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INTERVAL PHYSICAL TRAINING ON THE ENERGY
SUPPLY SYSTEM IN PATIENTS AFTER HEART SURGERY

Arzhana Kuular, Teya Kakuchaya, Tamara Dzhitava, Angelina Filatova,
Nona Pachuashvili

Federal State Budgetary Institution 'A.N. Bakulev National Research Center for Cardiovascular Surgery'
of the Ministry of Health of the Russian Federation (A.N. Bakulev NRCCVS); 135 Rublevskoe Shosse,
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SUMMARY

Infroduction. A number of studies have found a reduction in the risk of rehospitalization during cardiorehabilitation
after heart surgery. The purpose of the training program for cardiorehabilitation after cardiac surgery is to optimize
energy supply systems. Depending on the intensity and duration of the load being performed, energy supply
systems 'switch on'in the body.

Purpose of the study: to study the effectiveness of the optimal cardiorehabilitation training program on the aerobic
energy supply system in cardiac surgery patients.

Materials and methods. In our study, we examined 47 patients who underwent aortic valve replacement under
cardiopulmonary bypass, with an EC duration of 52+20.5 minutes. The patients were divided into two groups: the
control group (n=23), who underwent a course of cardiorehabilitation on exercise bikes with constant aerobic
fraining of moderate and medium intensity, at the age of 50.2+3.4 years, and the main group (n=24) — with
a course of cardiorehabilitation on exercise bikes with aerobic high-intensity interval physical training, at the age
of 51.2+2.8 years (p>0.05). Gender was not taken intfo account. Anaerobic fraining was carried out on SCHILLER
exercise bikes from day 14 after aortic valve replacement. The load power ranged from 25 to 70-95 watts. Before
cardiac rehabilitation, the level of lactate, glucose, pH, pCO2, pO2, BE, lipid profile, BNP in the blood before and
after ergometric exercise, data on external respiration, heart rate and blood pressure were assessed. After the
course of rehabilitation, the above parameters were evaluated. The duration of the course was 2 weeks.
Results. When evaluating the indicators at the end of the course of cardiorehabilitation was being done,
a significant decrease in the controlled parameters after training was observed in both groups, and largely
in the group of high-intensity interval physical fraining than in the group of constant training of medium intensity.
Conclusions. Analysis of the results showed that properly selected parameters of high-intensity interval training
could optimize anaerobic glycolysis in patients undergoing operations under cardiopulmonary bypass, as well
asincrease the functionality of patients. As more and more repetitions of the load are performed, interval training
becomes more and more aerobic.

KEYWORDS: intense physical activity, cardiorehabilitation, anaerobic and aerobic energy supply, artificial
circulation
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Introduction

Diseases of the cardiovascular system are the primary
health problem and occupy a leading place in the structure
of mortality of the population — more than 56 % of all deaths,
of which about half are deaths from coronary artery disease [1].
The increase in life expectancy of the population is associated
with an increase in the prevalence of cardiovascular diseas-
es (CVD) in the population. The increase in the frequency
of acquired heart defects (AHD) among patients allowed J.L.
d’Arcy et al. consider degenerative heart valve disease as
anew cardiac «epidemic» [2]. According to J. M. Takkenberg
et al. [3] there is no complete data on the prevalence of PPS in
the world. Thanks to the success of cardiac surgery, complex
reconstructive operations have become possible for previously
inoperable PPS. According to a report in the May 2003 issue
of Chest, approximately one in five patients undergoing heart
surgery has hyperlactatemia [4]. According to the results of a

study by French scientists from the Northern Cardiology Cen-
ter Saint-Denis, after analyzing 325 patients who underwent
heart surgery with artificial circulation, predictors of hyper-
lactatemia were identified — non-elective surgery, duration
of EC, postoperative hyperglycemia and the appointment
of adrenaline [4,5]. In many publications, the authors use the
dynamics of blood lactate as a criterion for the effectiveness
of the therapy and a predictor of a lethal outcome [6]. Patients
with high lactate after heart surgery are prone to a large number
of postoperative complications, as well as a long stay in the
intensive care unit, which leads to significant government costs
and a deterioration in the quality of life not only for patients,
but also for their families [7]. A large-scale meta-analysis
of the Cochran database showed that exercise in patients with
coronary artery disease reduces overall mortality by 27 %, and
mortality from cardiovascular diseases by 31 % [8]. Exercise
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improves oxygen delivery to tissues through vasodilation
and angiogenesis, protecting against ischemia-reperfusion
injury to the heart, according to Borges J. P. et al. [9]. Aerobic
training is accompanied by an increase in the energy capacity
of mitochondria not only in skeletal muscles, but also in other
tissues; the number of mitochondria and the activity of their
enzymes increase; increases tolerance to endurance loads.
After exercise, myocardial perfusion improves. One of the
possible mechanisms for this is the correction of endothelial

function [10]. According to Stanford K. 1. et al., Vettor R.

et al. enhance mitochondrial biogenesis in adipocytes [11],

skeletal muscle myocytes, cardiomyocytes [12], increasing

aerobic respiration in these tissues. High-intensity interval
training (HIIT), an exercise technique for cardiac rehabilitation,
is showing increasing evidence for improved prognosis and
health outcomes in patients with cardiovascular disease [13].
Portuguese researchers performed interval intensive training

in heart transplant recipients, which showed a significant im-

provement in VO2peak, heart rate and peak blood pressure after

8—12 weeks after training [14]. Several studies have examined

the effect of high-intensity exercise on overall mortality and

cardiovascular mortality in cardiac patients. P. Williams et al.

[15] reported a gradual decrease in the risk of cardiovas-

cular mortality (—15 % per METs-hour /day) in myocardial

infarction survivors (n=2377) while running or walking with
an exercise level up to 7.2 METs-hour/day. day. There are four
main zones of intensity of physical activity, each of which
corresponds to a certain level of bioenergetic processes and

a range of heart rate:

1) physical activity of low intensity with heart rate less than
75 % of its maximum value;

2) physical activity of a supporting nature with a heart rate
of 75 to 85% of the maximum heart rate, carried out in
the aerobic mode of energy supply;

3) physical activity of a developmental nature with a heart
rate of 85 to 95 % of the maximum value and a transitional
aerobic-anaerobic regime of energy supply;

4) physical activity of submaximal and maximum intensity
with a heart rate of more than 95 % of the maximum and
anaerobic energy supply [16].

The optimal training program is set in two ways: by deter-
mining the level of lactate (lactic acid) in the blood or by re-
cording the heart rate (HR) [17]. The predominance of the
lactate (anaerobic) energy supply system in patients is a conse-
quence of a decrease in the level of peak oxygen consumption,
anemia, the presence of heart failure, and the development
of acidosis after heart surgery with EC [18]. To determine the
tolerance of aerobic exercise allows the cardiopulmonary test,
which measures the maximum oxygen consumption (VO2pe-
ak), anaerobic ventilation threshold, the ratio of minute tidal
volume (VE) to carbon dioxide release (VCO?2), metabolic
units (MU) [19]. Without providing energy, the vital activity
of the body is impossible, and the more intense the physical
load on it, the higher the energy supply should be. The num-
ber of publications on the improvement of the aerobic and
anaerobic energy supply system of patients after surgery is
limited, therefore, new studies are required to evaluate the

possibility of the impact of cardiorehabilitation on the energy
supply system. Obviously, interval training, like any highly
effective technology, can be dangerous if used ineptly [20].

The purpose of the study: to research the effectiveness of the
optimal cardiorehabilitation training program on the aerobic
energy supply system in cardiac surgery patients/

Materials and methods

In our study, we examined 47 patients who underwent
aortic valve replacement under cardiopulmonary bypass,
with an EC duration of 52+20.5 minutes. The patients were
divided into two groups: the control group (n=23), who under-
went a course of cardiorehabilitation on exercise bikes with
constant aerobic training of moderate and medium intensity,
at the age of 50.2+3.4 years, and the main group (n=24)—with
a course of cardiorehabilitation on exercise bikes with aerobic
high-intensity interval physical training, at the age of 51.2+2.8
years (p>0.05). Gender was not taken into account.

The exclusion criteria were patients with arrhythmias,
coronary heart disease, diabetes mellitus, hypo- and hyper-
thyroidism, hyperthermia, COPD, musculoskeletal diseases,
hepatic disorders, CHF III-1V by NYHA, prolonged cardia
bypass time (>80 min).

To evaluate the aerobic/anaerobic system, for individual
selection of loading power (W) on a bicycle ergometer, the pa-
tients of both groups underwent cardiorespiratory test, it differs
from the usual exercise tests by the fact that in addition to ECG
and blood pressure (BP) during its exercise the parameters
of pulmonary gas exchange are recorded through a face mask
connected through an airflow transducer to the gas analyzer.

A cardiopulmonary test was carried out before training and
at the end of the cardiac rehabilitation course. Cardiorehabil-
itation training was carried out on SCHILLER ERG-911S/BP
(SWITZERLAND) exercise bikes from the 14-th day after the
operation, on the background of basic therapy, an hour before
lunch, according to the Bruce protocol, every day for 14 days.

In our study, for the main group, we used a high-intensity
training scheme that has been proven in terms of safety and
effectiveness with 30-second high-intensity training, followed
by intermediate 1-minute rest pauses, training was carried
out every other day (Fig. /). For the control group, a gradual
increase in physical activity by 5-10 W / min until a moderate
intensity is reached (Fig. 2). During exercise, heart rate, ECG
and blood pressure were continuously monitored. The duration
of the load increased every day by 2—4 minutes. The following
indicators were assessed before and after the exercise cycle:
lactate, glucose, pH, pCO2, pO2, BE, lipid profile, BNP, external
respiration data (VE/VCO2, FEV1/FVC, VC), heart rate and
blood pressure. The concentration of lactate, glucose, pH, CO2,
02, BE in venous blood was measured using a blood analyzer
(ABL800 FLEX, Radiometer, Denmark).

Data processing was conducted using Statistica 8.0 applied
statistics package. There were used such parametric methods
as descriptive statistics —mean value, standard deviation;
comparison of two independent samples by non-parametric
Wilcoxon-Mann-Whitney criterion. The data were considered
statistically significant at p value < 0.05.
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Fig. 1. High intensity interval training.

401

20

' . 1 T L 1 L
0 4 8 12 16 20 24 28

Fig. 2. Constant moderate load intensity.

Results and discussion

Because of the study, according to the cardiopulmonary
test in patients after aortic valve replacement under EC con-
ditions, peak oxygen consumption ranged from 17-19 ml /
kg / min, which corresponds to the K. Weber classification
of moderate CHF, with a VO2peak rate of > 20 ml / kg / min.
The presence of heart failure is accompanied by the presence
of impaired systolic and diastolic function of the heart, inad-
equate distribution of blood flow in the peripheral circulation,
and in the state after surgery under EC conditions, also muscle
detraining [16]. Based on the results of the cardiopulmonary
test, patients with a high level of cardiorespiratory training
readiness were offered a course of high-intensity interval
training every other day, and patients with a low level of ex-
ercise readiness and an average risk of developing adverse
events were offered only aerobic training at a moderate /
medium intensity (consistent training of medium intensity).

To assess patients’ cardiorespiratory system we determined
several parameters, in particular, peak oxygen consumption
(VO2peak), oxygen consumption volume VO2, carbon di-
oxide excretion volume VCO?2, anaerobic threshold (VCO2/
VO2=1), minute ventilation (MV), ventilation equivalent
VE/VCO2, FEVI/FVC, VC, and cardiorespiratory test time
before anaerobic threshold occurred. Gas exchange indices
and Mets determined during CPET in the main and control
groups were similar (p>0.05) and are presented in 7able 1.

Analysis of the results showed that properly chosen load
ergometric parameters can optimize the anaerobic glycolysis
in patients undergoing surgery with cardiopulmonary bypass,
as well as increase the functionality of patients.

Table 1
Indices of cardiopulmonary test (Mtm)

CPET parameters Main group Control group P
VO2peak, mi/kg/min 17,2+0,5 17,0¢0,9 >0,05
VCO2, ml/min 2697+7,5 2710%6,2 >0,05
VE, ml 981+2,0 982+1,7 >0,05
VE/CO2 35,440,4 35,5¢0,5 >0,05
Mets 6,0£0,6 4,520,7 >0,05
FEV1/FVC,% 67£12 62+14 >0,05
VC, ml 2780173 28504155 >0,05
t- CPET, min 82,6 5.5%£2,7 >0,05

Based on the data shown in Table 1, we can note that the
moderate decrease of parameters (VO2, FEV1/ FVC, VC)
is associated with the surgery under the artificial ¢

irculation, with temporary respiratory muscle disor-
der, moderate pain in the sternotomy area, postoperative
anemia, tissue hypoxia, and presence heart failure. The
time of cardiorespiratory test before the onset of anaerobic
threshold in postoperative patients with AC occurs faster,
compared with the literature data (15-30 min), indicating
the ineffective predominance of anaerobic energy supply
system in the patients undergoing cardiac surgery. Under
conditions of activation of anaerobic energy supply, an in-
crease in the production of VCO2, ml/min (in the main
group —2697 + 7.5; in the control group—2710 = 6.2), which
is a respiratory stimulant, thereby leads to a pathological
increase in VE, ml (in in the main group —981+2.0; in the
control group — 982+1.7), respectively, to the rapid achieve-
ment of the anaerobic threshold.

The level of blood pressure (SBP and DBP) was almost the
same in the groups before training (SBP —p=0.533941; DBP —
p=0.107650) and had significant differences after exercise
with a more pronounced decrease in the group with intensive
training. The comparison of BP data after a course of ergo-
metric exercise revealed a significant decrease in systolic BP
after exercise of 145+10,7 mmHg. (p<0,05), which shows the
increased number of dilated arterioles in the active muscles,
causing a decrease of total peripheral vascular resistance.
During physical activity, previously non-functioning skele-
tal muscle vessels become involved in the blood circulation,
and the peripheral blood flow changes in order to supply the
increased oxygen demand of the working muscles.

Table 2
Parameters sl r::g:rlgtre p-value
RS exercise
Total cholesterol, mmol/| 3,61+0,70 4,56%0,71 <0,05
High density lipoproteins, mmol/| 1,2740,24 1,12+0,25 <0,05
Low density lipoproteins, mmol/I 1,93£0,50 1,99+0,55 <0,05
Triglycerides, mmol/I 1,47%0,99 1,45+0,90 <0,05

Serum levels of TG, LDL and HDL are considered the
main indicators of lipid metabolism. Serum TG and LDL are
a risk factor for atherosclerosis, while HDL is a protective
factor. Serum LDL and TG did not clearly change between
the two groups, while serum HDL increased slightly in the
HIIT group (1.27+0.24 mmol/l) (Table 2).
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Dynamics of average blood lactate values
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Fig. 3. Dynamics of average blood lactate values on the 14-th day.

Before performing ergometric exercise, both groups under-
went blood sampling to determine the following parameters:
lactate, glucose, pH, pCO2, pO2, and BE. The generally
accepted upper limit of serum lactate is up to 2 mmol/L, but
in postoperative patients with AC, in both groups, the average
value was 4.4+0.5 mmol/L. Reference values of pO2 in blood
were 37-42 mmHg, pC0O2-42-55 mmHg, pH=7.32-7.42.
Initially, there was a moderate decrease in pO2 (37+4.5 mm
Hg) in both groups, the other parameters were within normal
limits- pCO2=47+5.5 mm Hg, pH=7.3840.5. The data of lab-
oratory studies also confirm the predominant function of the
lactate energy supply in patients after aortic valve replacement
under cardiopulmonary bypass. After a course of ergometric
loads on the 14-th day already there were positive dynamics
concerning blood lactate concentration in patients in the main
group (2.7+0.1 mmol/l) in comparison with the control group
(3.0¢0.7 mmol/l) (Fig. 3).

The data obtained regarding the concentration of lactate
in the blood indicates the optimization of aerobic energy
supply as a result of exercises on a bicycle ergometer and
the correctness of individual selection of power and intensi-
ty of aerobic loads. After a course of ergometric loads, the
patients underwent a repeated cardiorespiratory test to assess
the dynamics of the state of the cardiorespiratory test, aer-
obic and anaerobic energy supply systems. Relative to the
average values of glucose and pH, no significant changes
were observed.

According to the obtained data, the selected aerobic cardio
load in patients undergoing surgery with CI leads to an in-

Table 3
Dynamics of CPET indicators after a course
of ergometric loads in both groups

CPET parameters Control group Main group P
VO2peak, mi/kg/min 19,050,6 21,0£0,9 <0,05
VCO2, ml/min 280748,5 2800+8,0 >0,05
VE, ml 92042,1 870+1.,4 >0,05
VE/CO2 34,440,4 32,540,4 >0,05
Mets 6,0£0,9 7.8+0.4 <0,05
FEV1/FVC 67+12 75x10 >0,05
VvC 3180£173 3350£133 >0,05
- CPET, min 11£2,6 14,5+2,7 <0,05

crease in the VO2peak value in both groups, in the main group
with intense exercise, a more pronounced increase to 21.0+0.9
ml/kg/min (p<0.05). An increase in peak oxygen consump-
tion indicates an increase in oxygen transport and utilization,
thereby improving the aerobic energy supply mechanism. The
improved ventilatory function of the lungs is shown by the
vital capacity of the lungs (VC). This value after training
in the main group increased up to 3350+133 (p>0,05) com-
pared to the control group —3180+173. VC is an important
parameter of functional abilities of the system of external
respiration, and also indirectly specifies the maximum area
of a respiratory surface of lungs, which provides gas exchange.

The course of the cardiorehabilitation program in both
groups increased the performance of the cardiovascular system
in patients after surgery with EC: the metabolic equivalent
significantly increased in the control group to 6.0+0.9, and
in the main group to 7.8£0.4 (p< 0.05).

Significant changes are observed regarding the time
to reach the anaerobic threshold, the VE / VCO?2 coefficient,
which proves the acceleration of blood flow with regular
aerobic exercise, the improvement of endothelial function
and increases the number of mitochondria in the muscles,
accelerates lipolysis, thereby increasing the body’s need
for oxygen.

BNP levels are elevated in patients with left ventricular
dysfunction. At the same time, the content of BNP in blood
plasma significantly correlates with the functional class-
es of chronic heart failure. Determining the level of BNP
in blood plasma helps to assess the severity of chronic heart
failure, predict the further development of the disease, and
also evaluate the effect of ongoing therapy. The guidelines
of the Association of Pediatric Cardiologists of Russia for the
diagnosis and treatment of chronic heart failure in children
and adolescents (2010) determined that BNP more than 100
pg/ml is associated with congestive heart failure [02]. In our
patients after aortic valve replacement, BNP averaged 95.1+15
pg/mmol. After completing the course of ergometric loads in
both groups, there was a downward trend, but mainly in the
group with intense loads.

Conclusions

Analysis of the results showed that properly selected pa-
rameters of ergometric loads could optimize aerobic glycolysis
in patients undergoing operations under cardiopulmonary
bypass, as well as improve their clinical condition. During
the implementation of a rehabilitation program with aerobic
exercise, the patient’s self-confidence increases, self-esteem
increases, anxiety and depression decrease [23]. Physical
exercise on a bicycle ergometer activates the activity of the
cardiorespiratory system in patients undergoing heart surgery
under EC conditions, accelerates blood flow, leading to an
increase in metabolism. Intensive interval training triggers
metabolic changes in the body, which is reflected in the mech-
anism of fat oxidation, a decrease in lipid profile. Leading
cardiology societies in North America and Europe recommend
that patients switch from moderate physical training to more
intense interval training to improve the quality of life [24].
The uniqueness of the energy supply system lies in the fact
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that it can be optimized at any age, which makes it possible
to use ergometric loads for patients after heart surgery. For this,
it is necessary to use the selected parameters of the training
program. Constant high-intensity interval loads, with the right
selected regular mode, are equated to constant moderate loads,
and even have an advantage in some indicators. Meta-anal-
yses have found superiority of high- and moderate-intensity
high-intensity training over continuous moderate-intensity
training in terms of cardiovascular performance [25] and
increased VO2 peak.
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SUMMARY

The article presents the results of the use of a new improved method of cytologic diagnostics of cancerin a breast
cyst by applying hybrid fechnologies. By using our new created method with the application of ozone-oxygen
mixture, unlike the traditional method of fine needle aspiration biopsy of breast cysts with a solid parietal
component, the probability of obtaining unaltered atypical cells in the punctate in the presence of malignization
increases, thereby promoting the informativeness and sensitivity of this diagnostic method.

KEYWORDS: breast cancer, fine needle aspiration biopsy, ozone-oxygen mixture, intracystic cancer, ultrasonic

navigation.
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Introduction

Breast cancer (BRCA) currently occupies a leading
place in the structure of oncological morbidity of the fe-
male population, both in Russia and around the world [1,
7]. More than 2 million newly diagnosed cases of this
disease are detected annually, which is about 18 % of all
malignant neoplasms [6, 7]. Lacteal cyst cancer (papillary
cancer, papillary cystadenocarcinoma) is one of the rarest
forms of BRCA, the frequency of which varies from 0.3
to 2.2% [4, 9]. The most common intracystic cancer oc-
curs at the age of 55 to 60 years [5, 7]. It is characterised
by a slow rate of tumor growth and a more positive clinical
course in comparison with other forms of BRCA. Because
of a small number of studies devoted to the diagnosis of in-
tracystic cancer, and despite the rapid progress of computer
technology and the constant emergence of new improved
diagnostic methods in mammology, timely detection of the
pathology continues to be a relevant issue of clinical on-
cology [1, 2, 3, 8].

Morphological verification is necessary to diagnose
intracystic breast cancer. The main method of obtaining
material from the cystic cavity is a fine-needle aspiration
biopsy (FNAB). The liquid aspirated from the cystic cavity
during FNAB is used for cytological examination of a cyst
with papillary growths [4, 5]. In the works of N. V. Zabo-
lotskaya, it is indicated that the aspirate is more informative
if it is obtained directly from a solid parietal component,
since tumor cells in the liquid contents of the cyst may not
be enough to diagnose [5, 10]. However, in case of small siz-
es of intracystic parietal growths, it can be difficult to obtain

material from them even aiming under ultrasound control
[5, 8, 11]. Due to the above-stated, we have developed a new
improved method of cytological diagnosis of cancer in the
breast cyst that allows increasing the informativeness of the
FNAB procedure.

The purpose of the study
Creation a new improved method of cytological diagnosis
of cancer in a breast cyst.

Materials and methods

We examined 67 women with suspected intracystic breast
cancer. All patients underwent a comprehensive examination
according to the standard diagnostic algorithm, which included
examination and palpation of the mammary glands and areas
of regional lymph drainage, ultrasound examination (US) of the
mammary glands and axillary areas in B-mode ultrasound,
doppler ultrasonography, compression elastography, shear
wave elastography, X-ray mammography, FNAB according
to traditional and advanced methods under ultrasound control
and trepanobiopsy of the a solid parietal component (with a di-
ameter of more than 15 mm). The average age of the patients
was 50,19+10,465 years.

A syringe of 20 ml volume and a needle of 22 G diam-
eter were used during FNAB according to the traditional
method. Under ultrasound control, after skin preparation
with an antiseptic solution has been made, a puncture
needle was inserted into the cyst cavity, after which its
contents were completely aspirated. The material was sent
for cytological examination. In the case of the presence
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Fig.1. The needle insertion into the cyst cavity
with a parietal component, where 1 -mamma-
ry gland tissue, 2—a puncture needle in the cyst

Fig.2. The insertion of an ozone-oxygen mixture
info the cyst cavity, where 1- mammary gland
fissue, 2 — a parietal intracystic component,

3 - the insertion of an ozone-oxygen mixture
through a puncture needle.

cavity, 3—a parietal solid component.

of parietal growths, the needle was inserted directly into the solid component
with subsequent aspiration. Before removing the needle, the plunger of the
syringe was released, then it was removed, and the puncture site was pressed
with a rolled gauze for 3—5 minutes. Then the contents of the syringe were
poured into a test tube and centrifuged, after that a cytological examination
was performed.

The traditional technique of FNAB of cysts with a solid parietal component
has a number of disadvantages: atypical cells are not always present in the lig-
uid content, puncture of parietal growths is often ineffective, since getting into
the area of interest is difficult with its diameter less than 5 mm. As part of the
study, false negative results were obtained during cytological examination of a
number of patients with intracystic breast cancer (Fig./). The presence of these
disadvantages prompted the creation of a new improved FNAB method (Patent
RU Ne 2712055).

The essence of the new diagnostic method is that before aspiration of the
contents, ozone is injected into the cystic cavity, which is a strong oxidiz-
er and quickly necrotizes the outer layer of the parietal formation, thereby
increasing its fragility and degree of fragmentation, which increases the
possibility of detecting atypical cells in the aspirated liquid. The proposed
method is carried out in several stages. At the first stage, an ultrasound ex-
amination is performed to detect cysts with parietal growths in the mammary
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Fig.4. Evacuation of the contents of the cystic
cavity with saline solution, where 1 —mammary
gland ftissue, 2 — the evacuated contents
of the cyst, 3 - a reduced cystic cavity with
atypical cells detached from the parietal
component.

Fig.5. The ROC-analysis in order to study the
diagnostic and prognostic value of a new
method of diagnosing cancer in a breast cyst.

Fig.3. The insertion of an excessive amount
of saline solution into the cyst cavity, where
1 —mammary gland tissue, 2 - the contents
of the cyst with a fragmented parietal com-
ponent, 3-the insertion of saline solution into
the cystic cavity.

gland tissue. Then, under ultrasound
control, a puncture is performed with
aspiration of at least 50 % of the con-
tents of the cystic cavity, followed by
the introduction of an ozone-oxygen
mixture at a concentration of 5 mi-
crograms / ml, which gives partial ne-
crosis of the outer layer of the parietal
component. The contents of the cyst
are removed after 1 minute (Fig. I, 2).

At the second stage, an excessive
amount of saline solution in the volume
of 150% of the initial contents of the
cystic cavity is injected into the cyst
cavity, which leads to the formation
of a turbulent fluid flow tearing off the
necrotic surface of the parietal compo-
nent, which increases the probability
of detecting unchanged atypical cells
in the aspirate (Fig. 3).

At the third stage, the entire volume
of cyst contents is aspirated and then
centrifuged, followed by cytological
examination (Fig. 4).

To obtain an ozone-oxygen mix-
ture of the desired concentration, the
medical ozone therapy machine YO-
TA-60-01-Medozon was used, which
has been recommended for use in med-
ical practice in the Russian Federation
since 1996 (registration certificate
29/06050796/1561-01) and is includ-
ed in the Russian Register of Medical
Equipment. YOTA-61-01 is the only
medical device recommended by Min-
istry of Health of the Russian Federation
as a material and technical support for
ozone therapy (registration certificates
of medical technologies FC — 2005/058,
FC —2007/014).
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Results and discussion

The patients were divided into two groups depending on
the method of performing FNAB.

FNAB was performed on 33 patients with intracystic
breast cancer according to the traditional method under ul-
trasound control. FNAB was performed on 34 patients ac-
cording to a new improved technique using the preliminary
introduction of an ozone oxygen mixture.

Atypical cells were not detected during cytological ex-
amination in 18.2 % (n=6) of patients with intracystic breast
cancer who underwent FNAB according to the standard
technique, so the study turned out to be false negative,
atypical cells were detected in the remaining 81.8 % (n=27)
of patients.

During cytological examination of the contents of the
cystic cavity, atypical cells were found in 97.06 % (n=33)
of patients with intracystic breast cancer who underwent
FNAB using a new technique.

Thus, the sensitivity of FNAB according to the traditional
method of the diagnosis of intracystic breast cancer was
81.8 %, and the sensitivity of the new improved method was
97.06 %, which indicates the reasonability of using the latter
in order to improve the diagnosis of intracystic cancer at the
pre-operative stage.

In order to study the diagnostic and prognostic value of a
new method of diagnosing cancer in a breast cyst, we carried
out the ROC-analysis. A statistically significant correlation
was revealed between the detection of atypical cells in the
contents of the cystic cavity and the diagnosis of «cancer
in the cyst».

The area under the curve was 0.984 (95% CI—0.961-
0.995), which corresponds to the excellent quality of the
classifying ability (Fig. 5).

Conclusions

1. The presence of a number of disadvantages of the existing
traditional FNAB method limits its use in the diagnosis
of intracystic breast cancer, because there is a high prob-
ability of obtaining false negative results.

INFORMATION ABOUT AUTHORS

2. Anew improved method of diagnosing cancer in a breast
cyst using an ozone oxygen mixture has turned out to be
more effective than the existing one, which proves the
reasonability of using FNAB with an ozone oxygen
mixture in order to improve the diagnosis of intracystic
cancer at the pre-operative stage (AUROC - 0,984, CI
0,961-0,995).
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Alexey Borsukov, Daria Venidiktova, Semen Borsukov

Fundamental research laboratory “Diagnostic researches and minimally invasive technologies”
of Smolensk State Medical University, the Ministry of Health of the Russian Federation, Smolensk, Russia

SUMMARY

Introduction. The article presents an overview of novel complex algorithm based on methods of ulfrasound
steatometry, combined elastography and dual-energy X-ray absorbtiometry in “Whole body” mode in diagnostic
and monitforing of metabolically associated fafty liver disease.

The purpose of the study: fo assess the possibility of quantitative ulfrasound steatometry using in the detection
and monitoring of metabolically associated faftty liver disease.

Material and methods. 157 patients were examined. The main group consisted of 47 patients with liver steatosis; 45
patients with steatohepatitis and clinically insignificant liver fibrosis (FO-F1); 32 patients with steatohepatitis and clinically
significant liver fibrosis (F2-F3); 33 patients with focal hepatic steatosis. We used complex algorithm based on methods
of questionnaires, laboratory tests, ultrasound steatometry, combined elastography and dual-energy x-ray absorbtiomefry
in "Whole body” mode, liver biopsy. to determine the severity of steatosis, a scale was used: SO - no steatosis; <2.19
dB/cm; S1, minimal steatosis, <5% of hepatocytes with steatosis; 2.2-2.29 dB/cm; $2 — moderate steatosis, <6-32 %
of hepatocytes with steatosis; 2.3-2.9 dB/cm; $3 —severe steatosis, <33-100 % of hepatocytes with steatosis; >2.9 dB/cm.
Results and conclusion. It is possible fo use quantitative ultrasound steatometry for metabolically associated fatty liver
disease, as areference method both for the initial detection of the disease and for monitoring non-drug freatment (sensifivity
90.7 %, specificity 92.4 %). The optimal complex for the diagnosis and moniforing of non-drug freatment of metabolically
associated fatty liver disease includes an assessment of the level of compliance, the use of quantitative ultrasound
steatometry and dual-energy X-ray absorptiometry in the «Whole body» mode (sensitivity 92.8%, specificity 92.3%).

KEYWORDS: metabolically associated fatty liver disease, ultrasound steatometry, liver biopsy, dual-energy X-ray

absorbtiometry.
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Introduction

Currently, the term non-alcoholic fatty liver disease
(NAFLD) is understood as an independent nosological unit,
the pathogenesis of which is based on the phenomena of in-
sulin resistance and hyperinsulinemia and which includes
a spectrum of clinical and morphological changes in the
liver parenchyma: hepatic steatosis, steatohepatitis, hepatic
fibrosis, hepatic cirrhosis and its complications (including
hepatocellular carcinoma) [1]. In 2020, a new adaptive concept
was proposed — MAFLD (Metabolically Associated Fatty
Liver Disease), which allows emphasizing the systemic and
multifactorial nature of the pathogenesis of a unified lesion
of the hepatic parenchyma and personalizing the volumes
and directions of treatment and diagnostic care in various
clinical variants of the disease [2].

In different countries, the incidence of MAFLD varies
and averages 6.3-33 %, reaching a level of 62-93 % in obese
patients [2]. In most countries of the world, MAFLD ranks first
among liver diseases [3]. These data correspond to the preva-
lence of the metabolic syndrome and its components [4, 5, 6].

The prognosis of the disease and management tactics are
determined primarily by the severity of liver steatosis [7-10],
which further affects the timing of the progression of the under-
lying disease and determines the risk of complications [11-13].

The problem of diagnosing MAFLD remains quite rel-
evant at the present stage of medicine, as well as further
treatment and monitoring [14—16]. Consequently, the problem
is complex, and therefore requires a meaningful algorithm
for early diagnosis [17, 18]. The importance of an adequate
and timely assessment of the severity of the pathological
process in the liver is beyond doubt: it is necessary in clinical
practice to determine the stage, prognosis of the disease and
the ability to timely adjust the tactics of treating patients
[19, 20]. The use of modern instrumental methods has sig-
nificantly expanded the amount of information received
on the detection rate, periods of early development of liver
diseases [21-23].

Ultrasound steatometry is in special, yet little-studied
niche in gastroenterology and ultrasound diagnostics, which
confirms the growing interest and participation of specialists
in various scientific forums dedicated to the possibilities
of methods for detecting and assessing MAFLD [24-26].
A general methodological view on the role and place of ul-
trasonic steatometry in a multidisciplinary hospital has not
yet been developed [27, 28].

As MAFLD progresses, the process of pathological chang-
es proceeds sequentially through several stages: from steatosis,
stromal inflammatory reaction, stepwise necrosis to the de-
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velopment of fibrosis and, in the terminal stage, liver cirrhosis
with the possibility of neoplasia in the form of hepatocellular
carcinoma [29, 30]. It is known that the assessment of the se-
verity of liver steatosis is important for determining the stage
of non-alcoholic fatty liver disease and further prognosis [31].

A reliable method for diagnosing liver pathology is morpho-
logical verification, i.e. liver biopsy [32]. Unfortunately, this
method is associated with many complications and technical
difficulties, so the search for highly informative methods for
early, non-invasive diagnosis of liver pathology is constantly
being carried out [33]. One of these methods, which allows
to assess the severity of liver steatosis, is ultrasound steatom-
etry. This method is based on a quantitative assessment of the
attenuation coefficient of an ultrasound wave in tissues in dB/
cm (or dB/cm/MHz) and has a number of advantages, such
as the possibility of an informative assessment of diffuse and
focal changes in the liver in real time, good patient tolerance,
no complications, cost-effectiveness [34]. Currently, there is
a limited number of works on the use of ultrasound quantita-
tive steatometry in non-alcoholic fatty liver disease, despite
the fact that this diagnostic method is promising due to the
possibility of non-invasively, repeatedly and quantitatively
assessing liver steatosis.

Purpose of the study: to assess the possibility of quantitative
ultrasound steatometry using in the detection and monitoring
of metabolically associated fatty liver disease.

Material and methods

157 people with metabolically associated fatty liver dis-
ease were examined based on the Fundamental Research
Laboratory «Diagnostic research and minimally invasive
technologies». The main group consisted of 47 patients with
liver steatosis (MAFLD); 45 patients with steatohepatitis
(MASH) and clinically insignificant liver fibrosis (LF) (FO-F1);
32 patients with steatohepatitis and clinically significant LF
(F2-F3); 33 patients with focal hepatic steatosis (FLS). Data
on the distribution of patients by sex and age are presented
in Table 1.

Control group 1 (n=102) — patients with a normal level
of adipose tissue in the body according to non-invasive bio-
impedancemetry, and not suffering from damage to the liver
tissue according to clinical, laboratory and instrumental
research methods.

Control group 2 (n=44) — patients with MAFLD, who
underwent the entire complex of clinical, laboratory and
instrumental procedures used in this study, without including
ultrasound quantitative steatometry.

Fig. 1. A. Window of results of ultrasound steafometry: 1 —liver, 2 - active zone
of measurement, 3 —short-circuit indicator of the ultrasound wave. B. Window
of results of combined elastography: 1 - liver, 2 — active zone of measure-
ment of short-circuit ultfrasound wave, 3 - indicator of short-circuit ultrasound
wave, quantitative indicator of inflammatory activity (A-index), quantitative
indicator of the severity of liver fibrosis (F-index).

The study of patients of the main group (n=157) included:

» Stage 1 — questionnaires (SF-36 V.2., CAGE, AUDIT,
DEBQ, CLDQ-NAFLD, IPAQ)

* Stage 2 —clinical and biochemical blood tests (including
coagulogram and lipidogram), general urinalysis.

* Stage 3 — liver ultrasound with a quantitative assessment
of the ultrasound wave attenuation coefficient (dB/cm),
combined elastography of the liver with a quantitative
assessment of liver steatosis, activity of the inflammatory
process, severity of LF. to determine the severity of steatosis,
a scale was used: S0 —no steatosis; <2.19 dB/cm; S 1, min-
imal steatosis, <5 % of hepatocytes with steatosis; 2.2-2.29
dB/cm; S2 — moderate steatosis, <6—32 % of hepatocytes
with steatosis; 2.3-2.9 dB/cm; S3 —severe steatosis, <33—
100 % of hepatocytes with steatosis; >2.9 dB/cm.

The window of results and the main indicators evaluated
during quantitative ultrasound steatometry are shown in Fig. /.

Table 1
Distribution of patients by age and sex

Total Men Women
Groups N = N = N = Average age, year
1 gr. MAFLD (n=47) 47 29.9 24 158 23 14,6 34,69+1,97
2 gr. MASH with clinically insignificant LF (FO-F1) (n=45) 45 28,7 24 |[5%3 21 13,4 51,42+1,42
3 gr. MASH with clinically significant LF (F2-F3) (n=32) 32 20,4 18 1.5 14 89 49,34£1,91
4 gr. FLS (n=33) 33 21,0 17 10.8 16 10,2 4312,64
Total (n=157) 157 100 83 52,9 74 471 44,62+1,07
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Fig. 2. Distribution of patients according type of eating disorder (DEBQ).

* Stage 4 — determination of complex indices: fatty liver index
(FLI), assessment of the state of the liver according to the
fibrosis scale in NAFLD (NFS), fibrosis index-4 (FIB-4).

» Stage 5 — dual-energy X-ray absorbtiometry (DXA)
in “Whole body” mode.

* Stage 6—trepan-biopsy of the liver with ultrasound control,
with the study of micropreparations on the SAF scale
(n=49 (32,7 %).

Non-drug measures in all patients were taken accord-
ing to the general principles of weight loss with its sub-
sequent maintenance: teaching patients a proper lifestyle
with a change in eating habits (with the participation of a
general practitioner); hypocaloric diet; keeping a food diary;
physical exercises.

Statistical processing of the research results was carried
out in the Microsoft Excel 2017 database. Data analysis was
carried out using descriptive statistics and comparison of sam-
ples (using parametric and nonparametric criteria). Pearson
rank correlation analysis was used to assess the relationship
between two variables. Coefficient r greater than 0 at p<0.05
was taken as reliable. Indicators of predictive value (sensitivity
and specificity) were determined.

Results

The results of the interpretation of the SF-36 ques-
tionnaire at the first visit of patients to the research cen-
ter showed the results of quality of life slightly below the
average levels in the general population of the Russian
population. All patients of the control group 1 showed
results above the average levels (minimum values for the
physical component of health — 79, for the psychological
component of health — 72).

The CLDQ-NAFLD (Chronic Liver Disease Ques-
tionnaire — Non-Alcoholic Fatty Liver Disease) ques-
tionnaire assess the level of quality of life in patients
with chronic liver diseases (in particular, NAFLD) on 6
factors: fatigue, anxiety, emotional function, abdominal
symptoms, systemic symptoms, activity. Patients of all
studied groups assess their physical and psychological
state above the average value; high results are noted in
groups 1 and 4, which is probably due to the absence
of clinical manifestations of NAFLD in most represen-
tatives of this group of patients.

The distribution of patients in the main study groups
according to the results of DEBQ questionnaire is presented
in Fig. 2.

In groups of patients 1 and 4, no increase in liver enzymes
was recorded. In groups 2 and 3, there was an increase in the
level of hepatic transaminases with a predominance of ALT.
Additionally, in group 3, there were also changes in the di-
rection of growth of ALT, AST, alkaline phosphatase, total
and direct bilirubin.

In patients 1, 2 and 4 of the main study groups, there were
no deviations of the coagulogram parameters from normal
values. In the majority of patients of the 3rd main study group,
at the recruitment stage, a decrease in blood clotting ability
(prolongation of prothrombin time) was revealed.

Glucose levels differed significantly in groups 1-4 due
to the presence in each of the groups of patients with type
2 diabetes.

In the majority of patients of the main study groups (ex-
cept for patients of groups 1 and 4), the lipid profile showed
a decrease in HDL levels, an increase in TG and LDL. Some
of them also had an increase in total cholesterol levels. In-
creased levels of total cholesterol and LDL have been consid-
ered as risk factors for diabetes mellitus and atherosclerosis.
a slight increase in triglyceride levels was also detected in
patients with type 2 diabetes.

The distribution of patients in the main study groups ac-
cording to the results of quantitative ultrasound steatometry
is presented in Table 2.

The coincidence of the data of liver ultrasound quanti-
tative steatometry with the data of combined elastography
with the determination of liver steatosis at degrees of liver
steatosis S0 and S 3 was revealed, in the intermediate
intervals S 1-S 2 there was a discrepancy in the data per
1 patient in each of the groups. In this group of patients,
there was a complete agreement between the data ob-

Table 2

Distribution of patients in the main study groups (n=157) according to the results of quantitative ultrasound steatometry

1 gr. (n=47) 2 gr. (n=45)
Liver steatosis (grade)
n % n %
S1 27 57,45 18 40
S2 13 27,66 16 35,56
S3 7 14,89 11 24,44

3 gr. (n=32) 4 gr.* (n=33) Total (n=157)
n % n % n %
13 40,62 19 57,58 77 49
10 31,25 13 39.39 52 33,1
9 28,13 1 3,03 28 17.8

* In group 4 quantitative ultrasound steatometry was performed in a preselected area of interest (in the focus of focal liver steatosis).
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Fig. 3. The ratio of indicators of liver ultrasound steatometry with the determination of the attenuation coefficient of the ultrasound wave (dB/cm),
combined elastography with the determination of liver steatosis (dB/cm/MHz) and histological examination of liver biopsy specimens according
to the SAF scale in patients (n=17) who agreed to re-biopsy 36 months after the start of the study.

Table 3

Dynamics of changes in the severity of liver steatosis according to the
histological examination of liver biopsy specimens (SAF scale) in
patients of the main study groups 1-3

Proportion of patients
(%) who agreed
to a liver biopsy

at baseline (n=49)

Proportion of patients
(%) who agreed
to a liver biopsy

at baseline (n=17)*

Proportion of patients
(%) who agreed
to a liver biopsy at the
end of the study (n=17)

Liver steatosis
SO 2,04 0 5,88
S1 32,65 29,41 58,82
S2 38,78 41,18 17,65
S3 26,53 29,41 17,65
Activity of the inflammatory process
AO 32,65 23,53 52,94
Al 14,29 17,65 23,53
A2 24,49 29,41 17,65
A3 16,33 23,53 5,88
A4 12,24 5,88 0
Liver fibrosis

FO 38,78 3529 64,71
F1 20,41 23,53 588
F2 14,29 23,53 11,76
F3 14,29 11,76 11,76

*The same patients who consented to repeat liver biopsy at the end of the studly.

tained using ultrasound steatometry of the liver with the
data obtained from the histological examination of biopsy
specimens (Fig. 3).

The distribution of the results of liver biopsy of patients
who consented to repeat biopsy according to the severity
of steatosis (S 0-S 3), the activity of the inflammatory process
(A0-A4) and fibrosis (FO-F3) are presented in Table 3.

Based on the results of the primary DXA study, the results
shown in Table 4 were obtained.

Table 4
Distribution of patients of the main group based on the fat mass index
according to DXA data in the «Whole Bodyn» mode

1gr.(n=47) 2gr.(n=45) 3gr.(n=32) 4gr.(n=33)

Fat mass index
n %o n % n %o n %

Excess 3 27,66

3 2889 8 25

9 5758

6 3404 18 40 9 2813

Obesity 1 grade 2 3636

Obesity2grade 14 2979 13 2889 14 4375 2 6,06
Obesity 3 grade 4 8,51 1 2,22 1 3,12 0 0
Conclusions

1. Itis possible to use quantitative ultrasound steatometry for
metabolically associated fatty liver disease, as a reference
method both for the initial detection of the disease and
for monitoring non-drug treatment (sensitivity 90.7 %,
specificity 92.4 %).

2. The optimal complex for the diagnosis and monitoring
of non-drug treatment of metabolically associated fatty
liver disease includes an assessment of the level of com-
pliance, the use of quantitative ultrasound steatometry
and dual-energy X-ray absorptiometry in the «Whole
body» mode (sensitivity 92.8 %, specificity 92.3 %).
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SUMMARY

Introduction. X-ray microtomography is a non-desfructive method of microstructural analysis, which has
a high level of detail and allows the possibility of assessing the internal architecture of organs and tissues using
3D-analysis[1]. The specifics of working with such equipment can be divided into in vivo and in vitro, i.e. working
with live laboratory animals (mice, rats, rabbitfs) under anesthesia or studying organs and fissues separated
from the animal [2].

The aim of the work was to study the microstructure of sheep bone fissues in normal and simulated osteoporosis
using computed microtomography.

Materials and methods. We performed microCT analysis of different sheep bones in normal and experimental
osteoporosis. Bone ftissue of the jaw, iliac and femur, and teeth were collected from control and experimental
animals. Bone tissue samples were fixed in 10% buffered formalin. X-ray microCT scanner Skyscan 1176 (Bruker-
microCT, Belgium) and software Skyscan 1176 control program (10.0.0.0), Nrecon (1.7.4.2), DataViewer (1.5.6.2),
CT-analyser (1.18.4.0), CTvox (3.3.0r1403) were used to scan and process materials.

Results. MicroCT examination and 3D-imaging confirmed the elimination of frabeculae in the metaphyseal region
of the femur in sheep with experimental osteoporosis from the centre to the periphery; in addition, 3D-analysis
showed a 15.1% decrease in bone percentage, a 7.8% decrease in bone mineral density, and an increase
in Tb. Sp. (trabecular separation), Tb. Pf. (frabecular pattern factor) and SMI (structure model index) by 30.2 %,
20.8% and 23.6 %, respectively, and a decrease in Tb.N. (trabecular number) index by 18.6 %, indicating calcium
washout, decreased frabecular connectivity and a transition from a lamellar to a rod-like architecture. Similar
changes were found in the 3D-analysis of the jaw bone tissue. Thus, a decrease of 18.9 % in mineral density was
found, as well as a significant increase of 11.58 and 2.21 in the indices, particularly Tb. Pf. and SMI. 3D-analysis
of iliac microtomography also indicates a simulation of osteoporosis, as evidenced by a significant increase in
the main indices characterising the development of this pathology.

Conclusions. The obfained results not only objectively testify to the development of osteoporosis in the experimental
animals, but also indicate signs of the adaptation-compensatory reactions of the body, characterized by
appearance of large single trabeculae in the metaphysis of the femur as well as by not expressed reduction
of bone mineral density and bone tissue area.

KEYWORDS: microtomography; nondestructive testing; imaging; bone tissue; osteoporosis; medicine.
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Introduction

Osteoporosis is a progressive metabolic disease of the
skeleton, in which there is a generalised reduction of bone
mass and bone structure that differs from the age and sex
norm, leading to a decrease in physical bone strength and the
risk of fractures even with minor trauma. Bone strength is
determined by a combination of quantitative and qualitative
characteristics: bone mineral density and architectonics, bone
metabolism, damage accumulation, and tissue mineralisation.
Computed microtomography provides accurate quantitative
data on these characteristics without compromising the in-
tegrity of the samples under study. [3]

Microtomography is one of the main methods of non-de-
structive analysis and one of the most common methods

of microscopy [1], which visualises the very fine internal
structure of objects to provide high-resolution volumetric
data at the micron level. This enables the study of micro-
structures, the precise determination of geometry [4—7],
eventually defects and differences in density and morphology.
It does not require sample preparation, staining and slicing;
settings and parameters have been extensively studied for
specific structures [8]. It has great potential for biomedical
and bioengineering applications [9]. MicroCT systems are
present as laboratory instruments in major laboratories and
companies for various types of research and applications
including educational purposes [10,11]. Analyses carried
out using microtomography can also be useful in terms
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of compliance with international standards, regulations and
in forensic practice [12, 13]. Microtomography analyses
can influence the material validation process and quality
assessment of finished devices.

Dentistry and Oral and Maxillofacial Surgery (O&M)
represent two sectors that influence the biomedical engineering
context and where microtomography is widely used because
of the need for detailed information on small and complex
objects, mineralised structures and with varying densities.
The market is characterised by innovative materials and solu-
tions requiring advanced technology in the routine activities
of dental laboratories and clinics, such as microtomography
[14,15], whose capabilities prove indispensable.

The aim of the work was to study the microstructure of sheep
bone tissue in normal and simulated osteoporosis using com-
puted microtomography.

Materials and methods

Bone tissue samples fixed in 10 % buffered formalin in
accordance with the rules for pathomorphological and his-
tological studies were the objects of study [2].

The samples presented:

Sample Ne 1

Bone tissue of sheep’s jaw in the normal state.

Sample No 2

Bone tissue of sheep’s jaw in osteoporosis simulation

Sample Ne 3

Sheep’s tooth in the normal state.

Sample No 4

Osteoporosis simulation in a sheep’s tooth

Sample No 5

Sheep femur in the normal state

Sample Ne 6

Sheep femur in osteoporosis modeling

Sample Ne 7

Sheep ileum in the normal state

Sample No 8

Sheep ileum in osteoporosis simulation

To study the structure of sheep bones and determine their
bone mineral density (BMD), a Skyscan 1176 (Bruker) X-ray
computer microCT scanner was used [16]. The system allows
creating 3D-reconstructions of objects with resolution up
to 9 microns, making it possible to study the structure and
density of the examined object without damaging its integrity.

Each bone was scanned along with two phantoms (0.25 and
0.75 g/cm3 calcium hydroxyapatite Ca5(PO4)3(OH)) with the di-
ameter corresponding to the thickness of the examined samples.

Scanning parameters in the Skyscan 1176 control program
(10.0.0.0, Bruker-microCT, Belgium):

Sample Ne 1

X-ray voltage 80 kV, X-ray current 300 uA, filter Cu+Al,
image pixel size 8,87 um, tomographic rotation 180°, rotation
step 0,3, frame averaging 4.

Sample No 2

X-ray voltage 65 kV, X-ray current 380 pA, filter 0,5 mm
Al, image pixel size 8,87 pum, tomographic rotation 180°,
rotation step 0,3, frame averaging 4.

Sample Ne 3

X-ray voltage 90 kV, X-ray current 270 uA, filter Cu 0,1
mm, image pixel size 8,87 um, tomographic rotation 180°,
rotation step 0,3, frame averaging 3.

Sample No 4

X-ray voltage 90 kV, X-ray current 270 uA, filter Cu 0,1
mm, image pixel size 8,87 um, tomographic rotation 180°,
rotation step 0,3, frame averaging 3.

Sample No 5

X-ray voltage 90 kV, X-ray current 259 uA, filter Cu 0,1
mm, image pixel size 35,47 um, tomographic rotation 180°,
rotation step 0,6, frame averaging 4.

Sample Ne 6

X-ray voltage 90 kV, X-ray current 259 uA, filter Cu 0,1
mm, image pixel size 35,47 um, tomographic rotation 180°,
rotation step 0,6, frame averaging 4.

Sample Ne 7

X-ray voltage 80 kV, X-ray current 291 uA, filter filter
Cu+Al, image pixel size 35,47 um, tomographic rotation 180°,
rotation step 0,3, frame averaging 4.

Sample No 8

X-ray voltage 80 kV, X-ray current 291 uA, filter filter
Cu+Al, image pixel size 35,47 um, tomographic rotation 180°,
rotation step 0,3, frame averaging 4.

The scanned objects were reconstructed in Nrecon (1.7.4.2,
Bruker-microCT, Belgium) with the following basic recon-
struction parameters:

Sample Ne 1

smoothing 2, ring reduction 10, beam hardening 41, min-
imum for CS to Image Conversion=0,002, maximum for CS
to Image Conversion=0,04.

Sample No 2

smoothing 2, ring reduction 10, beam hardening 41, min-
imum for CS to Image Conversion=0.002, maximum for CS
to Image Conversion=0,08.

Sample Ne 3

smoothing 4, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0.002, maximum for CS
to Image Conversion=0,038.

Sample No 4

smoothing 4, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0.002, maximum for CS
to Image Conversion=0,038.

Sample No 5

smoothing 2, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0,002, maximum for CS
to Image Conversion=0,03.

Sample Ne 6

smoothing 2, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0,002, maximum for CS
to Image Conversion=0,03.

Sample Ne 7

smoothing 2, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0,000, maximum for CS
to Image Conversion=0,03.

Sample No 8

smoothing 2, ring reduction 20, beam hardening 41, min-
imum for CS to Image Conversion=0,000, maximum for CS
to Image Conversion=0,03.
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Sample Ne 1. The bone tissue of a
sheep's jaw in normal state.

Sample Ne 2. The bone fissue of the
sheep’s jaw in osteoporosis simu-
lation.

Fig.1. Comparison of samples Ne 1 and Ne 2.
Table 1
Results of microtomography analysis of sheep jaw bones in

osteoporosis simulation

BMD, g/cm? (bone fissue

Name of samples in rabeculae only) Tb.Pf (1/mm) * SMI **
Sample Ne 1 0.815 2,35 0,46
Sample Ne 2 0,661 9,23 1.75

The difference -18,9% Ha 11,58 Ha 2,21

Note: *Trabecular pattern factor, **Structure model index.

o

iy

Sample Ne 3. Sheep's foothiin the
normal state

Sample Ne 4. A sheep's tooth in an
osteoporosis simulation. Arrows mark
areas of enamel erosion. X-ray densi-
ty increases from red to green.

Fig. 2. Comparison of samples Ne 3 and Ne 4.

o

Sample Ne 6. Trabecular structure in
the metaphyseal region of the sheep
femur in the osteoporosis simulation.
An arrow marks the area of trabecular
elimination, and the formation of few
thickened trabeculae is also detected.

Sample Ne 5. Trabecular struc-
ture in the metaphyseal area
of the sheep femur in the nor-
mal state.

Fig. 3. Comparison of samples Ne 5 and Ne 6.

Orientation (X, y, z) and isolation of individual regions
of reconstructed materials was performed in DataViewer
(1.5.6.2, Bruker-microCT, Belgium).

Visualization, data analysis and BMD determination were
performed in the CT-analyser software (1.18.4.0, Bruker-mi-
croCT, Belgium). According to the manufacturer’s official
guidelines, the software was first calibrated using phantoms,
followed by the BMD determination in the different VOI sam-
ples. A 3D-visualisation of the results obtained as a function
of radiological density was performed in the CTvox software
(3.3.0r1403, Bruker-microCT, Belgium).

Results

Examination of samples by microtomography and 3D-anal-
ysis showed a decrease of trabecular tissue mineral density
in Sample Ne 2 by 0.154 g/cm3 (18.9 %) (Fig. 1), a significant
increase of indices, in particular Tb. Pf. and SMI by 11.58 and
2.21 indicating calcium wash-out and thinning of trabeculae,
reduction of trabecular connectivity and their transition from
plate-like to rod-like architecture (7ab. ). This type of change
is characteristic of osteoporosis.

Numerous enamel erosions are visualised in the microCT
analysis of the teeth of a sheep in which osteoporosis has
been simulated (Fig. 2).

The state of osteoporosis was also confirmed by the main
method, microtomography of the femur bones of sheep (Fig.
3). a 3D-analysis of the metaphysis of the femur of an ani-
mal with simulated osteoporosis showed a 15.1 % decrease
in bone percentage, a 7.8 % decrease in bone mineral density
as well as an increase in indices, particularly Tb. Sp., Tb. Pf.
and SMI by 30.2 %, 20.8 % and 23.6 % respectively and
a decrease in Tb.N. index by 18.6 % (Tab. 2). This indicates

Table 2

Results of microtomography analysis of sheep femurs in osteoporosis simulation

Name of samples BV/TV,% BMD, r/cm® Tb.Th, mm
Sample Ne 5 23,2 0,284 0,271
Sample Ne 6 19.7 0,262 0,283

The difference -151% -7.8% +4,4%

Tb.N, (1/mm) * Tb.Sp, mm ** Tb.Pf (1/mm) *** SM] *¥*x
0.86 2,25 1,44 0.72
0.7 2,93 1,74 0,89
-18,6% +30,2% +20,8% +23,6%

Note: *Trabecular number, **Trabecular separation *Trabecular pattern factor (Tb. Pf), ***Structure model index (SMI).
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Sample Ne 7. Trabecular struc-
ture of the sheep’s iliac bone in
normal state.

Sample Ne 8. Trabecular structure
of sheep ileum in osteoporosis sim-
ulation.

Fig. 4. Comparison of samples Ne 7 and Ne 8.

calcium washout and thinning of the trabeculae, decreased
connectivity between the trabeculae, and a change from
a lamellar to a rod-like architecture, which is characteristic
of osteoporosis.

Moreover, additional 3D-analysis of iliac microtomography
(Fig. 4), also indicates the development of osteoporosis, which
is confirmed by a significant increase of 80.6 % and 81.5%
in the main indices characterising this pathology, Tb. Pf. and
SMI, respectively (Tab. 3).

Findings

Examination of samples by microtomography and 3D-anal-
ysis showed a decrease of mineral density of trabecular tissue
in sample Ne 2 by 0,154 g/cm3 (18,9 %), significant increase
of indices, in particular Tb. Pf. and SMI by 11,58 and 2,21
indicating calcium washout and thinning of trabeculae, re-
duction of the connection level between trabeculae and their
change from plate-like to rod-like architecture which is typical
for osteoporosis.

Numerous enamel erosions are visualized in the microCT
analysis of the teeth of a sheep in which osteoporosis has
been simulated.

The condition of osteoporosis was confirmed by the
main method, microCT of the femoral bones of sheep.
a 3D-analysis of the metaphysis of the femur of the animal
with simulated osteoporosis showed a 15.1 % decrease in
bone percentage, a 7.8 % decrease in bone mineral density
and an increase in the indices, particularly Tb. Sp, Tb. Pf.
and SMI by 30.2 %, 20.8 % and 23.6 %, respectively, and
a decrease in Tb. N. index by 18.6 %, indicating calcium
washout and thinning of the trabeculae, a reduction in the
level of communication between the trabeculae and their
transition from a lamellar to a rod-like architecture, which
is characteristic of osteoporosis.

Moreover, additional 3D-analysis of iliac microtomography
also indicates a pattern of osteoporosis, which is confirmed

by a significant increase of 80.6 % and 81.5 % in the main
indices characterizing the development of this pathology,
Tb. Pf. and SMI, respectively.

Conclusions

The obtained results objectively indicate the develop-
ment of osteoporosis in experimental animals, but also
indicate signs of adaptation-compensatory reactions of the
body. These reactions are characterized by the appearance
of large trabeculae in the metaphyseal area of the femur,
an unexpressed decrease in bone mineral density and bone
tissue area, especially in the iliac bone. Such morphologi-
cal analysis would not have been possible without the use
of computed tomography techniques. The conventional
methods of histological examination with slices, macro- and
microspecimens are not able to quantify the magnitude
of osteoporosis and assess the degree of bone deformation.
When examining the hard tissues in experimental animals,
it is reasonable to use methods of examination without dam-
aging the integrity of the examined samples, because it will
be impossible to visualise and reconstruct the qualitative
and quantitative indicators of conducted work. It is the
objectivity and clarity of this technique that enables us
to recommend its use for the evaluation of bone tissue in
various experimental studies, so necessary for clinicians
of various specialisations.

References

1. Grande, N.M.; Plotino, G.; Gambarini, G.; Testarelli, L.; D’ Ambrosio, F.;
Pecci, R.; Bedini, R. Present and future in the use of microCT scanner
3D-analysis for the study of dental and root canal morphology. Ann.
Ist. Super. Sanita 2012, 48, 26-34.

2. Korzhevsky D.E., Gilyarov A.V. Fundamentals of histological tech-
nique.—SPb.: SpetsLit, 2010.— 95 p.

3. Charwat-Pessler, J.; Musso, M.; Petutschnigg, A.; Entacher, K.; Plank, B.;
Wernersson, E.; Tangl, S.; Schuller-Gotzburg, P. a bone sample contain-
ing a bone graft substitute analyzed by correlating density information
obtained by X-ray micro tomography with compositional information
obtained by raman microscopy. Materials 2015, 8, 3831-3853.

4. Daly, S.M. Biophotonics for Blood Analysis; Elsevier: Amsterdam, The
Netherlands, 2015; ISBN 9780857096746.

5. Campioni, I.; Cacciotti, I.; Gupta, N. Additive manufacturing of re-
construction devices for maxillofacial surgery: Design and accuracy
assessment of a mandibular plate prototype. Ann. Ist. Super. Sanita
2020, 56, 10-18.

6. Mangione, F.; Meleo, D.; Talocco, M.; Pecci, R.; Pacifici, L.; Bedini,
R. Comparative evaluation of the accuracy of linear measurements
between cone beam computed tomography and 3D-microtomog-
raphy. Ann. Ist. Super. Sanita 2013, 49, 261-265.

7. Sinibaldi, R.; Pecci, R.; Somma, F.; Penna, $.D.; Bedini, R. a new soft-
ware for dimensional measurements in 3D-endodontic root canal
instrumentation. Ann. Ist. Super. Sanita 2012, 48, 42-48.

8. Végtlin, C.; Schulz, G.; J&ger, K.; Mdller, B. Comparing the accuracy
of master models based on digital infraoral scanners with conventional
plaster casts. Phys. Med. 2016, 1, 20-26.

Table 3

Results of microtomography analysis of sheep iliac bones in osteoporosis simulation

Name of sampes BV/TV,% BMD, r/cm® Tb.Th, mm
Sample Ne 7 26,7 0,331 0,188
Sample Ne 8 26,4 0,318 0,192

The difference 11% +3,9% +2,1%

Tb.N, (1/mm) * Tb.Sp, mm ** Tb.Pf (1/mm) *** SM#***
1,42 0,71 0,72 0,27
1,38 0,65 1.3 0,49
-28% -8,5% +80,6 % +81,5%

Note: *Trabecular number, **Trabecular separation, ***Trabecular pattern factor (Tb. Pf), ***Structure model index (SMI).

International Journal of Innovative Medicine No. 02/2022



9. Cengiz, I.F.; Oliveira, J.M.; Reis, R.L. Micro-computed tomography
characterization of tissue engineering scaffolds: Effects of pixel size
and rotation step. J. Mater. Sci. Mater. Med. 2017, 28.

10. Boerckel, J.D.; Mason, D.E.; McDermott, A.M.; Alsberg, E. Microcom-
puted tomography: Approaches and applications in bioengineering.
Stem Cell Res. Ther. 2014, 5, 1-12

11. Liao, C.-W.; Fuh, L.-J.; Shen, Y.-W.; Huang, H.-L.; Kuo, C.-W.; Tsai, M.-T.;
Hsu, J.-T. Self-assembled micro-computed tomography for dental
education. PLoS ONE2018, 13, e0209698.

12. Deyhle, H.; Schmidli, F.; Krastl, G.; Mdller, B. Evaluating tooth resto-

14. Rutty, G.N.; Brough, A.; Biggs, M.J.P.; Robinson, C.; Lawes, S.D.A.;

Hainsworth, S. V. The role of micro-computed tomography in forensic
investigations. Forensic Sci. Int. 2013, 225, 60-66.

15. Leeson, D. The digital factory in both the modern dental lab and clinic.

Dent. Mater. 2019, 1, 43-52.

16. Bouxsein M. L., Boyd S. K., Christiansen B. A., Guldberg R. E.,

Jepsen K. J., Muller R. Guidelines for assessment of bone micro-
structure in rodents using micro-computed tomography // Journal
of Bone and Mineral Research. 2010. Vol. 25, N7. P. 1468-1486.
DOI:10.1002/jbmr.141.

rations: Micro-computed tomography in practical training for students
in dentistry. Int. Soc. Optical Eng. 2010, 7804, 780417.

13. Sandholzer, M.A.; Walmsley, A.D.; Lumley, P.J.; Landini, G. Radiologic
evaluation of heat-induced shrinkage and shape preservation of hu-
man teeth using microCT. J. Forensic Radiol. Imaging 2013, 1, 107-111.

Received 15.07.2022
Revised 18.07.2022
Accepted 23.07.2022

INFORMATION ABOUT AUTHORS

Dolgalev Alexander Alexandrovich, PhD, MD, Head of the Center for Innovation and Technology Transfer, Professor of the Department of General
Practice Dentistry and Pediatric Dentistry of Stavropol State Medical University of the Ministry of Health of the Russian Federation, Professor of the
Department of Clinical Dentistry with a course of OS and MFS of Pyatigorsk Medical and Pharmaceutical Institute-branch of the Volgograd State
Medical University, Stavropol, Russian Federation. ORCID: https://orcid.org/0000-0002-6352-6750. Tel. +79624404861, e-mail: dolgalev@dolgalev.pro

Rzhepakovsky Igor Viadimirovich, Candidate of Biological Sciences, Associate Professor at the Department of Applied Biotechnology. leading
researcher of the interdepartmental research and education laboratory of experimental immunomorphology, immunopathology and
immunobiotechnology, North-Caucasus Federal University, Stavropol, Russian Federation. Tel. +79054164981, e-mail: izhepakovskii@ncfu.ru

Danaev Aslan Baradinovich, Head of the Saverclinica Centre for Training in the Basics of Lean Manufacturing in Health Care at the institute
of additional professional education, Stavropol State Medical University of the Ministry of Health of the Russian Federation, Stavropol, Russian
Federation. ORCID: https://orcid.org/0000-0003-4754-3101. Tel. +79289111148, e-mail: aslandanaev111@mail.ru

Avanisyan Vazgen Mikhailovich, the 5-th grade student of the Faculty of Dentistry of the Stavropol State Medical University of the Ministry of Health
of the Russian Federation, Stavropol, Russian Federation. ORCID: https://orcid.org/0000-0002-0316-5957. Tel. +79286338995, e-mail: avanvaz@yandex.ru

Shulga Galina Sergeevna, the 4-th grade student of the Faculty of Dentistry of the Stavropol State Medical University of the Ministry of Health of the Russian
Federation, Stavropol, Russian Federation. ORCID: https://orcid.org/0000-0003-2328-6948. Tel. +79288266451 e-mail: g.dolgopolowa2015@yandex.ru

Korobkeev Artemy Aleksandrovich, the 3-th grade student of the Faculty of Dentistry of the Stavropol State Medical University of the Ministry
of Health of the Russian Federation, Stavropol, Russian Federation. ORCID: https://orcid.org/0000-0001-6188-2578.
Tel. +79624429874, e-mail: korobkeevartemy@gmail.com

DOI:10.33667/2782-4101-2022-2-21-26

TISSUE-ENGINEERED BONE IMPLANTS FOR THE REPLACEMENT
OF JAWBONE DEFECTS. LITERATURE REVIEW

Konstantin Kobets, Artak Kazaryan, Saddam Bopkhoev

Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St., Moscow, 117198,
Russian Federation

SUMMARY

The purpose of the study: to trace the development of methods of bone implants for the replacement of jawbone
defects: from ceramic and polymeric scaffolds to complex tissue-engineered sfructures with stem cells, growth
factors and vascular anastomoses based on literature data.

Materials and methods: searching, systematization and analysis of scientific data on various types of 3D-printed
bone implants and their effectiveness in replacing bone defects.

Conclusions: Modern technologies of 3D-printing, cell and tissue engineering, microvascular surgical techniques
closely approach scientists and clinicians to creation of an artificial bone implant which in the body must become
a living structure capable of integrating with the patient’s bone. Only complex approach which includes
reconstruction of the implant of individual shape and sufficient mechanical strength, giving of osteoinductive
and osteogenic properties, providing of internal axial and external angiogenesis is the basis for such fissue-
engineered construction.

KEYWORDS: artificial tissue implants, bone vascularisation, bone implants, bone engineering, bone the defects
reconstruction, arteriovenous loop.

CONFLICT of INTEREST. The authors declare no conflict of interest.

e International Journal of Innovative Medicine No. 02/2022



Introduction

Tissue damage caused by trauma, cancer and infectious
processes can lead to extensive defects and deformities re-
quiring reconstructive surgery. More than 500,000 people
with head and neck cancers are identified each year (Cohen
et al., 2018). Modern surgical treatment of malignant lesions
implies one-stage removal of resection defects. For this
purpose, vascularized bone or combined bone-soft tissue
autografts are the «gold standard» [Huang et al. [Huang et
al., 2016]. For example, for mandibular reconstruction, the
peroneal autograft on microvascular anastomosis is most
often used. Its advantages are a long vascular stem, vessel
diameter, suitable length and thickness of the bone, the pos-
sibility of performing reconstruction over a long distance,
the possibility of including a muscle or skin component
with a flap, stable bone structure that allows intraosseous
implantation and further orthopedic prosthesis, minimal
resorption [Tereshchuk et al., 2018].

However, all autotransplant surgeries have disadvantages
and limitations. First, it is an additional surgical procedure
of graft taking, defect or instability of the donor site, defor-
mation and pain in the donor site, risk of infection (Lakhiani
et al., 2016; Simon et al., 2003; Hartman et al., 2002). The
main factor determining the nutrition and «survival» of the
graft at the microvascular anastomosis is the patency of the
anastomosis itself. This can be influenced by surgical tech-
nique, anaesthetic and medication support, and postoperative
regimen.

Despite the impressive success of microsurgical procedures
in tissue and organ transplantation, the development of artificial
tissue-engineered constructs to replace bone and other tissue
defects is a promising area. Advances in cell engineering
(the ability to cultivate deterministic cells), genetics and mo-
lecular biology (synthesis of cytokines and growth factors),
3D-printing of matrices and scaffolds of the right shape with
biocompatible materials facilitate this.

This review focuses on current advances in tissue engi-
neering in the development of vascularised tissue implants
(VTIs), especially bone implants. The requirements for VTIs
are described and systematised, the technologies for VTI
creation are reviewed and the results of their use in in vivo
experiments are given.

Materials and methods

The scientific literature for this review was collected from
the following on-line databases and libraries: https://elibrary.
ru/, https://scholar. google. ru/, https://pubmed. ncbi. nlm.

Results of the study

https://elibrary.ru/ hf;%s(:)/élsec.hrgl/or.
Artificial tissue implants 1 45
Bone vascularisation 35 1850
Bone implants 1248 32200
Bone engineering 256 11300
Bone defect reconstruction 42 2030
Arteriovenous loop 49 2520

nih. gov, https://www. sciencedirect. com/. Search was
performed using the following keywords: artificial tissue
implants, bone vascularization, bone implants, bone engi-
neering, bone defect reconstruction, arteriovenous loop; no
date restrictions.

Discussion

3D-prototyping of bone implant

Currently, it is possible to produce a biocompatible bone
implant (scaffold) of any geometric shape, including an in-
dividual one for each particular patient using 3D-printing
[Tereshchuk S.V. et al., 2019, Kim et al., 2021].

Due to the nature of the material used for 3D-printing
and the architectonics of 3D-printing, bone implants usually
have osteoconductive properties, i.e. they are a matrix for
bone tissue formation on their basis. Adding growth factors,
cytokines and cells to their composition can additionally
give osteoinductive and osteogenic properties [Muraev A. A.
etal., 2013].

Thus the usage of biphasic calcium phosphate as a scaf-
fold is much more effective than using pure hydroxyapatite
and beta-tricalcium phosphate (HA and b-TCP) [Kohri M
et al., 1993; Nery et al., 1992]. The pores and their num-
ber and size in the scaffold play an important role in the
process of surrounding tissue ingrowth into the material
and the osseointegration of the material. If the pore size is
below 100 pum, fibrovascular encapsulation of the implant
may occur; 100500 pm is considered optimal [Kiihne et
al. 1994].

In addition to its effect on the regeneration of the bone
tissue itself, pore size affects vascular growth, which is more
pronounced in large pores (Druecke D et al., 2004).

It is important to understand that in order for a complete
bone implant to form, a vascular structure must be formed in
its structure to nourish it.

External and internal vascularisation

Vascularisation is a key link in the growth of new and
regeneration of damaged tissue. When creating osteoplastic
materials for the replacement of small bone defects, vascular
endothelial growth factor (VEGF) may be included in the
material composition. Thanks to VEGF a well-developed
microcirculatory channel is formed in the regeneration zone
[Muraev A.A. et al., 2012; 2012].

This approach refers to external neovascularisation, i.e.,
the microvascular bed is «connected» to existing adjacent

https://pubmed.ncbi.nim.nih.gov https://www.sciencedire ct. com/.

8198 15
97 1347
1034 14609
373 988
179 294
210 520
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arterioles. This type of neovascularization is ineffective
when the size of the bone defect is large and in places
that have been exposed to radiation [Lokmic Z et al, 2006;
Tanaka et al, 2000]. This is the reason why the formation,
development and survival of new cells in the centre of large
constructions is limited at the beginning of vascularisa-
tion. If when a scaffold is implanted into an area where
there is good vascularisation there will be development
of a vascular network, then further transplantation into the
recipient area will result in cessation of blood supply, as
there is no subsequent connection to the vascular network
in the defect site.

These problems have led to the development of new meth-
ods of neoangiogenesis for artificial tissue-engineered con-
structs, namely internal vascularisation. Internal vascularization
is a method in which an artery or vein serves as a source of new
vessels for tissue creation, which further allows the implant
to be transferred to the recipient area by means of microvas-
cular anastomoses [Tanaka Y et al., 2003; Erol et al., 1980;
Khouri et al., 1991].

As mentioned above, 3D-printing allows the creation
of artificial implants of defined macro- and micro-architec-
ture. Therefore, the next step, in order to provide internal
vascularisation, was to prefabricate channels for the vascular
bed within the bone implant. With the prefabrication tech-
niques it is possible to obtain the desired vascularised flap
with an axial type from a flap with incidental vascularisation.
With the arteriovenous loop it has become possible to im-
plant grafts in highly vascularised areas and after a certain
period to graft with connection to the local vascular network
with microvascular anastomoses for tissue and cell feeding.

3D-printing of the channels for the new vessels should be
guided by the structure of the vascular bed of the jawbone
tissue and the surrounding vessels. The diameter of the lin-
gual artery is 2.3£0.1 mm, the facial artery is 2.2+0.2 mm,
the diameter of the maxillary artery is 3.3+0.3 cm [Lukyan-
ov V.G. 1971] According to Jiang G. H. et al. the diameter
of the left facial artery is 1.4—4.7 mm (mean 2.83+0.77
mm), the right one is 1.6—4.3 mm (mean 2.81+0.79 mm)
[Jiang et al., 2008].

Volikov V. V. described the structure of the microvascular
system of the maxilla alveolar process in norm and in case
of tooth loss. Thus, in the presence of all teeth, the vascular
system is represented by tubular structures with a round-
ed cross-section, located mostly perpendicular to the bone
surface, with numerous anastomoses. The vascularisation
of the bone tissue is satisfactory. The arterial vessels have
a thin wall.

The diameter of the veins exceeds the diameter of the
arteries by 2—4 times. Morphometric analysis of the peri-
odontal vessels revealed that in intact dentition the number
of vessels in 1 sq.mm. in the projection of the 11th tooth
was 18,25 + 3,58, in the projection of the 21st tooth — 19,05
+ 3,26, in the projection of the 16th tooth — 19,10 £ 4,01, in
the projection of the 26th tooth — 19,30 = 3,27 (at p<0,05).
In the projection of all studied teeth the number of vessels
in 1 sq.mm. was more in women in comparison with men.
In comparison with the group of patients with intact den-

tition in partial and total adentia the number of vessels in
1 sq.mm. decreased by 20 % and 60 % respectively, vessel
diameter was 40 % and 70 %, the thickness of the vascular
wall increased by 2 and 4 times respectively. [Volikov V. V.
etal., 2015].

Revascularised bone implants

The next step in the evolution of artificial bone implants
(ABI) was to combine the tissue-engineered structure with
living vessels by introducing a main feeding vessel into
them. As such a vessel an arteriovenous loop or a vas-
cular stalk is used, which is placed directly in the bone
implant (BI) or under it. It was shown that the feeding
vessel allows good vascularization of the BI, due to the
formation of a microcirculatory channel around it [Khou-
ri etal. 1991; Tan et al., 2004; Hirase et al., 1987; Morrison
et al., 1990]. Such work is actively carried out in vivo on
animal models. For this purpose the highly vascularized
regions are chosen, where the prefabricated BI is placed
and after some time it is transferred into the bone defect
with the connection to the local vascular network with
the help of the microvascular anastomoses. The vascular
axis becomes a supporting vessel after transplantation and
microsurgical anastomoses with the local vessels to allow
the new vessels to live and integrate.

As an axial vessel, the arteriovenous loop has proven most
effective (Tanaka et al., 2003; Cassell et al., 2002; Kneser et
al., 2000).

Because of mechanical stimulation, the level of VEGF
(vascular endothelial growth factor) increases when a vascu-
lar graft is introduced into the arterial circulation (Nath et al.,
2003; Dvorak et al., 1995). The local inflammatory reaction
that occurs during surgical intervention on a vessel causes
an angiogenic reaction. VEGF levels in platelets increase
under the influence of proinflammatory chemokines [Nath et
al., 2003]. In microvascular anastomoses there is an increase
in endothelial cells in microvascular anastomoses due to the
combination of blood shear stress and turbulent current changes
[Davies et al., 1986].

Once the main vessel in the Bl is integrated and the
vascularisation process is complete, the BI is transferred
to the recipient area to repair the bone defect and connect-
ed to the recipient vessel. By 8 weeks, there is significant
vascularisation of the matrix with an arteriovenous loop
(Kneser et al., 2006).

Arteriovenous loop

An arteriovenous loop (AVP) is a pathological direct con-
nection between an artery and a vein (congenital or acquired),
creating blood flow bypassing the capillary network. Patho-
logical to normal tissues, in the experiment AVP promoted
flow-induced axial vascularisation. Thus, placed in the central
part of the bone implant, AVP is a source of «axial vascular-
ization», which in combination with peripheral angiogenesis
(«external vascularization») provides adequate blood supply
and thus opens significant prospects in solving the problem
of increasing the survival of cells comprising the BI [Leibig
etal., 2016].
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In 1980, Erol and Spira developed the arteriovenous loop
method (AVP) in experimental animals [Erol et al., 1980;].
The authors used rats weighing 250-350 grams. An artery
and vein were exposed on one side of the femoral vessels,
and a venous graft was obtained on the other side. Next, the
vessels were prepared by ligating the proximal part of the
vein and the distal end of the artery. The venous graft was
washed with heparin and then two end-to-end anastomoses
were applied: the proximal end of the artery and the distal
end of the vein. The criterion of the vessel patency was the
pulsation of the venous loop. The loop was inserted into the
implantation chamber and then closed from above with the
second part of the implant. The chamber was closed and
tied with 6/0 non-absorbable sutures. The skin was sutured
4/0-5/0. Postoperatively, heparin was injected intravenously.
IVG (interpositional vein grafts) is necessary to avoid ten-
sion in the loop between the artery and vein, and is a good
inducer for early angiogenesis (Polykandriotis et al., 2007;
Schmidt et al., 2013). The loop is completely isolated, al-
lowing vascularisation at the expense of the AV loop. This
results in hypoxia in the chamber, which is a stimulus for
neoangiogenesis. Hypoxia and cell proliferation reach their
peak on day 7 [Lokmic Z et al, 2006].

Experiments using the arteriovenous loop method are
also possible in other animals such as rabbits, dogs, sheep
[Wu X et al., 2015; Eweida et al., 2017; Dong et al., 2012].
Experiments on larger animals have provided the rationale
for the clinical use of the method.

AVP has been used in various experimental models. To
create the Bls, the AVP method was combined with different
scaffolds, including growth factors and cells: mesenchymal
stem cells (MSCs) [Arkudas et al., 2017; Kim HY et al., 2018;
Boos et al., 2012; Buehrer et al., 2014] or osteoblasts [ Arkudas
et al., 2007]. For cell differentiation, a number of authors have
added specific growth factors to CIs. The combination of MSCs
(mesenchymal stem cells) and BMP-2 (Bone morphogenetic
protein-2) leads to accelerated bone development in the AB
loop [Buehrer et al., 2014].

There are studies that focus on the possibility of growth
of muscle tissue, heart tissue, soft tissue, lymphatic vessels
and internal organs [Tee et al., 2012; Messina et al., 2005; Witt
et al., 2017; Fiegel et al., 2008; Brown et al., 2006; Robering
etal., 2018].

Work on lymphatic vessels is at a very early stage and
clinically very much in demand, with Jan Robering working
on lymphatic tissue development using an AV loop [Robering
etal., 2018].

Bone implants can be different in sizes, depending on the
zone of the defect, the size of the AVP is chosen according
to its size (Cassell et al., 2001; Hofer et al., 2003). It has
been shown that creation of additional external perforations
in the Bl results in faster vascular growth from the surround-
ing implant tissues [Dolderer et al., 2010]. Thus, in perfo-
rated implants there is an increase in angiogenesis in the
arteriovenous loop due to the connection to the additional
external vascular network, which significantly reduces the
time of pre-vascularization and tissue formation [Arkudas
etal., 2012].

Preclinical in vivo studies on large animals using a long
AVP and large Bls of clinically relevant size can be considered.
Justus Beier et al. in a study on sheep formed an AVP using
a saphenous artery and femoral vein in a large model, with
an implant size of 2.8 cm long, 1.8 cm wide and 1.8 cm high
and with a volume of 16 cm [Beier et al., 2009]. Wu X in
a study on dogs formed an AVP from the saphenous artery and
femoral vein, which allowed the IVG not to be used [Wu X
et al., 2015]. The success of this technique has also been
shown in rabbits using the saphenous artery and femoral vein
[Eweida et al., 2017].

Studies have shown that the less flexion of the AVP,
the less likely to develop thrombosis, also the non-use
of IVG (interpositional vein grafts) simultaneously with
saphenous artery and femoral vein anastomosis is possible,
as the anastomosis length between the artery and vein is
sufficient and there is no tension [Dong et al, 2012; Weigand
et al., 2015; Eweida et al., 2013]. However, several studies
show that IVG (interpositional vein grafts) is an important
factor in angiogenesis [Polykandriotis et al., 2007; Schmidt
etal., 2013].

There may be a reduced risk of thrombosis with the AV-
beam, less surgical experience is possible with this technique,
but studies show that the loop is more effective for angio-
genesis within the scaffold. The vascular bundle has a lower
degree of vascularisation but better balance between the bone
formation and the scaffold [Rudolph et al., 2020].

Conclusion

Modern 3D-printing, cell and tissue engineering and mi-
crovascular surgical techniques have brought scientists and
clinicians closer to the creation of an artificial bone implant,
which in the body must become a living structure capable
of integrating with the patient’s bone. Only a comprehensive
approach that includes recreating an implant with an indi-
vidual shape and sufficient mechanical strength, imparting
osteoinductive and osteogenic properties, ensuring internal
axial and external angiogenesis, is basic for such a tissue-en-
gineered structure.
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XCol-1-3 10.25-1.0 Mm | 3.0 cm® cardioplant.ru
XCol-2-1 11.0-20 mm 110 cm? [y6uaTtein 6nok CUBE Collagen MembpaHa bioPLATE Contur
XCol-2-3 11.0-20 mm13.0cm? Cb-10 1 20x10x10 Mm MBC-15 115x20 mMm

MBC-25 | 25x25 Mm

KocTHble rpaHynbl 6e3 konnareHa KopTukanbHas nnactmHa MBC-30 | 30x40 mm
XENOGRAFT Mineral CORTICAL Lamina
XMn-1-0510.25-1.0 mm | 0.5 cm? CL-25125x25x1 MM KonnareHosbin 3D-maTpukc
XMn-1-1 10.25-1.0 vm [ 1.0 cm? FibroMATRIX
XMn-1-3 10.25-1.0 vm | 3.0 cm? KopTukansHas membpaHa FB-15 115x20 MM
XMn [1.0-20 mm11.0cm® CORTICAL Membrane FB-30 | 30x40 mm

2-1
XMn-2-3 11.0-20 mm13.0cm® CM-20 | 25x20x0.2 Mm FB-8 18 mMm
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