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OPINION    GENETICS

Galkin II1,2, Egorova TV1,3

THE POTENTIAL OF EXOSOMES FOR THE DIAGNOSIS AND TREATMENT 
OF DUCHENNE MUSCULAR DYSTROPHY 

Duchenne muscular dystrophy is the most common type of muscular dystrophy. There is no effective cure for this disease. Recently, researchers have started to 

look at the therapeutic potential of exosomes — small (40–100 nm) vesicles secreted by cells into the extracellular environment. They transport a few types of 

macromolecules, including microRNA and proteins, that can be analyzed to estimate the efficacy of the applied therapy. Besides, exosomes can be harnessed for 

delivering therapeutic components (microRNA, antisense oligonucleotides) to the target tissue. Below, we analyze the available literature and assess the feasibility 

of using exosomes in the diagnosis and treatment of Duchenne muscular dystrophy. We conclude that exosomes can have their place in the arsenal of researchers 

and clinicians once some technical issues are solved. 

Keywords: Duchenne muscular dystrophy, exosomes, targeted drug delivery, liquid biopsy, gene therapy 
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И. И. Галкин1,2, Т. В. Егорова1,3

ВОЗМОЖНОСТИ ПРИМЕНЕНИЯ ЭКЗОСОМ ДЛЯ ДИАГНОСТИКИ И ЛЕЧЕНИЯ 
МИОДИСТРОФИИ ДЮШЕННА

Миодистрофия Дюшенна — наиболее часто встречающаяся форма миодистрофии. Однако эффективного лечения этого заболевания до сих пор 

не разработано. В настоящее время появляются работы, посвященные использованию экзосом в моделях миодистрофии Дюшенна. Экзосомы, 

небольшие (40–100 нм) везикулы, секретируемые клетками в межклеточное пространство, переносят некоторые макромолекулы (микроРНК, белки), 

анализ которых может быть использован для неинвазивной оценки успешности применяемой терапии. Кроме того, они могут обеспечивать адресную 

доставку активных веществ (например, микроРНК, антисмысловых олигонуклеотидов). Анализируя имеющиеся данные и оценивая возможность 

диагностики и терапии дистрофии Дюшенна с помощью этих везикул, мы предполагаем, что экзосомы могут занять место в арсенале исследователей 

и врачей, если удастся решить некоторые технические проблемы. 

Ключевые слова: миодистрофия Дюшенна, экзосомы, адресная доставка, жидкостная биопсия, генетическая терапия
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Duchenne muscular dystrophy (DMD) is an X-linked recessive 
disorder caused by mutations in the DMD gene resulting in the 
deficient or dysfunctional protein known as dystrophin. The 
disease is characterized by progressive muscle degeneration 
and fibrosis. Patients lose ambulation at the age of 8 to 12 
years and die in their 20s, usually from cardiac or respiratory 
failure. Those with partially functional dystrophin develop a 
milder form of the disease called Becker muscular dystrophy. 

The majority of currently existing strategies for managing 
DMD only seek to alleviate its symptoms and include physical 
therapy and exercise, minor orthotic interventions aimed at 
preventing contracture, assisted ventilation, and glucocorticoids 
[1]. These treatments give the affected patients the chance to 
walk and move independently for longer and increase their life 
expectancy to 30 years. Obviously, they cannot eliminate the 
cause of the disease, unlike gene therapies, which can restore 
dystrophin expression and function. Gene therapies for DMD 
range from adeno-associated viral vectors (AAV) for the delivery 
of microdystrophin (a truncated but functional version of the 

protein) to the muscle [2], to exon skipping (pre-messenger 
RNA splicing mediated by modified oligonucleotides or 
CRISPR/Cas systems) [3]. Each of the listed approaches has 
its own limitations and downsides. AAV-based dystrophin 
delivery can provoke an unwanted immune response to capsid 
proteins. Besides, due to the small packaging capacity, the 
vector can only carry a shortened version of dystrophin inferior 
to the full-length protein in terms of its function. The efficacy 
of exon skipping is low. It targets a narrow range of mutations 
and, therefore, can be beneficial for a small subpopulation 
of patients [3]. Challenges associated with drug delivery to 
muscles are the primary hurdle affecting the efficacy of both 
conventional and innovative DMD treatments. This spurs the 
development of novel approaches. Recently, exosomes have 
been receiving increasing attention as promising drug delivery 
systems [4].

Exosomes are the smallest extracellular vesicles secreted 
by cells into the extracellular environment, such as blood, 
lymph, growth media, etc. They are usually reported to be 
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40 to 100 nm in size; larger exosomes sized up to 150 nm 
are rarely reported. Unlike other extracellular vesicles, such as 
apoptotic bodies (50 to 1,000 nm in diameter) or microvesicles 
(100 to 300 nm in diameter) “blebbed” from the cell membrane, 
exosomes are secreted after a multivesicular body has fused 
with the membrane [5]. Initially, exosomes were thought to 
be “trash bags” responsible for disposing of cellular waste. 
Later, they were shown to mediate intercellular communication 
by transporting proteins, RNA and other molecules [5]. On 
their lipid membrane, exosomes carry a number of surface 
proteins, including CD9, CD63 and some others, as well as 
the components of the major histocompatibility complex. On 
the one hand, these surface proteins prevent exosomes from 
being eliminated from the bloodstream; on the other hand, 
they stimulate receptor-mediated endocytosis [6, 7]. One 
way of modifying exosome surface proteins is click chemistry. 
Alternatively, cell cultures can be engineered expressing 
an exosomal surface protein that contains a guide peptide 
sequence. The guide peptide on the surface of exosomes 
enhances their affinity for the receptors found on the target 
cells [6, 8]. Similarly, exosomes can be loaded with useful 
cargoes — biological macromolecules (nucleic acids, proteins) 
and low molecular weight compounds (inhibitors and antisense 
oligonucleotides, ASO) [6]. Compared to liposomes, exosomes 
seem to be much more effective and appealing candidates for 
drug delivery because they can be directed precisely into the 
target tissue once their surface has been modified; they also 
demonstrate low immunogenicity and high loading potential. 
There have been attempts to use exosomes for therapeutic 
applications [9], but generally such therapies are still in 
development. Most often, exosomes are employed as effective 
diagnostic markers of cancer, cardiovascular and neurological 
diseases [9]. 

Exosomes for Duchenne 
muscular dystrophy: diagnostics

The diagnosis of Duchenne/Becker muscular dystrophy is 
based on the results of molecular and genetic tests (PCR, 
MLPA, sequencing) that can accurately localize and identify the 
causative mutation. Muscle biopsies are performed in difficult 
cases to estimate the amount of dystrophin, its distribution in 
the muscle tissue and the overall condition of muscle fibers. 
Importantly, patients with DMD should be monitored throughout 
treatment. However, frequent biopsies are poorly tolerated by 
patients and provide information about a small area of the 
affected muscle. A 6-minute walk test is relevant for outpatients 
only, and its result is largely determined by the ability of a patient 
to concentrate and their willingness to follow the instructions. 
This necessitates development of minimally invasive and 
reliable methods for the assessment of a patient’s condition 
during and after therapy. The solution might be provided by 
a type of so-called “liquid biopsy”: the analysis of microRNA 
contained in exosomes isolated from a patient’s blood. So far, 
several microRNAs have been explored, including miR-1, miR-
21, miR-29, miR-31, miR-29, miR-133, miR-133b, and miR-
206, that participate in muscle tissue repair and differentiation. 
Three main muscle-associated microRNAs (miR-1, miR-133 
and miR-206) are elevated in the blood serum of patients with 
DMD; interestingly, miR-206 levels are increased even in the 
female carriers of the defective gene [10]. Some authors point 
to another large group of microRNAs (miR-22, miR-30, miR-
95, miR-181, miR-193b, miR-208a, miR-208b, miR-378, and 
miR-499) that could serve as a DMD marker; however, these 
data need further confirmation. Still, the dynamics of exosomal 

muscle-associated microRNA in the course of treatment with 
such drugs as Eteplirsen (a phosphorodiamidate morpholino 
oligomer from the class of synthetic ASO used for exon skipping 
[3]) can provide valuable information about the efficacy of the 
applied therapy [10]. 

Exosomes for Duchenne muscular dystrophy: 
therapy based on native exosomes

Attempts to harness stem cells for therapeutic applications 
date quite far back. Stem cells tested in DMD models are 
cardiac progenitor (“cardiosphere-derived”) cells [11]. The 
clinical trials of the drug based on such cells is now in Phase II. 
The therapeutic effect of stem cells is linked to their ability to 
stimulate tissue differentiation and regeneration. Recent studies 
demonstrated that exosomes shed by stem cells mediate signal 
transfer from stem cells to the target tissue. A study conducted 
in mdx mice revealed that intracardiac [11] and intravenous 
[12] administration of exosomes derived from cardiospheres 
reproduced almost all beneficial effects of exosomes naturally 
delivered by stem cells. Interestingly, dystrophin was detected in 
the muscle tissue following the administration of cardiosphere-
derived exosomes, but no dystrophin or its mRNA were found 
inside the exosomes. The analysis of RNA contained in the 
exosomes revealed that the latter were enriched in miR-148a. 
Intramuscular injections of miR-148a led to a partial restoration 
of dystrophin levels, suggesting a possible mechanism of action 
for cardiosphere-derived exosomes [11].  Similarly, exosomes 
originating from other sources, such as C2C12 [13, 14] and 
placental [15] cells, stimulated muscle regeneration, reduced 
fibrosis and improved the functional state of the muscle. The 
beneficial effect of exosomes derived from placental cells 
was determined by microRNA (miR-29). That said, it should 
be noted that little attention has been paid to the possible 
treatment-related adverse events. Most often, the side effects 
of therapeutic exosomes on experimental animals are estimated 
by measuring animal weight, levels of hepatic enzymes and 
blood urea; the immune response remains overlooked.

Exosomes for Duchenne muscular dystrophy: exosomes 
loaded with therapeutic agents. Targeted delivery 

Although native exosomes hold promise for DMD treatment, 
they do not solve the key problem of dystrophin deficiency, 
similar to existing approaches. Using exosomes as drug 
delivery platforms may offer the long-awaited solution. The 
idea of delivering full-length dystrophin, its truncated version 
(microdystrophin) or the gene itself to the target tissue looks 
appealing. However, the full-length dystrophin molecule is 150–
180 nm in size, which exceeds the maximum possible diameter 
of an exosome. This means that attempts to load the protein 
or its coding sequence onto an exosome may fail. However, 
exosomes can be employed for delivering low molecular weight 
compounds. Some of DMD treatment options rely on the use 
of synthetic ASO. In one of the studies, a peptide capable of 
binding selectively to the exosomal surface protein CD63 was 
conjugated to ASO. The resulting compound enabled more 
effective exon skipping, as compared to the unconjugated 
antisense nucleotide. Moreover, when bound to the M12 
muscle-specific peptide, the above-mentioned peptide 
facilitated targeted delivery of exosomes into the muscle tissue [6]. 
In another study, exosomes were derived from transfected cells 
that expressed the chimeric protein Lamp2b (the lysosomal 
protein appearing also on the surface of exosomes) fused with 
muscle- or neuron-specific peptides. The modified exosomes 
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CONCLUSIONS

In spite of extensive effort, there is no effective treatment 
for Duchenne muscular dystrophy. Existing therapies are 
symptomatic and have serious limitations. Exosomes 
boast low immunogenicity; in addition, their surface can be 

modified. Therefore, these vesicles are promising candidates 
for drug delivery. The analysis of a patient’s exosomes can 
facilitate the diagnosis and help to monitor the response to 
treatment. However, isolation, standardization and loading of 
exosomes require further refinement and optimization. Also, the 
immunogenic properties of exosomes are still understudied. 
Combining the use of exosomes for muscle regeneration with 
ASO loading and modification of exosomal surface proteins 
with muscle-specific peptides looks like a promising approach.
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Desmoid tumors, also known as desmoid-type fibromatosis 
(DF), are heterogenous benign neoplasms arising from deep 
fasciae and aponeuroses. They infiltrate the surrounding 
soft tissues but do not have the capacity to metastasize.  
Desmoid tumors are composed of spindle (fibrocyte-like) 

cells and abundant collagen fibers. A desmoid lacks a 
capsule and can entrap muscle fibers at the periphery, 
causing their atrophy. Besides, the tumor can send out long 
narrow extensions that sometimes reach 20 to 30 cm in 
length. 
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МОЛЕКУЛЯРНО-ГЕНЕТИЧЕСКИЕ И ФЕНОТИПИЧЕСКИЕ ОСОБЕННОСТИ СЛУЧАЕВ ВОЗНИКНОВЕНИЯ 
ДЕСМОИДНОГО ФИБРОМАТОЗА 

Десмоидные фибромы (ДФ) — редкие мезенхимальные опухоли с частотой возникновения 2–4 случая на 1 млн человек в год. Они могут возникать 

как спорадически, так и в ассоциации с семейным аденоматозным полипозом (САП). Природа возникновения спорадических ДФ ранее не была 

выяснена. Целью исследования было определить возможную значимость герминальных мутаций гена АРС у пациентов со спорадическими ДФ. Экзоны 

гена АРС амплифицировали и исследовали с помощью конформационно-чувствительного электрофореза в полиакриламидном геле и последующего 

секвенирования по Сэнгеру. Статистическую обработку результатов проводили с помощью пакета программ «Statistica 10». При исследовании 51 случая 

спорадических ДФ мутации выявлены у 6 человек (12%). Пациенты с выявленными мутациями имели характерный фенотип: раннюю манифестацию 

(в среднем в 5,8 года, в то время как у пациентов без мутаций — в 19 лет (р = 0,02)); тяжелое течение заболевания; мультифокальный рост ДФ, 

локализованных на туловище, и неблагоприятный прогноз. Все выявленные мутации были обнаружены в области 3'-конца гена APC. Для сравнения со 

спорадическими были исследованы ДФ, связанные с САП (12 человек), мутации выявлены у 6 из них. При мутации в гене АРС у пациентов с САП не было 

выявлено случаев множественных ДФ, фибромы у пациентов с САП развивались позже (35 лет), чем у пациентов со спорадическими ДФ (p = 0,004). 

Следовательно, при мутациях в одном и том же гене фенотипы спорадических и ДФ, связанных с САП, различны. Для спорадического ДФ характерно 

более частое расположение мутаций на 3'-конце гена АРС по сравнению с ДФ при САП. Таким образом, впервые среди спорадических ДФ 

охарактеризован подтип с фенотипическими особенностями, обусловленными герминальными мутациями в гене APC. 

Ключевые слова: спорадический десмоидный фиброматоз, ген АРС, мультифокальные десмоидные опухоли, семейный аденоматозный полипоз 
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MOLECULAR-GENETIC AND PHENOTYPIC CHARACTERISTICS OF DESMOID-TYPE FIBROMATOSIS 

Desmoid-type fibromatosis (DF) is a rare mesenchymal tumor occurring in only 2 to 4 people per 1,000,000 population a year. Desmoid tumors are either seen 

sporadically or in individuals with familial adenomatous polyposis (FAP). The etiology of sporadic DF is uncertain. The aim of this study was to estimate the potential 

significance of germline mutations in the АРС gene in patients with sporadic DF. АРС exons were amplified, studied using conformation sensitive gel electrophoresis 

and then Sanger-sequenced. The obtained data were processed in Statistica 10. Mutations were detected in 6 (12%) of 51 participants with sporadic DF. Those 

6 patients shared a typical DF phenotype characterized by early age of onset (5.8 years on average, in contrast to the patients without APC mutations, who

developed DF at 19 years of age; р = 0.02), severe clinical course, multifocal localization on the trunk, and poor prognosis. All of the detected APC mutations were 

localized to the 3'-end of the gene. For the purpose of comparison, we analyzed a sample of 12 patients with FAP-associated DF. Of those patients, 6 carried 

mutations in the APC gene. In the analyzed sample, the patients with FAP and the mutant APC gene developed DF at older age (35 years) than the patients with 

sporadic DF (p = 0.004) and their tumors were not multifocal. This means that sporadic and FAP-associated desmoids have different phenotypes in patients with 

APC mutations. Patients with sporadic tumors have mutations at the 3'-end of the АРС gene more often than individuals with FAP-associated DF. To our knowledge, 

this is the first study to characterize the subtype of sporadic desmoid fibromatosis phenotypically determined by germline mutations in the APC gene.

Keywords: sporadic desmoid-type fibromatosis, АРС gene, multifocal desmoid tumors, familial adenomatous polyposis
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Fig. Age distribution of patients with sporadic DF
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DF can occur almost anywhere in the body. Based on the 
lesion site, DF is categorized into extra-abdominal (the abdominal 
or chest walls, extremities, neck, or pelvis) and intra-abdominal 
(the mesentery and the retroperitoneum). Technically, desmoid 
tumors are benign because they do not metastasize. However, 
they tend to aggressively proliferate and persistently recur after 
surgical treatment, bearing similarity to cancer [1]. 

Desmoid tumors can grow enormously large in size and 
become a life-threatening condition. DF occurs in 2 to 4 per 
1 million people a year [2]. Treatment of desmoid tumors is 
complicated by their propensity for infiltrative growth and locally 
aggressive behavior.  Usually, surgical resection is the preferred 
option. However, the postoperative recurrence rate remains 
high, varying from 45 to 90% [3].  

Desmoid tumors either occur sporadically or are associated 
with familial adenomatous polyposis (FAP), an inherited condition 
of the colon that eventually transforms into colon cancer. 
The majority of FAP cases are caused by a mutation in the 
adenomatous polyposis coli (АРС) gene. Ten to fifteen percent 
of patients with FAP also have DF. The risk of developing DF is 
2.56 cases per 1,000 FAP patients a year, which is 852 times 
higher than in the general population [2]. Unlike sporadic DF, 
80% of FAP-associated desmoid tumors are intra-abdominal. 
DF predominantly affects women and can manifest itself at any 
age although the typical age of onset is between 30 and 40 
years. Most FAP-associated desmoids develop within 5 years 
after surgery [4]. 

The etiology of sporadic DF is uncertain. Some patients with 
sporadic DF are reported to carry somatic mutations in the APC 
gene; however, such type of mutations is more commonly found 
in the CTNNB1 gene that codes for β-catenin [5–6], a protein 
involved in the Wnt signaling pathway. Mutations in CTNNB1 
result in the accumulation of β-catenin in fibroblast nuclei, 
which, in turn, disrupts cell differentiation and communication 
between the cells [7]. 

Genetic causes of DF and their association with clinical 
manifestations of the disease remain understudied. Because 
DF frequently occurs in FAP-stricken patients, it would be 
natural to hypothesize that predisposition to sporadic DF 
is determined by mutations in the APC gene. However, the 
literature on germline mutations in the АРС gene in patients 
with sporadic DF is scarce [8, 9].

In this work we attempted to estimate the potential 
significance of germline mutations in the АРС gene in a sample 
of patients with sporadic DF and without a family history of 
adenomatous polyposis. For the purpose of comparison, we 
also analyzed molecular characteristics of the АРС gene in 
patients with DF and FAP.

METHODS

The study was conducted at the Laboratory of Molecular 
Genetics (Bochkov Research Center for Medical Genetics) 
in 2012–2017. Two patient samples were analyzed. The first 
sample consisted of 51 patients (21 males and 30 females) 
with DF. The patients’ age ranged from 1 month to 60 years 
(see Fig.); the median age was 16.8 years. Blood samples were 
provided by Hertsen Moscow Research Oncology Center where 
the patients had presented at. The following inclusion criteria 
were applied: a confirmed diagnosis of DF; no gastrointestinal 
complaints that could be indicative of diffuse polyposis of the 
colon; no family history of adenomatous polyposis; no family 
history of DF. All desmoid tumors in the first patient sample 
were considered sporadic.

The affected sites included the back, chest and abdominal 
walls, extremities, and the intra-abdominal region. Multifocal DF 
was observed in 11 patients (see Results). In some patients the 
lesions were recurrent. 

The second sample comprised 12 individuals (2 males 
and 10 females) shortlisted from a group of 65 patients 
with FAP who had presented at Ryzhikh State Research 
Center for Coloproctology; blood samples were provided 
by the Research Center.  The age of onset varied from 24 
to 57 years and was 32.5 years on average. The following 
inclusion criteria were applied: a confirmed diagnosis 
of colonic polyposis and DF. Eight patients had a family 
history of adenomatous polyposis. Family histories were 
not available for 4 patients. In the second patient sample, 
desmoid tumors appeared after surgery and were localized 
to the anterior abdominal wall or intra-abdominally. The 
majority of them were solitary. 

DNA was isolated from peripheral blood leukocytes using 
a standard phenol-chloroform extraction technique [10]. 
The spectrum of mutations in the АРС gene was analyzed 
as described in literature [11]. The coding exons of the 
АРС gene were amplified using exon-specific primers. The 
PCR products were studied by conformation-sensitive 
polyacrylamide gel electrophoresis (silver staining). The gene 
was Sanger-sequenced in order to identify conformational 
changes to its primary structure. For sequencing, we used 
a Big DyeTM Terminator v. 3.1 Cycle Sequencing kit and an 
ABI Prism 3130x1 genetic analyzer (Applied Biosystems; 
USA). The obtained chromatograms were analyzed in 
ChromasPro, NCBI BLAST and Ensembl genome browser 91. 
The NM_000038.6 sequence of the APC gene was used as a 
reference. Statistical processing was aided by Statistica 10.0 
(StatSoft; USA).
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Table 1. Mutations in the APC gene in patients with sporadic desmoid fibromatosis

№ Lesion site Name of APC mutation Age at DF onset

1 Multiple lesions; chest and abdominal walls c.4575insT (1525insT) 9 years

2 Multiple lesions; chest and abdominal walls c.4386-4390 delGAGAG (1462delGAGAG) 2 months

3 Multiple lesions; chest wall, lower back R1450X (c.4348C/T) 15 years

4
Multiple lesions; chest and abdominal walls; intra-abdominal 
location

c.4393-4394 delAG (1465delAG) 17 years

5 Multiple lesions, chest wall, lower back c.4393-4394 delAG (1465delAG) 1 month

6 Back c.4393-4394 delAG (1465delAG) 2 years

RESULTS

The АРС gene was analyzed in 51 patients with sporadic DF. 
Six (12%) patients were found to carry germline mutations in 
this gene. Table 1 lists the mutations we detected, the age of 
the patients at the time of diagnosis, the number of lesions 
(single or multiple), and their location in the body. 

Of 6 detected mutations, 2 were not described previously, 
including c.4386-4390 delGAGAG (1462delGAGAG) and 
c.4575insT (1525insT). Both mutations result in a frame shift 
and a premature stop codon and are, therefore, deleterious. 

The c.4575insT mutation was found in a female patient 
(patient 1, see Table 1) with severe DF that manifested at 9 years 
and was multifocal. The endoscopic examination conducted 
at the age of 19 years revealed no signs of colonic polyposis. 

The mutation c.4386-4390 delGAGAG was observed in 
patient 2 (Table 1). The onset of the disease occurred at the 
age of 1 month. Since early childhood, the patient had had 
multiple growing lesions in the chest wall. By the age of 18 
years, the patient had gone through 5 surgical interventions, a 
few chemotherapy courses, hormone treatment, and radiation 
therapy, to no avail. This case of DF can be classified as 
extremely severe and resistant to treatment. The mutation found 
in patient 2 (c.4386-4390 delGAGAG (1462delGAGAG)) was 
not previously reported in other populations [12–14]. Also, it 
was not detected in the blood samples of the patient’s parents, 
so it can be considered a de novo mutation. The sensitivity of 
the applied method allows detecting 1 to 5% of mutant alleles, 
which means that APC mosaicism in the parents is highly 
unlikely [15]. 

Three unrelated patients had an identical mutation c.4393-
4394 delAG (1465delAG), whose clinical manifestations 
were, nevertheless, different. One of its carriers, a 28-year-
old woman, had multiple lesions in the chest and abdominal 
walls and the intra-abdominal region. The age of onset was 
17 years. At the time of our study, her colonoscopy was 
negative for colon polyps. Among the two other patients 
with the same mutations were a boy with multiple desmoids 
present at birth (the lesions were localized to the chest and 
the low back) and a girl with a solitary desmoid tumor on the 
low back developed at the age of 2 years. Interestingly, the 
age of onset, the number and location of the tumors were 
different in those 3 patients. Perhaps, DF sites varied between 
the patients because 2 of them were quite young. So, we 
cannot rule out the possibility of multifocal growth later in 
the children’s life. It is also possible that the progression of 
the disease may be affected by environmental factors and 
differences in the patients’ genotypes. 

The c.4348C/T; p.R1450X mutation was detected in 1 
patient with multifocal DF. The age at onset was 15 years.  The 
patient had undergone multiple surgeries, a few chemotherapy 
courses and hormone treatment. By the time of our study, the 
growth of the tumor had been halted. 

All patients with APC mutations reported an early onset 
of the disease. Most of them (5 of 6) had multiple desmoids 
resistant to therapy. In spite of the received treatment, the 
prognosis was still poor for 3 (50%) of patients. DF was severe 
in 3 of 6 patients with mutant APC, which was more frequent 
than in the patients who did not carry a germline mutation in 
this gene (2 of 45). This difference was statistically significant 
(р = 0.01). 

The age of onset varied from 1 month to 17 years in the 
patients with mutant APC (Table 1), the median age being 5.8 
years. In the patients who did not have mutations in the APC 
gene, the age of onset varied from 1 month to 60 years (Fig. 1), 
and the median age was 19 years. The difference in the median 
values was statistically significant (р = 0.022; U-test).

All APC mutations described above were detected in 6 
(23%) of 26 patients with desmoid tumors on the trunk.  Patients 
with differently localized DF had no mutations in the APC gene 
(Table 2). Generally, mutations in the APC gene occurred more 
often in the patients with DF lesions localized to the trunk 
than in the patients with different lesion sites (р = 0.023). This 
phenomenon is not predicated on the accumulation of multiple 
desmoid tumors on the trunk (which would indicate random 
accumulation of the lesions in the carriers of APC mutations) 
because the frequency of their occurrence on the trunk was not 
significantly higher in comparison with other lesion sites (Table 2; 
р = 0.17).

Of 51 patients, 11 had multifocal DF. Five (45%) of those 
individuals had germline mutations in the АРС gene (Table 1). 
In the group of patients with solitary DF (40 individuals) only 
one carried an APC mutation (1/40, or 2.5%). The difference 
in the incidence of APC mutations was statistically significant 
(р = 0.001). The odds ratio value also suggested an association 
between APC mutations and multifocal DF (OR = 32.5; 95% CI: 
3.22–326.31). Thus, mutations in the APC gene were mainly 
seen in the patients with multiple desmoid tumors. 

Summing up, the mutations in the АРС gene were linked 
to the tumor location on the trunk and its multifocal growth 
(Table 2).

Such significant number of mutations (12%) in the patients 
with sporadic DF who do not have clinical signs and/or family 
history of adenomatous polyposis suggest that patients with 
FAP and patients with sporadic DF can carry different mutations 
in the APC gene. All mutations detected in the patients with 
sporadic DF were localized 3' of codon 1444.  

Bearing that in mind, we decided to study a sample of 
patients with FAP and co-occurring DF. Of 65 patients with FAP, 
12 had DF. Germline mutations in the APC gene were observed 
in 6 out of 12 patients with both FAP and DF (Table 3). 

Clinical presentations of fibromatosis did not differ between 
FAP patients regardless of the presence of APC mutations.  
The age of DF onset in the FAP carriers of APC mutations 
varied from 28 to 57 years (Table 3). The median age in this 
group of patients was 35.5 years; it did not differ significantly 
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Table 2. Associations between the mutations in the APC gene and different lesion sites/number of desmoid tumors   

Table 3. Description of APC mutations and clinical data of patients with FAP and co-occurring DF 

Lesion site
Patients with desmoid-type fibromatosis Patients with multifocal desmoid-type fibromatosis

Number of patients Number of patients with mutant АРС Number of patients Number of patients with mutant АРС

Chest and/or abdominal wall 26 6 8 5

Intra-abdominal 3 – – –

Extremities 14 – 3 –

Other sites 8 – – –

Total 51 11

№ Name of mutations DF description Age, years

1 c.3464-3468 delAAGAA (1155del5) Postoperative DF of the root of the mesentery 57

2 c.3927-3921delAAAGA (1309del5) DF of the postoperative scar tissue 28

3 c.3930insA (1310insA) Postoperative DF of the root of the mesentery 34

4 c.3183-3187 delACAAA (1061del5) Postoperative DF of the root of the mesentery 38

5 c.2274-2278 delAGCCC p.K758Nfs (758-760 delAGCCC) Postoperative DF of the abdominal wall 30

6 3496delT (1166delT) DF of the abdominal wall 33

7 – Postoperative DF of the abdominal wall 33

8 – Postoperative DF of the root of the mesentery 29

9 – Postoperative DF of the root of the mesentery 29

10 – Postoperative DF of the abdominal wall 29

11 – DF of the abdominal wall 24

12 – Postoperative DF of the abdominal wall 36

from the median value (29 years; the range of 24–36 years) for 
the patients who did not have APC mutations.

None of the patients with FAP and co-occurring DF had 
an APC mutation 3' of codon 1444 (Table 3). In patients with 
sporadic DF, all detected mutations were located 3' of codon 
1444 (Table 1). The difference in the sites of APC mutations 
in sporadic and FAP-associated DF was statistically significant 
(р = 0.0022, OR = 144; 95% CI: 2.43–8517.50), i.e. in the 
patients with sporadic DF, mutations tended to occur at the 
3'-region of the gene more often than in the individuals with 
FAP-associated desmoid tumors. 

The patients with sporadic DF and APC mutations tended 
to develop the condition much earlier in life than carriers of 
the same mutations with FAP-associated DF (the median age 
was 5.8 and 35.5 years, respectively; р = 0.004; U-test). No 
statistically significant differences were observed between the 
patients who did not have APC mutations but had sporadic or 
FAP-associated DF in terms of DF onset (р = 0.09). 

Multifocal DF was more common in the patients with APC 
mutations and sporadic DF (5/6) than in the individuals with 
APC mutations and FAP (0/6): OR = 60; 95% CI: 1.64–2187.79; 
p = 0.015.

DISCUSSION

In this study, we investigated germline mutations in the APC 
gene using a sample of 51 patients with sporadic desmoid 
fibromatosis. All patients had no clinical manifestations or 
family history of FAP. Six patients (12%) were found to have 
pathogenic mutations, two of which had not been reported 
previously, including 1525insT and 1462delGAGAG. In 
previous works, APC mutations were studied in patients with 
sporadic and FAP-associated DF, but detected them only in 
individuals with FAP but not sporadic DF. This can be explained 
by specific research objectives or the characteristics of the 
studied samples. For instance, only 1 case of multifocal DF was 
included in the sample studied in [16].

It is quite rare that desmoid-type fibromatosis manifests 
itself in infancy. The available literature presents only several 
clinical cases of early DF [17, 18]. In our sample of patients with 
sporadic DF and APC mutations there were 3 cases of early 
DF onset: two patients were diagnosed at 1 and 2 months, 
respectively, and one patient, at the age of 2 years. 

In our study, all АРС mutations in the patients with 
sporadic DF were 3' of codon 1444 and associated with the 
severe clinical course, multifocal growth and early onset. 
In this group of patients, the median age at onset was 5.8 
years, as compared to 19 years for the patients who did not 
carry APC mutations. In the carriers of APC mutations, all 
desmoid tumors were localized to the trunk, although such 
lesion site was not more frequent than other locations (Table 2;
р = 0.17). This is one of the findings that were unknown 
previously. There are reports of families with hereditary desmoid 
tumors. For example, the literature describes a case of a family 
in which 3 generations have been affected by desmoid-type 
fibromatosis. Their condition is linked to a frameshift mutation 
in codon 1924 of the APC gene. In this family, DF were both 
extra-abdominal and intra-abdominal and the age of onset 
varies from birth to 10–20 years. Of 9 members of the family, 
3 had polyposis or cancer of the colon. Other known cases of 
inherited DF are also linked to the mutations at the 3’-end of the 
APC and characterized by multiple lesions and severe course 
of the disease [19, 20].

It was interesting to compare the features of the detected 
mutations and DF phenotypes between patients with FAP-
associated and those with sporadic desmoid tumors. Research 
into the association between the patient’s genotype and clinical 
presentations of FAP has yielded controversial results.  A study 
of the association between the site of an APC mutation and 
the risk of DF in patients with FAP found no such association 
[21]. Another study of a group of 14 patients with FAP and 
co-occurring DF revealed that only two patients had the 
mutation 3' of codon 1444 [22], which might be explained by 
population characteristics of the sample.  In our study, we used 
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a sample of Russian patients with FAP. Of 65 candidates with 
FAP, 12 had DF (18%). This figure is close to that obtained 
by other researchers: some report a value between 3.5 and 
32% [23], while others, 10–15% [24]. Half of our patients with 
FAP and co-occurring DF had mutations in the АРС gene. 
All 6 detected mutations were located at the 5' of codon
1444. The difference in the incidence of mutations in the region 
distal to codon 1444 between sporadic and FAP-associated 
DF was statistically significant (р = 0.002). We compared the 
values obtained for the patients with FAP-associated DF with 
the occurrence of similarly located mutations in the pooled 
international sample of FAP patients [25]. The difference was 
insignificant (р = 0.34). At the same time, our values for sporadic 
DF differed from those for FAP-associated DF reported by other 
researchers (р = 0.0002) [25]. This leads us to conclude that 
sporadic desmoid tumors occurring in patients with no signs 
or family history of FAP are more often caused by mutations 
3' of codon 1444 in comparison with FAP-associated DF. 

In our sample, all patients with FAP developed desmoid 
tumors only after surgery; the tumors occurred either 
intraperitoneally or in the abdominal wall. Other researchers 
report the same pattern [26, 27].

In our patients with the mutant APC gene, sporadic DF was 
mainly multifocal and localized to the chest or abdominal walls. 
Intrabdominal lesions are typical for patients with FAP and less 
common in sporadic cases of the disease [25]. Most likely, the 
abdominal location of the tumor in patients with FAP is the 
result of tissue injury during surgery [28]. No direct association 
with tissue injury was observed in our study for the patients 
with sporadic DF and APC mutations. 

In our sample, the median age of onset did not differ 
between the FAP patients with and without mutations, but was 
significantly lower in the patients with sporadic DF and germline 
mutations in the APC gene. For those who did not carry APC 
mutations, the age at diagnosis did not differ significantly 

between the patients with sporadic and FAP-associated 
DF (р = 0.09). 

These findings suggest that there is a significant difference 
in the clinical manifestations of sporadic and FAP-associated 
desmoid tumors in the carriers of APC mutations; these 
differences are (at least to some extent) associated with the 
position of the mutation in the gene. 

Summing up, we have studied a sample of individuals 
with sporadic DF and identified a subgroup of patients with a 
specific DF phenotype determined by germline mutations in the 
APC gene. In such patients, DF is severe, multifocal, manifests 
itself at early age, resists treatment and has a poor prognosis. 
The causative mutations are localized to the 3'-end of the 
АРС gene. 

Our findings can help the physician in deciding on the 
suitable treatment strategy and elaborating approaches to 
polyposis prevention. They can also be useful in studying 
mechanisms underlying multifocal DF. 

CONCLUSIONS

We have studied a group of patients with DF and no history 
of FAP and identified a subgroup of individuals with a specific 
DF phenotype and germline mutations in the APC gene. Unlike 
patients who do not have APC mutations, carriers of the 
mutant gene variant develop multifocal DF on the trunk that 
manifests itself in infancy. In terms of DF phenotype, patients 
with sporadic DF and APC mutations differ from patients with 
FAP-associated DF who also have germline mutations in the 
APC gene. In patients with sporadic DF, mutations tend to 
localize to the 3'-region of the gene. This information should be 
considered when deciding on the treatment strategy against 
DF and elaborating approaches to DF and FAP prevention. Our 
findings provide a basis for the study of molecular mechanisms 
that trigger primary DF but not FAP. 
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Е. И. Кремнева1      , Б. М. Ахметзянов2, Л. А. Добрынина1, М. В. Кротенкова1

ВЛИЯНИЕ НАРУШЕНИЙ КРОВОТОКА И ЛИКВОРОТОКА ПО ДАННЫМ ФАЗОВО-КОНТРАСТНОЙ 
МРТ НА СОСТОЯНИЕ ГОЛОВНОГО МОЗГА ПРИ ВОЗРАСТ-ЗАВИСИМОЙ 
ЦЕРЕБРАЛЬНОЙ МИКРОАНГИОПАТИИ

Метод фазово-контрастной МРТ (ФК-МРТ) головного мозга позволяет in vivo оценить показатели кровотока и ликворотока, что открывает новые 

возможности в исследовании механизмов развития и прогрессирования возраст-зависимой церебральной микроангиопатии (ЦМА). Целью работы 

было провести анализ значимости нарушений церебрального артериального, венозного кровотока и ликворотока в формировании МРТ-признаков 

ЦМА. Исследовали 96 больных с ЦМА (60,91 ±  6,57 лет) и 23 здоровых  добровольца (59,13 ± 6,56 лет). Протокол МРТ включал в себя режимы T2, FLAIR, 

T1, SWI, ДВИ для оценки поражения головного мозга согласно стандартам STRIVE, а также ФК-МРТ с оценкой кровотока в магистральных артериях 

и венах шеи, в прямом и верхнем сагиттальном синусах, ликворотока на уровне водопровода мозга. Проводили корреляцию линейных и объемных 

показателей кровотока и ликворотока с поражением вещества мозга в зависимости от степени тяжести изменений (шкала Фазекас). Отмечно снижение 

tABF, stVBF, sssVBF, aqLF, Saq, ICC и повышение Pi по мере прогрессирования ГИБВ, постепенное снижение tABF и повышение Pi, Saq и ICC по мере 

увеличения числа лакун (р < 0,05). Значения sssVBF и stVBF также достоверно снижались в группе ранних (< 5) МКР по сравнению с больными без МКР, 

а aqLF, Saq, ICC увеличивались в группе больных с 5–10 МКР по сравнению с больными без МКР и ранними (< 5) МКР. Установление связи изменений 

в артериальном, венозном кровотоке и ликворотоке с МРТ-проявлениями у больных ЦМА позволяет предполагать патогенетическую значимость в 

развитии ЦМА-механизмов, связанных с нарушением гомеостаза Монро–Келли.

Ключевые слова: фазово-контрастная МРТ, возраст-зависимая церебральная микроангиопатия, мозговой кровоток, ликвороток
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Kremneva EI1      , Akhmetzyanov BM2, Dobrynina LA1, Krotenkova MV1

ASSOCIATIONS BETWEEN BLOOD AND CEREBROSPINAL FLUID FLOW IMPAIRMENTS ASSESSED 
WITH PHASE-CONTRAST MRI AND BRAIN DAMAGE IN PATIENTS WITH AGE-RELATED 
CEREBRAL SMALL VESSEL DISEASE 

Hemodynamic parameters of blood and cerebrospinal fluid (CSF) flow can be measured in vivo using phase-contrast MRI (PC-MRI). This opens new horizons for 

studying the mechanisms implicated in the development and progression of age-related cerebral small vessel disease (SVD). In this paper, we analyze associations 

between cerebral arterial, venous and CSF flow impairments and SVD features visible on MRI. The study was carried out in 96 patients with SVD (aged 

60.91 ± 6.57 years) and 23 healthy volunteers (59.13 ± 6.56 years). The protocol of the MRI examination included routine MRI sequences (T2, FLAIR, T1, SWI, and 

DWI) applied to assess the severity of brain damage according to STRIVE advisory standards and PC-MRI used to quantify blood flow in the major arteries and veins 

of the neck, the straight and upper sagittal sinuses, and CSF flow at the aqueduct level. We analyzed the associations between linear and volumetric parameters 

of blood/CSF flow and the degree of brain matter damage using the Fazekas scale. We observed a reduction in tABF, stVBF, sssVBF, aqLF, Saq, and ICC values 

and a rise in Pi associated with WMH progression, as well as a gradual decline in tABF and an increase in Pi, Saq and ICC associated with a growing number of 

lacunes (р < 0.05). Patients with early (< 5) MB had lower sssVBF and stVBF rates in comparison with patients without MB; aqLF, Saq, and ICC values were elevated 

in patients with 5 to 10 MB, as compared to patients without MB or early (< 5) MB. The established associations between MRI findings in patients with SVD and 

blood/CSF flow impairments suggest the important role of mechanisms implicated in the disruption of Monro–Kellie intracranial homeostasis in promoting SVD.
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MR neuroimaging has enabled visualization of the tiniest 
anatomical structures of the brain and provided new insights 
into its functions, metabolism, blood supply and cerebrospinal 
fluid (CSF) circulation. Phase contrast MRI (PC-MRI) is a 
method of functional MR neuroimaging that yields information 
about arterial, venous and CSF flows. In conventional PC-MRI, 
two data sets are acquired and subtracted from each other 
following the application of bipolar gradients with the same 
magnitude but opposite directions. The net phase gain will be 
0 for stationary spins. However, moving spins will undergo 
a non-zero phase shift proportional to their velocity. This 
happens in flowing media, where traveling protons experience 
a stronger or weaker magnetic field following the application 
of the second gradient, as compared to the first. Since the 
amount of phase shift depends on the velocity of protons, 
PC-MRI can be used to measure hemodynamic parameters 
of the flow, including velocity [1]. When synchronized with 
the cardiac cycle, the pulse sequence generates a series of 
images containing flow velocity data that represent a particular 
cardiac cycle phase. Thus, a single scan can yield both phase 
and magnitude images, facilitating flow quantification and 
brain anatomy visualization. 

PC-MRI is mainly used to quantify cerebral fluid flow and 
assess the efficacy of surgical treatment in patients with 
hydrocephalus [2]. PC-MRI is a rapid, noninvasive and objective 
technique for measuring the amount and velocity of arterial, 
venous and CSF flows and their temporal relationship to cardiac 
cycle phases; it also provides valuable information about 
arteries, veins, sinuses and perivascular spaces that determine 
cerebral compliance [3]. This makes PC-MRI an optimal tool 
for studying central nervous system disorders arising from 
the dysfunction of the mentioned intracranial components, 
including cerebral microangiopathy, also known as small vessel 
disease (SVD). SVE is essentially a combination of neuroimaging 
features, morphological and clinical symptoms associated with 
damage to small arteries, arterioles, capillaries and venules [4]. 
In Russia SVD is considered to be part of a broader concept 
referred to as dyscirculatory encephalopathy (DE) [5]. The social 
impact of SVD should not be underestimated: it accounts for at 
least 20% of all strokes and 45% of dementia cases worldwide 
[6]. Although the leading risk factors for SVD are hypertension 
and age [4], the disease is often diagnosed in non-hypertensive 
elderly patients; in many cases, its etiology is uncertain [7]. 
This has inspired research into the pathophysiology of SVD 
and the role of other risk factors [6], including early endothelial 
dysfunction accompanied by increased permeability of the 
blood brain barrier (BBB), vasogenic cerebral edema, and white 
matter damage that impair venous blood flow and affect CSF 
circulation [8]. Studies elucidating the role of blood or CSF flow 
impairments in brain damage in patients with SVD are scarce. 
However, once their role is clarified, the new knowledge can 
pave the way to novel therapeutic approaches for patients with 
SVD. Since PC-MRI is a perfect tool for this task, we decided 
to exploit it in our study. Below, we attempt to investigate the 
associations between cerebral arterial, venous and CSF flow 
impairments and SVD features visible on MRI.

METHODS

The main group consisted of 96 patients with SVD (31 men 
and 65 women aged 60.91 ± 6.57 years) referred to the 
Research Center of Neurology. The following inclusion criteria 
were applied: complaints of cognitive decline; MRI findings 
suggestive of SVD (according to STRIVЕ neuroimaging 
guidelines, those are recent small subcortical infarcts, lacunes, 

white matter hyperintensities (WMH), dilated perivascular 
spaces (PVS), cerebral microbleeds (MB), and brain atrophy) [9]. 
Patients with dementia that prevented the examination, stroke 
or brain damage caused by reasons other than SVD, aphasia, 
contraindications for MRI, severe pathology, atherosclerosis 
of major arteries of the head and neck (50% stenosis) were 
excluded from the study. The control group comprised 
23 healthy volunteers (8 men and 15 women aged 59.13 ± 6.56 
years) with no clinical symptoms and MRI findings suggesting 
vascular or degenerative brain disease. All patients and all 
controls underwent a standard neurological examination and 
did standard neuropsychological tests; their ability to function 
independently in daily life was also assessed. All participants 
underwent an MRI scan. 

Brain scans were performed using a 3.0 T Magnetom Verio 
scanner (Siemens AG; Erlangen, Germany) with a 12-channel 
head coil. Routine MR sequences were used to investigate 
imaging features of the disease; PC-MRI was carried out to 
quantify blood and CSF flows. 

The protocol for routine MRI included the following 
sequences: Т2-spin-echo, 3D Т1mpr, FLAIR, DWI, and SWI. 
The acquired images were analyzed in RadiAnt DICOM Viewer, 
version 3.0.2 (Medixant; Poznań, Poland) in compliance 
with STRIVE neuroimaging standards. Diffusion-weighted 
imaging revealed the absence of acute or subacute lacunar 
infarcts; therefore, we will not discuss them in this work. Fig. 1 
shows the basic MR sequences applied in the study and the 
corresponding findings, including the location and extent of 
the lesion. The patients were distributed into a few groups 
based on the total severity of white matter lesions, which 
was assessed using the Fazekas scale: F1 represented single 
punctate lesions; F2, beginning confluency of lesions; F3, 
confluent lesions [12, 13].

Cerebral circulation and CSF flow were assessed with PC-
MRI synchronized with a peripheral pulse sensor. The frame 
rate was 32 frames per cardiac cycle. The following scan 
parameters were applied: TR = 28.7 ms, TE = 8 ms, section 
thickness = 5.0 mm, field of view =101 × 135 mm, matrix = 
256 × 192 pixels; Venc (velocity encoding value) was 5–20 cm/s 
for CSF flow and 60–80 cm/s for blood flow. The slice plane 
was orientated strictly perpendicular to the direction of blood 
flow in the internal carotid (ICA) and vertebral (VA) arteries at 
the С2/С3 level, to the direction of CSF flow at the cerebral 
aqueduct level and was also perpendicular to blood flow in the 
straight and superior sagittal sinuses (Fig. 2). The images were 
processed in Bio Flow Image, Flow Analysis Software, Version 
04.12.16 (France). We calculated the amount of blood flow in 
ICA and VA, the rates of total arterial blood flow (tABF, ml/min), 
superior sagittal sinus venous blood flow (sssVBF, ml/min), 
straight sinus venous blood flow (stVBF, ml/min), aqueduct 
CSF flow (aqLF, mm3/s) and the area occupied by the cerebral 
aqueduct (Saq, mm2).

Resistance and elasticity (stiffness) of the arterial wall were 
measured using the pulsatility index (Pi) calculated by the 
formula: Pi = (V

max
–V

min
)/V

mean
, where V

mean
 is the mean blood 

flow velocity during one cardiac cycle, V
max

 and V
min

 are peak 
and minimal values of blood flow velocity, respectively; the 
index of intracranial compliance (ICC) = the amount of CSF flow 
(mm/s) at the cerebral aqueduct level divided by the amount of 
blood flowing through an artery (mm3/s); the latter is an area 
under the arterial flow curve that lies above the mean value 
of blood flow during the cardiac cycle. Elevated ICC means 
a deterioration in the ability of the intracranial system, which 
includes brain tissue, CSF and blood flowing in the vessels, to 
adapt to an increased volume of any of its components or a 
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Fig. 1. An algorithm used to assess MRI features of SVD. PWM — periventricular white matter; DWM — deep white matter; JCWM — juxtacortical white matter [10]; 
PS — perivascular space; VBC — ventricle to brain coefficient; GCA — global cortical atrophy [11]
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2 = «halo»
3 = confluent lesion extending to DWM
DWM
0 = no
1 = single lesions
2 = beginning confluency of lesions
3 = large confluent lesions
JCWM
0 = no
1 = < 5
2 = 5–10
3 = > 10/confluent

Lacunes

DWI FLAIR FLAIR T2 SWI T1

Perivascular spaces Microbleeds Atrophy

lesion, such as a hematoma or a tumor, without inducing a rise 
in cerebral pressure.

The acquired data were postprocessed in IBM SPSS 
Statistics 23.0 (IBM Company; USA). The effect of independent 
quantitative variables on dependent qualitative variables was 
assessed by one-way ANOVA followed by pairwise comparison 
and the least significant difference (LSD) test.

RESULTS

Basic characteristics of MRI features for SVD are provided in 
Table. PVP > 10 were observed in the semioval centers of 94 
(97.9%) patients and in the subcortical structures of all patients; 
therefore, we analyzed the degree of their expansion only.

Associations between cerebral arterial blood flow 
parameters and MRI features of SVD

The measured hemodynamic parameters of arterial blood 
flow differed significantly (р < 0.05) between the patients with 
different degrees of severity of WMH, lacunar cavities, PVS 
dilation, and atrophy in the parietal, temporal and occipital 
cortex. No associations were established between the severity 
of MB or atrophy in other cortical regions and the values of 
tABF and Pi. The LSD test revealed that the patients with a 
Fazekas score of 3 had a significantly lower tABF  rate and a 
higher Pi than the controls or the patients with a Fazekas score 
of 1 and 2. A gradual decline in tABF and elevated Pi were 
observed in almost all patients with lacunes, as compared to 
the patients who did not have lacunar cavities (Fig. 3).

Associations between cerebral venous blood flow 
parameters and MRI features of SVD

One-way ANOVA revealed that the hemodynamic parameters 
of cerebral venous flow in the upper sagittal and straight sinuses 
(stVBF, sssVBF) differed significantly between the controls and 

the patients with varying severity of WMH. Further post hoc 
comparison of the mean values aided by the LSD test revealed 
a statistically significant decline in stVBF and sssVBF rates in 
the patients with Fazekas 3, as compared with the controls; 
in such patients, the stVBF value was also lower than in the 
patients with a Fazekas  score of 2 (Fig. 4).

Using the same statistical tools, we found significant 
differences in the hemodynamic parameters of cerebral 
venous flow between the controls and the patients with varying 
numbers of white matter and subcortical lacunes. A statistically 
significant decline in stVBF and sssVBF values was observed 
in the patients with 5 to 10 and > 10 white matter lacunes 
in comparison with the patients without lacunes.  Low stVBF 
and sssVBF rates were seen in the patients with 5–10 and 
> 10 lacunes and in the patients with > 10 and < 5 lacunes 
in the subcortical ganglia, respectively, in comparison with the 
patients who did not have lacunar cavities (Fig. 4).

The measured hemodynamic parameters of cerebral 
venous blood flow differed significantly between the controls 
and the patients with juxtacortical MB in different brain regions. 
The post hoc analysis aided by the LSD test revealed a 
statistically significant correlation between lower sssVBF/stVBF 
rates and early MB (< 5) in the juxtacortical white matter of the 
parietal lobe in comparison with patients without MB. We also 
observed a decline in sssVBF values in the patients with early 
MB (< 5) in the deep white matter of the posterior frontal lobe in 
comparison with the patients without MB. 

One-way ANOVA revealed statistically significant differences 
in sssVBF rates between the controls and the patients with 
dilated PVS and an association between stVBF/sssVBF rates 
and atrophy of the parietal and temporal lobes. 

Associations between blood flow parameters, intracranial 
compliance and MRI features of SVD

The values of aqLF, Saq and the ICC index differed significantly 
between the controls and the patients with WMH.  The patients 



ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    НЕВРОЛОГИЯ

ВЕСТНИК РГМУ   4, 2019   VESTNIKRGMU.RU| | 19

Fig. 2. A schematic representation of the PC-MRI procedure. A. Blood flow in the internal carotid and vertebral arteries. B. Blood flow in the straight and sagittal sinuses. 
C. CSF flow at the cerebral aqueduct level

Arterial flow curve

Venous flow curve

Curve for CSF flow 
at the aqueduct level 

Venc = 80 cm/s

Venc = 60 cm/s

tABF

stVBF

sssVBF

aqLF
Venc = 10–20 cm/s

А

B

C

Table. MRI findings in patients with SVD. WMH — white matter hyperintensities; MB — cerebral microbleeds; PVS — perivascular spaces; WM — white matter

Parameter n (%) 

WMH on the Fazekas scale: 
Fazekas 1 / Fazekas 2 / Fazekas 3 

26 (27.1%) / 31 (32.3%) / 39 (40.6%) 

Lacunes (number of) 
in WM of brain hemispheres: 
no / < 5 / 5–10 / > 10 
in subcortical structures: 
no / < 5 / 5–10 / > 10 

42 (43.8%) / 16 (16.7%) / 9 (9.4%) / 17 (17.7%) 
32 (33.3%) / 11 (11.5%) / 9 (9.4%) / 12 (12.5%) 

MB (number of) 
in WM of brain hemispheres: 
no / < 5 / 5–10 / > 10 
in subcortical structures:  
no / < 5 / 5–10 / > 10  

28 (29.2%) / 12 (12.5%) / 5 (5.2%) / 11 (11.5%) 
28 (29.2%) / 13 (13.5%) / 4 (4.2%) / 11 (11.5%) 

Brain atrophy: 
no / mild / moderate / severe 

57 (59.4%) / 51 (53.1%) / 6 (6.3%) / 0 (0%) 

PVS
in semioval centers:
1–2 mm / 3 mm / 4 mm
in subcortical structures:  
1–2 mm / 3 mm / 4 mm

90 (93.8%) / 4 (4.2%) / 2 (2%)
68 (70.8%) / 21 (21.9%) / 7 (7.3%)

with Fazekas 3 had lower aqLF, Saq and ICC than the 
controls or patients with other Fazekas scores. Increased Saq 
and elevated ICC were observed in the patients with over 10 
white matter lacunes, as compared to the patients who did 
not have lacunar cavities (Fig. 5). aqLF, Saq, and ICC were 
increased in the patients with 5 to 10 MB in the juxtacortical 
white matter of the parietal and temporal lobes in comparison 
with the patients with a smaller number of MB (< 5) or their 
total absence.

DISCUSSION

In this study, we attempted to investigate the associations 
between vascular and CSF flow changes measured with 
PC-MRI and SVD features visible on MRI. The analysis of 
the generated images was guided by STRIVE neuroimaging 
standards [9]. Previous research works studied the associations 
between cerebral vascular changes and leukoaraiosis (WMH) 
or lacunes [14]. Numerous combinations of  MRI features seen 
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Fig. 3. Comparison of the tABF rate and Pi between the patients with WMH assessed using the Fazekas scale and the controls (A and B, respectively), between the 
groups of patients with different number of lacunes and without lacunes in the white matter (C, D) and subcortical structures (E, F)
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in patients with age-related SVD coupled with the absence of 
a clear association between the severity of WMH, as well as 
other MRI findings, and the severity of clinical manifestations of 
the disease led us to hypothesize that neuroimaging features of 
SVD could be determined by a combination of abnormalities in 
the intracranial system homeostasis described by the Monro–
Kellie doctrine, with one of such abnormalities prevailing. 

Our study discovered that a gradual change in the 
hemodynamic parameters of arterial, venous and CSF flow 
was accompanied by WMH exacerbation measured on 
the Fazekas scale. However, we were able to establish a 
statistically significant association only between Fazekas 3
(as compared to the control group) and the measured 
hemodynamic parameters, including low tABF, elevated Pi, 
low stVBF/sssVBF, increased aqLF, Saq and ICC, and Fazekas 3. 
The cooccurrence of blood and CSF flow impairments in 
patients with severe WMH, which is the main MRI feature 
for SVD, suggests the complexity of mechanisms underlying 
the disruption of intracranial homeostasis. Our findings are 
consistent with the results of studies of SVD morphology that 
reported vascular changes associated with atherosclerosis-
induced ischemia and venous collagenosis leading to vascular 
congestion and cerebral edema in hypertensive patients [15]. 

It should be noted that reports of arterial flow dynamics 
in patients with progressing WMH are controversial: some 
authors reveal a decline in the arterial flow rate [16], whereas 
others point to the lack of association between leukoaraiosis 
and impaired cerebral circulation [14]. Research into the 
association between WMH and cerebral circulation [17] 
demonstrated that patients with initially more severe WMH 
developed serious impairments of cerebral blood flow and not 
the other way around: impaired cerebral circulation did not 
precede the progression of WMH. It was concluded that a 
reduction in the brain tissue volume causes a decline in the 
cerebral blood flow rate. The association between increased 
arterial flow and Fazekas 1 established by our study and the 
lack of significant differences in blood flow rates between 
patients with Fazekas 2 and the controls confirm the role of 
non-ischemic mechanisms in the development of early WMH 

and a possible reduction in blood flow in response to brain 
matter damage in patients with pronounced WMH [3].

Our study demonstrates that a gradual reduction in blood 
flow leads to an increase in the number of lacunes. These findings 
are consistent with the results of other studies [18] and confirm 
that ischemia does play a role in the formation of lacunar cavities. 
Our study also reveals a correlation between reduced blood flow 
in the upper sagittal and straight sinuses, as well as increased 
CSF flow and the elevated intracranial compliance index, and the 
formation of multiple lacunes, which possibly reflects the severity 
of brain damage in patients with multiple lacunes [19].

Importantly, we observed an association between the 
elevated pulsatility index and an increase in the number of 
lacunar cavities, as well as in WHM severity, which is again 
consistent with other research works [18]; another association 
between the increased pulsatility index and the dilation of 
PVS was not discussed in the literature previously. Elevated 
Pi is a sign of reduced elasticity of arterial walls associated 
with their high permeability and swelling that eventually lead 
to arteriolosclerosis in hypertensive and non-hypertensive 
patients with SVD [20]. Increased pulsatile pressure cannot 
be attenuated by the windkessel mechanism; therefore, more 
pulsation is “absorbed” by veins [21]. This obstructs drainage 
of the interstitial fluid from PVS and promotes accumulation 
of toxic waste products, leading to PVS dilation and WMH 
[22]. The latter has been actively discussed in the literature 
in the context of a recently described glymphatic system (a 
waste clearance system of the brain) [23] and could explain 
the associations between Pi and PVS size; also, it is possibly 
another contributor to WMH. At present, there is ongoing debate 
in the literature over the associations between the cerebral 
venous collagenosis and venous ischemia, increased vascular 
resistance, disrupted interstitial fluid circulation and damage 
to BBB accompanied by a vasogenic edema, which, in turn, 
provides another explanation for WMH [22]. It is still not known 
whether damage to the venules is caused by a pressure surge 
or develops independently. Interestingly, WMH (leukoaraiosis) 
are commonly found in the regions where deep veins perform 
their drainage function and are less pronounced in the regions 



ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ    НЕВРОЛОГИЯ

ВЕСТНИК РГМУ   4, 2019   VESTNIKRGMU.RU| | 21

Fig. 4. Comparison of venous blood flow parameters between the controls and the patients with lacunes (A–D) and WMH assessed using the Fazekas scale (E–F)
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of superficial veins. However, we found statistically significant 
associations between reduced venous flow in the upper and 
straight sagittal sinuses and early (< 5) microbleeds, which 
confirms the important role of cortical veins in maintaining 
intracranial compliance [24] and the link between their damage 
or rupture and broken autoregulation mechanism.

In our opinion, microbleeds and their association with 
blood or CSF flow impairments should be discussed at length. 
Single and multiple MB were observed in more than one-third 
of patients. The majority of the lesions were localized to either 
subcortical or juxtacortical structures; both localizations were 
observed in 56.8% of patients [25]. Some authors point to an 

association between MB localizations and the nature of the 
pathology: MB found in the subcortical ganglia are associated 
with hypertension, whereas those localized to juxtacortical 
or cortical structures, with cerebral amyloid angiopathy [26]. 
Because patients from our sample did not have lobar and 
superficial MB, which signal cerebral amyloid angiopathy (CAA) 
and are used as a criterion for its diagnosis in vivo, we cannot 
rule out early CAA in some of the participants, given the upper 
age limit applied in our study. At the same time, MВ were 
the most pronounced in the Fazekas 3 group characterized 
by multiple lacunes that are not typical of CAA [27]. A recent 
comparison of data yielded by MRI and Pittsburg compound 

Fig. 5. Comparison of CSF flow parameters and the intracranial compliance index between the controls and the patients with WMH measured on the Fazekas scale 
(A–C) and lacunes (D–E)
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PET showed that the presence of MB/hemorrhages in both 
subcortical and juxtacortical structures were more typical for 
hypertensive patients with SVD than for those with CAA [28]. Our 
previous findings showed a correlation between juxtacortical/
deep MB and the volume of superficial veins and another 
correlation between deep/periventricular MB and the volume 
of deep veins [29], so we drew a conclusion about a possible 
role of venous congestion in the corresponding regions in the 
formation of variously localized MB,  similarly to how it occurs in 
cerebral venous sinus thrombosis. The proposed mechanism 
could explain the cooccurrence of MB in subcortical structures 
and the subcortical white matter. Prospective observation of 
these patients will help us to investigate the prognostic value 
of MB localization and its combination with other MRI features 
as markers of early SVD. This is particularly important, because 
the overuse of antiplatelets is one of the leading factors for 
lobar hemorrhage in elderly patients.

CONCLUSIONS

The established associations between MRI findings and 
arterial, venous and CSF flow impairments in patients with 
SVD suggest the important role of mechanisms implicated 
in the disruption of Monro–Kellie intracranial homeostasis in 
promoting SVD. Most likely, the initial contribution is done by 
increased arterial pulsatility, as suggested by the universal 
association between this parameter and other clinical 
manifestations (cognitive decline and gait disturbances), 
as well as diagnostic features of SVD visible on MRI. 
This determines the clinical relevance of interpreting the 
acquired MR images using STRIVE advisory standards and 
analyzing the hemodynamic parameters of blood and CSF 
flow based on PC-MRI data in patients with SVD in order to 
assess the efficacy of the applied treatment or prevention 
measures. 
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Evdokimenko AN    , Chechetkin AO, Druina LD, Tanashyan MM

CONTRAST-ENHANCED ULTRASONOGRAPHY FOR ASSESSING NEOVASCULARIZATION 
OF CAROTID ATHEROSCLEROTIC PLAQUE 

Neovascularization of a carotid atherosclerotic plaque (AP) is associated with an increased risk of stroke. Contrast-enhanced ultrasonography (CEUS) is a widely 

used method for imaging intraplaque neovascularization in vivo. Unfortunately, there are no standardized guidelines for CEUS interpretation. The aim of this study 

was to identify the most reliable method for CEUS-based assessment of AP neovascularization. Seventy-eight AP were removed during carotid endarterectomy 

in 73 patients, of whom 5 had AP on both sides, and examined morphologically. All patients underwent preoperative duplex scanning and CEUS; Sonovue was 

used as a contrast agent. AP neovascularization was assessed on a 4-grade visual scale and with 3 different quantitative methods using QLAB software. On the 

visual scale (method 1), poorly (37%) and moderately (51%) vascularized plaques were the most common. Quantitative analysis (data were presented as Ме (Q1; 

Q3)) revealed that the number of blood vessels per 1 cm2 of the plaque (method 2) was 16 (10; 26), the ratio of the total vessel area to the plaque area (method 3) 

was 6% (3; 9), and AP ROI (method 4) was 2.6 dB (1.8; 4.1). Significant correlations were demonstrated between the results produced by method 2 and method 3 

(р < 0.0001), method 3 and method 2 (р = 0.0006), and between pathomorphological findings and the results produced by methods 1–3, especially method 2 

(р < 0.004). AP ROI brightness did not correlate with other results. The presence of hyperechoic components (calcifications) in AP dramatically reduced the reliability 

of US-based intraplaque neovascularization assessment. The most accurate CEUS-based quantitative method for assessing intraplaque neovascularization is 

estimation of blood vessel number per 1 cm2 of the plaque. 

Keywords: atherosclerosis, carotid artery, intraplaque neovascularization, contrast-enhanced ultrasonography, Sonovue, visual scale, quantitative analysis, histopathological 
examination
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А. Н. Евдокименко    , А. О. Чечеткин, Л. Д. Друина, М. М. Танашян

ОЦЕНКА НЕОВАСКУЛЯРИЗАЦИИ АТЕРОСКЛЕРОТИЧЕСКОЙ БЛЯШКИ КАРОТИДНОГО СИНУСА 
С ПОМОЩЬЮ КОНТРАСТ-УСИЛЕННОГО УЗИ

Степень неоваскуляризации атеросклеротической бляшки (АСБ) каротидного синуса связывают с повышенным риском развития инсульта. Для 

выявления новообразованных сосудов в структуре бляшки in vivo широко применяют контраст-усиленное ультразвуковое исследование (КУУЗИ), 

однако до настоящего времени отсутствует единый подход к интерпретации результатов. Целью работы было установить наиболее надежный метод 

оценки неоваскуляризации АСБ каротидного синуса по данным КУУЗИ. У 73 пациентов удалено при каротидной эндартерэктомии, проанализировано, 

и морфологически исследовано 78 АСБ. Всем пациентам проводили стандартное дуплексное сканирование сонных артерий и КУУЗИ с введением 

эхоконтрастного препарата «Соновью». Неоваскуляризацию АСБ оценивали с использованием 4-балльной визуальной шкалы и трех методов 

количественной оценки в программе QLAB. По данным визуальной шкалы (метод 1), преобладали слабо и умеренно васкуляризированные бляшки 

(37% и 51% соответственно). Результаты количественной оценки (Ме (Q1; Q3)): количество сосудов на 1 см2 бляшки (метод 2) составило 16 (10; 26); 

соотношение площадей сосудов и бляшки (метод 3) — 6% (3; 9); значение ROI АСБ (метод 4) — 2,6 дБ (1,8; 4,1). Значимая корреляция отмечена: между 

результатами оценки по методам 2 и 3 (р < 0,0001); по методам 3 и 1 (р = 0,0006); морфологическими данными и результатами оценки по методам 1–3, 

особенно по методу 2 (р < 0,004). Значение ROI АСБ с данными других методов не коррелировало. Продемонстрировано резкое снижение надежности 

УЗ-оценки неоваскуляризации с увеличением объема гиперэхогенного компонента (кальцификатов) в АСБ. Наиболее точным способом количественной 

оценки неоваскуляризации АСБ при КУУЗИ является подсчет количества сосудов на 1 см2 бляшки. 

Ключевые слова: атеросклероз, сонная артерия, неоваскуляризация атеросклеротической бляшки, контраст-усиленное ультразвуковое исследование, 
препарат «Соновью», визуальная шкала, количественный анализ, морфологическое исследование
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Carotid sinus (CS) atherosclerosis accounts for up to one-third of 
all ischemic strokes. The most common causes of stroke in these 
cases are atherothrombosis, thromboembolism or atheroembolism 
of cerebral arteries, associated with unstable atherosclerotic 
plaque (AP) [1, 2]. Pathologic studies have demonstrated that 
unstable AP are usually characterized by a large atheromatous 
core, thin or ulcerated fibrous cap, hemorrhage and pronounced 
inflammation [2, 3]. Recently, neovascularization has been 
increasingly recognized as the key factor in promoting AP 
instability and atherosclerosis progression [1, 3–6]. 

Contrast-enhanced ultrasonography (CEUS) is one of 
the most widely used techniques for assessing the degree 
of neovascularization in vivo. Since CEUS was first applied 
to visualize carotid plaque neovascularization in 2003 [7], its 
accuracy and reliability have been confirmed by multiple animal 
and human studies that demonstrated a high correlation between 
ultrasonography findings and histopathologic data [8–9].

Although CEUS has been exploited as an AP 
neovascularization imaging technique for over 15 years, 
there is still no consensus as to what approaches should be 
used to interpret the acquired data. The majority of CEUS-
based studies employ qualitative or semi-quantitative scoring 
systems; however, there is broad agreement that such scoring 
approach is somewhat biased and unsuitable for the dynamic 
assessment of atherosclerosis progression. This indicates 
the need for a uniform, precise and validated scoring system 
[6, 10]. Methods used for quantitative assessment of CEUS 
findings are still a matter of ongoing debate [9–11]. Besides, 
studies comparing CEUS findings and histopathologic data are 
rare and their results often require further validation. 

There is a pressing need for a uniform, accurate and 
reliable approach to the assessment of CEUS findings in light 
of emerging ultrasound contrast agents for in vivo molecular 
imaging of vascular phenotypes and targeted drug delivery 
that are currently in preclinical trials [12, 13]. Novel ultrasound 
contrast agents and drug delivery systems open new horizons 
for effective personalized strategies of prevention, diagnosis 
and treatment of carotid artery disease. Their adoption into 
clinical practice may be complicated by the absence of a 
uniform approach to CEUS data analysis.

This study aimed to identify a reliable, informative and 
clinically friendly method for CEUS-based assessment of 
carotid AP neovascularization.

METHODS

Studied population

The study was conducted at the Research Center of Neurology 
in 2015–2018. Eligible patients had atherosclerotic lesions of 
the carotid sinus and indications for carotid endarterectomy 
described in the Russian National guidelines for the 
management of patients with brachiocephalic artery disease 
[14]. The following exclusion criterion was applied: heavily 
calcified plaques detected on ultrasonography (> 50% of the 
total plaque area) casting an acoustic shadow that prevented 
accurate estimates of AP neovascularization. The study 
recruited a total of 73 patients (50 men and 23 women aged 
40 to 79 years; the mean age was 63 ± 8 years) with ≥ 50% 
atherosclerotic carotid stenosis (50–90%, the mean value was 
70 ± 16%) according to NASCET criteria [15]. All patients 
underwent carotid endarterectomy at the Research Center 
of Neurology between January 1, 2015 and December 31, 
2017; the intervention was bilateral in 5 patients. The removed 
plaques were examined histopathologically. A total of 78 

plaques were analyzed. Stenosis was symptomatic in 25 (32%) 
and asymptomatic in 53 (68%) patients.

Conventional and contracts-enhanced 
ultrasonography examinations

Preoperatively, the patients underwent duplex ultrasound 
scanning of the carotid arteries and CEUS of the identified carotid 
atherosclerotic plaques in the longitudinal projection. Examinations 
were performed using an iU22 scanner (Philips Healthcare NV; 
Netherlands) equipped with an L9-3 linear array probe. 

Duplex ultrasound scanning was performed in order to 
determine plaque echogenicity, the degree of carotid stenosis 
and the best visible plaque aspect for the subsequent CEUS 
examination. Plaques were stratified into 4 groups based on 
their echogenicity as proposed by А. Gray-Weale [16]: group 1, 
uniformly hypoechoic; group 2, heterogeneous, predominantly 
hypoechoic; group 3, heterogeneous, predominantly 
hyperechoic, and group 4, uniformly hyperechoic. 

For CEUS, 2.4 ml of SonoVue contrast agent (Bracco; Italy) 
dissolved in 5 ml of 0.9% normal saline were administered 
into a patient’s peripheral vein via a bolus injection; 5 ml of 
normal saline were subsequently injected intravenously through 
the same catheter. The scan was performed in the Contrast 
General mode, at a low mechanic index (0.06) and 85% 
signal enhancement. The probe was held in a fixed position 
until the arterial lumen was well contrasted; then the angle of 
the probe was slowly changed to facilitate visualization of the 
entire plaque. Video clips were recorded for 2 minutes from the 
moment the patient received the SonoVue injection.

The clips were analyzed off-line using QLAB software 
(Philips Healthcare NV; Netherlands). Plaque neovascularization 
was inferred from time-variant dynamic signal enhancement 
(dynamic hyperechoic signals, DHS) in the plaque caused 
by nonlinear responses from the microbubbles; hyperechoic 
signals that did not change over time were interpreted as 
calcifications. The degree of plaque neovascularization was 
assessed in QLAB using the following methods. 

1. Method 1: semiquantitative assessment on the 4-grade 
scale: 0 — no DHS; 1 — single DHS; 2 — a moderate number 
of DHS; 3 — a substantial number of DHS. 

2. Three quantitative methods (see the Figure): a still frame 
showing the maximal number of blood vessels was selected from 
the CEUS cine loop. The frame was analyzed as described below.

a) method 2: the number of DHS per 1 cm2 of the plaque 
was counted. The contours of the plaque were delineated 
manually and DHS were counted within the circled area. The 
obtained number was divided by the automatically computed 
area of the plaque; 

b) method 3: the ratio of the total DHS area to the plaque 
area was calculated and expressed as %. The contours of the 
plaque and all DHS were manually delineated on the selected 
still frame. The total DHS area was divided by the plaque area 
and multiplied by 100%; 

c) method 4: plaque ROI (signal intensity) was determined. 
The area of interest, i.e. the entire plaque, was circled manually 
on the selected still frame; hyperechoic signals that did not 
change over time (calcifications) were excluded where possible, 
and the software automatically computed ROI brightness 
expressed in dB units.

Histopathological examination

A total of 13 atherosclerotic plaques fragmented during 
surgery were excluded from the histopathological analysis. The 
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Fig. Quantitative methods for the assessment of carotid atherosclerotic plaque neovascularization from contrast-enhanced ultrasonography data. A. A heterogeneous, 
predominantly hypoechoic atherosclerotic plaque on a conventional Color Doppler Image. B. Contrast-enhanced ultrasonography: a predominantly hypoechoic 
atherosclerotic plaque with single hyperechoic echogenic components (blood vessels, shown by arrows), hyperechoic arterial lumen and surrounding tissue. C–E. 
Quantitative analysis of intraplaque neovascularization on a still frame showing the max number of blood vessels (the contour of the plaque is shown in red): ultrasound 
signal intensity (ROI) (C); the ratio of the total vessel area to the plaque area (blood vessels are shown in green) (D); blood vessel number per 1 cm2 of the plaque (blood 
vessels are shown in different colors) (E)
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rest 65 removed plaques were fixed in 10% neutral buffered 
formalin (pH 7.4), cut into 4 to 9 (depending on the plaque size) 
transverse 0.3 cm-thick blocks and embedded in paraffin. Five-
µm sections of each block were stained with hematoxylin-eosin 
and van Gieson’s stain and then scanned using Aperio AT2 
(Leica Biosystems; Germany) at ×400 magnification. 

Plaque neovascularization was analyzed in Aperio 
ImageScope ver. 11.2.0.780 (Leica Biosystems; Germany). 
Blood vessels were defined as structures that had an endothelial 
lining and a lumen. To calculate the total vessel density per 
1 cm2 of the plaque, we divided the total number of blood 
vessels contained in all studied slides by the total area of those 
slides. Additionally blood vessel density was analyzed for the 
vessels of certain diameter (< 20, ≥ 20, ≥ 30, ≥ 40, ≥ 50 µm) 
due to the limitations of CEUS spatial resolution. In noncircular 
sections, the diameter of the blood vessel was inferred from its 
transverse size at its widest site.

Statistical analysis

Statistical analysis was done in Statistica 10.0 (StatSoft; 
USA). Statistical differences and correlations were calculated 
using nonparametric Mann–Whitney U test and Spearman’s 
correlation coefficient. Differences were considered significant 
at р = 0.05. In this work the data are presented as a median 
(Me) (quartile Q1; quartile Q3).

RESULTS

On the duplex ultrasound scans, the majority of plaques were 
heterogenous (81%) and predominantly hypoechoic (51%) 
(Table 1). Small or medium-sized calcifications were observed in 
67% of the plaques. Blood vessels were detected in all studied 
plaques; none of the applied methods revealed any significant 
differences between different groups of AP (classification by  
Gray-Weale [16]) in terms of plaque neovascularization (see Table 1).

Semiquantitative analysis (method 1) demonstrated that 
the general group of plaques was dominated by AP with a 
moderate or low DHS number (2 points and 1 point on the 
visual scale, respectively) that amounted to 51% and 37% of 
all studied AP, respectively. Plaques with a substantial number 
of DHS (3 points on the applied scale) were seen > 3 times as 
rare, making 12% of all AP. When comparing ultrasonography 
findings and morphological data, we noticed that the more 
points the plaque scored on the applied scale, the more 
blood vessels it contained per 1 cm2 of its area. However, 
the difference in the degree of AP neovascularization was 
significant only for the plaques characterized by a low number 
of hyperechoic signals (Table 2).

All of the applied quantitative methods revealed considerable 
variability in the degree of AP vascularization: the number of 
DHS per 1 cm2 of the plaque (method 2) was 16 signals/cm2 
(10; 26); the ratio of the total DHS area to the plaque area 
(method 3) was 6% (3; 9); AP ROI (method 4) was 2.6 dB (1.8; 
4.1). A direct correlation was established between the results 
produced by methods 2 and 3 (R = 0.45; р = 0.000034), and 
between the results of methods 3 and 1 (R = 0.38; р = 0.0006). 
ROI values were not correlated with the results produced by 
other assessment methods. 

We have discovered a significant correlation between 
the histopathologic data and the results of CEUS-based AP 
neovascularization assessment aided by the applied methods 
1, 2 and 3; the correlation was especially high for method 2 (DHS 
number per 1 cm2 of the plaque) (Table 3). Method 2 allowed 
us to directly compare ultrasonography and histopathologic 
findings and determine the mean diameter of blood vessels 
that were visible on CEUS — 30 µm (22; 37).

In order to assess the impact of hyperechoic AP 
components on CEUS results, we attempted to correlate 
CEUS and histopathologic data in 3 groups of plaques with 
different echogenicity (Table 4). We found that the greater was 
the degree of the hyperechoic component, the weaker was 
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Table 1. Neovascularization of carotid plaques of different types (classification by Gray-Weale)

Table 2. Results of the semiquantitative analysis of contrast-enhanced ultrasonography data compared to the vessel density determined during the histopathologic 
examination (* — р ≤ 0.03)

Plaque structure 

Group 1 Group 2 Group 3 Group 4 

Number of plaques 3 40 23 12

Of them, morphologically studied 2 33 20 10

Neovascularization, Ме (Q1; Q3)

Contrast-enhanced ultrasonography

Method 1 (scored points) 1 1 (1; 2) 1 (1; 2) 2 (1; 2)

Method 2 (signal/cm2) 9 (5; 13) 13 (10.5; 25) 20 (11; 29) 20.5 (9.5; 33.5)

Method 3 (%) 3 (0.4; 5) 6 (3; 7) 7 (3; 11) 8.5 (5; 15)

Method 4 (dB) 2.8 (2.2; 3.1) 2.7 (1.6; 4.2) 2.4 (1.9; 5.5) 2.7 (2.1; 3.4)

Histopathological examination, number of vessels per 1 cm2 of the plaque 62. 111 161 (96; 253) 90 (61; 305) 230 (125; 300)

AP neovascularization score on the semiquantitative scale 
(contrast-enhanced ultrasonography)

Number of blood vessels of a specific diameter per 1 cm2 of the plaque, Ме (Q1; Q3)
1 point 2 points 3 points

(n = 40) (n = 29) (n = 9)

All blood vessels 108.6 (55.3; 182.4)* 168.6 (125; 356.8) 370 (229; 485)

Blood vessels < 20 µm in diameter 66.5 (40.8; 111.4)* 117.4 (70.8; 216.8) 277.3 (174.5; 332)

Blood vessels ≥ 20 µm in diameter 30.5 (9.6; 54.7)* 55.8 (38; 90.2) 90.2 (38.4; 131.8)

Blood vessels ≥ 30 µm in diameter 13.2 (2.4; 26.1)* 25.5 (12.8; 46.7) 41.4 (13.4; 50.3)

Blood vessels ≥ 40 µm in diameter 5.5 (1.2; 13.9)* 11.9 (6.2; 23.1) 17.5 (5.8; 25.4)

Blood vessels ≥ 50 µm in diameter 2.2 (0; 7.6)* 5.9 (3.4; 12.6) 8.8 (2.9; 15.2)

the correlation between CEUS findings and vessel density 
(histopathologic examination) and the lower was the reliability 
of US-based assessment of AP neovascularization. For 
example, the DHS number per 1 cm2 of the plaque (CEUS, 
method 2) that had the highest correlation with the results of 
the histopathologic examination in the general group of plaques 
demonstrated an even higher correlation in the group of 
predominantly hypoechoic plaques, whereas for other plaque 
groups the correlation analysis produced dubious results (see 
Table 4). The ratio of the total DHS area to the plaque area 
(method 3) was correlated with the histopathologic findings only 
for predominantly hypoechoic plaques (Table 4). The correlation 
analysis between semiquantative scores and histopathologic 
data in different groups of plaques produced controversial 
results (Table 4). 

DISCUSSION

Visual scales for CEUS data interpretation have received a lot 
of attention in the literature because they are simple, time-
saving, do not require any software for quantitative analysis, 
and, therefore, can be used in the clinical setting. So far, over 
10 different approaches to semiquantitative assessment of AP 
neovascularization have been described based on visual 2- to 
5-grade scales. The majority of such scales take into account 
both the number and location of dynamic hyperechoic signals 
[8, 17–22]; scales that rely solely on the number of DHS are rare 
[17, 23, 24]. The problem with type 1 scales is that an increase 
in the number of DHS is expected to be directly dependent 
on signal propagation from the adventitial side of the plaque 
to its surface. This complicated the choice of an adequate 
scale for our study, because the identified patterns of AP 
neovascularization did not fit into any of the considered scales. 
Therefore, we decided to use a simple one-parameter 4-grade 

scale for DHS count that was similar to the one described in 
the literature [24]. Its author proposed that plaques with large 
artery-like vessels should be classified as having pronounced 
vascularization (grade 3) with no elaboration on the acoustic 
characteristics of those artery-like vessels. In our study, the 
results produced by CEUS and histopathologic examinations 
revealed the presence of poorly vascularized AP with large 
artery-like vessels and abundantly vascularized AP that did 
not contain large artery-like vessels; therefore, we decided to 
ignore blood vessel size when conducting semiquantitative 
assessment.

Vessel density in AP was measured during the histopathologic 
examination and then compared between 3 groups of 
plaques with different degree of neovascularization assessed 
on a 4-grade visual scale. The difference was significant only 
between the group of poorly vascularized plaques with single 
DHS and the groups of plaques with a moderate or high 
number of DHS. At the same time, CEUS data assessed on 
the applied 4-grade visual scale were correlated significantly 
with histopathologic data, as was the case with other visual 
scales described in the literature [8, 20, 23, 24]. However, the 
correlation analysis of plaque groups characterized by different 
echogenicity produced controversial results, which rendered 
the applied method of semiquantitative assessment unreliable. 
This could be explained by a small sample size, a subjective 
approach to establishing the degree of neovascularization in 
the absence of clear grading criteria, or frequently occurring 
calcifications in AP leading to under- or overestimation of the 
neovascularization degree [25]. Duplex scanning detected the 
presence of small and medium-sized calcifications in 67% of 
AP that may have been mistaken for blood vessels on CEUS. 
The difficulty in discriminating between blood vessels and small 
calcifications was associated with similarity between their 
visualization patterns first discovered in this study. The majority 
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Table 3. The correlation analysis of data on plaque neovascularization obtained from contrast-enhanced ultrasonography and the histopathologic examination (n = 65)

Contrast-enhanced ultrasonography — the degree of AP neovascularization assessed with different methods

Histopathologic examination — density 
of blood vessels of a specified diameter

Method 1 Method 2 Method 3 Method 4

R p R p R p R p

All blood vessels 0.45 0.00019 0.41 0.00069 0.23 0.06545 –0.04 0.75

< 20 µm 0.43 0.00033 0.36 0.0034 0.18 0.15532 –0.07 0.6

≥ 20 µm 0.45 0.00017 0.52 0.00001 0.37 0.00257 0 0.99

≥ 30 µm 0.41 0.00068 0.57 0 0.36 0.00338 0.03 0.82

≥ 40 µm 0.41 0.00074 0.6 0 0.35 0.00438 0.02 0.89

≥ 50 µm 0.4 0.00102 0.6 0 0.32 0.01103 0.03 0.81

Table 4. The correlation analysis of data on neovascularization in different types of plaques obtained from contrast-enhanced ultrasonography and the histopathologic 
examination (classification by Gray-Weale)

Contrast-enhanced ultrasonography — the degree of AP neovascularization assessed with different methods

Histopathological examination — density 
of blood vessels of a specified diameter

Method 1 Method 2 Method 3

R p R p R p

Heterogeneous, predominantly hypoechoic plaques, group 2 (n = 33)

All blood vessels 0.34 0.05493 0.43 0.01164 0.06 0.73935

< 20 µm 0.3 0.08642 0.35 0.04485 -0.01 0.96716

≥ 20 µm 0.41 0.01825 0.67 0.00002 0.33 0.06705

≥ 30 µm 0.34 0.05633 0.72 0 0.3 0.0897

≥ 40 µm 0.4 0.02162 0.74 0 0.43 0.01507

≥ 50 µm 0.45 0.00857 0.79 0 0.47 0.00718

Heterogeneous, predominantly hyperechoic plaques, group 3 (n = 20)

All blood vessels 0.5 0.02512 0.41 0.07403 0.14 0.5446

< 20 µm 0.47 0.03701 0.45 0.04716 0.21 0.38029

≥ 20 µm 0.52 0.01815 0.41 0.07345 0.22 0.35255

≥ 30 µm 0.51 0.02294 0.43 0.06146 0.15 0.52769

≥ 40 µm 0.38 0.10226 0.41 0.07068 0.12 0.60956

≥ 50 µm 0.34 0.1424 0.4 0.0782 0.15 0.51773

Uniformly hyperechoic plaques, group 4 (n = 10)

All blood vessels 0.62 0.05444 0.21 0.5667 0.41 0.23349

< 20 µm 0.71 0.02047 0.06 0.86751 0.27 0.44295

≥ 20 µm 0.43 0.21702 0.36 0.3088 0.43 0.21862

≥ 30 µm 0.13 0.7209 0.46 0.17886 0.3 0.4017

≥ 40 µm 0.25 0.49232 0.67 0.03451 0.21 0.55384

≥ 50 µm 0.22 0.53903 0.61 0.06125 0.18 0.61791

of small and medium-sized calcifications became visible 
on CEUS only when the contrast agent reached the plaque 
vasculature, which might be associated with a change in tissue 
reflectance in those areas [26]. Besides, our histopathologic 
examination revealed that blood vessels were often located in 
close proximity to calcifications, which also complicated their 
identification on CEUS due to a limited resolution capacity of 
the scanner. 

The literature describes 3 principally different approaches 
to quantitative analysis of CEUS data, all of which were 
applied in this study. The most common approach relies on 
the assessment of signal intensity in the region of interest 
(a contrasted plaque); other include the ratio of the total DHS 
area to the plaque area and DHS number per 1 cm2 of the 
plaque. We did not find any correlation between plaque ROI 
brightness and vessel density. ROI was not correlated with the 
results of other CEUS-based neovascularization assessment 
methods. Some authors have reported a correlation between 
ROI-based plaque neovascularization assessment and vessel 
density verified by a histopathologic examination [20, 27, 

28]. However, those studies had limitations, such as a small 
sample size, or employed a less accurate semiquantitative 
approach to the assessment of plaque neovascularization 
during a histopathologic examination. Other researchers have 
established a correlation between the intensity of the signal 
during CEUS and the results of a histopathologic examination 
for stable plaques only [8]. The intensity of the US signal is 
affected by a variety of factors, including tissue reflectance, 
the degree of plaque calcification (specifically, the presence 
of small or powdery calcifications that cannot be excluded 
from the analyzed site), predominant location of the plaque on 
the anterior or posterior artery wall; brightness and contrast 
properties of the image that cannot be standardized, etc. 
[2, 25, 26]. All those factors may have contributed to the 
outcome we got. Besides, the authors of all articles cited above 
used a corrected (but not absolute) value of US signal intensity: 
the ratio of plaque ROI to the arterial lumen [8, 17] or to the intact 
adjacent vascular wall [27]; the difference between plaque ROI 
values before and after the injection of a contrast agent [18, 20]; 
complex algorithms that took into account a number of factors 
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[12, 22], etc. [28]. We intentionally used the absolute ROI value 
that can be determined during scanning without additional 
calculations because it was deemed comparable to the visual 
scale in terms of time and convenience and at the same time 
allowed performing dynamic assessment of atherosclerosis 
progression. However, the obtained results suggest that in 
order to use ROI as a quantitative method for assessing AP 
neovascularization, one need to take into account a variety of 
factors and apply correction coefficients. 

The ratio of the total DHS area to the plaque area (method 3) 
did not provide information on the total vessel density in the 
plaque or the density of small 20 µm vessels that amounted 
to 96% of all intraplaque vessels [29]. However, CEUS data 
were correlated with the density of larger vessels (≥ 20 µm and 
≥ 40 µm, respectively) determined during the histopathologic 
analysis in the general group of plaques and the subgroup of 
predominantly hypoechoic plaques. The analysis of plaques 
characterized by different echogenicity demonstrated that 
this assessment method should not be recommended for 
hyperechoic plaques because there was no correlation 
between CEUS and histopathologic data for groups 3 and 4 
(classification by Gray-Weale). This can be explained by over- 
or underestimation of neovascularization degree from CEUS 
data in the plaques that contained calcifications, as described 
above. The authors of the method reported a high correlation 
of CEUS data with the total plaque vessel density assessed 
during a morphological examination [10]. We did not observe 
such correlation in our study, which is probably because we 
used a commercial QLAB package and delineated the area 
of DHS manually whereas А. Hoogi et al. used a specially 
developed automated algorithm based on Matlab software 
(Mathworks). Besides, the accuracy of manual DHS delineation 
can decrease significantly as the signal area (the vessel size) 
becomes lower. However, considering the reports of a high 
correlation been the density of AP blood vessels of different 
diameters [29] and our data supporting the possibility of reliable 
CEUS-based identification of vessels over 30 µm in diameter, 
the applied method can be used for quantitative assessment 
of AP neovascularization in the absence of a pronounced 
hyperechoic component. We recommend using an automated 
algorithm in order to improve the accuracy of measurements. 

DHS number per 1 cm2 of the plaque was well correlated 
with histopathologic findings both in the general group of 
plaques and the subgroup with predominantly hypoechoic 
component. Similar to other quantitative approaches, the 
results of this method for the group of hyperechoic plaques 
were not convincing, suggesting a need for developing a 
complex automated algorithm for accurate assessment of 
neovascularization in type 3 and type 4 plaques. There are 
no reports on the comparison of histopathologic data and 
CEUS findings assessed using this approach. A similar method 
was used to assess neovascularization from CEUS data [12], 
but the authors of that work did not verify CEUS results by 
histology and used an automated MevisLab-based algorithm. 
They compared the results of semiquantitative and quantitative 
analyses of plaque neovascularization based on ROI, the area 
and number of DHS in the plaque and showed a correlation 
between the ratio of total DHS area to plaque area, DHS number 
per 1 cm2 of the plaque and the results of visual assessment; 
the correlation turned out to be even higher when hyperechoic 
AP were excluded from the analysis.

CONCLUSIONS

CEUS is an effective, rapid and reliable technique for assessing 
the degree of neovascularization of carotid AP that do not contain 
hyperechoic components. The analysis can be performed in 
standard QLAB software. The most reliable and convenient method 
for quantitative assessment of AP neovascularization is DHS 
number per 1 cm2 of the plaque on a still frame that contains the 
maximal number of visible signals. Its results were well correlated 
with the histopathologic findings. The ratio of the total DHS area 
to the plaque area can also be an option, but this method is more 
time-consuming and less reliable. We do not recommend using 
absolute ROI brightness of the plaque for assessing intraplaque 
neovascularization. Semiquantitative assessment on a 2–3 grade 
visual scale should be used as a qualitative express method for 
detecting the presence of blood vessels in the plaque. Hyperechoic 
AP components have a significant impact on CEUS results. This 
indicates a need for an algorithm that can automatically detect 
and exclude from the analysis not only large but also small and 
medium-sized calcifications.
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А. Е. Хижникова    , А. С. Клочков, А. М. Котов–Смоленский, Н. А. Супонева, М. А. Пирадов

ДИНАМИКА КИНЕМАТИЧЕСКОГО ПОРТРЕТА ПОСТИНСУЛЬТНОГО ПАРЕЗА РУКИ 
НА ФОНЕ РЕАБИЛИТАЦИИ 

По данным литературы, только 5–20% пациентов после инсульта могут полностью восстановить двигательную функцию руки. Важны корректная 

постановка целей и индивидуальный подход, направленный на восстановление функционального статуса пациента. Целью исследования было на 

основании клинико-биомеханического анализа разработать алгоритм оценки нарушения двигательной функции руки у пациентов после инсульта и 

определить принципы выбора тактики реабилитации. В исследование были включены 25 пациентов с инсультом полушарной локализации и 10 здоровых 

добровольцев. Для оценки двигательной функции руки применяли формализованные клинические шкалы (шкала Фугл–Мейера, Эшворта, тест ARAT) 

и видеоанализ движений. Пациенты были разделены на 2 группы по степени тяжести пареза руки (легкий/умеренный и грубый/выраженный). В обеих 

группах проводили курс реабилитации, включавший механотерапию, массаж, ЛФК. Выявлено, что у пациентов 1-й группы восстановление двигательной 

функции в паретичной руке происходит по пути нормализации паттерна движения: нормализация биомеханических параметров, прямо коррелирующая 

с уменьшением клинической выраженности степени пареза по шкале Фугл–Мейера (r = 0,94; p = 0,01). У пациентов 2-й группы восстановление 

двигательной функции в паретичной руке происходит по пути компенсации двигательного дефицита: сохранение патологической синергии по данным 

биомеханического анализа, обратно коррелирующее с уменьшением клинической выраженности степени пареза (r = –0,9; p = 0,03). В результате 

проведенного исследования сформирован алгоритм выбора тактики ведения пациентов, основанный на исходных клинических показателях.

Ключевые слова: инсульт, парез в руке, нейрореабилитация, адаптация, двигательное переобучение, биомеханика движений, видеоанализ движений, 
патологическая синергия 
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According to a number of authors, in the acute phase of a 
stroke, the hand paresis occurs in 48–77% of patients [1, 2]. At 
the same time, only 5–20% of patients are able to restore the 
motor function of the paretic arm completely by the end of the 
early recovery period [3, 4]. 

Restoration of the upper limb motor function consists of 
six consecutive stages (from flaccid paralysis to the ability to 
perform complex coordinated movements). However, the 
improvement can be completed at any stage, and the patient 
remains partially or completely lost self-care capabilities [5]. In 
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According to the literature data, only 5–20% of post-stroke patients are able to restore the hand motor function completely. Correct goal setting and individual 

approach to the patient's functional recovery are important. Our study aimed to develop an algorithm of impaired hand motor functioning assessment for post-stroke 

patients and to determine the principles of the rehabilitation tactics choosing based on the biomechanical analysis. Twenty five patients with hemispheric stroke and 10 
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this regard, an important condition for effective motor function 
restoration is to determine the tactics of patient rehabilitation to 
achieve the maximum effect, depending on the current stage. 

It is known that in post-stroke patients with severe paresis 
and increased muscle tone the physiological movement 
pattern is impossible. As a consequence, prerequisites 
arise for the development of new motor synergies, which 
are inherently a compensatory mechanism. As a result, the 
body uses the remaining motor functions of the limb, or 
active movements in adjacent joints and functionally related 
kinematic chains to provide motion. The use of movements 
with a lower level of regulation as a part of compensatory 
synergies leads to a decrease in the adaptability to changing 
environmental conditions. Subsequently, compensatory 
synergies become pathological [6], which leads to a decrease 
in the patient’s functional capabilities and a slowdown of 
further rehabilitation.

Nevertheless, it is worth noting that, according to some 
authors, compensation mechanisms are necessary for patients 
with severe paresis and the presence of these is important for 
the successful movement performance in post-stroke patients 
[7]. During the recovery process, the motor synergies manifest 
more comprehensively and become associated with spasticity 
and related reactions. Currently, the generally accepted view 
is that for better functional motor recovery it is necessary to 
conduct training within the existing pathological stereotype 
with the subsequent expansion of the active movement zone 
[8]. Thus, the restructuring of pathological synergy due to an 
increase in the number of “beneficial” motion components 
usually occurs during the training [9].

Correct goal setting and individual approach are important 
in developing a rehabilitation program aimed primarily 
at restoring the functional status of the patient. Video 
analysis of the paretic arm and shoulder girdle movements 
with a complex evaluation of inter-articular relationships 
and kinematic characteristics during rehabilitation can be 
invaluable in retrospective assessment of the recovery 
process. The study aimed to develop the principles of 
choosing the hand motor function restoration tactics in 
patients after a cerebrovascular accident on the basis of 
clinical and biomechanical analysis.

METHODS

The study was conducted on the basis of the Department of 
Neurorehabilitation and Physiotherapy of the Research Center 
of Neurology (2017–2018). Inclusion criteria: male and female 
patients aged 18–80; confirmed cerebrovascular accident of 
ischemic or hemorrhagic type; single lesion site of hemispheric 
localization which arose from 3 months to 2 years ago; post-
stroke hand paresis (grade 2–4 according to MRC Scale for 
Muscle Strength) [10]. Exclusion criteria: hand paresis grade 
according to MRC Scale for Muscle Strength less than 2; 
severe defect of deep sensitivity; neglect syndrome; muscle 
tone increase score exceeding 2 according to the Ashworth 
scale (score 0 corresponds to normal muscle tone); severe 
vision impairment not allowing to distinguish the image on the 
computer monitor; severe cognitive impairment which makes 
it difficult to execute the instructions; severe sensory or motor 
aphasia; left-handedness according to Edinburgh Handedness 
Inventory [11]. Twenty five patients with hemispheric 
cerebrovascular accident participated in the study. Among 
them, there were 17 men and 8 women aged 30–80 (median 
age 55 [45; 61]). The prescription of stroke was 3–23 months 
(median prescription of stroke was 7 months [4; 12]). Nine 

patients (36%) were observed in the early recovery period, 
9 patients (36%) were observed in the late recovery period and 
7 patients (28%) were observed in the residual period. The study 
did not include patients with severe spasticity, gross speech and 
cognitive impairment, limiting the possibility of communication 
and following the instructions of the physical therapist.

To determine the normal kinematic pattern of hand 
movement, 10 healthy volunteers aged 24–42 (4 women and 
6 men, right-handed, without pathologies of the musculoskeletal 
and nervous systems) were selected. For each subject, an 
analysis of movements was performed in both the dominant 
(right) and non-dominant (left) hands.

For clinical assessment of motor deficit, pathological synergies 
severity, reflex activity, surface and deep sensitivity, passive 
movement volume and pain sensation in the affected hands the 
Fugl–Meyer Assessment Scale was used [12]: the section for hand 
function evaluation (the maximum score for this section is normally 
126). The Ashworth Scale was used for spasticity assessment 
in the paretic arm [13]. The wrist motor skills and functional 
movement were assessed using the ARAT test [14]. 

The 3D analysis of movements in patients was performed 
using the Biosoft-Videomotion 3D system (Biosoft; Russia). 
Since hand movements are very diverse and variable, the 
least variable parameter was chosen for the evaluation of 
biomechanical parameters: reaching an object (reaching test). 
Patients were seated at the table on a chair without a back, with 
armrests for both hands. Hands were placed on the armrests 
palms down (wrists were on the table). Within reach of each 
patient, a glass with a 10 g weigh was placed on the table. 
The patient was asked to reach the glass, take it, bring it to his 
mouth simulating the drinking process, then put the glass back 
and return the hand to its original position. If it was not possible 
to grasp the glass (severe hand paresis), the patient was 
asked to attempt to grasp it. To ensure the most automated 
movement, the patients were informed that the main objective 
of the study was to observe a drinking simulation movement. 
Thus, the reaching movement was performed with a minimum 
focus of attention, which made it possible to obtain automated 
action. Only the first part of the movement was measured 
(reaching a remotely located object). 

To study intra-joint and inter-joint synergies in the sagittal 
and frontal planes, the following synergy coefficients (С) were 
introduced: С

1
 — shoulder joint (SJ) flexion to SJ abduction 

ratio; С
2
 — elbow joint extension (EJ) to the SJ flexion ratio; 

С
3 
— EJ extension to SJ abduction ratio.
During rehabilitation, the paretic hand functional skills training 

was performed using the mechanotherapeutic exoskeleton arm 
weight support Armeo Spring system (Hocoma; Switzerland), 
as well as training of bimanual and coordination movements 
controlled by the physical therapist and paretic hand massage. 
Rehabilitation was successful in all patients.

Statistical processing of the results was carried out using 
the Mann–Whitney test (independent samples), Wilcoxon signed 
ranks test (dependent samples), and Spearman's rank correlation 
coefficient on the personal computer using the Statsoft Statistica 
v. 7.0 software (StatSoft; USA). Data were presented as the median 
and 25% and 75% quartiles of the median. The differences were 
considered statistically significant at р < 0.05.

RESULTS

Clinical assessment
 
During the comparative analysis of data according to the Fugl–
Meyer Assessment Scale, a statistically significant increase in 
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Table 1. Median indicators (Ме [25%; 75%]) of the hand motor impairment according to the Fugl–Meyer Assessment Scale subsections

Scale section
Group (n = 25)

Before treatment After treatment

Total score 103 [91; 109]
109 [99; 120]

p = 0.000025

Shoulder and forearm movements 29 [24; 34]
32 [24; 38]

p = 0.000821

Wrist and hand movements 18 [13; 21]
20 [9; 23.5]

p = 0.000168

Synergies 9 [6; 10]
9.5 [5; 11]

p = 0.000049

Passive movement amount 21 [20; 22]
23 [22; 24]

p = 0.000327

Shoulder and forearm movements, score (n = 25) 

Mild/moderate (n = 13) Severe/pronounced (n = 12)

Before treatment 34 [32; 37] 24 [21.5; 27]

After treatment 38 [34; 41] 30.5 [25.5; 33.5]

p-level p = 0.041 p = 0.0068

Wrist and hand movements, score (n = 25)

Mild/moderate (n = 13) Severe/pronounced (n = 12)

Before treatment 21 [19; 21] 12 [8; 14.5]

After treatment 23 [22; 24] 14 [10; 19.5]

p-level p = 0.0044 p = 0.012

Table 2. Median indicators (Ме [25%; 75%]) of the hand motor impairment according to the Fugl–Meyer Assessment Scale in patients before and after the rehabilitation

active movements in the shoulder, forearm, wrist and hand 
was observed in all patients after rehabilitation. A significant 
increase in the volume of passive movements in the elbow 
and wrist joints was also noted. It is important, that according 
to the Fugl–Meyer Assessment Scale, the pathological 
flexion synergy severity was significantly reduced (the higher 
the Fugl–Meyer Assessment score, the lower the degree of 
severity) (Table 1).

Statistical analysis of the Ashworth Scale score revealed 
that after rehabilitation the degree of spasticity in the elbow 
flexor muscles (p = 0.00008), wrist flexor muscles (p = 0.00098) 
and superficial flexor muscles of fingers (p = 0.0022) was 
significantly reduced. A decrease in spasticity in the studied 
muscle groups was observed in patients with a slight and 
mild muscle tone increase (1; 1+) and in patients with a more 
pronounced muscle tone increase (2). 

Clinical data analysis using the Fugl–Meyer Assessment 
Scale revealed a close relationship between the severity of 
pathological flexion synergy in the hand and the overall motor 
deficiency degree (r = 0.81; p = 0.000000). According to the 
Fugl–Meyer Assessment score patients with severe paresis 
whose motor deficit was less than 50% of maximum active 
movement score (less than 33), patients with pronounced 
paresis — 50–70% (34–46), patients with moderate paresis —
71–89% (47–56) and patients with mild paresis — 90–99% 
(57–65) were identified. For further analysis, patients 
were divided into 2 groups: group 1 — patients with mild/
moderate paresis, group 2 — patients with pronounced/
severe paresis.

A comparative analysis using some subsections of the 
Fugl-Meyer Assessment Scale showed that a significant 
improvement in the hand motor function occurred both in 
the proximal and distal parts of the hand in both subgroups 
(Table 2). 

Video analysis of the paretic hand movements 
while performing a reach test

Analysis of the reach test time characteristics demonstrated 
that patients of both groups needed significantly more time to 
complete the target movement than a healthy person. In case of 
severe/pronounced paresis reaching a remotely located object 
needed significantly more time compared to normal (р = 0.001). 
The time difference between the group of healthy volunteers 
and the group of patients with mild/moderate paresis was less 
significant, it was only 0.55 s (Fig. 1).

Analysis of the reach test time characteristics after 
rehabilitation demonstrated that in the 1st group of patients 
(mild/moderate hand paresis) there was a statistically significant 
decrease in the time needed to reach the object (p = 0.04). 
In the 2nd group of patients (severe paresis) the time needed 
to complete the test, on the contrary, significantly increased 
(p = 0.043). It exceeded the corresponding normal indicator by 
more than 2 times.

Biomechanical research results analysis revealed that in 
patients with mild/moderate paresis the maximum angular 
amplitude of the shoulder joint flexion significantly reduced and 
the maximum angular amplitude of the shoulder joint abduction 
significantly increased while performing the reach test (Fig. 2A).

In addition to decreasing the maximum angle of movement 
of some joints in patients with mild/moderate paresis, the time 
needed to establish the maximum angular amplitude for all 
movements was increased compared to normal (Fig. 3A, C). 

Kinematic pattern in the group of patients with severe/
pronounced paresis was different: when performing the 
movement, the maximum abduction angle of the shoulder 
joint was greater than normal (Fig. 2B). At the same time, the 
maximum extension angle of the elbow joint was significantly 
below normal (Fig. 3B, C).
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Fig. 1. Time (s) needed to complete the reach movement n patients with varying degrees of hand paresis 
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Fig. 2. The paretic hand inter-articular interactions in patients with mild/moderate (A) and severe/pronounced (B) paresis
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In addition to some joints maximum angle reducing in 
patients with severe/pronounced paresis, the time needed to 
establish the maximum angular amplitude for all movements 
significantly increased compared to normal. In patients of this 
group, attention should be drawn to the change of time needed 
to reach the peak amplitude of the joint while moving. If in 
the group of patients with mild/moderate paresis the order of 
reaching maximum amplitudes of the joints remained the same, 
then in the group of patients with severe/pronounced paresis it 
was different. Thus, the abduction of the shoulder joint, which 
was the first of all joints to reach its peak both in healthy people 
and in patients with mild/moderate paresis, in patients with 
severe/pronounced paresis appeared only in the middle of the 
movement, after the extension of the wrist joint.   

When comparing the maximum angular amplitudes of 
joints in the 1st group of patients before and after rehabilitation, 
no statistically significant differences were observed. At the 
same time, analysis of changes in the range of joint motion 
after training revealed significant changes in biomechanical 
parameters of the shoulder joint: the flexion amount increased 
(p = 0.04) and the abduction amount decreased (p = 0.01). 

Analysis of the movement velocity parameters changes 
demonstrated a significant increase in the angular velocity of 
the shoulder joint flexion (p = 0.01), the elbow joint extension 
(p = 0.02), as well as a decrease in the angular velocity of the 
shoulder joint abduction (p = 0.02). When studying synergy 
coefficients reflecting inter-joint interactions in the 1st group of 
patients, significant differences after rehabilitation were revealed 
only by the C

2
 coefficient (p = 0.04) reflecting the interaction 

between the shoulder joint flexion and the elbow joint extension 
during the reach test execution. 

When comparing the maximum angular amplitudes of the 
joints in the 2nd group of patients (severe/pronounced paresis) 
before and after rehabilitation, a significant decrease in the 

maximum extension angle of the elbow joint was revealed 
(p = 0.01). No significant changes in other joints were noted. 

When analyzing the range of motion of the joints in the 
second group of patients, changes were observed that were 
opposite to those obtained in patients of the first group. During 
rehabilitation the shoulder joint flexion significantly reduced 
(p = 0.02), a significant increase of the shoulder joint abduction 
was also observed (p = 0.04). No significant differences were 
found in the elbow joint before and after rehabilitation. It is 
also worth noting that, despite a decrease in the shoulder joint 
flexion, statistically significant differences in this indicator from 
normal values were not found. 

Significant differences in the amount of movements from 
the normal motor stereotype persisted in other indicators: 
shoulder joint abduction amount (p = 0.04), elbow joint 
extension amount (p = 0.007), wrist joint extension amount 
(p = 0.02). In addition, the opposite changes in the movement 
velocity characteristics in the 2nd group patients were revealed 
compared to changes in patients of the first group. Thus, after 
rehabilitation, a significant increase in the angular velocity of 
the shoulder joint abduction was noted (p = 0.02), at the same 
time, a significant decrease in the angular velocity (p = 0.02) 
occurred in the elbow joint while reducing the extension 
and maximum angular amplitude. When studying synergy 
coefficients reflecting inter-articular interactions in patients of 
the second group, the significant differences after rehabilitation 
were observed only by the C

2
 coefficient, which significantly 

decreased (p = 0.04) after training.

Analysis of the shoulder girdle movement biomechanics 
while performing the reach test 

Despite the fact that the study results demonstrated that there 
was no effect of training on the severity of pathological synergy 
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Fig. 3. The maximum angular amplitude of different joints while performing the reach test in healthy people (А) and in patients with mild/moderate paresis (B) compared 
to normal (C)
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in patients with severe/pronounced hand paresis, the clinical 
assessment showed an improvement of functional capabilities 
in the paretic hand, which was expressed as a significant 
improvement of fine motor skills confirmed by the ARAT test. 
In some studies, a decrease in the displacement of the body 
and shoulder girdle was observed during the video analysis 
of movements in patients with moderate paresis having the 
improved functionality according to clinical scales [15, 16]. To 
confirm the hypothesis of the shoulder girdle compensatory 
movement in patients with severe/pronounced hand paresis the 
additional movement analysis was carried while performing the 
reach test. For this purpose, the displacement of two markers 
located on the acromion of the healthy and paretic shoulders in 
the frontal plane was evaluated.

The results demonstrated a shoulder girdle displacement 
towards the object in patients with severe/pronounced paresis 
when performing the reach test before training (23 [19.8; 57.4] — 
healthy shoulder; 169 [88.0; 178.0] — paretic shoulder) as well 
as after training (66 [49.0; 81.0] — healthy shoulder; 215 [162.0; 
229.0] — paretic shoulder) with significantly greater prevalence 
of paretic shoulder displacement. In addition, the analysis 
revealed a significant (p = 0.04) increase in the shoulder girdle 
forward displacement when performing a reach movement 
during rehabilitation.

DISCUSSION

After rehabilitation, the data was obtained that both groups of 
patients not only differ significantly in their kinematic pattern, 
but also have different ways of motor function recovery. 

Thus, in patients with mild/moderate paresis, the motor 
function restoration in the paretic hand was due to movement 
performance recovery which was evidenced by an increase in 
the C

2
 coefficient, reflecting the inter-articular interaction in the 

shoulder and elbow joints. The latter directly correlated with a 
decrease in the paresis degree according to the Fugl–Meyer 
Assessment Scale (r = 0.94; p = 0.01). In patients with severe/
pronounced hand paresis the motor function recovery in the 
paretic hand was due to motor deficit compensation which was 
evidenced by decrease in the C

2
 coefficient. The latter inversely 

correlated with a decrease in the paresis degree according 
to the Fugl–Meyer Assessment Scale (r = –0.9; p = 0.03), 
i.e. in said patients the functional hand movement improved 
while maintaining a pathological pattern of movement. Further 
analysis showed that in patients with severe/pronounced 
paresis the shoulder girdle forward shift significantly increased 
after rehabilitation while performing the reaching test. During the 
correlation analysis, a negative relationship between the marker 
displacement in the paretic shoulder and the C

2
 value was 

found (r = –0.9; p = 0.03). Relationship between the trunk and 
paretic limb movements is also noted in a number of studies 
[17]. These data indicate the presence of a compensatory 
mechanism in patients with severe/pronounced paresis and 
explain the decrease in this coefficient after rehabilitation 
since the larger is the body displacement, the less are 
the range of motion and maximum angles of the joints. It 
can be assumed that in patients with severe/pronounced 
paresis the motor skills recovery is due to compensation, 
therefore, it is impossible to return to the normal pattern of 
movements for patients with fully developed pathological 
hand synergy. According to our data, the training carried out 
by a rehabilitation specialist should not always be aimed at 
overcoming pathological synergies, since it is advisable to 
use compensatory mechanisms as efficiently as possible to 
adapt and train patients with severe/pronounced paresis. 
This conclusion was also confirmed by clinical examination 
data analysis, since after rehabilitation a significant 
improvement in the functionality of the paretic arm was noted 
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Fig. 4. Algorithm for choosing tactics of rehabilitation in patients with post-stroke hand paresis 
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in both groups of patients, in particular, their fine motor skills 
improved. We assume, and this is comparable with the data 
of many studies [18–21], that this effect may be associated 
with the restriction absence of axis in the paretic limb during 
training, as the patients are trained to act within their stereotype 
and overcome it arbitrarily if necessary.

Based on the obtained clinical biomechanical data for 
the groups of patients with different spasticity degree and 
hand paresis severity, the algorithm of rehabilitation tactics 
choosing was determined for patients with post-stroke hand 
paresis (Fig. 4). In this case, an assessment before the start 
of the rehabilitation and the rehabilitation strategy development 
should be carried out according to the subsection of the 
Fugl–Meyer Assessment Scale for the upper limb. It is 
worth noting that an assessment according to the Ashworth 
Scale is also necessary and should be carried out in three 
muscle groups: elbow and wrist joints flexors and flexors of 
the fingers. The spasticity degree which affects the patient 
management tactics choice in two or more muscle groups 
is 1+.

CONCLUSIONS

The detailed clinical biomechanical study of the kinematic pattern 
change dynamics for one of the most functionally significant human 
movements (reach test) during rehabilitation demonstrated that the 
baseline lesion severity and spasticity degree are crucial for the most 
effective and successful restoration of the paretic hand function. 
These are responsible for the formation of pathological motor 
synergies in patients with post-stroke hand paresis and for activation 
of various mechanisms of the motor stereotype transformation 
during the recovery process. The data obtained made it possible 
to determine an algorithm for choosing the rehabilitation tactics 
based primarily on clinical indicators: in patients with mild/moderate 
paresis it is useful to conduct training within the physiological 
movement pattern aimed at correcting the pathological stereotype 
together with the suppression of compensatory mechanisms; on 
the contrary, patients with severe/pronounced hand paresis need 
training with the promotion of compensation mechanisms and an 
increase in the functionality of the paretic hand within the previously 
formed pathological stereotype.
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Gorelik VV1      , Filippova SN2, Belyaev VS3, Karlova EV4

EFFICIENCY OF IMAGE VISUALIZATION SIMULATOR TECHNOLOGY FOR PHYSICAL REHABILITATION 
OF CHILDREN WITH CEREBRAL PALSY THROUGH PLAY

The number of children born with cerebral palsy (CP) remains stably high. Novel approaches for rehabilitation of such patients are being sought. This study 

aimed to define the efficiency of the image visualization technologies in play activity for the physical rehabilitation of children with cerebral palsy. Sixteen boys with 

spastic diplegia aged 7–9 participated in the study. They were divided into treatment group (TG) and control group (CG), 8 children each. The TG patients were 

trained using the virtual reality based Krisaf training simulator twice a week for 40 minutes during 8 months. The child was suspended in the horizontal position 

and looked at the monitor through the specialised eyeglasses. Under the conditions of the marine environment immersion simulation with reduced gravity 

children performed motor tasks through play: searched for treasures, competed with dolphins etc. The CG patients attended the physical therapy lessons. 

Rehabilitation lessons using the virtual reality based Krisaf training simulator for children affected with spastic cerebral palsy led to a significant improvement 

of motor skills. Various motion tests showed an improvement over baseline, the average indicators increased 1.30–1.48 times. The difference between TG 

and CG results was statistically significant. In the CG referred to physical therapy the indicators increase was less than 10%, in the TG the increase reached 

30–40%. It was concluded that the use of virtual reality based technologies promotes the optimization of neurophysiological processes in the motor analyzer 

cortical areas and better adaptation to motor loads.
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В. В. Горелик1     , С. Н. Филиппова2, В. С. Беляев3, Е. В. Карлова4

ЭФФЕКТИВНОСТЬ ТРЕНАЖЕРНОЙ ТЕХНОЛОГИИ ВИЗУАЛИЗАЦИИ ОБРАЗОВ 
В ИГРОВОЙ ДЕЯТЕЛЬНОСТИ ДЛЯ ДВИГАТЕЛЬНОЙ РЕАБИЛИТАЦИИ ДЕТЕЙ 
С ДЕТСКИМ ЦЕРЕБРАЛЬНЫМ ПАРАЛИЧОМ 

Число детей, рождающихся с диагнозом «детский церебральный паралич» (ДЦП), остается стабильно высоким. Ведется поиск новых подходов к 

реабилитации таких пациентов. Целью исследования было определить эффективность использования технологии игровой деятельности на основе 

визуализации образов в процессе физической реабилитации детей с ДЦП. В исследовании участвовали 16  мальчиков  со спастической диплегией 

в возрасте 7–9 лет, разделенные на две группы: экспериментальную  (ЭГ) и контрольную (КГ) — по 8 детей в каждой. В ЭГ занятия проводили 

на тренажере виртуальной реальности «Крисаф» 2 раза в неделю по 40 мин в течение 8 месяцев. Ребенок при этом находится в подвешенном 

горизонтальном положении и, используя специальные очки, смотрит на экран. В условиях имитации состояния погружения в морскую среду, при 

понижении гравитационных воздействий дети выполняют двигательные  задания в игровой форме: ищут сокровища, соревнуются с дельфинами и т. д. 

Дети КГ посещали занятия ЛФК. Реабилитационные занятия детей со спастической формой ДЦП на тренажере «Крисаф» с элементами технологии 

виртуальной реальности приводили к значительному возрастанию двигательных возможностей. В ЭГ наблюдали рост показателей при проведении 

разных двигательных тестов, средние тестовые значения улучшились в 1,30–1,48 раза по сравнению с исходными данными. Улучшение результатов 

в ЭГ статистически достоверно отличалось от результатов КГ. У детей КГ результаты в среднем улучшились менее чем на 10% под влиянием ЛФК, в 

ЭГ — на  30–40%. Сделан вывод, что применение технологий виртуальной реальности способствует оптимизации нейрофизиологических процессов в 

корковых зонах двигательного анализатора, повышению адаптации к двигательным нагрузкам.

Ключевые слова: ДЦП, игровая деятельность, технологии виртуальной реальности, двигательные упражнения, адаптация
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According to statistics, the overall incidence of newborns is 
increasing in Russia, against the background of an unstable 
birth rate in the regions. In 2018, in Russia, cerebral palsy (CP) 
was diagnosed in ~8 of 1000 newborns. The incidence growth 
trends were previously recorded by the WHO specialists [1, 2].

Cerebral palsy is a polyetiologic disease, it belongs to 
the group of neurological diseases and is characterized by 
a variety of pathogenetic forms. The disease appears as 
neurological symptoms resulting from lesions of the cortical 
areas as well as of the the brain cerebellar area. Early onset 
and ineffective diagnosis lead to the predominance of severe 
forms of musculoskeletal system structural and functional 
impairment (upright posture maintenance, balance and muscle 
tone) [3–6]. Muscle tone (MT) and its regulation are considered 
the main factors of voluntary motor activity in humans. Various 
muscle disorders are observed in patients with cerebral palsy: 
spasticity, muscle hypertonia, rigidity, hypotonia, dystonia, 
atonia [7–9].

Manifesting as a MT increase the spastic cerebral palsy 
prevails among the different disease forms. Due to impairment 
of the pyramidal pathways the muscles of the patients are 
excessively tense. Together with an increase in MT, limb 
deformities and flexion contractures (a decrease in the volume 
of passive movements in the joints) can be observed. Spasticity 
is characteristic for spastic diplegia and hemiplegic cerebral 
palsy [10–14]. Despite the morbidity of the cerebral palsy as 
a severe disease that violates the psychophysical and social 
adaptation of patients, there is a shortage of methods based 
on the age-related psychophysical features of an affected 
patient for the rehabilitation of primary school age children 
[15–18]. Novel comprehensive and integrative approaches 
to the rehabilitation of patients are being sought, including 
treatment of comorbidity (epilepsy, somatic diseases), 
pharmaceutical and surgical treatment of spasticity and organic 
muscle damage. Development of methods for influencing the 
adaptive mechanisms and body reserves of infants and children, 
activating the psychophysiological regulatory mechanisms of 
the motor analyzer, optimizing emotional processes taking into 
account the age-related needs in game activity and motivating 
motor activity seem promising to us.  

To achieve the correction and developmental results, 
physical rehabilitation of children with cerebral palsy should be 
based on the effective instruments choice which could influence 
the affected child [19–21]. It is extremely important to take into 
account the age-related psychophysical features of the patients 
in order to create optimal conditions for the formation of motor 
skills in children with disabilities and to increase the efficiency of 
their rehabilitation [22, 23].

During ontogenesis in children with cerebral palsy the 
individual, fundamentally different from normal, hierarchical 
regulatory systems of the motor analyzer are formed, which 
ensure the performance of involuntary and voluntary movements 
[10–17]. 

It is well known that motor activity is one of the main 
physiological components of the formation and development of 
the child’s organism. A decrease in motor activity leads to the 
functional status of the musculoskeletal system impairment, 
causing changes in the functional status of the vascular and 
respiratory systems, metabolic disturbances, and decreased 
performance [8, 18].

Every movement depends on the spatial sense. Brain 
processes information coming through the sensory system 
and uses it for the locomotor movement formation. Children 
with cerebral palsy demonstrate the abnormal sensory system 
development pattern, which causes the inadequate responce 

to the incoming information and leads to the locomotor 
movement development delay [16].

The cerebral palsy associated motor development 
impairment is a result of the motor analyzer cortical areas 
regulatory effects disorder. Motor analyzer is the main control 
center of the entire human body muscle system (MS). In 
speech activity, the motor component is responsible for the 
speech and motor acts, therefore patients with cerebral palsy 
often demonstrate the impaired speech [19].  

For patients with musculoskeletal disorders and neurological 
diseases the formation of altered motor stereotypes and 
pathologically incorrect movements is typical. These are 
formed due to the desire of patients to reduce pain or 
compensate the incorrect work of hypotonic muscles [20]. The 
altered motor stereotypes lead to the gravity center shift and to 
improper gait, which enhance the disease severity. Therefore, 
the main task is to correct the pathological motor stereotypes 
during rehabilitation. The Krisaf training simulator registers the 
body pressure force over the entire area (in prone position) 
and allows one to detect these problems at an early stage 
and successfully eliminate them. To identify its rehabilitation 
capability, a pedagogical experiment (PE) was carried out using 
the Krisaf training simulator at the forming stage.    

This study aimed to define the rehabilitation capability of 
the play methods using the image visualization based Krisaf 
training simulator during the complex physical rehabilitation 
of the 7–9 years old children suffering from spastic cerebral 
palsy.   

The goals were: 1) to assess the baseline indicators of 
motor functions in children with spastic cerebral palsy aged 
7–9; 2) to determine the effectiveness of the virtual reality based 
Krisaf training simulator for the motor functions development 
in children with spastic cerebral palsy aged 7–9; 3) to evaluate 
the virtual reality technology rehabilitating capabilities during 
the play activity and their possible impact on the various types 
of motor skills in children with cerebral palsy.

       
METHODS

Study management and methods for diagnosing the 
functional status of muscle system in 7–9 years old 
children with cerebral palsy 

The study lasted 8 months (September 2018 through April 
2019). It was conducted at FGBUZ MRTs Sergievsky Mineral 
Waters of FMBA, Russia. Sixteen boys with cerebral palsy 
aged 7–9 participated in the study. Inclusion criteria: children 
with cerebral palsy (spastic diplegia); children of the same 
gender; children of a similar age with the same height-weight 
relationship. The participants were divided into two groups (8 
children each): treatment group (TG) and control group (CG). 
In the TG training was performed using the Krisaf virtual reality 
based training simulator 2 times a week for 40 minutes during 8 
months, the children also practiced physical therapy excercises 
twice a week. Children of the CG only performed the physical 
therapy excercises 2 times a week. 

Exclusion criteria: acute infectious diseases and other 
medical contraindications to physical therapy. Physical features 
of the TG and CG children were similar.

Pedagogical experiment (PE) 

The pedagogical experiment lasted September 2018 through 
April 2019. It included benchmarking, formation and control 
stages.
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Table 1. Musculoskeletal system functional status assessment results for children with cerebral palsy aged 7–9 obtained at the benchmarking stage of the PE

Table 2. Musculoskeletal system functional status re-assessment results for children with cerebral palsy aged 7–9 obtained at the control stage of the PE

Note: М — average; m — standard error of the mean; p — significance of differences between the TG and CG results; no statistically significant differences between 
the groups (p > 0.05).

Note: М — average; m — standard error of the mean; TG — treatment group; CG — control group; * — significant differences between the TG and CG results, p < 0.05.

№ Tests TG M ± m CG M ± m Student's t-test

1 Head lifting from the back position (s) 19.7 ± 2.7 20.6 ± 2.6 0.7

2 Head lifting from the stomach position (s) 17.4 ± 2.1 16.9 ± 2.04 0.34

3 Trunk lifting from the back position (number of repeats)   7.6 ± 1.4   7.3 ± 1.8 0.13

4 Wrist flexion and extension (s) 18.7 ± 2.8 19.9 ± 2.65 0.4

5 Finger flexion (s) 20.2 ± 3.1 19.6 ± 2.9 0.32

6 Leg raises (s) 15.5 ± 2.4 15.5 ± 2.4 0.12

№ Tests 
TG  

M ± m
CG  

M ± m
Student's t-test

1 Head lifting from the back position (s) 28.7 ± 3.8* 21.4 ± 3.6 2.4

2 Head lifting from the stomach position (s) 25.9 ± 2.76* 18.9 ± 2.5 2.54

3 Trunk lifting from the back position (number of repeats) 14.6 ± 2.1* 8.4 ± 1.5 3.13

4 Wrist flexion and extension (s) 12.4 ± 1.32* 17.7 ± 1.7 3.1

5 Finger flexion (s) 14.4 ± 2.9* 18.6 ± 3.1 2.5

6 Leg raises (s) 22.9 ± 2.36* 16.7 ± 2.4 3.03

1. Benchmarking stage: registration of the muscular system 
functional status baseline indicators in children with cerebral 
palsy aged 7–9.

2. Formation stage: the TG children were trained using the 
Krisaf virtual reality based training simulator, they also practiced 
physical therapy excercises twice a week. The CG children 
were trained by the instructor according to the standard 
exercise therapy program for the rehabilitation of children with 
cerebral palsy. 

3. Control stage: registration of the resulting indicators 
using the methods applied in the beginning of the pedagogical 
experiment.

Motion tests

Assessment of motor skills in children with cerebral palsy was 
performed using the number of motion tests allowing us to 
evaluate the functional status of the children's musculoskeletal 
system.

1. Assessment of the back muscles static 
endurance capability

Head lifting from the back position.
Starting position: lying flat on the back. The trainer takes the 

child by the wrists and lifts him. The child should raise his head 
and hold it in this position. Results are measured in seconds.

Head lifting from the stomach position.
Starting position: lying on the stomach, the arms bent at the 

elbow joints remain at the shoulder level. The child straightens 
his arms and lifts his head. Results are measured in seconds.

2. Assessment of the abdominal muscles 
endurance capability 

Trunk lifting from the back position.
Starting position: lying flat on the back; the trainer holds the 

child’s legs bent at the knee joints. The child raises the body 
from the starting position on his own touching the knees by his 
chest. The result is registered as the number of repeats. 

3. Assessment of the hand muscles endurance capability

Wrist flexion and extension.
Starting position: sitting on the chair. The child's wrists 

are hanging from the armrests. The patient should bend and 
strengthten the left and right wrists alternately 10 times in a 
row. Results are measured in seconds. Normally, the result 
should be within 12–15 s.

Finger flexion.
Starting position: sitting on the chair. The child should 

alternately touch the thumb with each of the other fingers tips 
making his fingers to form a ring. Results are measured in 
seconds.

4. Assessment of the leg muscles endurance capability

Leg raise.
Starting position: lying flat on the back. The child raises his 

legs alternately and bends them at the knee joints. Results are 
measured in seconds.

Statistical analysis

The following mathematical statistics methods were applied 
when processing the data obtained: Kolmogorov–Smirnov 
test (nonparametric test of the equality of continuous, 
onedimensional probability distributions) and parametric 
Student's t-test. The differences were considered statistically 
significant at p < 0.05. 

Kolmogorov–Smirnov test revealed that the studied 
variables fall within the limits of normality, which allowed applying 
the Student's t-test for interrelated and independent samples. 

The SPSS 17.0 software for Windows was used to process 
the experimental data.

Forming method based on using the Krisaf training 
simulator for children with cerebral palsy aged 7–9 

During the PE the Krisaf training simulator (Krisaf; Russia) was 
used to provide the forming effect. Simulator helps to imitate 
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Fig. 1. Comparative data of the “Head lifting from the back position” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control 
stage of the PE 

Fig. 2. Comparative data of the “Head lifting from the stomach position” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control 
stage of the PE  

Fig. 3. Results of the “Trunk lifting from the back position” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control stage of the PE 
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the movements of the affected child in the aquatic environment 
[4, 21].                     

The Krisaf training simulator dispays images on the monitor. 
Audio signals transmitted through headphones help the patient 
to adjust his motor activity. Thus, the correct execution of 
excercises can be achieved and the new, close to normal, 
motor stereotypes can be formed.

Physical rehabilitation of children with cerebral palsy is a 
labour-intensive and complex process that requires significant 
efforts of medical personnel and physical therapy trainers. 
Virtual reality modeling takes place simulating immersion of the 

child in the gaming aquatic environment. The game situation 
encourages the child to move more actively. This helps to 
simulate movements in the aquatic environment, balancing 
the child’s weight by a special pneumatic system, which helps 
to establish the conditions of reduced gravity. The child with 
weakened muscle strength and lack of sufficient coordination 
due to cerebral palsy can perform the movements more 
accurately. The patient’s training using the simulator is based 
on the execution of wave-like movements that look like the 
dolphin’s movements [22, 23]. Play elements are important, 
because play activity is essential for little patients. In children 
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Fig. 4. Results of the “Wrist flexion and extension” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control stage of the PE

Fig. 5. Results of the “Finger flexion” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control stage of the PE

Fig. 6. Results of the “Legs lifting” motion test for children with cerebral palsy aged 7–9 from CG and TG obtained at the control stage of the PE
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with cerebral palsy the Krisaf training simulator: а) improves 
the information perception and the quality of the arbitrary 
movements performance through image visualization; b) 
activates the right hemisphere by the virtual reality elements 
and facilitates the movements execution due to the gravity 
decrease.                    

RESULTS

At the benchmarking stage of the study preliminary testing was 
performed to define the baseline of the motor skills development 
in children with cerebral palsy (Table 1). 

According to the results of initial testing, we can conclude 
that there are no significant differences in the indicators of 
motor characteristics in children with cerebral palsy of both 
groups.

After a course of lessons using the virtual reality based 
Khrisaf training simulator, a control test was conducted in both 
groups to identify the effectiveness of the method for physical 
rehabilitation of children with cerebral palsy (Table 2).

Re-examination using the motion tests at the PE control 
stage revealed a pronounced positive dynamics in the TG 
and slight changes in the indicators in the CG. Significant 
differences in the results were found between the control and 
treatment groups. Figs. 1 and 2 show the “Head lifting from 
the back position” and “Head lifting from the stomach position” 
tests results obtained for the CG and TG before and after the 
experiment.

Head holding time in children in the TG increased by 
9 s (back position) and 8.5 s (stomach position), which 
corresponds to the 32% increase of strength and endurance 
of the limb girdle muscles in children with cerebral palsy. 
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This is important for the normalization of the upper limbs 
function, in addition, an increase in the activity of these 
muscle groups helps to improve the brain blood supply. In 
the CG, the increase in the muscle strength was 3.8% (back 
position) and 7% (stomach position), the increase over values 
was not statistically significant. Thus, it can be said that the 
use of virtual reality base simulator technologies is effective 
for rehabilitation of 7–9 years old children with spastic 
cerebral palsy. The effectiveness of lessons is associated 
with the activation of the right hemisphere neurophysiological 
mechanisms and with the increase of the body's adaptive 
capabilities [14, 17].

Fig. 3 shows the “Trunk lifting from the back position” 
motion test results.

The “Trunk lifting from the back position” test results 
demonstrate that after the simulator lessons the back and 
abdomenal muscle strength significantly increased in the TG 
children (1.9 times compared to the baseline, i.e. from 7.6 
to 14.6 repeats). In the CG the muscle strength remained 
almost the same. These data serve as an indirect proof of 
the improvement of motor skills and adaptive mechanisms in 
children aged 7–9 with spastic cerebral palsy, testify to the 
good rehabilitation effect of the Krisaf virtual reality based 
training simulator.

Figs. 4 and 5 show the “Wrist flexion and extension” and 
“Finger flexion” motion tests results.

The speed qualities of the limb girdle muscles, the flexor-
extensors of the upper limbs, as well as the finger muscles of 
fine motor skills increased in the TG after a series of lessons 
using the Khrisaf training simulator.  For the limb girdle muscles 
the test execution time was reduced by 6.3 s (35%), and 
in the CG it was reduced by 2.2 s (11%). In the TG the fine 
motor skills also improved: test execution time was reduced 
by 5.8 s (29%). In the CG it was reduced by 0.3 s (1.5%). This 
suggests that image visualisation during the training lessons 
helped to establish a friendly environment for children aged 
7–9 with delayed verbal function development due to impaired 
speech and motor functions as compared with the verbal 
commands and instructions of the physical therapy trainers. 
Improvement of the fine motor skills in children with cerebral 
palsy after rehabilitation using the visualization elements was 
associated with the motor analyzer cortical areas activation. 
The speed of the small differentiated movements of the fingers 
also increased.

Fig. 6 shows the “Legs lifting” motion test results for children 
aged 7–9 with cerebral palsy. 

When determining the speed-strength characteristics of 
the lower limbs muscles, it was clear that the average result 
improved. In the TG it increased by 7.4 s (33%), and in the 
CG by 1.2 s (6%). These data indicated the effectiveness of 
rehabilitation in children with spastic cerebral palsy using 
the image visualization technology based Krisaf training 
simulator. An increase in the motor and strength capabilities 
of the lower extremities in such patients indicated a trend 
towards the motor analyzer cortical areas neurophysiological 
processes improvement together with adaptation to 
motor loads due to the increase in the balance of the right 
hemisphere functions while using the image visualization 
method.  

Thus, when comparing the TG and CG indicators at the 
control stage of PE, the significant improvements in the TG 
indicators were found, which exceeded the results of the 
CG. These differences arose due to the fact that virtual reality 
technologies were introduced in the TG, while in the CG the 
standard exercise therapy program was used.  

DISCUSSION

Our study has shown that the virtual reality technologies 
influence on both the control and executive centers of the 
motor analyzer is not well understood. It can be assumed 
that immersion of children in the reduced gravity conditions 
and in the aquatic environment virtual reality promotes 
involuntary relaxation of all muscles, as it happens in case of 
real water immersion. With the help of the simulator complex 
neurophysiological and sensory effects, muscles start working 
and somatic and sensory integration improves. This increases 
the efficiency of lessons and makes the rehabilitation of children 
with cerebral palsy more effective. 

Stimulation of the right hemisphere by visual information 
facilitates execution of physical exercises. For children with 
cerebral palsy aged 7–9 the visual information is easier to 
understand than the trainer’s verbal instructions [19]. In addition, 
the right hemisphere associated adaptive mechanisms of the 
body can be activated [17]. Positive emotions from training 
through play promote relaxation of constricted muscles [3]. 
Thus, the virtual reality based Khrisaf training simulator affecting 
a number of neurophysiological and sensory mechanisms has 
an integrative rehabilitative effect on the psychophysical state of 
7–9 years old children with spastic cerebral palsy. This indicates 
that image visualization helps to establish friendly environment 
for the children with cerebral palsy as compared with the 
exercise therapy trainer’s verbal instructions. Since children 
with cerebral palsy aged 7–9 often demonstrate the speech 
development delay and it is difficult for them to understand 
the meaning of verbal constructions, communication between 
patient and trainer may be impaired. Image visualization helps 
to restore mutual understanding and interaction. 

Currently the simulator-based methods attract close 
attention of researchers even in the field of rehabilitation of 
children with various forms of cerebral palsy. Novel types of 
simulators are being developed taking into account the latest 
advances in the understanding of the pathogenesis of diseases, 
including cerebral palsy. At the same time, application and 
research using simulator methods provide valuable data for 
understanding the mechanisms of correction and rehabilitation 
of the affected person. 

Image visualization and virtual reality based training simulator 
meets the need of a 7–9 years old child in playing. The simulator 
has an impact both on the regulatory neuropathological, 
psychopathological, and executive links of the motor analyzer 
as well as the psychological processes and the quality of life of 
rehabilitated children.

Improvement in the functional status of the children’s 
musculoskeletal system obtained in this study with the use 
of virtual reality based technology opens up the prospect of 
the further research of regulatory mechanisms and recovery 
processes in children with cerebral palsy.  

CONCLUSIONS

1. Rehabilitation using the virtual reality based Krisaf training 
simulator led to significant (1.3–1.5 times) improvement of the 
motor capabilities in children with spastic cerebral palsy aged 
7–9. 2. Significant increase in the strength and endurance 
of the limb girdle and lower limbs muscles indicated the 
effectiveness of rehabilitation using the image visualization 
technology based Krisaf training simulator. The endurance 
of the back and abdomen muscles in the TG increased 1.9 
times, the adaptation to motor loads improved. In the CG 
minor changes took place. 3. After training using the image 
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visualization based training simulator the speed of movements 
in the upper limbs increased, the fine motor skills of the hands 
improved. Improvement of the fine motor skills in children with 
cerebral palsy testified to the better balance of the cortical 
areas of the motor analyzer neurophysiological processes. 
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with cerebral palsy when using novel virtual reality technologies 
for rehabilitation purposes testified to the optimization of 
neurophysiological processes in the cortical areas of the motor 
analyzer and better adaptation to motor loads. 
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According to the WHO, 11 to 13% of the world's population suffer 
from osteoarthritis (OA). OA affects both the elderly, for whom it is 
one of the main causes of disability, and the working age people 
[1–4]. Peculiar to the disease are chronic pain, destruction and loss 
of articular cartilage, remodeling of subchondral bone, formation 
of osteophytes, inflammation of the synovial membrane of varying 

degree, involvement of both intraarticular and paraarticular 
structures in the pathological process [5].

For a long time, it was the articular cartilage that was believed 
to be the driver of OA development. However, in the last decade 
the role of the subchondral bone (SB) has been attracting 
attention both from the point of view of etiopathogenesis and 
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EFFECTIVENESS OF INTRAOSSEOUS INFILTRATION OF AUTOLOGOUS PLATELET-RICH PLASMA 
IN THE AREA OF THE BONE MARROW EDEMA IN OSTEOARTHRITIS OF THE KNEE JOINT

Osteoarthritis (OA) affects both elderly people, for whom it is one of the main causes of disability, and people of active working age and is an urgent clinical and 

social problem of resistance of pain syndrome to therapy. The disease is characterized by both destruction of intra-articular and paraarticular structures, such 

as subchondral bone. While OA is an important sign of pathological changes believe the bone marrow edema (BME). This work examines the effect of BME on 

development osteoarthritis, and therapeutic approaches to the management of patients with OA. The aim of the study was to develop a method of treatment of 

BME in OA of the knee joint by locally intraosseous injection of autologous thrombotic-rich plasma (PRP) into the edema zone. In this study 17 patients with the 

diagnosis: Osteoarthritis II-IV Grade. according to the classification of Kellgren–Lawrence, in which areas of local inflammation in the form of BME were detected 

on MRI in the subchondral zone in accordance with the international classification of WORMS (Whole Organ Magnetic Resonance Imaging Score). The mean age 

of patients was 41,7 ± 14,3 years, 10 of them were women and 7 men. Patients were treated with autological platelet-rich plasma under x-ray control injected 

from extra-articular intraosseous access in the area of BME. Evaluation of effectiveness of treatment performed by VAS, WOMAC and KOOS scales, before the 

introduction of autoplasma, after 1 and 3 months after the start of treatment. Three months after the manipulation, there was a statistically significant decrease in 

the intensity of inflammatory syndrome: for WOMAC by 17.5%, for KOOS by 19.4% and for VAS by  33,1% (p < 0,01). Thus, the efficiency of intraosseous Infiltration 

of autologous platelet-rich plasma in the treatment of patients with OA, accompanied by edema of the bone marrow in the subchondral zone, was proved.
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ЭФФЕКТИВНОСТЬ ВНУТРИКОСТНОГО ВВЕДЕНИЯ АУТОЛОГИЧНОЙ ОБОГАЩЕННОЙ ТРОМБОЦИТАМИ 
ПЛАЗМЫ В ЗОНУ ОТЕКА КОСТНОГО МОЗГА ПРИ ОСТЕОАРТРОЗЕ КОЛЕННОГО СУСТАВА

Остеоартроз (ОА) поражает как пожилых людей, для которых он одна из основных причин инвалидности, так и лиц трудоспособного возраста и является 

актуальной клинической и социальной проблемой ввиду устойчивости болевого синдрома к проводимой терапии. Заболеванию характерна деструкция 

внутрисуставных и параартикулярных структур, таких как субхондральная кость. При ОА важным признаком патологических изменений служит отек 

костного мозга (ОКМ). В работе рассмотрены вопросы влияния ОКМ на развитие гонартроза, а также терапевтические подходы к ведению пациентов 

с ОА. Целью исследования была разработка методики лечения ОКМ при ОА коленного сустава путем локального внутрикостного введения в зону 

отека аутологичной обогащенной тромбоцитами плазмы (PRP). Исследовали 17 пациентов с диагнозом «Остеоартроз II–IV ст.» по классификации 

Kellgren–Lawrence, у которых на МРТ в субхондральной зоне выявлены области локального воспаления в виде ОКМ в соответствии с международной 

классификацией WORMS. Средний возраст пациентов составил 41,7 ± 14,3 лет. Пациентам внутрикостно из внесуставного доступа в зону ОКМ вводили 

аутологичную обогащенную тромбоцитами плазму под рентгеноcкопическим контролем. Оценку эффективности лечения проводили по шкалам ВАШ, 

WOMAC и KOOS до введения аутоплазмы, через 1 и 3 месяца после начала лечения. Через 3 месяца после манипуляции отмечалось статистически 

значимое снижение показателей интенсивности воспалительного синдрома: по WOMAC на 17,5%, KOOS на 19,4% и по ВАШ  на 33,1% (p < 0,01). 

Таким образом, доказана эффективность внутрикостного введения аутологичной обогащенной тромбоцитами плазмы в лечении пациентов с ОА, 

сопровождающимся ОКМ в субхондральной зоне. 
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that of its clinical significance in the processes [6]. It was proved 
that SC remodeling plays an important part in OA pathogenesis 
[7]. The changes therein can come first and trigger OA of 
they can be a consequence of the developing degenerative 
dystrophic processes [8–10].

An important sign of pathological changes in SC with OA in
the background is the MRI-detected bone marrow edema (BME). 
This term was first registered in 1988; it is increasingly used to 
describe an MR signal alerting of an OA-associated pathology 
[11, 12]. BME is usually found in the subchondral sclerosis zone, 
aggravated by the increased share of the bone tissue volume 
and trabecular layer compaction [13]. As OA advances, BME 
tends to grow, which is considered an important risk factor in 
the subsequent progressive destruction of articular structures 
[2, 14, 15]. BME and joint deformation were shown to be the 
predictors of OA transition to the rapid progression stage [4]. 
Moreover, focal cartilage lesions often develop next to BME, and 
the MR signal intensity typically reflects the degree of cartilage 
tissue destruction [16, 17]. a number of researchers consider BME
one of the reasons behind the associated severe pain. 
OA patients complaining about intense pain around the affected 
joint had a BME measuring over 1 sq cm (as detected by MRI) 
more often than those who did not report pain as severe [14, 18].
Patients with BME were showing significant progression of 
cartilage destruction accompanied by pain [19]. Thus, BME
can be considered a predictor of the onset of cartilage degradation 
and pain even before manifestation of all typical clinical symptoms 
of OA. At the same time, some researchers believe that BME 
can also be a sign of osteonecrosis, which causes pain at 
rest [20, 21]. 

Despite the increasing attention paid to the BME's influence 
on OA lately, a consensus has not yet been reached. Treating 
subchondral bone pathology in the context of a complex OA 
therapy is one of the most-discussed topics. When the nature 
of articular cartilage and subchondral bone interrelation was 
understood, the importance of changes in this bone became 
more apparent. The interrelation was called the osteochondral 
(functional) unit. It was shown that BME is closely associated with 
the progression of intraarticular structures degeneration and joint 
pains intensification. Thus, the likelihood of arthroplasty as the 
optimal therapy grows together with the expansion of BME [22, 23].

Genetic and histological analysis of the bone marrow 
samples taken from the affected zone revealed that pain 
linearly correlates not only with the OA progression status but 
also with changes in the subchondral BME microenvironment 
[24]. BME zones have shown to host intense metabolic activity 
that implies expression of genes involved in the inflammatory 
processes [24]. Thus, it is assumed that bone metabolism 
rate in a BME is high, as is the accumulation of cytokines and 
angiogenic factors, which drives growth of new vessels and 
nerve endings in this region [25].

There is a subchondroplasty technique applied to treat 
OA-associated bone and cartilage pathology that implies 
introducing calcium phosphate to the affected subchondral 
bone under arthroscopic control. a trial on 133 gonarthrosis 
patients that also had BME has proven the technique effective, 
although 2.5 years after the procedure 25% of them reported 
no improvements and agreed to joint replacement [23]. 
Another paper describes a trial of the same technique on 164 
gonarthrosis patients that were recommended to have their joint
replaced. After subchondroplasty, 70% of them reported significant 
improvement and decided to refuse the replacement [26]. 

Currently, a growing number of practitioners turn their 
attention to a group of techniques implying intraosseous 
administration of autologous platelet-rich plasma [27–29]. 

The mechanisms behind the good results registered after 
injection of autologous platelet-rich plasma (PRP) are still being 
investigated, however, its anti-inflammatory and regenerative 
effects are no longer called into question. in this connection, it 
seems promising to seek development of an OA therapy that 
would revolve around administering PRP to the BME locus.

This study aimed to develop a PRP therapy against OA-
associated BME that implies local intraosseous injections into 
the edema zone.

METHODS

The study involved 17 patients (41,7 ± 14,3 years), 15 of them 
with grade II–IV knee OA (Kellgren–Lawrence classification) 
concomitant with MRI-detected BME primarily located in the 
medial (inner) parts of the knee joint [30]. Inclusion criteria: 
patients of both sexes in age from 40 to 80 years; predominance 
of the knee joint arthrosis, joint pain score more than 3 points 
on VAS; radiological 2 and 4 degrees of the disease severity 
according to I. Kellgren and I. Lawrence classifications 
with bone marrow edema in the subchondral zone; body 
mass index 20–33; opportunity for observation during the 
entire study period; mental adequacy, ability and willingness 
to cooperate and implement the doctor's recommendations. 
Exclusion criteria: bilateral arthrosis of the knee joints with 
synovitis; body mass index > 33; polyarthritis; severe limb 
deformation — varus curvature of the diaphysis more than 
4 °C and valgus — more than 16 °C; arthroscopy less than 
1 year before treatment; intraarticular injections of hyaluronic 
acid over the past 6 months; systemic autoimmune diseases; 
poorly controlled diabetes mellitus (glycosylated hemoglobin 
above 9%); blood diseases (coagulopathy, anemia with HB < 90); 
ongoing immunosuppressive therapy, treatment with warfarin 
or other anticoagulants; treatment with corticosteroids for 
6 months before inclusion in the study; patient refusal from 
further participation in the study; identification of objective 
contraindications to surgery; lack of the possibility of dynamic 
monitoring and control during the established period.

The duration of the disease ranged from 1 to 9 years 
(5,2 ± 4,5). The patients were diagnosed with OA based on 
their complaints, history and clinical-radiological examination. 
All patients had their knee joints x-rayed in two projections, 
anteroposterior and lateral, with tibia flexed at 30 (Table1).

MRI provided the data needed to evaluate the condition 
of the subchondral zone and BME in all patients. We used 
WORMS (Whole Organ Magnetic Resonance Imaging Score) 
to describe the bone marrow edema. The Score is designed to 
assess signal intensity on T2-weighted images [2]. The lesions 
were evaluated in points; we measured the maximum diameter 
of the edemas using RadiAnt DICOM Viewer 4.6.9 (64-bit) 
software (Medixant; France). Table 2 contains the diagnosis 
criteria. Figures 1 and 2 are tomograms depicting severe BME 
in some of the patients participating in the study.

Upon admission, all patients had their pain level evaluated 
with the help of VAS and filled the WOMAC and KOOS 
questionnaires [31–33]. The values of the same indicators 
were registered further on, in 1 and 3 months after the 
studied procedure.

PRP preparation and method description

We used a Regenlab PRP kit (REGEN ACR technology, 
2011, Switzerland) to prepare PRP injections. The kit allows 
making a preparation that persists for a specific period of time 
after intraosseous administration. We distributed 30 ml of 
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Table 2. WORMS diagnosis criteria

BME degree Lesion diameter (mm) WORMS score

None 0

Minimal < 5 1

Moderate    5–20 2

Severe > 20 3

Table 1. The patients

Gender (number of patients)
Female 10 (58.8%)

Male 7 (41.2%)

Average age (years) 41.7 ± 14.3

Knee joint disease duration (years) 5.2 ± 4.5

Average time under medical supervision (months) 5.5 ± 2.5

Affected joint (amount) One side 17 (100%)

Kellgren–Lawrence grade based on x-ray

I 0

II 5 (29.4%)

III 10 (58.8%)

IV 2 (11.8%)  

Fig. 1. Measuring the BME with the help of RadiAnt DICOM Viewer 4.6.9 (64-bit), WORMS. A. BME in the lateral condyle of the femur, size 1.17 cm. B. BME in the 
medial condyle of the tibia, size 3.14 cm

А B

autologous venous blood into three tubes: two REGEN BCT 
tubes to prepare autologous platelet-rich plasma and one 
REGEN ATS tube to obtain autologous thrombin serum used to 
activate the preparation (step 1). All tubes were centrifuged for 
5 minutes at 3100 rpm (step 2). Then, under sterile conditions, 
we mixed PRP from REGEN BCT and autologous thrombin 
serum from REGEN ATS in a syringe at 10:1 ratio (step 3) (Fig. 2). 
The PRP was injected into the BME zone as identified on the 
T2-weighted images, i.e. in the medial or lateral condyle of 
femur or tibia. For the manipulation, the patients were put on to 
the operating table, supine, under the influence of intravenous 
anesthesia (step 4) (Fig. 2). 

The preparation was administered through a stylet with a 13 
gauge mandrin (Stryker, USA); the process was monitored with the 
help of an electron-optical converter (EOC). The lesion received 
5 ml of the preparation through the needle that reached it (Fig. 3).

For the days following the procedure, the patients were 
recommended to apply cold locally, limit loads for up to 1 week, 
restrain from increased loads for up to 2 weeks, take 4 g of 
paracetamol a day (orally) if in pain. No selective non-steroidal 
anti-inflammatory drugs were used. 

Statistica 13.3 software (StatSoft; USA) enabled statistical 
analysis of the data.

RESULTS

According to MRI, 2 patients had minimal BME, in 7 patients the 
edema was moderate and in 8 it was qualified as severe (Fig. 4).

After PRP administration, the pain, as measured with VAS, 
subsided significantly over time. Before the treatment, it was 
identified as "severe" (51.4 ± 6.9 points); 1 month after, the 
score decreased by 36.4 points, which corresponds to "minor" 
(15.0 ± 8.3, p < 0, 01), and 3 months later the value was 
18.3 ± 11.6 points, (p < 0.01), which is also within the "minor" 
range (Fig. 5).

WOMAC figures also reflect significant improvement of the 
indicators. The average score (summed) at admission was 
57.38 ± 12.85 points, 1 month after drug administration — 
76.45 ± 5.91 points (p < 0.01), and after 3 months it reached 
75.33 ± 8.41 (p < 0.01) (Fig. 5).

KOOS figures followed the same pattern: the average score 
at admission was 52.78 ± 13.38 points, a month after PRP 
injection — 72.00 ± 7.35 points (p < 0.01), and 3 months later 
it reached 72.13 ± 8.50 points (p < 0.01) (Fig. 5).

Since KOOS includes 5 subscales that consider various 
aspects of the knee joint condition, it is of interest to evaluate 
them individually (Table 3). Relative to the beginning of the 
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Fig. 2. Preparation of PRP. 1: Blood collection. 2: Centrifugation. 3: Mixing (10 : 1 ratio). 4: Injection

Fig. 3. EOC-controlled administration of PRP into the BME zone, medial condyle of the femur. EOC image: needle in the femur's medial condyle

Step 1 Step 2 Step 3 Step 4

Fig. 4. Patients by BME severity, WORMS

Minimal
11.8%

Moderate
41.2%

Severe 
47.1%

treatment, all indicators have shown significant positive 
dynamics. It should be noted that the most pronounced 
improvement in the average values was recorded in the Sport 
and Recreation Function (from 25.83 ± 21 to 53.33 ± 28.86) 
and the Quality of Life (from 24.08 18.39 to 54.18 21.48) 
subscales by the third month. The pain subsided by the first 
month and then increased slightly by the third months but still 
remained significantly less intense.

It is important to note that the majority of KOOS subscales, 
as well as VAS and WOMAC, revealed that the improvement 
peaks 1 month after administration of the preparation, and by 
the third month the average values deteriorate slightly, although 
the change was not always significant.

DISCUSSION

The intraosseous subchondral PRP injection technique we 
developed is a minimally invasive and affordable modality to 
treat gonarthrosis with BME. The PRP preparation made with 
the Regenlab PRP kit offers a prolonged therapeutic effect. 
Previously, it was shown that BME is a zone of high bone 
metabolism and accumulation of cytokines and angiogenic 
factors, which is essentially translates into local inflammation 
[24, 25]. The improvement of the patients' condition after 
administration of PRP supports the theory that such plasma 
produces a pronounced anti-inflammatory effect when applied 
topically. Despite the fact that PRP contains angiogenic and 
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Fig. 5. Dynamics of the average values, VAS, WOMAC and KOOS. 17 knee OA patients were injected PRP in the BME zone. Their condition was assessed before 
injection and 1 and 3 months after treatment. 

Table 3. Functional scale, KOOS subscales

Note: * — statistically significant change of the value compared to the initial measurements, p < 0.01.

Before 1 month after treatment 3 months after treatment

Symptoms 62.85 ± 10.28 74.28 ± 10.53* 71.43 ± 6.18*

Pain 53.70 ± 7.18 74.40 ± 11.87* 70.36 ± 12.52*

Activites of Daily Living 53.36 ± 15.41 73.04  ± 10.21 74.51 ± 4.24*

Sports and Recreation 25.83 ± 21 58.33 ± 19.66 * 53.33 ± 28.86 *

Quality of Life 24.08 ± 18.39 40.62 ± 23.30 * 54.18 ± 21.48* 

Final index 52.78 ± 13.38 72.00 ± 7.35* 72.13 ± 8.50 *
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profibrotic growth factors, there was not reported a single 
case of aggravation.

The data we obtained in the context of this research effort 
are largely consistent with those of other authors who injected 
PRP intraosseously to treat gonarthrosis [27–29]. One of the 
papers describes treating 14 gonarthrosis patients (severe 
condition) with three intraarticular injections of 8 ml of PRP in 
combination with subchondral intraosseous injections of 5 ml 
of PRP (delivered to the medial tibial condyle and the medial 
condyle of the femur); after 6 months, all patients reported less 
pain and improved KOOS scores, which echoes our results 
[29]. In our case, the drug was administered intraosseously, once, 
and the clinical improvement was recorded 3 months earlier. 

Nevertheless, it must be recognized that by the third month 
the achieved effect fades, although clinical tests still show that 
the improvement is significant. 

The most pronounced improvements, which were recorded 
in the Sport and Recreation Function and the Quality of Life 
subscales, probably result from the emotional state of the 

patients who felt the positive effect of the treatment; thus, it 
should be monitored individually and with other measurement 
techniques. 

CONCLUSIONS

II–IV grade OA, as defined by the Kellgren–Lawrence system, 
is aggravated by an MRI-detectable subchondral BME lesions, 
which are part of the disease pathogenesis contributing to its 
further progression and causing pain. Autologous platelet-rich 
plasma injected into the BME lesion produces a pronounced 
and persistent positive effect, alleviating pain and improving 
function of the affected joint; the effect lasts for at least 3 months. 

Further investigation of the gonarthrosis-associated BME 
treatment method that implies use of PRP is an important task 
for modern orthopedics with considerable promise in the view 
of improvements registered in patients and the data on the role 
played by the osteochondral functional unit in the pathological 
process.
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Efimov BA    , Chaplin AV, Sokolova SR, Chernaia ZA, Pikina AP, Savilova AM, Kafarskaya LI

APPLICATION OF CULTURE-BASED, MASS SPECTROMETRY AND MOLECULAR METHODS TO THE 
STUDY OF GUT MICROBIOTA IN CHILDREN  

In recent decades, nucleic acid sequencing technologies used for metagenomic analysis have become the main methods for assessing the composition of 

microbiota. At the same time, the use of novel methods of cultivation and identification of microorganisms in microbiological research led to the renaissance 

of culture-based technologies, because facilitated the discovery and isolation of both new strains of well-known microorganisms as well as uncultivated 

and unexplored bacterial taxa. The aim of this study was to evaluate the potential of using the culture-based method for the assessment of the qualitative 

and quantitative composition of the intestinal microbiota in healthy children. Eleven growth media were inoculated with serial dilutions of stool samples in 

order to analyze the profile of dominant anaerobic bacteria, as well as aerobic bacteria and fungi in 20 healthy children aged 2–4 years. The identification of 

microorganisms was performed using MALDI TOF MS and 16S rRNA gene fragment sequencing were used. 1,819 isolated and identified strains belong to 7 

phyla, 13 classes, 18 orders, 33 families, 77 genera and 149 species in the Bacteria domain. The Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria 

phyla were most abundant and frequent. The greatest species diversity (more than 85 species) was found in the Firmicutes phylum. Ten new previously 

uncharacterized bacterial strains were isolated. 

Keywords: gastrointestinal tract microbiota, children, isolation and purification of bacteria, biodiversity, microbiological techniques/methods, DNA sequencing, 
mass spectrometry, Matrix-Assisted Laser Desorption-Ionization
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ОПЫТ ПРИМЕНЕНИЯ КУЛЬТУРАЛЬНОГО, МАСС-СПЕКТРОМЕТРИЧЕСКОГО И МОЛЕКУЛЯРНОГО 
МЕТОДОВ В ИССЛЕДОВАНИИ КИШЕЧНОЙ МИКРОБИОТЫ У ДЕТЕЙ

В последние десятилетия основными методами оценки состава микробиоты стали технологии секвенирования нуклеиновых кислот, используемые для 

метагеномного анализа. В то же время внедрение в практику микробиологических исследований новых методов культивирования и идентификации 

микроорганизмов привело к ренессансу культуральных технологий, поскольку позволило решить задачи по поиску и выделению новых штаммов как 

уже известных микроорганизмов, так и ранее некультивируемых и неизученных бактериальных таксонов. Целью работы было оценить потенциал 

использования культурального метода для оценки качественного и количественного состава кишечной микробиоты здоровых детей. Анализ состава 

доминирующих групп анаэробных бактерий, а также аэробных бактерий и грибов у 20 здоровых детей в возрасте 2–4 лет проводили путем высева 

серийных разведений фекалий на 11 питательных сред. Для идентификации микроорганизмов использовали метод MALDI TOF MS и секвенирование 

фрагмента гена 16S рРНК. Идентификация 1819 выделенных штаммов микроорганизмов показала, что они принадлежали к 7 типам, 13 классам, 18 

порядкам, 33 семействам, 77 родам и 149 видам домена бактерий. По количеству и частоте встречаемости доминировали бактерии типов Bacteroidetes, 

Firmicutes, Actinobacteria и Proteobacteria. Наибольшее видовое разнообразие (более 85 видов) обнаружено среди бактерий типа Firmicutes. Выделено 

10 штаммов новых, пока не охарактеризованных бактериальных видов.
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Most representatives of human and animal intestinal microbiome 
are classified as difficult-to-cultivate or nonculturable groups 
of microorganisms. Currently, massive parallel sequencing of 
DNA samples is used predominantly for the assessment of 
the composition of gut microbiota, for example, sequencing 
of the fragments of genes encoding 16S rRNA or sequencing 
of genomic DNA fragments [1, 2]. However, it is often difficult 
to interpret the obtained data, since the analyzed nucleotide 
sequences sometimes cannot be correlated with known 
bacteria or bacteriophages [3–5].  These approaches also have 
a disadvantage: only the relative ratio of the dominant groups of 
bacteria can be characterized efficiently, while the exact number 
of dominant or minor taxa remains beyond such studies [6, 7]. 
Real-time PCR with species-specific or group-specific primers 
and subsequent normalization of the results using recombinant 
plasmid DNA containing the cloned regions of amplified gene 
fragments are used for more accurate quantitative determination 
of bacteria [8]. However, this method makes it possible to 
determine the total number of copies of amplified DNA regions 
in the sample rather than the number of viable bacterial cells. 
In addition, due to the complexity of the method, especially 
in the studies aimed at quantification of the wide range of 
microorganisms, this approach is mainly used to analyze the 
composition of large taxonomic clusters of microorganisms 
(genera, families, groups) rather than certain known species. 
Thus, along with the development of technologies based on 
the sequencing of the genetic material of microorganisms, it 
is still important to improve cultural methods, since it allows 
us to solve the problem of searching for, isolating, determining 
the number and studying the biological properties of new 
strains in well-known bacteria, as well as in unexplored bacterial 
taxa [9].

The aim of the study was to evaluate the potential of 
using the culture-based method to assess the qualitative and 
quantitative composition of the intestinal microbiota of healthy 
children by stool samples inoculation of growth media widely 
used in laboratory practice for fastidious bacteria. 

METHODS

The study of the parameters of colon microbial colonization was 
carried out in a group of 20 healthy children of both sexes living 
in Moscow. 17 of them regularly attended preschool institutions, 
and three children were in home schooling. Children were 
selected by the authors of the study. The age of the subjects 
ranged from 2 years 11 months to 4 years 10 months (average 
age 3 years 5 months), of which there were 12 boys and 
8 girls. Inclusion criteria: children of both genders; children’s 
age 2.5–4 years; parental consent presence. Exclusion criteria: 
children of other age; the presence of any chronic disease, 
such as diabetes mellitus, bronchial asthma, gastrointestinal 
diseases (celiac disease, functional constipation, short bowel 
syndrome, or inflammatory bowel disease); the presence of 
food allergies or parental belief in lactose intolerance in a child; 
pronounced selectivity in food consumption; use of antibiotics, 
immunomodulatory, steroid or probiotic drugs for 6 months 
before the study; infectious gastroenteritis in the last 6 months 
before the study, confirmed by laboratory tests; history of 
gastrointestinal surgery. 

The material for the study was the feces of children which 
were collected by the parents with a sterile spatula and placed 
in a sterile container for transportation. The study was carried 
out under the condition that the amount of material placed in 
a container was not less than 15 g, and the time of its delivery 
to the laboratory did not exceed 2 hours from the moment 

of collection. In the laboratory immediately after receiving 
the feces were homogenized, their tenfold serial dilutions 
(from 10 to 109 times) were prepared in test tubes with sterile 
Schaedler Anaerobe Broth liquid medium (Oxoid, Basingstoke; 
UK), and aliquots in a volume of 0.1 ml of the corresponding 
dilutions were inoculated on Petri plates with growth media. 
The isolation of strictly anaerobic bacteria was performed on 
the Schaedler Anaerobe Agar (Oxoid, Basingstoke; UK) with 
the addition of 5% (v/v) defibrinated sheep blood, Anaerobe 
Basal Agar (Oxoid, Basingstoke; UK) with the addition of sheep 
blood, Columbia Agar (bioMérieux, Marcy l'Etoile; France) 
with the addition of sheep blood. Inoculation of growth media 
was carried out from the 107, 108, and 109 fold dilutions of 
the sample. Bifidobacteria and sulfate-reducing bacteria were 
also isolated on the Bifidobacterium Agar (Himedia Labs Inc.; 
India) and Perfringens Agar Base (Himedia Labs Inc.; India) 
respectively from the specimen 105, 107 and 108 fold dilutions.  
The Petri dishes were incubated in the anaerobic jars (Schutt 
Labortechnik GmbH; Germany) filled with a gas mixture (85% 
N

2
, 10% H

2
, 5% CO

2
) in the presence of platinum catalysts 

at 37 °C for 72 hours. Lactic acid bacteria were cultured on 
Lactobacillus MRS Agar medium (Himedia Labs Inc.; India) 
from the specimen 103 and 105 fold dilutions, the plates were 
incubated in the anaerobic jars (GasPak; USA) with the 7% 
СО

2
 atmosphere for 48 hours. Aerobic bacteria were isolated 

from the sample 10, 103, 105 and 107 fold dilutions on the 
following media: Endo Agar (Becton Dickinson and Company, 
USA), Salmonella–Shigella-Agar (bioMerieux Marcy l'Etoile; 
France), Gelatin Mannitol Salt Agar (Stаphylococcus Agar 
# 110, Himedia Labs Inc.; India), m-Enterococcus Agar 
(Difco Laboratories, Franklin Lakes; USA), Columbia Agar 
(bioMérieux, Marcy l'Etoile; France) with the addition of 5% 
(v/v) sheep blood. The Sabouraud Chloramphenicol 2 Agar 
medium (bioMérieux, Marcy l'Etoile; France) was used to 
isolate the fungi. 

After incubation the culture properties of bacteria were 
described, morphological types were  counted separately for 
each colony type. In addition, bacteria from each type of colonies 
were stained by Gram method, subcultured on plates with 
the same medium and incubated under anaerobic or aerobic 
conditions to obtain the stock of bacteria for identification and 
preservation. Partially, the isolated microorganism strains were 
lyophilized after freezing in a 10% sucrose/1% gelatin (w/v) 
solution in the Freeze Dryer SB1 (Chemlab; UK). Test tubes 
with lyophilized strains of microorganisms were stored at a 
temperature of –80 °С. 

The primary identification of bacteria and fungi was performed 
using the MALDI TOF mass spectrometry on the Vitek MS Plus 
unit (bioMérieux; France) with the Saramis Premium v. 4.10 
software according to the manufacturer’s recommendations 
[10, 11]. The strains of bacteria, the species identity of 
which could not be established using MALDI-TOF mass 
spectrometry, were identified by 16S rRNA gene sequencing 
[12, 13]. In addition, 16S rRNA gene sequencing was used 
for some strains to confirm the results of species identification 
by mass spectrometry. The polymerase chain reaction (PCR) 
amplified a portion of the 16S rRNA gene using the universal 
bacterial primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') 
and 1492R (5'-ACGGYTACCTTGTTACGACTT-3') for 35 cycles 
with the following program: denaturation 20 s at 94 °С; primer 
annealing 20 s at 58 °С; elongation 90 s at 72 °С. The obtained 
PCR product was purified using the Cleanup Standard kit 
(Evrogen; Russia). The Sanger sequencing of the amplified 
DNA fragment from the UF1 primer was carried out at Evrogen 
(Evrogen; Russia).  The determination of the cut-off boundaries 
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of the sequences by the quality of electrophoregrams was 
carried out visually using the Chromas Lite software (version 
2.6.6, Technelysium Pty. Ltd.; Australia). The species of 
bacteria was determined on the basis of a search for the 
nucleotide sequences obtained in the GenBank database 
using the Megablast algorithm. The result of the comparison 
was considered to correspond to the level of the species in the 
case when its partially sequenced 16S rRNA gene sequence 
resembled ≥ 98.7% of the sequence of the closest known 
bacterial species in the GenBank database [14].

The number of bacteria was expressed in log
10

 colony 
forming units in 1 g of the test material (log

10
 CFU/g). The CFU/g 

of the test material was calculated using the following formula: 
CFU/g = the number of colonies of the corresponding type of 
microorganisms grown on the plate (or the average number of 
colonies of the corresponding type of microorganisms, in cases 
when bacteria of one type gave growth on different media or 
gave growth only on one of growth media, but were determined 
at more than one dilution) × 10 × dilution ratio. The total number 
of cultured microorganisms per sample was calculated by 
adding the quantitative values of individual species.

Statistical data processing was performed using the 
Mann–Whitney test and Fisher's exact test, multiple comparisons 
were corrected using the Bonferroni method. The tendency to 
form clusters was checked using the VAT algorithm [15] and 
the principal component analysis.

RESULTS

In total, 1,819 strains of microorganisms were isolated from 
20 healthy children. The species identification of most strains 
was carried out using the MALDI TOF MS. To establish the 
taxonomic identity of 140 bacterial strains that could not be 
identified by mass spectrometry 16S rRNA gene sequencing 
was performed. Comparative analysis of the obtained 
nucleotide sequences with the GenBank database showed 
that 130 bacterial strains belonged to 88 known species, and 
10 belonged to new, not yet studied bacterial taxa. The number 
of identified microorganism species per sample varied from 21 
to 48 and averaged 34 ± 8. The total number of viable bacteria 
per 1 g of faeces varied from 10.0 to 11.1 log

10
 CFU/g and 

averaged 10.6 ± 0.4 log
10

 CFU/g.
In general, it was found that the isolated strains belonged to 

7 phyla, 13 classes, 18 orders, 33 families, 77 genera, and 149 
species of the Bacteria domain. Also 3 species of fungi from 
2  families of the Saccharomycetales order were identified.

The reduction in the dimension by principal component 
analysis, as well as the use of the VAT algorithm, did not reveal 
a tendency to form clusters from the microbiocenoses of the 
examined children on the basis of the obtained data on the 
quantitative and qualitative composition, which does not allow 
classifying the microbiocenoses in this study into enterotypes or 
their analogs. There were no statistically significant differences 
in the microbial composition of the gut tract microbiota, 
depending on the age and gender of children, which may be 
due to the small size and homogeneity of the sample.

Generic assignment, frequency of occurrence and the 
quantitative level of microorganisms isolated from feces of 20 
healthy children are presented in tables 1–5. It was revealed 
that dominant by the number and frequency of occurrence 
bacteria belonged to the Firmicutes (9.8 ± 0.4 log

10
 CFU/g), 

Bacteroidetes (10.3 ± 0.4 log
10

 CFU/g), Actinobacteria 
(10.0 ± 0.5 log

10
 CFU/g), and Proteobacteria (8.5 ± 1.1 log

10
 CFU/g) 

phyla. Representatives of each of these groups of bacteria were 
found in all children. In addition, in 25% of children (an average 

of 9.1 ± 0.4 log
10

 CFU/g) the bacteria of the Akkermansia 
muciniphila species were obtained in pure culture, which 
belong to the Verrucomicrobia phylum, in two children the 
Fusobacterium mortiferum (8.8 and 8.6 log

10
 CFU/g) were 

isolated which represent the Fusobacteria phylum. From one 
child the strain of the Victivallis vadensis bacteria belonging to 
the Lentisphaerae phylum was isolated, its concentration was 
109 log

10
 CFU/g.  

The phylum Actinobacteria consisted of the two classes 
of bacteria: Actinobacteria and Coriobacteriia (Table 1). 
Bacteria of Actinobacteria class belonged to 4 orders and 4 
families, the representatives of the Bifidobacteriaceae and 
Propionibacteriaceae families prevailed. Bifidobacteria 
(occurred in 100% of children), were the dominant 
microorganisms in the gut microbiota of healthy children. A 
total of 6 species of bifidobacteria were isolated, among them 
B. longum, B. bifidum, B. adolescentis, and bifidobacteria of 
the B. catenulatum/pseudocatenulatum group.

The Coriobacteria class was represented mostly by the 
families Coriobacteriaceae and Eggerthellaceae, the dominant 
species were Collinsella aerofaciens and Eggerthella lenta.

The phylum Bacteroidetes consisted of 5 bacteria families 
belonging to order Bacteroidales (Table 2). The Bacteroidaceae 
family was represented by single genus Bacteroides, to which 
the 14 identified species belong. The bacteroids were isolated 
in 100% of cases in average number 10.1 ± 0.4 log

10
 CFU/g of 

feces. Among bacteroids the B. dorei/vulgatus and B. ovatus/
xylanisolvens species dominated in healthy children, as well as 
B. uniformis, B. fragilis and B. thetaiotaomicron. 

The Rikenellaceae family was also represented by only 
one genus Alistipes and 9 isolated species. Alistipes occurred 
in 90% of healthy children. The average number of bacteria 
was 9.5 ± 0.4 log

10
 CFU/g, the dominating species were 

A. onderdonkii, A. putredinis and A. finegoldii.
The Porphyromonadaceae family bacteria were isolated 

from 75% of children, they belonged to the Parabacteroides, 
Barnesiella and Coprobacter genera. The dominant species of 
these taxa were P.distasonis, P. merdae and B.  intestinihominis 
observed in 45%, 35% and 40% of children respectively. 
Moreover, in almost all cases when bacteria of these taxonomic 
groups were detected, their concentration in the specimen was 
equal to or was close to 109 CFU/g.  

Bacteria of the Prevotellaceae family turned out to be the 
rarest representatives of the order Bacteroidales at the used 
threshold for the detection of anaerobic bacteria, which was 
at least 108 microbial cells per 1 g of feces. In total from three 
children (15%) 5 strains of bacteria belonging to the Prevotella 
copri, P. melaninogenica, P. rara and Paraprevotella clara species 
were isolated. 

The phylum Firmicutes demonstrated the greatest 
diversity of taxa, it was represented by 4 classes of bacteria, 
including 7 orders, 17 families, 45 genera, and 93 species 
of microorganisms, including new bacterial taxa found in this 
study (Table 3). Сlass Clostridia was represented only by the 
order Clostridiales, which included 47 species of bacteria 
belonging to 30 genera and 6 families. Representatives of 
the Lachnospiraceae family were found in 85% of children 
in average concentration of 9.0 ± 1.0 log

10
 CFU/g and were 

the most common taxon of this class. Among the bacteria 
species belonging to this family and found more often than 
others, was Clostridium clostridioforme, observed in 55% of 
children at an average concentration of 8.2 ± 1.0 log

10
 CFU/g. 

The other common genera of the family Lachnospiraceae 
were Blautia (in 65% of children, average concentration 
8.9 ± 0.9 log

10
 CFU/g), as well as bacteria belonging to the 
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Table 1. Species identity of the Actinobacteria phylum cultured bacteria of the gastrointestinal tract microflora isolated from healthy children (n = 20)

Note (used in this table and tables 2–5): а Frequency of occurrence (absolute number of subjects/percentage of subjects); b Mean ± standard deviation log
10

 of the 
number of viable microorganisms in 1 g of feces (CFU/g — colony forming units in 1 g of feces); c */* — A group of phylogenetically related microorganisms, identity was 
established using the MALDI TOF MS method on the Vitek MS Plus unit with the Saramis Premium V. 4.10 software; d Smaller and larger value of the log

10
 index of the 

number of viable microorganisms, if they were found only in two examined children in the group; e Names of the growth media used for isolation and registration of the 
relevant microorganisms types. SAA — Schaedler Anaerobe Agar; ABA — Anaerobe Basal Agar; CA — Columbia Agar; BA — Bifidobacterium Agar; PAB — Perfringens 
Agar Base; MRS — Lactobacillus MRS Agar; EA — Endo Agar; SSA — Salmonella–Shigella-Agar; GMSA — Gelatin Mannitol Salt Agar (Stаphylococcus Agar # 110); 
mEA — mEnterococcus Agar; CAa — Columbia Agar, plates with which were incubated aerobically; SC2A — Sabouraud Chloramphenicol 2 Agar.

Phylum Actinobacteria

Class Actinobacteria  

Taxa Observed number (%)а Mean ± SD log
10

 CFU/gb Growth mediae

Order Bifidobacteriales, family Bifidobacteriaceae, 
genus Bifidoibacterium  

20 (100) 9.8 ± 0.6

Bifidobacterium longum 20 (100) 9.3 ± 0.5 SAA; ABA; CA; BA

Bifidobacterium adolescentis 8 (40) 9.5 ± 0.6 SAA; ABA; CA; BA

Bifidobacterium catenulatum/pseudocatenulatumс 11 (55) 9.1 ± 0.7 SAA; ABA; CA; BA

Bifidobacterium bifidum 8 (40) 9.5 ± 0.6 SAA; ABA; CA; BA

Bifidobacterium animalis 6 (30) 9.3 ± 0.7 SAA; ABA; CA; BA

Bifidobacterium breve 2 (10) 9 – 10.2d SAA; ABA; BA

Order Propionibacteriales, family Propionibacteriaceae,
genus Cutibacterium

7 (35) 9.1 ± 0.6

Cutibacterium acnes 5 (25) 8.9 ± 0.7 SAA; ABA; BA

Cutibacterium granulosum 2 (10) 9 – 9.8 ABA; CA

Class Coriobacteriia

Order Coriobacteriales, family Coriobacteriaceae 

Collinsella aerofaciens 11 (55) 9.2 ± 0.7 SAA; ABA; CA; BA

Genus Eggerthellales, family Eggerthellaceae

Eggerthella lenta 17 (85) 8.8 ± 0.7 SAA; ABA; CA

Gordonibacter pamelae 3 (15) 8.5 ± 0.9 ABA; CA; PAB

Raoultibacter massiliensis 1 (5) 9 CA

Slackia isoflavoniconvertens 1 (5) 9.3 CA

Adlercreutzia equolifaciens 1 (5) 9 CA

genus Anaerostipes (in 40% of children, concentration 8.2 ± 
1.0 log

10
 CFU/g). Another common family of bacteria in the 

Clostridia class were the Ruminococcaceae representatives 
(in 65% of children, average concentration 8.8 ± 0.5 log

10
 CFU/g) 

mostly represented by the species Flavonifractor plautii, 
Ruthenibacterium lactatiformans and Anaerotruncus  colihominis.  
It is worth noting that the bacteria of such species of the 
Ruminococcaceae family as Faecalibacterium prausnitzii 
and Gemmiger formicilis, which, according to the results of 
sequencing of the libraries of 16S rRNA genes, constitute 
the dominant part of the normal human gastrointestinal tract 
microflora [16], were isolated only from one child. Such results 
indicate that it is necessary to use selective growth media and 
exclude the specimen contact with atmospheric oxygen, due 
to the extremely high sensitivity of these bacterial taxa to the 
latter. Another frequently detected taxon of the Firmicutes 
phylum were members of the Erysipelotrichaceae family (class 
Erysipelotrichia, order Erysipelotrichales), which were found 
in 55% of healthy children at an average concentration of 
8.5 ± 1.0 log

10
 CFU/g. Among 6 genera and 9 species of 

bacteria of this family, Clostridium innocuum and Clostridium 
ramosum dominated. They were detected with frequency equal 
to 40% in concentration exceeding 108 CFU/g.

Bacteria belonging to the Negativicutes class were present in 
100% of children, the average concentration was 8.9 ± 0.7 log

10
 

CFU/g. The dominant taxa of this group were representatives 
of the Veillonellaceae family, which included the bacteria of the 
genera Veillonella and Dialister (in 35% and 45% of children 
respectively), as well as the family Acidaminococcaceae mainly 

represented by the Phascolarctobacterium faecium species, 
isolated in high concentrations from 40% of children.   

Among colon bacteria belonging to the phylum Proteobacteria, 
representatives of the Betaproteobacteria, Deltaproteobacteria 
and Gammaproteobacteria classes were identified (Table 4). 
The Betaproteobacteria class included different bacteria 
species of the Sutterellaceae family (isolated from 60% of 
children, the average concentration 8.8 ± 0.4 log

10
 CFU/g). The 

Deltaproteobacteria was mainly represented by the hydrogen 
sulfide forming bacteria of the Bilophila wadsworthia species 
(isolated from 55% of children, the average concentration 
8.0 ± 0.8 log

10
 CFU/g). Finally, the Gammaproteobacteria 

class was represented by only one family Enterobacteriaceae. 
Escherichia coli were determined in 100% of children at the 
average concentration of 7.2 ± 0.4 log

10 
CFU/g. Other relatively 

frequently observed members of the family were bacterial 
species Enterobacter cloacae (30%), Citrobacter freundii (20%) 
and Klebsiella pneumoniae (20%), their concentrations usually 
didn’t exceed 106 CFU/g. 

Fungi were found in 45% of healthy children in the 
amount of 3.4 ± 1.4 log

10
 CFU/g, all of the isolated strains 

belonged to the order Saccharomycetales (Table 5). In the 
feces of 35% of the children, fungi of the genus Candida of 
the family Debaryomycetaceae were identified. They belong 
mainly to the C. albicans species. In addition, in two children 
fungi of the Clavispora lusitaniae species belonging to the 
Metschnikowiaceae family were present.

The taxonomic properties of 10 strains of bacteria which 
were isolated during this study and the species identity of 
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Phylum Firmicutes

Taxa Observed number (%) Mean ± SD log
10

 CFU/g Growth media

Class Erysipelotrichia, order Erysipelotrichales

Family Erysipelotrichaceae 11 (55) 8.5 ± 1.0

Genus Erysipelatoclostridium 11 (55) 8.4 ± 0.9

Clostridium ramosum 8 (40) 8.2 ± 0.9 SAA; ABA; CA; PAB

Clostridium innocuum 8 (40) 8.1 ± 0.43 SAA; ABA; CA; PAB

Clostridium saccharogumia 1 (5) 8.7 ABA

Clostridium spiroforme 1 (5) 9 SAA

Holdemanella biformis 1 (5) 9.4 SAA

Dielma fastidiosa 1 (5) 8 SAA; ABA; CA

Coprobacillus cateniformis 1 (5) 9 ABA

Absiella dolichum 1 (5) 8 CA

Turicibacter sanguinis 1 (5) 8 SAA

Class Clostridia, order Clostridiales

Family Clostridiaceae 10 (50) 8.5 ± 1.1

Genus Clostridium 4 (20) 8.1 ± 1.4

Clostridium perfringens 3 (15) 8.5 ± 0.7 SAA; CA; PAB

Clostridium paraputrificum 2 (10) 6.3 – 9.4 SAA; ABA; PAB

Clostridium ventriculi 1 (5) 10.4 ABA

Clostridium barattii 1(5) 6 PAB

Hungatella hathewayi 7 (35) 7.8 ± 0.8 SAA; PAB

Mordavella sp. 1 (5) 9 ABA

Lactonifactor sp. ASD3451 1 (5) 8 PAB

Family Lachnospiraceae 17 (85) 9.0 ± 1.0

Genus Lachnoclostridium 13 (65) 8.4 ± 1.0

Clostridium clostridioforme 11 (55) 8.2 ± 1.0 SAA; ABA; PAB

Clostridium scindens 3 (15) 8.0 ± 0.0 SAA; PAB

Clostridium symbiosum 2 (10) 6.0 – 8.0 SAA; PAB

Lachnoclostridium sp. ASD2032 1 (5) 9 SAA

Clostridium lavalense 1 (5) 6 PAB

Clostridium hylemonae 1 (5) 9 SAA

Lachnoclostridium sp. ASD3950 1 (5) 9.3 ABA

Anaerostipes sp. 8 (40) 8.2 ± 1.0 SAA; ABA; CA

Eisenbergiella tayi 2 (10) 8.0 – 9.0 ABA; CA

Genus Blautia 13/65 8.9 ± 0.9

Blautia torques 7 (35) 8.8 ± 0.5 SAA; ABA; CA

Blautia coccoides 6 (30) 7.5 ± 0.8 ABA; PAB

Blautia gnavus 6 (30) 8.7 ± 0.6 SAA; ABA; CA

Blautia luti 5 (25) 8.5 ± 0.7 SAA; ABA 

Blautia faecis 5 (25) 8.6 ± 0.6 SAA; CA

Blautia obeum 3 (15) 8.5 ± 0.5 SAA; ABA

Blautia wexlerae 2 (10) 8.0 – 9.0 ABA; PAB

Blautia sp. ASD2945 1 (5) 8 ABA

Blautia caecimuris 1(5) 9.6 ABA; CA

Family Ruminococcaceae 13/65 8.8 ± 0.5

Flavonifractor plautii 7 (35) 8.7 ± 0.5 SAA; ABA; PAB

Ruthenibacterium lactatiformans 5 (25) 8.5 ± 0.5 ABA; CA

Anaerotruncus colihominis 4 (20) 8.3 ± 0.5 ABA; PAB

Flavonifractor sp. ASD20665 1 (5) 7.3 PAB

Monoglobus pectinilyticus 1 (5) 8.3 SAA

Ruminiclostridium leptum 1 (5) 8 ABA

Table 2. Species identity of the Firmicutes phylum cultured bacteria of the gastrointestinal tract microflora isolated from healthy children (n = 20)
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Faecalibacterium prausnitzii 1 (5) 8.3 ABA

Gemmiger formicilis 1 (5) 8 ABA

Agathobaculum sp. ASD2948 1 (5) 8 ABA

Ruminococcaceae ASD2818 1 (5) 8 SAA

Genus Dorea 4 (20) 8.6 ± 0.6

Dorea longicatena 3 (15) 8.2 ± 0.3 SAA; ABA; PAB

Dorea formicirans 1 (5) 8 PAB

Dorea sp. 1 (5) 9.3 ABA

Sellimonas intestinalis 7 (35) 8.8 ± 0.5 SAA; ABA;

Fusicatenibacter saccharivorans 3 (15) 8.4 ± 0.5 ABA; CA

Coprococcus comes 1 (5) 8.8 ABA

Family Eubacteriaceae
4 (20) 7.8 ± 0.39 ABA; PAB

Eubacterium limosum 

Family Christensenellaceae
1 (5) 9 CA

Christensenella minuta

Family Peptostreptococcaceae

Terrisporobacter sp. 1 (5) 8 PAB

Paeniclostridium sordellii 1 (5) 9 SAA

Genera with uncertain taxonomic position

Intestinimonas sp. 1 (5) 9 ABA

Lawsonibacter asaccharolyticus 1 (5) 9 CA

Class Bacilli

Order Lactobacillales

Family Lactobacillaceae

Genus Lactobacillus 13/65 6.3 ± 1.6

Lactobacillus casei/paracasei 6 (30) 6.3 ± 1.9 MRS

Lactobacillus gasseri/acidophilus 5 (20) 7.0 ± 1.2 MRS

Lactobacillus rhamnosus 3 (15) 4.5 ± 0.2 MRS

Lactobacillus salivarius/delbruekii 2 (10) 5.5 – 6.3 MRS

Lactobacillus fermentum 1 (5) 4 MRS

Lactobacillus brevis 1 (5) 4 MRS

Family Leuconostocaceae
1 (5) 6.3 MRS

Leuconostoc lactis

Family Enterococcaceae

Genus Enterococcus 16/80 6.1 ± 1.3

Enterococcus faecalis 8 (40) 5.8 ± 1.0 mEA

Enterococcus faecium 9 (45) 4.9 ± 0.7 mEA

Enterococcus durans 3 (15) 4.3; 4.8; 9.5 mEA

Enterococcus avium/raffinosus 7 (35) 6.5 ± 0.8 mEA

Enterococcus casseliflavus 1 (5) 6 mEA

Enterococcus gallinarum 1 (5) 4 mEA

Family Streptococcaceae

Genus Streptococcus 19/95 7.5 ± 1.2

Streptococcus salivarius 17/85 6.9 ± 1.2 mEA. MRS

Streptococcus parasanguinis 9 (45) 6.6 ± 1.0 mEA. MRS

Streptococcus oralis/pneumoniae/mitis 5 (45) 7.1 ± 2.6 mEA. MRS

Streptococcus anginosus 2 (10) 5.0 – 5.7 mEA. MRS

Streptococcus mutans 2 (10) 6.1 – 6.3 mEA. MRS

Streptococcus constellatus 1 (5) 6 MRS

Streptococcus infantarius 1 (5) 8.4 MRS

Streptococcus disgalactiae 1 (5) 8.9 CA

Genus Lactococcus 
1 (5) 6.1 MRS

Lactococcus lactis
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Family Aerococcaceae
1 (5) 6 SAA

Aerococcus viridans

Order Bacillales

Family Staphylococcaceae 18/90 5.0 ± 1.7

Staphylococcus aureus 14/70 3.9 ± 0.8 GMSA

Staphylococcus epidermidis 6 (30) 4.3 ± 1.4 GMSA

Staphylococcus hominis 3 (15) 4.6 ± 0.8 GMSA

Staphylococcus haemolyticus 3 (15) 2.5 – 5.2 GMSA

Staphylococcus sacharolyticus 2 (10) 9 ABA

Staphylococcus warneri 2 (10) 5.2 – 8.8 GMSA; CA

Staphylococcus capitis 1 (5) 4.3 GMSA

Staphylococcus gallinarum 1 (5) 3.2 GMSA

Family Bacillaceae 
6 (30) 3.4 ± 0.3 GMSA

Bacillus sp.

Class Negativicutes

Order Veillonellales 
12 (60) 8.8 ± 0.9

Family Veillonellaceae

Veilonella sp. 7 (35) 8.0 ± 0.9 SAA; ABA; CA

Allisonella histaminiformans 1 (5) 8 ABA

Genus Dialister 9 (45) 9.0 ± 0.5

Dialister invisus 8 (40) 9.1 ± 0.4 SAA; ABA

Dialister succinatiphilus 1 (5) 8 CA

Order Selenomonadales, family Selenomonadacea  

Megamonas sp. 2 (10) 8.8 – 9.0 ABA; CA

Order Acidaminococcales, family Acidaminococcaceae

Phascolarctobacterium faecium 8 (40) 9.0 ± 0.4 SAA; ABA; CA

Phascolarctobacterium succinatutens 1 (5) 8 SAA

which could not be established are listed in the Table 6. Most of 
them (7 of 10 strains) belonged to the phylum Firmicutes. Four 
of them had a phylogenetic relationship with species from the 
genera Blаutia, Flintibacter and Lachnoclostridium of the family 
Lachnospiraceae. Two clones were close to different species 
of the family Ruminococcaceae, and another clone was 
phylogenetically similar to members of the genus Lactonifractor 
of the family Clostridiaceae. In addition, one clone of the new 
bacterial taxon was associated with a typical strain belonging 
to the family Sutterellaceae, included in the Proteobacteria 
phylum, and one clone belonged to the genera Parabacteroides 
and Bacteroides (families Porphyromonadaceae and 
Bacteroidaceae respectively, phylum Bacteroidetes).

DISCUSSION

This age group of children was chosen for the study because 
earlier it was shown that the qualitative and quantitative 
parameters of the gut microbiota by the age of three years 
become close to the typical adults values [17]. By this age, 
the gut microbiota acquires relative compositional stability and 
does not change significantly over time [18].     

The main problems regarding the culture-based methods 
are associated with the selection of growth media, which 
provide the growth of fastidious strictly anaerobic bacteria, 
and with the further identification of numerous strains of 
microorganisms growing on these media. In our study we 
used well-known growth media including media for the strictly 
anaerobic bacteria. After inoculation of media Petri dishes were 
incubated at 37 °C in the anaerobic jars. 

It was previously shown that increase the number of growth 
media and the number of samples leads to isolation of a 
large number of bacterial species, which indicates significant 
individual differences in the composition of the human gut 
microbiota [3]. This is confirmed by the results of metagenomic 
sequencing, which revealed a very high variability in abundance 
(12–2,200 times) for the 57 most common human bacterial 
species [19]. In our study, though an average of 34 ± 8 species 
of microorganisms was isolated from each child, in total, 
159 species of bacteria were found in all children, including 
new taxa. 

The greatest species diversity (more than 90 species of 
bacteria) was found in the phylum Firmicutes, with more than 
half of them belonging to the class Clostridia of the order 
Clostridiales. The dominating by frequency of occurrence and 
quantitative content families of this class were Lachnospiraceae 
and Ruminococcaceae. The obtained data characterizing 
the composition of this part of microbiota in Russian children 
correspond with the results of previous studies, in which both 
culture-based methods and the analysis of the nucleotide 
sequences of the libraries of 16S rDNA genes established the 
dominance of these taxa in human gut microbiota  [6, 20]. 

Among the representatives of intestinal endosymbionts, 
which belong to the classes Erysipelotrichia and Clostridia 
isolated in pure culture from feces of healthy children the 
bacteria associated with various infectious diseases were also 
present. Therefore, the improvement of the culture methods 
and species identification for the bacteria of these taxa has 
not only ecological but also clinical significance. For example, 
Clostridium innocuum is often associated with bacteriemia in 
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Phylum Bacteroidetes, class Bacteroidia, order Bacteroidales

Taxa Observed number (%) Mean ± SD log
10

 CFU/g Growth media

Family Bacteroidaceae 20 (100) 10.1 ± 0.4

Bacteroides dorei/vulgatus 19 (95) 9.5 ± 0.5 SAA; ABA; CA

Bacteroides ovatus/xylanisolvens 16 (80) 9.2 ± 0.5 SAA; ABA; CA

Bacteroides uniformis 17 (85) 9.4 ± 0.5 SAA; ABA; CA

Bacteroides fragilis 9 (45) 9.1 ± 0.6 SAA; ABA; CA

Bacteroides thetaiotaomicron 9 (45) 9.1 ± 0.5 SAA; ABA; CA

Bacteroides caccae 8 (40) 9.0 ± 0.7 SAA; ABA; CA

Bacteroides eggerthii 6 (30) 9.2 ± 0.5 SAA; ABA; CA

Bacteroides stercoris 4 (20) 9.0 ± 0.2 SAA; ABA; CA

Bacteroides intestinalis 3 (15) 9.2 ± 0.3 SAA; ABA; CA

Bacteroides clarus 2 (10) 9.0 – 10.3 ABA

Bacteroides massiliensis 2 (10) 9.3 – 9.5 SAA; ABA; CA

Bacteroides plebeius 1 (5) 9.6 SAA; ABA; CA

Bacteroides coprocola 1 (5) 8 ABA

Bacteroides salyersiae 1 (5) 8 CA

Bacteroides sp. ASD2038 1 (5) 9.7 SAA

Family Rikenellaceae 18/90 9.5 ± 0.4

Alistipes onderdonkii 11 (55) 9.1 ± 0.5 SAA; ABA; CA

Alistipes putredinis 10 (50) 9.5 ± 0.5 SAA; ABA; CA

Alistipes finigoldii 8 (40) 8.8 ± 0.7 SAA; ABA; CA

Alistipes shachii 5 (25) 9.2 ± 0.3 SAA; ABA; CA

Alistipes indistinctus 2 (10) 8.0 – 9.0 CA

Alistipes obessii 3 (15) 9.1 ± 0.2 ABA

Alistipes inops 3 (15) 8.8 ± 0.7 SAA; ABA

Alistipes massiliensis 1 (5) 8.8 ABA; CA

Alistipes ihumii 1 (5) 9.4 SAA; ABA

Family Porphyromonadaceae 15 (75) 9.4 ± 0.5

Genus Parabacteroides 13 (65) 9.2 ± 0.7

Parabacteroides distasonis 9 (45) 9.1 ± 0.8 SAA; ABA; CA

Parabacteroides merdae 7 (35) 8.9 ± 0.7 SAA; ABA; CA

Parabacteroides sp. ASD2049 1 (5) 9 SAA

Barnesiella intestinihominis 8 (40) 9.2 ± 0.3 SAA; ABA; CA

Coprobacter fastidiosus 3 (15) 9.1 ± 0.1 SAA; ABA; CA

Family Odoribacteraceae 8 (40) 9.3 ± 0.3

Odoribacter splanchnicus 5 (25) 9.3 ± 0.3 SAA; ABA; CA

Butyricimonas sp. 4 (20) 9.3 ± 0.4 ABA; CA

Family Prevotellaceae   3 (15) 8.8 ± 0.9

Prevotella copri 2 (10) 8.5 – 9.0 SAA; ABA; CA

Prevоtella melaninogenica 1 (5) 8 ABA

Prevоtella rara 1 (5) 9 ABA; CA

Paraprevotella clara 1 (5) 9.6 ABA; CA

Table 3. Species identity of the Bacteroidetes phylum cultured bacteria of the gastrointestinal tract microflora isolated from healthy children (n = 20)

patients with immunodeficiency. It is resistant to antibacterial 
drugs used for treatment of anaerobic infections. C. ramosum, 
which were also isolated, are considered the second most 
common bacteria from the clostridium group after C. perfringens, 
causing abscesses, peritonitis, bacteriemia and chronic otitis 
media in children, and the third most common type of clostridia 
causing bacteriemia in adults [21, 22]. 

The Bacteroidetes phylum made up the second group 
by the number of identified taxa after Firmicutes and was 

represented by 33 species of bacteria belonging, however, to 
only one order Bacteroidales. 

It is known that Bacteroidales includes the main part of 
anaerobic nonsporeforming gram-negative rod-shaped bacteria 
that colonize the human gastrointestinal tract [23]. We found, 
that in the group of children under study representatives of 
the Bacteroidaceae, Rikenellaceae and Porphyromonadaceae 
families dominated and were isolated from 100%, 90% and 
75% of children respectively. In our previous study, to assess 
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Table 4. Species identity of the Proteobacteria phylum cultured bacteria of the gastrointestinal tract microflora isolated from healthy children (n = 20)

Phylum Proteobacteria

Class Gammaproteobacteria

Taxa Observed number (%) Mean ± SD log
10

 CFU/g Growth media

Order Enterobacteriales, family Enterobacteriaceae

Escherichia coli 20 (100) 7.2 ± 1.4 EA; CAa

Enterobacter cloacae 6 (30) 6.0 ± 1.5 EA; SSA; CAa

Citrobacter freundii 4 (20) 5.8 ± 0.68 EA; SSA; CAa

Klebsiella pneumonia 4 (20) 6.5 ± 1.7 EA; CAa

Leclercia adecarboxylata 1 (5) 6.5 CAa

Proteus mirabilis 1 (5) 6 SSA; CAa

Class Betaproteobacteria, order Burkholderiales

Family Sutterellaceae  12 (60) 8.8 ± 0.4

Parasutterella excrementihominis 4 (20) 8.6 ± 0.4 ABA; CA

Sutterella wadsworthensis 5 (25) 8.9 ± 0.1 ABA

Sutterella massiliensis 1 (5) 9.5 CA

Sutterella sp. ASD3426 1 (5) 8 CA

Duodenibacillus massiliensis 1 (5) 9.1 SAA

Family Oxalobacteraceae
1 (5) 8 CA

Massilia timonae

Class Deltaproteobacteria

Order Desulfovibrionales, family Desulfovibrionaceae

Bilophila wadsworthia 11 (55) 8.0 ± 0.8 SAA; CA; PAB

Desulfovibrio piger 1 (5) 8.1 PAB

the composition of the dominant groups of intestinal bacteria 
belonging to the Bacteroidales order in 6 years old children, we 
inoculated serial dilutions of feces only on Columbia Blood Agar 
with the addition of sheep blood followed by determining the 
species of anaerobic gram-negative rod-shaped bacteria using 
the restriction analysis of amplified fragments of the 16S rRNA 
gene (ARDRA), as well as their sequencing. 

In that study, we isolated only 38 strains of bacteria 
belonging to 13 species of Bacteroidales from 8 children  [12]. In 
the present study, we used 3 different growth media to identify 
the same group of bacteria, with preliminary identification of 
all the grown bacteria using mass spectrometry and additional 
16S rDNA gene sequencing for strains with an unclear 
taxonomic position. This approach allowed us to distinguish 
33 species of bacteria belonging to 9 genera and 5 families 
of the order Bacteroidales in addition to bacteria belonging to 
other taxonomic groups. 

Bacteria of Prevotellaceae family, also belonging to the 
order Bacteroidales, were found only in three children (15%). 
In spite of the fact that about 30 prevotella’s species are 
known to date, as bacteria colonizing mainly the human oral 
cavity, until recently only 2 species P. copri and P. stercorea 
were considered commensals of the gastrointestinal tract. 
In our study in addition to P. copri the bacteria from species 
P. melaninogenica, which are rarely isolated from the intestine, 
and recently described new species P. rara were isolated from 
a child for the first time [24].

As predominant groups of intestinal bacteria, prevotella is 
most often determined in people whose diet is based on the 
products of plant origin, which is associated with the ability of 
these bacteria to degrade plant polysaccharides in the distal 
intestinal tract [20]. On the other hand, the prevalence in the 

gut microbiota the bacteria of the Bacteroides genus and the 
Clostridiales order, as shown in our study, had been previously 
associated with a mixed diet characterized by the inclusion 
in diet both animal and vegetable products along with easily 
digestible carbohydrates  [25, 26]. 

CONCLUSIONS

The approach we used, based on the use of a wide range of 
growth media for the isolation of difficult-to-cultivate groups of 
intestinal endosymbionts, both under aerobic and anaerobic 
conditions, followed by the bacteria species identification 
by the MALDI TOF mass spectrometry and the 16S rRNA 
gene sequencing, allowed us to analyze the qualitative and 
quantitative composition of the dominant cultivated groups of 
gut microbiota in children. In general, the results describing 
the taxonomic composition of the fecal microbiota of children 
obtained by the culture-based method do not contradict 
the data obtained by molecular methods based on the 
sequencing of bacterial DNA. In addition, we have isolated 
in pure culture the numerous strains of difficult-to-cultivate 
bacteria and 10 strains of new bacteria with not yet studied 
biological properties. The data obtained allow us to expand 
our understanding of the spectrum of cultivated taxonomic 
groups of colon bacteria and their quantitative content in 
children. The strains we isolated, both belonging to known 
and new taxa, can be used to study a wide repertoire of their 
properties, including their biotherapeutic potential for creating 
the new probiotic medications. At the same time, many well-
known taxa of gut microbiota, including representatives of 
such dominant genera as Faecalibacterium and Roseburia, 
we were unable to isolate, which indicates the need to use 
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Table 5. Species identity of the Saccharomycetales order fungi isolated from healthy children (n = 20)

Table 6. New gastrointestinal tract bacteria phylotypes isolated from healthy children and the values of the nucleotide sequences of their 16S rDNA levels of homology 
with the same sequences of typical strains of the most closely related validated species in accordance with the International Code of Nomenclature of Bacteria 
(Bacteriological Code)

Fungi taxa Observed number (%) Mean ± SD log
10

 CFU/g Growth media

Order Saccharomycetales 9 (45) 3.4 ± 1.4

Family Debaryomycetaceae 7 (35) 3.5 ± 1.4

Candida albicans 5 (25) 3.7 ± 1.4 SC2A

Candida parapsilosis 1 (5) 2.5 SC2A

Candida sp. 1 (5) 2.5 SC2A

Family Metschnikowiaceae
2 (10) 2.0 – 5.0 SC2A

Clavispora lusitaniae

№ 
Strain 

number  
Phylum/family

№ of sequencing in the 
GenBank database

Related strains with high level of sequence similarity 
(megablast algorithm) in the GenBank database

Homology 
(%) 

1 ASD 3426 
Proteobacteria 
Sutterellaceae 

MK615133.1 Sutterella wadsworthensis WAL9799 97.93

2 ASD2049 
Bacteroidetes 
Porphyromonadaceae 

MG321612.1 Parabacteroides merdae JCM9497 96.63

3 ASD2038 
Bacteroidetes 
Bacteroidaceae 

MK615124.1 Bacteroides ovatus ATCC 8483 98.19

4 ASD2032 
Firmicutes 
Lachnospiraceae 

MK615123.1 [Clostridium] amygdalinum BR-10 95.72

5 ASD2945 
Firmicutes 
Lachnospiraceae 

MK615128.1 Blautia faecis KB1 96.03

6 ASD3950 
Firmicutes 
Lachnospiraceae 

MK615131.1 [Clostridium] glycyrrhizinilyticum ZM35 95.73

7 ASD3451 
Firmicutes 
Clostridiaceae

MK615130.1 Lactonifactor longoviformis ED-Mt61/PYG-s6 94.61

8 ASD20665 
Firmicutes 
Ruminococcaceae 

MK615126.1 Flintibacter butyricus BLS21 97.33

9 ASD2818 
Firmicutes 
Ruminococcaceae 

MH043116.1 Caproiciproducens galactitolivorans BS-1 93.76

10 ASD2948 
Firmicutes 
Ruminococcaceae 

 MK615129.1 Agathobaculum desmolans ATCC43058 97.01

more advanced anaerobic technologies in such studies, 
in particular, anaerobic glove box at the stages of sample 
preparation, inoculation and grown culture counting. The 
complexity and labor input of the culture-based method do 
not allow recommend it for the routine use in clinical practice, 
even assuming that in the future all stages of the study would 

be fully automated. However, the development of methods of 
isolation and identification of strictly anaerobic colon bacteria 
is necessary, since these bacteria can have pathobiotic 
potential and occur in clinical material (wound discharge, 
biopsy specimens, blood, liquor, etc.), in which the usual 
quantitative content of the species of bacteria is not so great.
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THE FEASIBILITY OF USING COMPUTER-BASED MODELS FOR REDUCING THE RISKS 
OF COMPLICATIONS ASSOCIATED WITH TEMPORARY DENTURES

Contemporary prosthetic dentistry has a vast arsenal of solutions for completely edentulous patients. However, it is crucial to consider a variety of factors that can 

cause complications in patients wearing temporary dentures in the osseointegration period. The aim of this study was to retrospectively analyze the medical records 

of completely edentulous patients wearing temporary removable or fixed dentures in the osseointegration period, to identify the risk factors for complications and 

to calculate the odds of adverse events. We performed a multivariate analysis and developed a computerized algorithm that could be used to facilitate selection 

of the proper denture type and material. The algorithm demonstrates high sensitivity and specificity: 94.37 (76.2 : 98.7) and 92.56 (79.8 : 97.6), respectively; the 

AUC value is 0.921 (0.843 : 0.963). We are planning to develop a software based on the proposed algorithm that would help the dentist to make a more objective 

decision when selecting the type of temporary denture and its material.
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Н. В. Багрянцева1,2      , С. И. Гажва1, А. А. Баранов2, Л. Б. Шубин2, В. А. Багрянцев2, О. В. Багрянцева2

ВОЗМОЖНОСТИ ИСПОЛЬЗОВАНИЯ КОМПЬЮТЕРНЫХ МОДЕЛЕЙ ДЛЯ СНИЖЕНИЯ РИСКОВ 
ПРИ ВРЕМЕННОМ ПРОТЕЗИРОВАНИИ

Современная ортопедическая стоматология обладает большим арсеналом решений для оказания помощи пациентам с полной вторичной адентией, 

что, однако, может вызывать ряд проблем. При выборе вида временного протеза на момент остеоинтеграции дентальных имплантатов необходимо 

учитывать большое количество факторов, возникающих при различных клинических ситуациях. Целью работы было в ходе ретроспективного анализа 

медицинской документации пациентов с полной вторичной адентией и установленными временными протезами (покрывными съемными и условно-

съемными) на момент остеоинтеграции дентальных имплантатов оценить факторы риска и отношение шансов их реализации в развитии осложнений 

на этот период. Осуществлено многомерное математико-статистическое моделирование с построением компьютерного алгоритма принятия решений 

в выборе типа протеза и материала для его изготовления. Алгоритм (модель) обладает высокими значениями чувствительности и специфичности — 

94,37 (76,2 : 98,7) и 92,56 (79,8 : 97,6), при площади под характеристической кривой, равной 0,921 (0,843 : 0,963). Используя автоматизацию поэтапного 

алгоритма, планируется создать компьютерную программу для повышения степени объективности при выборе способа временного протезирования 

и материала протеза.
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To date, dental implant surgery has become a routine practice that 
boasts good long-term outcomes [1, 2]. Its results can be predicted 
even before treatment commences. Once an implant is placed in 
the jawbone, the patient can be offered temporary dentures, either 
removable or fixed, available in a variety of materials [3].

However, approaches to temporary tooth restoration during 
osseointegration in completely edentulous patients are controversial 
[4]. The analysis of the literature reveals the need for an adequate 
algorithm that would facilitate the right choice of a provisional 
denture and stresses the importance of a mathematically accurate 

approach to the rehabilitation of edentulous patients [2] that will 
minimize the risks of poor outcomes or complications and improve 
the quality of life for such parents.

METHODS

We conducted a retrospective analysis of medical records 
obtained from Yaroslavl regional dental clinic (Yaroslavl, Russia). 
Specifically, we studied the dental histories of patients (form 
043/u) and reports of oral surgeons (form 039-4/u) dating back 
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Grade 1 Ideal mouth Well-defined alveolar bones covered with a slightly supple pale pink mucous membrane, showing no signs of pathology

Grade 2 Hard mouth Atrophied thickened dry mucosa, attaches to the alveolar ridge closer than in Grade 1

Grade 3 Soft mouth A hypertrophic lax mucous membrane, low alveolar bones

Grade 4 Flabby ridge Excessive flabby tissue, easily displaced by applying slight pressure, can get pinched between the denture and the alveolar ridge

Table 1. Supple’s classification of oral mucosa

to 2015 to 2019. The following inclusion criteria were applied: 
any sex or age and acquired absence of teeth. Patients with 
decompensated conditions, buccal exostosis, cancer, or blood 
clotting disorders were excluded from the study. Information 
about the causes of teeth loss, patients’ complaints, treatment 
planning, and the type of temporary dental prostheses was 
retrieved from the records. Implant materials were analyzed 
separately. The obtained data were saved into cross-tables, and 
the necessary codes were submitted. In total, we analyzed the 
medical records of 102 patients and reports of 1 oral surgeon. Of 
those patients, 34 were completely edentulous and 68 retained 
either loose teeth or healthy roots, which were removed in the 
course of treatment. All 102 patients received dental implants 
and temporary dentures. Considering the objective of this work, 
the patients were distributed into two groups. Group 1 included 
patients with successful osseointegration (n = 73); group 2 
comprised patients who developed complications (n = 29). All 
patients underwent panoramic radiography aimed to evaluate 
the bone around the implant and the quality of osseointegration. 
The examination was performed three times using a Strato 
2000d OPG machine (Villa Sistemi Medicali; Italy). Besides, 
intraoral periapical radiographs were taken using an EzSensor 
radiovisiography imaging system (Vatech; South Korea). An 
MRI scan was also ordered for some patients (a Brilliance 64 
MRI scanner; Philips; Netherlands).

Jawbone atrophy and quality were assessed using the 
classification developed by Lekholm and Zarb [5] based on jaw 
density and structure. The condition of oral mucosa was assessed 
using the conventional classification proposed by Supple (Table 1). 
Comorbidities and health compromising behaviors were also noted. 

Statistical analysis was performed in Statistica ver. 12, 
2014 (StatSoft Inc.; USA) and MedCalc Statistical Software 
ver. 18.2.1, 2018 (MedCalc Software bvba; Ostend, Belgium). 
We identified risk factors, calculated their odds and the 95% 
CI. Variables characterized by a high probability of occurrence 

served as a basis for our multivariate statistical models that 
were built using logistic regression. ROC-curve analysis was 
applied to assess the quality of the models.

RESULTS

The initial analysis revealed that in the osseointegration period, 
the patients developed a variety of complications associated 
with temporary dentures. The total number of complications 
was 29, occurring in 28% of the studied patients. The most 
common (34%) problem was difficulty adapting to overdentures. 
Oral mucositis (20%) and denture fractures or breakages (20%) 
ranked second. Peri-implantitis and allergy to denture materials 
(plastic monomers) were the third most common problem, 
accounting for 10% of complications each. Bad breath and 
implant instability occurred in 3% of the complicated cases. 

Comparison of Groups 1 and 2 allowed us to draw a 
mathematically accurate profile of statistically significant 
risk factors. When analyzing the risk of a particular event (a 
complication) in the patients with acquired edentulism who were 
wearing provisional dentures in the osseointegration period, we 
calculated its odds. The risk was understood as an exposure 
that increased the likelihood of a particular complication. Relative 
risks were calculated as a ratio of frequency of the complication 
in the group at risk for this event to the frequency of this event 
in the control group. Six statistically significant risk factors were 
identified, including the severity of jawbone atrophy (grades C, D, 
or E, according to Lekholm and Zarb’s classification), the density 
of cortical and cancellous bones (same classification, types III 
and IV), the condition of oral mucosa (types 3 and 4, Supple’s 
classification), allergy to monomer components of the denture, 
poor mouth hygiene and health compromising behaviors (Table 2).

In order to characterize the relationship between the 
complication and the corresponding risk factor, we calculated 
the odds ratio (the ratio of the odds of the event occurring to the 

Table 2. Relative risks for complications associated with temporary dentures 

Risk factor Relative risk "–" 95% CI "+" 95% CI

Severity of bone atrophy, grades C, D, or E 1.7997 0.5518 2.1929

Bone quality, classes III and IV 0.9858 0.4542 2.2258

Oral mucosa condition, types 3 and 4 1.3947 0.5566 2.2588

Allergy + 0.8716 0.3044 2.2069

Poor mouth hygiene + 0.7891 0.2391 1.9864

Smoking + 0.5333 0.2593 2.6781

Table 3. Odds ratios for complications associated with temporary dentures

Risk factor Odds ratio "–" 95% CI "+" 95% CI

Bone atrophy, grade C 1.8879 0.1518 2.2854

Bone atrophy, grade D 1.5858 0.1542 2.2546

Bone atrophy, grade E 1.2845 0.1566 2.2588

Oral mucosa condition, type 3 1.2143 0.2044 2.2608

Oral mucosa condition, type 4 1.1947 0.2721 1.9864

Allergy + 0.8333 0.2593 2.6781

Poor mouth hygiene + 0.6891 0.2694 1.8871

Smoking + 0.4222 0.2443 2.5398
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Table 4. Characteristics of the regression model for the choice of a temporary dental prosthesis (TDPC)

Table 5. Standardized regression coefficients included in the model for the choice of TDPC

Parameter TDPC

Level of significance p = 0.001

Coefficient of determination, Cox & Snell’s R2 0.834

Coefficient of determination, Nagelkerke’s R2 0.758

Hosmer & Lemeshow test, significance p = 0.594

Concordance correlation coefficient 0.8946

Variable Coefficient Standard error Wald test

Severity of bone atrophy –2.13953 0.40234 0.1203

Bone quality 3.58284 0.47428 11.1382

Condition of oral mucosa –1.85714 0.83806 11.6227

Allergy 3.46292 0.44173 10.968

Poor mouth hygiene 1.55758 0.41697 13.954

Smoking 0.056017 0.070499 0.6314

Constant –8.64908 85.2702 0.01029

odds of the event not occurring). We found that 6 identified risk 
factors had a high probability of occurrence. However, because 
some factors, including jaw bone atrophy and the condition of 
oral mucosa, could be further graded into different degrees of 
severity and types, the likelihood of their occurrence varied. 
For example, bone atrophy was represented by 3 probabilistic 
states corresponding to grades C, D, or E of the applied 
classification; the condition of oral mucosa was represented by 
types 3 and 4 of the same classification [2, 6, 7] (Table 3).

Considering the obtained results, we decided to improve 
the accuracy of risk prediction by employing a multivariate 
analysis. Using logistic regression, we were able to identify the 
relationships between independent and response variables. 
We also assessed the mutual influence of the variables and 
the contribution of each variable to the classification. Results of 
statistical modeling are presented in Table 4. 

The constructed model was characterized by a high level 
of significance. The values of both regression coefficients 

Table 6. Operational characteristics of the model for the choice of TDPC

Parameter TDPC

Area under curve (AUC) 0.921

Mean squared errora 0.0524

–95% CI (AUC) 0.873

+95% CI (AUC) 0.963

z-score 9.645

Significance, р (area = 0.5) 0.001

Youden J 0.8284

Optimal cut-off value ≤ 1.43

Sensitivity 94.37

–95% CI (Se) 76.2

+95% CI (Se) 98.7

Specificity 92.56

–95% CI (Sp) 79.8

+95% CI (Sp) 97.6

+Likelihood ratio (+LR) 7.31

–95% CI (+LR) 2.5

+95% CI (+LR) 21.4

–Likelihood ratio (–LR) 0.18

–95% CI (–LR) 0.08

+95% CI (–LR) 0.4

+Prognostic value (+PV) 89.9

–95% CI (+PV) 75.3

+95% CI (+PV) 96.3

–Prognostic value (–PV) 82.2

–95% CI (–PV) 67.2

+95% CI (–PV) 91.3
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Fig. 1. A forest plot showing risk factors for the complications associated with temporary dental prostheses
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of determination (R2) were quite high, suggesting a relatively 
high stability of our prediction model. The obtained value of 
the concordance correlation coefficient spoke in favor of this 
conclusion. Using the Hosmer-Lemeshow test, we assessed 
the goodness of fit by comparing the observed and expected 
frequencies. In our case, the fit was good, with over 5% statistical 
significance Standardazied regression coefficients included in the 
model and presented in Table 5 reflected all stages of the algorithm.

The following logistic regression equation was proposed 
based on the results of multivariate modeling: 

F = с + k
1
x

1
 + k

2
x

2
 + … + k

n
x

n
, 

where F is a dependent variable; с is a constant; k
i
 is a coefficient 

of the regression function; x
i
 is a predictor (a variable). 

Logistic regression and the use of the abovementioned 
equation for determining individual F values included ROC-
curve analysis. The following parameters were calculated: an 
area under curve (AUC), the Youden index, an optimal cut-off 
value, sensitivity and specificity, positive and negative likelihood 
ratios (LR), positive and negative predictive values (PV), and 
95% CI for each parameter (Table 6).

DISCUSSION

Unsurprisingly, the density of cortical and cancellous bone 
(classes III and IV according to Lekholm and Zarb’s classification) 
was the leading risk factor for complications associated with 
temporary dental prostheses, because the success of denture 
placement is largely determined by bone density. The second 

Fig. 2. A forest plot showing the odds ratios of the risk factors for the complications associated with temporary dental prostheses

Fig. 3. A ROC curve for the prediction model facilitating the choice of TDPC
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most significant risk factor was allergy to the plastic monomer 
components of the denture. The severity of bone atrophy 
(Lekholm and Zarb’s classification) and the condition of oral 
mucosa (types 3 and 4) ranked third and fourth in importance, 
respectively. Poor mouth hygiene and health-compromising 
habits (smoking) also contributed to the development of 
complications [2, 4]. Fig. 1 shows a forest plot for the listed 
risk factors.

The odds of the observed complications associated 
with temporary dentures worn by edentulous patients in the 
osseointegration period can be presented in the following 
descending order: type 4 condition of oral mucosa (Supple’s 
classification), allergy to denture material, type 3 condition 
of oral mucosa, bone atrophy (grades E and D), bad mouth 
hygiene, bone atrophy (grade C), and smoking. Fig. 2 shows a 
forest plot for the odds ratios.

Considering the values of operational characteristic of the 
model, we think the proposed computerized algorithm is a 
feasible tool that assists selection of a proper temporary dental 
prosthesis. Sensitivity and specificity (95% CI) of the proposed 
algorithm are high; the same is true for the absolute values. 

The positive likelihood ratio is 7 times higher than the negative 
likelihood ratio; the positive prognostic value exceeds the 
negative almost sevenfold. These facts suggest stability of our 
prediction model confirmed by the AUC value of 0.921 shown 
in Fig. 3 [8, 9].

CONCLUSIONS

1. The severity of jawbone atrophy and the density of cortical 
and cancellous bone are the most important factors that should 
be considered when selecting a temporary removable or fixed 
denture for edentulous patients in the osseointegration period. 
2. It is critical to assess the condition of oral mucosa in order 
to avoid complications. 3. If the patient is a smoker or has bad 
hygiene habits, he/she should be offered a removable denture. 
4. If the patient is not allergic to plastic and maintains good 
hygiene, he/she can be offered temporary dentures made of 
any kind of plastic. 5. Based on the proposed algorithm, we 
are planning to develop a software that would help the dentist 
to make a more objective decision when selecting the denture 
type and material.
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SYNCHROTRON IR-MICROSPECTROSCOPY-BASED VISUALIZATION OF MOLECULAR AND CHEMICAL 
INTERACTIONS BETWEEN DENTAL CEMENT, BIOMIMETIC COMPOSITE AND NATIVE DENTAL TISSUE  

The low affinity of composite materials for the hard tissue of human teeth poses a challenge to restorative dentists. This study was undertaken to explore 

molecular and chemical characteristics of the interface between the dental cement, the buffer layer formed from a next generation biomimetic material that 

mimics the organic mineral composition of human enamel and dentin, and the intact native hard dental tissue. Seven plane-parallel dental slices were analyzed 

using synchrotron IR microspectroscopy. The obtained absorption spectra of functional molecular groups were organized into cluster maps. This allowed us 

to identify the intact tissue, the adhesive agent and the biomimetic layer at their interface and to localize and measure concentrations of functional groups 

involved in the integration of the biomimetic composite into the hard tissue of the human tooth. The proposed biomimetic material is based on nanocrystal 

carbonate-substituted calcium hydroxyapatite synthesized from a biogenic calcium source and a complex of basic polar amino acids copying the composition 

of the human tooth and can form a functional bond with hard dental tissue. 
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Д. Л. Голощапов1, В. М. Кашкаров1, Ю. А. Ипполитов2, И. Ю. Ипполитов2, Jitraporn Vongsvivut3, П. В. Середин1

ВИЗУАЛИЗАЦИЯ МОЛЕКУЛЯРНО-ХИМИЧЕСКОГО ВЗАИМОДЕЙСТВИЯ МАТЕРИАЛА, 
БИОКОМПОЗИТА И ТКАНИ ЗУБА НА ОСНОВЕ СИНХРОТРОННОЙ ИК-МИКРОСПЕКТРОСКОПИИ

В реставрационной стоматологии остается актуальной проблема низкого сродства композиционных материалов с нативной твердой тканью зуба. 

Целью работы было исследовать молекулярно-химические особенности формирования интерфейса стоматологический материал — биомиметический 

буферный слой — твердая ткань зуба человека. С применением метода молекулярной многомерной ИК-визуализации на 7 плоскопараллельных сегментах 

образцов был выполнен анализ участка интерфейса здоровая твердая ткань (эмаль/дентин) — биомиметический переходной слой — стоматологический 

материал/адгезивный, созданный с использованием нового поколения биомиметических материалов, воспроизводящих минералорганический 

комплекс эмали и дентина зубов человека, с нативными твердыми тканями зуба человека и стоматологическим цементом. Данные спектральной 

молекулярной визуализации,  полученные на основе синхротронного ИК-картирования интенсивности функциональных молекулярных групп, позволили 

нам обнаружить и визуализировать различия между здоровой тканью, стоматологическим материалом и биомиметическим переходным слоем в 

межфазных областях (интерфейсах), а также определить локализацию и концентрацию функциональных групп, отвечающих процессам интеграции 

биомиметического композита и нативной твердой ткани зубов человека. Показано, что разработанная нами биомиметическая система на основе 

нанокристаллического карбонат-замещенного гидроксиапатита кальция, полученного из биогенного источника кальция и комплекса основных 

полярных аминокислот, соответствующих органоминеральному комплексу зубов человека, способна образовывать функциональную связь с твердой 

тканью зуба человека. 

Ключевые слова: биомиметические материалы, нативная твердая ткань зуба человека, ИК-микроспектроскопия, синхротронное излучение
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Although modern composite materials and bonding resins used 
in restorative dentistry are durable and have a good adhesive 
capacity, their chemical and structural resemblance to native 
hard dental tissue is low [1, 2]. The difference in physical and 
chemical characteristics between synthetic materials and 
the natural enamel and dentin of human teeth necessitates 
development of novel restorative composites [2, 3]. Extensive 
research effort is being channeled into improving the tooth-
material interface by employing innovative bonding systems 
and hybrid buffer layers that increase the durability of dental 
restorations and enhance the bonding strength between the 
filling material and hard dental tissue [3–5]. One of the most 
important questions that should be addressed by researchers 
is reliable chemical bonding between dental composite fillers/
bonding agents and the natural tissue of human teeth [6].

So far, biomimetic materials, whose composition and 
(nano)structure mimic those of hard dental tissue, have offered 
the best solution to the problem of interface quality between 
natural enamel/dentin and synthetic adhesives [7–9]. It is 
a well-known fact that nanocrystalline hydroxyapatite (HA), 
which is identical in composition and morphology to enamel 
apatite found in human teeth, facilitates better integration of 
restorative materials with the tooth [5, 10]. Besides, enrichment 
of biomimetic agents with polar amino acids occurring in the 
natural enamel matrix [11–14] creates a possibility for high-
quality repair of damaged enamel or dentin layers and improves 
mechanical properties of the restoration [12, 15]. 

There are a few methods used to assess integration of 
the bonding resin with natural dental tissue and the quality 
of resin-enamel or resin-dentin interfaces. Fourier-transform 
infrared spectroscopy (FTIR) is a non-destructive technique 
that provides information about the molecular structure and 
fine structural properties of biological objects based on the 
analysis of their fingerprint vibrational IR spectra [16]. FTIR can 
be applied to study mechanisms of molecular transformations 
in biomimetic materials [17, 18] and dental adhesive agents 
[19], analyze the molecular composition of human teeth [6], and 
register new mineral phases [20]. Microscopes and sources of 
synchrotron radiation for IR spectroscopy are instrumental in 
acquiring large arrays of spectra from a microscopic area of 
a studied biological sample [17]. Based on the acquired IR 
spectra, chemical images of the sample can be generated, 
offering a wealth of information about molecular bonds and 
their spatial distribution.

The aim of this work was to study molecular and chemical 
properties of an interface between a dental cement, a biomimetic 
buffer layer and hard dental tissue based on multidimensional 
visualization of synchrotron IR spectroscopy data. 

METHODS

Synthesis of biomimetic material and sample preparation

The biomimetic composite material was fabricated similar to the 
bonding system described in [21]. The composite contained 
hyaluronic acid (0.01–0.05 wt. %), L-histidine (0.01–0.2 wt. %), 
L-lysine hydrochloride (0.05–0.4 wt. %), L-arginine hydrochloride 
(0.2–1.6 wt. %), ethylene glycol monomethyl ether (30–85 wt. %),
diglycidyl dimethacrylate (1–15 wt. %), urethane dimethacrylate 
(1–15 wt. %), ethanol (2–20 wt. %), and water (the rest). The 
analysis of optical absorption and emission properties found that 
the synthesized material, which contained the listed amino acids, 
was similar in its properties to natural tooth enamel and dentin 
[22]. Synthetic carbonate-substituted hydroxyapatite (CSHA) 
was added to the biomimetic buffer (0.01 g of CSHA per 1 ml 

of the mixture) to improve the similarity of the biocomposite to 
natural dental tissue [20]. 

To ensure adhesion of the biomimetic composite to the 
tooth, we used a universal adhesive agent that effectively bound 
to the synthesized materials [23]. The adhesive agent was 
enriched with CSHA (1 ml of the adhesive per 0.01 g CSCA). 
Hydroxyapatite was combined with the biomimetic buffer 
and the adhesive agent, and the mixture was subsequently 
homogenized for 30 seconds using a QSonica Q55 sonicator 
(QSonica; USA).

Integration of the synthesized biocomposite material with 
hard dental tissue was tested on the dental specimens obtained 
from the patients aged 18 to 45 years who had indications for 
tooth extraction. The specimens were prepared for filling as 
described below. 

First, enamel was removed using an air-driven micromotor 
hand piece with a round-head tungsten vanadium steel bur 
operated at 4,000 rpm and a water-cooling system necessary 
to avoid overheating of the dental matrix. Dentin was spared. 
Cavity preparation was finished using a low-speed hand piece. 
The cavity was washed and dried with compressed air 

Second, enamel was etched for 60 s with a 37% phosphoric 
acid etching gel, rinsed with water and air-dried. Then, a dentin 
conditioner [21] was applied to the dentin surface for 20–30 s. 
The conditioner contained hyaluronic acid (0.01–0.05 wt. %), 
L-histidine (0.01–0.2 wt. %), L-lysine hydrochloride (0.05–0.4 wt. %), 
and L-arginine hydrochloride (0.2–1.6 wt. %). After that, the 
cavity was dried. 

Third, the biomimetic buffer was evenly applied to the 
walls of the prepared cavity and dried with compressed air 
20 seconds later. The biomimetic layer was coated with a 
universal CSHA-containing light-curing adhesive agent that 
was photopolymerized for 20 seconds. 

Finally, 1 min after the previous step, the biomimetic 
buffer layer was coated with a commercial restorative dental 
compomer containing adhesive components.

Considering the requirements for the geometry of samples 
subject to IR microspectroscopy, we prepared 7 plane-parallel 
sections of the restored teeth immediately before the study as 
described in our previous work [24].

Method of sample analysis

The molecular composition of the samples and the interface 
between the restorative dental compomer, the biomimetic 
buffer layer and the native hard tissue of the human tooth 
was analyzed using attenuated total reflection (ATR) 
Fourier transform synchrotron infrared microspectroscopy. 
Measurements were conducted at the Australian Synchrotron 
Infrared Microspectroscopy Beamline (Melbourne, Australia) 
equipped with a Hyperion 3000 FTIR microscope (Bruker; 
USA) and an ATR-FTIR accessory with a germanium prism 
(Melbourne, Australia) [17]. Figures 1A and B are show the 
studied segment (marked with the rectangle) that yielded IR 
absorption spectra at 3800–700 cm–1 wavelength (Fig. 1C).

Using the IR microscope and OPUS 7.5 software 
(Bruker; USA), we acquired a cluster of IR spectra from a 
small sample area of 100×100 µm in size (Fig. 1B) with a 2 µm
sampling interval and constructed one-dimensional IR 
images (maps) based on the color codes for the intensity 
of IR absorption bands (Fig. 1D). The lowest absorbance 
intensity is shown in red, whereas the highest, in blue. The 
map demonstrates the distribution of absorbance intensity 
of a molecular group and, therefore, reveals its concentration in 
a specified sample area. 
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Fig. 1. The optical image of a plane-parallel dental segment from the interface between the dental cement, the biomimetic composite material, enamel and dentin (A) 
sized 100×200 µm; the 20× optical image of the studied interface (B); the typical IR absorption spectrum from the studied interface (C); the IR map of total absorbance 
compiled from the IR microspectroscopy data array (D) 
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RESULTS

By applying IR spectroscopy to the interface between the light-
curing adhesive agent, the biomimetic composite material and 
natural dental enamel/dentin (Fig. 1B), we were able to identify 
the major vibrational modes active in the IR spectrum (Fig. 1C) 
that can be used as spectral fingerprints for the compounds 
present in the studied sample area. 

The absorption band at 1163–981 cm–1 had the highest 
intensity and represented the PO

4
 mineral component 

of enamel/dentin apatite [22]. The range between 1700 
and 1100 cm–1 wavelength represented the protein 
constituents of organic enamel/dentin and the components 
of the biomimetic buffer (see Synthesis of biomimetic 
material and sample preparation). Here, the most active 
vibrational modes were observed for the CH

2
–CH

3
 

collagen group at 1457 cm–1  and for Amide absorption 
bands (Amide I at 1650 cm–1, C=O stretching; Amide II 
at 1550 cm–1, N–H bending, and Amide III at 1245 cm–1, 
CN stretching) [18, 19, 22]. We also recorded vibrations 
at 1725 cm–1 wavelength produced by the methyl ester 
group (–COOCH

3
), the component of the restorative Bis-

GMA dental compomer [19]. 
Fig. 2А features the IR map of РО

4
 distribution across the 

studied interface segment (Fig. 1B). The IR spectrum specific 
for this group (Fig. 2B) was acquired from the area of enamel-
biomimetic layer integration. The spectrum contained vibrations 
of the РО

4
 group at 1163–981 cm–1 wavelength occurring in 

natural enamel /dentin apatite [19, 20] and the biomimetic 
agent. We concluded that the part of the interface occupied by 

the restorative compomer did not contain phosphate groups. 
The zone bordering on tooth enamel where spectral vibrations 
were observed at 1163–981 cm–1 was ~30 µm in size (Fig. 3А, 
the dotted line). 

For further information about the studied interface, an 
IR image was generated (Fig. 3A). This IR map shows the 
distribution of absorbance intensity for CN, NH, C=O, and CH

2
/

CH
3
 in the range between 1718 and 1358 cm–1 wavelength 

(Fig. 3B). The listed molecular groups are components of 
collagen, Amide I and Amide II (the organic constituents of 
tooth enamel/dentin added to the biomimetic buffer).

The results of the IR map analysis (Fig. 3A) suggest that the 
distribution of organic components in the biomimetic layer was 
more homogenous than the distribution of phosphate groups. 
These findings are consistent with the fact that the proportion 
of hydroxyapatite in the biomimetic layer was lower than the 
proportion of organic components. 

The IR spectrum presented in Fig. 1C contains an absorption 
band at 1725 cm–1. It is well known that such vibration is 
typical for dental cements based on Bis-GMA and polymethyl 
methacrylate and suggests the presence of the ester group 
(–COOCH

3
) [19]. Moreover, this spectral band (Fig. 4B) does 

not overlap with other vibrations, which allowed us to visually 
represent it as an IR image (Fig. 4А).

The IR map demonstrates spatial distribution of the 
restorative dental compomer in the analyzed sample segment 
(Fig. 4A). The figure shows that the distribution of absorbance 
intensity of the ester group (–COOCH

3
) coincides with the 

spatial distribution of the dental compomer on the map 
(Fig. 1B).
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Fig. 2. А. The IR absorbance map based on the color codes for absorbance 
intensity at 1163–981 cm–1. B. The IR absorption spectrum of the enamel area 
containing a characteristic phosphate vibrational mode at 1163–981 cm–1

Fig. 3. А. The IR absorbance map based on the color codes for absorbance 
intensity at 1718–1358 cm–1. B. The IR absorption spectrum containing vibrational 
modes of CN, NH, C=O, and CH

2
/CH

3
 groups at 1718–1358 cm–1
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The analysis of the acquired spectra (Fig. 1B) allowed 
us to identify an intensive absorption band for Amide III at 
1269–1224 cm–1 and construct a separate IR map for the 
biomimetic layer (Fig. 5A). Of note, its vibration (Fig. 5B) did 
not overlap with the absorption spectra of other functional 
groups, meaning that it can be used as a marker of a 
biomimetic composite.

Comparison of the optical data (Fig. 1B) and the IR map 
(Fig. 5A) clearly shows that the molecular group at 1269–1224 cm–1 
can be localized to only a narrow segment of the interface 
between the light-curing material, the biomimetic layer and the 
enamel/dentin of the human tooth. 

DISCUSSION

IR spectroscopy of dental materials [19], biomimetic composites 
[20], and natural tissue of human teeth [6] characterizes the 
molecular composition of the studied samples as a single 
whole. In contrast to the research studies cited in this article, 
one-dimensional images (IR maps) based on the color codes 
of absorbance intensity of 4 main spectral ranges (1752–
1704 cm–1, 1718–1358 cm–1, 1269–1224 cm–1, and 1163–
981 cm–1) became a good visual representation of the spatial 
distribution of molecular groups across the studied sample and 
of molecular-chemical interactions occurring at the interface 
between the light-curing material, the biomimetic layer and the 
enamel/dentin of the human tooth. 

The IR map of the phosphate group (Fig. 2A) revealed 
the presence of an area with absorbance intensity varying 
from 1.0 to 7.0. This was part of the biomimetic buffer layer 

that contained synthetic carbonate-substituted calcium 
hydroxyapatite introduced into the biomimetic material in order 
to increase its molecular and chemical resemblance to natural 
tooth structures [20]. The presence of CSHA in the biomimetic 
material allowed us to clearly discriminate between the 
biomimetic layer and the restorative compomer on the IR 
map (Fig. 2A), where color changes were determined by the 
intensity of vibrational modes representing the РО

4
 group of 

CSHA. The margin between the natural dental tissue and the 
biomimetic composite material was blurred, which proves 
the high similarity of the composite to natural enamel and 
dentin. 

It should be noted, though, that alone, the IR map of 
phosphate groups is not enough to study the integration of 
dental cements with the dental enamel/dentin mediated by 
the biomimetic buffer layer. At 1163–981 cm–1 the absorption 
spectra of phosphate groups (Fig. 2B) can overlap with 
the vibrational modes of aluminum silicates or silica that are 
common components of restorative dental materials [19, 25]. 
However, the analysis of the interface margin (Fig. 1A and 2A) 
did not reveal significant amounts of such compounds in the 
analyzed spectral range (Fig. 2B), which can suggest their low 
concentration in the studied sample area. 

While the IR map shows the distribution of the phosphate 
group, the IR image of vibrations at 1718–1358 cm–1 
corresponding to the organic components of the sample (Fig. 3А)
helps to accurately identify the margin between enamel and 
dentin. In Fig. 3A, the dentin area (shown in red) has a higher 
organic content than enamel (shown in green), which is 
consistent with the available reports [20]. 

У
 (μ

м
)
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Fig. 4. А. The IR absorbance map based on the color codes for absorbance 
intensity at 1752–1704 cm–1. B. The IR absorption spectrum containing a 
vibrational mode of the ester group (–COOCH

3
) at 1752–1704 cm–1

Fig. 5. А. The IR absorbance map based on the color codes for Amide III absorbance 
intensity at 1269–1224 cm–1. B. The IR absorption spectrum of the enamel area 
containing a characteristic phosphate vibrational mode at 1269–1224 cm–1
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At the same time, when studying the interactions between 
the dental compomer/the biomimetic layer and hard dental 
tissue, one should bear in mind that the spectral range between 
1718 and 1358 cm–1 contains a few overlapping bands [18]. 
This complicates result interpretation and makes it difficult to 
draw unambiguous conclusions about the type of interactions 
at the compomer/buffer/hard tissue interface.

The IR spectra of the ester group (–COOCH
3
) (Fig. 4А) 

and Amide III (Fig. 5A) do not overlap with other vibrational 
modes. Therefore, the analysis of their IR maps allows us to 
make the following conclusions. First, it can be clearly seen 
that the area of integration between the restorative compomer 
and natural tooth enamel, where absorbance intensity for 
–COOCH

3
 varies from its peak to the lowest value, covers a 

spot ~14 µm in width and overlaps with the area dominated by 
organic components (Fig. 4А, 5А). Second, the analysis of the 
distribution of absorbance intensity for Amide III (Fig. 5А) present 
in the biomimetic layer suggests that this layer separates hard 
dental tissue from the dental cement. 

All IR images (Fig. 2А, 3А, 4А, 5А) offer a good visual 
representation of the buffer layer, whereas other imaging 
techniques provide information about the morphology of the 
tooth-material interface only [2, 4, 15]. This means that buffer 
layers caught in the integration area and close to each other in 
composition are hard to analyze.

It is not always possible to visualize interactions occurring 
at the heterogonous interface between structurally similar 
materials using a series of one-dimensional IR images [6]. This 
is a limitation of a one-dimensional approach to the identification 
of spectral changes for the materials only slightly different in their 

chemical structure. However, this limitation can be overcome by 
using multidimensional clusterization methods that can effectively 
systematize vast arrays of multicomponent IR spectra [26]. 
Using this approach, we were able to analyze the features of 
a complex dental compomer/biomimetic layer/enamel/dentin 
interface. The comprehensive cluster analysis of the spectral 
ranges 1752–1704 cm–1, 1718–1358 cm–1, 1269–1224 cm–1, 
and 1163–981 cm–1 discovered that interactions between the 
material and native tooth tissue were mediated by the buffer 
layer (Fig. 6, the dotted line). 

The spatial distribution of molecular and chemical 
phosphate, protein, Amide and ester groups (Fig. 6) shows that 
the biomimetic layer between enamel and the dental compomer 
binds to the partially demineralized enamel matrix via a mediator 
sublayer, which may indicate an organic and mineral interaction 
in the analyzed region. At the same time, the data analysis (Fig. 6) 
shows that the buffer layer between the biomimetic material 
and dentin is wider due to a more porous structure of dentin, 
as compared to enamel [1, 2]. Clusterization of IR spectra helps 
to see that organic and mineral components of the biomimetic 
buffer layer tend to permeate the light-curing adhesive agent, 
forming a mediator interface. 

Considering our findings, one can assume that the real size 
of a mediator sublayer that facilitates integration between the 
biomimetic composite material, the restorative compomer and 
hard dental tissue is 3–4 µm, which is consistent with current 
state of scientific knowledge [27].  

The data yielded by the analysis of all IR images (Fig. 2–6) 
can be used to reliably discriminate between the functional 
groups of all materials present at the biomimetic system-hard 
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Fig. 6. Cluster analysis of absorption bands at 1760–1690 cm–1 and 
1520–1360 cm–1 delineating the biomimetic composite area 
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native dental tissue interface and confirm the efficacy of the 
chosen approach to the analysis of integration processes 
between dental cements and next-generation biomimetic 
composites.

It should be noted that our findings are true for totally etched 
samples. However, they may be also true for the samples 
prepared using other techniques (self-etch or self-adhesive 
systems) that exploit materials similar in their chemical activity 
or composition to those used in our study. 

CONCLUSIONS

We have demonstrated the feasibility of using multidimensional 
IR imaging to study the integration of next-generation 
biomimetic materials mimicking the mineral and organic 
composition of natural enamel with hard tissue of the human 
tooth. Using synchrotron radiation and IR maps of absorbance 
intensity constructed for each functional molecular group, 
we detected and graphically presented differences between 
healthy tissue, the dental cement, and the biomimetic buffer 
layer at their interface and determined the position and 
concentration of functional groups that indicate integration of 
the biomimetic composite with hard dental tissue. We have 
shown that the proposed biomimetic system consisting of 
nanocrystalline CSHA from a biogenic calcium source and a 
complex of polar amino acids found in human teeth can form a 
functional bond with hard tissue of human teeth. The obtained 
miscrospectroscopy data confirm the chemical differentiation 
of the materials and the presence of organic and mineral 
interaction at the interface between the biomimetic system and 
hard dental tissue. 
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Т. И. Сашкина1, А. И. Абдуллаева1     , Г. С. Рунова2, И. В. Салдусова2, О. В. Зайченко2, Д. К. Фасхутдинов2, С. И. Соколова2, Е. П. Пустовая3

ГИРУДОТЕРАПИЯ В ЛЕЧЕНИИ ХРОНИЧЕСКОГО ГЕНЕРАЛИЗОВАННОГО ПАРОДОНТИТА

Хронический генерализованный пародонтит (ХГП) — заболевание, которое представляет определенные трудности для специалистов, поскольку 

характеризуется устойчивостью к применяемой терапии. Поэтому постоянно идет поиск препаратов и методов, позволяющих повысить эффективность 

лечения ХГП. Нередко возникают дополнительные проблемы, которые связаны либо с антибиотикорезистентностью, либо с повышенной 

чувствительностью к препаратам. Целью исследования было определить возможность использования гирудотерапии при консервативном лечении 

пациентов с ХГП. Было обследовано и пролечено 50 пациентов с ХГП, не имеющих соматической патологии. Они были разделены на две группы по 25 

человек, примерно одного возраста. В каждой из групп сначала проводили лечение в соответствии с принятым стандартом: назначали профессиональные 

гигиенические процедуры, антимикробные и противовоспалительные препараты, обучали индивидуальной гигиене. Затем пациентам первой группы 

проводили курс гирудотерапии, состоящий из 6–8 процедур в течение месяца. При этом пациенты второй группы находились на диспансерном учете с 

целью контроля гигиены полости рта. Анализ полученных результатов показал более высокую эффективность гирудотерапии по отношению к группе 

сравнения. В группе, в которой использовали медицинские пиявки, происходило достоверное снижение папиллярно-маргинально-альвеолярного 

индекса (РМА), характеризующего интенсивность воспалительного процесса и кровоточивость тканей десны: на 32% при легкой степени тяжести, на 

24% при средней степени тяжести, на 6% при тяжелой степени тяжести ХГП. Таким образом, показана эффективность гирудотерапии в консервативном 

лечении пациентов с ХГП, что позволяет рекомендовать этот метод в клиническую практику.
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Sashkina TI1, Abdullaeva AI1      , Runova GS2, Saldusova IV2, Zajchenko OV2, Faskhutdinov DK2, Sokolova SI2, Pustovaya EP3

HIRUDOTHERAPY IN TREATMENT OF CHRONIC GENERALISED PERIODONTITIS

Chronic generalized periodontitis (CGP) is a disease associated with low susceptibility to the therapeutic protocols applied; practitioners tend to characterize it as 

a disease presenting certain difficulties. Therefore, the search for drugs and methods capable of increasing the efficacy of CGP therapy is an ongoing process. 

Additional problems, which have to do with either with antibiotic resistance or increased sensitivity to drugs, also occur quite often. This study aimed to assess 

the possibility of applying hirudotherapy in the context of conservative treatment of CGP. 50 patients with CGP without somatic pathology were examined 

and treated. The participants were divided into two groups (n = 25), all group members of about the same age. At the first stage, the treatment followed the 

accepted standard: professional oral hygiene procedures, antimicrobial and anti-inflammatory drugs, demonstration of proper personal oral hygiene routines. 

Then, first group went through a monthlong hirudotherapy course that consisted of 6 to 8 individual procedures. Second group was observed throughout 

this period with the aim to control the level of their compliance with the oral hygiene routines they were trained. Having analyzed the results, we found that 

hirudotherapy was more effective than what was prescribed to the second (control) group. The papillary marginal alveolar index (PMA), which reflects the 

severity of inflammation and gum bleeding, decreased significantly in the first group, where medicinal leeches were used: in the patients with severe CGP it 

went down by 6%, in those with moderately severe CGP the index decreased by 24% and the participants whose CGP was only light had the PMA go down 

by 2%. Thus, we have demonstrated the efficacy of hirudotherapy in the context of conservative CGP treatment, which allows recommending this method for 

inclusion into clinical practice.
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Fig. 1. Distribution of CGP patients in groups depending on the severity of the 
disease (n = 25)

Fig. 2. Applying medicinal leeches to a CGP patient. A standard-sized medicinal 
leech is attached to the inflamed periodontal tissues
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According to the WHO, over 90% of the world's population 
suffer from chronic inflammatory periodontal diseases that run 
for a long period of time and resist treatment, leading to tooth loss, 
development of chronic diseases of the gastrointestinal tract, 
cardiovascular and other systems, which negatively affect health 
and quality of life of such people [1, 2]. Therefore, periodontitis is 
more than a medical problem, it is also a social one since it affects 
the lives of people. Successful periodontitis therapies are standing 
problem for dental professionals. There are various approaches 
to the treatment of periodontitis. Surgical, physiotherapeutic and 
alternative treatment methods, like naturopathy, often complete 
the courses of mandatory antimicrobial therapy and professional 
oral hygiene procedures. According to the published literature, 
hirudotherapy is one of the methods applied to counter various 
inflammatory diseases. Leech saliva is a bacteriostatic agent, 
which means it reduces the bacterial load on periodontal tissues 
and normalizes hemostasis [3–6]. This fact encouraged us to study 
hirudotherapy as a treatment modality that can be a part of the 
conservative CGP therapy [4, 5].

The goal of this research effort was to learn the efficacy of 
hirudotherapy in the complex conservative treatment of CGP 
patients.

METHODS

The study involved 50 patients, 21 male and 29 female, 
aged 32 to 52 years, suffering from light, moderately severe 
and severe CGP. Inclusion criteria: signed informed consent; 
the presence of CGP absence of concomitant somatic 
pathology at the age of 32 to 52 years; taken training in 
wound care; preliminary therapy in accordance with the 
standard approved by the Ministry of Health of the Russian 
Federation; Exclusion criteria: the presence of concomitant 
somatic pathology; age younger than 32 and older than 
52 years; non-compliance with the medical requirements 
and non-compliance with oral hygiene; lack of prior therapy 
in accordance with the standard approved by the Minister 
of Health of the Russian Federation. They were divided 
into two groups so as to have the clinical and functional 
characteristics. 25 patients formed the treatment group: 9 
(36%) had light CGP, 9 (36%) other — moderately severe 
CGP and in 7 (28%) patients the disease developed into the 
severe stage. The distribution of CGP stages in the control 
stages was the same (Fig. 1). No participant had a somatic 
pathology aggravating the disease in question. We used the 

objective indices to assess the efficacy of treatment: PMA 
and the Green-Vermillion index, which allow monitoring the 
degree of inflammation. 

For the treatment group patients, a week's course 
included the standard antimicrobial, anti-inflammatory therapy, 
professional oral hygiene procedures, which were followed by 
hirudotherapy, i. e. attaching leeches to the inflamed periodontal 
tissues (Fig. 2). We used the standard size (0.6–1 g) medicinal 
leeches. The course, which ran for a month, consisted of 
6–8 procedures conducted twice a week. The leeches were 
attached 2 hours after eating; the patients were warned that 
their oral cavities should be free from specific odors, such as 
those of onion, garlic, mouth rinse, coffee, cardamom. Also, 
the patients were forbidden to smoke and to use perfumes 
5–6 hours before their visits to the dentist.

The patients in the control group received standard 
treatment. Instead of hirudotherapy, they were observed with 
the aim to control how they follow the prescribed personal oral 
hygiene routines. 

We applied the Student's test in statistical processing 
of the obtained results; the confidence level was set at 95% 
(p < 0.05). STATISTICA 10 software (Round Rock; USA) was 
used to perform the processing.

RESULTS

Having analyzed the data collected, we learned that medicinal 
leeches augmented the effect of standard therapy in the treatment 
group, and the indices describing state of periodontal tissue 
showed a continuing downward trend. After treatment, the PMA 
index was at the lowest point in light CGP cases: from 21.89 ± 2.03 
to 14.89 ± 2.14 (p < 0.05). In patients with moderately severe 
CGP the PMA decrease was less obvious: from 33.74 ± 3.57 to 
25.74 ± 3.21. In the cases where the disease has progressed to 
severe stage, PMA went down slightly, but the decrease could not 
be called significant: from 67.85 ± 1.28 to 64.24 ± 1.26 (p ≥ 0.05)
(Fig. 3). Compared to the treatment group, the results 
registered in the control group were less pronounced. The 
PMA index decreased from 24.91 ± 2.73 to 19.91 ± 2.08 
(p < 0.05) in light CGP cases, which is significant but not as 
great as what was seen in the treatment group. In patients 
with moderately severe CGP the index changed from 
33.61 ± 3.14 to 28.36 ± 3.44, and in severe CGP cases — from 
67.15 ± 1.28 to 66.85 ± 1.18 (Fig. 4), both the former and the 
latter change being non-significant (p ≥ 0.05). Comparing the 
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data collected in both groups, we discovered that the protocol 
applied in the treatment group delivered a stronger clinical effect 
in light and moderately severe CGP cases (Fig. 5).

DISCUSSION

To a certain extent, the findings of our study are consistent 
with those of a paper published in 2014 that described 
introduction of hirudotherapy and Lipin (liposomal drug) 
to the periodontitis treatment protocol. The authors of that 
paper wrote about the suggested complex approach being 
more effective than the standard one, but did not measure the 
contribution of each component to the final result of the treatment 
[6]. We showed that medicinal leeches, applied separately, help 
arrest inflammation in CGP patients, reduce edema, arterial 
hyperemia and gum bleeding. Application of medicinal leeches 
made the effect from standard treatment more pronounced 

and lasting (compared to the control group), which increased 
duration of the remission. The dynamics of change of the indices 
monitored was positive; the change to the better was registered 
after 2–4 hirudotherapy procedures. The effect was stronger in 
light and moderately severe CGP cases.

CONCLUSIONS

The study demonstrated a positive effect hirudotherapy offers 
as part of the CGP treatment protocol. This treatment tactic 
significantly increases the efficacy of standard therapeutic 
measures and significantly reduces the inflammatory potential 
of periodontal tissues: pain, itching, bleeding gums. Given the 
growing antibiotic resistance and high sensitivity of population 
to antibacterial drugs in particular, hirudotherapy may be the 
method of choice, and sometimes one of the few treatment 
modalities applicable to certain groups of population.

Fig. 3. PMA index dynamics, treatment group (n = 25)

Fig. 4. PMA index dynamics, control group (n = 25)

Fig. 5. PMA index comparison after treatment, control and treatment groups
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Milushkina OYu1, Skoblina NA1, Markelova SV1, Tatarinchik АА1, Melikhova EР2      , Libina II2, Popov MV2

THE IMPACT OF ELECTRONIC DEVICES ON THE PHYSICAL GROWTH AND DEVELOPMENT OF THE 
MODERN YOUTH AND RECOMMENDATIONS ON THEIR SAFE USE

The impact of excessive exposure to electronic devices (ED) on youth health remains understudied. There is a pressing need to develop recommendations for the 

safe use of stationary and mobile ED aimed at minimizing health risks. In this work, we assess the effect of ED on the physical growth and development of high-

school and university students and provide recommendations for preventing the negative impact of prolonged screen time on health. The study recruited 460 high-

school and 598 university students. Standard anthropometric measurements were taken. The psychological and emotional state of the participants was evaluated 

using the Test Anxiety Inventory by Spielberg (modified by Khanin). To estimate daily and weekly exposure to ED the participants were asked to fill out standardized 

questionnaires. In high school students, the average screen time was 7 h a day; in university students, 8.5 to 10 h a day. Only 60% of the participants, regardless 

of their place of residence or the type of educational institution they were attending, were physically healthy. We conclude that prolonged and frequent exposure to 

ED is one of the factors that can interfere with normal physical growth and development in youth. Regular daily use of stationary ED increases the risk of developing 

body weight deficit by 24% and gaining excess body weight by 10%. We recommend that students should eliminate computers, laptops and stationary ED from 

their daily activities for at least one day at the weekend and reduce total screen time to 3 hours a day. 

Keywords: health, electronic devices, information and communication technologies, physical growth and development, psycho-emotional state, high-school 
students, university students
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О. Ю. Милушкина1, Н. А. Скоблина1, С. В. Маркелова1, А. А. Татаринчик1, Е. П. Мелихова2      , И. И. Либина2, М. В. Попов2

ВЛИЯНИЕ ЭЛЕКТРОННЫХ УСТРОЙСТВ НА ФИЗИЧЕСКОЕ РАЗВИТИЕ СОВРЕМЕННОЙ МОЛОДЕЖИ 
И РЕКОМЕНДАЦИИ ПО РЕГЛАМЕНТУ ИХ ИСПОЛЬЗОВАНИЯ  

Влияние частого и длительного использования электронных устройств (ЭУ) на состояние здоровья молодежи до сих пор недостаточно изучено. 

Исследования по регламентации использования стационарных и мобильных ЭУ для обеспечения оптимального физического развития молодежи 

становятся особо актуальными. Целью работы было установить характер и степень влияния использования ЭУ на физическое развитие молодых людей 

и рекомендовать режим использования ЭУ в течение дня для профилактики возникновения отклонений в физическом развитии. Для определения 

физического развития 460 старшеклассников и 598 студентов использовали гигиенический, инструментальный, социологический, статистический 

методы исследования: стандартную антропометрическую методику; для оценки психоэмоционального состояния — тест Спилберга–Ханина; для 

учета использования ЭУ проводили анкетирование с применением стандартизированных опросников. При среднем суммарном ежедневном времени 

использования ЭУ у старших школьников, составляющем 7 ч, и у студентов, равном 8,5–10 ч, нормальное физическое развитие выявлено в среднем 

только у 60% обследованных, причем это не связано с регионом проживания или типом образовательного учреждения. Показано, что частое и 

длительное использование ЭУ молодежью служит одним из факторов, способных вызвать отклонения в физическом развитии. Установлено, что 

ежедневное использование стационарных ЭУ увеличивает риск возникновения у подрастающего поколения нарушений в физическом развитии за счет 

дефицита массы тела на 24% и его избытка на 10%. В качестве профилактических мероприятий рекомендованы отказ от использования стационарных 

ЭУ, компьютера и ноутбука на 1 день в неделю (в выходной день) и ограничение суммарного времени использования всех видов ЭУ до 3 ч в день. 

Ключевые слова: здоровье, электронные устройства, физическое развитие, информационно-коммуникационные технологии, психоэмоциональное 
состояние, школьники, студенты

Для корреспонденции: Екатерина Петровна Мелихова
ул. Студенческая, д. 10, г. Воронеж, 394036; katerina.2109@mail.ru 

1 Российский национальный исследовательский медицинский университет имени Н. И. Пирогова, Москва, Россия
2 Воронежский государственный медицинский университет имени Н. Н. Бурденко, Воронеж, Россия

Статья получена: 04.07.2019 Статья принята к печати: 18.07.2019 Опубликована онлайн: 23.07.2019

DOI: 10.24075/vrgmu.2019.046

Информация о вкладе авторов: О. Ю. Милушкина и Н. А. Скоблина — научное руководство, обработка материала, написание статьи; С. В. Маркелова, 
И. И. Либина и М. В. Попов — сбор и обработка материала; А. А. Татаринчик — анализ литературных данных, сбор и обработка материала; 
Е. П. Мелихова — сбор и обработка материала, редактирование статьи.

Соблюдение этических стандартов: исследование одобрено этическим комитетом ФГБОУ ВО РНИМУ имени Н. И. Пирогова Минздрава России 
(протокол № 159 от 21 ноября 2016 г.); для каждого обследованного было получено добровольное информирование согласие.

In recent years, information and communication technologies 
(ICT) and in particular electronic devices (ED) have been 

increasingly recognized as a significant environmental factor 
affecting young people’s health [1–8]. 
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Over the last two decades, ED have been actively used both 
inside and outside the classroom. In 2008, only 3 quarters of 
adolescents and young adults aged 12 to 24 years had access 
to Internet; by 2018, the figures had soared to 96.9%. There 
are now significantly more Web users who go online every day 
among young people than among adults. The growing size 
of young Internet audience can be linked to the availability of 
mobile ED capable of connecting to the Web, such as mobile 
phones in the first place [9, 10].

The use of ICT in the classroom is beneficial for both the 
teacher and the student. Although ICT deployment may 
not be cheap, the ultimate education costs will be lower in 
comparison with “traditional” education. The curriculum can 
be adjusted to an individual student’s rate of learning based 
on his/her academic progress. There are no strict requirements 
on the learning/teaching space. ICT provide effective tools 
for monitoring a student’s progress. In turn, any student can 
easily access any snippet of information taught during the 
course. These ICT advantages provide a possibility for inclusive 
learning. Still, some authors hold the opinion that expansion of 
computerized education significantly increases health risks for 
the students learning in a digital environment [11].

Overuse of ED has a number of negative effects, including 
escapism from the real world into the Web, deterioration 
of physical and mental health, etc. [12–15]. For example, 
research conducted in the educational institutions of Irkutsk 
demonstrated that intensive computerized learning negatively 
affected intellectual performance, increased anxiety and 
stimulated hyperactivity in children [16].

The use of electronic devices by children in preschool 
facilities and schools is regulated by a number of special 
guidelines, including Sanitary Rules and Regulations (SanPiN) 
2.2.2/2.4 1340-03 (Requirements for personal computers and 
learning spaces), SanPiN 2.4.1.3049-13 (Safety and health 
requirements for the design, maintenance and operation of 
preschool educational facilities), SanPiN 2.4.2.2821-10 (Safety 
and health requirements for the learning environment in schools), 
recommendations on the Safety assessment of e-book readers 
and their use in educational institutions, etc. The majority of 
these guidelines regulate the use of stationary ED in educational 
institutions (but not outside the classroom), leaving mobile 
devices out of the equation. This shapes the need for developing 
total screen time recommendations for children and teenagers. 

In 2015, the Government of the Russian Federation adopted 
the Children’s Information Security Concept. The document 
highlights the importance of creating a safe information 
environment that would promote social adaptation, foster 
personal, cognitive, intellectual and physical development, 
protect and sustain mental health and wellbeing and stimulate 
a positive view of life [17]. A lot of effort has been channeled 
into researching the effects of ED on the mental and physical 
health of young people and into elaborating safety regulations 
on the use of ED. However, to this day the impact of ED on 

children’s growth and physical development has not been 
studied. Therefore, it is important to propose screen time 
recommendations for young people in order to ensure their 
harmonious physical development, as prescribed by the Concept.

In the study presented below, we assess the effect of ED 
on the growth and physical development of high-school and 
university students and give screen time recommendations.

METHODS

The study conducted in 2017–2018 recruited 460 high-school 
students from Moscow region and 598 university students from 
Moscow, Voronezh and Arkhangelsk. The study included high-
school/university students of both sexes who gave informed 
consent to participate. The mean age of the participants was 
16 years for high-school and 20 years for university students. 
At this age young people can choose for themselves how 
much they will use ED during the day or at nighttime. Older and 
younger individuals were excluded from the study. Because 
it takes a certain time for the body size and composition to 
change, the impact of ED should be assessed in the context of 
its total duration. The age groups included in the study had a 
sufficiently long experience (over 10 years) of using ED. 

Our multicenter study included schools with standard and 
advanced curricula, as well as gymnasiums (schools preparing 
students for university), and higher educational institutions 
specializing in 1) public healthcare and medical sciences, 2) 
mathematics and mechanics. The educational institutions were 
located in different climate zones. 

First, we assessed the growth and physical development 
of high-school and university students using a conventional 
anthropometric method and instrumentation. Body height 
(cm) was measured with 0.5 cm precision with a standard 
anthropometer measuring set. Body weight was measured with 
100 g precision using an InBody 230 analyzer (Biospace; South 
Korea). The obtained values were compared with regression 
scales available for the regions involved in the study. 

Considering that body weight and height may not provide 
sufficient information about the effect of the studied factor on 
the growth and physical development of the participants, we 
additionally analyzed the body composition using an InBody 230 
analyzer (Biospace; South Korea). This allowed us to estimate 
muscle mass (kg), fat mass (kg), and body mass index (kg/m2)
and to provide weight management recommendations (the 
amount of weight the subject was recommended to gain or lose). 
Reference values returned by the analyzer corresponded to the 
normal ranges adopted in the Western clinical practice. BMI was 
compared to the values recommended by WHO (18.5–24.9). 

Because different body builds are considered to be prone 
to developing different weight statuses, we determined the 
body build for each participant using a classification proposed 
by Shtefko and Ostrovsky and modified by Darskaya [18]. 
Characteristics of body types are presented in Table 1. 

Table 1. Characteristics of body types

Type Characteristics Prone to developing body weight deficit Prone to gaining excess body weight

Asthenic,
 weak

Slender, flat-chested, lean, with weak musculature; 
epigastric angle < 90°

Yes No

Thoracic, 
weak

Slender with elliptical chest, average muscle 
development, low fat mass; epigastric angle < 90°

Yes/no No

Muscular, 
strong

Broad in shoulders, with symmetrical elliptical chest, 
average or well-developed musculature, average 

or increased fat mass; epigastric angle = 90°,
No Yes/no

Abdominal, 
strong

Broad, with short cone-shaped chest, average muscular 
development, prone to fat deposition; epigastric angle ≥90°

No Yes
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Table 2. Growth parameters and body composition in high-school and university students presented as mean values (M ± m)

Note: * p < 0.05 — between high-school boys and girls; ** p < 0.05 between high-school and university students.

Growth parameters
High-school University

boys girls males females

Height, cm 175.5 ± 0.4 165.4 ± 0.5* 176.9 ± 0.5 165.9 ± 0.3

Body weight, kg 65.0 ± 1.0 55.2 ± 1.1* 72.4 ± 0.9** 58.7 ± 0.7**

Fat mass, kg 10.1 ± 0.2 13.0 ± 0.1* 13.9 ± 0.2** 15.9 ± 0.3**

Recommended fat mass reduction/increase, kg 0.2 ± 0.01 0.2 ± 0.01 –2.5 ± 0.05 –2.4 ± 0.04

Muscle mass, kg 30.1 ± 0.7 22.9 ± 0.8* 33.0 ± 0.5 23.3 ± 0.7

Recommended muscle mass reduction/increase 3.7 ± 0.7 3.9 ± 0.6 1.8 ± 0.4 3.6 ± 0.5

Psychological and emotional states of the participants were 
assessed using the Spielberg-Khanin anxiety inventory [19]. 

In the second part of our study, we asked the participants 
to fill out standardized questionnaires designed at the Research 
Institute of Hygiene and Health Protection of Children and 
Adolescents (National Medical Research Center for Children’s 
Health) [20]. The questionnaires allowed us to assess the 
frequency of exposure to ED, its total daily and weekly duration. 

Lastly, the obtained data were processed using Statistica 
10.0 (StatSoft; USA).  We tested a hypothesis about the impact 
of frequency and duration exposure to ED on the physical health 
in young people. Arithmetic means, the standard error of the 
mean and the standard deviation were calculated. Student’s 
t-test was applied to assess significance of differences. 
For continuous quantitative variables, Pearson’s correlation 
coefficient was calculated. For discrete qualitative variables, 
contingency tables were built; relationship between the 
variables were assessed using Pearson’s correlation coefficient.

Relative risks (RR) were calculated to estimate the probability 
of a certain outcome in the groups. Four-field contingency 
tables were constructed and analyzed using the online statistical 
calculator [21]. The 95% CI was also computed. 

RESULTS

In the first part of our study, we measured the main growth 
parameters: body weight and height, which had typical age and 
sex-related peculiarities. No regional differences were observed 
between university students in terms of weight and height 
(Table 2). Using regional regression scales, we established 
that only 60.6 ± 1.2% of high-school boys, 56.8 ± 2.4% of 
male university students, 61.2 ± 2.7% of high-school girls, and 
63.3 ± 1.5% of female university students were developing 
harmoniously. 

BMI was 21.1 ± 3.2 kg/m2 and 20.1 ± 3.3 kg/m2 for high-
school boys and girls, respectively. In the group of university 
students, BMI was 23.04 ± 3.7 kg/m2 and 21.28 ± 3.5 kg/m2

for males and females, respectively. According to WHO 
recommendations, the normal BMI range for the studied age 
group is between 18.5 and 24.9 kg/m2. However, as many 
as 20.3% of male and 15.6% of female university students 
participating in the study had BMI over 25 kg/m2.

Body weight deficit was observed in 24.2 ± 1.5% of high-
school boys, 30.6 ± 2.1% of high-school girls, 10.5 ± 1.2% of 

male and 21.8 ± 2.3% of female university students. Excess 
weight was observed in 12.2 ± 2.1% of high-school boys, 
6.2 ± 1.1% of high-school girls, 24.6 ± 1.2% of male and 
12.0 ± 1.5% of female university students. The rest of the 
participants were obese. On the whole, high-school students 
were prone to developing body weight deficit whereas university 
students, to gaining excess weight. 

The analysis of body composition revealed that unlike 
height, fat mass was increasing with age (p < 0.05) in both boys 
and girls. Importantly, the children were not building muscle 
mass, regardless of their sex. This is an alarming trend: children 
with body weight deficit do not develop sufficient muscle mass 
and, therefore, do not join the ranks of their normally growing 
peers. Although the total body weight was increasing with age 
in our participants, it was largely due to fat accumulation. Young 
people with excess body weight continued to accumulate more 
fat.  Based on the analysis of body composition, high-school 
and university students were recommended to increase their 
muscle mass by an average of 2 to 4 kg; additionally, university 
students were recommended to reduce their fat mass by an 
average of 2.5 kg (Table 2). 

Additionally, we determined body build types of the young 
people included in the study. Relatively weak types (asthenic 
and thoracic) accounted for 40.0% of the participants, whereas 
relatively strong types (muscular and abdominal) made up 
25.0% of the participants; the rest of the high-school students 
did not represent any particular build. Such distribution is normal 
for the general population. We found a correlation between the 
deviations from normal growth caused by weight deficit and 
the abdominal body build (Pearson’s correlation coefficient was 
0.72; р < 0.005). 

The alarming number of high-school and university students 
with abnormal body weight raises a question of their underlying 
causes and prompts investigation of ED contribution to body 
weight deficit and obesity.

In the second part of the study, the participants reported 
that they used different types of ED every day, including 
mobile phones, laptops, tablets, computers (ranked here in 
the descending order). Only 0.5% of the surveyed did not use 
ED. In this respect, no significant differences were observed 
between boys and girls, male and female university students, 
high-school and university students or the participants from 
different regions. This suggests that ED are enjoying wide 
popularity among young people in the general population. 

Table 3. Relative risks of deviations from normal growth patterns in high-school and university students based on the frequency of exposure to stationary ED

Outcomes Factor RR (relative risk) EF, % (etiologic fraction) Se (sensitivity of the method) Sp (specificity of the method)

Body weight 
deficit

Frequency of exposure 
to stationary ED (every day)

2.13 23.6 0.29 0.88

Excess body 
weight

Frequency of exposure 
to stationary ED (every day)

1.59 9.8 0.67 0.47
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The participants used at least 2 different types of ED every 
day, such as a mobile phone and a stationary computer or a 
laptop, in the first place (Pearson’s correlation coefficient was 
0.5; р < 0.001). 

The participants switched from their mobile phones to ED 
and back throughout the day, which means that total daily 
screen time was prolonged. For high-school students, total 
daily screen time (inside and outside the classroom) was 7 h.
For male university students, it was 8.5 h and for female 
students, 10 h. The observed trends did not differ between the 
regions. 

Lastly, we investigated the impact of frequent (daily) and 
prolonged (in terms of hours) use of ED on the physical growth 
of the participants and its contribution to developing weight 
deficit or excess weight. 

The risks were analyzed. Knowing the risk factors and their 
significance will help in developing methods for risk mitigation and 
prevention of adverse effects on young people’s health (Table 3). 

For body weight deficit, RR was 2.13 (DI: 2,01–2,21), i.e., 
daily exposure to stationary ED increases the risk of body 
weight deficit and contributes to negative outcomes. The 
etiologic fraction was as high as almost 24%; apparently, other 
factors made their contribution, too.

For excess body weight, RR was 1.59 (DI: 1.11–3.15); the 
etiologic fraction was 9.8%.

With mobile ED and a different frequency of weekly exposure 
to ED, no risks were identified. Perhaps, exposure to stationary 
ED leads to the reduction of physically active behaviors, thereby 
affecting the growth and development of a child. 

However, the analysis of correlations between fat mass 
and the duration of exposure to either stationary or mobile ED 
expressed in hours reveals statistically significant (p < 0.05) 
correlations between fat mass and the duration of exposure 
to a computer or a laptop (0.45) and a mobile phone (0.55). 
Perhaps, the opportunity to use mobile phones in a sitting 
position in wi-fi zones in public transport, shopping malls, and 
parks turns the phone into a stationary device.

We also determined the total daily exposure time to 
stationary and mobile ED that did not have a negative impact 
of young people’s health (Fig. 1–2).

The analysis reveals that safe daily screen time is below 
3 hours a day. Considering that there are always children, 
adolescents and young people in a population whose physical 
development is not harmonious, a 5.0% body weight gain 
(relative to the reference values) ensuing from 4 hours of daily 
exposure to ED would be acceptable if 4 hours of screen time 
a day were not correlated with a sharp increase in body weight 
deficit (up to 21.0%). 

We also analyzed the correlations between the abnormalities 
in physical growth of high-school students with different body 

Fig. 1. Body weight deficit in high-school and university students exposed to different amounts of screen time a day

Fig. 2. Excess body weight in high-school and university students exposed to different amounts of screen time a day

0

5

10

15

20

25

0

5

10

15

20

25

30

%
%

0

5

3 hours
and less

3 hours
and less

8.3

2.3

21.4

5

23.3

15.4

27.3

25 25

12.8 13.3

17.6

4 hours

4 hours

5 hours

5 hours

6 hours

6 hours

7 hours

7 hours

8 hours
and more

8 hours
and more

0

5

10

10

15

15

20

20

25

25

30



87

ORIGINAL RESEARCH    HYGIENE AND PREVENTION

BULLETIN OF RSMU   4, 2019   VESTNIKRGMU.RU| |

builds and the frequency of weekly exposure to stationary ED (a 
computer or a laptop). 

Body weight deficit was observed only in asthenic children 
(100%) from the subgroup of individuals who used ED once 
or twice a week. Exposure to ED 3 to 4 times a week was 
associated with body weight deficit in both asthenic (80%) and 
muscular (20%) types. Regular daily exposure to ED affected 
asthenic (60%), muscular (20%) and thoracic (20%) types. 
We conclude that it is not only “weak” types who can develop 
body weight deficit, which they are prone to, but also “strong” 
muscular types, who usually do not have this propensity.

Excess weight was observed in the children with abdominal 
body build (100%) who used ED once or twice a week. Exposure 
to ED 3 to 4 times a week was associated with excess weight 
in abdominal (75%) and thoracic (25%) types. Regular daily 
exposure to ED affected abdominal (50%), thoracic (25%) and 
muscular (25%) types. We conclude that the “weak” thoracic 
type usually not prone to accumulating fat can develop excess 
body weight associated with exposure to ED.

Besides, after frequent and prolonged exposure to a 
combination of stationary and mobile ED, high-school and 
university students complained of fatigue (26% and 58%, 
respectively). Prolonged screen time also triggered anxiety. 
University students who used ED over 5 hours a day had a 
high level of anxiety (48.2 ± 2.6 points on the anxiety scale); 
students who used ED 3 to 5 hours a day scored 42.1 ± 
1.6 points (moderate anxiety) and those who used ED 1 to 3 
hours a day scored 36.1 ± 1.2 points (moderate anxiety). The 
analysis revealed statistically significant correlations between 
anxiety and the duration of exposure to ED expressed in hours 
(r = 0.66; p < 0.05).  

DISCUSSION

In a population, there are always children, adolescents and 
young people whose physical development is not harmonious. 
In the last decade, the number of Moscow residents with 
excess weight and weight deficit in the age group of 8 to 17 
years has risen to 11.5% and 22.3%, respectively, which is 
consistent with the reports of other researchers [22, 23].

Our findings demonstrate that this trend is gaining 
momentum. Only 60% of the participants could boast 
harmonious physical development. This was not determined by 
their place of residence or the type of educational institution 
they were attending. According to the population studies 
conducted before ED became omnipresent, at that time 68% 
of the population were developing normally [22]. The negative 
trend we observed prompts investigation of ED contribution to 
body weight deficit and excess weight in young people. 

Frequent and prolonged exposure to ED significantly 
changes the lifestyle of modern students, stealing time allocated 
for sleep and physical activities [24, 25].

Overuse of ED and obsession with modern ICT has a 
profound impact on the wellbeing of children and university 
students, increasing anxiety, causing sleep problems and other 
health problems [26, 27].

In this study, we were able to assess the impact of ED 
on the physical development of young people. The study 
demonstrates that daily exposure to stationary ED increases 
the risk of inharmonious physical development caused by 
weight deficit or excess weight gain by 24% and 10%, 
respectively. Because no risks were identified associated with a 
different frequency of exposure to stationary ED, we believe that 
introducing at least one ED-free day into a weekly schedule is 
a good safety measure that will also give a student more spare 
time for physical activities. 

The fact that the use of stationary ED once or twice a 
week promotes body weight deficit only in asthenic children 
and excess weight gain only in the abdominal type speaks 
in favor of our proposal. At the same time, regular daily use 
of stationary ED can cause health problems in any body 
build type. 

The study demonstrates that the impact of ED on high-
school and university students should be assessed in the 
context of its total duration, meaning that we should account 
for both classroom and recreational screen time and the use of 
both stationary and mobile ED. Reducing total screen time to 
3 hours a day would be an effective measure for preventing 
body weight deficit or excess weight gain. However, one should 
bear in mind that young people tend to respond negatively to 
strict measures, so positive health promotion should also be 
included in to the equation [28–30]. 

Because it takes a certain time for the body size and 
composition to change, we additionally assessed the impact of 
ED on more labile psychoemotional parameters. We found that 
university students who use stationary and mobile ED below 
3 hours a day have a lower level of anxiety. 

Sedentary behaviors associated with ED result in the lack 
of physical activities, which is key to understanding the results 
yielded by the study. Its deficit prevents muscle mass from 
developing and promotes fat deposition. The effects of frequent 
and prolonged use of ED can be presented as the following 
chain of events: frequent and prolonged exposure to ED → 
prevailing sedentary behaviors → reduction in physical activity → 
reduced muscle mass and growing fat mass → deviation from 
normal physical development and growth.

Our study does not cover the whole range of possible 
consequences of frequent and prolonged exposure to ED. For 
example, we have not investigated the effect of ED on muscle 
strength and lung capacity in young people.

CONCLUSIONS

Frequent and prolonged use of ED by young people is one of 
the factors that could interfere with their normal growth and 
physical development. This factor however, can be controlled. 
Safety measures include total elimination of a computer or 
laptop from daily activities at least once a week (at the weekend) 
and reduction of total screen time to 3 hours a day. It is also 
important to promote healthy lifestyles, educate young people 
about the consequences of ED overuse and their role in health 
problems, including obesity.
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A MEDICAL CAREER: BARRIERS TO PROFESSIONAL IDENTITY 

Sometimes, a minor scientific event leaves a much more memorable trace than a large conference. On May 30–31, 2019, Pirogov Russian National Research 

Medical University hosted a symposium on medical identities in various communities. Reports, reviews and discussions presented at the symposium focused on 

the problem of identity, a unique phenomenon that results from self-reflecting on a complex dynamic process of personal development. Professional identity is 

particularly important for a medical doctor. This article inspired by the reports of our colleagues summarizes the results of the symposium.
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ПРОФЕССИОНАЛЬНЫЙ ПУТЬ ВРАЧА: «БАРЬЕРЫ» ИДЕНТИЧНОСТИ 

Незначительное по масштабам научное событие нередко оставляет след более выразительный, чем иная крупная конференция. В Российском 

национальном исследовательском медицинском университете имени Н. И. Пирогова 30–31 мая 2019 г. прошел симпозиум «Медицинские идентичности 

в разных обществах». Сделанные здесь доклады, обзоры, прошедшие в их контекстах дискуссии были посвящены проблеме идентичности — 

уникальному явлению, формирующемуся как результат отрефлексированности субъектом сложного многогранного динамичного процесса 

личностного становления. Особую значимость, на наш взгляд, идентичность имеет в профессиональной жизни врача, что обусловило несомненную 

актуальность докладов и диалогов, составивших содержательность проведенного симпозиума, и целесообразность обобщения его результатов в 

виде предлагаемого читателю мнения. 

Ключевые слова: врач, идентичность, Я-концепция, профессиональная идентичность, профессиональные барьеры, профессиональные кризисы, 
профессиогенез
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Identity as a subject of human and social sciences

For more than half a century, identity has been in the focus 
of human and social studies that deal with various aspects of 
human existence, personal development, self-actualization, 
responding to challenges and crises, and building life-
style resources. Classic psychoanalytic works approached 
identification as a psychological defense mechanism [1, 2]; 
in contrast, E. Erikson in his epigenetic theory defined the 
search for identity as a developmental stage in adolescence 
[3]. As a phenomenon, identity is explored by philosophy, 
linguistics, culture and social studies of human beings and their 
social nature. Recent linguistic research has demonstrated 

that an increasing use of semiotic resources in shaping and 
expressing identity is one of key characteristics of this complex 
phenomenon [4]. In psychology, the concept of identity is 
also enjoying a surge of interest. Terms like personal, gender, 
group, ethnic, professional and organizational identities have 
entered the lexicon of psychologists and are widely used in 
psychotherapy and psychological consulting. The program of 
the 16th European Congress of Psychology held in Moscow 
in July 2019 included the symposium on Personal identity in 
the conditions of multi-vector changes in the society. This 
signals a profound interest in the phenomena of identity and 
identification across the scientific community. The participants 
of the discussion pointed out that multivector changes 
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sweeping through the globe are complicating the process of 
personal identification affected by new social and technological 
challenges brought about by the advent of the digital era. The 
speakers talked about a new phenomenon of online identity [5] 
and about national identity that comes into being as a group 
of individuals reflects on its historical experience [6]. Risks for 
social failure are increasing, as seen from the rising number of 
cases of unconfirmed identity [7] and gender identity crisis [8]. 

Professional identity of a medical doctor: 
the mystery of formation

To understand what a doctor’s professional identity really is, one 
has to identify a stage of medical training it starts to shape at, 
the factors involved and the intensity of the process. For a long 
time, little effort has been channeled into this field of research. 
On the whole, our foreign colleagues have paid more attention to 
this problem. Specifically, there have been persistent attempts to 
shed light on the nature and mechanisms of professional identity 
formation in the early stages of professional development. In 
medical students, professional identity is seen as a result of 
resolving difficult ethical dilemmas [9] and as an intrinsic part of 
a student’s personality [10]. Some Russian authors have studied 
professional identity in the context of daily routine of young 
Russian physicians working in different environments (cities, 
towns or villages) [11]. Those authors discriminate between 
3 types of professional identity, depending on which view on the 
profession dominates the mindset of a young physician: being 
a helper (a doctor is a helping profession), being an expert 
(a doctor is an expert in a medical field), or being a researcher 
(a doctor is a researcher focusing on academic science). 

The concept of professional identity holds a central place in 
the contemporary labor psychology and is loaded with a wide 
range of meanings [12]. One of them is particularly important for 
grasping the essence of professional development: professional 
identity is an indicator of how well an individual, their expertise 
and professional achievements meet the healthcare demands 
posed by society, professional community and its corporate 
culture [12] Seeing professional identity as an ability to self-
identify in a profession can be used as a methodological landmark 
in research studies exploring the complexity of psychological 
aspects pertaining to the development of professional identity 
in healthcare workers [12]. Just like motivation, professional 
identity determines professionalism.

We face a lot of barriers in different stages of our career that 
put our professional identity at risk for shattering. Overcoming 
these barriers helps us to self-identify professionally at younger 
age and facilitates self-actualization later in life [13]. The barriers 
make one’s professional path nonlinear and thereby create a 
prerequisite for redefining the vectors of the chosen carrier, 
prevent one from professional stagnation, and enhance their 
professional identity. Some of the barriers are purely individual 
experience; however, others are common to the entire medical 
profession. The latter include professional crises that need to 
be overcome in order to self-actualize [14]. 

The first barrier is the problem of choice: a young individual 
torn by a conflict of motives and preferences creates a 
professional self-image and eventually decides in favor of a 
medical carrier. This crisis is a powerful stimulus: the decision 
to become a doctor means one has to accept responsibility, 
mobilize their internal resources and set off on a long and 
difficult journey of professional education. Achieved professional 
identity is a reward for overcoming this first barrier. 

Other crises that will follow help an individual to build their 
confidence as a professional and to transform their self-image 
into a profession-related self-concept. Normative crises occurring 
in a medical carrier include crises in year 1 and 3 of medical 
training, a crisis related to the choice of specialty, a crisis at the 
start of a professional carrier, a crisis related to maintaining and 
improving qualifications, and a crisis of retirement.

The professional path of a medical doctor is also filled with 
obstacles that cause a risk for destroying his/her professional 
identity that include the so-called supernormative and 
extraordinary crises. An example of such a barrier is a crisis 
experienced when a doctor has to change their specialty or 
job. In this case, a typically normative crisis a person has to 
go through when starting a new job becomes supernormative 
or even acquires features of the extraordinary crisis that puts the 
doctor under a lot of stress. Such crises strike when a physician 
is offered a senior management position in a healthcare 
institution [15]. It is accompanied by frustration of a professional 
self-concept dissonant with a new identity (I as a senior 
executive). Studies have shown that in terms of confidence, 
“I in the present” becomes weaker than “I in the past”, the person 
feels the lack of competencies required for a new position, 
engages in negative coping strategies, etc. [15, 16]. Introducing 
the psychology of management into the curriculum taught to 
healthcare workers who study organization of healthcare and 
public health could help to overcome this barrier. Lectures and 
workshops on the psychology of management help students 
to develop standard competences that a senior executive is 
expected to demonstrate in their new position [17]. The essays 
and reports prepared by the graduates of the Department of Public 
Health and Healthcare (the Faculty of Continuous Professional 
Education, Kuban State Medical University) reveal a positive shift 
from frustration to realizing the points of integration between two 
professional identities: I as a physician and I as a senior executive. 

CONCLUSIONS

Professional identity is the core of a person’s self-image. This core 
not a monolith. It is subject to various interventions arising from 
changes, challenges and demands from both within and without. 
In order to succeed in medical profession and to overcome 
the barriers occurring in all stages of their professional career 
and throughout life, one has to understanding the meaning of 
those barriers. The significance of the problem discussed at the 
symposium necessitates research into the mechanisms, factors 
involved and patterns of professional identity formation in medical 
doctors living in contemporary society. 
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