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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 × 104 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 CD27high CD38high 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 CD95high B cells in cultures. Quantitative analysis of the percentage of CD95high B cells (D) and the absolute number of live 
CD38+CD95high 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 CD95high 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

А

B

D

G

I

C

E

H

J

F

Singlet В cells

CD95highLive В cells

CD20+CD27–

В cells

CD20+CD27–

В cells
C

D
20

+
C

D
27

–

В
 c

el
ls

CD20+CD27+

В cells

CD20+CD27+

В cells

C
D

20
+
C

D
27

+

В
 c

el
ls

CD20+CD27– B cells

CD20+CD27+ B cells

% of CD95high B cells

CD38+CD95high cells

Bcl-6+CD95high cells

% of
CD95high B cells

% of 
Bcl6+CD95high 

B cell 

В cells, number

Number 
ofCD95highBcl6+ 

B cells

Level of BCL6 in cells 

Number of CD95high B cells

%
 o

f 
B

 c
el

l 
%

 o
f 

B
 c

el
l 

%
 o

f 
C

D
95

hi
g

h  
B

 c
el

ls

B
 c

el
l, 

nu
m

b
er

B
 c

el
l, 

nu
m

b
er

B
 c

el
l, 

nu
m

b
er

100 6 × 105

2 × 105

5 × 104

8 × 103

3 × 104

4 × 103

2 × 103

0

200

*

* *

100

150

50

0

1 × 104

4 × 104

6 × 103

2 × 104

0

4

2

3

1

0

4 × 105

0

15

10

5

0

*

*

*
*

**

50

0

IL4 IL4

IL4

IL4 IL4

BAFF BAFF

BAFF

BAFF BAFF

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 CD95high phenotype. Moreover, the proportion and 
number of CD95high B cells were slightly increased in CD27–

naive B cell cultures (Fig. 4A-C). Notably, a trend toward a 
decrease in the CD27–CD38+CD95high B cell subpopulation 
was observed in the presence of IL4 under all other tested 
conditions (Fig. 4D, E).

Analysis of the number and proportion of CD95highBCL6+ 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 BCL6 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. 4I, 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 CD27highCD38high ASC in B-cell 
cultures. It was shown that in the presence of both hCD40L 
and IL-21, CD27highCD38high 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 CD27highCD38high 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 CD27highCD38high 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 CD95highBCL6+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 CD95highBCL6+ 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 
CD95highBCL6+ 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 

expansion, it is preferable to use CD27– naive B cells and a 
medium supplemented with a combination of human serum 
proteins (including insulin, transferrin, and albumin). Meanwhile, 
using CD27+ memory B cells and adding BAFF to medium are 
preferable for making ASC more abundant. In this study, we 
were able to assess the accumulation of CD95highBCL6+ GC-
like B cells. However, the combination of conditions used was 
insufficient to significantly increase the abundance of GC-like B 
cells in cultures. Presumably, the generation of GC-like B cell 
culture from peripheral blood B cells may require using FDC-
like feeder cells and additional soluble factors.
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СРАВНИТЕЛЬНЫЙ АНАЛИЗ КОНСТРУКЦИЙ МЕТАЛЛИЧЕСКИХ КАРКАСОВ 
ЭНДОВАСКУЛЯРНЫХ СПИРАЛЕЙ

В современных условиях развитие отечественного производства медицинских изделий приобретает особое значение в контексте обеспечения 

устойчивости системы здравоохранения. Использование международного опыта при разработке эмболизационных спиралей с учетом возможностей 

российских производств позволит создать изделия, соответствующие мировым стандартам. Целью работы было провести систематический анализ шести 

моделей эндоваскулярных спиралей ведущих зарубежных производителей и комплексное изучение конструктивных особенностей металлических 

каркасов спирали, включая оценку геометрических параметров, используемых материалов и технических решений. По результатам исследования 

и их сопоставления с клиническими и экспериментальными литературными данными определены оптимальные параметры для создания прототипа 

спирали: диаметр проволоки 0,07–0,12 мм, замковый механизм типа «спираль-сердечник» и полимерный атравматический кончик. Данные решения 

обеспечивают оптимальное сочетание эксплуатационных характеристик и технологичности изготовления. Полученные результаты формируют 

основу для разработки отечественных аналогов, соответствующих современным клиническим требованиям, с учетом имеющихся производственных 

возможностей.
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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 
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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 
coils, 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).



67

ORIGINAL RESEARCH    VASCULAR SURGERY

BULLETIN OF RSMU   5, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2025.048| ||

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.

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)

А

C

B

D

Mnufacturer Model
Coil wire 
material

Wire diameter, 
mm

Coil diameter, 
mm

Atraumatic tip type
Interlock 

mechanism type
Polymer fiber 
attachment

COOK MEDICAL 
LLC (USA)

Nester G52754 Platinum
0.125 ± 0.003 
(0.116–0.134)

0.537 ± 0.004 
(0.526–0.548)

Spherical, melted
Coil-coil (screw-type 

connection)

Between the 
coil turns due to 

friction

COOK MEDICAL 
LLC (USA)

MReye Flipper 
G20235

Inconel®
0.172 ± 0.003 
(0.163–0.181)

0.777 ± 0.007 
(0.760–0.794)

Spherical, brazed
Coil-coil (screw-type 

connection)
Between the coil t
urns due to friction

MicroVention, 
Inc (USA)

Terumo AZUR 18 
45-480810

Platinum
0.072 ± 0.005 
(0.059–0.085)

0.302 ± 0.004 
(0.291–0.313)

Nibbled, covered with 
polymer glue

Detachment by 
electrical current 

Hydrophilic polymer 
in the form of a sheath

Boston Scientific 
Corporation 
(USA)

Interlock Spiral 
2D M00136155

Platinum
0.079 ± 0.003 
(0.070–0.088)

0.306 ± 0.004 
(0.295–0.317)

Spherical, brazed Milled interlock 
Between the coil

turns due to friction

Boston Scientific 
Corporation 
(USA)

Interlock Spiral 
-35 M001363700

Platinum
0.176 ± 0.005 
(0.163–0.189)

0.526 ± 0.005 
(0.513–0.539)

Spherical, brazed (the 
diameter is larger than 

the coil thickness)

Groove-groove 
milled interlock

Between the coil 
turns due to friction

PFM Medical 
GmbH

Nit-Occlud PDA 
145044V1

Titanium 
nickelide

0.243 ± 0.003 
(0.234–0.252)

0.763 ± 0.005 
(0.750–0.776)

Spherical, brazed
Coil-core 

(semi-helicoidal 
connection)

No
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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)

А

C

B

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 coil.

Fig. 3. Terumo AZUR 18 endovascular coil manufactured by MicroVention, Inc.: general view (A); distal part of the coil, 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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C
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D E
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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. 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)

А B

C

E

D

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)

А B

C D
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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 и 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 Hydrocoil (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 

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

Material class Examples Benefits Limitations 

Biomaterials

Bone tissue Autograft
No risk of rejection, 
osteoconductivity, osteoinductivity

Limited material volume, additional surgical 
intervention and the associated risk of 
complications

Allograft
No material volume limitation, 
osteoconductivity, osteoinductivity

Risk of immune rejection, risk of viral ot 
bacterial infection transmission, additional 
steps required for processing

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

Biocompatibility, biodegradability
Low mechanical strength, natural 
impurities, variability of properties

Natural minerals Corals Biocompatibility Limited availability, slow resorption

Synthetic materials

Metals
Titanium and alloys, tantalum, stainless 
steel, magnesium and alloys

High mechanical strength and wear 
resistance, biocompatibility

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

Bioceramics
Bioinert (ceramic aluminum oxide); 
biodegradable (hydroxyapatite, β-tricalcium 
phosphate, bioglass)

Biocompatibility, structural similarity 
to bone tissue, osteoconductivity/
osteoinductivity (depending on the 
structure and composition)

Brittleness, low bending and torsional 
strength, difficulty controlling the resorption 
rate

Polymers

Biodegradable (polycaprolactone, polylactic 
acid, polyglycolic acid)

Biodegradability, biocompatibility, 
versatility Low mechanical strength, risk of 

inflammation due to degradation products

Non-biodegradable (polyethylene, 
polyurethane)

Biocompatibility, versatility

Composite materials
Hydroxyapatite-collagen matrices, calcium 
phosphate coatings on metals

Combination of mechanical 
properties and biocompatibility

Production complexity, high cost, possible 
structure heterogeneity

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 

(~2.52 g/cm3), and chemically inert nature [17]. The properties 
of B

4
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 × 5 × 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 ВТ 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 
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Fig. 1. Overall appearance of the B
4
C ceramics samples produced by pressureless 

sintering 

Table 2. Characteristics of the B
4
C ceramics samples produced by pressureless sintering [18]

Technical characteristics Value

Raw material particle size 3 µm

Density 1.8 g/cm3

Bending strength 250–300 Mpa

Open porosity of the semi-finished product 50–60 %

electron microscope (KYKY Technology Co., Ltd., China) at an 
accelerating voltage of 20 kV and electron beam amperage of 
120 µA. The sample surface topography was assessed with 
the NTEGRA II 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

2
 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

2
. To assess cytotoxicity of the extracts, 

the cells were sown on the flat bottom 96-well culture plates, 
2 × 104 cells per 200 µL of medium in each well, and incubated 
throughout 24 h. Then the medium was replaced with 200 µL 
of the extract. After incubation in extracts at 37 °C in the humid 
atmosphere with 5% CO

2
 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 (А): 

                 Cell viability = (А
experimental group

/А
control

) × 100%.

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

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 Ме (25%; 75%), where Ме 
is the median, and interquartile range represents the values 
of the 25th and 75th percentiles. Bonferroni correction was 
applied to adjust for multiple comparisons; after adjustment the 
significance level was as follows: α = 0.0125; the intergroup 
differences were considered significant at р < 0.0125.

RESULTS

The overall appearance of the boron carbide-based porous 
ceramic samples sized 5 × 5 × 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 µm (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 µm. 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 µm, the 
elevational gradient is 1.563 ± 0.607 µm (Fig. 3). On the surface 
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Fig. 2. Microstructure of the surface of the B
4
C ceramics produced by pressureless 

sintering. Scale bar — 70 µm

Fig. 3. AFM image of the relief of the surface of the B
4
C ceramics produced by 

pressureless sintering. Field size 10 × 10 µm. Scale of the Z axis: 0–0.74 µm

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
4
C) and titanium (Ti) 

samples sterilized by autoclaving (А) or with ethylene oxide (Е). Ме (25%; 75%), Mann–Whitney U-test
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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 ВТ 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

4
C nanoparticles produced by solvothermal synthesis 

have no toxic effect on the HeLa (cervical cancer) and HEK-293 
(human embryonic kidney) cells in the concentrations of 100–
800 µg/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

4
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 × 5 × 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

4
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

4
C as a biocompatible material for implants are poorly 

undestood. The use of B
4
C as an additive when making porous 

ceramic matrices of aluminum oxide results in improvement of 
their mechanical properties and cytocompatibility [24], but the 
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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

2
O

3
) 

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/cm3), which is comparable 
with the cortical bone tissue density, while the density of the 
aluminum oxide-based ceramics is 3.94 g/cm3 [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

4
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 °С). 
The ceramic composite produced in this way has a specific 
gravity of 2.2–2.6 g/cm3 and the bending strength of at least 
600 MPa [18].

The pore geometry and the material surface roughness 
are additional factors affecting adhesion and cell proliferation 
in the implantation site [28]. The pore complex spatial 
organization not only increases the area for cell adhesion, but 
produces mechanical stimuli for cell differentiation. The surface 
roughness, in turn, contributes to adhesion of the extracellular 
matrix proteins via integrin receptors, and the surface 
hydrophilicity associated with microrelief ensures the optimal 
wettability, thereby contributing to the nutrient diffusion and 
cell migration [29]. It has been shown that osteoblast adhesion 
and proliferation on the hydroxyapatite surfaces increase with 
increasing surface roughness from 0.733 ± 0.203 to 4.680 ± 
0.433 µm [30]. In this study we did not assess cell adhesion 
and proliferation on the surface of the boron carbide-based 
ceramics to determine the optimal material processing method; 
further research is planned.

CONCLUSIONS

The study conducted has shown cytocompatibility of the ceramic 
samples made of boron carbide by pressureless sintering, 
which makes this material a promising candidate to be used 
for medical implants. However, the study limitations associated 
with small sample size require validation in further experiments 
involving large or complex-structured semi-finished products. 
In clinical practice, the material developed can be used to 
produce personalized implants for replacement of bone tissue 
defects in maxillofacial surgery and orthoperdics, especially in 
the cases requiring the combination of mechanical strength 
and bone tissue integration capacity. It is reasonable to use the 
B

4
C ceramics as a component of the combined constructs for 

arthroplasty, in which its low density makes it possible to reduce 
the total endoprosthesis weight. To improve the boron carbide-
based porous matrix strength, it is a far-reaching approach to 
produce composite materials by impregnation of semi-finished 
products with molten metals. Further directions of assessing 
the B

4
C ceramics biocompatibility include estimation of the 

effect of miscrostructure (particle size, porosity) on the surface 
adhesive properties and osteogenic activity in vitro, study of 
the material long-term stability under physiological conditions, 
as well as investigation of the stress-corrosion behavior with 
the cyclic load mimicking the natural biomechanics, which is 
especially important for joint replacement.
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SUSCEPTIBILITY OF THE NONTUBERCULOUS MYCOBACTERIA CIRCULATING IN RUSSIA 
TO BEDAQUILINE

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 µg/mL. The minimum inhibitory concentration of bedaquiline inhibiting 50% (MIC
50

) and 90% (MIC
90

) of NTM strains of 

each spesies was determined. It has been shown that the bedaquiline MIC
50

 for M. avium, M. intracellulare, M. chimaera, M. kansasii is < 0.125 µg/mL, MIC
90

 — 

from < 0.125 to 0.5 µg/mL, for M. xenopi: MIC
50

 —4 µg/mL, MIC
90

 — > 4 µg/mL, M. abscessus: MIC
50

 — 1 µg/mL, MIC
90

 — 2 µg/mL.
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ЧУВСТВИТЕЛЬНОСТЬ К БЕДАКВИЛИНУ НЕТУБЕРКУЛЕЗНЫХ МИКОБАКТЕРИЙ, ЦИРКУЛИРУЮЩИХ 
НА ТЕРРИТОРИИ РОССИИ

Заболевания, вызываемые нетуберкулезными микобактериями (НТМБ), являются проблемой здравоохранения во всем мире из-за роста 

заболеваемости и связанной с этим смертности. В связи со сложностью лечения микобактериоза актуален поиск препаратов, эффективных в 

отношении НТМБ. Бедаквилин одобрен в 2012 г. как препарат для лечения туберкулеза. Целью исследования было определить чувствительность к 

бедаквилину основных клинических значимых видов НТМБ, распространенных в РФ. За период 2011–2024 гг. было выделено 345 изолятов НТМБ: 

289 медленнорастущих видов НТМБ (M. avium, M. intracellulare, M. chimaera, M. kansasii, M. xenopi) и 56 — быстрорастущих (M. abscessus). Определение 

лекарственной чувствительности к бедаквилину проводили методом микроразведений в 96-луночном планшете, используя диапазон концентраций 

бедаквилина от 0,125 мкг/мл до 4 мкг/мл. Определяли минимальную подавляющую концентрацию бедаквилина, к которой чувствительны 50% (МПК
50

) 

и 90% (МПК
90

) штаммов НТМБ каждого вида. Показано, что в отношении M. avium, M. intracellulare, M. chimaera, M. kansasii МПК
50

 бедаквилина 

составила < 0,125 мкг/мл, МПК
90

 — от < 0,125 до 0,5 мкг/мл, в отношении M. xenopi: МПК
50

 — 4 мкг/мл, МПК
90

 — > 4 мкг/мл, M. abscessus: МПК
50

 — 

1 мкг/мл, МПК
90

 — 2 мкг/мл.
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Table. Bedaquiline MIC for the studied NTM species 

NTM group NTM species
Number of 

isolates

Number of isolates with MIC (µg/mL) MIC mode 
(µg/mL)

MIC
50

MIC
90

<0.125 0.25 0.5 1 2 4 4

Slow-growing

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

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

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 µL/mL [19]. The bedaquiline fumarate 

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 × 105 CFU/mL and 
sown onto a plate, 100 µL per well [21]. Plates were incubated 
at 37 °С 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

50
 and MIC

90
 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

50
 for all species were < 0.125 µg/mL, MIC

90
 was 

between < 0.125 and 0.5 µg/mL, depending on the species. 
One more slow-growing NTM species, M. xenopi, showed low 
susceptibility to bedaquiline with MIC

50
 of 4 µg/mL and MIC

90
 

> 4 µg/mL. The fast-growing NTM species showed moderate 
susceptibility to bedaquiline with MIC

50
 and MIC

90
 of 1 µg/mL 

and 2 µg/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 µg/mL (Figure).

Based on this tentative ECOFF value it can be concluded 
that 208/210 (99.05%; 95% CI 96.59–99.74%) of the studied 
M. avium strains, 19/20 (95.00%; 95% CI 76.39–99.11) 
M. intracellulare strains, 24/24 (100%; 95% CI 86.20–100.00) 
M. chimaera strains, 27/27 (100%; 95% CI 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.
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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 (MAC 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 

90.00

70.00

40.00

10.00

80.00
%

50.00

20.00

60.00

30.00

0.00
< 0.125

MAC and M. kansasii M. xenopi

0.25 0.5

µg/mL

1 2 4 > 4

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 (МАС) that includes M. avium, M. intracellulare, 
M. chimaera, turned out to be highly susceptible to bedaquline (MIC 
mode — < 0.125 µg/mL). M. abscessus was less susceptible 
(MIC mode — 1 µg/mL), and the lowest susceptibility was 
reported for M. xenopii (MIC mode — 4 µg/mL).

The results obtained for the NTM species included in МАС 
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 µg/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 µg/mL to 1 µg/mL, which is significantly 
lower compared to the values we have determined [14].

In a number of studies the bedaquline ECOFF value for 
slow-growing NTM of 1 µg/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 µg/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 µg/mL
and > 16 µg/mL; the bedaquline MIC

50
 and MIC

90
 were 0.13 µg/mL 

and >16 µg/mL, respectively. In our study involving 56 
M. abscessus strains, unimodal MIC distribution with the 
mode of 1 µg/mL was reported, and MIC

90
 was 2 µg/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 МАС 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 

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 (p = 0.094). The correlations between EEG and NIRS parameters were reported for 

the posterior parietal cortex only (r
s
 = 0.527, p = 0.003). 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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О. А. Мокиенко1,2       , П. Д. Бобров1,3, А. А. Соловьева1, М. Р. Исаев1,3, Я. В. Керечанин1,3, В. Ю. Ратникова1, В. А. Катайцев1, Е. Д. Шагина1, 
В. Б. Никишина1 

НЕЙРОФИЗИОЛОГИЧЕСКИЕ МАРКЕРЫ ИЛЛЮЗИИ, ВЫЗВАННОЙ ЗЕРКАЛЬНОЙ ВИЗУАЛЬНОЙ 
ОБРАТНОЙ СВЯЗЬЮ

Нейрофизиологические механизмы иллюзии, вызванной зеркальной визуальной обратной связью, остаются недостаточно изученными, несмотря на 

клиническое применение зеркальной терапии при фантомном болевом синдроме и при постинсультном гемипарезе. Цель исследования — определить 

нейрофизиологические корреляты зеркальной иллюзии у здоровых людей методами одновременной регистрации электроэнцефалографии (ЭЭГ) 

и ближней инфракрасной спектроскопии (БИКС). Обследовано 30 здоровых добровольцев (12 мужчин, 18 женщин; средний возраст 24 ± 8 лет). 

Экспериментальная процедура включала три блока: бимануальное движение без зеркала, движение одной рукой с зеркалом; тактильная стимуляция 

с зеркалом. Анализировали степень десинхронизации ЭЭГ-ритмов альфа-диапазона (8–13 Гц) в первичных сенсомоторных областях, дополнительной 

моторной области и задней теменной коре, а также методом БИКС, изменение концентрации окси- и дезоксигемоглобина (HbO и HbR). При движении 

рукой с зеркалом происходила билатеральная активация первичных сенсомоторных областей обоих полушарий: десинхронизация мю-ритма 9,71 

[2,82; 16,20]%, в контралатеральном и 5,64 [2,84; 12,13]% в ипсилатеральном полушарии (p = 0,797), а также увеличение концентрации HbO на 6,88 

[3,07; 17,20] нмоль/л в контралатеральном и на 4,91 [0,11; 14,59] нмоль/л в ипсилатеральном полушарии (p = 0,094). Корреляции между ЭЭГ и БИКС-

показателями выявлены лишь в задней теменной коре (r
s
 = 0,527, p = 0,003). Субъективные характеристики иллюзии коррелировали с эмоциональной 

реакцией, и лишь отдельные из них слабо коррелировали с нейрофизиологическими показателями. ЭЭГ и БИКС дополняют, но не заменяют друг друга 

при изучении зеркальной иллюзии, формирование которой обусловлено многоуровневой сетевой организацией мозговых процессов.
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Fig. 1. А. 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

А

B

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 MI 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 MI 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 MI'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 

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. 
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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 MI 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 "I had a feeling of 
touch in the reflected hand" (third block);

– ownership: "I 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 I could directly control the 
movements of my hand in the mirror" (second block).

Additionally, the participants mentioned when the MI 
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 MI 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 0 (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, O1, O2, F7, F8, C7, C8, P7, P8, Cp5, Cp6, 
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, Fcc3, Ccp3, C3h, Ccp1, Fcc1, C1h, Fccz, Fc1h, Ccpz, 

C2h, Ccp2, Cp2h, Fcc2, C4h, Fcc4, Ccp4, C6h, Cp1h, 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 × 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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Table 1. The degree of mu rhythm suppression under different conditions

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

Condition
HbO, nmol/l HbR, nmol/l

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 

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

s
) 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 (25th and 75th 
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

s
 = 0.527, p = 0.003) in the block involving unimanual movement 
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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 MI 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 MI and the degree of desynchronization or 
a change in the concentration of HbO 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 (r

s
 = 0.370, 

p = 0.044) and a change in the concentration of HbO in the area 
of the supplementary motor cortex (r

s
 = 0.425, p = 0.022), as 

well as a weak correlation of the sense of agency with a change 
in the concentration of HbO (r

s
 = 0.392, p = 0.036) and HbR 

(r
s
 = –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 MI and the degree of desynchronization of the 
mu rhythm (both contra- and ipsilateral).

Most of the subjective parameters of MI 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

s
 = –0.471, p = 0.009) 

and in the area of the supplementary motor cortex (r
s
 = –0.419, 

p = 0.021), as well as with changes in the concentration of 
HbO in the area of the supplementary motor cortex (r

s
 = –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 

Table 3. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

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

Illusion 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] – –

Rate of onset, persons*

Immediately 8 9

–

First quarter 5 5

Second quarter 3 9

Third quarter 6 3

Fourth quarter 3 1

No onset 5 2

Emotional reaction, 0-10 points

Surprise 6.0 [3.0; 7.0]

–

Interest 8.0 [6.0; 8.0]

Exaltation 3.0 [1.0; 7.0]

Anxiety 1.0 [0.0; 5.0]

Calmness 7.5 [4.0; 9.0]
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Table 4. Subjective perception of mirror illusions, unimanual movement or sensory stimulation

Illusion parameter
Emotional reaction

Surprise Interest Exaltation Anxiety Calmness

Illusion vividness – unimanual 
movement

rs = 0.523 
p = 0.003

rs = 0.378 
p = 0.039

rs = 0.469 
p = 0.008

rs = 0.404 
p = 0.027

rs = –0.199 
p = 0.291

Ownership – arm movement
rs = 0.568 
p = 0.001

rs = 0.482 
p = 0.007

rs = 0.551 
p = 0.002

rs = 0.401 
p = 0.028

rs = –0.305 
p = 0.101

Agency – arm movement 
rs = 0.626 
p < 0.001

rs = 0.502 
p = 0.005

rs = 0.588 
p < 0.001

rs = 0.391 
p = 0.032

rs = –0.305 
p = 0.101

Vividness of the illusion – sensory 
stimulation 

rs = 0.227 
p = 0.226

rs = 0.231 
p = 0.217

rs = 0.303 
p = 0.104

rs = –0.108 
p = 0.570

rs = 0.268 
p = 0.152

Ownership  – sensory stimulation
rs = 0.487 
p = 0.006

rs = 0.410 
p = 0.025

rs = 0.499 
p = 0.005

rs = 0.401 
p = 0.028

rs = –0.173 
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 MI 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 

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 MI onset; there 
were no control block that would involve unimanual movement 
without a mirror; the questionnaire collecting perception of MI 
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 MI 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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Yurchenko DA    , Markova ZhG, Petukhova MS, Matyushchenko GN, Shilova NV

MOLECULAR CYTOGENETIC CHARACTERIZATION OF A RARE RECOMBINANT CHROMOSOME 22 
CAUSED BY A MATERNAL INTRACHROMOSOMAL INSERTION

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: 22q11.21, 22q12.3–q13.1, and 22q13.2. 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 22q11.21–q12.3, followed by an interstitial insertion of the 22q11.21 and 22q12.3–q13.1 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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Д. А. Юрченко    , Ж. Г. Маркова, М. С. Петухова, Г. Н. Матющенко, Н. В. Шилова

МОЛЕКУЛЯРНО-ЦИТОГЕНЕТИЧЕСКАЯ ХАРАКТЕРИСТИКА РЕДКОГО СЛУЧАЯ РЕКОМБИНАНТНОЙ 
ХРОМОСОМЫ 22 ВСЛЕДСТВИЕ МАТЕРИНСКОЙ ИНТРАХРОМОСОМНОЙ ИНСЕРЦИИ

Формирование рекомбинантных хромосом в потомстве носителей инверсий и инсерций представляет собой серьезную проблему клинической генетики в 

связи с высоким риском рождения детей с хромосомной патологией. Представлен клинический случай. Целью исследования было в ходе молекулярно-

цитогенетической диагностики рекомбинантной хромосомы 22 установить структуру и происхождение хромосомного дисбаланса у пациентки с 

задержкой моторного и психоречевого развития, черепно-лицевыми аномалиями и тугоухостью. При проведении хромосомного микроматричного 

анализа у пробанда с задержкой психомоторого развития и признаками дисморфогенеза были обнаружены три интерстициальные дупликации: 

22q11.21, 22q12.3q13.1 и 22q13.2. FISH-анализ с использованием коммерческих и несерийных ДНК-зондов позволил установить, что у матери пациентки 

имеется сложная интрахромосомная перестройка: сочетание инициирующей парацентрической инверсии 22q11.21q12.3 и последующей межплечевой 

инсерции районов 22q11.21 и 22q12.3q13.1 в район ядрышкового организатора 22p12. Соответственно, выявленная у пробанда рекомбинантная 

хромосома является результатом сегрегации материнской сложной внутрихромосомной перестройки. Полученные результаты подчеркивают 

диагностическую ценность комплексного цитогеномного подхода для точной идентификации сложных хромосомных нарушений, определения их 

происхождения и оценки генетических рисков при медико-генетическом консультировании.

Ключевые слова: интрахромосомная инсерция, инверсия, рекомбинантная хромосома 22, FISH, несерийные ДНК-зонды, CNV, дупликация 
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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.)

А B C

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 I 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 22q11.2 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].

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–II 
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 50th and 75th 
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. 
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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)

dup22q12.3_1
F:GTGGGGTGGAAATAGAGGAGGAAAAGTG

9118

chr22:36,911,962–36,938,387

R: ACACAATAACGCAGAGAGTGAAATGGGT

dup22q12.3_2
F: ACCCATTTCACTCTCTGCGTTATTGTGT

9818
R: CCAGCTTCATCTCATTCCTCTCTTGTCC

dup22q12.3_3
F: CACTCTTGCTGCTCTAGGGTTTCTTCTC

9964
R: ATGGGAATCTATTTTGTCTCCTGTCGCC

22q13_1
F: GTCTCCCCCTCAAAAATGCTGGTGATAA

9874

chr22:41,525,966–41,555,314

R: CAAGTAGCCTTCAGAGTTCCATCTGCTC

22q13_2
F: AAGACAGACGGATGGAAAACCTAGTTGC

9002
R: GACATACTTGAGACACTGGAGCTTGACC

22q13_3
F: AACTCTCCTATAATGCCTCCAGGGTCTC

9520
R: GCAACACACAAGTTCAGCAAAAACCAAC

22q-invG-1
F: GTTCAAAGCCCCCACAGTCTTCCCAATG

9890

chr22:24,426,053–24,452,928

R: AGGAGGAGGTCACAAGTCCCATACCACT

22q-invG-2
F: AGTGGTATGGGACTTGTGACCTCCTCCT

9643
R: ACATGCTGGCGGGGAAAGAGACAGTTTA

22q-invG-3
F: GAGTAGGGAGGGATGCTGCTGGGTTAAG

9182
R:GAGGAGACCAGAGAAGAGGGTGGCAATG

22q-invR-1
F: GTGGAGAGGAGAGTGTGAATAGGGAAGT

9068

chr22:34,120,020–34,162,291

R: GGTTGTTGCGAGATGAATGAAGCCAAAT

22q-invR-2
F: CACCCCACATTCCTGAAGATGACACTAC

9095
R: TGAGTGAGTGATCGCCTCCTTTATGAGA

22q-invR-3
F: AAACCTCTACCTCCAAAACCTATCCCCA

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 
(22q11.2 LSI TBX1/22q13 SHANK3) and sub-telomere 
(22qter) 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 
AxioImager 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.nlm.
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 I (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). А. 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 22q11.2 region (TBX1, SpOrange) and the control probe for SHANK3 (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 TBX1 (SpOrange) is inserted into the nucleolar 
organizer region (p12) (acro-p, SpAqua).
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x3,22q12.3q13.1(36793141_40756125)x3,22q13.2 
(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 22q11.21 chromosomal locus (TBX1 
gene). It was found that the patient’s mother was a carrier 
of an intrachromosomal between-arm insertion involving the 
22q11.2 region inserted into the nucleolar organizer region 
(p12) (Fig. 2C). Thus, the duplication including the TBX1 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 
22q12.3q13.2 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 22q12.3q13.1 region 
into the nucleolar organizer region (р12) of chromosome 22 
(Fig. 3B). Thus, the patient’s recombinant chromosome 
22 contains both the duplication including the TBX1 gene 
(22q11.2) and the 22q12.3q13.1 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 (22q11.21) 
and second (22q12.3) duplications (Fig. 3A). This suggested 
that the 22q11.21 and 22q12.3q13.1 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 (р12) 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 

be normal. To verify this hypothesis, two additional homemade 
locus-specific DNA probes for the 22q11.23 and 22q12.3 
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 22q11.21q12.3 and the subsequent between-
arm insertion of the regions 22q11.21 and 22q12.3q13.1 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. 2А).

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 22q13.1q13.2, 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. А. 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 22q13.1 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 22q12.3 fragment into the nucleolar organizer region (p12). The 
22q13.1 region is not duplicated and is represented by a single copy on each homologue
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Fig. 4. А. 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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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 

(95–97%) of nucleotide sequence identity. This homology 
facilitates non-allelic homologous recombination (NAHR), 
the mechanism underlying typical 22q11.2 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 
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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 22q11.21q12.3 (chr22(hg19):18,037,572–36,793,141), 
followed by a between-arm intrachromosomal insertion of 
the 22q11.21 and 22q12.3q13.1 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 22q11.2 duplication syndrome, which 
is characterized by developmental delay, behavioral disorders, 
hearing loss, craniofacial anomalies, and variable degrees of 
cognitive impairment. The phenotypic abnormalities associated 

with 22q11.2 duplication are highly heterogeneous. This 
variability is thought to be associated with dose-dependent 
effects of key genes such as TBX1, as well as the influence of 
additional duplicated segments in the 22q12–q13 region, which 
may contribute to neurodevelopment and hearing function
[8, 25, 26].

In terms of methods, this case emphasizes the need for a 
comprehensive cytogenomic approach. Standard karyotyping 
cannot detect CNVs smaller than 10 Mb; therefore, CMA and 
FISH were pivotal in this study. CMA revealed three interstitial 
microduplications but did not clarify the mechanism underlying 
their formation. Only FISH, using both commercially available 
and homemade DNA probes, enabled us to determine the 
topology of the chromosomal rearrangement and demonstrate 
that two of the three duplications resulted from the abnormal 
meiotic segregation of a complex maternal intrachromosomal 
rearrangement. It is important to emphasize that the use of 
homemade locus-specific DNA probes, obtained by long-
range PCR, was critical: this allowed us to distinguish between 
the hypothesis of a "single" duplication and the presence of two 
distinct duplications, and to confirm a paracentric inversion in 
the long arm of chromosome 22 as the key starting point for 
the formation of the complex chromosomal rearrangement in 
the mother.

Thus, the applied cytogenomic strategy—integrating 
CMA and FISH with both commercial and homemade DNA 
probes—enabled us to determine the origin and mechanism of 
formation, and to reconstruct the complex intrachromosomal 
rearrangement in a patient presenting with motor and speech 
developmental delay and dysmorphic features. These findings 
also indicate a high genetic risk for the family to have another 
child with a chromosomal abnormality.

CONCLUSIONS

This study describes a rare case of multiple interstitial duplications 
on chromosome 22 resulting from meiotic segregation of a 
complex intrachromosomal rearrangement that arose de novo 
in the proband’s mother. Our findings show that a combination 
of a paracentric inversion and subsequent insertion events 
can generate recombinant chromosomes harboring multiple 
CNVs, leading to a clinically significant chromosomal 
imbalance.
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THE TERMS "DOMINANT" AND "RECESSIVE" SHOULD BE AVOIDED DUE TO GENE THERAPY

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.

Keywords: dominant, recessive, genotype, phenotype, loss-of-function, gain-of-function, haploinsufficiency, dominant-negative effect, clinical genetics, compensatory 
gene therapy, genome editing

Correspondence should be addressed: Alina Mukhadinovna Gamisoniya
Ostrovityanova, 1, Moscow, 117997, Russia; amgamisoniya@mail.ru

Pirogov Russian National Research Medical University (Pirogov University), Moscow, Russia

Received: 23.10.2025 Accepted: 30.10.2025 Published online: 31.10.2025

DOI: 10.24075/brsmu.2025.055

Author contribution: Gamisoniya AM — analysis and summary of literature data, manuscript writing, manuscript design; Rebrikov DV — critical revision and 
editing of the manuscript. 

Copyright: © 2025 by the authors. Licensee: Pirogov University. This article is an open access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Acknowledgements: The authors are grateful to Sergey Glagolev for his critical comments

Funding: This work was supported by the State Assignment of the Ministry of Health of the Russian Federation, Registration No. 123021500064-0, "Development of 
technology for personalized gene therapy drugs based on the AAV platform and drugs for the treatment of Sanfilippo syndrome and multiple epiphyseal dysplasia."

А. М. Гамисония    , Д. В. Ребриков

Понимание устройства системы ведет к оптимизации описывающей ее модели. Модель движения небесных тел Птолемея многократно усложнялась с 

целью подгонки под реальность, пока точка зрения исследователей кардинально не изменилась. Аналогично и «фенотипическая генетика» до сих пор 

пытается описывать наблюдаемое в терминах XIX в.: доминантность, рецессивность, пенетрантность, экспрессивность, комплементарность, эпистаз и 

т. д. Сегодня мы не просто понимаем устройство Солнечной системы, но видим Вселенную на четырнадцать миллиардов световых лет. Использовать 

в клинической генетике описательную фенотипическую терминологию — то же самое, что определять расположение небесных тел по гороскопу. 

В статье рассмотрено соотношение некоторых молекулярных механизмов наследования и их фенотипических проявлений. На фоне возрастающей роли 

геноредактирующей, генозаместительной и генокомпенсаторной терапии использование фенотипических терминов «доминантный» и «рецессивный» 

становится нежелательным, поскольку не отражает молекулярный профиль заболевания и может вводить врачей в заблуждение при выборе метода лечения.

Ключевые слова: доминантный, рецессивный, генотип, фенотип, потеря функции, возрастание функции, гаплонедостаточность, доминантно-негативный 
эффект, клиническая генетика, генозаместительная терапия, генокомпенсаторная терапия, геномное редактирование
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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 programming 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-19th 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-Jakob 
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 

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, BRCA1 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].



104

OPINION    GENETICS

BULLETIN OF RSMU   5, 2025   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2025.055| ||

Литература

1.	 McColgan, P., & Tabrizi, S. J. (2018). Huntington's disease: a clinical 
review. European journal of neurology. 25 (1): 24–34. Available 
from: https://doi.org/10.1111/ene.13413.  

2.	 Suetterlin K, Matthews E, Sud R, McCall S, Fialho D, Burge J, et al. 
Translating genetic and functional data into clinical practice: a series 
of 223 families with myotonia. Brain: a journal of neurology. 2022; 145 

(2): 607–20. Available from: https://doi.org/10.1093/brain/awab344. 
3.	 Chen C, Dong XP. Epidemiological characteristics of human prion 

diseases. Infectious diseases of poverty. 2016; 5 (1): 47. Available 
from: https://doi.org/10.1186/s40249-016-0143-8.

4.	 Sommen M, Schrauwen I, Vandeweyer G, Boeckx N, Corneveaux JJ, 
van den Ende J, et al. DNA Diagnostics of Hereditary Hearing 

References

1.	 McColgan, P., & Tabrizi, S. J. (2018). Huntington's disease: a clinical 
review. European journal of neurology. 25 (1): 24–34. Available 
from: https://doi.org/10.1111/ene.13413.  

2.	 Suetterlin K, Matthews E, Sud R, McCall S, Fialho D, Burge J, et al. 
Translating genetic and functional data into clinical practice: a series 
of 223 families with myotonia. Brain: a journal of neurology. 2022; 145 
(2): 607–20. Available from: https://doi.org/10.1093/brain/awab344. 

3.	 Chen C, Dong XP. Epidemiological characteristics of human prion 
diseases. Infectious diseases of poverty. 2016; 5 (1): 47. Available 
from: https://doi.org/10.1186/s40249-016-0143-8.

4.	 Sommen M, Schrauwen I, Vandeweyer G, Boeckx N, Corneveaux JJ, 
van den Ende J, et al. DNA Diagnostics of Hereditary Hearing 
Loss: A Targeted Resequencing Approach Combined with a 
Mutation Classification System. Human mutation. 2016; 37 (8): 
812–9. Available from: https://doi.org/10.1002/humu.22999. 

5.	 Polgreen PM, Comellas AP. Clinical Phenotypes of Cystic Fibrosis 
Carriers. Annual review of medicine. 2022; 73: 563–74. Available 
from: https://doi.org/10.1146/annurev-med-042120-020148. 

6.	 van Spronsen FJ, Blau N, Harding C, Burlina A, Longo N, Bosch AM.  
Phenylketonuria. Nature reviews. Disease primers. 2021; 7 (1): 36. 
Available from: https://doi.org/10.1038/s41572-021-00267-0. 

7.	 Berntorp E, Fischer K, Hart DP, Mancuso ME, Stephensen D, Shapiro 
AD, et al.  Haemophilia. Nature reviews. Disease primers. 2021; 
7 (1): 45. Available from: https://doi.org/10.1038/s41572-021-
00278-x. 

8.	 Iarossi G, Coppè AM, Passarelli C, Maltese PE, Sinibaldi L, 
Cappelli A, et al. Blue Cone Monochromatism with Foveal 
Hypoplasia Caused by the Concomitant Effect of Variants in 
OPN1LW/OPN1MW and GPR143 Genes. International journal 
of molecular sciences. 2021; 22 (16): 8617. Available from: 
https://doi.org/10.3390/ijms22168617. 

9.	 Renieri A, Meloni I, Longo I, Ariani F, Mari F, Pescucci C, Cambi F. 
Rett syndrome: the complex nature of a monogenic disease. 
Journal of molecular medicine (Berlin, Germany). 2003; 81 (6): 
346–54. Available from: https://doi.org/10.1007/s00109-003-
0444-9. 

10.	 Chen S, Parmigiani G. Meta-analysis of BRCA1 and BRCA2 
penetrance. Journal of clinical oncology: official journal of the 
American Society of Clinical Oncology. 2007; 25 (11): 1329–33. 
Available from: https://doi.org/10.1200/JCO.2006.09.1066. 

11.	 Jiao SY, Yang YH, Chen SR. Molecular genetics of infertility: loss-

of-function mutations in humans and corresponding knockout/
mutated mice. Human reproduction update. 2021; 27 (1): 154–
89. Available from: https://doi.org/10.1093/humupd/dmaa034. 

12.	 Malik I, Kelley CP, Wang ET, Todd PK. Molecular mechanisms 
underlying nucleotide repeat expansion disorders. Nature reviews. 
Molecular cell biology. 2021; 22 (9): 589–607. Available from: 
https://doi.org/10.1038/s41580-021-00382-6. 

13.	 Judge DP, Biery NJ, Keene DR, Geubtner J, Myers L, Huso DL, et al. 
Evidence for a critical contribution of haploinsufficiency in the complex 
pathogenesis of Marfan syndrome. The Journal of clinical investigation. 
2004; 114 (2): 172–81. Available from: https://doi.org/10.1172/JCI20641. 

14.	 Lindsay EA, Vitelli F, Su H, Morishima M, Huynh T, Pramparo T, 
et al. Tbx1 haploinsufficieny in the DiGeorge syndrome region 
causes aortic arch defects in mice. Nature. 2001; 410 (6824): 
97–101. Available from: https://doi.org/10.1038/35065105. 

15.	 Metcalfe K, Simeonov E, Beckett W, Donnai D, Tassabehji M. 
Autosomal dominant inheritance of Williams-Beuren syndrome 
in a father and son with haploinsufficiency for FKBP6. Clinical 
dysmorphology. 2005; 14 (2): 61–65. 

16.	 Bougeard G, Renaux-Petel M, Flaman JM, Charbonnier C, Fermey P, 
Belotti M, et al. Revisiting Li-Fraumeni Syndrome From TP53 
Mutation Carriers. Journal of clinical oncology: official journal of 
the American Society of Clinical Oncology. 2015; 33 (21): 2345–
52. Available from: https://doi.org/10.1200/JCO.2014.59.5728. 

17.	 Chu DT, Vu Ngoc Suong M, Vu Thi H, Vu TD, Nguyen MH, Singh V. The 
expression and mutation of BRCA1/2 genes in ovarian cancer: a 
global systematic study. Expert review of molecular diagnostics. 
2023; 23 (1): 53–61. Available from: https://doi.org/10.1080/147
37159.2023.2168190.

18.	 Doisne N, Grauso M, Mougenot N, Clergue M, Souil C, Coulombe A. In 
vivo Dominant-Negative Effect of an SCN5A Brugada Syndrome 
Variant. Frontiers in physiology. 2021; 12: 661413. Available from: 
https://doi.org/10.3389/fphys.2021.661413.

19.	 Bertolacini CD, Ribeiro-Bicudo LA, Petrin A, Richieri-Costa A, 
Murray JC. Clinical findings in patients with GLI2 mutations —
phenotypic variability. Clinical genetics. 2012; 81 (1): 70–75. Available 
from: https://doi.org/10.1111/j.1399-0004.2010.01606.x.

20.	 Shubina J, Tolmacheva E, Maslennikov D, Kochetkova T, Mukosey I, 
Sadelov I, et al. WES-based screening of 7,000 newborns: A pilot 
study in Russia. HGG Adv. 2024; 10; 5 (4): 100334. Available 
from: https://doi.org/10.1016/j.xhgg.2024.100334.

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.

CONCLUSION

Thus, in modern medical genetics, the phenotypic terms 
"dominant" and "recessive" are losing their diagnostic and 
prognostic value. Their persistent use can mislead the clinical 
interpretation of molecular-genetic findings and critically undermine 
the choice of therapeutic strategy. With the rapid development 
of gene replacement, gene compensatory therapy, and genome 
editing, the emphasis should be shifted from formally classifying 
the mode of inheritance to accurately determining the molecular 
routes of pathogenesis — whether the cause of a disease is a 
consequence of a deficiency or excess of a specific macromolecule 
(protein, tRNA, etc.). This functional approach is essential for the 
prescription of pathogenetically based and personalized therapy.
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