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Fig. 4. Analysis of the effect of different cytokine compositions on the surface expression of CD95 and intracellular expression of the transcription factor BCL6 on
cultures of CD27- B cells and CD27* memory B cells. 1.5 x 10* CD19*CD20*CD27- and CD19*CD20*CD27- B cells were cultured on 3T3 feeder cells expressing
hCD40L in RPMI-2 culture medium in the presence of rhiL-21 (50 ng/ml), with or without the addition of the cytokines rhiL-4 (10 ng/ml) and rhBAFF (100 ng/ml) for
7 days. A-E. Analysis of CD95 surface expression and CD27 and CD38 co-expression on B cells in cultures (excluding CD27"e" CD38"" plasma cells). Representative
graphs of flow cytometry analysis of CD95 surface expression. The gating strategy is indicated by arrows (A). Quantitative analysis of the percentage of live B cells
(B) and the absolute number (C) of live CD95"" B cells in cultures. Quantitative analysis of the percentage of CD95"" B cells (D) and the absolute number of live
CD38+*CD95" B cells (E). F-J. Analysis of intracellular BCL6 expression in cell cultures. For this, cells from the cultures were fixed and permeabilized for staining of
the intracellular transcription factor BCL6. Representative graphs of flow cytometry analysis (F). The gating strategy is indicated by arrows. Percentage (G) of B cells
and absolute number (H) of CD95"" BCL6* cells. Representative panels of cytometric analysis illustrating the distribution of BCL6 in cell cultures of CD20*CD27+ and
CD20+CD27- B cells (I). Mean fluorescence intensity (MFI) of the transcription factor BCL6 in cells from cultures (J). Quantitative analysis data are presented as the
mean =+ standard deviation (SD) for four independent experiments (n = 4), each experiment was performed in duplicate. Statistical analysis was performed by two-way
analysis of variance (ANOVA) using Tukey's multiple comparison test, *, **, ***, *** — p < 0.05; 0.001; 0.0001; 0.0001, respectively

without significant differences (Fig. 3H-K). Regardless of the
starting population, adding IL-4 decreased the proportion of
ASC, CD27+CD38-, and CD27-CD38* cells (Fig. 3D, E, H-K).

Regardless of the conditions and starting cells, the majority
of cells had CD95"" phenotype. Moreover, the proportion and
number of CD95"" B cells were slightly increased in CD27-
naive B cell cultures (Fig. 4A-C). Notably, a trend toward a
decrease in the CD27-CD38*CD95"" B cell subpopulation
was observed in the presence of IL4 under all other tested
conditions (Fig. 4D, E).
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Analysis of the number and proportion of CD95""BCL6* B
cells (Fig. 4F) in cultures from CD27-and CD27+* B cells revealed
no statistically significant differences (Fig. 4G, H). However, the
addition of IL-4 was shown to increase the proportion of GC-
like B cells (especially in the case of CD27- B cells). Notably, a
trend toward increased BCLG6 levels in CD27- B-cell cultures
compared to CD27+ B-cells was observed under all tested
conditions except the addition of BAFF without IL-4 (Fig. 41, J).

When cultured in RPMI-2 medium with 3T3-hCD40L feeders
and IL-21, a significantly greater expansion of the naive
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CD27- B-cell cultures with minimal ASC accumulation was
observed as compared to the CD27+ memory B-cell cultures
where ASC reached 30%. No statistically significant differences
in the accumulation of GC-like B-cells were detected. The
addition of BAFF had no significant effect on B-cell cultures
while IL-4 caused a slight decrease in the proportion of ASC
and an increase in GC-like B-cells, especially in CD27- B-cell
cultures.

DISCUSSION

In vitro cultivation of human B cells is of fundamental importance
for solving a wide range of biotechnological problems, in
particular, obtaining ASCs for antibody production, using B
cells as antigen-presenting cells for T cell activation, and testing
transgenic immunotherapy products [16]. Although there are
numerous studies on B cell cultivation conditions [11-13],
developing effective protocols for specific applications still
remains important.

The aim of this study was to find an optimal combinations
of conditions for (a) efficient B cell expansion in cell culture; (b)
maximal accumulation of ASC population; (c) BCL6-expressing
B cells similar to GC B cells. We comprehensively explored
the impact of baseline B-cell status based on CD27 marker
(CD27- and CD27+ subsets), a combination of proteins and
supplements replacing human serum, the cytokine BAFF that
is critical for B-cell survival, and also the stimuli that mimic T-cell
support (CD40L, IL-21, IL-4), on the efficiency of cell culture
protocols.

Expansion and Maintenance of Activated B-Cell Viability

Cytometric analysis of B-cell cultures on day 7 of co-culture
demonstrated that the highest expansion and survival rates
were achieved using a transgenic feeder line expressing human
hCD40L in combination with the cytokine IL-21. These data
are consistent with previously described results [17, 18]. At
the same time, the addition of IL-4 and BAFF cytokines to the
culture at concentrations of 10 and 100 ng/ml, respectively, did
not have a statistically significant effect on cell proliferation or
viability.

Optimization of the cell culture medium composition
showed that adding recombinant human insulin, transferrin,
and albumin into a base medium containing 10% FBS resulted
in the greatest reduction in percentage of dead cells.

Based on the comparative analysis, cultures initiated from
CD27- B cells were, on average, 1.5 times more abundant than
cultures derived from CD27+ cells and also exhibited a lower
percentage of cell death as has been previously described [19].

Thus, it is advisable to use CD27- cells as the initial population
for optimal expansion and maintenance of activated B cells
viability in vitro. The most effective protocol involves co-
cultivation with feeder cells expressing hCD40L in a medium
enriched with IL-21, supplemented with a combination of
serum proteins (including insulin, transferrin, and albumin).

Accumulation of ASC in B-cell Cultures

The next task was to determine the cell culture conditions
that promote accumulation of CD27"hCD38"" ASC in B-cell
cultures. It was shown that in the presence of both hCD40L
and IL-21, CD27"hCD38"e" cells accumulated in the cultures
reaching 10-15% of the total cell pool. This is consistent with
the previously published results [20, 21, 22]. The addition of
recombinant serum proteins to the culture medium resulted in

a decrease in the proportion of ASC in the cultures. Significant
accumulation of CD27"hCD38"" B cells was observed in
the cultures of memory CD27+ B cells (20-35% of all living
cells), consistently with previous studies [21, 23] and the rapid
recruitment of memory B cells to the ASC response upon
repeated exposure to antigen and T-cell help [24]. In contrast to
the memory B cell cultures, in the cultures from predominantly
naive CD27- B cells the proportion and number of ASC were
significantly reduced (1-2% of the total cell number).

It was also demonstrated that in the presence of the cytokine
BAFF, the number of CD27M"CD38Me" and CD27+CD38™ B cells
in the cultures of CD27+ B cells was maximal, consistent with
other data available [25, 26]. Conversely, upon the addition of
IL-4, abundance and proportion of ASC and CD27+CD38- cells
tended to decrease while the proportion of CD27-CD38™ B cells
tended to increase.

Our findings suggest that for ASC abundance in B cell
culture, it is preferable to use CD27+ memory B cells in
combination with hCD40L and IL-21, along with the addition
of BAFF. It should be noted that the analysis was performed
without considering the levels of ASC antibody secretion which
can vary significantly depending on the level of ASC maturation
and multiple additional factors, and requires separate studies
to optimize antibody production in cell cultures.

Accumulation of GC B Cells in Cell Cultures

As mentioned earlier, the signal through the BCR as well as the
Th cell "help" in the form of CD40L and IL-21 secretion induces
the appearance of GC B cells. A key marker of GC B cells
is the expression of BCL6 transcription factor [5]. Phenotypic
analysis of lymphocytes from human secondary lymphoid
organs identified CD95""BCL6+CD38+*CD27+/- B cells as GC B
cells [27]. In our study, we were able to identify GC-like B cells
in cultures by a combination of the surface marker CD95 and
the intracellular transcription factor BCL6.

Accumulation of CD95""BCL6* B cells occurred in
cultures with hCD40L and IL-21, consistently with in vivo
studies [28]. The initial cell populations of CD27- and CD27+ B
cells did not significantly affect the proportion and number of
CD95""BCL6* in the final B cell cultures. However, in cultures
from CD27- B cells, BCL6 level tended to increase. The
addition of recombinant serum proteins and IL4 contributed to
an increase in the proportion of GC-like B cells and a decrease
in ASC. This is consistent with the results of studies suggesting
that the combined action of IL-21 and IL-4 secreted by Th
increases and stabilizes BCL6 expression in activated B cells
[29], promoting their differentiation into GC B cells [5]. Moreover,
BCL6 is an antagonist of the transcription factor Blimp-1 and
inhibits further differentiation of B cells into ASC [24].

Thus, we were able to demonstrate that culturing B cells in
the presence of hCD40L and IL-21 also allows for the formation
of GC-like B cells to be observed through increased BCL6
expression. Moreover, a slightly higher accumulation of GC-
like B cells was observed in a culture of CD27- naive B cells
when IL-4 and human serum substitutes were included in the
medium.

However, it should be noted that none of the components
used in this study resulted in the accumulation of more than
1% GC-like B cells. GC B cells are highly sensitive to apoptosis
in the absence of support from Th and specialized cells —
follicular dendritic cells (FDCs) [30]. It was shown that FDC-
based cell lines is likely to be preferable for culturing GC B cells
[10]. Based on our data and the results of previous studies,
we suggest that maintaining GC B-cell cultures in vitro requires
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using more complex co-cultivation systems with the inclusion
of FDC-like B-cell lines.

CONCLUSIONS

The study helped to identify optimal conditions for the effective
expansion of B cells from human peripheral blood in vitro as
well as for obtaining ASC-enriched cell culture. The presence of
hCD40L-expressing feeder cells and IL-21 in the cultures was
shown to be necessary for both proliferation and survival as
well as for B cell differentiation in vitro. For optimal B cell culture
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Currently the development of the production of domestic medical devices is of special importance in the context of ensuring the healthcare system sustainability.
Leveraging international experience in developing embolic coils, while considering the capabilities of Russian production, will enable the creation of devices that meet
global standarts. The study aimed to conduct systematic evaluation of six endovascular coil models from leading foreign manufacturers and perform comprehensive
assessment of the design features of the metal coil frames, including analysis of geometrical dimensions, materials used, and engineering solutions. Based on our
findings and a comparison with clinical and experimental literature data we determined the optimal parameters for creating the coil prototype: the wire diameter
0.07-0.12 mm, coil-core type interlock mechanism, and atraumatic polymer tip. These solutions ensure the optimal combination of performance characteristics
and manufacturability. The findings provide the basis for the development of domestic analogues meeting the today’s clinical requirements, considering the available
production capacity.
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The dependence on imported endovascular coils for embolization
is a major challenge for the public health system of the Russian
Federation. Hundreds of thousands embolization surgical
procedures due to vascular disorders are performed annually
all over the world, and all the products used for this purpose
in Russia are manufactured by foreign companies. In 2020,
global sales of coils were about 1.14 billion of US dollars, in
2021 these reached 1.175 billion of US dollars, and the rate still
demonstrates a steady upward trend [1]. Under conditions of
import dependence there is a need for import substitution, and
the analysis of world experience should be conducted to create
versatile structures with optimal biotech properties.

Despite their common function, endovascular coils for
vascular embolization vary considerably according to materials,
geometry, and dimensions, but any coil represents a metal
frame maid of the wire twisted into a primary coil [2]. The key
requirements for the coils are as follows: high biocompatibility,
controlled thrombogenicity, optimal radial stiffness and
flexibility, as well as the ability to restore the 3D structure after
implantation [3]. Polymer fibers or a hydrogel coating are often
applied to the surface in order to enhance thrombogenicity,
and the secondary coil configuration varies depending on the
target blood vessel anatomy [4, 5]. The coils cause irreversible
embolization, ensuring complete blood vessel occlusion due
to thrombus formation [6]. Such an effect is achieved in one of
three ways: mechanical obturation of the blood vessel lumen
resulting in the considerably reduced blood flow; development
of a thrombogenic frame contributing to platelet aggregation
and stable blood clot formation; controlled damage to the blood
vessel wall stimulating the release of endogenous procoagulant
factors. Thrombotic occlusion usually occurs within five minutes
after installation, despite the fact that temporal parameters may
vary depending on the device type, blood vessel diameter, and
baseline hemodynamics in the area embolized [6, 7].

Modern research in the field of vascular embolization
demonstrates considerable progress in coil development,
especially in the context of improving the materials and
technologies for production of those. The key materials to
produce endovascular coils include platinum alloys, nickel
titanium (nitinol), stainless steel, and the magnesium and zinc-
based biodegradable alloys [2, 8]. Despite high cost, platinum
alloys are widely used in clinical practice due to exceptional
radiopacity ensuring accurate imaging during the intervention,
optimal flexibility making it possible to adapt to the complex
blood vessel anatomy, and high biocompatibility minimizing the
risk of immune reactions [9]. Nitinol possessing superelasticity
and shape memory effect makes it possible to restore initial
configuration of the coil after delivery, which is especially
important when treating complex aneurysms [10]. The stainless
steel coils show radiopacity, but are inferior to other alloys (for
example, to platinum ones). Stiffness of those resulting from
high strength can hamper tight installation into the blood vessel.
Therefore, the stainless steel coils are used mostly for occlusion
of large diameter blood vessels [11, 12]. Biodegradable alloys
represent a promising avenue in endovascular technology.
Their capability of the controlled resorption after performing the
therapeutic function makes it possible to minimize the risk of
delayed complications and avoid re-interventions. Furthermore,
ensuring safety via monitoring the magnesium and zinc ion
levels in biological tissues remains an important aspect of the
use of such materials [13].

In parallel with the research in the field of materials science,
the endovascular coil evolution is related to optimization of the
coil structural parameters. Modifications of the recent years were
focused on improving the detachment mechanisms, increasing

the coil length (up to 50-60 cm), introducing flexible materials
and innovative coatings that enhance thrombogenesis. The
diverse morphology of the next-generation devices covers
the spectrum between classic 2D configurations and 3D
structures topographically adapted to the aneurysmal sac
anatomy [4]. Introduction of nanocoatings (Target Nano,
Axium EX) and 3D-printed constructs (Target 3D, Micrusframe)
ensures effective filling of both small complex aneurisms and
large cavities. Special focus is on biocompatible coatings:
polyglycolic/polylactic acid microfilaments and hydrophilic
acrylic copolymers, which minimize inflammatory responses
[14-16]. It is assumed that the combination of additive
technologies with bioactive coatings will make it possible
to personalize selection of coiling systems considering the
aneurism size, localization, and morphology, thereby increasing
the endovascular intervention safety and efficacy.

The development of domestic endovascular coils requires a
complex approach based on the analysis of relevant advances
in materials science and engineering solutions. It is important
to adapt world experience considering the specifics of the
national industrial infrastructure and regulatory framework.
This enables creation of competitive medical technologies
compliant with international standards and meeting the
demands of the domestic public health system. The systematic
review of the key parameters of modern foreign endovascular
cails, i.e. geometry, materials, frame features, and production
technologies, will make it possible to identify the model design
solutions typical for different manufacturers. It is assumed that
comparison will reveal the dominant trends in the product
key element design and make it possible to classify the coils
based on the technological and structural characteristics.
Understanding the relationship between materials, geometry,
and production technologies will provide the basis for shaping the
new criteria relevant for the development of innovative devices.

The study aimed to assess the dimensions, materials, and
structural features of metal frames of the endovascular coils
available on the market. The research objectives were as follows:

To conduct a systematic review of the range of endovascular
coils in terms of geometric parameters (diameter, length, shape).

To perform microscopic analysis of the structural elements
of the metal coil frames.

To characterize the methods to produce the key coil frame
elements (atraumatic tip, main part and interlock).

To investigate the feature of the polymeric fiber attachment
inside the frame and the effect of polymeric fibers on the
structure.

METHODS

The following endovascular coils were studied:

1. Manufacturer COOK MEDICAL LLC (USA), model Nester
G52754.

2. Manufacturer COOK MEDICAL LLC (USA), model MReye
Flipper G20235.

3. Manufacturer MicroVention, Inc (USA), model Terumo
AZUR 18 45-480810.

4. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral 2D M00136155.

5. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral -35 M001363700.

6. Manufacturer PFM Medical GmbH (Germany), model Nit-
Occlud PDA 145044V1.

The coil dimensions and design features were assessed
using the NORGAU NVMIII-2010D video measuring system
(Norgau Russland LLC, Russia).
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Table. Endovascular coil characteristics. Values are presented as M + SD, where M is the mean; SD is the standard deviation; the 95% confidence interval for each
mean is provided in parentheses.

Coil wire | Wire diameter, | Coil diameter, L Interlock Polymer fiber
Mnufacturer Model ) Atraumatic tip type ]
material mm mm mechanism type attachment
. . Between the

COOK MEDICAL . 0.125 + 0.003 | 0.537 + 0.004 - Coil-coil (screw-type -
LLC (USA) Nester G52754 Platinum (0.116-0.134) | (0.526-0.548) Spherical, melted connection) coil th;:'gtsioc:]ue to
COOK MEDICAL MReye Flipper Inconel® 0.172 £ 0.0038 | 0.777 + 0.007 Spherical. brazed Coil-coil (screw-type Between the coil t
LLC (USA) G20235 (0.163-0.181) | (0.760-0.794) P ’ connection) urns due to friction
MicroVention, Terumo AZUR 18 Platinum 0.072 + 0.005 | 0.302 + 0.004 | Nibbled, covered with Detachment by Hydrophilic polymer
Inc (USA) 45-480810 (0.059-0.085) | (0.291-0.313) polymer glue electrical current in the form of a sheath
Boston Scientific . .

. Interlock Spiral ) 0.079 + 0.003 | 0.306 + 0.004 ) . ) Between the coil
&‘gﬂ;’rat'on 2D Moo136155 | PRIMUM | (0 070-0.088) | (0.205-0317) | Spherical, brazed Milled interlock 1 tms due to friction
ggft%rr‘a?ig'f”t'f'c Interlock Spiral | 5. | 0176+0.005 | 0526  0.005 32’;?;2?'i’st’lzzgf tﬁgﬁ Groove-groove Between the coil

P -35 M001363700 (0.163-0.189) | (0.513-0.539) 1S arg milled interlock turns due to friction
(USA) the coil thickness)
. . - Coil-core
PFM Medical Nit-Occlud PDA | Titanium | 0.243 + 0.003 | 0.763 + 0.005 Spherical. brazed (semi-helicoidal No
GmbH 145044V1 nickelide | (0.234-0.252) | (0.750-0.776) P ’ connection)

The coil samples were positioned freely on the microscope
stage without applying mechanical tension in order to avoid
deformation. To ensure the contrast and measurement
accuracy, we used the annular reflection light source allowing
for clearly visualize the contours of the structural elements.
Measurement was performed using the INSPEC software
(Micro-Vu, USA). The procedure included manual selection of
the contour with the subsequent use of the Distance tool to
determine the key geometric parameters: external coil diameter
(based on the spiral extreme points) and wire thickness (three
measurement repeats per parameter). Statistical processing
of the results was performed using the Student’s t-test in
Statistica 10.0 (StatSoft, USA). The data provided in the Table

are presented as M = SD, where M is the mean; SD is the
standard deviation.

RESULTS

In terms of structure all the studied coils represent the spirals
made of wire 0.07-0.25 mm in diameter (Table).

The Nester G52754 coil (COOK MEDICAL LLC) (Fig. 1)
made of platinum consists of three elements: the atraumatic
tip, the main coil with an increment equivalent to the wire
diameter, and the interlock part. The interlock is achieved
through screwing the spiral of the proximal coil part (about
2.2 mm long) onto the distal part of the delivery system. The

\

Fig. 1. Nester endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock part (D)
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Fig. 2. MReye Flipper endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock parts of the coil and

delivery system, delivery system rod (red arrow) (D)

atraumatic tip is shaped by the reflow method. The interlock
coil is attached to the main one by brazing. The polymer fibers
are held between the spirals by friction.

The MReye Flipper G20235 coil (COOK MEDICAL LLC)
(Fig. 2) is structurally similar to Nester, but made of the Inconel®
alloy belonging to the family of the nickel-chromium heat-
resistant alloys. Besides the material, the coil differs from
Nester in geometric dimensions, it is also made of the larger
diameter wire.

The Terumo AZUR 18 45-480810 coil (MicroVention, Inc.)
(Fig. 3) belonging to the hydrogel coil family is made of platinum,

the atraumatic tip is made of a polymer, and the main
structural feature of the product is the Electric Detachment
System (EDS) for smooth and predictable detachment of the
coil from the delivery system. For realization of the EDS, the
delivery system comprising two electrical conductors running
throughout is connected to the handle (not presented in
the figure) having a built-in galvanic power source and an
activation button. After pushing the button the electrolysis
process is launched, through which the low-voltage electric
current dissolves the interlock pin in about 20 s, releasing
the cail.

Fig. 3. Terumo AZUR 18 endovascular coil manufactured by MicroVention, Inc.: general view (A); distal part of the coail, in which the margin, where the hydrogel sheath
begins, is pointed with the red arrow (B); activated hydrogel sheath (C); atraumatic tip (D); thermoelectric coil detachment system (blue *) (E); hydrogel sheath (F)
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Fig. 4. Interlock Spiral 2D endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); interlock parts of coil and delivery

system (C); atraumatic tip (D); interlocked coil and delivery system (E)

The Interlock Spiral 2D M00136155 coil (Boston Scientific
Corporation) (Fig. 4) has much in common with the Nester and
Flipper, but it is equipped with the groove-to-groove interlock
mechanism held in engagement by the catheter tube of the
delivery system. The interlock element (diameter 0.2 mm) is
connected to the main coil by brazing. The polymer fibers are
bundled together and evenly distributed between the spirals
throughout the coil length. The atraumatic tip is made by
brazing the platinum ball or reflow of the distal coil end.

The Interlock Spiral-35 M001363700 coil (Boston Scientific
Corporation) (Fig. 5) is structurally identical to the previous
model, but after the release from the delivery system the coil is
not twisted into spirals, but is distributed in space in a chaotic
manner. The polymer filaments, that are also bundled together,
are longer than that of the Interlock Spiral 2D. The spherical
atraumatic tip (0.8 mm) is produced by the reflow method. The
interlock mechanism is tightly inserted in the coil without any
traces of the glue or brazing, it is held by friction.

Fig. 5. Interlock Spiral - 35 endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); atraumatic tip (C); interlock part

of the coil (D)
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Fig. 6. Nit-Occlud PDA endovascular coil manufactured by PFM Medical GMBH: atraumatic tip (A); general view (B); interlock part, in which the screw notches on

the delivery system rod for connection to the coil are pointed with the red arrow (C)

The Nit-Occlud PDA 145044V1 (PFM Medical GmbH) (Fig. 6)
is the only coil considered that is made of titanium nickelide.
After the release from the delivery system it is twisted into a
tight stiff secondary coil. There are no polymer filaments. The
interlock mechanism is realized through winding the turns of
the coil onto the notches on the delivery system rod.

DISCUSSION

When developing sophisticated items, such as endovascular
coils, the design team has to choose affordable materials and
seek to maximize the structure simplicity and minimize the
number of technological operations. This makes it possible to
reduce the cost, waste, and the number of intermediate control
stages.

The source wire diameter is the main factor determining the
coil stiffness being the major selection criterion in endovascular
surgery. With the emergence of soft, super-soft, and ultra-soft
models, physicians now have an alternative to conventional stiff
coils. Since soft coils are easier to insert in the affected area,
practical understanding of their mechanical properties can help
an endovascular surgeon select a certain coil [17]. Therefore,
the coils made of the source wire 0.07 mm in diameter are
considerably easier to install in the affected area compared to
the coils made of the wire with the maximum diameter of 0.25 mm.

The presence of the atraumatic tip is an essential
characteristic of the coil manufactured. The main complication
of endovascular coiling is the risk of coil migration. The anchor
coil technique is one of the key techniques reducing such
risk [18]. The use of the coils with atraumatic tips allows the
surgeon to minimize the risk of vascular wall perforation and
endothelial damage, thereby increasing the intervention safety
and contributing to its higher efficacy via reduction of the rate of
intraoperative and postoperative complications.

The occlusion capability is likely to be the most important
feature of any coil. The coiling technology is developed in order

to improve the occlusion efficacy by adding various elements or
changing the coil parameters that are usually aimed to improve
thrombogenicity or packing tightness. Some earlier generation
coils, such as Nester 1 Tornado (Cook Medical, Bloomington,
Indiana), representing the pushed platinum coils made of
platinum and nichrome, have the nylon bibers contributing to
occlusion through stimulation of formation of the thrombus
filling the space between the coil turns [19]. This technique was
also realized in the detachable coils, for example in Concerto
(Medtronic) [20]. Another approach is designing the coils so
soft that these behave as a liquid metal, effectively filling the
target space. An example are the Ruby family coils (Penumbra
Inc, Alameda, California) [21]. Other products, such as AZUR
CX Hydrocoail (Terumo Medical), have a hydrogel coating that
expands after the delivery, filling the space between the turns
[22]. The hydrogel starts expanding in 3 min and achieves the
maximum width by 20 min. That is why the complete target
vessel occlusion may need time. One of the papers presents
the mid-term results of the use of the coils with the hydrogel and
fibrous coating for arterial embolization in the animal experiment.
In a month after the procedure the arteries embolized with the
hydrogel-coated coils were 100% occluded. In 4 months the
results were 80% [23]. Thus, coils with the hydrogel coating
show a stable occlusion effect in the medium term.

The analysis of the coils reviewed has shown that the
Flipper and Nester models have the simplest design in terms
of production. Elements of the frames of these coils are made
of different alloys, the glue is not used in the construct, and
the processing tools are publicly available. At the same time,
platinum is an expensive and not always freely accessible
material. The melted tip production may require specialized
laser equipment. Relative simplicity of the design of the above
coils does not lower high efficacy and safety of the use of such
devices for treatment of a broad spectrum of vascular disorders,
mostly arteriovenous malformations and iatrogenic vascular
complications. The analysis of the results of the retrospective
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The today’s traumatology and orthopedics face the challenge
of reconstructing the large bone defects resulting from
injuries, tumor resection or degenerative disorders [1]. The key
approach to treatment of bone defects is the use of implantable
materials for replacement. An ideal bone grafting material
must be biocompatible, it must ensure osteoconduction (the
process, when the bone replacement material serves as a
structural matrix for osteoblast migration and proliferation),
osteoinduction (the process, though which mesenchymal stem
cells and osteoprogenitor cells are activated to differentiate in
the osteogenic direction), as well as preserve the structural and
mechanical properties of the regenerated bone [2]. There is
currently no universal approach to bone grafting, and selection
of the optimal material should be based on the specific clinical
situation, defect size, and functional requirements. The range
of materials widely used for bone defect replacement includes
polymer matrices, bioceramics, and structural metal alloys;
bone autografts and allografts are used in certain clinical
situations [2—-4]. The analysis of the effectiveness of available
solutions shows systemic limitations that vary depending on
the material class (Table 1) [3-11].

Today, the approaches to bone tissue restoration are focused
on overcoming the current limitations through the development of
fundamentally new solutions, among which several key directions
can be distinguished. Tissue engineering allowing one to produce
biomimetic structures by combining biocompatible matrices,
progenitor cells, and bioactive molecules for targeted stimulation of
osteogenesis is one of the most promising [4, 12—14]. A significant
potential arises from the use of additive technologies (3D printing,
selective laser melting), ensuring fabrication of implants having
the complex architecture, controllable porosity and showing full
compliance with the defect anatomy, which is impossible when
using conventional methods [3, 15, 16].

Boron carbide is conventionally used as a structural material
due to high hardness (up to 48.5 GPa), relatively low density

OPUITMMHAJIbBHOE NCCJTIEQOBAHUE | TPABMATOOT NA

(~2.52 g/cm?), and chemically inert nature [17]. The properties
of B,C as an independent implantable material are currently
poorly understood, and the scarse research is focused mainly
on its role as an auxiliary component (modifying additives,
protective coatings).

The study aimed to assess biocompatibility of the boron
carbide-based ceramic samples by assessing their cytotoxic
effects on mesenchymal stem cells.

METHODS

The boron carbide semi-finished products were fabricated
using the proprietary technology (patent No. RU 2 836 825 C1)
[18]. During the technological process the source boron carbide
powder (UNICHIM & EP, Russia) together with the adhesive
agent was loaded into the XLB-3 atomizer dryer (Oriental
Development Limited, China) for 1 h. Then the moulding powder
was pressed using the SOROKIN 7.50 hydropneumatic press
(Lekht, Russia) by cold pressing in order to produce a semi-
finished product, from which parts of appropriate shape were
fabricated by mechanical processing. To remove the adhesive
agent, the moulded part was put in the EKPS-50 muffle furnace
(Smolensk SKTB-SPU, Russia). Then the semi-finished product
was placed in the HP W 250 hot pressing device (FCT Systeme
GmbH, Russia), in which pressureless sintering occured at at
temperature of 1900-2100 °C in 14 phases involving heating,
interim passage, and evacuating. The source semi-finished
products were cut into samples sized 5 x 5 x 30 mm using
the diamond blades and cleaned of the dust formed during
cutting in the CD-4830 ultrasonic bath (Codyson, China) in
the ethanol medium, then triple washed with distilled water for
40 min. Samples of the same size made of the BT 1-00 titanium
(TNMK, Russia) were used as a reference material.

The structure of the surface of boron carbide-based
samples was examined using the KYKY-EM6900LV scanning

Table 1. Comparative analysis of the major classes of materials for bone grafting [3—11]

Material class | Examples

Benefits Limitations

Biomaterials

No risk of rejection,

Limited material volume, additional surgical

Bone tissue Autograft s . - intervention and the associated risk of
osteoconductivity, osteoinductivity o
complications
No material volume limitation Risk of immune rejection, risk of viral ot
Allograft ’ bacterial infection transmission, additional

osteoconductivity, osteoinductivity

steps required for processing

Proteins (collagen, fibrin, gelatin);
polysaccharides (hyaluronic acid,
chondroitin sulfate, alginate, chitosan)

Natural polymers

Biocompatibility, biodegradability

Low mechanical strength, natural
impurities, variability of properties

Natural minerals Corals

Biocompatibility

Limited availability, slow resorption

Synthetic materials

Titanium and alloys, tantalum, stainless

High mechanical strength and wear

Low biodegradability, risk of toxicity due
to release of metal ions, low resistance to

Non-biodegradable (polyethylene,
polyurethane)

Biocompatibility, versatility

Metals steel, magnesium and alloys resistance, biocompatibility cyclic loads
Bioinert (ceramic aluminum oxide); Blocomp_at|b|llty, structural su_’m_lanty Brittleness, low bending and torsional
. . X N . . to bone tissue, osteoconductivity/ o . .
Bioceramics biodegradable (hydroxyapatite, B-tricalcium ) o ) strength, difficulty controlling the resorption
) osteoinductivity (depending on the
phosphate, bioglass) " rate
structure and composition)
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inflammation due to degradation products

Composite materials

Hydroxyapatite-collagen matrices, calcium
phosphate coatings on metals

Combination of mechanical
properties and biocompatibility

Production complexity, high cost, possible
structure heterogeneity
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electron microscope (KYKY Technology Co., Ltd., China) at an
accelerating voltage of 20 kV and electron beam amperage of
120 pA. The sample surface topography was assessed with
the NTEGRA Il atomic microscopy system (NT-MDT Spectrum
Instruments, Russia) in the semi-contact mode using the
HA_FM A silicon ultra-sharp cantilever (NT-MDT Spectrum
Instruments, Russia) at the scan frequency of 0.7 Hz. The
Nova-Px software (NT-MDT Spectrum Instruments, Russia)
was used to produce the 3D topographic images.

Two methods widely used in laboratory and clinical practice
were chosen for sample sterilization: physical (autoclaving) and
chemical (ethylene oxide) ones. Before using in the experiment,
a half of boron carbide samples and titanium samples were
sterilized in an autoclave (Youjoy BES-12L-B-LED, China) at a
temperature of 121 °C, pressure of 1.1 atm. for 45 min. The
remaining samples were subjected to ethylene oxide sterilization
in the Steri-Vac 5XL gas sterilizer/aerator (3M, USA) with the
ethylene oxide concentration of 750 mg/L, temperature in the
chamber 37°C, 70% humidity for 3 h. Aeration was carried out
at the sterilization temperature for at least 8 h.

Cytotoxicity of samples was estimated by an indirect
method involving assessment viability of the MSC-DP-1 human
mesenchymal stem cells, MSCs (the shared research facility
“Vertebrate Cell Culture Collection”, Institute of Cytology RAS),
in the extract obtained by incubation of the test samples in
the DMEM/F12 culture medium (Servicebio, China) at 37 °C
in the humid atmosphere with 5% CO, throughout 72 h in
accordance with GOST ISO 10993-12-2023 [19]. Since MSCs
are osteoblast progenitors that play a key role in bone tissue
regeneration, the use of these makes it possible to estimate the
extent, to which the test material would be compatible with the
target biological medium in vivo.

The MSC-DP-1 cells were cultured in the DMEM/F12 medium
(Servicebio, China) supplemented with 10% fetal calf serum
(PanEco, Russia), 100 U/mL penicillin (Thermo Fisher Scientific,
USA), 100 U/mL streptomycin (Thermo Fisher Scientific, USA),
and 2 mmol/L L- glutamine (PanEco, Russia) at 37 °C in the humid
atmosphere with 5% CO,. To assess cytotoxicity of the extracts,
the cells were sown on the flat bottom 96-well culture plates,
2 x 10* cells per 200 pL of medium in each well, and incubated
throughout 24 h. Then the medium was replaced with 200 L
of the extract. After incubation in extracts at 37 °C in the humid
atmosphere with 5% CO, under standard conditions throughout
24 and 72 h, cell viability was measured using the EZcount™ XTT
Cell Assay Kit for cell proliferation assessment (HiMedia Labs,
India). Optical density of the well content was measured at the
wavelength of 450 nm and reference wavelength of 690 nm using
the Stat Fax-2100 microplate photometer (Awareness Technology,
Inc., USA). The cells cultured in the DMEM/F12 complete medium
were used as a control. The number of repetitions per group was
5. Cell viability was calculated as a ratio between optical density in
experimental groups and the control group (A):

Cell viability = (A /A

experimental group control

) x 100%.

The sample was considered non-toxic when the cell viability
index was greater than 70% (GOST ISO 10993-5-2023) [20].

Fig. 1. Overall appearance of the B,C ceramics samples produced by pressureless
sintering

Statistical data processing was performed using the
Statistica 10.0 software (StatSoft, USA). The data distribution
was tested for normality using the Shapiro-Wilk test. The Mann—
Whitney U-test was used to identify intergroup differences. The
study results are presented as Me (25%; 75%), where Me
is the median, and interquartile range represents the values
of the 25" and 75" percentiles. Bonferroni correction was
applied to adjust for multiple comparisons; after adjustment the
significance level was as follows: a = 0.0125; the intergroup
differences were considered significant at p < 0.0125.

RESULTS

The overall appearance of the boron carbide-based porous
ceramic samples sized 5 x 5 x 30 mm is presented in Fig. 1. The
material main technical characteristics are provided in Table 2.

Microphotographs of the surface of the sintered boron
carbide-based samples show a typical polycrystalline structure
with the pronounced granular organization, the average granule
size is 40 pm (Fig. 2). The granules that are located tightly,
without significant gaps, are mostly of angular morphology with
rounded margins. The margins have a complex configuration,
including twin structures and areas of incomplete fusion. The
surface has a highly porous structure of the interconnected
pores that are mostly roundish or oval with the average size
of 30 um. The analysis of interconnections between pores
revealed the branched channels and chains forming the
interpore communication system. The distribution of pores in
the material volume is relatively even, with local clusters and
the zones of increased porosity. The pore walls have a smooth
surface with microroughness and partial fusion of adjacent
structures.

Topographic analysis of the test sample structure
demonstrates complex morphology of the relief showing the
pronounced mucrostructure heterogeneity; the root-mean-
square roughness of the samples is 0.203 + 0.037 pm, the
elevational gradient is 1.563 + 0.607 pm (Fig. 3). On the surface

Table 2. Characteristics of the B,C ceramics samples produced by pressureless sintering [18]

Technical characteristics Value
Raw material particle size 3 um
Density 1.8 g/cm®
Bending strength 250-300 Mpa
Open porosity of the semi-finished product 50-60 %
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Fig. 2. Microstructure of the surface of the B,C ceramics produced by pressureless
sintering. Scale bar — 70 pm

the elements can be seen represented by both submicron-sized
elevations and shallow depressions of various configurations.
Uneven distribution of the altitude characteristics with formation
of local hilly structures and the areas of increased roughness is
reported.

When assessing viability of the MSCs cultured with the
boron carbide sample-derived extracts, no toxic effects were
revealed in both experimental and comparison groups (Fig. 4).
The semi-finished products made of the BT 1-00 titanium
were used as negative controls, which confirmed the method
reproducibility and compliance of the biological response in the
test system with the specified requirements. No effect of the
sterilization method on the cell viability was also reported (Fig. 4).

DISCUSSION

The findings showing the lack of significant cytotoxic effects
of moulded boron carbide on the MSCs are consistent
with the data of previous studies focused on the material
biocompatibility. However, in these studies boron carbide was
tested as a powder or single particles. It was earlier shown
that the B,C nanoparticles produced by solvothermal synthesis
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Fig. 3. AFM image of the relief of the surface of the B,C ceramics produced by
pressureless sintering. Field size 10 x 10 pm. Scale of the Z axis: 0-0.74 ym

have no toxic effect on the Hel a (cervical cancer) and HEK-293
(human embryonic kidney) cells in the concentrations of 100-
800 ug/L [21]. Biocompatibility of amorphous boron carbide
powder when contacting both somatic (Hs680 fibroblasts) and
immune (RAW 264.7 macrophages) cells was also reported
[22]. The lack of significant differences in cell viability between
groups subjected to autoclaving and ethylene oxide sterilization
suggests stability of the B,C sample properties and tolerance of
samples to sorption of toxic compounds during processing. It
should be noted that in this study small boron carbide samples
(5 x 5 x 30 mm) were used. In the future, further research may
be required to select the conditions for sterilization of the larger
and/or more complex-shaped samples, since the material
porous structure can hinder diffusion of the sterilizing agents
and contribute to accumulation of condensate in deep zones.
Currently, the vast majority of papers in the field of the boron
carbide medical use are focused on using the B,C nanoparticles
as the highly effective carriers for targeted boron-10 isotope
delivery within the framework of the boron neutron capture
therapy of malignant neoplasms [23]. In contrast to the
extensively studied therapeutic use, the issues related to the
use of B,C as a biocompatible material for implants are poorly
undestood. The use of B,C as an additive when making porous
ceramic matrices of aluminum oxide results in improvement of
their mechanical properties and cytocompatibility [24], but the

W Ti-A
HTi-E
W B4C-A

B4C-E

72h

Fig. 4. Viability of the MSC-DP-1 mesenchymal stem cells after culturing for 24 and 72 h with the extracts obtained from the boron carbide (B,C) and titanium (Ti)
samples sterilized by autoclaving (A) or with ethylene oxide (E). Me (25%; 75%), Mann-Whitney U-test
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detailed mechanisms underlying these effects require further
investigation.

When constructing porous ceramic matrices for bone
replacement, the main task is to optimize their architecture
that must ensure both mechanical stability and the conditions
contributing to effective diffusion of nutrients and oxygen
[25]. Based on the results of a number of studies, the optimal
percentage of porosity is within the limits of 40-90% [3]. A
fundamental contradiction emerges: on the one hand, the
material porosity contributes to adhesion, proliferation, and
differentiation of MSCs into osteoblasts, but on the other hand
high porosity limits mechanical strength, which results in the
need to search for the compromise between these parameters
[6]. As for the dense matrix made of hydroxyapatite, the most
common ceramic-based alloplastic material, the bending
strength limits are within 38-250 MPa; as for the porous
matrix, the bending strength limit depending on the pore
shape and concentration is 2-11 MPa, which is considerably
lower compared to that of the bone tissue (135-193 MPa)
[26]. Despite the fact that there numerous methods to
modify the calcium phosphate ceramics, this material is still
inferior to the bone tissue in flexibility, elasticity, and strength.
Due to brittleness, such implants are not used to restore
the bones that bear a significant load [6]. In such cases (for
example, when manufacturing the components of the hip joint
endoprosthesis), the class A ceramic aluminum oxide (Al,O,)
can be used as an alternative material [27]. The boron carbide-
based porous ceramics can theoretically be used for implants
as an alternative to the ceramic aluminum oxide-based
materials in order to reduce the load on the joint, since it has
lower density (approximately 1.8 g/cm?), which is comparable
with the cortical bone tissue density, while the density of the
aluminum oxide-based ceramics is 3.94 g/cmé [6]. It should
be noted that the ceramic aluminum oxide bending strength is
higher than that of the sintered boron carbide-based ceramics
(500 MPa and 250-300 MPa, respectively). One technological
solution to improve the porous B,C matrix strength can be
the aluminum impregnation accomplished through application
of metal powder on the matrix and repeated sintering at the
temperature above the aluminum melting point (above 660 °C).
The ceramic composite produced in this way has a specific
gravity of 2.2-2.6 g/cm?® and the bending strength of at least
600 MPa [18].
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SUSCEPTIBILITY OF THE NONTUBERCULOUS MYCOBACTERIA CIRCULATING IN RUSSIA
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The diseases caused by nontuberculous mycobacteria (NTM) are a public health problem all over the world due to increasing incidence and the associated mortality.
Since it is difficult to treat mycobacteriosis, the search for drugs effective against NTM is relevant. Bedaquiline was approved in 2012 as a drug for tuberculosis
treatment. The study aimed to determine susceptibility to bedaquiline of the main clinically significant NTM species that were common in the Russian Federation.
In 2011-2024, a total of 345 NTM isolates were obtained: 289 isolates of slow growing NTM species (M. avium, M. intracellulare, M. chimaera, M. kansasii,
M. xenopi) and 56 of the fast growing one (M. abscessus). Drug susceptibility testing for bedaquiline was performed by microdilution in a 96-well plate using the
bedaquiline concentration range of 0.125-4 pg/mL. The minimum inhibitory concentration of bedaquiline inhibiting 50% (MIC, ) and 90% (MIC,) of NTM strains of
each spesies was determined. It has been shown that the bedaquiline MIC,, for M. avium, M. intracellulare, M. chimaera, M. kansasii is < 0.125 ug/mL, MIC,) —
from < 0.125 to 0.5 pg/mL, for M. xenopi: MIC, | —4 pg/mL, MIC,, — > 4 pg/mL, M. abscessus: MIC,, — 1 pg/mL, MIC,, — 2 pg/mL.
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YYBCTBUTENIbHOCTb K BEAAKBUIIMHY HETYBEPKYJIE3HbIX MUKOBAKTEPUW, LUPKYJIUPYOLLIMX
HA TEPPUTOPUN POCCUN

T.T. Cmuprosa™ C. H. AHgpeesckas’, E. E. NapvioHosa', A. C. 3anuesa’, E. A. Kucenesa', B. B. YctuHosa', J1. H. YepHoycosa', A. 3. OpreLuos'?
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2 Poccuinckuii yHMBepcuTeT MeduumHel, MockBa, Poccuist

3abonesaHus, Bbl3blBaeMble HETyOepKynesHbiMu MukobakTepuammn (HTMB), asnaioTcs npobnemoi 34paBOOXPaHeHUst BO BCEM MUPE K3-3a pocTa
3a60/1eBaeMOCTU V1 CBA3AHHOI C 3TVM CMEPTHOCTU. B CBA3M CO CNOXHOCTBLIO NeHeHn s MkobakTepmnosa akTyaneH nouck npenapaTtos, dPMEKTUBHbIX B
oTHoweHu HTMB. BepaksunuH ogobpeH B 2012 1. kak npenapar ans nedeHns Tybepkynesa. Liensto nccnenosaHus 6bi10 onpeaennTs YyBCTBUTENBHOCTb K
6e0aKBUMHY OCHOBHbIX KIMHUYECKNX 3Ha4MMbIX B1AoB HTMB, pacnpoctpaHeHHbix B PO. 3a nepvog 2011-2024 rr. 6bino BbigeneHo 345 nsonstos HTMB:
289 MenneHHopacTymx BupgoB HTMB (M. avium, M. intracellulare, M. chimaera, M. kansasii, M. xenopi) n 56 — 6bicTpopacTyLumx (M. abscessus). OnpepeneHe
NEeKapCTBEHHOW HYyBCTBUTENBHOCTY K 6edakBuInHy MpOBOAUAM METOAOM MUKPOPa3BeaeHUin B 96-1yHO4HOM MnaHLLeTe, UCMONb3ys AVana3oH KOHLEHTpauwii
GenaksumHa ot 0,125 MKI/MN 40 4 MKI/MA. ONpeaensnm MUHIMasIbHYHO NMOAABSAIOLLYIO KOHLEHTPaLMO 6elakBuiHa, K KoTopor YyBcTauTebHb 50% (MK, )
1 90% (MMK,) wrammos HTMB kaxporo suaa. MokasaHo, 4To B oTHoOweHnn M. avium, M. intracellulare, M. chimaera, M. kansasii MK, 6enakeuniHa
cocTtasuna < 0,125 mkr/mn, MMNK,, — ot < 0,125 g0 0,5 MKr/MA, B oTHOLWEeHUN M. xenopi: MK, — 4 mkr/mn, MMK,, — > 4 mkr/mn, M. abscessus: MIMK, | —
1 Mrr/mn, MIAK , — 2 MK/mi.
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YyBCTBUTENBHOCTb
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Nontuberculous mycobacteria (NTM) include representatives
of the genus Mycobacterium, except the Mycobacterium
tuberculosis complex (MTBC) and Mycobacterium leprae [1]. It
is accepted to divide NTM into slow-growing and fast-growing
ones based on the growth rate. Some species included in
these groups can cause tuberculosis-like diseases of the lung
and other organs [2-5].

The NTM infections represent a challenge faced by public
health systems all over the world due to growing incidence and
the associated mortality [6]. More than 90% of all registered cases
of pulmonary diseases caused by NTM (mycobacteriosis) result
from getting infected with the Mycobacterium avium complex
(MAC) and Mycobacterium abscessus [7]. The diagnosis of
the diseases caused by NTM is challenging due to symptoms
and x-ray features similar to that of tuberculosis. Furthermore,
NTM and MTBC show no differences when bacterioscopically
examined. It is difficult to treat the diseases caused by NTM,
since NTM show natural resistance to the majority of broad-
spectrum antibacterial drugs and anti-tuberculosis drugs [8, 9].

Considering the complexity of treating mycobacteriosis, it
seems relevant to search for the drugs effective against NTM,
for example, to study the activity of novel anti-tuberculosis
drugs. One such drug is bedaquiline, which was approved by
the U.S. FDA and included in the WHO list of three drugs for
treatment of tuberculosis caused by a pathogen with multiple
and pre-broad drug resistance after clinical trials [10].

The NTM susceptibility to bedaquiline that was described
in a limited number of studies [11-14] can fail to reflect the
biological specifics of the NTM isolates represented in Russia.
Bedaquiline susceptibility of the NTM circulating in the Russian
Federation has been studied in a small number of species, and
it is necessary to accumulate data [15-17].

The study aimed to determine bedaquiline susceptibility of
the main clinically significant NTM species that were common
in Russia.

METHODS

The study involved NTM isolates obtained from the patients
examined at the Central Tuberculosis Research Institute in 2011-2024
at admission (one NTM isolate was obtained from each patient). The
patients examined were residents of the following federal districts
of Russia: Central (including Moscow and the Moscow region),
Northwestern, Southern, Volga, and Urals regions.

NTM were identified to species by multiplex PCR, as
previously reported [18]. The most common NTM species
causing mycobacteriosis were included in the study: M. avium,
M. intracellulare, M. chimaera, M. kansasii, M. xenopi, M. abscessus.

Bedaquiline susceptibility was determined by microdilution
in a 96-well plate using the bedaquiline concentrations within
the range of 0.125-4.000 pylL/mL [19]. The bedaquiline fumarate

Table. Bedaquiline MIC for the studied NTM species

substance containing 82.72% of the active ingredient (Janssen
Pharmaceutica NV, Belgium) was used. The drug sample was
dissolved in the chemically pure dimethyl sulfoxide to reach the
necessary drug concentration, and the drug activity was taken
into account.

A single-cell suspension was prepared from the NTM culture,
while controlling CFU values using the spectrophotometer
Ultraspec 10 (Ultraspec, USA) [20]. The resulting suspension
was used to prepare a working suspension in the Middlebrook
7H9 medium with the concentration of 5 x 10° CFU/mL and
sown onto a plate, 100 pL per well [21]. Plates were incubated
at 37 °C in the microbiological incubator Binder (Binder,
Germany). The culturing time was 14 days for slow-growing
and 5 days for fast-growing NTM. The bedaquiline minimum
inhibiting concentration (MIC) was determined in each test,
which corresponded to the highest drug dilution inhibiting the
culture growth. To characterize bedaquiline susceptibility of each
studied NTM species, MIC,, and MIC,;, were determined, i.e.
the minimum bedaquiline concentrations, to which 50% and
90% of strains of each NTM species were susceptible [22].

RESULTS

In 2011-2024, a total of 345 NTM isolates were obtained:
289 slow-growing NTM species (M. avium, M. intracellulare,
M. chimaera, M. kansasii, M. xenopi) and 56 fast-growing ones
(M. abscessus). Bedaquiline MIC values for the studied NTM
species are provided in Table.

Such slow-growing NTM species, as M. avium,
M. intracellulare, M. chimaera, M. kansasii, showed high
susceptibility to bedaquiline: the bedaquiline MIC mode
and MIC,, for all species were < 0.125 pg/mL, MIC, was
between < 0.125 and 0.5 pg/mL, depending on the species.
One more slow-growing NTM species, M. xenopi, showed low
susceptibility to bedaquiline with MIC, | of 4 pg/mL and MIC,
> 4 yg/mL. The fast-growing NTM species showed moderate
susceptibility to bedaquiline with MIC,; and MIC, of 1 ug/mL
and 2 pg/mL, respectively.

When analyzing the resulting MIC distribution for all the
studied slow-growing NTM species, a bimodal distribution was
obtained allowing us to roughly determine that the bedaquiline
tentative epidemiological cut-off value (ECOFF) for slow-growing
NTM species did not exceed 1 pg/mL (Figure).

Based on this tentative ECOFF value it can be concluded
that 208/210 (99.05%; 95% Cl 96.59-99.74%) of the studied
M. avium strains, 19/20 (95.00%; 95% Cl 76.39-99.11)
M. intracellulare strains, 24/24 (100%; 95% Cl 86.20-100.00)
M. chimaera strains, 27/27 (100%; 95% Cl 87.54-100.00)
M. kansasii strains are susceptible to bedaquiline. Among all
the studied M. xenopi stains no strain was revealed susceptible
to the proposed bedaquiline ECOFF.

NTM group NTM species N_umber of Number of isolates with MIC (ug/mL) MIC mode MIG MIG
isolates | 5125 | 025 | 05 1 2 4 4 (ug/mL) * °
M. avium 210 163 19 23 3 0 2 0 <0.125 <0.125 0.5
M. intracellulare 20 18 0 1 0 0 0 1 <0.125 <0.125 | <0.125
Slow-growing M. chimaera 24 24 0 0 0 0 0 0 <0.125 <0.125 | <0.125
M. kansasii 27 24 1 2 0 0 0 0 <0.125 <0.125 0.25
M. xenopi 8 0 0 0 0 0 6 2 4 4 >4
Fast-growing M. abscessus 56 5 3 13 29 6 0 0 1 1 2
Total 345 234 23 39 32 6 8 3

BECTHU/K PIMY | 5, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.054



90.00

80.00

70.00

60.00

50.00

%

40.00
30.00
20.00

10.00

ORIGINAL RESEARCH | MICROBIOLOGY

0.00

<0.125 0.25 0.5

ol

1

ug/mL
B MAC and M. kansasii

W M. xenopi

Fig. Bedaquiline MIC distribution for the studied slow-growing NTM species showing differences in drug susceptibility. MAC — M. avium complex mycobacteria
(M. avium, M. intracellulare, M. chimaera); the resulting MIC value for the slow-growing NTM species showing high drug susceptibility (VAC and M. kansasii) are
highlighted in green; MIC of M. xenopi, the slow-growing NTM species showing low bedaquiline susceptibility, is highlighted in red. The tentative ECOFF value is pointed

by arrow

Among fast-growing NTM species, bedaquiline susceptibility
was determined for only one species, M. abscessus, MIC
distribution was unimodal, due to which bedaquiline ECOFF for
fast-growing species was not determined.

DISCUSSION

The NTM natural resistance to most antibacterial drugs makes
the problem of finding new drugs effective against this group
of mycobacteria relevant. The study presented provides the
data on bedaquline susceptibility assessment for the main
clinically significant NTM species. The bedaquline susceptibility
distribution for each NTM species was unimodal, which
suggested the species-specific susceptibility of the studied
NTM species to this drug. M. kansasii and NTM of the M. avium
complex (MAC) that includes M. avium, M. intracellulare,
M. chimaera, turned out to be highly susceptible to bedaquline (MIC
mode — < 0.125 pg/mL). M. abscessus was less susceptible
(MIC mode — 1 pg/mL), and the lowest susceptibility was
reported for M. xenopii (MIC mode — 4 pg/mL).

The results obtained for the NTM species included in MAC
and for M. kansasii matched the results obtained in a number
of studies; these suggest that bedaquline shows high activity
against these NTM species [12-14].

The data on bedaquline susceptibility of M. xenopi strains is
insufficient. According to some reports, bedaquline susceptibility of
one laboratory M. xenopi strain was > 2 pg/mL, which is consistent
with our results [12]. Another study describing bedaquline
susceptibility of the NTM circulating in China involved assessment
of four clinical M. xenopi strains, the bedaquline MIC for which
varied broadly, from 0.0016 pg/mL to 1 pg/mL, which is significantly
lower compared to the values we have determined [14].
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In a number of studies the bedaquline ECOFF value for
slow-growing NTM of 1 pg/mL was proposed, which matched
the bedaquline ECOFF value determined in our study [13, 23].
It is interesting to note that this ECOFF is higher, than the
bedaquline ECOFF for M. tuberculosis equal to 0.125 pg/mL,
which also demonstrates higher NTM resistance to anti-
tuberculosis drugs relative to the tuberculosis pathogen [19].

The bedaquline susceptibility of the fast-growing NTM
species M. abscessus was studied earlier [13]. According to
the results of this study, the bedaquline MIC for M. abscessus
had a bimobal distribution with the MIC modes of 0.13 pg/mL
and > 16 pg/mL; the bedaquline MIC,, and MIC,, were 0.13 ug/mL
and >16 pg/mL, respectively. In our study involving 56
M. abscessus strains, unimodal MIC distribution with the
mode of 1 pg/mL was reported, and MIC,; was 2 pg/mL. The
differences revealed can indicate unique characteristics of the
M. abscessus populations distinguished in Russia (the study
presented) and China [13].

CONCLUSIONS

The study presented provides important information about the
antibacterial drug susceptibility of the main clinically significant
NTM strains circulating in the Russian Federation. Based on
the data obtained it has been found that bedaquline is highly
effective against MAC being the main causative agents of
mycobacteriosis in the world and against M. kansasii. Other NTM
species turned out to be less susceptible to this drug. Further
research is necessary to accumulate the data on bedaquline
susceptibility of various NTM species and determine the
correlation between NTM susceptibility in vitro and bedaquline
clinical efficacy when used to treat mycobacteriosis.
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NEUROPHYSIOLOGICAL MARKERS OF THE ILLUSION CAUSED BY THE MIRROR VISUAL FEEDBACK
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Neurophysiological mechanisms underlying the illusion caused by the mirror visual feedback are still poorly understood, despite the clinical use of mirror therapy
for phantom pain and post-stroke hemiparesis. The study aimed to determine the mirror illusion neurophysiological correlates by the simultaneous use of
electroencephalography (EEG) recording and near-infrared spectroscopy (NIRS). A total of 30 healthy volunteers (12 males, 18 females; average age 24 + 8 years)
were assessed. The experimental procedure consisted of three blocks: bimanual movement without a mirror; moving one hand with the mirror; tactile stimulation
with the mirror. We analyzed the degree of EEG alpha rhythm (8-13 Hz) desynchronization in primary sensorimotor areas, supplementary motor area, and the
posterior parietal cortex. Furthermore, changes in the concentrations of oxy- and deoxyhemoglobin (HbO and HbR) were assessed by NIRS. When moving the
hand with the mirror, bilateral activation of primary sensorimotor areas occurred in both hemispheres: mu rhythm desynchronization, 9.71 [2.82; 16.20]% in the
contralateral and 5.64 [2.84; 12.13]% in the ipsilateral hemispheres (p = 0.797), along with the HbO concentration increase by 6.88 [3.07; 17.20] nmol/L in the
contralateral and by 4.91 [0.11; 14.59] nmol/L in the ipsilateral hemispheres (o = 0.094). The correlations between EEG and NIRS parameters were reported for
the posterior parietal cortex only (r, = 0.527, p = 0.0083). The illusion subjective characteristics were correlated to the emotional response, and only some of those
showed a weak correlation with neurophysiological indicators. EEG and NIRS are complementary, rather than mutually exclusive, when used to study the mirror
illusion resulting from the multi-level network organization of brain processes.
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The illusion caused by mirror visual feedback, or mirror illusion
(MI), is a neurophysiological phenomenon that translates
observed mirror-reflected movements of a limb into a feeling of
corresponding movements in the contralateral limb that is behind
the mirror or absent [1, 2].

It has been shown that mirror visual feedback activates
the system of mirror neurons and motor structures of
the brain in the hemisphere ipsilateral to the active arm,
stimulating neuroplasticity [2, 3] and facilitating restoration of
interhemispheric functional balance [4, 5]. These physiological
mechanisms underpin mirror therapy, which employs Ml to
treat a number of chronic neurological pathologies. The clinical
efficacy of mirror therapy has been established for post-
amputation phantom limb pain [1, 6, 7] and stroke hemiparesis
[8-10]. There is evidence for the effectiveness of the method in
the treatment of a complex regional pain syndrome [11-14] and
functional motor disorders [15]. Researchers and specialists are
currently searching for new mirror therapy protocols to enhance
its efficacy; one of the approaches under consideration is
Graded Motor Imagery [16].

Electrophysiological correlates of the brain activity
accompanying Ml were studied in healthy individuals and patients
using electroencephalography (EEG) [5, 17, 18], transcranial
magnetic stimulation [19, 20] and magnetic encephalography
[21, 22], and hemodynamic activity parameters have been
assessed using functional magnetic resonance imaging [4, 23]
and near-infrared spectroscopy (NIRS) [24, 25]. However,
there are no reported studies that would have investigated
electrophysiological and hemodynamic parameters simultaneously.
We expect that simultaneous recording of EEG and NIRS will
yield a better understanding of the physiology of MI and allow
a comparison of the informative value of the two methods in
identification of the MlI's correlates. Moreover, the neurophysiology
of MI during sensory stimulation remains largely unexplored.

This study aimed to determine the neurophysiological
correlates of MI in healthy individuals by simultaneously
registering brain activity using EEG and NIRS during a mirror
procedure involving movement and tactile stimulation.

METHODS
Participants of the study

The study was conducted at N.I. Pirogov Russian National
Research Medical University of the Ministry of Health of
the Russian Federation. The inclusion criteria were: signed
voluntary informed consent; age 18-80 years; any gender; right-
handedness confirmed by the Edinburgh Handedness Inventory
(score above 40). The exclusion criteria were: disagreement to
participate in the study; intake of medications that affect the
central nervous system at the time of the study; acute conditions
or exacerbations of chronic diseases; chronic pain syndrome
and disabling conditions (including amputations); serious vision
problems that prevent seeing the reflection of the limb in the
mirror; skin diseases in the head area; a desire to drop out of
the study; deterioration of the health condition during the study.

The study included 30 healthy volunteers, 12 male and
18 female, median age 21 [20.0; 23.0] years, all right-handed.
No participants dropped out of the study; the data describes
the entire sample (n = 30).

The procedure

The participants were randomized into two groups by the active
arm, right or left. The active arm was the one placed in front of
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the mirror and moved or subjected to sensory stimulation
(Fig. 1A). The active left arm group included 18 people, the
active right arm group 12 people.

The experiments were conducted in an electrically shielded
and soundproof chamber (Neuroiconica Assistive, Russia, model
EK-1). The participants wore a cap with 21 EEG electrodes,
10 NIRS sources and 10 NIRS detectors. A conductive gel
was applied under each electrode. The procedure included
three blocks: 1) synchronous movement of two hands without
a mirror; 2) imitation of mirror therapy with a motor paradigm;
3) imitation of mirror therapy with sensory stimulation. After the
second and third blocks, the participants were offered to fill out
questionnaires reflecting subjective parameters of MI.

For the first block of the experiment, the participants
performed a bimanual synchronous movement "fist-edge-
palm" (Fig. 1B) 20 times every 10 seconds, prompted by an
audio signal.

For the second block, a mirror was placed before the
participant so that it reflected the active arm, while the other
hand was behind the mirror, relaxed. The participant performed
the "fist-edge-palm" movement with only the active arm
20 times every 10 seconds, prompted by an audio signal; the
gaze of the participant was focused on the reflection of the
moving hand in the mirror.

The third block involved sensory stimulation of the
participant's active arm: the first tool was a blunt needle, used
from the middle of the forearm to the tip of the middle finger,
the second tool — a brush, driven from the middle of the
forearm to the tip of the middle finger in constant contact with
the arm. The intensity of stimulation with a blunt needle was
pre-calibrated by the experimenter to provide a comfortable
tactile sensation without pain or discomfort. Each stimulation
included alternating sequential use of the needle and the
brush for a total of 20 times. The applications of the tools were
10 seconds apart from each other. The second arm was behind
the mirror, relaxed; the participant watched the reflection of the
stimulated arm in the mirror.

Hereinafter, the terms "contralateral" and "ipsilateral"
are used in relation to the active arm when referring to the
lateralization of sources of activity in the brain. For the bimanual
movement stage, the active arm is that which performs
movements in the second and third blocks of the experiment.

A

Fig. 1. A. The experimental setup: positions of the participant, the mirror, and the
hands for the second and third blocks of the experiment. B. The "fist-edge-palm"
movement
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Fig. 2. The layout of the sensors. Circles indicate EEG electrodes, rectangles show NIRS detectors, asterisks are locations of NIRS sources; lines show source — detector

pairs (NIRS channels)

Assessment of the subjective parameters of the mirror illusion

After the second and third blocks, the participants assessed
the following parameters of Ml on a 10-point scale:

—vividness of the illusion: "I had a feeling of movement in the
hand reflected in the mirror" (second block) or "l had a feeling of
touch in the reflected hand" (third block);

— ownership: "l felt that the hand in the mirror was a part of
my body, and not just a reflection of another hand" (second and
third blocks);

—agency: "It seemed to me that | could directly control the
movements of my hand in the mirror" (second block).

Additionally, the participants mentioned when the Ml
began to manifest: immediately or in the first seconds of the
stimulation, or in the first, second, third or fourth quarter of the
procedure.

After completing three blocks of the experiment, the
participants assessed the intensity of the emotional reaction
to Ml in five domains: surprise, interest, delight, anxiety, and
calmness (absence of a pronounced emotional reaction). They
rated the intensity of each emotion on a scale from O (completely
absent) to 10 (maximum intensity).

The questionnaire was developed specifically for this study.

Registration of brain activity signals

NeoRec Cap 21 (Medical Computer Systems, Russia) was
used to record EEG; the setup included 21 leads: Fp1, Fp2, F3,
F4,C3, C4, P3, P4, 01,02, F7, F8, C7, C8, P7, P8, Cp5, Cpé,
Fz, Cz, Pz. The reference lead was Afz. The sampling rate was
250 Hz. The signal was not filtered during recording. We made
EEG recordings for all 30 participants, one recording per block.

Photon Cap C20 NIRS spectroscope device (CortiVision,
Poland) with 10 sources and 10 detectors was used to register
the metabolic activity of the brain. Of all the source—detector
pairs, we selected 28 channels corresponding to positions
C5h, Fce3, Cep3, C3h, Ccpt, Fccl, C1h, Feez, Fe1h, Cepz,

C2h, Ccp2, Cp2h, Fcc2, C4h, Fcec4, Cep4, Coh, Cpih, Cppz,
P1h, P2h, Ppoz, Fc2h, Ffcz, F2h, F1h, Affz of the 10-5 system
(Fig. 2). The NIRS sampling rate was about 5 Hz, reduced to
this value by linear interpolation of the signal based on the
timestamps sent by the device. There were NIRS recordings of
29 participants available, as one recording was lost.

Both devices transmitted data via the Lab Streaming
Layer protocol using software provided by the manufacturers,
NeoRec (version 1.6.19830, Medical Computer Systems,
Russia) and CortiView (v1.11.5, CortiVision, Poland). The data
were synchronized and recorded using a proprietary PsychoPy
script (v2022.1.1, Open Science Tools Ltd, UK).

Recording hand movements or sensory stimulation

The participant's hand movements and the experimenter's
actions were recorded with a CW 870FHD video camera (CBR,
China), resolution: 640 x 480, horizontal FOV:75°, frame rate:
10 fps. The script that synchronously recorded the NIRS and EEG
data assigned numbers of the frames to the saved data samples.
The videos were analyzed frame-by-frame. In blocks with
bimanual movements or mirrored movements, we distinguished
the beginning of movement, complete clenching into a fist, full
opening of the palm, touching the table with the palm, complete
cessation of movements. In blocks with stimulation — the
beginning of the experimenter's hand movement, the first touch
with a hard object, the end of the last touch with a hard object,
the beginning of the brush touch, the removal of the brush from
the hand, the end of the experimenter's hand movement. The
EEG and NIRS recordings were marked up in selected frames:
the first data sample corresponding to the marked frame was
taken as the beginning of the event.

Processing of brain activity signals

We used the MATLAB 2023b environment to process EEG
and NIRS data. A bidirectional notch filter suppressing 50 Hz
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Condition Contralateral, % Ipsilateral, % P
Bimanual movement 10.89 [4.59; 18.12] 8.72[3.71; 16.02] 0.544
Unimanual movement (active) 9.71 [2.82; 16.20] 5.64 [2.84; 12.13] 0.797
Tactile stimulation 14.57 [6.39; 20.17] 5.49 [-5.00; 8.46] < 0.001
Table 2. The magnitude of the hemodynamic response under different conditions
HbO, nmol/I HbR, nmol/I
Condition
Contralateral, % Ipsilateral, % P Contralateral, % Ipsilateral, % P
Bimanual movement 6.92 [-0.21; 28.04] 7.02 [0.36; 28.61] 0.393 —2.66 [-7.80; —0.63] -2.48 [-5.69; -0.13 0.393
Unimanual movement 6.88 [3.07; 17.20] 4.91[0.11; 14.59] 0.094 -0.68 [-4.32; 0.86] -0.52 [-2.73; 0.80] 0.905
Tactile stimulation -0.76 [-16.59; 2.30] -0.45 [-15.53; 6.18] 0.77 -0.09 [-1.02; 2.37] 0.27 [-1.19; 2.10] 0.787

interference was used for EEG filtering; it was followed by a
unidirectional FIR filter with a bandwidth of 0.5-40 Hz. The
delay in bandpass filtering was compensated by sample shifts.
To isolate artifacts, we analyzed 200 ms of the signal epoch:
those with more than 1% of samples that exceeded +200
microvolts on any of the channels were discarded. Only 3 out
of 60 recordings had 0.5-0.8% of such epochs, and in the
remaining recordings this figure was significantly smaller. The
recordings of each participant were combined after filtering, and
then the resulting signal was decomposed into independent
components with the help of a proprietary implementation
of the AMICA algorithm [26]. Based on the criteria described
earlier [27], we selected components reflecting activity in the
primary sensorimotor cortex of left and right hemispheres
(mu rhythm sources), an additional motor region, and in the
posterior parietal cortex/preclinium. If such components could
not be identified, we used the LCMV beamforming method
based on the averaged topographic maps of the components
of the needed type, and thus searched for the activity.

For the selected components, we calculated the degree
of desynchronization of rhythmic activity in the alpha range
(8-13 Hz) during movements and stimulation: applied filtering
using a unidirectional FIR filter with shift compensation, then the
Hilbert transformation, and calculation of absolute values. The
degree of desynchronization was calculated as follows:

ERD = (A_rest - A_task)/(A_rest + A_task),

where Arest is the average amplitude in the window (-6, —2)
before the start of arm movement in blocks 1 and 2, and before
the start of movement of the experimenter's hand in block 3;
Atask is the average amplitude of the signal in the interval from
the beginning of movement to its end for blocks 1 and 2, or the
interval from the first to the last touch with a hard or soft object
for block 3.

The NIRS signals, recorded as radiation intensities at two
wavelengths, were converted into concentrations of oxy-(HbO)
and deoxyhemoglobin (HbR). A filter with a bandwidth of
0.002-0.09 Hz was applied to the resulting data. In each
session, we isolated 10-second segments with hemodynamic
responses; the beginning was start of the movement for blocks
1 and 2, and first touch for block 3. The signal value th was
average within the 5 seconds of the recording preceding the
considered segment was subtracted therefrom. The value of
the hemodynamic response was calculated as the response
value averaged over all segments and over the four NIRS
channels of the respective region. We considered four regions:
those corresponding to the primary sensorimotor cortex of the
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left (NIRS channels in positions C5h, Fcc3, Ccp3, C3h) and
the right hemispheres (C4h, Fcc4, Ccp4, C6h), sources in the
additional motor region (Ffcz, F2h, F1h, Affz), and those in the
posterior parietal cortex/preclinium (Cppz, P1h, P2h, Ppoz).

Statistical analysis

For statistical analysis, we used the STATISTICA 6.0 program
(StatSoft, USA). The sample distribution normalcy hypothesis
was checked with the help of the Shapiro-Wilk test. Spearman's
rank correlation coefficient (r) was used for correlation analysis,
and the Wilcoxon test for comparison of related samples. The
level of significance was set at p < 0.05. Quantitative data
are given as median and interquartile ranges (25" and 75"
percentiles).

RESULTS
The degree of desynchronization of the mu rhythm

We managed to establish EEG laterality only for the mu rhythm
sources, i.e. those localized in primary sensorimotor areas.
In cases of bimanual movement, a comparable degree of
desynchronization of the mu rhythm was observed over both
hemispheres. A similar symmetrical desynchronization of
the mu rhythm was recorded for the unimanual movement in
front of the mirror both over the contralateral and ipsilateral
hemispheres relative to the active limb (Table 1). In contrast,
sensory stimulation of the active arm caused significantly more
pronounced desynchronization of the mu rhythm over the
contralateral hemisphere (Table 1).

Hemodynamic response

In all experimental blocks, we registered a comparable intensity
of the hemodynamic response in both hemispheres of the brain
(Table 2). This pattern was evident in the concentration of both
HbO and HbR. Tactile stimulation caused atypical changes in
hemodynamic parameters: the concentration of HbO decreased
during active stimulation, and the concentration of HbR decreased
to a lesser extent or increased (Table 2).

Correlation of quantitative characteristics of EEG
and NIRS signals

The intensity of desynchronization of rhythmic activity in the
alpha range also correlated with changes in HbO concentration
(r,=0.527, p = 0.003) in the block involving unimanual movement
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Table 3. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

lllusion parameter Condition
Arm movement Sensory stimulation P

Vividness of the illusion, 0-10 points 4.5[1.0;7.0] 2.0[0.0; 6.0] 0.23
Ownership, 0-10 points 6.0 [3.0; 8.0] 4.0 [3.0; 8.0] 0.192
Agency, 0-10 points 4.5[2.0;7.0] - -

Immediately 8 9

First quarter 5 5

Second quarter 3 9
Rate of onset, persons* Third quarter 6 3 -

Fourth quarter 3 1

No onset 5 2

Surprise 6.0 [3.0; 7.0]

Interest 8.0 [6.0; 8.0]
Emotional reaction, 0-10 points Exaltation 3.0[1.0; 7.0] -

Anxiety 1.0 [0.0; 5.0]

Calmness 7.5[4.0;9.0]

Note: * — one participant did not fill out the rate of onset of the illusion field for the sensory stimulation block.

in front of the mirror, as registered in the posterior parietal cortex.
No further statistically significant correlations between the
magnitude of desynchronization and hemodynamic response
measures were observed for identical experimental conditions.

Psychometric characteristics of the mirror illusion

The subjective intensity of the mirror illusion was comparable
between hand movement and sensory stimulation conditions
in terms of illusion vividness and sense of ownership (Table 3).
The majority of participants noted the onset of Ml during the
first half of the corresponding block: 53% in block 2 and 79%
in block 3 (Table 3).

The analysis of correlations between the subjective
parameters of Ml and the degree of desynchronization or
a change in the concentration of HoO or HbR associated with
unimanual movements in front of the mirror revealed only a
weak correlation of the vividness of the illusion with the degree
of desynchronization of the ipsilateral mu rhythm (-, = 0.370,
p = 0.044) and a change in the concentration of HoO in the area
of the supplementary motor cortex (r, = 0.425, p = 0.022), as
well as a weak correlation of the sense of agency with a change
in the concentration of HoO (r, = 0.392, p = 0.036) and HbR
(r,=-0.413, p = 0.026) in the area of the supplementary motor
cortex. This task yielded no other significant correlations.

As for the sensory stimulation of the arm in front of the mirror,
we registered no significant correlations between the subjective
parameters of Ml and the degree of desynchronization of the
mu rhythm (both contra- and ipsilateral).

Most of the subjective parameters of Ml significantly positively
correlated with the intensity of the emotional reaction to the
illusion (Table 4).

For the unimanual movement in front of the mirror, the
degree of interest in the emerging illusory sensations negatively
correlated with the degree of desynchronization of the mu
rhythm in the contralateral hemisphere (r, = -0.471, p = 0.009)
and in the area of the supplementary motor cortex (r, = -0.419,
p = 0.021), as well as with changes in the concentration of
HbO in the area of the supplementary motor cortex (r, = -0.444,
p = 0.016). We registered no other statistically significant
correlations between the vividness of emotional reactions and
quantitative indicators of the EEG or NIRS response.

DISCUSSION

The simultaneous recording of EEG and NIRS signals during
perception of mirror visual feedback revealed that a unimanual
movement reflected in the mirror and seen by a healthy
individual activated both hemispheres of the brain, same as
bimanual movement, as evidenced by electrophysiological
and hemodynamic indicators. For the tactile stimulation, EEG
registered activation of only the contralateral hemisphere
relative to the stimulated arm, while NIRS showed comparable
hemodynamic changes in both hemispheres, but atypical in the
direction of changes of HbO and HbR concentrations. Most
indicators of electrophysiological and hemodynamic response
did not correlate with each other.

Other studies have shown bilateral activation of the brain
associated with arm movement and visual mirror feedback using
either EEG [17, 18] or NIRS [24, 25]. An unimanual movement
in front of a mirror was accompanied (to a greater extent) by
activation of the additional motor [24, 25], upper or lower
parietal [18, 24], premotor [18, 25] and primary somatomotor
[18] cortex of the ipsilateral hemisphere in relation to the active
arm. These areas include, but are not limited to, the structures
of the mirror neuron system. One of the explanations for the
MI mechanism is the blockade of inhibitory processes in the
ipsilateral (i.e., contralateral to the mirror image) frontal and
parietal associative sensorimotor areas of the cortex, which
leads to the disinhibition of these areas and the development
of the illusion of movement of a stationary limb relaxed behind
the mirror [18]. Perhaps this is due to a mirror feedback-
induced shift in the activation of cortical structures in the
direction of the ipsilateral hemisphere, which helps to reduce
the interhemispheric imbalance in unimanual movement [5].

EEG investigation of changes associated with tactile
stimulation with a mirror [28] has shown stronger activation
on the contralateral side of the stimulated arm, which is
consistent with our data. Another finding was the activation
of the secondary sensorimotor cortex and areas of the mirror
neuron system in the ipsilatreal hemisphere, which justified the
expectation of changes in the amplitude of the mu rhythm on
the ipsilateral side depending on the intensity of the illusion;
however, no such changes have been detected. The observed
changes in HbO and HbR concentrations may reflect the
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Table 4. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

Emotional reaction
lllusion parameter

Surprise Interest Exaltation Anxiety Calmness
lllusion vividness — unimanual r,=0.523 r,=0.378 r,=0.469 r,=0.404 r,=-0.199
movement p =0.003 p =0.039 p =0.008 p=0.027 p=0.291
Ownershio — arm movement r,=0.568 r,=0.482 r,=0.551 r,=0.401 r,=-0.305
P p=0.001 p =0.007 p=0.002 p=0.028 p=0.101
Agency — arm movement r,=0.626 r,=0.502 r,=0.588 r,=0.391 r,=-0.305
gency p <0.001 p=0.005 p <0.001 p=0.032 p=0.101
Vividness of the illusion — sensory r,=0.227 r,=0.231 r,=0.303 r,=-0.108 r,=0.268
stimulation p=0.226 p=0.217 p=0.104 p=0.570 p=0.152
Ownership — sensory stimulation r,=0.487 r,=0.410 r,=0.499 r,=0.401 r,=-0.173
P Y p =0.006 p =0.025 p=0.005 p=0.028 p=0.358

so-called "sensorimotor paradox": it is impossible to clearly
determine the direction of the hemodynamic response to tactile
stimulation due to the complexity of the pattern of simultaneous
activation and deactivation of various neural populations [29].
This phenomenon poses a serious methodological problem for
the use of NIRS in the context of investigation of brain activity
within the framework of the mirror paradigm, especially taking
into account the influence of stimulation parameters and the
involvement of multiple sensory modalities [30]. It can be
assumed that simpler stimulation protocols may be beneficial
to further research and explanation of atypical changes in
hemodynamic parameters during sensory stimulation with mirror
feedback (exclusive use of either a hard item or a soft object).

In this study, we revealed no correlation between the
majority of quantitative EEG and NIRS indicators for identical
experimental conditions. The correlation between the degree of
rhythm desynchronization in the alpha range and an increase in
HbO concentration was observed only in the area of the posterior
parietal cortex in the context of unimanual movement in front of
the mirror. The available literature does not offer other works
involving simultaneous registration of electrophysiological and
hemodynamic parameters of brain activity during experiments
with mirror visual feedback. Further analysis of additional
indicators, such as lateralization or connectivity indices, is
required. Overall, it can be concluded that in a comprehensive
study of the neurophysiological mechanisms of MI, EEG and
NIRS can complement but not replace each other.

Individual subjective parameters of Ml weakly correlated
with the degree of desynchronization of the ipsilateral mu
and the activation of the additional motor cortex. However,
most of them did not correlate with electrophysiological and
hemodynamic parameters of the cerebral cortex activity but
showed a significant correlation with the intensity of the emotional
reaction to the illusion. The dissociation between objective
neurophysiological indicators and subjective experiences of
illusion may indicate a multilevel or network-based formation
of the illusory experience rather than the activity of isolated
cortical regions [18]. The emotional reaction to the illusion
can serve as an integrative indicator reflecting not only the
perceptual aspects but also the personal characteristics of the
participants, their willingness to accept the illusory experience
and their general emotional reactivity.

The revealed bilateral activation of primary sensorimotor
areas associated with unimanual movement in front of the mirror
has a potential clinical significance in the context of optimization
of mirror therapy protocols. These findings support the rationale
for applying the motor paradigm of mirror therapy in patients with
stroke hemiparesis, as it provides activation of motor structures
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in the ipsilateral hemisphere, which may facilitate restoration
of interhemispheric functional balance. The revealed close
relationship between the subjective parameters of the mirror
illusion and the emotional reaction suggests that the positive
emotional response of the patient in the first sessions can be a
predictor of the effectiveness of therapy, reflecting the degree
of involvement of the patient in the rehabilitation process. The
demonstrated possibility of combining EEG and NIRS opens
up prospects for the development of hybrid neurobiological
control technologies. This enables prediction of treatment
efficacy and individualization of rehabilitation programs based
on neurophysiological biomarkers, including for patients with
contraindications to conventional mirror therapy, such as
bilateral amputation with phantom limb pain syndrome.

This study has the following limitations: the participants had
no technical means to record the time of the Ml onset; there
were no control block that would involve unimanual movement
without a mirror; the questionnaire collecting perception of Ml
was a simplified one. However, these limitations do not affect
the main conclusions of the study. It should also be noted
that in this experiment, it is impossible to completely separate
the emotional reaction to MI and the reaction caused by the
novelty of an unusual sensory experience: there was only one
assessment, the measurements were not taken repeatedly.
Some of the recorded emotional states (surprise, interest)
may partially reflect an orientation reflex to a new perceptual
experience. The differentiation of these components may be
the subject of future longitudinal studies.

CONCLUSIONS

Thus, arm movement in front of the mirror is accompanied
by bilateral activation of the primary sensorimotor areas of
both hemispheres. The correlations between EEG and NIRS
indicators were found only in the posterior parietal cortex, which
means that EEG and NIRS complement but not replace each
other in the study of MI. The subjective characteristics of the
illusion correlated with the emotional reaction, and only some of
them weakly correlated with neurophysiological indicators, which
corresponds to the concept of a multi-level network organization
of the mechanisms behind the illusion. In subsequent studies,
it is advisable to jointly register EEG and NIRS indicators during
mirror therapy in patients with post-amputation phantom pain
or post-stroke hemiparesis, as well as to evaluate the dynamics
of the identified M| neuromarkers. The data obtained in such
studies can be compared with the norm and taken into account
when developing EEG and NIRS-backed neurobiocontrol
technologies aimed at correcting these pathologies.
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MOLECULAR CYTOGENETIC CHARACTERIZATION OF A RARE RECOMBINANT CHROMOSOME 22
CAUSED BY A MATERNAL INTRACHROMOSOMAL INSERTION

Yurchenko DA™, Markova ZhG, Petukhova MS, Matyushchenko GN, Shilova NV
Research Centre for Medical Genetics, Moscow, Russia

The formation of recombinant chromosomes in the offspring of inversion and insertion carriers constitutes a significant challenge in clinical genetics due to
the high risk of chromosomal abnormalities in children. Here, we present a clinical case. The aim of this study was to characterize the structure and origin of
a chromosomal imbalance in a female patient presenting with delayed motor and speech development, craniofacial anomalies, and sensorineural hearing loss
through molecular cytogenetic analysis of a recombinant chromosome 22. Chromosomal microarray analysis of the proband, who exhibited psychomotor delay
and dysmorphic features, revealed three interstitial duplications: 22g11.21, 22912.3-q13.1, and 22g13.2. Fluorescence in situ hybridization (FISH), using both
commercial and homemade DNA probes, demonstrated that the mother carried a complex intrachromosomal rearrangement comprising an initial paracentric
inversion of 22g11.21-g12.3, followed by an interstitial insertion of the 22g11.21 and 22912.3-g13.1 segments into the nucleolar organizer region at 22p12.
Accordingly, the recombinant chromosome identified in the proband resulted from meiotic segregation of the maternal complex intrachromosomal inversion and
insertion. These findings highlight the diagnostic value of an integrated cytogenomic approach for the precise delineation of complex chromosomal rearrangements,
determination of their origin, and assessment of genetic risk in clinical genetic counseling.
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MONEKYNAPHO-UUTOMEHETUYECKASI XAPAKTEPUCTUKA PEAKOIO CJTYSAS PEKOMBUHAHTHOW
XPOMOCOMbI 22 BCNEACTBUE MATEPMHCKOWN MHTPAXPOMOCOMHOW MHCEPLIUN

. A. FOpuerko =, XK. I. Mapkoga, M. C. NeTyxosa, . H. MaTolieHko, H. B. LLnnosa
MeaVKo-reHeTUHeCKMiA Hay HbIN LeHTP uMeHn H. 1. Boykosa, Mocksa, Poccus

DOpMMPOBaHME PEKOMOVHAHTHBIX XPOMOCOM B MOTOMCTBE HOCUTENE MHBEPCUN 1 MHCEPLMIA MPELACTAaBNAET COO0M CEPbE3HYIO MPOOAEMY KIMHNHECKON FEeHETUKM B
CBSI31 C BbICOKNM PUCKOM POXAEHUS AeTel C XPOMOCOMHOW naTonorveit. MNpeacTtaBneH KNMHNYECKMin cnyyait. Lienbto nccnenoBaHis Gbin0 B XO4e MONEKYNSPHO-
LIMTOrEHETNHECKON ANarHOCTUKN PEKOMOUHAHTHOM XPOMOCOMbI 22 YCTaHOBUTE CTPYKTYPY W MPOUCXOXAEHME XPOMOCOMHOrO aucbanaHca y naumeHTkn ¢
3a1eP>XKKON MOTOPHOIO ¥ MCUXOPEYEBOro Pa3BUTYIS, YePENHO-NLIEBBIMY aHOMaIMAMI 1 TYroyxoCTbtO. [Mpu MPOBEAEHNI XPOMOCOMHOIO MUKPOMAaTPUHHOMO
aHanMsa y npobaHaa ¢ 3a4ep>KKol MCUXOMOTOPOro PassuTVs U NpuaHakammn gucMopdoreHesa Obinv 06HapyeHbl TPW UHTePCTULMAabHbIE AyNavKaLmm:
22g11.21, 22012.3913.1 1 22913.2. FISH-aHanm3 ¢ 1cnonb3oBaHMeM KOMMEPHECKIX 1 HecepuiiHbix [JIHK-30HA0B NO3BOAMA YCTAHOBUTb, YTO Y MaTEpV NaLMEHTKV
VIMEETCS CNOXKHAA MHTPaXPOMOCOMHasA NEPECTPONKA: COHETAHME VHULMVPYIOLLIEN napaueHTpr4eckor nHeepcumn 22911.21g12.3 1 nocnepytoLlen Mexxnneyesomn
nHcepumn panoHoB 22g11.21 1 22g12.3g13.1 B parioH a4pbIlkoBOro opraHusatopa 22p12. CooTBETCTBEHHO, BbiABfEHHAs y NpobaHaa pekoMbuHaHTHast
XPOMOCOMa SBMAETCH Pe3yNbTatoM Cerperaumm MaTepUHCKON CIOXHOW BHYTPUXPOMOCOMHOW MepecTporku. [MoflydeHHble pesynsTaTbl NoAYepKMBaloT
[NarHOCTUYECKYIO LLIEHHOCTb KOMMIEKCHOMO LIMTOreHOMHOrO MoAXoAa AN TOHHON MAEHTUMUKALMN CNOXHBIX XPOMOCOMHbIX HapYLLEHW, ONPeaeneHns nx
MPOUCXOMAEHNS 1 OLIEHKN MEHETUHECKVIX PUCKOB MPU MEAVKO-TEHETUHECKOM KOHCY/IETUPOBaHUN.

KntouyeBble croBa: MHTPaxpoOMOCOMHas NHCEPUWS, MHBEPCHS, PeKOMBMHaHTHas xpomocoma 22, FISH, HecepuiiHble IHK-30HAb!, CNV, aynnvkauyst

®uHaHCMpOoBaHue: 1ccnefoBaHne nposegeHo B pamkax tembl HP Ne 123052200006-7 «OnTvMmn3aums MONeKynspHO-(LUTO)reHETUHECKMX NOaXO40B ANA
BepuUKaLmn 1 MHTEPPETALMN KIMHUHECKI 3HAYVMbIX Bapraumii dmicna konuii yqactkos JHK (CNV)» (#FGFF-2023-0003).

Bknap, aBTopos: []. A. FOp4eHKO — Au3arH nccneposanns, paspaboTtka HecepuinHbix [JHK-30HO0B, nposeneHne FISH-gnarHoctnkn 1 nHtepnpetaumns
nosy4eHHbIX AaHHbIX, nogrotoBka pykonucu; K. . Mapkosa — nposefeHve FISH-uccnenosaHus ¢ kommepyeckummn OHK-songamu; M. C. MNeTyxosa,
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Recombinant chromosomes (rec) are detected in the offspring of
carriers with balanced structural chromosomal rearrangements
(CRs), such as inversions and insertions, and are associated
with genomic imbalances — copy number variations (CNVs)
in the form of deletions and duplications — linked to abnormal
phenotypes [1, 2].

The majority of pathogenic microdeletions and
microduplications represent the recurrent CNVs, which arise
due to specific features of the genomic architecture and lead to
sporadic cases of chromosomal imbalance [3]. In contrast, non-
recurrent CNVs may result from other mechanisms of formation,
for example, from the recombination events occurring during in
meiosis | in phenotypically normal heterozygous carriers of
inversion, as well as from intra- and interchromosomal insertions.
A between-arm intrachromosomal insertion represents a
segment of chromatin from one arm inserted into a breakpoint
site on the opposite arm [4]. Thus, after bivalent formation
between the chromosome carrying a between-arm insertion and
its normal homologue, the inserted segment becomes reoriented
to ensure the maximum degree of synapsis within the bivalent.
A single (or any odd number of) crossovers within the centromeric
segment (the chromosome region containing the centromere)
results in the formation of recombinant chromosomes — one
with a duplication of the inserted segment and the other with
a deletion. Gametes (and subsequently zygotes) carrying
recombinant chromosomes give rise to interstitial CNVs in the
offspring (Fig. 1).

The contribution of balanced intrachromosomal insertions
to the spectrum of chromosomal abnormalities is significant,
as the genetic risk is expected to be high and, in theory, could
approach 50%, which is of crucial importance for medical
genetic counseling [4, 5]. In this context, chromosome 22 —
characterized by a high concentration of low-copy repeats
(LCRs) — is of particular interest. This genomic architecture
predisposes the region to a broad spectrum of balanced and
unbalanced chromosomal rearrangements (CRs) mediated by
non-allelic homologous recombination (NAHR) [6]. The best-
studied examples are the 22g11.2 reciprocal deletion and
duplication syndromes, also known as genomic sister disorders
[7, 8]. However, non-recurrent copy number variations (CNVs)
in chromosome 22 are also of significant value. Such cases,
which reveal complex and diverse mechanisms of genomic
structural organization — including replication-mediated
and multi-step genomic events — may present with multiple
regions of chromosomal imbalance [9, 10]. These observations
not only expand our understanding of the structural variability
of chromosome 22 but are also of practical importance for
medical genetic counseling, particularly in selecting strategies
for prenatal and preimplantation genetic diagnosis in families
with an affected child [11].
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In this paper, we present a unique case of a recombinant
chromosome 22 in a patient with an abnormal phenotype.
The study aimed to characterize, using molecular cytogenetic
methods, a rare rec(22) with three interstitial duplications
resulting from meiotic crossing over during gametogenesis in
the mother, who was a carrier of a complex intrachromosomal
rearrangement.

METHODS
Clinical data

The patient was a 7-month-old girl referred to the Research
Centre for Medical Genetics because of psychomotor
developmental delay and craniofacial dysmorphism. The
family history revealed an older child, a 5-year-old girl, who
was healthy and had no apparent clinical abnormalities (as
reported by the parents). Both parents were healthy and non-
consanguineous. The mother’s obstetric history included two
missed miscarriages (Fig. 2A).

The patient was born at 36 weeks of gestation. The Apgar
score was 7/7. Birth weight was 2260 g, body length 45 cm,
and head circumference 32 cm. After birth, she was admitted
to the neonatal pathology unit with a diagnosis of grade I-l|
cerebral ischemia and motor dysfunction syndrome. From
birth, delayed motor development and bilateral sensorineural
hearing loss were noted. At the first examination (age 7
months), the following phenotypic features were observed:
orbital hypertelorism, epicanthus inversus, short palpebral
fissures, bulbous nasal tip, trapezoid-shaped upper lip, long
philtrum, high-arched palate, and long fingers. Anthropometric
parameters: body length 68 cm (between the 50" and 75"
centiles), body weight 6000 g (below the 3rd centile). Gross
motor development was markedly delayed: the patient could
hold her head only in the prone position and was unable to
roll over. At follow-up at the age of 2 years, she continued to
show a pronounced delay in motor development: she could sit
unsupported at 1.5 years and began standing and stepping
with support at 2 years. Self-care skills were absent, and speech
development was mildly delayed — she could pronounce a few
simple words.

Molecular cytogenetic studies

To detect CNV, the chromosomal microarray analysis of
the DNA sample from the patient’s peripheral blood was
conducted using the CytoScan HD Array oligonucleotide
microarrays (Affymetrix, Santa Clara, USA) in accordance
with the manufacturer’s protocols. The analysis of CNVs was
performed using the Chromosome Analysis Suite (ChAS) ver.

Cc

—p

N dup del bal
ins

Fig. 1. Gamete production following recombination between the sites of rearrangement in a between-arm intrachromosomal insertion. A. Normal chromosome (left)
and chromosome with insertion (right); B. Crossover event; C. Types of gametes. (Adapted from Gardner R. J., Amor D. J., 2018.)
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Table. Nucleotide sequences of the primers used in the study

Name DNA primer sequences, 5'-3' PCR product length (bp) Genomic coordinates (hg19)
F:GTGGGGTGGAAATAGAGGAGGAAAAGTG
dup22g12.3_1 9118
R: ACACAATAACGCAGAGAGTGAAATGGGT
F: ACCCATTTCACTCTCTGCGTTATTGTGT
dup22g12.3_2 9818 chr22:36,911,962-36,938,387
R: CCAGCTTCATCTCATTCCTCTCTTGTCC
F: CACTCTTGCTGCTCTAGGGTTTCTTCTC
dup22g12.3_3 9964
R: ATGGGAATCTA GTCTCCTGTCGCC
F: GTCTCCCCCTCAAAAATGCTGGTGATAA
22q13_1 9874
R: CAAGTAGCCTTCAGAGTTCCATCTGCTC
F: AAGACAGACGGATGGAAAACCTAGTTGC
22q13_2 9002 chr22:41,525,966-41,555,314
R: GACATACTTGAGACACTGGAGCTTGACC
F: AACTCTCCTATAATGCCTCCAGGGTCTC
22q13_3 9520
R: GCAACACACAAGTTCAGCAAAAACCAAC
F: GTTCAAAGCCCCCACAGTCTTCCCAATG
22¢g-invG-1 9890
R: AGGAGGAGGTCACAAGTCCCATACCACT
F: AGTGGTATGGGACTTGTGACCTCCTCCT
22g-invG-2 9643 chr22:24,426,053-24,452,928
R: ACATGCTGGCGGGGAAAGAGACAGTTTA
F: GAGTAGGGAGGGATGCTGCTGGGTTAAG
22g-invG-3 9182
R:GAGGAGACCAGAGAAGAGGGTGGCAATG
F: GTGGAGAGGAGAGTGTGAATAGGGAAGT
22g-invR-1 9068
R: GGTTGTTGCGAGATGAATGAAGCCAAAT
F: CACCCCACATTCCTGAAGATGACACTAC
22g-invR-2 9095 chr22:34,120,020-34,162,291
R: TGAGTGAGTGATCGCCTCCTTTATGAGA
F: AAACCTCTACCTCCAAAACCTATCCCCA
22g-invR-3 9259
R: TCCCACATTCTCTCCATCCTCTTCTTGT

4.0 software (Thermo Fisher Scientific Inc.; USA), and the
results were interpreted in accordance with the International
System for Human Cytogenomic Nomenclature (ISCN, 2020).
The CNV identified was matched to the data published in the
scientific literature and the information from the publicly available
databases: Database of Genomic Variants (DGV) (http://dgv.
tcag.ca/dgv/app/home), DECIPHER (http://decipher.sanger.
ac.uk/), and OMIM (http://www.ncbi.nlm.nih.gov/omim).
Genomic coordinates are provided in accordance with the
Human Genome February 2009 assembly (GRCh37/hg19).
Clinical significance of variants was assessed in accordance
with the standards of the American College of Medical Genetics
and Genomics (ACMG) [12].

Fluorescence in situ hybridization (FISH) on chromosomal
preparations from cultured peripheral blood lymphocytes
was performed using commercially available locus-specific
(22g11.2 LSI TBX1/22913 SHANKS3) and sub-telomere
(22qgter) DNA probes (Kreatech, Netherlands), as well as a DNA
probe specific to the short arms of acrocentric chromosomes
(Acro-p) (MetaSystems, Germany), in accordance with the
manufacturers’ protocols. Denaturation and hybridization
were performed using the ThermoBrite hybridization system
(StatSpin, USA), and assessment was conducted using the
Axiolmager M.1 epifluorescence microscope (Carl Zeiss,
Germany) and the Isis softwate tool for digital image processing
(MetaSystems, Germany).

The development of homemade DNA probes to refine
the structure of the patient’s recombinant chromosome 22
and assess the parental chromosomes parents represented
an important stage of the study. Primers were selected using
the Primer-BLAST NCBI software tool (https://www.ncbi.nim.
nih.gov/tools/primer-blast/) and the UCSC Genome Browser
database (http://genome.ucsc.edu). The OligoAnalyzer™

Tool (https://eu.idtdna.com/pages/tools/oligoanalyzer/) was
used to verify specificity of the selected primers. Primers were
synthesized by Evrogen (Russia). The nucleotide sequences of
the primers selected are provided in Table.

Sequences of the selected DNA primers were used
to conduct LR-PCR using the BioMaster LR HS-PCR (2x)
(BiolabMix, Russia) in the GeneAmp PCR System 9700 (Applied
Biosystems, USA) in accordance with the manufacturer’s
protocol. The resulting amplicons were purified on the columns
using the diaGene DNA purification kit for DNA isolation from
reaction mixtures (Dia-M, Russia) in accordance with the
manufacturer’s instructions, with subsequent combining of
purified PCR products in one test tube aimed at obtaining a
DNA probe approximately 30 kb in length. A nick-translation
method was used to introduce a fluorescent label into a DNA
probe. FISH with homemade DNA probes involved separate
denaturation of DNA in the chromosomal preparation and the
DNA probe [13-15].

Chromosomes were counterstained with DAPI | (Abbott
Molecular, USA) in Vectashield mounting medium (Vector
Laboratories, USA) at a 1:20 ratio. Metaphase chromosome
images were analyzed using the ISIS digital imaging system
(MetaSystems, Germany) integrated with an Axio Imager M1
epifluorescence microscope (Carl Zeiss, Germany).

RESULTS

In the first stage of molecular cytogenetic testing of the patient
with motor and speech developmental delay, craniofacial
anomalies, and hearing loss, chromosomal microarray
analysis (CMA) was performed. The analysis revealed three
interstitial micrtoduplications located in the long arm of
chromosome 22: arr[hg19] 22q11.21(18037572_21915207)
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Fig. 2. Familial case of intrachromosomal ins(22;22). A. Three-generation pedigree of the family with the de novo heterozygous carrier of the intrachromosomal insertion
on chromosome 22. B. CMA hybridization profile of chromosome 22 demonstrating three duplications in the patient. C. FISH results for the patient’s mother showing
hybridization with the DNA probe for the 22g11.2 region (TBX7, SpOrange) and the control probe for SHANKS (SpGreen), which is not involved in the rearrangement.
D. FISH results for the patient showing the recombinant chromosome 22, in which the duplicated fragment containing TBX7 (SpOrange) is inserted into the nucleolar

organizer region (p12) (acro-p, SpAqua).

x3,22912.3913.1(36793141_40756125)x3,22913.2
(41818449_43449759)x3 (Fig. 2B) sized 3.9 Mb, 4 Mb, and
1.6 Mb, respectively.

To verify the data obtained, FISH analysis of the chromosomal
preparations of the patient, her sister and parents was
conducted that involved the use of the commercially available
DNA probe for the 22g11.21 chromosomal locus (TBX7
gene). It was found that the patient’s mother was a carrier
of an intrachromosomal between-arm insertion involving the
22911.2 region inserted into the nucleolar organizer region
(p12) (Fig. 2C). Thus, the duplication including the TBX7 gene
resulted from the maternal meiotic crossing over event within
the centromeric segment of chromosome 22, which led to the
formation of the recombinant chromosome 22 observed in the
patient (Fig. 2D). Examination of the maternal grandparents
revealed no insertion, indicating that the mother’s chromosomal
rearrangement occurred de novo.

To verify the second and third microduplications, it was
hypothesized that there was a “single” duplication in the
22012.3913.2 region. For this purpose, homemade locus-specific
DNA probes were designed for two regions of chromosome
22: (hg19):36,911,962-36,938,387 and (hg19):41,525,966—
41,555,314, The primer design is provided in Table. The
FISH analysis showed that the patient’s mother carried an
intrachromosomal insertion involving the 22g12.3g13.1 region
into the nucleolar organizer region (p12) of chromosome 22
(Fig. 3B). Thus, the patient’s recombinant chromosome
22 contains both the duplication including the TBX7 gene
(22911.2) and the 22g12.3g13.1 duplication of maternal origin
(Fig. 3C).

Based on the data obtained, we proposed a hypothesis
regarding the complex mechanism underlying the chromosomal
rearrangement in the patient’s mother. A long disomic region of
14.9 Mb was identified between the proband’s first (22g11.21)
and second (22g12.3) duplications (Fig. 3A). This suggested
that the 22g11.21 and 22g12.3913.1 regions on the maternal
chromosome 22 were likely close together due to a paracentric
inversion (chr22(hg19):18,037,572-36,793,141). Therefore,
both of these regions were inserted together into the nucleolar
organizer region (p12) of chromosome 22 as a result of the initial
de novo rearrangement that occurred during meiosis in one of
her parents, whose karyotypes were assessed and turned out to
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be normal. To verify this hypothesis, two additional homemade
locus-specific DNA probes for the 22g11.23 and 22g12.3
regions were designed (chr22(hg19):24,426,053-24,452,928
and chr22(hg19):34,120,020-34,162,291 (Table). The
schematic representation of the complex chromosomal
rearrangement is shown in Fig. 4.

The comprehensive molecular cytogenetic analysis involving
the use of both commercially available and homemade DNA
probes confirmed the hypothesis about the complex mechanism
underlying the maternal chromosomal rearrangement. It was
shown that the patient’s recombinant chromosome 22 with
two microduplications resulted from two consecutive events
that occurred during the maternal meiosis: an initial paracentric
inversion in 22g11.21912.3 and the subsequent between-
arm insertion of the regions 22g11.21 and 22g12.3g13.1 into
the nucleolar organizer region 22p12. In this study, we did
not assess the third duplication; further analysis is planned to
clarify the complete mechanism underlying the formation of the
complex CR in the patient’s mother.

Thus, combining CMA and FISH with both the commercially
available and homemade DNA probes made it possible to
visualize the mechanism underlying the development of
chromosomal imbalance. According to the family’s three-
generation pedigree, the estimated empirical risk of giving
birth to a child with a chromosomal/genomic imbalance or
spontaneous abortion is 75%, which is considered a high
genetic risk (Fig. 2A).

DISCUSSION

The present case demonstrates a rare instance of recombinant
chromosome 22 formation resulting from the meiotic
segregation of a complex maternal intrachromosomal
rearrangement, specifically a combination of inversion and
insertion. Similar mechanisms have been previously described
in studies on rec(22) derived from maternal intrachromosomal
rearrangements. For example, several rec(22) cases have
been reported in which such maternal rearrangements led
to duplications of distal 22q regions in the offspring [16, 17].
One report describes a female patient with a 7 Mb duplication
in 22g13.1913.2, which was subsequently identified as a
meiotic segregation product of a maternal insertion [18].
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Fig. 3. FISH analysis with homemade DNA probes disproving the hypothesis of a “single” duplication. A. CMA hybridization profile of chromosome 22 in the patient
and schematic representation of the genomic localization of the homemade DNA probes designed to test the “single duplication” hypothesis. B. FISH results with
homemade DNA probes on maternal metaphase chromosomes, showing that the derivative chromosome 22 resulted from insertion of the 22q12.3 fragment into the
nucleolar organizer region (p12). The 22g13.1 region is not involved in the rearrangement. C. FISH results with homemade DNA probes on the patient’s metaphase
chromosomes, showing that the recombinant chromosome 22 contains an insertion of the duplicated 22g12.3 fragment into the nucleolar organizer region (p12). The
22q13.1 region is not duplicated and is represented by a single copy on each homologue

Our case extends these observations by demonstrating
that a recombinant chromosome 22 containing multiple
CNVs can arise from the inheritance of a complex maternal
intrachromosomal between-arm insertion combined with an
inversion.

The acrocentric chromosome 22 is one of the shortest
human chromosomes and contains the highest density of low-
copy repeats (LCRs) within its long arm. LCRs are DNA blocks
ranging in size from 10 to 400 kb that share a high degree

A -

chr22:24,426,053-24,452,928 @ | =
inv

201 @

chr22:34.120,020-34.162.

(95-97%) of nucleotide sequence identity. This homology
facilitates non-allelic homologous recombination (NAHR),
the mechanism underlying typical 22g11.2 deletions and
duplications [6, 19]. Optical genome mapping has confirmed
a high degree of LCR22 variability in the population, which
increases the likelihood of non-recurrent and complex
chromosomal rearrangements [20]. At the same time, more
complex, multi-stage events like the one we report here
are thought to be explained by other replication-mediated

B

inv 22

) )'

Fig. 4. A. Schematic representation of the mechanism underlying formation of the complex maternal de novo CR. B. Results of FISH analysis using the distal
homemade DNA probe (TxRed), the proximal DNA probe (SpGreen) for the inversion region (chr22(hg19):18,037,572-36,793,141) and the commercially available DNA

probe for the subtelomeric region of the long arm of chromosome 22 (SpAqua)
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mechanisms, specifically Fork Stalling and Template Switching
(FoSTeS) and Microhomology-Mediated Break-Induced Replication
(MMBIR) [3, 9, 10, 21].

In this case, we identified a complex intrachromosomal
rearrangement in the mother, consisting of a paracentric inversion
in 22g11.21912.3 (chr22(hg19):18,037,572-36,793,141),
followed by a between-arm intrachromosomal insertion of
the 22g11.21 and 22g12.3g13.1 regions into the nucleolar
organizer region at 22p12. The proximal inversion breakpoint
is located within LCR22 A-B (~18-21 Mb), a well-known
genomic instability "hot spot" that results in NAHR-mediated
chromosomal rearrangements. According to the literature,
inversions spanning the LCR22A-B or LCR22B-D/C blocks
can initiate non-recurrent chromosomal rearrangements [6, 22].
The distal inversion breakpoint on the long arm (~36.8 Mb)
lies outside the classic LCR22 boundaries in a region of
unique sequences at 22q12.3, making the involvement of
replication-mediated mechanisms (FoSTeS/MMBIR) more likely
[21-23]. The insertion of a large 22q segment into the short
arm (22p) is also consistent with known genomic architecture.
The p-arms of acrocentric chromosomes, which contain the
nucleolar organizer regions (NORs) and multiple repetitive
blocks, represent highly dynamic genomic regions [24].
Therefore, the combination of an LCR22-associated inversion
and an insertion into the 22p NOR creates a unique structural
background predisposing to multiple duplications during
meiotic segregation.

Our case expands the spectrum of previously reported
rec(22) cases and demonstrates that the presence of a complex
maternal CR can lead to multiple interstitial duplications in the
offspring. This mechanism integrates two key factors: the
variable genome architecture resulting from the abundance of
low-copy repeats on chromosome 22, and the dynamic nature
of the ribosomal repeat arrays within the nucleolar organizer
region on its short arm.

The clinical manifestations in our patient, who carries
multiple CNVs on chromosome 22, include motor and speech
developmental delay, craniofacial dysmorphism, hypotonia,
and hearing loss. These clinical features align with the
phenotypic spectrum of 22g11.2 duplication syndrome, which
is characterized by developmental delay, behavioral disorders,
hearing loss, craniofacial anomalies, and variable degrees of
cognitive impairment. The phenotypic abnormalities associated
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THE TERMS "DOMINANT" AND "RECESSIVE" SHOULD BE AVOIDED DUE TO GENE THERAPY
Gamisonia AM ¥, Rebrikov DV
Pirogov Russian National Research Medical University (Pirogov University), Moscow, Russia

The accumulation of scientific data can conflict with theoretical propositions, requiring their revision. Ptolemy's model of celestial motion was repeatedly "upgraded"
until the paradigm fundamentally changed. Today, we not only understand the structure of the solar system but also see the universe across fourteen billion light-
years. Similarly, phenotype-based medical genetics still operates with concepts such as dominance, recessiveness, penetrance, expressivity, complementarity,
epistasis, and so on. These are descriptive terms of limited accuracy, which are redundant and often confounding in clinical settings. This opinion article re-examines
the relationship between molecular inheritance and its phenotypic manifestations in light of the growing role of gene editing and gene therapy. We believe that
the use of the classical terms “dominant” and “recessive” in a medical context should be avoided as non-informative and possibly misleading in terms of clinical
decisions and treatment choices.
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B MEOVLUWHE CNEAYET U3BErATb TEPMUHOB «JOMUHAHTHbBIW» U «PELLECCUBHbIN»
N3-3A PA3BUTUSA FEHHON TEPANUN

A. M. Tammncorus =4, [1. B. PebprkoB
Poccuiickinin HaumoHanbHbI MCCneaoBaTenbCKMii MEAVLIMHCKUIA yHMBepcuTeT (Mnporosckuin YrmeepceunTeT), Mocksa, Poccunst

[oHMMaHWe yCTPOMCTBa CUCTEMbI BEAET K ONTUMM3aLMM ONMcCbIBatOLLIEN ee modeny. Moaens ABMKeHNs HeBeCHbIX Ten MNToneMes MHOrOKPaTHO YCAOXKHANACh C
Lienblo MOArOHKM MO, PeasibHOCTb, NMoKa ToYKa 3peHns UCCnefoBaTenelt KapanHanbHO He M3MeHMNach. AHaIOrMYHO 1 «PeHOTUMNYeCKast reHeTka» A0 CYX Mop
MbITAETCA ONMUCbIBATL HabntogaemMoe B TepMuHax XIX B.: LOMUHAHTHOCTb, PELECCUBHOCTb, MEHETPAHTHOCTb, 9KCMPECCHBHOCTL, KOMMIEMEHTAPHOCTb, AN1CTas 1
T. A. CerogHs Mbl HE MPOCTO MOHUMAaeM yCTPONCTBO COMHEYHON CUCTEMBI, HO BUAMM BceneHHyto Ha YeTbipHaaLaTb MUIIMApAOB CBETOBbIX fIET. Vicnonb3osarb
B K/IMHUYECKOW FeHETVIKe onmcaTenibHyto (PeHOTUMNHECKYIO TEPMUHOMOMMIO — TO >Ke camoe, YTO OMpefensiTb PacrnonoXeHne HeBeCHbIX Ten MO FOPOCKOry.
B cTatbe paccMoTpEHO COOTHOLLEHME HEKOTOPbIX MONEKYSIPHBIX MEXaH3MOB HacNeaoBaHNsA U 1x (DEHOTUMMHECKMX NPOSIBNEHNIA. Ha thoHe Bo3pacTatoLLe ponm
reHopedaKTUPYIOLLEN, reHO3aMECTUTENBHONM N FEHOKOMMEHCATOPHOW Tepanvi NCNonb30BaHe PEHOTUNMHECKNX TEPMUHOB «AOMUHAHTHbIA» 1 «PELIeCCUBHbIN»
CTaHOBUTCS HEXKEeNaTebHbIM, MOCKOSBbKY He OTPaXKaeT MONEKYNSPHbIA MPOhb 3a00eBaHNS 1 MOXXET BBOAWTL Bpayei B 3abny>xaeHe Nnpuv BbIGope MeToaa NieHeHust.

KntoyeBble cnoBa: JOMUHAHTHbBIN, PELECCUBHDIN, FeHOTUM, heHOTUN, NoTeps OyHKLMM, BO3pacTaHme yHKLW, ranioHe[0CTaTOYHOCTL, AOMUHAHTHO-HEraTUBHbINA
3 EKT, KIMHNYECKAs reHETVKA, reHO3aMeCTUTENbHAs Tepanusl, FreHOKOMMNEHCaTopHas Tepanvisi, FeHOMHOE PefaKTMpoBaHne
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reHoTepaneBTUYECKMX NeKapCTBEHHbIX NpenapaTtos Ha nnatdopme AAB 1 npenapaTtoB Ans nedeHns cuHgpoma CaHhuamnno U MHOXXECTBEHHO annhm3apHoi
ocnnasmm».
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Establishing the relationship between a genotype and its
manifestation (phenotype) is a key task in genetics, which for
diploid organisms is complicated by the interaction of two
complete sets of (different) genetic information. Gregor Mendel
termed a parental trait expressed in the offspring “dominant”,
as opposed to cryptic “recessive” traits prone to vanishing.
Today, we know that traits represent the realization of the
function of proteins (or regulatory RNAs) encoded in DNA,
and a dominant phenotype can result from either increased
or decreased protein activity/concentration due to various
genetic and epigenetic factors: allelic polymorphism of the
protein-coding sequence, DNA methylation profile, histone
modification and promoter activity, small regulatory RNAs,
post-translational protein modification, polygenic interactions,
etc. In medical genetics, loss-of-function (LOF) mutations are
typically associated with recessive inheritance, while gain-
of-function (GOF) mutations are associated with dominant
inheritance. However, there are numerous exceptions to this
simplistic rule, highlighting the importance of understanding the
functional context and biological role of the affected protein or
the corresponding regulatory mechanism, particularly in view of
gene therapy options.

The rapid development of genetic programlming technologies
(including the modulation of gene activity by delivering additional
copies, CRISPR editing, or using small RNAs) has led to the
emergence of a wide range of high-tech drugs prescribed to
compensate for genetic disorders (if a function is deficient, it
obviously needs to be enhanced; if it is excessive, it needs
to be attenuated). At the same time, the “phenotypic” terms
dating from the mid-19" century continue to appear in medical
records, clinical treatment guidelines, laboratory test reports,
and even in gene therapy protocols. According to our estimates,
up to 8% of laboratory test reports describing specific molecular
events in monogenic diseases are misinterpreted by medical
geneticists because of confounding “phenotypic” descriptions.

Terminology: inheritance types and corresponding
molecular mechanisms

Autosomal dominant (AD) and autosomal recessive (AR)
diseases have clearly distinct patterns of occurrence in a
genetic pedigree. With AD inheritance, a single mutant copy of
the gene (heterozygous state) is sufficient for the development
of the disease, which is characterized by a 50% risk of vertical
transmission from generation to generation (examples include
Huntington's disease, Thomsen disease, Creutzfeldt-dakob
disease, and over 4,000 other conditions) [1-3].

With AR inheritance, a mutation in both copies of the gene
is required for the development of the disease (homozygous/
compound heterozygous state). In such cases, the parents
are usually healthy carriers, and the disease in the offspring
occurs due to the coincidence of nonfunctional alleles with a
25% probability (examples include hereditary hearing loss, cystic
fibrosis, phenylketonuria, and over 3,000 other conditions) [4-6].

In the case of X-linked recessive inheritance, the trait is
phenotypically manifested in males in the hemizygous state,
while homozygosity/compound heterozygosity for the mutation
is required for manifestation in females. Classic examples of
this group of diseases are hemophilia A and color blindness,
and over 100 similarly inherited conditions have been described
[7, 8].

In X-linked dominant inheritance, the presence of a
single mutant allele is sufficient for manifestation. This type of
inheritance is characterized by more severe consequences
in males, sometimes lethal early in development. An affected
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woman has a 50% chance of transmitting the disease to
offspring of both sexes, while an affected man transmits the
mutant allele to all of his daughters and none of his sons.
About 40 diseases have this pattern of inheritance. A striking
example of X-linked dominant condition is Rett syndrome [9].
Importantly, in women, the pathogenic allele in each individual
cell will be either active or not as a result of X-inactivation;
the ratio can vary, which explains the phenomenon of varying
symptom severity in heterozygous carriers.

The classical Mendelian scheme assumes 100% phenotypic
expression of any allele (penetrance) with full strength (expressivity),
and that the presence of a mutant variant in a particular number
of copies is unambiguously linked to the phenotype. However,
for many hereditary conditions, both autosomal dominant
and X-linked, so-called incomplete penetrance is observed
(when some carriers of a pathogenic allele remain clinically
asymptomatic throughout their lives due to the genomic
landscape and environmental factors). Incomplete penetrance
creates significant difficulties for medical genetic counseling, as
a phenotypically healthy individual can transmit a mutant allele
to an offspring who unexpectedly develops the disease. Age-
dependent penetrance and variable expressivity are recognized
as well; it should be noted that manifestation of any trait is age-
dependent and variable in strength, even in identical twins. For
example, for autosomal dominant neurofibromatosis type 1 or
hereditary cancer syndromes caused by mutations in tumor
suppressor genes (such as BRCA1 or TP53), the penetrance is
considered age-dependent, while the expressivity varies [10].

Conventionality of “dominance” and “recessiveness”
in the context of gain- and loss-of-function mutations

From a molecular perspective, different inheritance patterns are
typically associated with functional types of mutations. Gain-of-
function mutations confer a new or enhanced function to the
protein, which is pathogenic even with a normal second allele.
This mechanism most often underlies dominant diseases.
However, the disease typically occurs only in heterozygotes,
as homozygosity for such critical defects leads to embryonic
death early in development.

By contrast, loss-of-function mutations result in complete
or partial loss of protein function (for example, due to promoter
inactivation or severe disruption of protein structure) and are
usually associated with recessive diseases [11, 12].

However, under certain conditions, LOF mutations can
lead to dominant pathologies (in heterozygotes). This occurs
through two main mechanisms: haploinsufficiency and
dominant-negative effects. Haploinsufficiency occurs when the
level of normal protein synthesized from a single functioning
allele is insufficient to fully implement the necessary functions,
leading to the development of disease (examples include
Marfan syndrome, DiGeorge syndrome, Williams syndrome,
and approximately 500 other diseases) [13—15]. In the context
of incomplete penetrance, haploinsufficiency can predispose
to disease (examples include tumor suppressor genes, such
as TP53 in Li-Fraumeni syndrome, BRCAT1 in ovarian cancer,
etc.) [16, 17].

A dominant-negative effect is observed when the LOF
mutant protein not only loses function but also actively disrupts
the functioning of intracellular systems, for example, through
inclusion in multimeric complexes, changes in receptor titer, and
other methods of competitive inhibition. Thus, LOF mutations
can manifest as either recessive or dominant mutations
(examples include Brugada syndrome, Culler-Jones syndrome,
and approximately 700 other diseases) [18, 19].
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Thus, comparing the heterozygous GOF effect of protein
hyperactivity/overconcentration and the heterozygous
dominant-negative LOF effect of competitive inhibition of
multicomplexes, it can be argued that the key factor in
understanding the molecular mechanisms of pathology and
choosing the correct pathogenetic therapy (gene delivery or
genome editing) is the deficiency or excess of function, not
homo/heterozygosity (and, especially, not the phenotype).

Incomplete penetrance adds uncertainty to the decision
to use a gene therapy, especially when prescribing treatment
before the clinical manifestation of a monogenic hereditary
disease [20]. In such cases, it is necessary to weigh the
reversibility of pathological processes with delayed phenotypic
manifestation against the safety of the gene therapy.
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