ORIGINAL STUDY ARTICLES Vol 162 (3) 2024 Morphology

DOI: https://doi.org/10.17816/morph.634692 .

Bone tissue status in early stages of recovery Skl
after thermal exposure

Anna V. Gorokhova', Temur F. Nasibov', Ekaterina D. Porokhova'?,
Usman A. Bariev', Vladislav E. Nosov', Denis 0. Pakhmurin®?, Ilya I. Anisenya? 3,
Pavel K. Sitnikov?3, Igor A. Khlusov'-2

! Siberian State Medical University, Tomsk, Russia;
2 Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia;
3 Tomsk National Research Medical Center, The Russian Academy of Sciences, Tomsk, Russia

ABSTRACT

BACKGROUND: Thermal ablation is a promising method for the treatment of bone tumors. However, to maximize the potential
of this method, it is important to select the optimal dose/time ratio of high temperature exposure.

AIM: The aim of the study was to evaluate in vivo the response of rabbit bone tissue during early recovery (days 3 and 7) after
local intraoperative hyperthermic ablation at 55-60°C in the medullary canal.

MATERIALS AND METHODS: The study used 6 outbred rabbits aged 15 weeks and weighing 34 kg. Animals were removed from
the experiment on days 3 and 7 after local thermal ablation of the femoral diaphysis. Microscopic visual examination of bone
tissue sections was performed after standard hematoxylin and eosin staining. In addition, the morphometric measurements
were performed to determine area of non-mineralized bone matrix (Mallory staining); absorbance and area of osteoblast
cytoplasm; absorbance and area of osteocyte nuclei (Einarson staining for nucleic acid detection). The results obtained were
compared with those of the femur of the contralateral limb, which was not subjected to direct hyperthermia and served as
a control. R-Studio, a free development environment for R programming language, was used to statistically process the data.
RESULTS: After high temperature exposure, histological sections of bone tissue stained with hematoxylin and eosin showed
evidence of cellular abnormalities such as denucleated osteocytes and empty bone lacunae. Mallory staining showed no
evidence of a negative effect of local thermal ablation on the intercellular bone matrix. Morphometry of Einarson stained
sections showed an increase in osteoblast area on day 7 after exposure, with a decrease in their synthetic activity, signs of
which were observed as early as day 3 of the experiment. There was also a decrease in the area and absorbance of osteocyte
nuclei in the diaphysis of thermally ablated bones by day 3 after exposure. However, on day 7 after exposure, the area of nuclei
in mature bone cells did not differ from the corresponding value in the contralateral limb. Considering the decrease in nuclei
absorbance, the described changes may indicate colliquative necrosis of osteocytes.

CONCLUSIONS: Local intraoperative thermal ablation of the femoral diaphysis in rabbits at a marrow canal temperature of 55—
60°C reduces the absorbance of osteoblast cytoplasm and osteocyte nuclei in the early recovery period, reflecting damage to
the organelles of bone cells and disruption of metabolic processes in these cells. However, there was evidence of remodeling
of the damaged area, presumably caused by migration of endosteal and periosteal cells from the metaphysis, which had not
been exposed to direct hyperthermia. The results obtained may be useful for choosing the optimal regime (dose and duration)
of high temperature exposure to bone tissue tumors, given the higher sensitivity of malignant cells to heating.
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AHHOTALMA

06ocHoBaHMe. TepMoabnAuMa — 3T0 NEpCreKTUBHBIA METOA NeYeHUs ONyXoneil KOCTHOM TKaHW. OHaKo Ans MaKcuMarb-
HOro pacKpbITUs NOTEHLMANAa AaHHOMO METO/a BaXeH NOAOOP ONTUMANbHOIO COOTHOLLEHUS A03bl U BPEMEHM BbICOKOTEME-
paTypHOro BO34EMCTBUA.

Lienb — u3yumThb in Vivo peakumio KOCTHOM TKaHW KPOSIMKOB B PaHHWI Nepuof, BOCCTaHOBNEHUS (Ha 3 M 7 cyTku) nocne fio-
KasbHOM MHTPaonepaLMoHHOW rUnepTePMUIECKOi abnsaumm B iMana3oHe TeMnepaTyp B KOCTHOMO3roBOM KaHase 55-60 °C.
Matepuanbl u MeTogpl. MccnenoBaHne NpoBeaeHo Ha 6 becnopofHbIX Kpoankax B Bo3pacTe 15 Heaenb M Maccon 3—4 Kr.
YMBOTHBIX BBIBOAMIM M3 3KCMIEPUMEHTA Ha TPETbU W CefibMble CYTKM MOC/e NoKanbHoW TepMoabnaumm auadmsa benpeHHom
KocTu. MUKpoCKonMYecKoe BU3yanbHOe UCCNeA0BaHWe CPE30B KOCTHOW TKaHW NPOBOAUNM NOCHE CTaHAAPTHON OKPACcKY reMa-
TOKCUAMHOM U 303uHOM. KpoMe Toro, MopOMeTpUYeCcKU OLEHMBANM: MNoLiafb HEMUHEPANIM30BaHHOMO KOCTHOrO MaTpuKca
(oKpaLwwmBaHWe no MeToay Mannopu); oNTMYECKYHO NAIOTHOCTb M NAOLLAAL LMTONNa3Mbl 0CTE00S1acToB; ONTUYECKYH MIOTHOCTL
W nnowagp SAep oCcTeouMToB (OKpaLLMBaHWe LIS BbISIBNEHWS HYKIIEMHOBbLIX KUC/IOT Mo MeToAy JitHapcoHa). [onyyeHHble pe-
3ynbTaThl CPAaBHMBANU CO 3HAYEHUAIMM ANs 6eApeHHON KOCTU KOHTpRaTepabHOi KOHEYHOCTH, HE NMOABEpraBLUeics NpsMon
runepTePMUM M UCMOIb30BaHHOM B KayecTBe KOHTpons. CTaTucTuyeckyto 06paboTKy AaHHbIX BbIMOSHAMM C UCMONb30BaHUEM
cBoboaHol cpeabl pa3paboTku R-Studio, npenHasHaueHHoM 1A A3blka NporpamMMupoBaHms R.

Pesynbrathl. [locne BbICOKOTEMNEPATYPHOr0 BO3AEICTBUSA, HA MUCTONOMMYECKUX CPe3ax KOCTHOM TKaHWU, OKPALLEHHbIX re-
MaTOKCUIIMHOM W 303MHOM, OTMEYEHbl MPU3HAKW NATONOrMYECKUX U3MEHEHWUW KNETOK — [eHyKieaumus 0CTeOLMTOB W 3a-
nycTeBaHWe KOCTHbIX JlakyH. OKpawwwuBaHue MeTofoM Mannopu He BbISBUIO NMPU3HAKOB HEraTUBHOMO BIMSIHUA JIOKANbHOM
TepM0abniAiLMM Ha COCTOSHWE MEXKIIETOYHOIO KOCTHOTO MaTpuKca. MopdoMeTpus cpe3oB, OKpaLLEHHbIX MO HAPCOHY, Mno-
Ka3ana yBenuyeHue NoLaamn ocTeobnacToB K cefibMbIM CYTKaM Moc/e BO3AENCTBUS Ha QOHE CHUMEHUS UX CUHTETUYECKOM
aKTUBHOCTM, MPU3HaKM KOTOPOM DbINM OTMEYEHDI YIKE Ha TPETbU CYTKM 3KCnepuMeHTa. K TpeTbMM CyTKaM nocne BO3AENCTBUSA
TaKXKe NPOUCXOAMT YMEHbLLEHUE NOLLAAM U ONTUYECKOI NIOTHOCTM SAEp OCTEOLMTOB B Anadm3ax KOCTei, NOABEprLumMxcs
Tepmoabnaumu. 0gHaKo, Ha cefibMble CYTKU Nocne BO3LENCTBUS MOLaAb AAEp B 3pefiblX KOCTHBIX KIETKaX He OTAMyaeTcs
OT COOTBETCTBYIOLLEr0 3HAYEHUS B KOHTpNIaTepasnbHO KOHEYHOCTU. Ha dhoHe CHUMEHWS OMTUYECKOW NMIOTHOCTU KIETOYHBIX
AiIep ONMCaHHble U3MEHEHUS MOTYT CBULETENLCTBOBATH O Pa3BUTUM KOJIIMKBALMOHHOMO HEKPO3a OCTEOLMTOB.
3aknoueHune. JlokanbHas MHTpaonepauMoHHas TepMoabnauus avadusa befpeHHOM KOCTM KPOSMKOB Npu Temnepatype
B KOCTHOMO3roBOM KaHare 55—60 °C cHWXKaeT onTUYecKyo NNOTHOCTb LMTONAa3Mbl 0CTE061ACTOB U AAep 0CTEOLMTOB B paH-
HEM BOCCTaHOBMTENILHOM MEPUOJE, YTO OTPAXKAEeT MOBPEKAEHWE OpraHens KOCTHbIX KETOK U HapyLueHWe MeTabonnyeckmx
npoueccoB B HUX. BMecTe ¢ TeM, 0bHapyKeHbl NPU3HaKW PEMOAENMPOBaHNS NOBPEXAEHHOIO Y4acTKa, NPeAnoNoXUTENbHO
0bycnoBneHHble MUrpaLMelt KIETOK 3HAOCTA W NepuocTa U3 MeTadu3oB, KOTopble He MOABEPraucCh NPSAMON rMNepTepMuU.
MonyyeHHble pe3ynbTaTbl MOrYT ObITb MOME3HbI AN1A BbIOOpa ONTUMANbHOTO PeXMUMa ([03a U NPOJOIKUTENIBHOCTD) BbICOKO-
TEMMEPaTypHOro BO3LENCTBUSA Ha OMYX0M KOCTHOW TKaHW, Npu ycnoBuM Boslee BbICOKOW YYBCTBUTENBLHOCTU 3/10KAYECTBEH-
HbIX KNETOK K HarpeBaHuio.

KnioueBble cnoBa: KpoNMKW; NOKanbHas TepMoabnauus; GeapeHHas KOCTb; FMCTONIOTMYECKMEe cpe3bl; OKpacKa no
3JitHapcoHy u Mannopu; KoMnbloTepHas MophoMeTpus.
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BACKGROUND

The treatment of bone tumors, including osteosarcoma
and metastatic invasion, remains one of the most challenging
areas in oncology and is the focus of modern medical
research. However, according to Menéndez et al. [1], the
standards for bone tumor treatment have changed little
since the late 1970s. Therefore, the search for innovative and
promising therapeutic approaches for such tumors remains
a pressing issue.

Thermoablation is considered a treatment of choice for
both benign and malignant musculoskeletal tumors [2],
provided that the anatomical integrity of the bone and its
regenerative capacity are preserved. At the same time, factors
involved in the regeneration of non-tumorous tissues, such
as bone morphogenetic protein-2 (BMP-2), may enhance
the proliferation of malignant cells in microscopic residual
osteosarcoma nodules [3]. Therefore, it is of critical scientific
and practical importance to identify best high-temperature
exposure parameters (dose and duration) within the range
of 55-100 °C, which can effectively eradicate tumor nodules
while preserving the mechanical strength and regenerative
potential of bone tissue. Previous studies have demonstrated
that human bone tissue subjected ex vivo to hyperthermia in
the 60-70 °C range retains its mechanical strength despite
exhibiting moderate morphological signs of thermal damage
[4].

AIM

To investigate the in vivo response of rabbit bone tissue
in the early recovery period (on Days 3 and 7) following local
intraoperative hyperthermic ablation at an intramedullary
temperature of 55-60 °C.

MATERIALS AND METHODS
Study design

A single-center, prospective, controlled, randomized,
open-label, experimental study was conducted.

Eligibility criteria

Inclusion criteria. The study used 6 outbred rabbits aged
15 weeks and weighing 3—4 kg. Prior to the experiment, the
animals underwent a 7-day quarantine in ambient conditions.'
After quarantine, the rabbits were randomly assigned to two
study groups, with three rabbits in each group.

Non-inclusion criteria: signs of illness in animals,
determined by a veterinary examination, including lethargy,
loss of appetite, hair loss, skin and mucosal redness, itching,
or ear mites.

! Ambient conditions are standard, loosely controlled environmental
conditions including temperature, lighting, humidity, ventilation, and
noise.
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Exclusion criteria:
thermoablation.

femoral fractures following

Study conditions

The study was conducted in the vivarium of the Central
Research Laboratory of the Siberian State Medical University.
The animals were housed individually in specialized labeled
cages with bedding made of pre-sterilized dry wood shavings.
The air temperature was maintained at 20-26 °C with
a relative humidity of 40%-70%, under artificial lighting and
forced ventilation. The rabbits were fed a standard, certified
industrial feed (Biopro, DeltaFeeds, Russia) with a verified
shelf life. Drinking water was available ad libitum.

Study duration

The study was conducted from August to November
2023. The assessment was performed during the early post-
thermoablation period (Days 3 and 7), which is critical for
subsequent reparative regeneration.

Description of medical intervention

Local intraoperative thermoablation of the right femur
was performed in vivo using the Phoenix-2 local hyperthermia
system (PromEL, Russia), developed at Tomsk State University
of Control Systems and Radioelectronics [5]. The device is
equipped with flexible heaters containing a resistive heating
element that emits thermal energy when an electric current
passes through it. Heat transfer to the target tissue occurs
through conduction.

Premedication was carried out by intramuscular
administration of 0.1% atropine (Moscow Endocrine Plant,
Russia) at a dose of 0.5 mg/kg. General anesthesia was
induced with an intravenous injection of a mixture of tiletamine
and zolazepam (Zoletil 100, VIRBAC, France) at a dose of
0.2 mg/kg, 15 minutes after premedication. During surgery,
additional doses of Zoletil 100 were administered as needed,
ensuring that the total dose did not exceed the pre-calculated
maximum allowable dose of 10 mg/kg per procedure.

Surgical procedures adhered to aseptic protocols. After
triple antiseptic treatment of the surgical field with Miraxiderm
Tris (MIRALEK, Russia), a longitudinal skin incision (up to
8 cm) was made. A sharp dissection was performed to
expose the femur through the fibers of the biceps femoris
muscle, followed by hemostasis. The femur was skeletonized
using a raspatory. Outside the thermoablation zone,
a perforation (2 mm in diameter) was made with a drill for the
intramedullary insertion of a Pt 100 thermal sensor (PromEl,
Russia) to monitor the temperature in the bone marrow cavity.
A circular flexible surface heater and a thermal insulation
material were applied to the exposed bone to confine the
thermoablation impact to the designated area, preventing the
involvement of surrounding tissues (Fig. 1).

Thermoablation (Fig. 1) was then performed following
the established parameters (Table 1). Since the mean
temperature in the medullary canal did not differ statistically
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between experimental groups during heating, a comparative
dynamic assessment was feasible at 3 and 7 days post-
surgery (Table 1).

Temperature readings in the medullary canal were
recorded at one-minute intervals. The total exposure time
was 20 minutes from the moment the lower threshold of
the target temperature range was reached. The stabilization
period to achieve an external (under the heater cuff)
temperature of 60-65 °C was 3-5 minutes. After sensor
insertion and upon completion of thermoablation, the
skeletonized bone surface and surrounding soft tissues
were rinsed with an antiseptic solution (Miraxiderm Tris,
MIRALEK, Russia) and saline (Bionit, Russia). The surgical
wound was then closed in layers with interrupted sutures
using Vicryl 3/0 (Ethicon, Johnson & Johnson, USA): first the
muscles, then the subcutaneous tissue, and finally the skin.
A fine aluminum powder-based antiseptic (Aluminium Spray,
Nicovet, Germany) was applied to the postoperative wound.

For five days post-surgery, all rabbits received
intramuscular injections of: enrofloxacin (Doctor VIC,
Belarus) at a dose of 5 mg/kg (antibiotic); meloxicam
(Pharmstandard — UfaVITA, Russia) at a dose of 0.2 mg/kg
(analgesic). The animals were euthanized using carbon
dioxide asphyxiation: Group 1, 3 days after thermoablation;
Group 2, 7 days after thermoablation.

Primary study outcome

A comparative analysis of morphofunctional damage
characteristics in osteoblasts and osteocytes on histological

Vol. 162 (3) 2024
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Table 1. Experiment parameters

Grou Mean Observation period after
P temperature, °C exposure, days
1 (n=3) 55,80,9 3
2 (n=3) 57,4x1,0 7

Note. The data are presented as the sample mean and sample standard
deviation — M+SD; n — the number of animals in each group.

sections of the rabbit femoral diaphysis on Days 3 and 7 after
local intraoperative hyperthermic ablation.

Group analysis

The study was conducted on crosshred rabbits of the
same age, randomly assigned to two experimental groups.
A comparative analysis of study outcomes was performed
on Day 3 (n=3, Group 1) and Day 7 (n=3, Group 2) after
local intraoperative hyperthermic ablation of the femur.
The contralateral (intact) limb of each rabbit served as an
intragroup control. Variational statistical methods were used
for intergroup comparisons of independent sample indicators.

Methods of recording outcomes

Histological analysis of rabbit femurs was performed at
the Department of Morphology and General Pathology of the
Siberian State Medical University (Tomsk, Russia). Extracted
intact and heat-exposed femurs were fixed in a 10% buffered
aqueous formalin solution (pH 7.4, Biovitrum, Russia) for at

Fig. 1. Thermoablation: @ — application of a heater and thermal insulating pad; b — bone heating.
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least 24 hours at room temperature. Next, diaphyseal and
proximal metaphyseal sections were isolated (Fig. 2), rinsed
in tap water for 24 hours, and decalcified using a modified
Grip's method. The decalcifying solution was a 1:1 mixture
of 20% aqueous formic acid solution (Kupavnareaktiv, China)
and 20% aqueous sodium acetate solution (Kupavnareaktiv,
China), which was refreshed every two days for six days.
The use of formic acid in the decalcifying mixture minimizes
its impact on tissue staining properties [6]. The decalcified
bone fragments were then placed in a 10% sodium
sulfate solution (LenReaktiv, Russia) for 24 hours at room
temperature, followed by a second 24-hour rinse in tap water
at room temperature. The bone fragments were dehydrated
through six isopropanol-based solution changes (IsoPrep,
Biovitrum, Russia) following the manufacturer’s protocol
and embedded in HISTOMIX paraffin (Biovitrum, Russia).
Bone paraffin sections (57 pm thick) were prepared using
a semi-automatic microtome MZP 01 (Technom, Russia) and
mounted on glass slides. The slides were stained with Gill's
hematoxylin (Biovitrum, Russia) and eosin (Biovitrum,
Russia) using a standard protocol. The effects of high-
temperature exposure on bone structures were assessed by
comparing them with tissues from the contralateral limb of
the same rabbit.

The state of the intercellular bone matrix was evaluated
on histological sections stained using the Mallory
method(Labiko, Russia) in accordance with the manufacturer’s
recommendations. During staining, the collagen component
of the non-mineralized bone matrix binds sequentially to
phosphomolybdic acid and aniline blue, acquiring a dark
blue color, whereas the mineralized bone matrix, which
contains fewer collagen fibers, is stained red with fuchsin.
Additionally, Einarson staining was performed as described
in the literature [7]. Einarson’s histochemical staining method
allows for the assessment of osteoblast and osteocyte
synthetic activity by visualizing nucleic acids within cells and
evaluating their content in the nucleus and cytoplasm. This
method is highly specific for nucleic acids, especially under
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acidic conditions [8]. In this study, all histological preparations
were produced under identical conditions, ensuring that
observed differences in morphofunctional characteristics
reflect genuine tissue structural changes.

Histological preparations of the bones were examined
using an Axioscope 40 light microscope (Zeiss, Germany).
Digital photomicrographs were captured under standardized
lighting conditions using a Canon PowerShot A2200
camera (14.1 MP, Canon Inc., China) and processed
with AxioVision 4.8 software (Zeiss, Germany).

The area and optical density of stained regions of
interest were assessed using computerized morphometry
of digital images [9] with ImageJ software (version 1.38,
National Institutes of Health, Bethesda, USA). Optical density
measurements provided a quantitative characteristic of the
opaque object using the formula:

D=100 x log,, (Sp+ Sp)

where S is the background brightness; S; is the brightness
of the analyzed cell or tissue area in grayscale mode.

Ethical approval

The study design was approved by the IACUC Committee
of the Central Research Laboratory of the Siberian State
Medical University (Approval No. 1, April 3, 2023) and was
deemed to comply with fundamental bioethical requirements.

Statistical analysis

Statistical analysis was conducted
in RStudio (v. 2023.12.0 + 369) using the R programming
language (version 4.4.0) and the following packages: MVN
[10], stats [11], brunnermunzel [12]. Quantitative variables were
tested for normality using the Shapiro-Wilk test with Royston’s
correction for large samples (Royston AS R94, 3<n<5000) [13].

Normally distributed quantitative variables are presented
as the mean =+ standard deviation (M + SD); non-normally
distributed quantitative variables are presented as the median
and interquartile range (Me [Q1; Q3]).
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Fig. 2. Bone fragmentation scheme: a — distal epiphysis and metaphysis; b — diaphysis; ¢ — proximal metaphysis; d — proximal

epiphysis.
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Mean values of normally distributed quantitative variables
were compared using the Smith-Welch-Satterthwaite test
[14-20]. For non-normally distributed quantitative variables,
the Brunner-Munzel test was used [21-24].

RESULTS
Study objects

The study involved histological examination of thin
sections of rabbit femoral bones (6 thermally ablated and
6 contralateral) divided into two groups (n = 3 per group)
based on the duration of the recovery period. A total of 24
sections per rabbit were analyzed: 4 sections of each
femur stained using three different methods—hematoxylin
and eosin (H&E), Mallory's method, and Einarson’s method.
Morphometric measurements were performed on at least
30 individual cells (osteoblasts, osteocytes) or regions of
interest.

Primary study results

In the control (contralateral, intact) femur, no signs
of necrotic or inflammatory processes were observed
in histological sections stained with hematoxylin
and eosin at different recovery time points following
intraoperative thermoablation. The compact bone tissue in
the diaphysis was primarily composed of lamellar bone,
and the bone marrow canal was filled with red bone
marrow containing hematopoietic cells (Fig. 3a, b). The
periosteum covered the outer bone surface and was
connected to striated muscle fibers of typical structure (Fig.
3c). Numerous osteoblasts with morphological features
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of high synthetic activity were observed in periosteal
cavities, characterized by a cylindrical cell shape, large
volume, basophilic cytoplasm, and apically positioned
nucleus (Fig. 3d).

Microscopic examination of H&E-stained sections
revealed that localized hyperthermia (60-65°C under the
heating cuff) did not cause significant distant damage to the
contralateral femur within the observation period. This finding
allows the morphometric parameters of the contralateral
femurs to be used as control values (Table 2).

In the diaphyseal region of the thermally
treated femurs, hematoma-like hemorrhages (Fig. 4a)
and/or plasmastasis in the bone marrow canal near the
endosteum (Fig. 4c) were observed. By Day 3, numerous empty
osteocyte lacunae were present in the compact bone (Fig. 4b).
By Day 7, in addition to empty osteocyte lacunae, destruction
of the intercellular bone and cartilage matrix was observed
in areas of perichondral osteogenesis (Fig. 4d). In both cases,
these changes predominantly affected the periosteal region
beneath the heating cuff. Since the flexible heating cuff was
applied from the periosteal side, the observed empty lacunae
suggest that periosteal temperatures were higher than those
in the bone marrow canal.

In the proximal metaphysis, outside the direct heating
zone, mechanical trauma was observed (Fig. 5a), attributed
to temperature sensor insertion before heating. At the
sensor insertion site (periosteal side), large amounts
of cartilaginous and coarse-fibered bone tissue were
formed (Fig. 5b). Numerous active osteoblasts and large
osteoclasts were present in the periosteal and endosteal
regions (Fig. 5¢, d). Thus, by Day 7, active proliferation
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Fig 3. A section of an intact bone diaphysis: a, b — rabbit from group 1, lamellar bone tissue of the compact bone substance and red
bone marrow in the medullary canal; ¢, d — rabbit from group 2, ¢ — compact bone substance in the periosteal zone, striated muscle
fibers of typical structure; d — numerous osteoblasts with morphological signs of high synthetic activity in the periosteal zone of bone
(indicated by arrow). Hematoxylin and eosin staining, magnification: a, ¢ — x50; b, d — x200.
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Table 2. Morphometric indices of bone tissue state in contralateral control diaphysis of rabbits subjected to local thermoablation at an

average medullary canal temperature of 55-60 °C

Group 1 Group 2
Parameter (Day 3) (Day 7) Statistical significance level
n=3 n=3
Relative area of non-mineralized bone 29,93+13,28 45,94+22,10 Welch's t-test, t=3.40;
matrix n=30 n,=30 p=0.0014 *
Optical density of osteoblast 5,80+1,68 # 9.24+2,75 # Welch’s t-test, t=6.38;
cytoplasm, AU n=31 n=38 p<0.001*

Osteoblast cytoplasm area, pm? 25,55[1r)8f>361; 30,07]
=
13,45[11,83; 15,73] #
n=60

Optical density of osteocyte nucleus,
AU

18,05[16,15; 23,04] #

2
Osteocyte nucleus area, pm =60

Brunner-Munzel test,
Brunner—-Munzel Test Statistic = 2.31;
p=0.025 *

Brunner-Munzel test,
Brunner Munzel Test Statistic = 6.00;
p=<0.001*

Brunner-Munzel test,
Brunner—Munzel Test Statistic = 16.94;
p<0.001*

18,72[15,04; 22,76] #
n=38

10,25[8,72; 12,911 #
n,=60

9,82(8,49; 11,971
n,=60

Note. The data are presented as the sample mean and sample standard deviation — M+SD or as the median and the first and third quartiles —
Me[Q1; Q3]; n — the number of animals in each group; y.e.0.n. (n.u.0.p.) — nominal units of optical density; n, — the number of examined areas or
cells in each group; # — statistically significant differences with the diaphysis of the femurs subjected to thermal ablations, Brunner—Munzel criterion,

p <0.05; * — statistically significant differences between groups 1 and 2.

Fig. 4. A section of the femoral diaphysis after thermoablation at a temperature of 55-60°C in the medullary canal: a, b — rabbit from
group 1 three days after heating; a — hematoma-type hemorrhages in the medullary canal (indicated by arrow); b — numerous deserted
osteocyte lacunae in the periosteal zone of the bone (indicated by arrows); ¢, d — rabbit from group 2 seven days after heating; ¢ —
plasmostasis in the medullary canal near the endosteum (indicated by arrow); d — areas of destruction of intercellular bone and cartilage
matrix in the periosteal zone of the bone (indicated by arrows). Hematoxylin and eosin staining, magnification: a, c — x50; b, d — x200.

of bone and cartilage cells in the metaphyseal region
could contribute to diaphyseal regeneration via osteoblast
migration.

Mallory staining revealed proliferation of coarse-fibered
bone tissue in the periosteal zone of the proximal metaphysis
(Fig. 5e). In the direct heating area (diaphysis), no visible
evidence of severe thermoablation-induced damage to the
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intercellular bone matrix was detected compared to the
contralateral limb. Osteoid fibers remained densely packed,
and clear boundaries between bone lamellae in the compact
bone were visible (Fig. 6). In Group 1 (Day 3) (Fig. 6a),
mineralized matrix areas predominated compared to Group 2
(Day 7) (Fig. 6b), which was confirmed by computerized
morphometry (Table 2).
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Fig. 5. A section through the proximal metaphysis of the rabbit femur seven days after heating the diaphysis to a temperature of 55-60 °C
in the medullary canal: @ — signs of mechanical trauma; a, b, d — hemorrhages; b — cartilage overgrowth (indicated by arrow); e —
coarse fibrous bone overgrowth in the periosteal zone of the bone; ¢ — numerous osteoblasts and large osteoclasts in the periosteal
zone; d — numerous osteoblasts and large osteoclasts in the and endosteal zone of the bone. Staining: a—d — haematoxylin and eosin;

e — Mallory’s staining; magnification: a, b — x50; ¢, d, e — x200.

Einarson staining identified osteoblasts with high
synthetic activity in the endosteal region. Large, polarized
cells adhering to the bone surface with evenly distributed
cytoplasmic RNA were evident, as indicated by intense
staining (Fig. 7). Changes in relative optical density of
osteoblast cytoplasm suggest altered synthetic activity and
osteoid production capacity [25].

Since the study was conducted on non-inbred rabbits,
statistically significant differences in collagen matrix
structure and other morphometric characteristics were
observed between groups (Table 2). Consequently, absolute
values of parameters such as non-mineralized bone matrix
area, osteoblast cytoplasm area, and optical density of
osteoblast cytoplasm and osteocyte nuclei were not directly
comparable. Therefore, a personalized statistical analysis
approach was applied, standardizing values and comparing
relative measurements. The dynamics of recovery after
thermoablation are expressed as percentages relative
to the intact femur (Table 3). The results indicate that
in the direct heating zone (diaphysis), the proportion
of non-mineralized bone matrix (Mallory staining) did
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not differ significantly from the contralateral femur at
different recovery time points. Thus, at a thermoablation
temperature of 60-65°C (with intramedullary temperature
of 55-60°C), early regeneration-related changes in fibrous
components are minimal due to the slow turnover rate of
lamellar bone [25].

Morphometric assessment of osteoblasts in Einarson-
stained sections (Fig. 7, Table 3) revealed a significant
reduction in optical density and, consequently, synthetic
activity in heated diaphyses. By Day 3, osteoblast cytoplasm
optical density was 47.88% [41.94; 55.03] of the level in
the intact bone. By Day 7, it further decreased to 39.31%
[34.60; 51.33], which was significantly lower than on Day 3
(p=0.00028). However, osteoblast cytoplasm area (Table 3)
remained unchanged by Day 3 (102.04% + 28.89% relative to
the intact diaphysis), but increased to 131% of the contralateral
limb by Day 7 (p=0.0034), which was significantly higher than
the Day 3 value (p=0.00052). This suggests that by Day 7,
there was a higher proportion of larger, younger osteoblasts,
likely due to migration from the metaphyseal defect caused
by temperature sensor insertion.
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Fig. 6. A section through the diaphysis of femur: a, ¢ — intact bone; @ — rabbit from group 1; ¢ — rabbit from group 2; b, d — diaphysis
of rabbit bone after heating at a temperature of 55-60 °C in the medullary canal; b — rabbit from group 1 three days after heating; d —
rabbit from group 2 seven days after heating; a—d — bone plates of compact bone substance with clear boundaries, fibrous components
of osteoid tightly adhering to each other. Mallory staining, magnification x200.

Fig. 7. A section through the femoral diaphysis in the endosteal zone: @ — intact bone of rabbit from group 1; ¢ — intact bone of rabbit
from group 2; b — femur of group 1 three days after heating; d — femur of rabbit from group 2 seven days after heating at a temperature
in the medullary canal of 55-60 °C.; a, c — osteoblasts with morphological signs of high synthetic activity (indicated by arrows); b, d —
osteoblasts with morphological signs of low synthetic activity (indicated by arrows). Einarson staining, magnification x630.

During staining histological sections of rabbit femurs
using the Einarson method, information was obtained
regarding the presence of DNA molecules in osteocyte nuclei
and, to a lesser extent, RNA. Since osteocytes are a conserved
cell population with low synthetic activity, nucleic acids
were predominantly visualized in nuclei, while cytoplasm
remained unstained (Fig. 8a, c). In the diaphysis of the femur
of the intact limb in Group 1 rabbits, the compact bone is
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predominantly composed of parallel-arranged bone lamellae.
Lacunae containing osteocytes with large, round nuclei,
which stain intensely using the Einarson method, are visible
between the lamellae (Fig. 8a). In the compact bone of the
intact femur in Group 2, osteocytes with elongated, spindle-
shaped nuclei are more frequently observed (Fig. 8c). In the
compact bone of heat-exposed femurs (Fig. 8b, d), on Days 3
and 7, empty osteocyte lacunae or osteocytes with elongated,
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Table 3. Comparison of morphometric indices of rabbit femoral diaphysis at different times after local thermoablation at an average medul-
lary canal temperature 55-60 °C, in % of values for the contralateral diaphysis

Group 1 Group 2
Parameter (Day 3) (Day 7) Statistical significance level
n=3 n=3
Relative area of non-mineralized bone 109,59+42,47 114,14+40,93 Welch’s t-test, t=0.42;
matrix, % n=30 n=30 p=0.67

Optical density of osteoblast
cytoplasm, %

Osteoblast cytoplasm area, %

Optical density of osteocyte
nucleus, %

Osteocyte nucleus area, %

47,88[41,94; 55,03] #
n=35

102,04+28,89
n=35

94,76:14,69 #
n=60

46,84[42,29; 53,29] #
n=60

39,31(34,60; 51,33] #
n=32

130,94+34,95 #
n=32

90,00+30,79 #
n=60

108,16[71,56; 152,83]
n=60

Brunner-Munzel test,
Brunner—Munzel Test Statistic=2.76;
p=0.00028 *

Welch's t-test,
t=3,67;
p=0,00052 *

Welch's t-test,
t=-1,08;
p=0,28

Brunner-Munzel test,
Brunner—Munzel Test Statistic =-15,43;
p <0,001*

Note. The data are presented as the sample mean and sample standard deviation — M+SD or as the median and the first and third quartiles —
Me[Q1; Q3]; n — the number of animals in each group; n, — the number of examined areas or cells in each group; # — statistically significant
differences with the corresponding control (intact diaphyses, Table 2, Brunner—Munzel criteria, p <0.05); * — statistically significant differences

between groups 1 and 2.

2]

50 pm

50 pm

50 pm

Fig. 8. A section through the compact substance of the femoral diaphysis: @ — intact bone of rabbit from group 1, osteocytes with
large, round, intensely stained nuclei (indicated by arrows); c — intact bone of rabbit from group 2, osteocytes with fusiform, intensely
stained nuclei (indicated by arrows); b — femoral diaphysis of rabbit from group 1 three days after heating at a temperature in the
medullary canal of 55-60 °C, deserted osteocyte lacunae (indicated by arrow); d — femoral diaphysis of rabbit from group 2 seven
days after heating, osteocytes with less intensely stained fusiform nuclei (indicated by arrows). Osteocyte staining by the Einarson

method, magnification x630.
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spindle-shaped nuclei with a visibly smaller staining area
and lower optical density of the nuclei, compared to the
corresponding intact diaphysis (Fig. 8a, c), were observed.

Computerized morphometry (Table 3) demonstrated
a similar reduction (p=0.28) in osteocyte optical density
in heated diaphyses across both groups. However, optical
density in heated femurs was significantly lower than in
contralateral diaphyses (Brunner-Munzel test, p<0.05).
By Day 3 after hyperthermic exposure, the osteocyte area
sharply decreases to 46.84% [42.29; 53.29] of the level
in the contralateral bone. However, by Day 7, their size
nearly returns to baseline values, reaching 108% of the
measurement in the contralateral femur. This suggests rapid
osteocyte population renewal, likely driven by larger, younger
cells with low synthetic activity, similar to osteoblasts.

DISCUSSION

Summary of the primary study results

Histological sections of rabbit femoral diaphyses
stained with hematoxylin and eosin after high-temperature
exposure showed signs of pathological cellular changes,
including osteocyte denucleation and empty bone lacunae.
Morphometric analysis of Einarson-stained sections revealed
an increase in osteoblast area by Day 7, despite a decline in
their synthetic activity, which was already evident by Day 3.
By Day 3, osteocyte nuclei area and optical density decreased
in thermally ablated femoral diaphyses. However, by Day 7,
the osteocyte nuclei area in mature bone cells returned to
values comparable to the contralateral limb. The reduction
in nuclear area alongside decreased optical density suggests
the development of colliquative necrosis of osteocytes.

Discussion of the primary study results

The early postoperative period, spanning several
days post-surgery, is crucial for bone healing during
osteosynthesis and endoprosthetic procedures [26].
Therefore, the present study focused on early-stage
post-surgical bone regeneration following localized
thermoablation in non-inbred rabbits, an animal model
widely used in bone and joint tissue research [27].

Our study revealed significant variability in morphometric
parameters of femoral bones not directly subjected to
thermoablation, which mirrors interindividual variations in
human bone tissue [28]. However, the contralateral femoral
diaphysis of rabbits undergoing localized thermoablation
should be considered only conditionally intact. In Group 2
(Day 7 post-hyperthermia), higher regeneration markers (e.g.,
osteoblast cytoplasm optical density and area) were observed
compared to Group 1 (Day 3), whereas osteocyte morphometric
parameters declined (Table 2). Based on these findings, we
propose a hypothesis of distant thermoablation effects on bone
tissue, potentially mediated by bioactive substances released
during direct hyperthermia of the opposite femoral diaphysis.
Transforming growth factor-beta (TGF-p) and insulin-like growth
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factor 1 (IGF-1) are known to be released from the bone matrix
during resorption and stimulate osteoblastic differentiation of
mesenchymal stem cells [29-31]. Pro-inflammatory cytokines
(e.g., IL-1, IL-6) secreted into circulation during extreme
conditions [32] can also induce bone regeneration, particularly
in hematoma formation scenarios [33].

Given this context, statistical processing and comparisons
were conducted following the principles of personalized
biomedicine. For each animal, morphometric indices were
normalized to contralateral values, which served as internal
controls (Table 3).

According to Einarson's highly specific nucleic acid
staining method [8], by Day 7 post-direct thermoablation,
osteoblast cytoplasmic area increased by 30% compared
to the control, along with osteocyte area expansion. We
hypothesize that rapid osteoblast population turnover in
heated diaphyses is facilitated by migration of young cells
from unaffected femoral regions.

By Day 7, pronounced reparative regeneration and
hyperplasia of cartilaginous and coarse-fibered bone
tissue were observed in the mechanical defect zone in the
metaphysis, particularly from the periosteal side (Fig. 5). This
is likely linked to hematoma formation, both in the diaphysis
(Fig. 4a) and in the metaphyseal defect zone created by
temperature sensor insertion (Fig. 5a, b, d). Hematomas
are essential for bone regeneration [34], as they exhibit
osteogenic [35] and angiogenic properties [36], mediated by
their cellular composition and biologically active molecules
essential for tissue healing [37].

Early reparative regeneration in the non-heated
metaphyseal region may serve as a source of migrating
mesenchymal stromal stem cells and (pre)osteoblasts, which
travel along the endocortical surface toward lamellar bone
diaphysis restoration. However, osteoblast synthetic activity
remained reduced in both the 3-day and 7-day recovery
periods following localized intraoperative hyperthermic
ablation at 55-60°C in the medullary canal. This may be
attributed to persistent thermal damage to bone cells and
a predominance of cellular migration over differentiation,
ensuring rapid restoration of bone mass similar to
hematopoietic system regeneration.

The significant changes in nucleic acid content, primarily
RNA, in osteoblast cytoplasm post-direct thermal exposure
suggest that nucleic acids may serve as primary targets
of high-temperature-induced cellular shock. Thermal
shock is known to disrupt RNA synthesis, processing, and
transport [38]. In vitro studies have shown that brief (10 min)
hyperthermia at 42 °C causes denaturation and condensation
of ribosomal RNA, leading to polysome disassembly into
single organelles [39]. Additionally, hyperthermia disrupts
mRNA structure [40].

Study limitations

The significant morphometric variability in rabbit femoral
diaphyses not subjected to direct thermoablation necessitated
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reporting results in relative (percentage) units. Differences
in contralateral control bone tissue status may stem from:
variability in physiological bone regeneration rates among
non-inbred rabbits; distant systemic effects of intraoperative
thermoablation on the opposite limb in the early post-
hyperthermic period. Nevertheless, the comparative findings
of this study are highly valuable, as they describe the localized
effects of thermoablation while accounting for its potential
systemic influence through integral regulatory mechanisms.

CONCLUSION

Thermoablation is considered a promising method for
the treatment of bone tumors, provided that the anatomical
integrity of the bone and its regenerative capacity are
preserved. Ex vivo studies have demonstrated moderate
thermal damage to human bone tissue while maintaining
its mechanical strength after hyperthermia at 60—70 °C [4].
Therefore, investigating the in vivo response of rabbit bone
tissue following local intraoperative hyperthermic ablation
in the 55-60 °C range in the medullary canal has significant
scientific and practical interest.

The early postoperative period (within a few days after
surgery) is considered critical for bone healing following
osteosynthesis and endoprosthetic procedures [26]. The
dynamic in vivo study of rabbit bone tissue in the early
recovery phase (Day 3 and Day 7) after local intraoperative
thermoablation of the femoral diaphysis revealed no changes
in the percentage ratio of non-mineralized to mineralized
matrix in lamellar bone, regardless of the recovery period.
This may be due to the mild damaging effect of the selected
temperature range on the fibrous component of bone tissue,
the slow turnover rate of lamellar bone and/or the low
sensitivity of the staining method used.

However, by Day 7 post-hyperthermia, hematoxylin
and eosin staining revealed empty osteocyte lacunae and
denucleation of mature bone cells, which are morphological
markers of cell death through apoptosis and/or necrosis.
Significant changes in bone cells were also detected using
Einarson’s nucleic acid staining. In the thermoablated
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