect area.

In terms of structure and location, the hematoma area,
granulation and fibroreticular tissue are similar to those
on day 3 of the experiment; at the same time, granulation
tissue contained isolated muscle fibers displaying
striations.

From the lamellar tissue side, coarse fibrous tissue
appears as branched, interconnected irregularly shaped
areas surrounding clusters of fibroreticular tissue, which
forms an island-like disorganized layer. These areas of
fibroreticular tissue are formed by loose clusters of
collagen fiber, fibroblasts and fibrocytes, and change into
densely packed groups of collagen fiber with similar cells
and osteoclasts forming trabecula of lamellar tissue. The
spaces between the clusters of the former are filled with
fibroreticular tissue, and between the groups of the latter,
with red bone marrow. On the surface of trabecula of the
lamellar bone, osteoclasts are identified.

It is to be noted that on the periphery of the regenerate,
areas of coarse fibrous tissue and lamellar bone tissue
start deteriorating (matching in structure the failing
fractured bone in the hematoma area on day 3 of the
experiment, with osteoclasts identified in the surface
of failing structures), and in their places, bone marrow
cavities remain filled with fibroreticular tissue or red
bone marrow, respectively. Thus, it is possible to identify
the typical coarse fibrous tissue, lamellar bone tissue
with constant structure, and non-typical, modified tissue
with deteriorating or deteriorated structural components.

The specific features of structural components of the
bone surrounding the regenerate in the defect area remain
the same, as on day 3.

www.innoscience.ru

Figure 3. Tibial bone regeneration site after applying a hole defect
in it on the 15th day of the experiment: A — area of the tibia with
regenerate, B — area of regenerate with granulation tissue (1),

with organized fibroreticular tissue (2), with typical woven bone

(3) containing bone marrow cavities with insular disorganized
fibroreticular tissue (4), with typical (5) and atypical (6) lamellar
bone surrounding cavities with red bone marrow (7), C — regenerate
site containing typical and atypical lamellar bone surrounding bone
marrow cavities with red bone marrow, D — granulation tissue site, 8
— osteoclast, 9 — muscle fiber. Staining: hematoxylin-eosin.
PucyHok 3. Yd4acmok pezeHepama 6onbuwiebepuyoBoll kocmu
nocJsie HaHeceHus B Hell CKBO3HO20 Oblpyamozo decpekma Ha 15-e
cymKu akcnepumMeHma: A — yqacmok 6onbwebepyoBoll kocmu

C pezeHepamoM, b — yqacmok pegeHepama ¢ 2paHynsyuoHHoU
mkaHbto (1), c opeaHu3oBaHHoU pubpopemukynsipHol mKaHbo

(2), c munuyHol epyboBonokHUCMOU mKaHbto (3), cooepxauwel
KOCMHO-M0320Bble N0a0CmuU ¢ 0CmMpPOBKOBOU HeopaaHu30BaHHOU
pubpopemukynspHol mkaHbto (4), ¢ munuyHol (5) u HemunuyHou
(6) nnacmuH4yamoUl MKaHbH, OKpY)KatoWuUMU NOI0CMU C KPaCcHbIM
KOCmHbIM Mo320oM (7), B — yuacmok pezeHepama, codepxawjuli
MUNUYHYIO U HEMUNUYHYI0 NnacmuH4Yamyto mKaHb, OKpYXarowyto
KOCMHO-M03208BbI€ N0A0CMU C KPaCHbIM KOCMHbLIM MO320M, [ —
y4acmok epaHynsiyuoHHol mkaHu, 8 — ocmeoknacm, 9 — MbllWeyHoe
BOJIOKHO. OKpacka: 2eMamoKCUNUH-303UH.

On day 10 of the experiment, the total area of the
regenerate was 11.500 [11.343;11.665] mm?; the area
occupied by the hematoma in the regenerate was 0.140
[0.115;0.165] mm2; the area taken by the granulation
tissue was 0.890 [0.813;1.020] mm?2; the area of
fibroreticular tissue was 2.370 [2.295;2.625] mm?;
coarse fibrous bone tissue, 1.720 [1.662;1.823] mm?;
lamellar bone tissue, 3.630 [3.507;3.730] mm?; bone
marrow cavities, 2.535 [2.450;2.710] mm?; the respective
percentages being 1%, 8%, 21%, 15%, 32%, 23% of
the total area of the regenerate. In comparison to day 3,
on the 10th day of the experiment the total area of the
regenerate increased by 1.09% (p=0.004), the area of the
hematoma decreased by 97.77% (p=0.002), the area of
the granulation tissue, by 48.93% (p=0.002). The area
of fibroreticular tissue increased by 56.58% (p=0.002),
and the area of coarse fibrous bone tissue, by 201.139%
(p=0.005).

The area of the defect on day 15 of the experiment
differs from that on the 3rd and 10th day by the lack
of the hematoma. It is to be noted that the regenerate
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Figure 4. Tibial bone regeneration site after applying a hole defect
in it on the 24th day of the experiment: A — area of the tibia with
regenerate, B — area of regenerate with granulation tissue (1),

with organized fibroreticular tissue (2), with typical woven bone

(3) containing bone marrow cavities with insular disorganized
fibroreticular tissue (4), with typical (5) and atypical (6) lamellar
bone surrounding cavities with red bone marrow (7), C — area of
granulation tissue with organized fibroreticular tissue, D — regenerate
site containing typical and atypical lamellar bone surrounding
bone marrow cavities with red bone marrow, 8 — muscle fiber in
granulation tissue, 9 — empty lacuna. Staining: hematoxylin-eosin.

PucyHok 4. Y4acmok pezeHepama 6onbwebepyoBol kocmu
nocne HaHeceHusi B Hell CKBO3HO020 Oblp4amozo decekma Ha 24-e
cymKu akcnepumeHma: A — yqacmok 6onbwebepuyoBol kocmu

C pegeHepamoM, b — yyuacmok pezeHepama ¢ 2paHynsiyuoHHol
mkaHbio (1), ¢ opeaHu3oBaHHOU pubpopemuKyspHOl MKaHb
(2), c munuyHol epyboBonokHUcmol mkaHbto (3), cooepxawel
KOCMHO-M0320Bble NosIocmu ¢ 0CMpPOBKOBOU HeopeaHu30BaHHOU
ubpopemukynsipHoll mkaHbto (4), ¢ munuyHol (5) u HemunuyHou
(6) nnacmuH4yamotl mKaHbt0, OKpy)KarouumMu nosocmu c

KpacHbIM KOCMHbIM M0320M (7), B — yd4acmok 2paHynsiuuoHHol
MmkKaHu ¢ op2aHusoBaHHOU ¢pubpopemukynsipHoll mkaHbto, [ —
y4yacmok pezeHepama, codepxauuti munu4Hyro u HemunuyHyo
nnacmuH4Yamyto mkaHb, OKPYXKaroWyto KOCMHO-M0320Bble
Nnoslocmu ¢ KpacHbIM KOCMHbLIM M0320M, 8 — MblUweYHOe BOSIOKHO
B gpaHynsyuoHHol mkaHu, 9 — nycmas nakyHa. Okpacka:
2eMamoKCUIUH-303UH.

tissues form evenly on the entire circumference of the
defect area.

In terms of structure and position, the area of granular,
fibroreticular, coarse fibrous and lamellar tissues is
similar to that on the 10th day of the experiment. At the
same time, granulation tissue contained isolated muscle
fibers displaying striations. In the latter, clusters of nuclei
are seen in one of the sections of sarcoplasm (Fig. 3).
The organized layer of fibroreticular tissue directly
borders typical coarse fibrous tissue, while the island-
like disorganized layer is located within cavities of the
latter.

It is to be noted that both the typical and non-
typical (deteriorating) lamellar bone tissue (similar
morphological picture is seen on day 10), and on the
place of the latter bone marrow cavities remain filled
with red bone marrow. Near the non-typical lamellar
bone tissue, osteoclasts are identified.

On day 15 of the experiment, the total area of the
regenerate is 10.210 [10.105;10.503] mm?; the area
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Figure 5. The tibial bone regeneration site after applying a hole
defect in it on the 45th day of the experiment (A, B): A — area of
the tibia with regenerate, B — area of regenerate with organized
fibroreticular tissue (1), with typical woven bone (2), with typical (3)
and atypical (4) lamellar bone surrounding cavities with red bone
marrow (5), C — area of regenerate containing typical and atypical
lamellar bone surrounding bone marrow cavities with red bone
marrow. Staining: hematoxylin-eosin.

PucyHok 5. Y4acmok pezeHepama 6onbuiebepyoBol kocmu

nocsie HaHeceHus B Hell CKBO3H020 Obip4amozo decekma Ha 45-e
cymKku akcnepumeHma: A — yqacmok bonbwebepyosol kocmu

¢ peeeHepamoM, b — yuacmok pezeHepama ¢ opaaHu30BaHHOU
pubpopemukynspHoll mkaHbto (1), ¢ munuyHol epyboBonokHUcmoul
mkaHbto (2), ¢ munuyHol (3) u HemunuyHou (4) nnacmuH4amodu
MKaHbI0, OKPY)KarowuMu NOIOCMU C KpacHbIM KOCMHbIM M0320M (5),
B — yvacmok pezeHepama, codepxxaujuli munu4Hyo U Hemunu4Hy
nnacmuH4Yamyto mkaHb, OKpY»XaroWyro KOCMHO-M0320Bble Nofocmu
C KpacHbIM KOCMHbIM M0320M. OKpacka: 2eMamoKCUIUH-303UH.

taken by granular tissue was 0.770 [0.637;0.858] mm?,
fibroreticular tissue, 2.445 [2.308;2.508] mm?; coarse
fibrous bone tissue, 2.065 [1.987;2.165] mm?; lamellar
bone tissue, 2.160 [2.032;2.295] mm?; bone marrow
cavities, 2.925 [2.768;3.052] mm2. The percentages from
the total area of the regenerate are 7%, 23%, 20%, 21%,
29%, respectively. As compared to the 10" day, on the
15" day of the experiment the total area of the regenerate
decreased by 10.08% (p=0.004), area of granular tissue,
by 17.30% (p=0.180), area of fibroreticular tissue, by
2.51% (p=0.937). The area of coarse fibrous bone tissue
increased by 17.64% (p=0.013), area of lamellar bone
tissue decreased by 40.22% (p=0.002), and the area of
bone marrow cavities increased by 13.55% (p=0.026).

On day 24 of the experiment, similar to day 15, the
defect area differs from what it was on day 3 and day
10, namely, the hematoma is lacking. It is to be noted
that the regenerate tissue form evenly along the entire
circumference of the defect area. In terms of structure
and position, the areas of granular, fibroreticular, coarse
fibrous and lamellar bone tissue are similar to those on
the 15" day of the experiment. In the granular tissue,
individual muscle fibers are identified with signs of
striation. The organized layer of fibroreticular tissue
directly borders on the typical coarse fibrous tissue, and
the insular non-organized layer is located in the cavities
of the latter.
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Figure 6. “Rain cloud” graph reflecting the dynamics of changes in
the area of tibial regenerate during different phases of reparative
osteogenesis (a — from 3 to 10 days, b — from 10 to 15 days, c —
from 15 to 24 days, d — from 24 to 45 days).

PucyHok 6. [pacpuk «[JoxdeBble obnaka», ompaxarouull OUHaMUKY
usMeHeHul ninowaou peseHepama bosnbuwebepyoBbix Kocmel B
meyeHue pa3Hbix a3 penapamuBHO20 ocmeozeHe3a (a—c 3 no 10
cymku, 6 —c 10 no 15 cymku, B—c 15 no 24 cymku, e — ¢ 24 no 45
CYmKu).

On the periphery of the regenerate, both typical and
non-typical lamellar bone tissue are identified (similar
morphological picture is seen on day 15), and in the place
of the latter, bone marrow cavities remain that are filled
with red bone marrow (Fig. 4).

On the 24™ day of the experiment, the total area of
the regenerate was 10.430 [10.037;10.688] mm?; the
area under granular tissue, 0.655 [0.592;0.748] mm?;
fibroreticular tissue, 0.430 [0.405;0.485] mm?; coarse
fibrous bone tissue, 0.575 [0.505;0.638] mm?; lamellar
bone tissue, 2.115 [2.092;2.242] mm?; bone marrow
cavities, 6.505 [6.030;7.107] mm?2. This comprises the
following percentages of the total regenerate area: 6%,
4%, 6%, 21%, 63%, respectively. As compared to the
15th day of the experiment, on the 24th day the total area
of the regenerate increased by 0.69% (p=0.818), the area
of granular tissue decreased by 12.56% (p=0.296), the
area of fibroreticular tissue, by 81.64% (p=0.002), the
area of coarse fibrous bone tissue, by 62.41% (p=0.002),
the area of lamellar bone tissue, by 0.62% (p=0.748), and
the area of bone marrow cavities increased by 224.79%
(p=0.002).

The defect area on the 45" day of the experiment
differs from that on the 24" day by the absence of granular
tissue (Fig. 5). It is to be noted that the regenerate tissue
form evenly along the entire circumference of the defect
area. In terms of structure and position, the areas of
fibroreticular, coarse fibrous and lamellar bone tissue
are similar to those on the 24" day of the experiment.

On the periphery of the regenerate, both typical and
non-typical lamellar bone tissue are identified (similar
morphological picture is seen on day 24), and in the place
of the latter, bone marrow cavities remain that are filled
with red bone marrow.

On the 45™ day, the total area of the regenerate is 10.990
[9.973;12.173] mm?; the area under fibroreticular tissue,
0.420 [0.368;0.495] mm?; coarse fibrous tissue, 0.400
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[0.368;0.495] mm?; lamellar tissue, 2.850 [2.732;3.042]
mm?; bone marrow cavities, 7.320 [6.505;8.210] mm?,
corresponding to 4%, 4%, 26%, 66% of the total area
of the regenerate, respectively. In comparison with
the 24™ day, the total area of the regenerate on the 45%
day increased by 6.95% (p=0.485) (Fig. 6), the area of
fibroreticular tissue decreased by 2.65% (p=0.873), the
area of coarse fibrous bone tissue, by 29.65% (p=0.009),
the area of lamellar bone tissue increased by 33.31%
(p=0.002), and the area of bone marrow cavities, by
12.93% (p=0.240).

m DISCUSSION

Reparative osteogenesis exhibits distinct progression
patterns in different types of bone fractures. Results
from manual and automated measurements can vary
significantly, making it essential to account for the
morphometry equipment type, software used and staining
method.

A.T. Silant’eva et al. (2003) evaluate the process of
formation of regenerate forming between the proximal
and distal ends of canine tibiae following transverse
fracture, based on calculation of the regenerate
compaction coefficient (amount of cortical plate in the
transversal section of the regenerate), coefficient of the
regenerate form (ratio of the transversal dimensions of the
regenerate and the transversal dimensions of the fractured
bone), coefficient of the regenerate structure (amount of
bone sections in the total area of the regenerate), density
index of the compact and spongy bone tissue (amount
of matter of compact and spongy bone tissue on the
regenerate section). These values are used to calculate
the dynamic parameters of osteogenesis: index of amount
of bone matter in the regenerate prior to formation of the
cortical plate and on the stage of its formation [6].

V.V. Annikov et al. (2005) modeled transverse
tibial fractures in rabbits and used an ocular grid on
histological sections to determine the ratio of newly
formed bone volume to other tissue types (connective
and cartilage), relative area taken by the latter, ratio of
length of bone trabecula occupied with active osteoblasts
to their total length, and its cellular composition (amount
of histocytes, fibroblasts, total number of osteoblasts and
inflammatory cells) [7].

N.V. Deduh et al. (2009) used the model of a through
hole defect in the distal metaphysis of the tibia in rats
following G.G. Avtandilov’s morphometry method
and suggest measuring the number of tissue basophils,
neutrophils, plasmocytes, lymphocytes, fibroblasts and
poorly differentiated cells on the first, second and third
days after fracture, and measuring the area of granular,
fibroreticular, coarse fibrous and lamellar bone tissue,
native bone and detritus, as well as bone marrow, on the
5t 7t 14t 215t and 28™ days [8].

A.V. Slisarenko et al. (2013) evaluated the morpho-
functional condition of the regenerate on the 7, 15" and
24" day after making the hole defect in the middle of
diaphysis of tibiae by measuring such histomorphometric
parameters as percentage of fibroblasts, macrophages,
lymphocytes, plasmocytes, neutrophils, poorly
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differentiated cells in the total amount of cells, as well as
percentage of granular, fibroreticular, coarse fibrous and
lamellar bone tissue. Morphometric measurements were
performed in the SEO imageLab software suite using the
histological sections stained with hematoxylin-eosin and
using the Romanowsky-Giemsa method [9].

N.O. Ashukina et al. (2013) used histological
sections of the regenerate (Van Gieson’s staining with
hematoxylin-eosin) forming in the hole defect of the
middle diaphysis of the tibia in rats, to measure the
relative area of the hematoma, bone, fibroreticular,
granular tissue and bone marrow with the square ocular
grid of the microscope to calculate their percentage
from the total area of all tissues in the defect region.
The measurements were taken on the 31, 7t 14t gnd 21t
says after making the model fracture of the tibia [10].

V.Yu. Lebedinsky et al. (2015) and I.N. Mikhailov et al.
(2015), in their rabbit experiments, proposed calculating
the following morphometric parameters for distraction
regenerate of the ulna and radius: relative vascular
volume, tissue structure volumes (with quantification
of cellular and extracellular matrix components), and the
ratio of ossified to non-ossified structures. The authors
suggested such morphometric indices as vessel-to-tissue
ratio, cell-to-tissue ratio, ossification index. The first
two of these are the ratios of relative volume of vessels
and cells to the amount of tissue structures; the third
represents the ratio of ossified to non-ossified structures.
In the latter, the amount of cells and intercellular matter
were measured. The measurements were taken using an
ocular grid and systems of image analysis on sections
stained with hematoxylin-eosin [11-13].

P.E. Kovalchuk et al. (2015), after modeling a fracture
in the proximal femoral metaphysis by creating a
through-hole defect, proposed quantifying the percentage
of defect filling with newly formed bone tissue at days
7, 15, and 30 of reparative osteogenesis. The authors
measured this parameter planimetrically on digital
images of histological sections using a measurement grid
and expressed the results as percentages [14].

0.V. Korenkov (2016) proposed evaluating the healing
of a hole defect in the rat tibial diaphyses by calculating
the ratio of bone and connective tissue area to the total
defect area using image analysis software (“Video-Test”
and “Video-Size”). The analysis was performed on 15"
and 30™ days after the fracture on hematoxylin-eosin-
stained histological sections [15].

M.S. Shpakovsky et al. (2016) propose the following
as morphometric parameters of healing of the fracture
of the femoral neck in rabbits: surface area of bone
trabecula, numeric density of osteoblasts, osteocytes,
osteoclasts, vessels, proliferating osteoblasts, and
endothelium cells. The measurements were taken on the
7% 14", 30t and 60" days post-operation on sections
stained with hematoxylin-eosin and Van Gieson’s method
using the Axioplan 2 imaging software suite (Carl Zeiss,
Germany) [16].

V.D. Shyshchuk et al. (2018) proposed measuring
the cellular composition of the regenerate on the third
day after making the through defect in the middle of
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diaphysis of tibiae in rats, namely, measuring the amount
of fibroblasts, neutrophils, lymphocytes, plasmocytes,
macrophages, poorly differentiated cells; on the 15%
and 24™ days, measurement of percentage of granular,
fibroreticular, coarse fiber and lamellar bone tissue.
In the two latter cases, thickness of bone trabecula
was measured in the center and on the periphery of
the regenerate, total area and diameter of vessels was
measured in all cases. The morphometric measurements
were performed in the software suites “Video test 5.0”
and “Video Size 5.0” using histological sections stained
with hematoxylin-eosin (15" and 24" days) and with
Romanowsky-Giemsa method (3rd day) [17].

E.N. Gorbach (2019) investigated morphometric
parameters of blood vessels in the proximal and distal
bone fragments, corresponding regions of the regenerate,
and the intervening zone in dogs following a modeled
transverse fracture in the middle diaphysis of the
tibia. Analyzing the histological sections stained with
hematoxylin-eosin, and orcein using the Taenzer-Unna
method in the “VideoTesT-Morphology 4.0” (Russia)
software suite, the author measured the diameter of
vessels and numeric density of arterial and venous
vessels and calculated the number of arteria, arterioles,
venules and veins [18].

D.I. Suchkov et al. (2019) modeled a fenestrated
defect in the mid-third of the rat femur and measured
the following parameters: number of vessels, amount
and ratio of cells of osteocitarian differon (osteocytes,
osteoblasts, osteoclasts), area of the bone marrow, fibrous
tissue, amount of inflammatory cells and foreign cells.
The authors performed their measurements in the Imagel
software suite (NIH, USA) using histological sections
stained with hematoxylin-eosin and Van Gieson’s method
on the 14, 21t and 28" days after modeling the fracture
[19].

E.A. Nadyrov et al. (2019) propose measuring the
following morphometric parameters in tibial bone
regenerate of rats: area of necroses, granular tissue,
bone trabecula on histological sections stained with
hematoxylin-eosin [20].

Analysis of modern scientific literature has shown the
absence up to the present time of a unified approach to the
methodology of assessing tubular bone fracture healing,
which can be associated with researchers choosing
different biological objects for study (modeling), methods
of fracture modeling, methodological approaches to
morphometry and different time points for studying the
forming regenerate. In the early stages after the fracture
(day three) the measurements concern the hematoma
and its cellular composition, and in later stages (day 10
and on), the parameters of forming tissues that gradually
replace one another (granular, finroreticular, coarse
fibrous and lamellar bone tissue) and their structural
components.

Granulation tissue is a type of connective tissue that
develops at the site of a fibrin clot, beginning from
the peripheral portions of the hematoma. Its principal
cells are fibroblasts, myofibroblasts coming from both
the nearby connective tissues and differentiating from
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progenitor cells or mesenchymal stem cells migrating to
the fracture area. The amorphous matter of the granular
tissue is characteriszed with a high degree of hydration
in which the collagen fibers consist of type 3 collagen
(faster synthesis with lower mechanical strength) without
the presence of elastic fibers. Along with the formation
of amorphous matter and collagen fibers, neo-formation
of blood capillaries occurs [21].

As the fracture healing progresses, due to proliferation
of fibroblastic differon cells and gradual maturation
of collagen fibers (replacement of type 3 collagen
with type 1 collagen) fibroreticular tissue is forming
represented by randomly oriented bands of these cells
and fibers. In the peripheral regions of the regenerate,
as the osteoreparation process progresses, areas of
coarse fibrous bone tissue appear, characterized by
an organized arrangement of variably thick collagen
fiber bundles aligned along the stress lines of the bone.
They serve as the foundation of formation of trabecula
of coarse fibrous bone tissue, in which the number of
osteocytes and the dimensions of the lacunae in which
they localize is higher than in the mature lamellar bone
tissue. Whereas the space between the forming trabecula
of coarse fibrous bone tissue is filled with fibroreticular
tissue, in the lamellar bone tissue the similar spaces are
filled with bone marrow [22].

Analysis of the histomorphometric parameters
measured by the authors at different time points of
reparative osteogenesis demonstrates their significance
in quantitative assessment of tubular bone fracture
healing. The dynamics of changes of such parameters
as the amount of fibroblasts, poorly differentiated cells
in the hematoma area among the total amount of cells,
numeric density of vessels, and the percentage of forming
granular tissue followed by fibroreticular tissue, coarse
fibrous bone tissue and lamellar bone tissue, reflects
the normal consistent staged process of regenerate
formation from early stages to later, and the exclusion
of one components from the process inevitably results
in quantitative changes in the others. Thus, disruption
of normal blood supply in the fracture area leads to
osteogenesis turning to formation of cartilage tissue
that does not have the same strength properties as the
mature bone tissue. Our study established the presence
of muscle fibers with transverse striation in the structure
of granular tissue, which probably are not involved in the
confinement and shrinkage of the hematoma area due to
their contractile properties, and which may provide the
granular tissue with the mechanical strength that the type
3 collagen lacks.

Other cells of the hematoma play an important role
in the processes of its structural reorganization. The
macrophages, similar to lymphocytes, synthesize and
secrete angiogenic and cellular growth factors initiating
fibroplasia and neo-formation of blood vessels in the
fracture area. Endothelial cells can serve as a source
of osteogenic progenitor cells and secrete endothelial
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growth factors that stimulate their proliferation. Like
macrophages, endothelial cells also release platelet-
derived growth factor, which promotes fibroblast
proliferation, collagen synthesis, and chemotaxis of both
mesenchymal stem cells and inflammatory lineage cells.
The role of macrophages, along with neutrophils, is to
be considered in the phagocytosis of the cellular detritus
and bacteria in the fracture area [23]. Consequently,
the quantified proportion of the aforementioned cell
types within the total hematoma cell population serves
as an indicator of the intensity of hematoma structural
reorganization and formation of tissue-specific structures.

After the trauma, the fracture area is known to be
surrounded by clusters of activated platelets that release
the platelet growth factor, endothelial growth factor,
insulin-like growth factor 1 and 2, beta-transforming
growth factor. The first and the last stimulate chemotaxis,
proliferation and differentiation of ostheogenic lineage
cells [24].

In developing coarse fibrous bone and subsequent
lamellar bone tissues, the dynamics of changes in
parameters such as the quantity and ratio of osteocytic
differon cells (osteocytes, osteoblasts, osteoclasts)
provide crucial information about bone tissue neo-
formation in the fracture area. Specifically, one example
of a balance criterion of neo-formation and bone
resorption may be the ratio of areas taken by osteoclasts
vs. the area taken by osteoblasts, and ratio of osteoblast
vs. osteoclast amounts [25].

m CONCLUSIONS

1. The study of the regenerate of tibia of sexually
mature rats provided microscopic evidence of the
presence of the hematoma on days 3 to 10, granular tissue
on days 3 to 24, fibroreticular and coarse fibrous bone
tissue on days 3 to 45, and lamellar bone tissue on days
10 to 45 of reparative osteogenesis.

2. Our own data on actual values of their areas on
days 3, 10, 15, 24, 45 after modeling the fracture, their
percentage from the total area of regenerate and dynamics
of their changes from one stage to another aligns with
the information on quantitative assessment of bone
regenerate available in the literature, and augment it.

3. Along with the generally known structures
present in the regenerate, muscle fibers were identified
in its granular tissue. Considering the specifics of
structural organization of fibroreticulat, coarse fibrous
and lamellar bone tissue and their localization in the
regenerate, we suggest identifying the organized and
non-organized in the first type of tissue, and typical and
non-typical (deteriorating) components in other types
of tissues. Future research will focus on developing
quantitative assessment methods for these parameters
and recommending their inclusion in standardized
histomorphometric protocols for bone regenerate
analysis, which will have significant implications for
fundamental medicine.
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