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Abstract. Implementing telerehabilitation methods for individuals injured in road traffic accidents with upper limb and
chest trauma is critically essential for improving patients' functional recovery, ensuring effective interaction between the
patient and the rehabilitation specialist, and reducing overall time and costs associated with rehabilitation. The purpose
of the study is to assess the effectiveness of applying telemedicine monitoring tools and the developed rehabilitation
model in the functional recovery of operated patients with upper limb and chest trauma. The study included patients
who underwent surgery due to upper limb and chest trauma resulting from road traffic accidents. Patients were divided
into two groups: retrospective (186 patients) underwent standard rehabilitation, while the main group (62 patients) was
involved in the developed telerehabilitation model programme. Functional outcomes were analysed using the gDASH scale,
including the average time spent by patients on rehabilitation per day, the number of patient visits to the medical facility
within 3 weeks, and the total time spent by the rehabilitation specialist per patient over 3 weeks. After rehabilitation,
over 80% of patients in both groups demonstrated positive and satisfactory results, with a slight advantage of excellent
results in the main group (12.90% versus 9.14%). Patients in the main group spent more time on their rehabilitation
(41+3 minutes per day) and had access to progress monitoring functions and communication with the doctor, which
increased their motivation and involvement. Telerehabilitation remarkably reduced the number of required doctor visits
(5%2 versus 113 visits) and the time spent by the rehabilitation specialist on each patient over 3 weeks (132+12 minutes
versus 243+17 minutes). The average time per day spent by the injured individuals on rehabilitation exercises in the
main group was 41+3 minutes, while in the retrospective group, it was 31+7 minutes. The telerehabilitation model is an
equivalent alternative and complement to standard rehabilitation methods. Its advantages include increased motivation
for performing rehabilitation exercises and the ability to conduct training in a distance-controlled environment

Keywords: polytrauma surgery; telemedicine; rank analysis; retrospective study

INTRODUCTION

According to recent studies, road traffic accidents are a key
cause of mortality from trauma [1, 2]. In Ukraine, the per-
centage of fatalities among all injured in road traffic ac-
cidents (RTAs) varies between 15-17%, while in European
countries, this figure is 3-4%, and in the United States, it
is 2-3% [3].

The majority of research on polytrauma resulting from
road traffic accidents focuses on the principles of emergen-
cy care for the injured to reduce the mortality rate. Howev-
er, a retrospective analysis of 9012 RTA victims by E. Berke-
veld et al. [4] concluded that achieving optimal outcomes
for this group of patients does not depend on the time of

Suggested Citation:

prehospital transport but requires timely implementation
of individualised treatment, adherence to clinical proto-
cols, careful dynamic observation, and professional reha-
bilitation after discharge. A study conducted in Croatia by
J. Kovacevic et al. [5] observed a decrease in self-care and
employment opportunities among 200 out of 640 RTA vic-
tims, leading to a lower quality of life. It also caused a sig-
nificant economic burden for their families.

With the development of information technologies,
telemedicine can address these issues by improving ac-
cess to healthcare professionals and communication in
the medical field and reducing logistical costs. A study by
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K. Moulaei et al. [6] demonstrated that using a portable de-
vice can provide continuous monitoring of patient’s physi-
ological parameters and detect real-time changes that can
be automated and less noticeable to medical personnel.

In the clinical study “MERLIN” by S.G. Rozevink et
al. [7], the effectiveness of using portable devices for home-
based rehabilitation to address economic issues, particu-
larly by reducing costs and travel time for patients, was an-
alysed. It also allowed rehabilitation specialists to conduct
classes more effectively simultaneously with several pa-
tients since each could interact with their own device and
be in a convenient place. It was noted that the effectiveness
of remote rehabilitation was not inferior to conventional
methods. However, such scientific observations mainly re-
late to the telerehabilitation of patients after strokes and
do not fully reveal the importance of using portable devices
for the remote rehabilitation of RTA victims [8, 9].

According to A.L. Tsvyakh et al. [10], one of the main
advantages of using portable telerehabilitation systems
is the improvement of musculoskeletal functions. In ad-
dition, it increases patients’ interest and motivation for
performing rehabilitation exercises. It also leads to greater
commitment to rehabilitation procedures and more active
participation in treatment procedures. This is particularly
relevant for caring for patients with polytrauma associated
with upper limb and chest injuries [11].

The main focus of most studies on RTA victims is on
immediate medical care, while long-term rehabilitation re-
mains less explored. It is important to pay attention to the
quality of life issues faced by surviving victims after RTAs
and their families, especially in the context of inadequate
rehabilitation. In this case, telemedicine can play a key role
in improving care for this category of patients. Modern re-
search highlights the substantial potential of telerehabili-
tation in the treatment and recovery of patients after vari-
ous types of injuries. Numerous publications demonstrate
that these approaches not only improve the functional sta-
tus of survivors but also provide greater accessibility and
effectiveness of rehabilitation services, patient engage-
ment in the recovery process, while reducing economic and
time costs. However, the effectiveness of telerehabilitation
in RTA survivors with upper limb and chest injuries is not
sufficiently highlighted. The purpose of this study is to
evaluate the effectiveness of telemedicine monitoring tools
and the developed rehabilitation model in the functional
recovery of patients with upper limb and chest injuries.

MATERIALS AND METHODS
The medical records of hospitalised patients who under-
went treatment at the municipal non-profit enterprise
“Ternopil City Emergency Hospital” from 2015 to 2020
were analysed, following a protocol approved by the hos-
pital’s ethics committee. The study materials included 186
medical records of patients with upper limb and chest inju-
ries, forming the retrospective group. In the main group, 62
patients with upper limb and chest injuries were sequen-
tially enrolled in the study over two years at the same hos-
pital - from September 2020 to November 2022. The study
included survivors aged 18 and older who were admitted to
the emergency department of the hospital after road traf-
fic accidents. Patients with injuries not related to a motor
vehicle were excluded. Both groups were compared by age,

gender, occupation, nature of injuries, injury severity score,
and evaluated the functional status of the limb, the average
duration of rehabilitation per day, number of patient visits
to the medical facility over 3 weeks, and the total time spent
by the rehabilitation specialist on one patient over 3 weeks.

To analyse the effectiveness of rehabilitation in both
groups, the QuickDASH questionnaire [12], which is a uni-
versal tool for diagnosing functional limitations of the
arm, shoulder, and hand, was used. This method includes
11 criteria that allow assessing the physical abilities and
symptoms in patients with single or combined upper limb
and shoulder girdle injuries. Each question has 5 possible
answers, reflecting the degree of difficulty in performing
tasks (1 — I can perform the task easily; 2 — I have slight
difficulty; 3 — I have moderate difficulty; 4 — I have a lot of
difficulty; 5 - I am unable to perform the task). The overall
score of the answers is converted into points using the fol-
lowing formula:

((sum of nresponses) _

QuickDASH = 25 x D, (1)
where n — number of responses. It should be noted that the
QuickDASH score cannot be calculated if more than 1 item
is missing. Thus, 0 points correspond to full function recov-
ery, while 100 points indicate severe disability.

All 186 patients from the retrospective group under-
went conventional rehabilitation procedures for 3 weeks
after the trauma. This group received standard methods of
rehabilitation therapy. A total of 62 patients from the main
group were involved in telerehabilitation for a 3-week peri-
od after the trauma and were taught a set of exercises with a
developed portable device for home use. In the main group,
the QuickDASH score was assessed at discharge from the
hospital and after 3 weeks of telerehabilitation. In the ret-
rospective group, the QuickDASH score was also assessed
on the day of discharge from the hospital according to re-
cords in the patient’s medical records. After 3 weeks, this
indicator was determined based on patient surveys during
visits to the doctor and using a developed Google Forms
survey. All participants followed an approved rehabilita-
tion protocol (massage, exercises, therapeutic exercises).
The exercise program, which included passive and active
movements — flexion, extension, and strengthening of the
upper limb and chest muscles, was conducted three times
a day for three weeks and aimed to improve flexibility,
strength, proprioception, and neuromuscular coordination.

The conventional rehabilitation group performed the
exercise program for 15 minutes, three times a day, inde-
pendently at home, and visited a medical facility as need-
ed. The exercise programme was prescribed by the same
physiotherapists as in the main group, and the intensity
of the exercises was determined by the physiotherapists
based on the patient’s symptoms. A prototype for moni-
toring patients with musculoskeletal disorders, developed
and tested during a research project funded by the Ministry
of Health of Ukraine (registration number 0119U000608,
2019-2021), was used for the study.

For the main group, a telerehabilitation model was
created, which included using this prototype with sensors
to track the limb’s position in space and sensors to meas-
ure the angle of flexion, temperature, volume, and pulse
(Fig. 1). During the study, the sensors were integrated into
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an orthosis fixed on the injured limb of the patients. A
specially developed software complex allowed for remote
monitoring of biomechanical parameters of movement,
local temperature, frequency of active movements, and
volume of the injured limb. During the performance of
rehabilitation exercises at home, data from the patients’
portable sensors were collected and transmitted to a cloud
server via mobile internet and then displayed on personal
smartphones or doctors’ computers in digital and graphical
formats. The telerehabilitation protocol included: 1) train-
ing on the use of the prototype and attachment of the port-
able device to the affected limb, as well as the use of special
software; 2) performing home exercises, including passive
flexion and extension of the upper limb; 3) active flexion
and extension of the upper limb. In addition, all study par-
ticipants underwent training on determining pain intensi-
ty using a 10-point visual analogue scale.

Figure 1. Developed prototype with sensors
Source: photographed by the author

Table 1. Distribution of victims by the type of injury and gender

In the telerehabilitation group, patients were provid-
ed with instructions for using the prototype and perform-
ing the exercise program three times a day for 15 minutes
under remote monitoring. Qualified physiotherapists pro-
vided patients with consultations and recommendations
regarding their progress in performing exercises, main-
taining an active daily routine, and alleviating symptoms
using text messages and phone calls. Rehabilitologists also
monitored patients’ performance of home exercises and, if
necessary, adapted the load programme according to their
condition and needs.

The study was conducted in accordance with the prin-
ciples of good clinical practice and ethical principles as
required by the Helsinki Declaration [13]. To maintain
confidentiality and protect patients’ personal data, infor-
mation about their identity was excluded from the anal-
ysis and stored in a secure electronic format with limited
access. For statistical processing and comparison of the
study results between groups of patients depending on
the type of data and distribution law, Student’s t-test,
Mann-Whitney U test, and one-way analysis of variance
(ANOVA) were used.

+ RESULTS

In the retrospective group, there were 135 (72.58%) males
and 51 (27.42%) females. In the main group, there were 44
(71.97%) males and 18 (29.03%) females. The nature of the
injuries was diverse in both sexes but similar in rank in
both groups. Thus, among all patients, the majority of inju-
ries were sustained by cyclists and pedestrians, regardless
of gender (Table 1).

1. Cyclists 48 35.56 1 7 13.73 3 24 38.71 1 1 1.61 2
2. Car driver 24 17.78 3 2 3.92 - 5 8.04 3 0 0 -
3. Motorcycle driver 15 11.11 5 0 0 - 4 6.45 4 0 0 -
4 Animal-drawn 5 | 222 | - 0 0 - 4 | 645 | 4 0 0 .
transport

5. Passenger of the bus 1 0.74 - 2 3.92 0 0 - 1 1.61 4
6. Passenger of the car 17 12.59 4 11 21.57 1 1.61 4 6.45 3
7. Pedestrian 27 20.00 2 29 56.86 1 6 9.68 2 12 19.35 1
8. Total 135 51 44 18

Source: compiled by the author

However, it is necessary to note the pronounced risk
of injury among men in both the retrospective and main
groups, both as cyclists (first rank) and pedestrians (sec-
ond rank). Although women in both groups also faced
risks of injury as pedestrians and cyclists, their overall

frequency is lower compared to all groups where the in-
jured individuals used transportation. Both groups show a
similar percentage distribution between men and women:
72.58% in the retrospective group and 70.97% in the main
group (Table 2).

Table 2. Characteristics of research groups on differences in the compared indicators

135 (72.58%)

44.(70.97%)

Women 51 (27.42%)

18 (29.03%)
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Table 2. Continued

Retrospective group Main group p-value
Age
18-24 40 (21.51%) 7 (11.29%)
25-44 79 (42.47%) 34 (54.84%) 0.225829
45-60 38 (20.43%) 13 (20.97%)
>60 29 (15.59%) 8 (12.90 %)
Employment
student 7 (3.76%) 2 (3.23%)
works 74 (39.78%) 27 (43.55%) 0.957764
does not work 81 (43.55%) 25 (40.32%)
pensioner 24 (12.90%) 8 (12.90%)
ISS 21.66 21.12

Notes: the p-value is obtained using the chi-square test for categorical variables and the analysis of variance (ANOVA test)

for continuous variables
Source: compiled by the author

In terms of age distribution, the most common
among patients are individuals of working age from 25 to
44 years old, comprising over 40% in both groups. Mean-
while, the smallest group consists of individuals aged
18-24 years in the retrospective group and individuals
over 60 years old in the main group. When comparing the
distribution by employment categories between the two
groups, minor differences can be observed, but the num-
ber of injured individuals among those employed and
unemployed is approximately the same and approaches
40%. Other categories, such as students and retirees, are
represented in smaller numbers, with their percentage
not exceeding 13% in any group. Comparing both groups
by Injury Severity Score (ISS), they are practically iden-
tical. Thus, it can be argued that the retrospective and
main groups were identical in such parameters as age,
gender, employment, and injury severity index.

In the retrospective group, the rehabilitation pro-
gramme was based on early implementation of controlled

functional mobilisation, overcoming swelling using
medication therapy, and prescribing physical therapy at
the place of residence for three weeks. In the main group,
the standard rehabilitation programme was supple-
mented by the use of the developed telemedicine model.
Due to the remote monitoring capabilities, the physician
could control the correctness of each stage of rehabili-
tation tasks in real time and, considering the functional
state of the limb, make adjustments to the loads during
exercises. At the beginning of the rehabilitation pro-
cess for patients with hand injuries, a key step was the
implementation of controlled functional mobilisation
under telemedicine control. This played a crucial role
in the remote control of the range of motion, reflected
in the graph, where restrictions in bending angles up to
31 degrees and a gradual increase in local temperature
to 26-27 degrees during exercises were visualised. This
indicates a tendency to improve local blood circulation
and enhance metabolic processes (Fig. 2).

Joint movement 1

% 28 29 27 28

25 2025 b
14 1516 15 15,, 18 0B 17 1314 1313 138

Temperature proximal lateral

Temperature distal

— —— T
1024 084026 084028 08:40:30 08:40:32

Temperature proximal medial
e 50

40

30 —
6.57
437 2508 2556 258

21.81 222219 2262

Temperature proximal medial

Figure 2. The first day of TV rehabilitation. Visualisation of the rehabilitation method,
which makes it possible to evaluate the patient’s physiological indicators using graphs

Source: photographed by the author
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However, the graph clearly shows that with the in-
creasing load during exercises on the injured arm, the lo-
cal temperature does not reach the norm, and at this mo-
ment, the range of motion stops increasing. If movements
are not stopped, an inflammatory process may begin. The
peculiarity of the telerehabilitation programme lies in the
methods of dealing with such complications, particularly
with swelling due to excessive load on the limb.

On the 215 day of the telerehabilitation process, pa-
tients in the main group achieved bending angles of up
to 90 degrees (Fig. 3). The graph shows the normal range

100

Value

10 37 30 10 37 40 10 3750

- Angle

of motion of the arm. It should be noted that a stable lo-
cal temperature of about 31 degrees Celsius was recorded
during intensive muscle work. This indicated the effec-
tiveness of muscle work and an optimal load level, which
is critically essential for restoring hand functions. Such
visual data helped doctors understand the dynamics of
recovery and adapt rehabilitation programmes according
to each patient’s individual needs. They also became a
valuable tool for demonstrating patient’s progress, mo-
tivating them to further active participation in rehabili-
tation measures.

10 16 00 10 3810 10 18 20
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Figure 3. Changes in the range of motion and temperature on the 21t day of telerehabilitation

Source: photographed by the author

Participants in the main group also independently re-
corded changes in pain levels after performing exercises
using a gadget. In case of increasing pain, they indicated
its intensity, choosing one of three levels: mild increase in
pain (1-4 points), moderate increase (5-7 points), signifi-
cant increase (8-10 points). The software allowed increas-
ing the daily load in case the pain intensity after exercis-
es did not exceed 7 points, and there was no progressive
swelling of the limb. In case of persistent increase in pain
and presence of swelling, the doctor made adjustments to
the rehabilitation algorithm. In the retrospective group,
the patient visited a medical institution for consultation
with a rehabilitation specialist in case of severe pain.

Notably, in the main group, the rehabilitation spe-
cialist systematically monitored the dynamics of the

patient’s clinical condition, analysing the range of mo-
tion, pain reduction, and improvement of limb function.
If necessary, corrections were remotely made to the tel-
erehabilitation protocol for optimal effectiveness. Based
on the observation results of the patient’s dynamics, the
medical specialist could modify the rehabilitation plan,
adjusting the intensity and duration of procedures, as
well as integrating additional exercises to achieve pro-
gress. Functional outcomes in the retrospective and main
groups were analysed using the QuickDASH scale. The av-
erage time in minutes spent by patients for rehabilitation
per day, the number of patient visits to the medical facili-
ty within 3 weeks, and the total time spent by the rehabil-
itation specialist on one patient within 3 weeks were also
evaluated (Table 3).

Table 3. Functional results in the retrospective and main groups

Retrospective group Main group p-value

qDISH start of rehabilitation

Excellent (0-25 points) - -

Good (26-50 points) 71 (38.17%) 21 (33.87%) p=0.70

Satisfactory (51-84 points) 107 (57.53%) 37 (59.68%)

Unsatisfactory (85-100 points) 8 (4.30%) 4 (6.45%)
gDISH 21t day of rehabilitation

Excellent (0-25 points) 17 (9.14%) 8 (12.90%)

Good (26-50 points) 115 (61.83%) 45 (72.58%) p=0.14

Satisfactory (51-84 points) 46 (24.73%) 7 (11.29%)

Unsatisfactory (85-100 points) 8 (4.30%) 2 (3.23%)
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Table 3. Continued

Retrospective group Main group p-value
Average duration of rehabilitation per day 31+7 min 41+3 min p<0.005
Nuyr}ber. of patient visits to a medical 11+3 549 p<0.005
facility in 3 weeks
The total t{me sper}t by the rehabilitator 943+ 17 min 132+ 12 min p<0.005
on one patient during 3 weeks

Notes: the p-value is obtained using the chi-square test for categorical variables and the analysis of variance (ANOVA test)

for continuous variables
Source: compiled by the author

The obtained data show that at the end of the rehabil-
itation course (after 3 weeks), in both study groups, over
80% of the injured individuals noted positive and satisfac-
tory (26-84 points) indicators. It should be noted that about
10% of patients successfully underwent rehabilitation and
achieved excellent gDASH scores (<25 points). Although
these data do not differ particularly, it is necessary to note
a slightly higher percentage of excellent functional out-
comes in the main group — 12.90% compared to 9.14% in
the retrospective group. This can be explained by the great-
er motivation of patients in the telerehabilitation group. It
is also important to note that about 8 (4.3%) injured indi-
viduals with extremely poor functional outcomes (85-100
points) did not improve their condition in the retrospective
group. In the main group, there was a slight decrease in the
cohort of such injured individuals - from 4 (6.45%) at the
beginning of rehabilitation to 2 (3.23%) after three weeks.

The study revealed a statistically significant difference
between the two groups in the average time in minutes
spent by patients on rehabilitation per day — 31£7 min in
the retrospective group and 41%3 min in the main group
(p<0.005). Clearly, the developed portable device has
functions that allow patients to track their rehabilitation
progress, set reminders for exercises, and access a reha-
bilitation specialist in case of complications or adverse
events in real time. The feeling of constant control by the
doctor helps better engage patients and motivates them.
Substantial differences were also found in the number of
patient visits to the medical facility within 3 weeks, which
decreased by almost half in the telerehabilitation group
(p<0.005). Furthermore, in the main group, there was a
threefold reduction in the total time spent by the rehabil-
itation specialist on one patient within 3 weeks (p<0.005).
Therefore, after three weeks of rehabilitation, over 80% of
the injured individuals in both groups achieved positive
results, with the main group showing a slightly higher per-
centage of excellent results, which may be due to greater
motivation and continuous monitoring of patients using
the developed telerehabilitation model.

DISCUSSION

Patients who have experienced road traffic accidents often
face a range of health consequences that can manifest both
in the short and long term. These consequences can lead
to varying degrees of impairment and disability, which in
turn can result in substantial economic costs. These costs
not only impact the quality of life of survivors but also have
substantial implications for their families.

According to a study by F. Cunha-Diniz et al. [14], the
treatment outcomes of individuals injured in road traffic

accidents vary widely and depend on several factors. The
nature of the accident plays a crucial role — for example,
pedestrians, cyclists, and motorcyclists are often more
susceptible to serious injuries. In addition, victim charac-
teristics such as age, gender, and health status also greatly
influence outcomes. Among these factors, the type and se-
verity of injuries sustained during the accident are consid-
ered the main prognostic factors for injury outcomes and
future quality of life.

According to many researchers, after upper limb inju-
ries in road traffic accidents, there is a noticeable decrease
in quality of life during the initial acute phase, usually
within 1-2 weeks after the injury, with gradual improve-
ment over the first year of recovery [15-17]. Previous stud-
ies have highlighted the disabling nature of upper limb and
chest injuries. Interestingly, patients with upper limb inju-
ries showed significant improvement within the first three
months but did not reach their pre-injury levels of quality
of life until 12 months post-injury. In a study by B. Gopi-
nath et al. [17] on quality of life after such injuries, it was
discovered that most patients who were not hospitalised
recovered within two months, except for patients with spi-
nal injuries. These groups showed a recovery pattern simi-
lar to hospitalised patients, with progress noted up to five
months but at suboptimal levels of quality of life.

R. Rissanen et al. [18] observed that non-hospitalised
patients with upper limb injuries experienced a significant
loss of quality of life at 2.5 months, which improved to gen-
eral population norms at nine months post-injury. In con-
trast, hospitalised patients with similar injuries remained
significantly below these norms even at 24 months. Their
study underscored the overall impact of upper limb injuries
on health, particularly noting that proximal injuries, such
as shoulder fractures, demonstrate slower recovery com-
pared to distal injuries.

The difference in the results of these studies may be
related to differences in the duration of observation, data
collection methodologies, diagnostic categories, severity
of injuries, and cultural factors. However, they all did not
consider the importance of the individual choice of limb
rehabilitation method. Despite the complexity and im-
portance of these studies, there is a lack of rehabilitation
protocols that use a holistic and individual approach to
analysing the severity of injuries in road traffic accidents.
Most of these studies typically focus on specific aspects of
injury, whereas the development of individual treatment
and rehabilitation programmes should include a broader
spectrum, covering not only injuries sustained in road traf-
fic accidents but also the economic consequences and in-
dividual characteristics of the injured. This comprehensive
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perspective is crucial for understanding the impact of road
traffic accidents on individuals and developing more effec-
tive rehabilitation techniques, including the use of modern
technologies, exoskeletons, and telemedicine.

Since 2000, many research groups have also been de-
veloping complex robotic devices for rehabilitation that
can be controlled remotely and worn by the injured [12, 19].
T. Ahmed et al. [20] developed a telerehabilitation system
based on an exoskeleton device that allows the rehabilita-
tion specialist to remotely control it as a subordinate de-
vice through the main apparatus. However, the doctor can
only monitor the patient’s condition visually or through a
webcam. N. Singh et al. [21] proposed a telerehabilitation
system based on an end-effector device for passive and as-
sistive wrist and finger training. The system includes a data
collection and communication module for remote moni-
toring, visual biological feedback.

The current landscape of rehabilitation robotics is
characterised by devices that are primarily autonomous
mechanical systems with limited networking capabilities.
This poses a substantial problem as it restricts interac-
tion between the rehabilitation specialist and the system,
which may be located at a considerable distance. Effective
rehabilitation requires the healthcare provider to careful-
Iy monitor the patient’s progress and appropriately adapt
exercises when needed. The advanced innovation in the
developed prototype lies in its system for tracking the spa-
tial position of the limb, autonomy, and small size. This
system, in conjunction with specialised software, trans-
mits detailed information about the hand’s kinematics and
performed exercises to the rehabilitation specialist via the
internet, allowing for adjustments and changes in the load
regime as needed. In addition, the developed prototype
includes additional sensors for measuring temperature,
pulse, and volume, providing essential data that the doc-
tor can assess dynamically to prevent complications. This
allows for a more qualitative assessment of whether the
patient has achieved specific rehabilitation goals. From the
patient’s perspective, such a highly adaptive portable tele-
rehabilitation device that can be comfortably used at home
can significantly increase motivation for regular physical
exercises. This is a substantial step forward in home reha-
bilitation, combining advanced technology with user-ori-
ented design to improve treatment outcomes.

The proposed telerehabilitation model also allows pa-
tients and doctors to be less bound by strict work sched-
ules. Patients can perform rehabilitation exercises at a
time convenient for them, while doctors can provide ser-
vices from anywhere, both online and by analysing pre-
vious records of recovery progress. The applied telemedi-
cine system is equipped with advanced data management
tools. They can be integrated with electronic medical re-
cords, stored in cloud servers, ensuring that the patient’s
rehabilitation history is always up-to-date, accessible, and
securely protected. These data confirm the high effective-
ness of the proposed telerehabilitation model for this cat-
egory of patients.
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TenepeabinitauinHa Mogenb B onepoBaHUX NOCTPaXKaarinx
B AOPOXXHO-TPAHCMOPTHUX NpUrogax
3 TPAaBMOIO BEepPXHbOI KiHLIBKM Ta FPYAHOI KNiTKU
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AHoTauif. BripoBajskeHHST MeTONiB Tejnepeabimitamii mjs mocTpaxkmanux y AOPOKHBO-TPAHCIIOPTHUX IPUTOIaX
3 TpaBMaMM BepXHbOI KiHI[IBKM Ta TPYAHOI KIITKM € KPUTUUYHO BAXKIMBUM [JIsI MOKPAIIEHHS (QYHKIIIOHATBHOTO
BiTHOBJIEHHST TaIlieHTiB, 3abe3meuyoun edeKTUBHY B3a€MOJil0 MiX IaIlieHTOM Ta peabGiniTosorom, Ta CIpUSE
3MEHIIEeHHIO 3arajJibHOro vacy i BMTpaT, MOB's3aHMX 3 peabimiTaiieo. MeTta mOCTiIKeHHS ToJsArasa B OIHII
edexTMBHOCTI 3aCTOCYBaHHSI 3aCO6iB TeJIeMeIMYHOTO KOHTPOJIIO Ta PO3po6eHoi TepepeabiniTaiiiiHoi momeni mpu
(byHKIIiIOHaILHOMY BiHOBJIEHHI ITPOOIEPOBAHMX TAIli€HTIB 3 TpaBMaMM BepPXHbOI1 KiHIIBKM Ta IPYyOHOI KIiTKU. Y
IOCTiIKeHH]I B3SUIM yUacThb MAlLliEHTH, SIKi 6y/IM TTPOOIEepPOBaHi 3 MPUMBOAY TPABMU BEPXHiX KiHITIBOK Ta TPYAHOI KITiTKU
B Pe3yJbTaTi JOPOKHBO-TPAHCIIOPTHUX NpuUroA. IlamieHTn 6ynM po3mnofiiieHi Ha ABi Tpymu: perpocrnekTuBHa (186
TMalieHTiB) MpOXoAM/a CTaHAAPTHY peabimiTalliio, Tofi SIK OCHOBHA Tpyma (62 maiieHTy) 6y/aa 3ajyuyeHa 0 MporpaMmu
po3pobieHoi Tenepeabinitaniiinoi momeni. OyHKI[iOHaMbHI pe3ynbTaTy Gy/M MPOaHaTi30BaHi 3a JOMOMOTO MIKaIU
gDASH, a TakoX OIiHIOBa/JMCS: CepeIHiit uac, 3aTpadyeHuit mamieHTaMu A peabingitailii B geHb, KiJbKiCTh Bi3UTIiB
maiieHTa A0 MeIMYHOTO 3aKIady 3a 3 TVOKHI Ta 3arajJibHUI 4ac, 3aTpauyeHuil peabisiTosoroMm Ha OMHOTO Malli€HTa
MpoTsiroM 3 TwskHiB. ITicis pea6Gimitanii monam 80 % maliieHTiB B 060X rpyrnax IIPOJEeMOHCTPYBaIM IMO3UTUBHI Ta
3aJI0BiJIbHI pe3y/ibTaTy, 3 HE3HAUHOIO MepeBaro BigMiHHMX pe3yabTaTiB Y OCHOBHIN rpyrmi (12,90 % npotu 9,14 %).
IManieHTV OCHOBHOI IpyIM BUTpavaau Gijblie yacy Ha CBOIO peabimiTaliito (41+3 XBWIMHM MIOAHS) Ta MaJIV TOCTYII 10
(bYHKIIiI MOHITOPUHTY Iporpecy i 3B'I3Ky 3 TiKapeM, 110 MiJBUIYBaI0 iX MOTMBAILiI0 Ta 3a1ydeHicTh. Temepeabinitaiist
3HAYHO 3MEHIIMIa KibKiCTh HeoOXimHMX BisuTiB mo mikaps (5+2 mpotu 11%3 BisuTu) Ta uac, BUTpaUYeHUIi
peabiniTosoroM Ha KOKHOIO manieHTa 3a 3 TvokHi (132+12 xB mpotu 243+17 xB). CepenHiit uac Ha JeHb, BUTPAYeHU
MOCTPasKAAIMMU Ha peabimiTaniiiHi BmpaBu B OCHOBHI rpymi 6yB 41+3 XB, Y TOJ Uac SIK B peTPOCIEeKTUBHil — 31+ 7 xB.
TenepeabiniTaliiiiHa MOIeJb € PiBHOILIIHHOIO aJIbTEPHATUBOIO Ta TOTIOBHEHHSM IO CTAHIAPTHUX METOAMK peabimitarii.
[i mepeBaru monsAraoTh y nifiBUIIEeHH] MOTUBALII 1O BUKOHAHHS peabiliTaliiiHux BIpaB Ta MOXK/IMBOCTI IIPOBEIEeHHS
TpeHyBaHb y AUCTAHI[iI/iIHOMY KOHTPOJbOBAHOMY CepefoBUIITi

KniouoBi cnoBa: Xipyprisi momiTpaBMu; TeJieMeIUIMHA; PAHTOBMI aHaITi3; peTPOCIIEKTUBHE TOCTiIKeHHS
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Abstract. One of the most common surgical treatment options for breast cancer is radical mastectomy, which affects
the quality of life of patients in remission and their psychological state. One of the solutions to this problem is the
use of skin and muscle flaps from other anatomical areas, in particular the back, for plastic reconstruction of the breast
after radical mastectomy. The study aimed to present the practical implementation of reconstruction of both breasts
in the remote period of radical mastectomy in a patient in remission of breast cancer using a skin and muscle flap of
the broadest back muscle in combination with an implant. The patient, who met the criteria for participation in the
study, had previously undergone a radical mastectomy of the right breast for direct indications along with radiotherapy.
Delayed breast reconstruction within the study was performed 6 years after the planned right-sided mastectomy. The first
surgical intervention included marking the back and breast area, excision and harvesting of the flap, preparation of the
implantation site and its placement with the implant. Three months after the operation, she underwent a prophylactic
mastectomy of the left breast based on molecular genetic testing with immediate reconstruction using the second flap of
the broadest back muscle. The surgery was performed using a perimammary approach. Due to the available dissection,
various anatomical configurations of the flap, and low-variability vascular anatomy, the latissimus dorsi flap is an adequate
choice of material for the reconstruction of radical postmastectomy interventions. The final result of bilateral use of the
flap for breast reconstruction after mastectomy is in favour of restoration of the anatomical tissue defect and a satisfactory
aesthetic option, without complications in the form of seromas, haematomas, or pain. The result has a positive impact on
the quality of life of a patient in remission of breast cancer

Keywords: mammoplasty; surgical correction; implant; myofascial repair

INTRODUCTION

Breast cancer (BC) is the most common cancer among
women and the second leading cause of cancer-related
death in this group [1]. The high prevalence of BC is as-
sociated with modifiable risk factors, but mammography
screening and surgical treatment can improve prognoses.
Frequent invasive forms of breast cancer require radical
methods, such as mastectomy. It is important to consider
not only survival but also the quality of life of women after
radical interventions. More than a third of patients do not
receive a sufficient assessment of their symptoms during

Suggested Citation:

the remission period. Mammoplasty surgical interventions
aimed at restoring anatomy and aesthetics after mastecto-
my can improve the quality of life and psychological state
of patients. In particular, the use of skin and muscle flaps
is the optimal method for aesthetic breast reconstruction
after radical mastectomy.

Following D.L.Lovelace et al. [2] and O.Kaidar-Person et
al. [3], patients with successful breast cancer treatment
who are in remission in most cases face negative long-term
consequences of treatment that affect the quality of life,
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namely the growth of scar tissue in the area of mastectomy
and breast tissue deficiency. These consequences include
physical, functional, emotional, and aesthetic changes. The
goals of surgical treatment of different types of BC remain
the same — the elimination of metaplastic tumours from
the breast, but with the least degree of anatomical defor-
mation of the topographic area, as noted by the authors of
A.N. Giaquinto et al. [4]. Whether it is radical lumpectomy
or mastectomy, the need for aesthetic improvement of the
results and their significant impact on the psycho-emo-
tional state have been studied and recognised by surgeons
in both the United States (US) [5] and the European Union
(EU) [6]. The use of muscle flaps from anatomical areas, in
particular the back, for plastic reconstruction of the breast
after radical surgical excision of the latter in the focus of
breast cancer is a safe method for women in remission, as
evidenced by the results of their use by H.G. Cha et al. [7]. A
musculocutaneous flap of the latissimus dorsi (LD) is wide-
ly used as a method of reconstruction of postmastectomy
consequences using an autologous tissue complex with or
without implants. Their availability in the surgical pro-
tocol of surgery and limited contraindications have been
demonstrated by Slovak scientists Z. Dankova et al. [8] and
L. Krasnicanova et al. [9]. Flaps from the abdominal area are
also used along with LD flaps, but women of reproductive
age often have direct contraindications to their excision,
as follows from the results of A.G. Waks & E.P. Winer [10].
Among the topical issues of the methodology for perform-
ing plastic breast reconstruction using muscle flaps is the
need for lipofilling, as noted by P. Koczkodaj et al. [11], the
parallel use of implants, assessment of autograft volume,
assessment of blood supply variability and innervation of
the implanted tissue complex [12].

The study aimed to present the practical implementa-
tion and results of breast reconstruction in the long term
(namely, 6 years after radical mastectomy) using LD in a
patient in remission of BC and prophylactic reconstruction
with a muscle flap with an implant.

MATERIALS AND METHODS

A patient in remission from BC was selected for breast
reconstruction using the LD muscle flap. The patient, 49
years old, had a history of BC, for which a radical right-sid-
ed mastectomy was performed with a subsequent course of
radiotherapy. At the time of the preliminary examination,
the right breast was absent, and the condition of the post-
operative scar on the chest was satisfactory. The left breast
was intact and not involved in the metastatic process of
breast cancer. At the time of the study, this patient was
undergoing outpatient care after radiotherapy and radical
mastectomy. The surgical intervention for plastic recon-
struction was performed at the Department of Plastic, Re-
constructive and Aesthetic Surgery of the Pasteur Univer-
sity Hospital and the Faculty of Medicine of the Pavol Josef
Safaryk University in Kosice in 2023. The total duration of
the study was 10 months.

The selection criteria for participation in the study
were: remission of BC, radical mastectomy, satisfactory
condition of the skin of the thoracic region (turgor, elas-
ticity) after radiotherapy; absence of an active infectious or
viral process, absence of defects in the back area (fistulas,
connective tissue scars, injuries) of the back area, especially

in the LD area; documented consent of the patient to exci-
sion of the skin and muscle flap for plastic reconstruction.
Contraindications to the use of the LD flap were muscle
damage due to damage to the neurovascular bundle; my-
opathy in history; congenital anomalies and defects in the
development of the LD. The general contraindications for
plastic reconstruction and exclusion from the study were
the presence of an active inflammatory process of any lo-
calisation; diabetes mellitus and immunopathologies (es-
pecially immunodeficiencies); and anaemia.

For the surgical intervention, the patient underwent a
routine clinical examination before hospitalisation, includ-
ing a general and biochemical blood test, general urine test,
chest X-ray, allergy tests to the implant material, blood gly-
caemic and coagulation profile. No additional magnetic res-
onance imaging was prescribed, but the conclusions of the
last examination were considered. Surgical intervention,
risks of complications, and previous medical history were
agreed upon with the patient’s attending oncologist. There
were no contraindications to participation in the study.

The surgical tactics were aimed at delaying plastic
surgery on both breasts. Considering the previous medi-
cal history, the left breast was remodelled using an auto-
graft, namely an LD skin-muscle flap. An additional im-
plant was used to restore the volume of the right breast.
The selection of the specific anatomical area and the type
of tissue flap was based on the objective of this research,
which aimed to assess the efficacy of the LD material. For
a planned prophylactic mastectomy of the right breast, an
LD flap without an implant with immediate reconstruction
was also used. The patient had no contraindications to ex-
cision and the use of two autografts. The surgical interven-
tions were performed following the clinical guidelines and
protocols of the Department of Plastic, Reconstructive and
Aesthetic Surgery of the Pasteur University Hospital and
the Faculty of Medicine of the Pavol Josef Safarik Univer-
sity in Kosice. The effectiveness of the surgical treatment
was assessed three months after the intervention with con-
stant monitoring of the patient’s somatic condition. The
experiment was conducted with the patient’s voluntary
consent, as indicated in the written informed consent to
participate, and in compliance with the ethical principles
of the Helsinki Declaration for clinical research involving
human subjects [13]. The design and methodology of the
study were approved by the Research Ethics Committee of
Pavol Jozef Safarik University.

RESULTS
Delayed breast reconstruction, which was performed as
part of the study as the first surgical intervention, was per-
formed 6 years after a planned right-sided mastectomy,
the results of which are shown in Figure 1. For the recon-
struction of the breast in this patient, a skin-muscle flap
of LD with a combination of alloplastic material, namely
a silicone breast implant, was used. The patient was pre-
liminarily diagnosed with a BRCA1 gene mutation, which
indicated a high risk of developing second BC. Therefore, 6
months later, she underwent a subcutaneous prophylactic
mastectomy of the left breast with subsequent immedi-
ate reconstruction. Thus, the left-sided mastectomy with
plastic surgery had a prophylactic purpose, which was sub-
stantiated by the results of molecular genetic testing. The
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proposed approach to surgical treatment included, first of
all, planning before plastic reconstruction. The preliminary
planning and marking of the breast reconstruction trajec-
tory was performed in the form of drawing a pattern on the
patient’s skin in a standing position (Fig. 1, 2). Preoperative
markings were applied on the inframammary fold on the
healthy and reconstructed side, medial and lateral borders;
at the points of attachment of the pectoralis major muscle,
and areas of abduction; the dorsal side included markings
along the edges of the LD. The markings were made along
the midline of the anterior chest and on each gland along
the midline regarding the middle third of the clavicle and
the location of the nipple. The contours of the implant
placement for the right breast after radical mastectomy
were determined according to the location of the pectoral
muscles and the intact right breast.

Figure 1. A 49-year-old patient with breast cancer
underwent radical mastectomy of the right breast.
Preoperative marking before plastic surgery
Source: photographed by the author

Figure 2. Preoperative marking:
the boundaries of the back muscles, in particular,
the latissimus dorsi and its blood supply
Source: photographed by the author

After a patient has undergone a modified radical mas-
tectomy with a transverse scar, an oval-shaped skin flap is
placed below and obliquely above the midline of the pec-
toralis major muscle. The preparation of the LD flap is ac-
companied by its elevation. To do this, an incision is made
in the elliptical (oval) skin area, its dissection, and the ac-
tual isolation of the pectoralis major muscle, followed by

dissection of the muscle by cutting off additional tissues,
mainly the dense connective tissue of the fascial layers. Af-
ter careful preparation of the flap, the skin-muscle complex
was transferred to the patient’s anterior chest wall (Fig. 3).

Figure 3. Muscle and skin flap
from the broadest muscle of the back
Source: photographed by the author

Since the previous modified radical mastectomy in-
volved the total excision of the breast, breast skin and
subordinate pectoralis major fascia with axillary lymph
nodes, an autograft with an implant was used for the right
breast (Fig. 4). The separated musculocutaneous flap of the
LD contains elements of blood supply and innervation, as
well as a continuous skin flap with hypodermis. However,
the flap does not contain fascial sheets or additional tissue
complexes of adjacent topographic zones. After that, the
actual reconstruction site was prepared. For this purpose,
the mastectomy scar was excised, and a subcutaneous tun-
nel was created for the dorsal passage of the skin and mus-
cle flap. Only after the reconstruction site was prepared,
the implant was fixed and placed with the appropriate pre-
pared material. A prophylactic subcutaneous mastectomy
was performed on the left breast through a perimammary
incision that preserved the nipple tissue and intact breast.
The subcutaneous mastectomy was performed with imme-
diate reconstruction using a flap of LD.

Figure 4. Reconstruction of the latissimus dorsi flap
and augmentation of the implant covered
by the pectoralis major and latissimus dorsi muscle
Source: photographed by the author
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The use of the LD skin-muscle flap together with the
implant allowed to restoration of the anatomical defect of
the breast tissue after radical mastectomy and radiother-
apy (Fig. 5). The skin flap is sufficiently elastic for plastic
reconstruction and implant placement.

Figure 5. The result of the reconstruction
of the latissimus dorsi muscle flap after radical
mastectomy 3 months after plastic surgery
Source: photographed by the author

Thus, the patient’s left breast was reconstructed using
autogenous tissue in the form of a LD flap. This was a de-
layed reconstruction that showed satisfactory effectiveness
in terms of restoring anatomical volume and the absence of
immunological reactions to the implanted tissues and im-
plant, which was assessed 3 months after the intervention
(Fig. 5). The right breast underwent prophylactic mastecto-
my with immediate reconstruction along with mastectomy.
Late reconstruction in this patient was possible given the
satisfactory state of skin turgor and elasticity after radio-
therapy (Fig. 6).

Figure 6. Preoperative markings on the left breast
before prophylactic subcutaneous mastectomy
Source: photographed by the author

The perimammary approach for prophylactic mastec-
tomy of the left breast was sufficient to place the LD flap
and adequately reconstruct the volume after the removal of
breast tissue (Fig. 7). The operation was performed accord-
ing to the preliminary markings (Fig. 8).

Figure 7. Prophylactic subcutaneous mastectomy
through a perimammary incision that preserves
the nipple and the breast itself
Source: photographed by the author

Figure 8. Preparation of a flap
from the latissimus dorsi muscle
Source: photographed by the author

For the plastic reconstruction of the left breast imme-
diately after prophylactic mastectomy;, a flap of the LD with
preserved elements of innervation and blood supply - the
thoracodorsal artery and thoracodorsal nerve — was also
used (Fig. 9, 10).

Figure 9. Muscle flap from the broadest muscle
of the back together with the elements
of blood supply and innervation — thoracodorsal artery
and thoracodorsal nerve
Source: photographed by the author
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Figure 10. The musculocutaneous flap transferred to the
anterior chest wall of the left breast
Source: photographed by the author

Breast reconstruction with an LD flap using an im-
plant is effective, especially when a patient has contrain-
dications to abdominal tissue harvesting. In contrast to
local skin flaps used in most plastic surgery protocols after
mammoplasty, the LD flap provides a larger and more ade-
quate skin flap volume together with subcutaneous tissue
(Fig. 5). These properties make it suitable for patients after
breast radiotherapy when the skin after aggressive radia-
tion treatment has low turgor and elasticity and is not an
option for covering the artificial implant material.

Thus, a partially autologous reconstruction was per-
formed, as the patient’s biological material was used, but
with the use of an implant for the right breast. The bilat-
eral reconstruction was performed using both LD flaps,
which showed no signs of rejection or complications in the
postoperative period, excluding pain, impaired upper limb
function, or limited range of motion (Fig. 11).

Figure 11. The final result after plastic surgery using
the latissimus dorsi flap to reconstruct both breasts
Source: photographed by the author

Comparison of the patient’s baseline data after uni-
lateral radical mastectomy with the intermediate and final
results indicates favour of restoration of the anatomical de-
fect minus tissue and a satisfactory aesthetic option. The
final result has a positive impact on the patient’s quality
of life in breast cancer remission. In addition, left-sided
prophylactic mastectomy with plastic surgery is a preven-
tive life-saving step in the management of this clinical case.

However, among the identified disadvantages of LD
plastic surgery is the long duration of the surgery, which
includes the harvesting and preparation of the skin and
muscle flap, preparation of the site for implant and flap
placement, and the actual plastic surgery of the breast
area. Another disadvantage is the long scar on the back
that remains after flap harvesting and the minor aesthetic
effect on the operated breast: the transplanted skin from
the back differs in colour from the surrounding thin and
lighter skin on the breast.

“ DISCUSSION

Surgical treatment for breast cancer depends on the type of
cancer, the stage of the disease, the patient’s age, genetic
factors, and general condition, as noted by L. Wilkinson &
T. Gathani [14]. Modified radical mastectomy is the stand-
ard treatment for most patients with BC. Modern technolo-
gies allow mastectomy patients to restore the shape of the
removed breast and improve their quality of life after rad-
ical and aggressive treatment. S. Char et al. [15] noted that
mammary glands after mastectomy can be reconstructed
using alloplastic materials (saline or silicone implants) or
autologous tissues in the form of skin and muscle flaps.
Sometimes, both implants and autologous tissue are used
for breast reconstruction, as demonstrated in this study.
Breast reconstruction can be performed at different times,
but the patient in the study chose delayed breast recon-
struction, which is a surgery performed several weeks,
months or years after mastectomy according to clinical in-
dications and informed consent.

According to S.B. Nam et al. [16], the advantage of us-
ing the LD flap for further breast reconstruction is that
it provides for almost complete restoration of shoulder
function in the long term. The thoracodorsal nerve divi-
sion does not lead to volume loss or deformation of the
topographic area of the shoulder and upper extremity at
the site of autograft harvesting. Reliable anatomy (low
variability of blood supply, innervation, and fibre course),
easy dissection and relatively low complication rate, as
indicated by J.B. Thomsen et al. [17], ensures the reliabil-
ity of this technique, which is actively used by surgical
schools. Long-term follow-up by G. Wattoo et al. [18] on
a large cohort of patients who underwent reconstruction
using LD showed a relatively low rate of side effects and
unplanned revision surgery for inflammatory complica-
tions, as well as high patient satisfaction after breast re-
construction (namely, after radical mastectomies for BC
in history), which indicates how reliable this technique is
in the time aspect.

Considering all the advantages of the LD flap, the study
aimed to use the flap for both reconstructions: after radical
mastectomy of the right breast and for immediate recon-
struction after prophylactic mastectomy of the left breast
in the same patient. The patient received objectively satis-
factory results of restoration of breast volume and anato-
my without serious complications and with a satisfactory
aesthetic effect. Randomised controlled trials conducted
by M.B. Rindom et al. [19] show that after delayed breast
reconstruction with a dorsalis pedis muscle flap or thora-
co-dorsal artery graft, this group of patients is less like-
ly to have postoperative symptoms of shoulder pain and
show satisfactory shoulder function one year after surgical
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reconstruction. However, the harvesting of a back muscle
flap carries a potential risk of deterioration in shoulder
joint function, chronic pain, and reduced quality of daily
function. Contrary to the proposed opinion, the study did
not show the presence of pain or impairment of both limbs
at the control examination three months after the inter-
ventions on both breasts.

Some clinics prefer to use a flap from the posterior
shoulder muscle. This material is advisable for patients
who have scars after laparotomy, have undergone ab-
dominoplasty, do not have access to microsurgery, or are
smokers or obese. On the other hand, R. Tevlin et al. [20]
demonstrated the use of deep inferior flap material. Im-
portant parameters of the clinical outcome after autolo-
gous breast reconstruction for BC are the fact of flap loss,
fatty necrosis of the reconstruction site, abdominal pro-
trusion, and abdominal hernia at the site of skin and mus-
cle flap harvesting, as demonstrated by S.D. Archangelo et
al. [21]. The first two conditions are related to flap perfu-
sion, while the latter reflect pathological abnormalities in
the patient unrelated to the breast. Retrospective clinical
studies on numerous groups of patients after radical mas-
tectomies conducted by J. Beugels et al. [22] show that the
procedure of delayed breast reconstruction with abdomi-
nal skin and muscle flaps allows restoring the physiolog-
ical volume of the mammary glands due to a sufficient
amount of tissue. However, among the few complications,
which did not exceed 4% in total, the authors highlight
seroma (as the earliest complication) and flap loss. Such
complications were not observed in the course of the
study, and the volume of the LD flap also had satisfactory
volumetric parameters.

Due to its simple surgical access, various anatomical
flap configurations (shape and volume of harvested ma-
terial), possible flap orientation and consistent vascular
anatomy, the LD flap has been widely used in various fields
of reconstructive surgery, as shown by the study, which fo-
cused on the effectiveness of its combination with implants
when necessary. However, with the advent of abdominal
flaps and free flaps, interest in the LD flap for breast re-
construction has partially declined. Abdominal flap har-
vesting has its advantages, but in most cases is challenging
due to the different specific harvesting techniques used by
different surgical schools and several somatic parameters
used to assess donor site morbidity and suitability for au-
totransplantation, as described by H. Mortada et al. [23].
For example, according to the study by D. Boczar et al. [24],
obesity is linked to increased postoperative complications
during abdominal flap harvesting and is also considered a
contraindication for subsequent procedures involving the
extraction of skin and muscle flaps from the abdomen. A
frequent possible complication in obese patients is abdom-
inal protrusion and abdominal hernia after microsurgical
breast reconstruction for BC.

].S. Palve et al. [25] show that the structure of compli-
cations for different skin and muscle flaps for breast recon-
struction after BC is significantly different. The patients
studied by the authors with an implanted LD flap had the
highest rate of minor complications, in most cases sero-
ma, and the lowest rate of postoperative complications re-
quiring reoperation. Patients with abdominal flaps in the
study showed the highest rate of complications requiring

reoperation. In breast reconstructions after radical mas-
tectomies using implants, the same number of both minor
complications and complications requiring surgical inter-
vention were found. These differences may indicate indi-
vidual characteristics of the postoperative process depend-
ing on the study population, differences in protocols and
patient management tactics in different surgical centres.
Part of the differences can also be explained by the pecu-
liarities of the grading of complications and the time of
their registration in the postoperative period. The patient
in the present study did not have early or late postopera-
tive complications in both breasts, which can be explained
by the insufficient sample of subjects to assess the risks of
complications.

The need to use an implant is usually explained by the
potentially unsatisfactory flap volume in a particular clin-
ical case and contraindications to harvesting a significant
amount of tissue, as indicated by H. Sousa et al. [26]. In the
case of the right breast, the use of a combination of a skin
and muscle flap with an implant was due to the need to
restore the anatomical volume of breast tissue after radical
mastectomy. Such a surgical choice carries potential risks
of seroma and haematoma in the early postoperative peri-
od, but they were not detected in this patient.

Despite the above-mentioned controversies and po-
tential complications, the LD flap remains particularly use-
ful for breast reconstruction in patients who wish to avoid
abdominal scars due to the use of abdominal flaps, in pa-
tients with contraindications to abdominal flap harvesting,
as well as in those who have already used abdominal flaps
in the past, as described by P.S. Soon et al. [27]. Thus, it is
important to choose the optimal method of breast recon-
struction, considering the individual characteristics of the
patient and his or her medical history. Depending on the
clinical case, it may be advisable to use a combination of
different methods, such as an LD flap with an implant, to
achieve optimal results.

CONCLUSIONS

Breast cancer is one of the most common malignancies in
women, and its surgical treatment is an evidence-based
therapy. The choice of modified radical mastectomy is the
most common approach for most patients, performed ac-
cording to a standard protocol. However, a significant dis-
advantage of radical mastectomy is the psychological trau-
ma for the patient associated with the loss of the breast.
Therefore, breast reconstruction is the best way to solve
psychological problems after radical mastectomy.

This clinical case illustrates the use of a skin and fat
flap to reconstruct both breasts in the same patient after
radical mastectomy. The method of choice was delayed
breast reconstruction, i.e., a surgical intervention per-
formed a long time after mastectomy (from several weeks
to years). The timing of delayed reconstruction is variable
depending on the patient’s indications and depends on
the objective state of health, the stage of progression or
remission of BC, the presence of direct contraindications
and the duration of additional treatments (chemotherapy,
radiation, or hormonal therapy).

The LD musculocutaneous flap is a reliable skin and
muscle flap for the reconstruction of anatomical defects.
The advantages of the latissimus dorsi flap include providing
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sufficient tissue volume for autologous remodelling, as  focus on the effectiveness of the results of using the latissi-
well as complete vascular coverage for breast reconstruc-  mus dorsi flap for delayed reconstruction of different peri-
tion with implants in case of prior radiotherapy. Thus, re-  ods after radical mastectomy.

construction of the right breast after radical mastectomy

with implants and complete autogenous reconstruction of ACKNOWLEDGEMENTS

the left breast after prophylactic subcutaneous mastecto-  None.

my using skin and fat flaps provided a satisfactory aesthet-

ic and physiological result in a patient with delayed breast CONFLICT OF INTEREST

reconstruction. Further practical studies of this issue will ~ The author declares no conflict of interest.
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AHoTauif. OfHUM i3 HaWMOUIMpEHIUIMX BapiaHTIB XipypriuHoro JiKyBaHHS paKy MOJIOUHOI 3a/03M € paAyuKalibHa
MacTeKTOMisl, SIKa BIUIMBAE Ha SIKiCTh XXUTTS TMAIi€HTOK y CTaAii peMicii Ta ix rcuxosnmoriunmii crad. OOHUM i3 BapiaHTiB
BUpillIeHHS 1iei Mpo6ieMy € BUKOPUCTAHHS LIIKiPHO-M 'SI30BUX KJIATTIB 3 iHIIMX aHATOMIUHMX IiIISTHOK, 30KpeMa CIIMHHA,
IUTS TIZIACTMYHOT PeKOHCTPYKIIT MOJIOYHOI 3a/1031 MiCIsS paguKaJbHOI MacTekTomii. MeTolo po60Tu 6Gy/io MpenacTaBUTU
MIpaKTMYHE BUKOHAHHSI PEKOHCTPYKII 060X MOJIOYHMX 3aj03 y BimmaseHomy mepiofi paamMKasbHOI MacTeKTomii y
Mali€eHTKY B Tepiof peMicii paky MOIOYHOI 3a703M 3 BUKOPUCTAHHIM IIKipHO-M’SI30BOTO KJIAIITS HAMIIMPIIOrO M’sI3a
CIIMHU B MIO€NHAHHI 3 iMIuianTaToM. [laljieHTKa, sika BiJ[IOBiaja KpUTEPisiM y4acTi B JOCTi/IKeHH], paHillle 3a IPSIMUMU
MOKa3aHHSIMM Da30M i3 NPOMEHEeBOI0 Teparli€lo IepeHecjaa pagMKaabHy MacTeKTOMil0 IPaBOl MOJOYHOI 3alo3U.
BincTpoueHy peKOHCTPYKILiI0 MOJOYHOI 3a/103Y B paMKax JOCTiIyKeHHs] IPOBOOM/IM Yyepe3 6 POKiB Mic/g 3allJlaHOBaHOI
npaBo6iuHoi MacTekToMii. [epiiie omepaTyBHE BTPYYaHHS BKJIIOUAI0 PO3MITKY 06/IACTi CIIMHM Ta TPy/eii, BUCIUEHHS Ta
3a6ip KIamTs, MAroTOBKY MiCIls iMIUIaHTAIlii Ta BCTAHOBJIEHHS #ioro 3 iMmianTaToM. Yepe3 3 micsai micist omeparrii i
BMKOHAHO MPO(DiIaKTMUYHY MaCTEKTOMIIO JIiBOi MOJIOUHOI 3a7103M HA OCHOBi MOJIEKY/ISIPHO-TEHETUYHOTO JOC/TiIKEHHS
3 HEraifHOI PeKOHCTPYKII€I0 APYIUMM KJIaNTeM HaimMpIIoro M’si3a cryHu. Omnepariio ITpoBOLUIN MepuMaMMapHuM
IOCTYIIOM. 3aBJIsIKU TOCTYIIHI guceKuii, pisHOMaHiTHil aHaToOMiuHil1 KoHbiryparii ki1anTs Ta HM3bKil BapiabenbHOCTI
CYIMHHOI aHaTOMii KIamoTh HAMIIMPIIOTO M’Si3a CIOMHM € aJeKBaTHMM BMOOpPOM Matepianay AJisi PeKOHCTPYKIii
pagMKaIbHMUX TTOCTMACTEKTOMIUHMX BTpydyaHb. KiHIIEBMM pe3yabTaTOM ABOCTOPOHHBOTO BUKOPUCTAHHS KIIATTS IJIST
PEKOHCTPYKIIi1 MOJIOYHOI 3a71031 TMiC/asT MacTeKTOMii € BiHOBJIEHHSI aHATOMiUHOTO AedeKTy TKaHWHM Ta 3aJ0BibHMIT
eCTeTUYHMIT BapiaHT, 6e3 yCKIaAHEHb Y BUIVISIAI CepoM, reMaTom abo 60sio. Pe3ynbTaT MO3UTUBHO BIUIMBAE HA SKiCTh
SKUTTS MalieHTKY B Iepiof pemicii paKy MOJIOYHOI 371031
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Abstract. The capabilities of molecular modelling and docking allow for the discovery of new potential drug agents
to improve the treatment of diseases, which is a current concern. The objective of this study was to conduct in silico
screening for antibody mimetics to B-cell membrane proteins for the treatment of Burkitt lymphoma through virtual
screening. In this work, a standard protocol for structure-based virtual screening was employed, with the distinction that
pharmacophores for screening were built not based on small-molecule ligands but on selected amino acid residues of
antibodies. Based on literature data and the presence of a mechanism of direct cytotoxic action, as well as the availability of
3D structures of complexes, three monoclonal antibodies were selected: obinutuzumab, epratuzumab, and atezolizumab.
The identification of biological targets was carried out by searching for 3D structures of selected complexes with target
proteins in the Protein Data Bank. For virtual screening, the web service Pharmit was chosen. Using the Molecular
Operating Environment program, pharmacophore models were constructed for three complexes: CD20 and obinutuzumab,
CD22 and epratuzumab, and PD-L1 and atezolizumab. Docking with the CD20, CD22, and PD-L1 proteins was conducted
at the binding sites recognised by the original antibody. Through in silico virtual screening using the Molecular Operating
Environment software, a search for antibody mimetics to B-cell membrane proteins for Burkitt lymphoma treatment
was conducted, resulting in the selection of 5 potential anti-lymphoma agents: CHEMBL505179 for the CD20 receptor,
an antagonist of the melanocortin receptor for CD20 (PubChem-44406884), an inhibitor of blood clotting Factor Xa for
CD22 (PubChem-136510605), and a blocker of epithelial Na+ channels for CD22 (PubChem-126761430), and an agonist
of the melanocortin receptor for PD-L1 (PubChem-25078192). The obtained results can be applied in the pharmaceutical
industry and oncological practice to enhance therapeutic outcomes in the treatment of patients with Burkitt lymphoma

Keywords: molecular docking; pharmacophores; antibodies; mimetics; immunogenicity

INTRODUCTION

The search for new potential drug agents remains a rele-
vant task. Modern bioinformatic methods and algorithms
significantly reduce the time and cost of laboratory re-
search, streamlining the search and development of new
drugs. Computational drug discovery methods are more
cost-effective than standard methods and can analyse a
vast number of components under conditions that would
be impossible to recreate in laboratories. These methods

Suggested Citation:

combine three components: biological data, chemical
knowledge, and modelling algorithms, offering a wide range
of tools and plugins for predicting the biological activity of
both molecular structures and chemical compounds with
high probability. Developed and validated models can be
further used for virtual screening of a vast number of sub-
stances, enabling the quick identification of promising
components. These virtual methods can be combined with
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classical molecular docking methods to confirm their activ-
ity,asmentioned by S. Ai et al. [1] and L. Kucherenko et al. [2].

Molecular modelling and docking methods allow the
selection and assessment of the binding strength between
interacting pairs, such as antibodies and proteins. For this
task, various programs exist to prepare computer models
of molecules for interaction and conduct their docking.
One such program is Molecular Operating Environment
(MOE), known for its intuitive interface, a wide range of
functions, and plugins, providing accurate computational
results. In the work of Y. Zhang et al. [3], virtual screening
of pharmacophores and molecular docking were utilised to
identify potential inhibitors of Src (proto-oncogene tyros-
ine-protein kinase). The researchers obtained 891 pharma-
cophores and selected 10 for further investigation based on
the highest docking scores and calculated binding energy
between components. An essential component of compu-
tational drug discovery methods is the availability of infor-
mation in databases about the properties of components,
including absorption, distribution in the body, metabolic
pathways, and elimination routes, as well as toxic proper-
ties. Evaluating all these characteristics of selected com-
ponents, researchers identified two molecules as potential
inhibitors of the Src kinase family.

Frequently, the atomic structure of a pharmacolog-
ically relevant receptor is unknown. Three-dimensional
alignment of potential ligands can be applied to estab-
lish structural requirements for their biological activi-
ty. Another strategy is the creation of pharmacophores,
aligning ligands considering the minimum number of
molecular properties of components [4]. Alternatively,
searching databases for 3D molecular structures and their
alignment can be employed [5]. The methodology based
on aligning 3D structures to determine the biological ac-
tivity of ligands assumes that if two ligands have similar
biological activity and bind at the same points (pockets)
to the receptor (protein), the connection between these
conformations is strong [6].

Burkitt lymphoma (BL) belongs to the group of
non-Hodgkin lymphomas (NHL) and is the most aggres-
sive malignancy, doubling its cell population every 24-48
hours [7]. BL is characterised by hyperinvasiveness and high
lethality [8]. Intensive, prolonged combined chemotherapy
regimens are used for BL treatment, demonstrating positive
results (adult 5-year survival is 56-70%). However, 15% of pa-
tients develop chemotherapy-resistant or recurrent forms,
requiring the development of new therapeutic agents [9].

In addition to chemotherapy, monoclonal antibody
drugs are used for BL treatment, showing high effectiveness
but having drawbacks such as the inability for oral intake,
immunogenicity, and high production costs, as mentioned
by T.Lutsenko & M. Chalenko [10]. The search for small-mol-
ecule antibody mimetics, devoid of these drawbacks, is
relevant. Computer-aided screening methods, which sig-
nificantly reduce the time and financial costs of finding
potential therapeutic agents, are suitable for such a search.

The study aimed to search for in silico antibody mi-
metics to B-cell membrane proteins for Burkitt lympho-
ma treatment through virtual screening. To achieve this,
virtual screening and molecular docking with BL B-cell
target proteins based on known cytotoxicity properties
of substances from open libraries are required. Promising

complexes need to be selected, and their potential action
as anti-lymphoma agents should be analysed.

MATERIALS AND METHODS
The research was based on the use of a standard protocol
for structure-based virtual screening. However, the applied
pharmacophores for screening were constructed not based
on small-molecule ligands but on selected amino acid resi-
dues of antibodies [11-13]. The first step in computer-aided
drugdiscoveryistheidentificationofthebiological target.3D
structures of selected complexes with target proteins were
downloaded from the Protein Data Bank (PDB). Two condi-
tions were considered for selecting a protein as the target:

1. The therapeutic antibody to the protein should act
through the mechanism of direct cytotoxicity (neutralization).

2. The availability of a 3D structure of the antibody-pro-
tein complex in the PDB database. Performing comput-
er-aided drug discovery is possible even without using the
3D structure - for example, based on the structure of homol-
ogous proteins, but it is less accurate.

An important second step in the search for a poten-
tial drug candidate is the construction of pharmacophoric
hypotheses, or simply pharmacophores. The MOE software
package was used to build the pharmacophore model. The
“QuickPrep” function in the MOE program was used to pre-
pare the complexes before constructing the pharmacoph-
ore. This program has several functions that allow the re-
moval of unnecessary water molecules, addition of missing
hydrogen atoms, and selection of antibody regions for fur-
ther binding. For virtual screening, the Pharmit web service
was chosen, containing more than 340 million compounds
from databases such as CHEMBL25, ChemDiv, ChemSpace,
MCULE, MCULE-ULTIMATE, MolPort, NCI Open Chemical
Repository, PubChem, LabNetwork, ZINC, and three manu-
ally added libraries of peptide mimetics [14].

Pharmit uses the Pharmer technology as its search al-
gorithm [15]. Pharmer decomposes the uploaded pharma-
cophore into individual triangles, then searches for match-
es between compounds from libraries and formed triangles,
after which it combines the results. For each compound,
the root-mean-square deviation (RMSD) value is computed
using the formula [16] (1):

]
RMSD = |——1—, (1)
where d(c, q,) is the distance between the corresponding
feature of the loaded pharmacophore and the compound;
r, - the permissible radius of the connection; n - the num-
ber of pharmacophore signs.

This value is a measure of the similarity between a
compound and the pharmacophore. Following the exe-
cution of the Pharmer search query, a table is generated
with the found compounds arranged in decreasing order
of the RMSD value.

Based on literature data and the presence of a mech-
anism of direct cytotoxic action, as well as the availability
of 3D structures of complexes, three monoclonal antibod-
ies were selected:

1. Obinutuzumab [17] — a humanized monoclonal an-
tibody to the CD20 protein, which is expressed on the sur-
face of 93-100% of lymphoma cells [18, 19].
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2. Epratuzumab — a humanized monoclonal antibody
to the CD22 protein, which is expressed on the surface of
47-70% of lymphoma cells [18, 20].

3. Atezolizumab - a humanized monoclonal antibody
to the PD-L1 protein, which is expressed on the surface of
80% of lymphoma cells [21].

The 3D structures of the complexes CD20 and obi-
nutuzumab, CD22 and epratuzumab [22], and PD-L1
and atezolizumab [23] were downloaded from the PDB
with the following codes: 6Y9A (resolution 4.20 A), 5VL3
(resolution 3.10 A), and 5X8L (resolution 3.10 A), respec-
tively (Fig. 1).

Figure 1. 3D structures of the proteins used in this work
Notes: a) 3D structure of CD20 and obinutuzumab complex; b) 3D structure of CD22 and epratuzumab complex; c) 3D

structure of PD-L1 and atezolizumab complex
Source: [22, 23]

To prepare structures for docking in the MOE pro-
gram, files in PDB format were loaded, and heavy and
light chains of processed antibodies were removed. Using
the “Dock” function, docking was performed with com-
pounds loaded in SDF format with selected regions of the
target protein. The choice of the program is explained by
its broader and more convenient set of tools compared
to other programs such as LigandScout and Maestro. The
virtual screening method based on the pharmacophore
involves comparing compounds from a molecular library
with a pharmacophore hypothesis, allowing the automat-
ed identification of compounds likely to have biological
activity in a relatively short time. The obtained activi-
ty will be like the activity of compounds used to model
the current pharmacophore. Obinutuzumab was chosen
because it has a Fc fragment with increased affinity for
FcyRIIIa receptors on the surface of effector cells. These
target cells include neutrophils and macrophages, so
this antibody has an enhanced ability for antibody-de-
pendent cellular cytotoxicity in the immune response. Its
direct cytotoxic action also has a lysosomal nature and
does not depend on additional apoptotic pathways [24].
As for epratuzumab, it initiates phosphorylation of CD22
with subsequent internalization of CD22 and the CD79%
protein, which is part of the B-cell receptor and disrupts
intracellular signalling during immune reactions. The ac-
tion of epratuzumab almost entirely relies on direct cy-
totoxicity through negative regulation of BCR signalling
and to a tiny extent on complement-dependent cytotox-
icity (CDC) and Antibody-dependent cellular cytotoxicity
(ADCC) [25]. Atezolizumab, in turn, blocks the interaction

of PD-L1 with PD-1 and CD80, reactivating the immune
response against tumour cells [26, 27]. The choice of
Pharmit is explained by the fact that among all web ap-
plications for virtual screening, it contains the most com-
prehensive compound database and allows users to add
their own compound libraries. The exclusion of the use
of desktop programs is explained by the limited compu-
tational capabilities during the research; it is indicative
that Pharmit works 10-1000 times faster than MOE [16].

RESULTS AND DISCUSSION
Using the MOE computer program, pharmacophore mod-
els were constructed for three complexes. For the CD20
and obinutuzumab complex, a pharmacophore model
was built based on the amino acid residues Ser30, Tyr31,
Trp33, Arg52, Gly54, and Asp55 in the heavy chain of obi-
nutuzumab. The obtained model contains a total of 17 fea-
tures, including two aromatic groups, five hydrogen bond
acceptors, six hydrogen bond donors, and five hydropho-
bic groups. The pharmacophore model for the CD22 and
epratuzumab complex was constructed based on the ami-
no acid residues Ser31, Trp33, Arg53, Tyr56, Glu58 in the
heavy chain of epratuzumab. The resulting model contains
a total of 8 features, including one aromatic group, three
hydrogen bond acceptors, and four hydrogen bond donors.
The pharmacophore model for the PD-L1 and atezolizumab
complex was constructed based on the amino acid residues
Trp50, Ser52, Tyr54, Gly55, Ser57, Thr58, Tyr59 in the heavy
chain of atezolizumab. The obtained model contains only
nine features, including one aromatic group, four hydrogen
bond acceptors, and four hydrogen bond donors (Fig. 2).
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Figure 2. Pharmacophore protein-binding site of antibodies to (a) CD20; (b) CD22; (c) PD-L1
Notes: a) the CD20 pharmacophore model consists of amino acid residues Ser30, Tyr31, Trp33, Arg52, Gly54 and Asp55 of
the heavy chain of obinutuzumab; b) the CD22 pharmacophore model consists of amino acid residues Ser31, Trp33, Arg53,
Tyr56, Glu58 of the heavy chain of epratuzumab; c) PD-L1 pharmacophore model consists of amino acid residues Trp50,
Ser52, Tyr54, Gly55, Ser57, Thr58, Tyr59 of the heavy chain of atezolizumab

Source: compiled by the authors

As a result of the library screening, the following re-
sults were obtained: for the CD20 and obinutuzumab pair —
157 compounds, for the CD22 and epratuzumab pair — 117
compounds, and for the PD-L1 and atezolizumab pair — 205
compounds. Guided by the threshold value of the RMSD in-
dicator (0.8 &), 15 compounds were selected for the CD20
protein, 15 compounds for CD22, and 35 compounds for
PD-L1 for further work. Obinutuzumab was chosen based
on its Fc fragment with increased affinity for FcyRIIIa re-
ceptors on the surface of effector cells. Epratuzumab was
selected based on its ability to initiate phosphorylation of
CD22 with subsequent internalization of CD22 and CD79a,
which is part of the B-cell receptor and disrupts intracellu-
lar signalling during immune reactions.

Docking with the CD20 protein was performed at the
binding site recognised by the original antibody. The bind-
ing site consists of amino acids in chain A, namely Ala170,
Asnl171, Prol72, Ser173, Glul74, Kys175, Asn176, Ser177,
and Pro178. Docking with the CD22 protein was performed
with the amino acids Ile 145, Ser 211, His 213, Gly 214, Asp
232, Thr 233, Gln 235, Val 267, Asn 271, and Tyr 274. Dock-
ing with the PD-L1 protein was conducted with the amino
acids Ala18, Glu45,Asp49, Ala51, Ala52, Ile54, Tyr56, Glu58,
Glu60, Asp61, Asn63, QIn66, Val68, His69, Vallll, Argl13,
Met115, Ser117, Tyr118, Gly119, Alal21, Tyr123, and
Arg125. Based on the docking results with the minimum
score (S) values, which characterize the binding affinity,
5 potential anti-lymphoma agents were selected (Fig. 3).

Figure 3. Agents obtained as a result of docking
Notes: a) CHEMBL505179 in the binding site of obinutuzumab with CD20; b) PubChem-44406884 in the binding site of
obinutuzumab to CD20; ¢) PubChem-101933623 in the binding site of obinutuzumab with CD20; d) PubChem-44249983
in the binding site of obinutuzumab to CD20; ) PubChem-136510605 in the CD22 binding site of epratuzumab
Source: compiled by the authors
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According to the standard parameters of Pharmit, it is
recommended to filter compounds based on a value of 2 A,
or vary it in the range of 1.5-2.5 A. By filtering at 0.8 A, the
authors applied more stringent computational constraints
to select potential compounds. Among all the selected
compounds suitable for testing in vitro anti-lymphoma ac-
tivity are the following:

CHEMBL505179, PubChem-101933623,
PubChem-16135635, PubChem-44249983,
PubChem-16209234, PubChem-135854913,
PubChem-44256795, MolPort-046-788-300,
PubChem-45359413, MCULE-5553462135.
MolPort-046-857-137 (Table 1).

Their activity can be assessed on BL cell lines such as
Raji, Ramos, and Akata. This can be achieved by evaluating
cell viability and survival using the MTT assay (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide) after incubating cells with the selected compounds.
The analysis of these potential anti-lymphoma agents was
conducted using PubChem data, revealing that five of the
selected compounds already exhibit documented biolog-
ical activity. Four of them, namely PubChem-44406884,
PubChem-136510605, PubChem-126761430, and Pub-
Chem-25078192, are experimentally confirmed in vitro li-
gands for proteins distinct from the chosen biological tar-
gets typical for B-cell BL.

Table 1. Summarized data on the results of molecular docking of formed formacophores with ligands

White Ligand S score, kcal/mol A/c with which it forms connections
CHEMBL505179 -9.9295 Glu A174, Tyr B161, Asn B166, Glu B174
PubChem-44406884 -9.5939 Tyr B161, Ile B162, Asn B176
CD20 PubChem-101933623 -9.3220 Tyr B161, Glu B174, Ser B177
PubChem-16135635 -8.8296 Tyr B161, Glu B174, Glu B168, Cys B183, Asn A176
PubChem-44249983 -8.4617 Pro B169, Glu B174, Ser B179
PubChem-16209234 -10.807 Asn 235, Asn 271
PubChem-136510605 -10.5678 Ile 145, Leu 147, Asp 232, Lys 239, Asn 271, Glu 273
CD22 PubChem-135854913 -10.1344 ;}fr ;2‘531 E‘is Zlg %2221353,’1:;2213,7
PubChem-44256795 -10.0038 His 213, Val 234, GIn 235, Glu 266, Val 267, Glu 273
PubChem-126761430 -9.9341 Asp 232, Ser 269, Ser 270
MolPort-046-788-300 -10.953 Val 76, Arg 113, Asp 122
PubChem-45359413 -10.8218 Gln 66, Arg 125
PD-L1 MCULE-5553462135 -9.9989 Glu 58, Arg 113, Ser 117, Arg 125
MolPort-046-857-137 -9.8211 Glu 58, Met 59, Glu 60, Arg 113, Arg 125
PubChem-25078192 -9.207 Asp 26, Glu 60, Lys 124, Arg 125

Source: compiled by the authors

The compound PubChem-44406884 (Table 2) acts as
an antagonist to the melanocortin receptor. This recep-
tor is specific to the heptapeptide core, which is common
to adrenocorticotropic hormone and alpha-, beta-, and
gamma-MSH. PubChem-44406884 plays a central role in
energy homeostasis and somatic cell growth in the body.
The melanocortin 4 receptor (MC4R) is expressed in hy-
pothalamic cells and is essential for regulating appetite
and energy expenditure in the body. Dysfunction of MC4R
in humans leads to hyperphagia, impaired satiety sen-
sation, and the development of obesity [28-30]. A simi-
lar compound is the investigated PubChem-25078192.

At this stage of scientific research, the compound Pu-
bChem-136510605 is not sufficiently studied in terms of
its impact on Burkitt lymphoma cells. Scientific sourc-
es about PubChem-25078192 currently indicate that it
is analogous in action to the inhibitor of blood clotting
factor Xa. Similar novel substituted carboxamidic com-
pounds and pharmaceutical compositions made based on
them are mainly used to inhibit the activity of factor Xa in
patients for specific indications to treat disorders such as
deep vein thrombosis, pulmonary artery embolism, cere-
brovascular ischemia, coronary artery disease, and onco-
logical diseases [31].

Table 2. Data on biological activity of selected ligands

White Ligand Data on biological activity
D20 CHEMBL505179 Immunoregulatory, antiproliferative action
PubChem-44406884 Melanocortin cell receptor antagonist
D22 PubChem-136510605 Inhibitor of blood coagulation factor Xa
PubChem-126761430 A blocker of epithelial Na*channels of the plasmolemma
PD-L1 PubChem-25078192 Melanocortin membrane receptor agonist

Source: compiled by the authors based on [32-34]

Compound PubChem-126761430 (Table 2) has under-
gone a limited and insufficient amount of scientific research
to understand the full spectrum of its action on normal
and tumour cells in the body. It has been established that

PubChem-126761430 is structurally similar to the blocker
of plasma membrane sodium channels in epithelial cells.
One approach to restoring the protective layer of fluid on
the mucous membrane surface is the “rebalancing” of the
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system by blocking sodium channels in the cell membrane
and corresponding fluid absorption. The protein in the
membranes of epithelial cells that mediates the inhibition
of sodium ion movement and fluid absorption is the epithe-
lial sodium channel (ENaC). ENaC is located on the apical
surface of epithelial cells lining mucous membranes, at the
interface of the mucosal surface and the surrounding envi-
ronment (or the organ cavity). Under normal conditions, to
suppress ENaC-mediated sodium ion and fluid absorption,
an ENacC blocker of the amiloride class should be delivered
to the mucous membrane surface and maintained in place
to achieve maximum therapeutic benefit and effect.

Of all the investigated compounds listed, the most
promising is the substance CHEMBL505179, which is a
macrocycle from the ellagitannin group. CHEMBL505179
is extracted from plant raw materials of the genera Oeno-
thera, Epilobium, and Eucalyptus. This substance demon-
strates a broad spectrum of immunoregulatory effects, in-
cluding reducing the production of reactive oxygen species
by mouse lymphocytes, inducing neutrophil migration in
vitro and in vivo, activating NF-«kB factor in monocyte cul-
ture, and more. Additionally, this compound exhibits high
anti-proliferative activity in experimental studies on pros-
tate carcinoma cells, hepatocellular carcinoma, and other
tumours [28], making it promising for the development of a
new drug for targeted BL treatment in patients.

Research on NHL group representatives [35], including
follicular lymphomas, marginal cell lymphomas, and BL
as the main part of malignant neoplasms of mesenchymal
cells, focuses on targeted treatment with courses of mon-
oclonal antibody drugs. Due to their high specificity, these
drugs are targeted at key markers of malignant B-cells,
enhancing the patient’s immune system defence mecha-
nisms, leading to apoptosis of malignant cells.

In the conducted study, obinutuzumab was chosen
because it has a Fc fragment with increased sensitivity to
FcyRIIla receptors on the surface of effector cells (specif-
ically neutrophils and macrophages) and enhanced abil-
ity for antibody-dependent cellular cytotoxicity in the
lysosomal immune response, independent of additional
apoptotic pathways. The effectiveness of obinutuzum-
ab in lymphomas of various origins is confirmed by oth-
er contemporary studies [24, 27, 36]. Obinutuzumab is a
type II anti-CD20 monoclonal antibody belonging to the
immunoglobulin G2 class. Published data by A. Prica &
M. Crump [36] show that targeted therapy against CD20 ac-
tivity using the monoclonal antibody rituximab led to sig-
nificant improvement in overall post-therapeutic survival
of patients with B-cell NHL and BL. Despite the identified
improvements, some patients were diagnosed with relapse
or refractoriness after rituximab treatment. Obinutuzum-
ab, despite its recent discovery, is recognised as a promis-
ing humanized anti-CD20 monoclonal antibody currently
studied in late-phase clinical trials compared to rituximab.
Preclinical safety experiments by A. Prica & M. Crump [36]
demonstrate that obinutuzumab is a more effective an-
ti-CD20 monoclonal antibody than rituximab, especially in
assessing its role in initiating antibody-dependent cellular
cytotoxicity and direct cell apoptosis in BL. Obinutuzumab
is safe and effective for CD20-positive NHL, including BL,
and requires further investigation. As noted by A. Prica &
M. Crump [36] and A. Fekih et al. [37], obinutuzumab has

been recommended for use in clinical treatment protocols
for lymphomas since 2013, specifically in combination
with chlorambucil; since 2016, it has been recommended
for lymphoma treatment in combination with bendamus-
tine followed by maintenance therapy with obinutuzumab
every two months for two years in patients refractory to
rituximab. The use of obinutuzumab after completion of
clinical studies that justify its safety and efficacy compared
to or with the use of other drugs will help improve the tac-
tics of targeted and personalised BL therapy.

Among other potential ligands for targeted BL treat-
ment, the study identified the melanocortin receptor an-
tagonist (PubChem-44406884) to the CD20 receptor. Sev-
eral studies support the use of the melanocortin receptor
antagonist for lymphocytic malignancies, particularly
mantle cell lymphoma [37]. Melanocortin receptor 1, in-
vestigated as a target in modern clinical studies by M. Li et
al. [38], is being studied for delivering active components
to treat metastatic melanoma and other malignant neo-
plasms. Increased expression of melanocortin receptor 1 is
detected in situ in histological samples of diagnosed mela-
noma. B-Raf proto-oncogene (BRAF) inhibitors and histone
deacetylase inhibitors significantly increase the expression
of melanocortin receptor 1 through MITF-dependent path-
ways. This effect was enhanced by ligand conjugation to
the cell glycoalkalix. The obtained data indicate that the
use of BRAF inhibitors and histone deacetylase inhibitors
significantly enhances the effectiveness of melanocortin
receptor 1-targeted therapy by activating the delivery of
active chemotherapy components through regulated ex-
pression of melanocortin receptor 1.

Among all the compounds identified during the study,
the substance CHEMBL505179, belonging to the ellagitan-
nin group of macrocycles, is the most promising. CHEM-
BL505179 is extracted from plant raw materials of the
Oenothera genus and demonstrates a broad spectrum of
immunoregulatory action by inhibiting the production
of reactive oxygen species by mouse B-lymphocytes and
activating the NF-«B factor in monocyte culture [28]. A
study by S. Yoshikawa et al. [39] on high-molecular-weight
polyphenolic molecules in Barringtonia racemosa leaves
allowed the identification of approximately five previous-
ly unexplored ellagitannins. One such compound is bar-
ringtonin M1, which is a hydrolysed monomer of tannin.
Barrycyclin D1 has a macrocyclic organization formed from
casuarictin and tellimagrandin.

From scientific works on PubChem-25078192, it is
known that this compound has a similar effect to the blood
clotting factor Xa inhibitor, which is focused on malignant
lymphomas [40]. Blood clotting factor Xa is a serine pro-
tease that has a central role in the mechanism of activating
the physiological blood clotting cascade and is therefore
investigated as a promising compound for antithrombot-
ic and antitumor drugs. Inhibitors of blood clotting fac-
tor Xa can affect the initiation cascades of thrombotic
enzymes and catalytic activity. In contemporary research
by T. Schmitz et al. [41], peptide inhibitors of tridegin and
transglutaminase-inhibiting acceptors of Michael are the
most promising and potentially successful candidates for
developing clinically effective inhibitors of blood clotting
factor Xa due to their specific selectivity for activated
blood clotting factor Xa.
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Rituximab, a CD20 monoclonal antibody, is histori-
cally the first immunotherapeutic agent ever used in on-
cology, and to this day, it remains a cornerstone of lym-
phoma therapy. Since then, scientists have witnessed the
development of humanized antibodies, next-generation
anti-CD20 monoclonal antibodies targeting other tumour
markers (CD19 and CD22), their microenvironment (PD-
1, CD47), antibody-drug conjugates, and bispecific T-cell
engagers [42, 43]. Considering their activity, safety, and
specificity, mAbs can remain crucial therapeutic tools for
treating NHL and other malignant neoplasms.

The activity of the programmed cell death protein 1
(PD-1) ligand is a key mechanism for preserving the tu-
mour from the patient’s own immune defence. In malig-
nant B-cell lymphoma cells and their tumour histological
microenvironment, PD1-L conjugates with PD-1, leading
to the inhibition of cytotoxic T-cell signalling in the im-
mune response and, as a result, to their exhaustion. Ac-
cording to P. Willard et al. [43], complete blocking of PD-1
and PD1-L function provided an innovative approach to
lymphoma therapy, as pathways for implementing PD-1
inhibitors into B-cell lymphoma treatment protocols
were identified and developed. Experimental studies on
classical Hodgkin’s lymphoma cells and primary medias-
tinal B-cell lymphomas revealed the pathogenetic basis
for blocking the immune response by increasing PD-1L
regulation. Two inhibitors of PD-1 from the PD-1 inhib-
itor group demonstrated high clinical activity and were
approved for two subtypes of lymphoma. These registered
drugs include nivolumab and pembrolizumab, which are
fully humanized monoclonal antibodies, immunoglobu-
lins of class G4, blocking the binding of PD-1L to malig-
nant lymphoma cells.

CONCLUSIONS
Through virtual screening using in silico methods with the
MOE software, a search for antibody mimetics to B-cell
membrane proteins for the treatment of Burkitt lymphoma
was conducted, resulting in the selection of five potential
anti-lymphoma agents. From the entire pool of screened
chemical compounds suitable for in vitro anti-lymphoma
activitytesting,onlyCHEMBL505179,PubChem-101933623,
PubChem-16135635, PubChem-44249983, PubChem-
16209234, PubChem-135854913, PubChem-44256795,
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Abstract. The development of new and optimisation of known cultural and molecular genetic methods for accurate
species identification of microorganisms is an urgent and practically necessary task that is receiving great attention
from researchers. The purpose of this study was to analyse and systematise theoretical scientific data on methods of
microbial identification and assess their main advantages and disadvantages. For this purpose, a systematic review of
53 randomised research papers published between 2018 and 2023 was conducted. The search for publications using the
keywords “microbiome”, “microbiological diagnostics”, “identification of microorganisms”, “sequencing”, and “omics
technologies” in the title or text of the research paper was carried out in Web of Science, Scopus, PubMed, and Google
Scholar. The study provides generalised information on traditional and modern methods of microbial identification. It
is established that the advantages of traditional diagnostic methods include the possibility of preserving the obtained
microorganisms for further research, in particular, for determining their antibiotic sensitivity. Modern molecular
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genetic methods open up new possibilities for the accurate identification of microorganisms, including those that are
difficult to incubate using traditional cultural methods. The use of these methods allows obtaining detailed data on the
genetic structure and diversity of microorganisms, which is important in many fields, including microbiology, medicine,
and ecology. However, molecular methods are more sensitive to contamination or errors in the sample collection
and processing. Moreover, omics technologies (genomics, transcriptomics, proteomics, and metabolomics) open up
new opportunities for studying cells at more complex levels of life organisation. In everyday clinical practice, the
microbiological method of isolating microbial cultures remains the main one, as it is the only one that allows determining
not only the cause of the infection but also the antibiotic sensitivity. However, cultural methods for studying fastidious
microorganisms are quite limited. Thus, the results obtained contribute to the development of fast and accurate
methods for identifying, classifying, and systematising microorganisms, which facilitates the processes of diagnosis and
development of strategies for the control and treatment of infectious diseases in laboratories and clinical institutions

Keywords: microbiology; diagnostics; nutrient medium; identification; sequencing; omics technologies

INTRODUCTION

Microorganisms can affect a person’s life both positively
and negatively. People have learned to use microorganisms
in various areas of their lives. They are closely related to
medicine, biotechnology, nutrition, genetic engineering,
etc. As noted by Y. Gao et al. [1], the ability of bacteria and
various types of fungi to produce antimicrobial substances
makes them potentially useful in drug production. From
the earliest childhood, the human body is also inhabited by
a diverse community of microorganisms, which consists of
bacteria, fungi, viruses, archaea, and is called the microbi-
ome [2]. The human microbiome is a collection of microbi-
ocenoses that colonise all surfaces of the human body, in-
cluding the skin, respiratory system, gastrointestinal tract,
and genitourinary system. These microorganisms perform
a number of functions necessary for maintaining the ho-
meostasis of the human body [3].

However, certain genetic features of bacteria make
them dangerous to human health [4]. Antimicrobial re-
sistance, which develops as a result of uncontrolled use
of antibiotics, excessive use in animal husbandry and the
food industry, poor infection control in hospitals and clin-
ics, and lack of hygiene [5], are recognised as serious in-
ternational problems. This problem makes it impossible to
successfully treat many common bacterial infections and
causes a growing number of deaths. A. Salmanov et al. [6]
suggested possible ways to develop a multidisciplinary ap-
proach based on the principles of the “unified health” con-
cept to solve problems related to antibiotic resistance.

Effective treatment becomes difficult without labo-
ratory diagnostics, as the lack of diagnostic tests makes
it difficult to establish any diagnosis. It is the qualitative
diagnosis that determines the correct decisions of the
doctor regarding the treatment methods used, evaluating
their effectiveness, and in many cases preventing the oc-
currence of the disease due to the detection of pathology
at an early stage of development [7]. Rapid identification
of microorganisms plays a key role in the fight against
infections. This helps to accurately identify the types of
microorganisms that cause diseases and determine their
sensitivity to antimicrobials. However, without rapid and
accurate identification of infectious agents, complications
associated with the wrong choice of antibiotic therapy for
the patient may occur.

The range of diagnostic approaches used in microbiol-
ogy is extremely wide and ranges from traditional to molec-
ular genetic methods. Each method has its own strengths

and weaknesses. Microbiological methods remain funda-
mental for diagnosing various types of infections in many
laboratories. However, the limitations of these methods
are the long time to obtain results, the possibility of ob-
taining false-negative results due to the use of antibiotics,
and limited sensitivity to the detection of fastidious mi-
croorganisms [8]. Molecular methods are more accurate
and specific for rapid diagnosis of aetiological pathogens
of infections. M. Shevchenko et al. [9] showed the effective-
ness of an optimised polymerase chain reaction protocol
for identifying Staphylococcus spp bacteria, including the
stage of detection in agarose gel and testing on clinical
isolates from dogs. R. Symonenko [10] concluded that the
use of modern methods of molecular diagnostics in perio-
dontal tissue diseases allows quickly detecting periodon-
topathogens even in small quantities and identifying clin-
ically significant types of microorganisms. In addition, this
diagnostic method provides effective screening of perio-
dontal tissue diseases. The study by I. Trubka et al. [11] an-
alysed the microbiome of periodontal pockets of patients
with rapidly progressive aggressive periodontitis using a
molecular genetic method (Multident-5 test system). This
approach identified the deoxyribonucleic acid (DNA) of the
most clinically significant periodontopathogens in a single
biological sample, providing a qualitative and quantitative
assessment of the results. However, it is worth noting that
although molecular methods open up new opportunities
in microbiological diagnostics, their application in many
countries with limited resources is quite difficult due to the
high cost of this method.

In order to obtain the most accurate identification,
classification, and taxonomy of microorganisms, it is ex-
tremely important to choose the appropriate methods
and to have a thorough understanding of the mechanisms
of their mechanisms of action. V. Motronenko & T. Vla-
siuk [12] emphasised the importance of correctly inter-
preting the results obtained using culture and molecular
methods in the context of accurate and rapid diagnosis of
resistant forms of tuberculosis, and for ensuring effective
treatment and care of patients. Microorganisms play a key
role both for the benefit and harm of humans, and their
identification is of great importance for modern medicine
and biotechnology. Therefore, the purpose of the study was
to analyse and systematise theoretical scientific data on
methods for identifying microorganisms and evaluating
their main advantages and disadvantages.
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For this purpose, a systematic review of 53 randomised
research papers published between 2018 and 2023 was
carried out. The criteria for inclusion in the study includ-
ed scientific publications in Ukrainian and English. The
process of selecting publications included the stages of
screening and quality assessment, where each paper was
carefully analysed with regard to its scientific content and
methodological aspects. Using electronic databases such
as Web of Science, Scopus, PubMed, and Google Scholar,
the authors searched for publications using the keywords
“microbiome”, “microbiological diagnostics”, “microbial
identification”, “sequencing”, and “omics technologies” in
the title or text of the paper. It is important to note that
the included papers were analysed according to various
criteria, such as the year of publication and the main re-
sults. This approach helps to systematically summarise the
literature data and provides a deeper look at the selected
publications for the study.

TRADITIONAL METHODS

OF MICROBIAL IDENTIFICATION

Most methods of isolation and identification of micro-
organisms remain unchanged and are based on the use
of specific nutrient media that allow studying their vari-
ous properties. Microorganisms differ in their needs, and
therefore, there is no single environment or set of condi-
tions that would ensure the growth of all species.

Conventionally, Nutrient agar, a universal medium, is
used for the cultivation of microorganisms. By their com-
position, such nutrient media are designed for the culti-
vation of a wide range of microorganisms. Preparation of
blood agar (BA) by adding 5% sheep blood to Nutrient agar
expands the possibilities for studying and culturing those
microorganisms that may require specific components or
conditions for growth [13]. Thus, by the nature of haemol-
ysis on BA, primary identification of streptococci is carried
out. To identify certain infectious agents, it is important to
use more specific nutrient media. For example, differential
diagnostic nutrient media allow determining differences
in the metabolic activity of microorganisms using systems
of biochemical indicators. Nutrient media are also divid-
ed into selective ones, which are characterised by selective
growth of a certain type of microorganism due to the addi-
tion of antibiotics to the nutrient medium. Metronidazole
is often added to the nutrient medium for selective isola-
tion of anaerobic microorganisms.

Chromogenic media are widely used in microbiological
practice to identify specific types of microorganisms. The
fluorogenic substrates present in these media are hydro-
lysed under the influence of specific enzymes produced by
each type of microorganism. Hydrolysis of the fluorogenic
substrate can lead to a change in the colour of the medium,
whichallowsrapidand efficientidentification of species[14].

After isolation of a pure culture, the phenotypic prop-
erties of the microorganism under study are determined for
further identification. One of the main tests is the Gram
stain method, which distinguishes between gram-positive
and gram-negative microorganisms. The basic biochemi-
cal tests in clinical microbiology are the determination of
catalase, oxidase, indole H,S, etc. Most modern biochemi-
cal test kits include a combination of a wide range of bio-
chemical determinations that are combined in a single test

panel. This facilitates and speeds up the microbial identifi-
cation process, providing faster and more accurate results.

Although traditional methods are available and pro-
vide information on the diversity of microorganisms in
the sample, both quantitatively and qualitatively, the time
required for identification based on traditional methods is
estimated at a minimum of 2 to 5 days [15]. In addition,
traditional methods do not provide an opportunity to iden-
tify uncultivated microorganisms. However, the advantag-
es of this method are the ability to preserve the resulting
microorganisms and test their sensitivity to antibiotics for
effective treatment of the patient.

Immunological methods. Such immunological diagnos-
tic methods in microbiology as agglutination, serology,
immunoblotting, enzyme-linked immunosorbent assay
(ELISA), etc., are worthy of attention. The basic principle
of immunological methods is to investigate the interaction
between an antibody and an antigen. These methods help
in the identification of various microorganisms [16], but
their use is accompanied by a number of limitations and
disadvantages. Despite the high specificity of the analy-
sis, this can lead to incorrect results or underestimate the
presence of a pathogen. Some immunological methods are
expensive, which can be a limiting factor for many labora-
tories due to the use of expensive equipment and reagents.
In addition, the presence of chronic or immunodeficiency
conditions can affect the accuracy and reliability of this
method [17]. The unfavourable aspects of these methods
do not reduce their importance as tools for studying and
diagnosing microorganisms. Properly used immunological
methods remain key in determining the immune response
and identifying pathogens.

Mass spectrometry. Improvements in the identification
of microorganisms have arisen from the need to reduce the
time, cost, and simplify the procedures required to accu-
rately identify these microorganisms. Therefore, the rap-
id development of mass spectrometry (MS) has led to its
widespread use in microbiology [18]. The high speed, re-
duced cost, and ease of use of MS greatly facilitated and
accelerated the identification of microorganisms compared
to traditional cultural methods. The main principle of MS
is the analysis of ions based on their mass-to-charge ra-
tio (m/c), which allows studying the molecular structure,
mass, and concentration of substances in various types
of samples [19]. The combination of MS with gas or liquid
chromatography significantly expanded the possibilities of
this powerful method [20]. This has contributed to a better
understanding of biological systems, allowing the analysis
of a wide range of biomolecules.

The basic principle of gas chromatography mass spec-
trometry (GC-MS) is that first, using gas chromatography,
the substances of the test sample are separated according
to their properties. Next, the separated components are
analysed in a mass spectrometer, where individual com-
ponents are identified by their chemical properties [19].
This method is usually applied to identify microorganisms
based on their lipid structures. Thus, S.P. Putri et al. [21]
investigated 11 undetectable pathogenic Corynebacteria
using GC-MS based on mycolic acid analysis. The effec-
tiveness of the GC-MS method has also been demonstrated
on yeast-like fungi [22]. The liquid chromatography mass
spectrometry (LC-MS) method is based on the separation
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of substances in a sample using the liquid phase and the
analysis of the mass and charge of ions in a mass spectrom-
eter. At this stage, individual components are identified by
their mass and chemical properties [20].

Matrix-assisted laser desorption ionisation time-of-
flight mass spectrometry (MALDI-TOF MS) is an advanced
tool for the rapid and accurate identification and classi-
fication of bacteria [23], fungi [24], and viruses [25]. The
principle of MALDI-TOF MS is to ionise microorganisms
using laser radiation, which leads to the formation of ions.
These ions are accelerated in a vacuum system by an elec-
tric field and move towards the mass spectrometer detec-
tor in a certain way. The detector registers their mass, and
the obtained data are used to identify microorganisms [26].
Among other applications, MALDI-TOF MS is also used to
identify various metabolites. For example, the study by
J. Doellinger et al. [27], using MALDI-TOF MS, investigat-
ed enterotoxins produced by pathogenic strains of Bacil-
lus cereus. MALDI-TOF MS is also used to quickly detect
antibiotic resistance genes in bacteria [28], which allows
improving treatment strategies for infections, especially
those caused by polyresistant strains of microorganisms.

Bacterial identification using MALDI-TOF MS mainly
focuses on improving methods for isolating and cleaning
pathogens from clinical samples, expanding spectral li-
braries and updating software. With the development of
technology, many MALDI-TOF MS-based microbial iden-
tification databases and systems have been licensed and
put into clinical use. However, there is a need to further
improve the antimicrobial resistance analysis based on
MALDI-TOF MS to provide comprehensive clinical micro-
biological characterisation [29]. The application of MAL-
DI-TOF MS for the analysis of small molecules is usually
limited by the choice of a suitable matrix. Matrices used for
large-molecule analysis are often not suitable for analys-
ing low-molecular-weight compounds (m/c <1,000 Da) due
to matrix background noise, ion suppression, and uneven
crystallisation by traditional organic matrices.

MOLECULAR GENETIC METHODS

FOR IDENTIFYING MICROORGANISMS

With the development of molecular biology, the possi-
bilities for identifying microorganisms have significant-
ly expanded. Many microbiological laboratories still use
phenotypic and biochemical methods to identify microor-
ganisms. However, the high specificity of molecular meth-
ods helps to accurately and quickly identify various culti-
vated and uncultivated species of microorganisms in any
samples without the need to grow them on nutrient media
in laboratories. Notably, the significant development of
molecular methods helped to launch a large-scale study of
the microbiome and its impact on human health in 2007,
called the Human Microbiome project [30].

The polymerase chain reaction (PCR) method has be-
come the gold standard in microbiological laboratories,
which is used to identify microorganisms. The standard
PCR method is based on the identification of bacterial DNA
by increasing certain fragments of nucleic acids, that is,
their amplification, followed by sequencing and comparing
them with databases [31]. Due to the wide variety of mi-
croorganisms in biological samples, their identification by
cultural methods becomes difficult due to the inability to

isolate and identify uncultivated forms. PCR-based meth-
ods not only provide rapid identification, but also help
identify microorganisms that are difficult to isolate in the
laboratory [32]. However, despite its effectiveness, the PCR
method has a number of disadvantages. The specificity of
the search is that information can be obtained only about
those microorganisms for which specific primers are used.
PCR does not provide information about the viability of
microorganisms, as it uses DNA or ribonucleic acid (RNA),
which may be important in some cases. The lack of the
possibility of preserving and further using microorganisms
limits its use in some studies. In addition, it is worth noting
that the method does not provide information about the
sensitivity of microorganisms to antibiotics, which is an
important aspect in clinical studies.

DNA microarray. The use of DNA microarrays allows
simultaneously identifying and sequencing hundreds or
thousands of genes in a single study. A DNA microarray is
a DNA probe attached to a microplate. The operation of a
DNA microarray is based on the phenomenon of hybridisa-
tion, during which labelled samples are analysed with flu-
orescent probes [33]. Unlike other molecular genetic meth-
ods, DNA microarrays have a larger coverage area and faster
results. M.A. Campanero-Rhodes et al. [34] demonstrated
the successful use of microarrays to detect type-specific
immunoglobulin G (IgG) antibodies against Streptococcus
pneumoniae capsule polysaccharide in serum (CPS). The
results showed the potential of microarrays for simultane-
ous analysis of the interaction of multiple CPS using small
volumes of serum, which can be useful for studying lim-
ited volumes of serum samples. In addition, according to
Hu. Arengaowa at al. [35], the DNA microarray method has
been successfully used in the food industry to detect food
pathogens. Despite the successful use of the DNA microar-
ray method, it has its drawbacks, which are expensive and
the need for high-quality DNA samples. Contamination or
poor sample quality can lead to erroneous results, which
complicates the research process.

16S rRNA sequencing is one of the most sensitive
methods for detecting microorganisms, which is widely
used in clinical settings. It is based on the detection of the
16S rRNA gene, which is specific for each type of microor-
ganism [36]. This method provides accurate identification
of genera and species of microorganisms that do not meet
any recognised biochemical profiles. A. Szymczak et al. [37]
compared histological method, PCR, and 16S rRNA gene
sequencing for identification of Helicobacter pylori. Using
gastric antral biopsy, the researchers showed that 16S rRNA
gene sequencing is the most sensitive method for detecting
H. pylori. However, there are certain problems that can be
encountered when using this method. One of them is that
there are variations in the 16S rRNA gene among strains of
the same species [38], which may affect the estimation of
the abundance of these microorganisms.

Next-generation sequencing (NGS). Continuous im-
provement of DNA sequencing technology has significantly
improved the capabilities of molecular genetic diagnostic
methods. The main idea of using NGS is parallel sequencing
of many fragments of DNA or RNA, which allows obtaining
significant amounts of genetic information in a short peri-
od of time [39]. W. Gu et al. [40] developed a next-genera-
tion metagenomic sequencing test (mNGS) using cell-free
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DNA from body fluids to identify pathogens. The results
showed that rapid mNGS testing is an effective tool for
diagnosing unknown infections. However, NGS research
requires expensive equipment, timely and sustainable
maintenance, and training of technical specialists, which
can be a problem even for middle-income countries [41].
Whole-genome sequencing (WGS) is the most accurate
method for identifying microorganisms and is an important
tool in microbiology [42]. This method expands the possi-
bilities for analysing genes associated with antibiotic resist-
ance [43], identifying their pathogenicity [44], and other key
aspects, making an important contribution to understand-
ing microbial ecology. Despite these advantages, the meth-
od has its drawbacks. It is considered the most expensive
and time-consuming; it does not provide information about
the viability of microorganisms, since it is based on DNA/
RNA analysis. In addition, it provides only a correlation of
microorganisms, and identification problems are associat-
ed with the lack of complete databases of genetic material.
Despite determining the microbial composition of an
individual, it is important to understand the functions that
bacteria perform in this community, their relationships,
and their impact on the host [45]. The rapid development of
molecular biology and information technology methods has
contributed to the use of various omics technologies, such
as genomics, transcriptomics, proteomics, and metabolo-
mics [46]. Omics technologies open up new opportunities
for cell research at more complex levels of life organisation.
Genomics is a set of methods that are based on the in-
vestigation of the structure and functions of the genome of
the studied objects [47], whereas transcriptomics methods
focus on studying the transcriptome of an organism, that is,
the sum of all its RNA transcripts [48]. Genomics and tran-
scriptomics are two related but different areas of research
that help uncover and understand genetic information and
gene activity in the body. Proteomics examines the struc-
ture and function of all proteins in the body [49]. It helps
to uncover the role of proteins in signalling interaction, vi-
tal activity, and detection of diseases such as Alzheimer’s
disease [50]. Metabolomics represents the latest branch of
omics technology and is extremely promising for medicine.
The main task of metabolomics is to identify and quantify a
wide range of metabolites [51]. Detection of specific meta-
bolic changes can serve as an indicator of the development
of various diseases, in particular, in diabetes mellitus [52]
or in chronic obstructive pulmonary disease [53].
Investigation of the microbial composition of an or-
ganism is a key to understanding the relationship between
microorganisms and their impact on the host. The use of
omics technologies provides new opportunities for stud-
ying life systems at different levels of their organisation.
The integration of the data obtained with the help of these
technologies helps to solve problems related to various
pathological conditions of humans and the environment.

CONCLUSIONS
The study analysed and systematised the available meth-
ods for identifying microorganisms in clinical diagnostics.
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AHoTauif. Po3po6Ka HOBMX Ta OMITUMIi3allisl BiIOMMX KyJbTYpalIbHUX Ta MOTEKY/ISIPHO-TeHETUYHMX METO/IiB /IS TOUHOL
BUIOBOI ifeHTHdikanii MikpoopraHiamiB € akTyaJbHUM i MPakKTUIHO HEOOXiZHMM 3aBIaHHSIM, SIKOMY MPUIIISETHCS
BeJMKa yBara ZOCIiTHUKIB. MeToI0 naHoi po60oTu 6y/10 MpOBefeHHS aHasi3y, CUCTeMAaTU3Aallisl TEOPEeTUUHMUX HAYKOBUX
JaHuX II0J0 MeToHiB imeHTuikalii MikpoopraHisMiB Ta OIliHKa IXHiX OCHOBHMX IlepeBar i HemosikiB. [IJIs 1[bOTO
6ys10 37i/iICHEHO CUCTEeMAaTUYHWI OIS PAaHAOMi30BaHMX 53 HAyKOBUX po6iT, omy6ikoBaHMX B repion 3 2018 mo 2023
poxu. IMomyk my6mikaiiit i3 BUKOPUCTAHHSIM KIIOUOBMX TEePMiHIB «MiKpo6ioM», «MiKpo6iomoTiyHa IiarHOCTUKA»,
«imeHTHdiKaIlisT MiKpOOPTaHi3MiB», «CEKBEHYBAHHSI» Ta «OMiKC-TeXHOJIOTii» Y Ha3Bi UM TEKCTi HAYKOBO-A0CIi JHUIbKOT
pobotu 3xiiicHioBanu B cuctemax Web of Science, Scopus, PubMed Ta Google Scholar. ¥ craTTi HagaHo y3araabHeHY
iHdopMalriito Mmoo TPaAUIiIMHKUX Ta CyYaCHMX MeTOAIB imeHTHUdiKalii MikpoopraHi3miB. BcraHOBIIE€HO, 1110 10 TepeBar
TPaAUILiAHKX METOZiB AiarHOCTUKY HAJIEXKUTh MOK/IMBICTh 36€peskeHHs OTPMMaHUX MiKpOOPraHi3MiB [JIs1 TOJaIbINNX
IOCTiIKeHb, 30KpeMa /ISl BU3HAUEHHS iX UYTIMBOCTI M0 aHTMOiOoTMKiB. CydyacHi MONEKyISIpHO-TeHEeTUYHi MeTOAu
BiIKPMBAIOTh HOBi MOXK/IMBOCTI 1151 TOUHOI imeHTHdiKalii MikpoopraHi3miB, 30KpeMa TUX, SIKi CKIaJHO KyJbTUBYBaTU
3a [IOMOMOTOI0 TPAAULIMHUX KyJAbTypaJbHMUX METOAiIB. BMKOPUCTaHHS LIMX TEXHIK [O3BOJSIE OTPUMMATHU [eTanabHi
JaHi Ipo reHeTUYHY CTPYKTYPY Ta Pi3HOMAaHITTS MiKpOOPTaHi3MiB, 110 € BRXKIMBUM Yy 6araTbox raay3siX, BKIIOYA0UU
Mikpo6iosiorio, MeIUIIMHY Ta eKOJoTilo. [IpoTe, MOJEKyAsIpHi MeTOAM Oi/bII YyTAUBi A0 3a6PyIHEHb UM MOXMOOK Y
npoieci 36upaHHS Ta 06po6KM 3paskiB. BapTo TakoX BiAMITUTM OmicS-TeXHOJOTiI (reHoMiKa, TPaHCKPUIITOMIKa,
MpoTeoMika Ta mMeTabosoMiKa), SIKi BiAKpMBaIOTh HOBI MOSKIMBOCTI AJISI MOCTIMKeHHS KIITUH Ha OiNbII CKIaTHUX
piBHSIX opraHisarii KUTTS. B MOBCSAKIEHHI KIiHIUHI/ MTpaKTUI[i OCHOBHUM 3aJIUIIAEThCS MiKPOOGioMOriuHMit MeTOog,
BUIJIEHHS MIKPOOHUX KYJIbTYP, OCKIIbKM TibKM BiH [O3BOJSIE BM3HAUUTM He JuIlle NMPUUMHY iHbeKIii, ame ii
YYTIUBICT O aHTUGIOTUKIB. VY TOII 3Ke Yac KyJIbTypaabHi METOIM AOCTIIKEHHSI BUGATIMBUX MiKPOOPTaHi3MiB JOCUTD
obMeskeHi. TaKMM UMHOM, OTPUMAaHi pe3ylIbTaTy CIIPUSIOTh PO3POOIIi MBUAKOI Ta TOUYHOI MeTOAUKM imeHTuUdIKaIlii,
kinacudikanii Ta cucremarusaiii MikpoopraHi3amiB, IO TIOJIETIIYE TPOLECH AiaTHOCTUKYU Ta PO3POOKM CTpaTerTiii
KOHTPOJIIO i TiKyBaHHS iH(DeKIIiiiHMX 3aXBOPIOBaHb Y 1a60PaTOPisX Ta KIiHIYHUX YCTaHOBaX
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Abstract. One of the most common complications of acute respiratory distress syndrome is acute kidney injury,
the mechanisms of development of which remain not completely clarified. The purpose of this study is to examine
morphofunctional changes in the kidneys of rats with induced acute respiratory distress syndrome at various time
intervals after modelling the pathology. For the study, 56 healthy sexually mature male rats weighing 200-220 g
were used, divided into 7 groups: control, 6, 24 hours, 3, 7, 14, and 28 days of the experiment. Respiratory distress in
animals was caused by inhalation of lipopolysaccharide (5 mg/kg body weight). The kidneys of intact rats had a typical
histological structure without specific features. Histological changes in the renal parenchyma of rats in the study
groups included compaction of Malpighian bodies, damage and desquamation of epithelial cells of the nephron tubules,
and the appearance of signs of disseminated intravascular coagulation. A month after the start of the experiment, both
pathological changes in the nephrons and restored or preserved structural components of the kidney are observed,
which indicates activation of intracellular reparative processes. The expression of TGF-B1 fibrosis marker as well as
CD68 panmacrophage marker increased on days 3 and 7 of the experiment. The number of macrophages in the kidney
samples remained consistently high until the end of the experiment, while the level of TGF-1 decreased on day 28,
indicating the start of the resolution phase. Biochemical analysis of renal markers showed an undulating course of
inflammatory processes in the kidneys of experimental rats. The maximum concentration of creatinine, urea, and uric
acid in the blood serum was observed at 24 hours of the experiment, which indicated the onset of acute kidney injury
as a complication of respiratory distress. Preclinical examination of morphofunctional changes in the kidneys during
acute respiratory distress syndrome will help choose an effective method for treating this pathological condition in
humans in the future

Keywords: lipopolysaccharide; acute kidney injury; renal tests; histological analysis; immunohistochemistry

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a respiratory infections have become particularly relevant

life-threatening condition characterised by insufficient
oxygenation and non-compliant or stiff lungs. The dis-
ease is associated with damage to the capillary endothe-
lium and diffuse alveolar damage. Studies on the mech-
anisms and consequences of the development of acute

Suggested Citation:

during the COVID-19 pandemic. Critically ill patients
with an unfavourable prognosis were diagnosed with
ARDS, which led to high mortality. However, today there
are no effective therapeutic methods to treat this serious
condition [1].
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Among the many complications of ARDS, acute kid-
ney injury (AKI) is one of the most common. It is known to
cause a rapid deterioration of renal function within a few
hours or days [2, 3]. AKI, also known as acute renal failure,
is a common clinical disorder that occurs due to certain
conditions, such as ischemia/reperfusion injury of the kid-
ney with an acute loss of organ function and a decrease of
the renal filtration fraction [4-6].

M. Malek et al. [4] note that ARDS provokes an increase
in circulating cytokines, chemokines, and activated immuno-
cytes, initiating a pathological cascade that, in turn, leads to
the development of AKI. R. Fenoglio et al. [5] indicate that
AKI is caused by a damage of the renal vascular system and
a decrease in glomerular filtration rate due to the release of
endothelin factor 1. In more severe cases of nephrotic syn-
drome, renal ischemia occurs, which reduces the afferent ar-
teriolar blood supply to the glomerulus. Such microvascular
lesions, together with inflammatory interstitial fibrosis and
epithelial damage, impair the viability of the nephron tubules.

According to the data provided by A. Hosszu et al. [6],
in humans, the ischemia/reperfusion injury of the kidney
leads to the loss of the brush border, the appearance of fo-
cal expansion zones in the proximal tubules, and the accu-
mulation of necrotic casts in the distal tubules. Most often,
epithelial cells undergo apoptosis or necrosis in very sus-
ceptible external medullary areas.

There are various data on the incidence of AKI as a
complication of ARDS. According to S.M. Villacrés et al. [7],
35% of adult patients with ARDS develop AKI. Therewith,
M. Malek et al [4] indicated substantially lower rates of AKI
in hospitalised patients with ARDS — 7-10%. According to the
latest data from the ARDSnet trail meta-analysis, the inci-
dence of AKI as a complication of ARDS was ~24% [8]. Severe
renal damage leads to death in almost half of cases, and oth-
er devastating long-term consequences of this condition in-
clude end-stage renal failure and dialysis dependence [9, 10].

AKI, which complicates ARDS, often indicates a negative
prognosis. In the ARDSnet study, the 180-day mortality rate
was much higherinthose whohad AKI compared to those who
did not develop this complication (58% and 28%, respective-
ly) [8]. One retrospective study demonstrated an increase in
the number of days of artificial lung ventilation (ILV) (10 vs.
7 days) and the duration of switching to independent breath-
ing (41 vs. 21 hours) in patients with ARDS complicated by
AKI compared to ARDS alone [11]. A. Panitchote et al. [12]
concluded that two-thirds of patients with ARDS developed
AKI during intensive care, and almost half of these patients
progressed to stage III of AKI according to the Kidney Dis-
ease: Improving Global Outcomes (KDIGO) classification.

The exact underlying mechanisms of AKI development
in patients with ARDS are still unclear and are, therefore, the
subject of increased scientific attention. The authors of this
study planned a preclinical study of histological changes in
the kidneys of rats with ARDS induced in different time pe-
riods after modelling the pathology to elucidate the subtle
mechanisms of kidney damage and select effective meth-
ods for treating AKI during respiratory distress syndrome.

MATERIALS AND METHODS
56 healthy sexually mature male Wistar rats were used for
experiments. At the beginning of the experiment, the aver-
age body weight of animals was 200-220 g. Rats were kept

under standard vivarium conditions (12-hour day/night cy-
cle; t=20-25 °C; humidity 40-45%) [13], with free access to
water and food. Experiments were conducted in the sum-
mer. The work with animals was organised in compliance
with the principles of the “European Convention for the
protection of vertebrates used for experimental and scien-
tific purposes” [14] and the definition of the first National
Congress on Bioethics [15].

ARDS was modelled by intranasal administration of
lipopolysaccharide (LPS) (SIGMA-ALDRICH), previously
diluted with an isotonic sodium chloride solution (1 mg of
LPS in 4 mL of NaCl). Using a nebuliser, animals were given
LPS at a dose of 5 mg/kg of body weight for 30 minutes. Dur-
ing inhalation, rats were anaesthetised by a peritoneal in-
jection of ketamine at a dose of 50 mg/kg. The animals were
randomly divided into 7 groups (8 animals each). Morpho-
logical changes in the kidneys were analysed after 6 hours,
24 hours, 3 days, 7 days, 14 days, and 28 days of the experi-
ment. Animals were removed from the experiment by termi-
nal anaesthesia with sodium thiopental at a dose of 150 mg/
kg. ARDS modelling was done in the vivarium of I. Hor-
bachevsky Ternopil National Medical University (TNMU).

For histological analysis, pieces of the left kidney were
fixed in 10% neutral buffered formalin. Then the tissues
were processed in a LOGOS One histoprocessor (Mile-
stone Medical, USA) and embedded into paraffin blocks.
5 microns thick sections obtained on the AMR400 rotary
microtome (Amos scientific, Australia) were stained with
hematoxylin and eosin [16].

Immunohistochemical evaluation of the expression
of transforming growth factor beta 1 (TGF-p1) and CD 68
panmacrophage marker was performed using recombinant
rabbit monoclonal primary antibodies (Cat. No. ab215715;
No. ab125212, Abcam, USA, respectively) and Mouse/Rab-
bit PolyVue™ HRP/DAB detection systems (Diagnostic
BioSystems, USA). The tissue sections were deparaffin-
ised and rehydrated. Endogenous peroxidase activity was
blocked by 3% hydrogen peroxide. Additionally, the sec-
tions were counter-stained with Mayer hematoxylin. Im-
munohistochemical changes in the kidneys were analysed
at 24 hours, 3 days, 7 days, and 28 days of the experiment.
These time periods correspond to different phases of ARDS
development (acute (24 hours — 3 days), subacute (7 days),
and chronic (28 days)) [17]. Histological and immunohis-
tochemical samples were examined under an Eclipse Ci-E
light microscope and documented using an M3CMOS
14000 camera (Sigeta, Ukraine) at the laboratory of immu-
nohistochemical and immunocytochemical studies of the
experimental sector of the interdepartmental training and
research laboratory (ITRL) of TNMU.

Rat blood was taken through a cardiac puncture. The
serum was obtained through blood centrifugation and
stored at - 80°C until analysis. Serum creatinine, uric acid,
and urea levels were determined according to the manufac-
turer’s instructions using Spinreact (Spain) kits. The analy-
ses were conducted on the basis of MNL TNMU.

The study was conducted within the framework of the
interdepartmental state-funded comprehensive research
project of I. Horbachevsky Ternopil National Medical Uni-
versity “Investigation of the regenerative potential of cellu-
lar therapy agents in acute respiratory distress syndrome”
(state registration number 0121U100159), 2021-2023.
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* RESULTS

Histological examination of the kidneys of intact rats
did not reveal any pathological changes. Light micros-
copy examination of the renal cortical substance in in-
tact rats revealed numerous renal (Malpighian) bodies,
in which the urinary lumen of the Bowman capsule was
clearly visualised. The proximal convoluted tubules were
lined with a single-layer prismatic epithelium with a
brush border and basal striation. In the distal convolut-
ed tubules, the epithelium was simple cuboidal without
a border with deep basal invaginations of the cell mem-
brane. In the interstitium between the tubules of the
nephrons, the lumen of the peritubular capillaries was
visible (Fig. 1).

Figure 1. Microscopic structure
of the cortical substance of the kidney of an intact rat.
H&E staining (x200 magnification)
Source: photographed by the authors

Moderately blood-filled hemocapillaries of the per-
itubular network were visible in rats with simulated ARDS
after 6 hours of the experiment. The epithelium of the
proximal tubules was relatively preserved. There was no
oedema. Renal corpuscles were deformed with partially
blood-filled capillaries. The lumen of the Bowman capsule
was narrowed, compaction of the vascular glomerulus is
observed. Damage to the apical surface of distal epithelial
cells and an enlarged lumen of the tubules were identified.
In the proximal tubules, in some places, desquamation of
the epithelium was registered. Dilated and blood-filled
venous vessels with clotted lumen, oedematous intima,
and spasmodic arteries were observed (Fig. 2).

Figure 2. Microscopic structure
of the rat kidney at 6 hours of the experiment.
H&E staining (x200 magnification)
Source: photographed by the authors

One day after the start of the experiment, signs of
stasis were observed in small calibre vessels. The urinary
space of the Bowman capsule was practically not visible,
the vascular glomeruli were compacted, the lumen of the
nephron tubules was not visible due to the accumulation
of cellular debris in the proximal region and oedema of the
lining epithelium in the distal region (Fig. 3).

Figure 3. Histological structure of the rat kidney on day 1
of the experiment. H&E staining (x200 magnification)
Source: photographed by the authors

3 days after LPS administration, dilated blood-filled
veins with a damaged wall and signs of disseminated intra-
vascular coagulation (DIC) syndrome were identified. Ar-
teries were also spasmodic. Oedema and homogenisation
of epithelial cell cytoplasm were observed in the nephron
tubules (Fig. 4). The lumen of the Bowman capsule was not
visible, which was obviously an indicator of the impaired
functional ability of the glomeruli to filter blood plasma.

Figure 4. Microscopic structure
of the rat kidney on the 3" day of the experiment.
H&E staining (x200 magnification)
Source: photographed by the authors

On the 7™ day of the experiment, blood-filled arteri-
al and venous vessels of the renal vascular system with
substantially dilated lumen were observed (Fig. 5A). Re-
nal corpuscles contained compacted vascular glomeruli;
desquamated cells were visible in the proximal tubules
as a result of a disruption of intercellular contacts in the
epithelial lining of the tubule (Fig. 5B). 2 weeks after the
start of the experiment, signs of DIC continued to be re-
corded in the vessels of the cortex and medulla of the
organ, and accumulation of degeneratively altered ep-
ithelial cells in the lumen of the nephron tubules was
detected (Fig. 6).
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Figure 5. Microscopic structure of the rat kidney on the 7" day of the experiment. H&E staining (x200 magnification)
Notes: A - signs of blood stasis in the vessels of the renal cortex, B — disruption of contacts between epithelial cells of the

proximal tubules
Source: photographed by the authors

Figure 6. Tubulointerstitial lesions of the rat kidney on the 14" day of the experiment. H&E staining (x200 magnification)

Source: photographed by the authors

On the 28™ day of the experiment, less substantial le-
sions of the vascular bed were observed, which in some
places were manifested by blood filling and stasis. The
appearance of oedema of the renal stroma and the dila-
tation of perivascular spaces were registered. The renal
corpuscles were of different sizes. Some of the Malpighian

bodies had well-defined vascular glomeruli and the uri-
nary lumen of the Bowman capsule, while irregularly
shaped Malpighian bodies with damaged and compacted
glomeruli were seen nearby. A number of the proximal
tubules of the nephrons contained desquamated epithe-
lium (Fig. 7A, 7B).

Figure 7. Microscopic structure of the rat kidney on the 28® day of the experiment H&E staining

Notes: A — x200 magnification; B — x100 magnification
Source: photographed by the authors

The development of pathological changes in the re-
nal parenchyma of rats with simulated ARDS occurred
gradually. At 6 hours of the experiment, the structure of
the nephrons remained relatively unchanged with mild
damage to the renal bodies, while at 24 hours, narrowing
of the urinary space of the Bowman capsule in the renal
bodies appeared, and on the 3" day and later compaction

of the Malpighian bodies indicated impaired plasma fil-
tration. The degree of desquamation of epithelial cells of
the nephron tubules also increased with the time of the
experiment, and this, in turn, indicated the impairment
of the reabsorption of organic components and electro-
lytes from the primary urine. Therewith, changes in the
vascular bed were also documented in the kidneys of
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experimental animals. In the initial stages (6-24 hours),
small vessels of the kidneys were dilated and filled with
blood, while on the 3™ day, signs of DIC appeared in the
microcirculatory bed. On day 7 and later, stasis in the
renal vessels of various calibres was still observed. One
month after the start of the experiment, both degener-
ated renal corpuscles and desquamated epithelium in
the nephron tubules as well as the restored structural
components of the kidney were observed, indicating

activation of intracellular reparative processes in the
resolution phase.

Immunohistochemical detection of TGF-B1 in the kid-
neys of control rats showed a weak response, mainly in the
mesangium of Malpighian bodies (Fig. 8A). After staining
the material with CD68 macrophage marker, a similar pat-
tern was observed. In addition, an intense positive stain-
ing was identified in the area of large vessels (veins) as
well as a slight staining of the interstitial space (Fig. 8B)

Figure 8. Immunohistochemical staining of intact rat kidneys. x100 magnification

Notes: A - TGF-B1 staining; B — CD68 staining
Source: photographed by the authors

TGF-B1-and CD68-positively stained areas around small
calibre vessels are detected in kidney sections of experimen-
tal animals 24 hours after ARDS modelling, largely, when

stained with TGF-B1. Immunoprecipitation is mostly visible
around large vessels (veins). An immunopositive response to
TGF-B1is also observed in the interstitial space (Fig. 9A, 9B).

Figure 9. Immunohistochemical staining of kidneys on day 1 of the experiment. x100 magnification

Notes: A — TGF-f1 staining; B — CD68 staining
Source: photographed by the authors

In the kidneys of animals on day 3 of ARDS there
was the maximum number of intensely TGF-B and CD68
immunostained perivascular spaces both around the
nephron tubules and in Malpighian bodies compared to
the control group (Fig. 10A, 10B).

A similar pattern was observed in the kidneys of rats
7 days after the simulated pathology (Fig. 11A). In the
case of CD68 staining, a more intense positive staining of
the walls of small vessels and intercellular space was also

detected at this time point comparing to day 3 of the ex-
periment (Fig. 11B).

On the 28™ day of the experiment, mesangium of Mal-
pighian bodies was intensively TGF-f1 immunostained.
Immunoprecipitate was also visible although to the less-
er extent in the intercellular space of the interstitium
(Fig. 12A). CD68 staining revealed a pronounced immu-
nopositive reaction in the vascular areas of the microcircu-
latory vascular bed and perivascular space (Fig. 12B).
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Figure 10. Immunohistochemical staining of kidneys on day 3 of pathology. x100 magnification

Notes: A - TGF-B1 staining; B — CD68 staining
Source: photographed by the authors

Figure 11. Immunohistochemical staining of kidneys on day 7 of ARDS. x200 magnification

Notes: A - TGF-B1 staining; B — CD68 staining
Source: photographed by the authors

Figure 12. Immunohistochemical staining of kidneys on day 28 of ARDS. x100 magnification

Notes: A — TGF-f1 staining; B — CD68 staining
Source: photographed by the authors

Thus, immunohistochemical analysis of the fibrosis
marker TGF-B1 showed an increase in the intensity of
immunoprecipitation in kidneys. The most intense ex-
pression of TGF-B1 was observed in the subacute stage
of ARDS (3-7 days). In the chronic stage (28 days), the
intensity of interstitial immunostaining decreased but
remained pronounced in the renal corpuscles. This may
indicate the development of fibrosis in the mesangia
between the capillary loops of the vascular glomerulus.

Immunohistochemical detection of the CD68 panmac-
rophage marker showed an increase in the number of
macrophages on day 3 after ARDS modelling, after which
the number of these cells remained elevated in the kid-
ney until the end of the experiment.

A biochemical blood test of experimental animals
allowed assessing changes in the concentrations of renal
markers. The obtained results are shown in the diagrams
(Fig. 13A, 13B, 13C).
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Figure 13. Changes in serum renal marker concentrations after ARDS modelling
Notes: A — change in creatinine concentration; B — change in uric acid concentration; C — change in urea concentration;
* — statistically significant difference compared to the control (P<0.05)

Source: compiled by the authors

Analysis of serum creatinine, uric acid, and urea levels
identified their increase in groups of rats with simulated
ARDS. In particular, creatinine increased by 1.2 times in
the 6™ hour compared to the control, reached the first peak
at the 24™ hour (1.3 times more than the control value),
decreased to the control level on the 3" day, and remained
reduced on the 7™ day of the experiment. The second peak
of creatinine growth was observed on the 14" day (1.29
times higher than the control), and normalisation of the
indicator was recorded a month after the onset of pathol-
ogy development.

An increase in uric acid concentration was observed
starting from the 6™ hour, with the first peak on the 24%
hour (1.6 times higher than the control) and the second
peak on the 14" day (1.7 times higher than the control).
A statistically significant decrease (1.6 times) in uric acid
concentration occurred on the 7th day of the experiment,

while on the 28" day of the experiment, the uric acid level
was close to the control value. A pathological decrease in
uric acid levels 7 days after ARDS modelling may indicate
a malfunction of the liver, which leads to its inability to
convert amino acids and ammonia into urea.

The level of urea in the blood serum of rats increased
slightly at the 6th hour, rapidly peaked at the 24™ hour
(1.8 times higher than the control value), slightly decreased
atthe 3and 7" days, but remained statistically substantial-
ly higher than in intact animals. After 2 weeks and a month
from the start of the experiment, the urea concentration
remained substantially higher than the baseline level (1.5
and 1.7 times higher, respectively), which indicates the de-
velopment of chronic kidney damage in laboratory animals.

The results of a biochemical blood test confirm the oc-
currence of functional disorders of the kidneys caused by
the development of simulated ARDS. Undulating changes
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in creatinine, urea, and uric acid concentrations indicate
that the development of kidney damage was non-linear,
with several peaks in the activation of inflammatory pro-
cesses. The maximum increase in renal marker values in rat
blood serum 1 day after ARDS modelling indicates the de-
velopment of acute kidney injury, which gradually turned
into chronic damage.

DISCUSSION
It is known that ARDS occurs in 3 stages: the first phase is
acute, or exudation, the second is subacute or fibroplasia,
and the third stage is chronic, fibrosis, or resolution [17,
18]. As shown by the results of histological examination of
the kidney and biochemical blood analysis in rats, the acute
stage is observed from 6 hours to 3 days of the experiment.
The subacute stage corresponds to 7-14 days of experi-
ment, while the third phase occurs a month after the onset
of pathology. According to the data obtained, the most pro-
nounced signs of AKI appear on 1-3 days of the experiment.

According to R. Vashisht & A. Duggal [19], AKI is ob-
served in = 45% of patients with ARDS, and on average, its
signs start to appear 2 days after the initial diagnosis. ARDS
causes impaired gas exchange in the lungs, which leads to
the development of hypoxemia, hypercapnia and systemic
acidosis, and this, in turn, affects vascular resistance, al-
tering renal perfusion pressure and leading to damage to
kidney components [20]. Systemic inflammation, hypox-
emia, and ILV are considered to be the three main possi-
ble mechanisms of renal damage development in ARDS in
humans [18, 21]. High alveolar pressure has been shown to
alter the hemodynamics of the heart, leading to hypoper-
fusion in all organs of the body, especially in the kidneys,
leading to a decrease in glomerular filtration rate and the
development of AKI [19, 21, 22].

According to the report of the pathomorphological
study by M. Shao et al. [23], acute renal tubule damage was
observed in six cases of patients who died from COVID-19.
According to H. Su et al. [24], in 26 patients with ARDS de-
veloped in severe COVID-19, noticeable acute damage to
the proximal tubules of the nephrons was identified on the
autopsy, which manifested itself in the form of loss of the
brush border, vacuolar degeneration, dilation of the lumen
of the tubules with cellular debris, and in some cases out-
right necrosis and detachment of the epithelium with the
exposed basement membrane of the tubules (in 4 patients).
Similar morphological signs of kidney parenchyma damage
were observed in this study.

In the preclinical study by W. Lv et al. [25], AKI was in-
duced by peritoneal administration of LPS. As shown in the
histological analysis of changes in the kidneys of rats after
modelling the pathology, the structure of the organ in the
experimental groups of animals became damaged, oedema
of epithelial cells of the renal tubules appeared, as well as
the narrowing of the lumen of the tubules, renal tissue was
infiltrated by a large number of inflammatory cells in con-
trast to the kidneys of intact rats. Such pathological chang-
es gradually worsened with the duration of the experiment
(8 hours, 12 hours, 24 hours, and 48 hours), and the rate
of damage to the renal tubules correspondingly increased.
H. Gao et al. [26], analysing histological sections of rat kid-
neys in LPS-induced AKI, identified vacuolar degeneration
and damage to the brush border in epithelial cells of the

renal tubules. In addition, researchers also observed necro-
sis of epithelial cells of the nephron tubules.

Examinations of AKI in severe cases of COVID-19 have
shown that the main mechanism of this complication is
similar to severe sepsis. Acute tubular necrosis in the renal
parenchyma was reported in 66% of cases [27]. Cytokine
storm caused by ARDS causes hypotension, which leads
to decrease of renal perfusion [28]. In addition, focal renal
fibrin blood clots were located in histological samples of
the kidneys, which appear as a result of systemic coagulop-
athy. Regardless of the root cause, after the development
of acute kidney injury, the intrarenal inflammatory cascade
is activated, which, if left unchecked, leads to additional
damage and irreversible fibrosis.

According to a number of authors, TGF-f is the main
regulator of renal inflammation and fibrosis [29, 30]. TGF-p
has a multifunctional effect on cell proliferation, apopto-
sis, migration, and differentiation. Under the influence of
this growth factor, mesenchymal transformation of epi-
thelial cells of the tubules and glomeruli of the kidney is
observed, which leads to the development of fibrosis [30].
According to Y. Isaka [31], TGF-B1 is highly expressed in
the kidneys during a wide range of fibrosis-related diseas-
es. According to the results of immunohistochemical anal-
ysis, TGF-B1 was most strongly detected in the kidneys on
the 3 day of ARDS development. At a later stage of the
experiment, a decrease in the expression of this marker in-
dicated the resolution of AKI without the development of
pronounced fibrosis. This means that the rats’ bodies grad-
ually coped with the inflammatory cascade and managed
to start the recovery processes in the damaged kidneys.
0. Redko et al. [32], in their studies on the effect of ARDS
on the morphofunctional state of rat liver, showed that in
the early stages of pathology, an increased number of M1
macrophages is observed, which indicates the activation of
a pro-inflammatory response in the body, while in the later
stages of the disease, M2 macrophages with anti-inflam-
matory function, and the ability to promote tissue repair
begin to elevate. These data are consistent with the results
of this study showing that the third stage of development
of pathology in the kidneys in ARDS follows the path of
resolution, and not fibrosis.

In addition to the fibrosis marker, the expression of
CD68 panmacrophage marker, which indicates the total
number of macrophages in kidney tissue, was analysed.
The obtained data indicate a steady increase in phagocytes
in the studied organ, starting from the 3 day of the exper-
iment. The increased number of macrophages in the late
stages of ARDS may be due to the appearance of a large
number of anti-inflammatory M2 cells. H. Akdam et al. [33]
also reported an increase in macrophage count during ne-
crotising glomerulonephritis, which positively correlated
with an increase in serum creatinine levels.

Biochemical parameters of creatinine, urea, and uric
acid in the blood are important markers of kidney inju-
ry [34]. Elevated levels of these renal markers were iden-
tified, which increased in two peaks (at 24 hours and on
14 days, respectively). This indicates that LPS successfully
induced AKI in rats. Changes in these indicators indicate
the development of functional disorders in the kidneys. In
particular, elevated serum creatinine levels indicate a dis-
ruption of glomerular filtration rate [35-37].
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W. Lv et al. [25] established a substantial increase in
serum creatinine and urea levels 8 hours after toxin in-
jection and a peak value 12 hours later, which was three
times higher than the baseline level of the control group.
However, levels of these renal markers gradually decreased
24 hours, 48 hours, and 72 hours after LPS administration
and returned to baseline levels after 7 days. Interestingly,
creatinine increased slightly on day 14 after LPS adminis-
tration, which corresponds to the stage of transition of AKI
to CKD. Such observations are consistent with the results
obtained in this study.

F.Z. Khamissi et al. [38] exposed mice of the C57BL/6
line to bilateral ischemia/reperfusion kidney injury and
analysed signs of AKI. Kidney damage caused a substan-
tial increase in blood urea nitrogen levels on day 1 after
the development of AKI, indicating severe renal failure,
with a slow improvement of about 50% over 3-5 days. Ac-
cordingly, serum creatinine levels were substantially el-
evated on the first day and remained elevated at a lower
level for 3-5 days.

A study by S. Liu et al. [39] showed that the develop-
ment of AKI in sepsis and ARDS is also accompanied by
an increase in uric acid levels in the blood of patients. Hy-
peruricemia promotes damage and apoptosis of vascular
endothelial cells by increasing oxidative stress, which in-
creases the formation and elimination of reactive oxygen
species, causes endoplasmic reticulum dysfunction, and
inhibits the activity of endothelial nitric oxide synthase. In
addition, elevated uric acid levels promote the formation
of sodium urate crystals in vascular intima, enhance the
expression of leukocyte adhesion molecules, and stimulate
the production of a large number of associated inflamma-
tory factors, further enhancing endothelial cell dysfunc-
tion [39, 40]. Thus, based on the results of histological and
histochemical analysis of the kidneys and biochemical
blood analysis, it was established that ARDS is accompa-
nied by morphofunctional changes in the kidneys, and this
fact is an acute medical problem that needs to be solved by
developing an effective treatment method.

CONCLUSIONS
The simulated ARDS causes substantial changes in rat kid-
ney tissue and its effect manifests itself in different ways,
depending on the duration of the experiment. In the ini-
tial stages of pathology, damage to the renal bodies with
narrowing of the urinary space of the Bowman capsule
was noted. Subsequently, signs of stasis developed in the
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iMyHO3a6apB/ieHHS Tpernaparis 3a maHMakpodariuaum mapkepom CD68 Ha 3 i 7 nobu mocnigy. KinbkicTe Makpodaris
y 3paskax HUPKM 3aJuIIaIach CTabiTbHO BMCOKOIO IO KiHIIST €KCIIePUMEHTY, B TOM vac K piBeHb TGF-B1 sHMKyBaBCS
Ha 28 mo06y, BKa3yrouM Ha PO3BUTOK (asy pospilieHHsT maTonorii. bioxiMiuHMii aHami3 HUMPKOBMX MapKepiB MOKa3aB
XBWIENOAiIOHMIT Mepebir 3amaJibHUX MPOLECiB y HUPKAX JOCTITHMUX IMypiB. MakcuMalbHa KOHIIEHTPAIiSl KpeaTUHiHY,
CeYOBMHM i CeYOBOI KMCJIOTM B CMPOBATIIi KPOBi criocTepiranach Ha 24 rof eKCIepuMeHTY, 10 CBiIUM/IO PO HACTaHHS
TOCTPOTO ypakeHHsI HUPKM SIK YCKIaJHEeHHS pecripaTopHoro aucrpecy. JokaiHiuHe BuBUeHHS MOP(}OGdYHKITIOHATBHUX
3MiH HMPOK 3a YMOB T'OCTPOTO PeCIipaTOPHOTO AUCTPeC-CUHIPOMY AOMOMOXe B MailOyTHbOMY MifiopaT e(eKTUBHUI
MeToZ, KOpeKIlil JaHOTO MaTOoI0TiYHOTO CTaHy Y JII0Aeii

KntoyvoBi cnoBa: Jtinomnosicaxapui; ToCTpe ypakeHHsSI HUPOK; HUPKOBi MPo6Y; TiCTOMOTiUHMIT aHaUTi3; iMyHOTiCTOXiMist
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Abstract. The use of high hydrostatic pressure is intended to perform non-thermal inactivation of microorganisms in
food products, to ensure their freshness and to prevent foodborne infections. These infections impact the healthcare
system, the food industry, and consumers directly. This study aims to analyse the literature on the effectiveness of high
hydrostatic pressure against pathogenic and opportunistic microorganisms transmitted through the consumption of
contaminated food. Scientific publications for 2011-2023 were selected for the review. A total of 44 scientific publications
were selected, the information from which was critically analysed, systematised and presented in the form of a
literature review. The mechanisms of high hydrostatic pressure’s effect on microbial cells are described. To illustrate the
effectiveness of high hydrostatic pressure against microorganisms, data from selected publications regarding efficiency
and treatment parameters are presented in tables. The inactivation of such clinically important microorganisms as
Bacillus cereus, Campylobacter jejuni, Clostridium perfringens, Escherichia coli, Listeria monocytogenes, Salmonella spp.,
Staphylococcus aureus and Toxoplasma gondii in liquids and food has been demonstrated. High-pressure treatment has
been shown to be a non-thermal food processing method, which distinguishes this method from traditional thermal
processing methods such as boiling or pasteurization. One of the notable advantages of using high hydrostatic pressure
is the non-thermal inactivation of various microorganisms, which preserves the nutritional and flavour properties of
the processed product. It is also noted that food products can be processed in the final packaging, which reduces the risk
of microbial contamination at the post-processing stages. The main disadvantages are the impossibility of complete
inactivation of bacterial spores and the high cost of high-pressure processing equipment. Combining high-pressure
treatment with other methods, such as heat treatment, can overcome the limitations of spore inactivation

Keywords: high pressure; pathogens; neutralization; non-thermal processing

INTRODUCTION

Gastrointestinal diseases account for a significant propor-  the importance of effective food processing and preserva-

tion of infections worldwide, and among them, diarrhoeal
diseases are the second leading cause of global mortality.
Food- and waterborne diseases cause the premature loss
of millions of lives annually, most of which are among
vulnerable groups such as children [1, 2]. According to
S. Chuang et al. [3], these diseases not only have devastat-
ing health consequences, but also a significant econom-
ic impact in many sectors, including healthcare systems,
tourism, food industry, and consumer welfare. While set-
ting and enforcing regulatory standards and guidelines is
a means of reducing food contamination by pathogens [4],

Suggested Citation:

tion methods cannot be overstated. These methods have
been used since ancient times and have a dual purpose: to
contain the spread of pathogens responsible for foodborne
infections, as well as to control microorganisms that cause
spoilage and degrade food quality. The historical range
of food processing and preservation methods includes
heating, salting, freezing, drying, freeze-drying, fermen-
tation, canning, and the use of antimicrobial agents. In
addition, modern advances have added new processing
methods, such as ionization radiation, pulsed electric
fields, ohmic processing, ultraviolet light disinfection,
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and high-pressure processing (HPP) [5, 6]. Since the late
1990s, HPP has become a convincing and commercially
feasible alternative for food processing [7]. This trend is
driven by the growing consumer demand for food products
that are not only microbiologically safe, but also retain
their freshness and nutritional value [8].

Despite significant efforts to improve food safety,
foodborne illness outbreaks associated with pathogenic
bacteria reaching dangerous levels in food have been wide-
ly documented [9]. Bacteria can contaminate food at any
stage during harvesting, processing, storage, and transpor-
tation, as well as during food preparation in restaurants or
kitchens. According to the Centres for Disease Control and
Prevention (USA), which is cited by M. Al-Mamun et al. [10],
the pathogens that most often cause foodborne infections
leading to hospitalization and death are Salmonella spp.,
Staphylococcus aureus, Listeria monocytogenes, Escherichia
coli (most often of the O157:H7 serotype), Campylobacter
spp., Clostridium perfringens, and Toxoplasma gondii. These
pathogens are pathogenic or opportunistic microorgan-
isms that demonstrate the ability to persist or even multi-
ply in various food substrates, making them an important
foodborne hazard. This highlights the need to implement
technological measures to effectively mitigate the food
safety risks associated with these pathogens. Among the
various methods, HPP treatment has been comprehensive-
ly studied in research aimed at neutralizing these infec-
tious threats to improve food safety.

In the Ukrainian-language scientific literature up to
2023, high-pressure treatment is mentioned as one of the
methods of improving food quality. In particular, T. Lozo-
va [11] mentions ultra-high-pressure treatment to improve
the quality and storage of bread. In the work of 1. Bernyk et
al. [12], high-pressure treatment is used to saturate meat
raw materials with substances, including table salt. In this
publication, high pressure is also mentioned as an alter-
native to heat treatment, but there are no microbiological
data, the authors focus on the consistency and organolep-
tic properties of the product. The lack of Ukrainian scientif-
ic works and the positive results of world scientists on the
inactivation of pathogens and microorganisms that cause
food spoilage make this area of research interesting and
promising. The purpose of this manuscript was to bring to-
gether data from various English-language scientific stud-
ies that both highlight the potential of HPP as a method
of inactivating a wide range of microorganisms and reveal
limitations to its use.

Google Scholar was used to search for literature sourc-
es. The literature was searched using a combination of
keywords: “high-pressure processing”, “high hydrostatic

” <

pressure”, “inactivation”, “log reduction”, “bacteria”, “fun-
gi”, “protozoa”. The English-language literature sourc-
es for 2011-2023 were reviewed. Preference was given to
articles describing high hydrostatic pressure treatment
alone without the use of combined treatment with other
non-thermal or thermal methods. Data on high-pressure
treatment alone were selected from publications with sev-
eral types of treatment or combined treatment. Articles
with a focus on pathogenic and opportunistic microor-
ganisms that cause disease were selected; articles on the
inactivation of microorganisms that cause food spoilage
were excluded. Book chapters, dissertations, and reports or

abstracts from scientific conferences were not considered.
Both open-access articles and articles from paid resourc-
es were reviewed. The data from the selected publications
were systematised by the consistency of high-pressure
processed foods and entered into the relevant tables.

EFFECTOF HIGHHYDROSTATIC PRESSURE
ON PATHOGENS AND FEATURES
OF ITS APPLICATION
HPP is a non-thermal treatment method that involves sub-
jecting food products, beverages, or other materials to ele-
vated pressure in the range of 100 to 1000 MPa, usually at
room temperature or slightly higher [13]. This process is
also known as ultra-high-pressure processing (UHP). HPP
is known to inactivate various microorganisms, including
bacteria, viruses, yeast, mould, as well as enzymes, while
preserving the nutritional and taste properties of the pro-
cessed product [1, 14, 15]. It is noted that HPP does not
break covalent bonds, so changes in low-molecular-weight
compounds such as vitamins, pigments, and flavourings
are minimal [16].

The mechanism of microbial inactivation by HPP is not
fully understood, but it is considered to be multifactorial.
R. Levy et al. [6] mention that one influencing factor is the
denaturation of proteins and enzymes, leading to the dis-
ruption of structures and functions of the affected by pres-
sure cells. Hydrostatic effects induce mechanical stress on
cellular structures, causing deformation and damage to cell
membranes; the loss of membrane integrity contributes to
cell death [17, 18]. Damage to bacterial cell membranes by
high pressure induces intracellular oxidative stress [19,
20]. S. Ceuppens et al. [21] point out that another impor-
tant factor is the impact on nucleic acids. Although they
are much less sensitive to high-pressure effects compared
to flexible lipid membranes, hydrogen bonds that maintain
their spiral structure can be disrupted under high pres-
sure [22]. Thus, pressure-induced structural changes in
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
molecules may interfere with DNA replication, transcrip-
tion, and translation.

The mechanisms of impact of HPP are particularly effec-
tive against the vegetative cells of microorganisms, but pro-
cessing without additional thermal treatment cannot com-
pletely inactivate bacterial spores, whose dense shells make
them resistant to many processing methods [23, 24]. How-
ever, research by M.R. Sarker et al. [25] has shown that high
pressure can trigger the germination of Bacillus spp. bacte-
rial spores, making them susceptible to further treatments.
J.H. Mok et al. [26] also indicated better processing efficien-
cy with multiple pressurization-depressurization cycles
compared to a single-cycle treatment of the same duration.

High-pressure processing is considered a non-ther-
mal method for treating food products, despite the adi-
abatic temperature increase that occurs during pressure
application to physical objects. For juices and other bever-
ages, the temperature increase is 3°C for every 100 MPa at
the initial product temperature of 25°C [13]. However, this
temperature increase is temporary and local, lasting only
during the pressure application period. When the pres-
sure is released, the temperature also decreases and may
even drop below the initial temperature if heat exchange
occurs between the processed product and the elements
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of the high-pressure chamber. Additionally, as mentioned
by M. de Alba et al. [15], processing can be carried out with
additional cooling of the high-pressure chamber jacket.
This distinguishes this method from traditional thermal
processing methods, such as boiling or pasteurization,
where the entire product is subjected to heating by ex-
ternal heat sources over an extended period, leading to
a uniform temperature increase. Although the tempera-
ture increase caused by pressure does occur, it is not the
primary means of achieving microbial inactivation. This
processing method minimizes the impact of heat on sen-
sitive nutrients, flavourings, and other desirable product
properties that may be reduced or lost through prolonged
exposure to elevated temperatures [15, 16]. Y. Zhou et
al. [27] report that HPP can be performed in the final pack-
aging, minimizing the risk of microbial contamination of
the food product after processing. Inactivation of micro-
organisms slows down the spoilage of products, thereby
extending their shelf life. T. Rode et al. [28] reported an
increase in the shelf life of fresh fish processed with HPP
at 200 and 500 MPa for 120 seconds. K. Aaby et al. [29]
reported an extension of the shelf life of strawberry purée
and juice when using 400-600 MPa for 1.5-3 minutes, and
noted that HPP is better suited for products with a lower
initial level of enzymes compared to thermal processing.
The practical application of HPP may be constrained
by several factors that food industry companies need to
consider. Among these factors is the cost of equipment:
HPP requires specialised equipment capable of generating
and withstanding high pressure. These devices are typi-
cally expensive to purchase and maintain. For small food
product manufacturers or businesses with limited budgets,
the cost of acquiring HPP equipment can be a significant
barrier to implementing this technology [14]. Another fac-
tor is the potential change in product texture. Some food
products may become softer or undergo other structural
changes. For certain food products, such as fruits and veg-
etables, this change may be acceptable or even desirable.
However, for others, especially those valued for their spe-
cific texture, such as certain cheeses or bakery products,

these changes may be undesirable and limit the application
of HPP [30]. High-pressure processing is typically conduct-
ed in a high-pressure chamber. To withstand the pressure,
food products must be packaged in packaging made of ro-
bust and flexible materials [31]. As noted by H.W. Huang et
al. [14], the packaging material used in HPP must have a
compressibility of at least 15%, making only plastic pack-
aging materials suitable for such processing. V.M.B. Balas-
ubramaniam et al. [32] describe the penetration of propyl-
ene glycol into plastic packaging during combined HPP and
thermal processing. The same authors report delamination
of metal-plastic packaging with the penetration of pro-
pylene glycol between the aluminium and plastic layers.
Therefore, companies using HPP need to invest not only
in equipment but also in appropriate packaging materials.

Due to the direct impact on the structural elements of
microbial cells, HPP offers many advantages in the process-
ing of food products. Among them are extended shelflife and
improved microbiological safety of food products. However,
the practical application of HPP may be limited by a range
of factors. Companies must weigh the benefits against fi-
nancial expenses and potential texture changes to deter-
mine whether HPP is suitable for their specific products.

INACTIVATION OF PATHOGENS

THAT CAN CAUSE FOOD INFECTIONS

Due to the mechanisms described above, HPP has been
effectively applied for the inactivation of microorganisms
that can contaminate food products and pose a danger to
human health and life. Comparisons of pressure resistance
among vegetative cells revealed that, among foodborne
pathogens, strains of Escherichia coli O157:H7 were the
most resistant. The United States Department of Agricul-
ture (USDA) recognizes this strain as an indicator, and the
HPP process achieving a 5-log inactivation of this strain
is deemed sufficient to ensure the microbial safety of the
product [14]. To illustrate the effectiveness of HPP treat-
ment on bacterial suspensions and various liquid food
products contaminated with different microorganisms,
data from selected publications are compiled in Table 1.

Table 1. Inactivation of microorganisms in liquids and liquid food products by high hydrostatic pressure

Pressure Initial Processing | Inactivation
Pathogen Substrate ) ) Reference
(MPa) temperature (°C)| time (min) | (log CFU/mL)
Bacillus cereus CECT 131 Human milk 379 10 233 s* 4.62 [2]
(vegetative cells) 593,96 6.93
A mixture of strains Escherichia coli Raw milk 400 18 1 0,85 [33]
(NCTC 11601, NCTC 11602, NCTC 3 1.1%*
11603, NCTC 9706, NCTC 9707) 5 2.2%%
500 1 0.9%*
3 1.9%*
5 2.6%*
600 1 3.6%*
3 5.6
5 6.8
Escherichia coli 0157:H7 NCTC 12900 | Suspension 450 Not indicated 5 5.02 [34]
of bacteria in
physiological
solution
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Table 1. Continued
Pressure Initial Processing | Inactivation
Pathogen Substrate ) N Reference
(MPa) temperature (°C)| time (min) | (log CFU/mL)
A mixture of strains Listeria Raw milk 400 18 1 1.42 [33]
monocytogenes (FMT 1750, NCTC 3 1.5%*
11994, NCTC 5214, NCTC 10888, 5 2.1%*
NCTC 19118) 500 1 1.6**
3 3.1%*
5 5.48
600 1 3.2%*
3 5.65
5 5.91
A mixture of serovars Salmonella Orange juice 103 25 10 0.75 [35]
(ATCC numbers 13076, 8387, 6962, 241 25 2 0.53
9270, 14028)*** 4 0.69
8 1.44
10 1.88
380 25 2 2.76
4 5.56
8 >7
10 >7
Staphylococcus aureus CECT 976 Human milk 379 10 233 s* 2.73 [2]
593,96 5.81
Staphylococcus aureus strains Brain Heart 400 15 10 2.01 [36]
CTC 1008 Infusion 600 15 10 7.96
CTC 1019 culture 900 Not indicated 5 >8
400 15 10 1.55
600 15 10 5.78
CTC 1021 900 Not indicated 5 >8
400 15 10 1.82
600 15 10 7.32
CECT 976 900 Not indicated 5 >8
400 15 10 1.81
600 15 10 7.79
CECT 4466 900 Not indicated 5 >8
400 15 10 1.94
600 15 10 7.90
900 Not indicated 5 >8
Notes: * — units of measurement according to the original publication; ** — data are presented in the form of a graph

without specifying exact numbers, the numbers in the table are reproduced approximately; *** — description of the used
microorganisms according to the original publication. Strain numbers correspond to Salmonella enterica subsp. enterica
serovar Enteritidis ATCC 13076, Salmonella enterica subsp. enterica serovar Montevideo ATCC 8387, Salmonella enterica
subsp. enterica serovar Newport ATCC 6962, Salmonella enterica subsp. enterica serovar Anatum ATCC 9270, Salmonella

enterica subsp. enterica serovar Typhimurium ATCC 14028

Source: compiled by the author based on data collected during the literature review

When processing bacterial cultures of S. aureus with
an initial concentration of approximately 9 log CFU/mL
at a pressure of 400 MPa, A. Jofré et al. [36] demonstrated
that, with inactivation of 1.55-2.01 log CFU/mL, a por-
tion of microorganisms (up to 1.41 log CFU/mL) were
subjected to sublethal damage and did not grow on a se-
lective medium (tryptic soy agar with yeast extract and
10% NacCl). ]J. Kamenik et al. [37], in the HPP inactivation

of E. coli applied to tartare beefsteak, were able to recov-
er sublethally damaged bacteria by inoculating samples
into a liquid enrichment medium, regardless of the ap-
plied pressure (400 and 600 MPa for 5 minutes). To illus-
trate the effectiveness of HPP treatment on semi-solid
and solid food products contaminated with different mi-
croorganisms, data from selected publications are com-
piled in Table 2.
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Table 2. Inactivation of microorganisms in liquids and liquid food products by high hydrostatic pressure

Pressure Initial Processing | Inactivation
athoesy BTG (MPa) |temperature (°C) | time (min) | (log CFU/g) Rl s
Campylobacter jejuni Ground 200 4 5 0* [38]
chicken 10 0*
15 0*
300 5 2.7
10 >6.87
15 >6.87
400 5 >6.87
10 >6.87
15 >6.87
A mixture of vegetative cells of strains Emulsion- 500 4 4 cycles of 3 1.9 [39]
Clostridium perfringens type F (KCCM12098, | type pork min
KCCM40946, KCCM40947, KCTC5101) sausage
A mixture of serovars Escherichia coli Ground 250 5-7 5 0.7 [40]
(026:H11,045:H2,0103:H2, 0111:NM, beef 15%* 1.6
0121:H19, 0145) 30** 2.3
350 5 2.4
15%* 3.5
30%* 4.7
450 5 44
15%* 5.6
A mixture of serovars Escherichia coli (091, Tatar 400 3*] 5 min of 1.8 [37]
0146, 0153,0156) beefsteak 600 processing >4.7
+168 h of
storage at
4°C
A mixture of strains Escherichia coli 0157:H7 Ground 250 5-7 5 0.2 [40]
(ATCC 43888, 43889, 43890, 45756, 11082) beef 15%* 0.7
30%* 1.0
350 5 1.0
15%* 2.1
30%* 3.2
450 5 3.5
15%* 6.9
A mixture of strains Listeria monocytogenes Melon 400 8 5 2.9 [41]
(Scott A, 43256, 51742) purée 15 3.1
500 8 5 5.6
15 >7
A mixture of strains Salmonella enterica (S. Melon 300 8 5 2.7 [41]
Poona RM 2350, S. Newport H1275, S. Stanley purée 15 3.1
HO0558) 400 8 5 4.8
15 5.8
500 8 5 >7
15 >7
A mixture of strains Salmonella Typhimurium Ground 250 4-6 15 0.5 [9]
DT 104, S. Newport ATCC 6962, S. Enteritidis chicken 350 15 1.7
ATCC 13076, S. Senftenberg ATCC 8400, S. 450 10 >5
Kentucky FSIS 074
Toxoplasma gondii strain VEG Raw ham | 100-400 6%1 1 Infectious™** [42]
600
20 Non-infectious
600
cured ham 3-10 Infectious™**
20 Non-infectious

Notes: * — treatment at 200 MPa did not show statistically significant inactivation; ** — treatment for 15 and 30 minutes
consisted of repeated cycles of 5 minutes each; *** — ham samples were tested for infectivity by inoculation of mice with
subsequent detection of cysts in their brains

Source: compiled by the author based on data collected during a literature review
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The analysed studies indicated that the inactivation of
the test strains is proportional to the hydrostatic pressure
and treatment time, but it is important to note that the re-
action of bacteria to high pressure can vary depending on
the species, strain, and physiological state of the bacterial
cells. In general, gram-negative bacteria are more sensi-
tive to HPP treatment than gram-positive bacteria. This is
due to differences in the structure of the cell wall of these
types of bacteria. The outer membrane of gram-negative
bacteria contains lipopolysaccharides that are sensitive
to high pressure, whereas its absence and a thicker layer
of peptidoglycan in the cell walls of gram-positive bacte-
ria provide them with some resistance to damage caused
by HPP. However, even within a species, the sensitivity
of strains to HPP can vary. For example, Y. Liu et al. [19]
showed that among 19 strains of Campylobacter jejuni in-
oculated into ground chicken that had been treated with
HPP at 300 MPa and 30°C for 3 minutes, the inactivation
data varied greatly. The sensitive strains were inactivated
within about 3 log CFU/g, while the inactivation of the
most resistant C. jejuni strain HCJ2316 was only 0.5 log
CFU/g. Y. Zhou et al. [27] conducted a similar experiment
with the laboratory strain of Escherichia coli J]M109 and
six strains of E. coli 0157:H7 inoculated into ground beef.
While high-pressure treatment at 400 MPa and 25°C for
15 minutes inactivated the laboratory strain completely
(~8 log CFU/g), the inactivation of the pathogenic strains
ranged from 1.57 log CFU/g (strain SEA13B88) to 3.49 log
CFU/g (strain WM98A06026). These results emphasize
why a single strain should not be used in studies evalu-
ating the effectiveness of the HPP inactivation process.

S.H. Lee et al. [39] demonstrated that even with low
microbial inactivation by HPP, there was a slowdown in the
growth of vegetative cells of Clostridium perfringens. After
HPP treatment at 500 MPa for 4 cycles of 3 minutes each,
a bacterial concentration reduction of 1.9 log CFU/g was
achieved. Following this treatment, the bacterial popula-
tion did not increase for two weeks at 4°C.

Despite the positive results from experiments on the
inactivation of various microorganisms by HPP, treated
food products are not sterile and should be stored under
refrigeration. Sublethally damaged bacterial cells, under
appropriate conditions (availability of nutrients, tem-
perature changes, product storage time), may recover
and proliferate [43]. In contrast, some researchers have
shown that sublethally damaged cells do not recover and
die when storage conditions are maintained [44]. For in-
stance, an experiment with a mixture of seven strains of
Campylobacter jejuni inoculated in chicken liver demon-
strated that HPP at 250 MPa and 4°C for 10 minutes re-
sulted in a 1.3 log CFU inactivation. Storage at 4°C for 1
week led to an additional reduction in the C. jejuni pop-
ulation by 1.6 log CFU. Thus, the efficiency of HPP treat-
ment against a wide range of foodborne pathogens has
been demonstrated, and HPP technology can be combined
with existing processing methods in the food industry to
enhance their effects.

CONCLUSIONS

A review of English-language literature demonstrates the
effectiveness and wide application of HPP for inactivat-

ing pathogenic microorganisms in liquid, semi-solid, sol-
id food products, as well as physiological solutions. The
collected data from scientific publications illustrate the
potential of this food processing method as a standalone
technique and suggest its prospective use in combination
with other thermal or non-thermal processing methods.
The broad spectrum of high hydrostatic pressure action
makes this processing method versatile for controlling
vegetative microbial contamination in various food prod-
ucts and beverages, consequently reducing cases of food-
borne illnesses or other diseases transmitted through
the consumption of contaminated products. Among the
processed sources that compared the inactivation of
gram-positive and gram-negative microorganisms, results
indicated a higher sensitivity of gram-negative microor-
ganisms to HPP treatment, explained by the unique struc-
ture of their cell walls containing more pressure-sensitive
structures. Inactivation of both types of microorganisms
was proportional to the magnitude of hydrostatic pres-
sure and the processing time. In most reviewed sources,
HPP was applied without combining it with other process-
ing methods, but there are publications demonstrating its
potential enhancement with other methods.

The introduction of high hydrostatic pressure pro-
cessing technology will reduce the processing time of
products, decrease heat-induced changes in products,
while preserving natural vitamins, pigments, and flavour-
ings highly valued by consumers. The reduction of micro-
bial contamination, in addition to the improved safety of
processed food products, will also extend their shelf life.
One drawback of this method is its insufficient efficacy
in inactivating bacterial spores, a limitation shared with
other non-thermal processing methods and well-known in
the scientific community. This limitation can be overcome
by combining high hydrostatic pressure processing with
other methods. Among other considerations, it is worth
mentioning that high-pressure processing is not suitable
for all products, but only for those with a homogeneous
consistency, ensuring processing uniformity. Products
with specific textures or porosity are not suitable for HPP
treatment. To ensure quality processing for the packaging
of such products, non-toxic flexible material with resist-
ance to compression must be used.

Despite these drawbacks, high hydrostatic pressure
processing is a promising technique for enhancing the
safety and quality of food products. The results of the
review indicate a convincing path for further necessary
research and development that meets the evolving de-
mands of both the food industry and consumers. A possi-
ble direction for future research is exploring the potential
of combining HPP with other thermal and non-thermal
methods to inactivate a broader range of pathogens, in-
cluding spore-forming microorganisms.
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IHaKTMBaLia MiKpoopraHiamMiB BUCOKUM FigpOCTaTUYHUM TUCKOM:
ornsapg nitepatypm

Tapac IBaHOoBUY M'9TKOBCbKUM

Kangoupoat MeguyHmMX HayK, OOLEeHT

TepHOMINbCbKUIM HaLiOHANbHUM MeAUYHUIN YHIBEPCUTET

iMeHi |. 9. TopbayeBCcbKOro MiHicTepCcTBa OXOPOHM 300POB'a YKpaiHu
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AHoTauifl. BUKOpMUCTaHHS BUCOKOTO TiZpOCTAaTMYHOrO TUCKY MpM3HAUeHe IS 3i/iICHeHHSI HeTepMiuHOi iHaKTuBallii
MiKpOOpPTaHi3MiB y XapyoBUX WPOAYKTax, 3abe3reuyeHHsS 30epexkeHHS iX CBDKOCTI Ta 3amobiraHHS Xap4yoBUM
ingekuisM. OCTaHHi BIUIMBAIOTh HAa CUCTEMY OXOPOHMU 3[I0pPOB>SI, XapyoBY IPOMMUC/IOBICTb Ta, 6Ge3rocepenHbo, Ha
criokuBauiB. MeTo0 faHoi po60oTy 6y/10 poBefeHHs aHaIi3y JiTepaTypHUX JaHUX CTOCOBHO e(eKTUBHOCTI BMCOKOTO
riIpOCTaTMYHOIrO TUCKY IPOTU TMATOTEHHUX Ta YMOBHO IMATOTeHHMX MiKpOOpraHi3miB, SIKi IepegamThCcsl uepes
BXMBaHHSI KOHTaMiHOBaHOI iXki. [IJig omisay o6upanucs HaykoBi my6uikainii 3a 2011-2023 poku. Byno o6paHo 44
HayKOBUX ITy6ITiKalii, iHbopmallito 3 IKuX 6y710 KpUTUIHO ITpOaHaai30BaHO, CUCTEMATI30BaHO Ta 0pOPMIIEHO Y BUTJISII
omIsiAy JiTepaTypu. 3a3HaueHi MeXaHi3MM BIUIMBY BMCOKOTO TiIPOCTaTMYHOIO TMCKY Ha KJIITMHM MiKpOOpPTaHi3MiB.
Ina imoctpanii epeKTMBHOCTiI BUCOKOTO IiApOCTATUYHOTO TUCKY ITPOTU MiKPOOPTaHi3MiB IaHi 3 BUOpaHuX myosikaiiit
o0 e)eKTUBHOCTI Ta apaMeTpiB 06po6Kku 3i6paHo y Tabnuigx. [IpogeMOHCTPOBaHA iHAKTUBALIISl TAKUX KIiHIYHO
3HaUMMMX MiKpoopraHi3miB sik Bacillus cereus, Campylobacter jejuni, Clostridium perfringens, Escherichia coli, Listeria
monocytogenes, Salmonella spp., Staphylococcus aureus ta Toxoplasma gondii y pimuHax Ta NMPOAYKTaX Xap4yyBaHHS.
IMoka3aHo, 10 06pP0O6Ka BUCOKUM TUCKOM € HETEPMiUYHMM METOIOM O0OPOOKM XapuoOBMX MPOAYKTIB, O Bigpi3HsIE 1eit
METO[ Bifi TpaaAMUIIiiiHUX TepMiUHUX METOiB 06PO6KM, TaAKMUX SIK KUIT'ATIHHS ab6o racrepusalist. OgHieo 3 TOMITHUX
repeBar 3aCTOCYBaHHS BMCOKOI'O riJpOCTaTUYHOIO TUCKY € HETepMivuHa iHaKTUBallisl Pi3HMX MiKpOOPTraHi3MiB, IPU SIKiii
36epiraloThCsl MOXMBHI Ta CMAKOBi BIACTUBOCTI 06PO6IEHOr0 MPOLYKTY. TakoK 3a3HAYAETHCS, 1110 XapuoBi MPOAYKTHU
MOXXYTb 06pOOISITHCS B KiHIIeBili YIIaKOBIIi, 1110 3MEHIIYE PMU3UK iX MiKpoO6HOI KOHTaMiHallii Ha eTanax Mmicst 06po6Ku.
OCHOBHMMM HeIOJIiKaMM € HeMOK/IMBICTh IMOBHOI iHaKTHUBallil 6aKTepiaJbHMX CIIOP Ta BeIMKa BapTiCTh 061agHAHHS
I71s1 06POOKM BUCOKUM TUCKOM. [ToemHAHHS 06POOKM BMCOKMM TUCKOM i3 iHIIMMY MeTOIaMM, HATTPUKJIAL, TEPMidYHOIO
06p0O6KOI0 MOYKE BUPILIUTY 0OMEKEHHSI CTOCOBHO iHaKTMUBAallii criop

KniouyoBi cnoea: BUCOKMI TUCK; 30YTHMUKY ; 3HEITKOIKEHHS ; HETepMiuHa 06pobKa
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Abstract. Statistical modelling of peripheral haemodynamics indicators, which is conducted based on determining
anthropometric and somatotypic features of the organism, can be considered a new way of personalising instrumental
diagnostic examination. Therefore, determining the suitable rheovasographic parameters of the shin in highly skilled
volleyball players of a particular somatotype is relevant. The purpose of this study was to investigate the total influence
of indicators of the external structure of the body on the value of indicators reflecting the specific features of blood
circulation in the shin in volleyball players of mesomorphic somatotype. A comprehensive clinical and laboratory
study of the state of health and physical development of 108 volleyball players aged 16-20 years was conducted.
The method of tetrapolar rheography with the use of a diagnostic computer multifunctional apparatus was used to
determine the rheovasographic parameters of the shin, amplitude, time, and indicators of the ratio of amplitude and
time rheovasographic parameters were evaluated. An anthropometric study of total and partial body measurements was
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carried out. Somatotyping was performed using the Heath-Carter method. The study selected 28 volleyball players of
mesomorphic somatotype. Statistical models were created using direct stepwise multivariate regression analysis. For all
amplitude and time rheovasographic parameters of the hip in volleyball players of mesomorphic somatotype, statistical
models with high accuracy of description of signs were built. The 10 models included 94 anthropometric dimensions.
The key determinants of shin blood circulation parameters are body circumference (most often forearm, neck, and shin
circumference), chest and pelvic diameters, thickness of skin and fat folds (most often on the shin, abdomen, flank), and
width of the epiphyses of long tubular bones. It was found that the indicators of external body structure within 63.84-
99.99% determine the value of indicators of regional blood circulation on the shin in volleyball players of mesomorphic
somatotype. Statistical modelling makes it possible to determine the proper values of individual rheovasographic
indicators on the shin depending on the anthropometric parameters of individuals of a certain gender, age, somatotype,
which is especially significant for athletes of a certain sport, since their cardiovascular system indicators are greatly
influenced by the specifics of sports activity

Keywords: stepwise regression; statistical modelling; rheovasography; anthropometric dimensions; mesomorphic

somatotype; volleyball

INTRODUCTION
Technical and tactical efficiency in modern sport is deter-
mined by the functional state of the cardiovascular sys-
tem of athletes, the indicators of which form the body’s
response to exogenous and endogenous influences [1, 2].
D. Berhtraum et al. [3] proved that changes in cardiovas-
cular system indicators can signify the body’s adaptive
capacity, which was also noted in the studies of other
scientists [4, 5]. O. Voloshyn et al. [6] emphasise that the
ability of the human body to adapt will largely be deter-
mined by the functional state of its cardiovascular and
respiratory systems, emphasising the significance of such
studies in adolescence, when the importance of these sys-
tems increases for the harmony and sufficiency of physi-
cal development of the level of health of a young organism
against the background of considerable changes in living
conditions. The possibility of prompt diagnosis of changes
in adaptive potential is an effective way to prevent over-
work and overtraining in athletes. Scientists emphasise
the significance of central haemodynamics indicators for
sports performance and the specificity of these parameters
in individuals engaged in various sports [5, 7, 8]. However,
Y. Zhang et al. [7] note that the response of central haemo-
dynamics to physical activity is transient, and therefore it
is difficult to investigate it to obtain objective results. The
importance of peripheral circulation indicators for sports
performance was proved in the study by O. Usova et al. [9],
noting that a decrease in the functional capabilities of the
body will be accompanied by a decrease in blood filling of
blood vessels, which is expressed in a change in the value
of time and amplitude indicators of the rheogram. This is
because the condition of the vessel walls, blood flow, and
microhaemodynamics of skeletal muscles, especially in the
lower extremities, can hinder the successful sports career
of any athlete. During physical activity, the greatest chang-
es in blood supply are inherent in skeletal muscle circula-
tion, and therefore the condition of peripheral vessels is
crucial in the development of adaptive responses to sports
activities. S. Malyuga et al. [10] point out that it is neces-
sary to consider the functional state of blood vessels, which
can have a considerable impact on the processes of rapid
recovery after static physical activity. However, along with
sports activities, functional parameters of regional blood
circulation can also be affected by the specific features
of the athlete’s external body structure. Therefore, it is

crucial to determine the appropriate values of regional
blood circulation parameters of the lower extremities, spe-
cifically, rheovasographic parameters of the shin, by sta-
tistical modelling. Athletes involved in sports, particularly
volleyball, need special attention to the condition of the
vessels of the lower limb. According to the findings of the
study by O. Khapitska et al. [11], it is known that volleyball
players can often show signs of venous stasis without sub-
stantial symptoms of organic vein pathology.

Thus, the literature analysis shows the significance
of the morphological and functional state of the cardio-
vascular system, specifically peripheral haemodynamics,
which may vary depending on the characteristics of sports
activity and the constitutional characteristics of the ath-
lete. Therefore, the study aimed at conducting statistical
modelling of the rheovasographic parameters of the shin
based on the determination of the constitutional charac-
teristics of the organism is of great practical importance,
as it will allow comparing the factual values of rheovaso-
graphic parameters with the respective values determined
by concrete anthropometric features. The purpose of this
study was to create statistical models for determining the
suitable value of rheovasographic indicators of the shin in
volleyball players of mesomorphic somatotype, consider-
ing anthropometric dimensions.

MATERIALS AND METHODS
During 2017-2023, a comprehensive clinical and labo-
ratory study of the health and physical development of
108 female volleyball players aged 16-20 (youthful peri-
od of ontogeny) of high sports categories (from second
adult to masters of sports) was conducted at the Research
Centre of National Pirogov Memorial Medical University,
Vinnytsia (Pirogov VNMMU). The female volleyball play-
ers played in the following teams: “Bilozhar — Medical
University”, “Dobrodii - Medical University - SHVSM?”,
volleyball student teams of Vinnytsia higher education
institutions, children’s and youth sports schools of Vin-
nytsia and Kalynivka. Each female athlete who had at
least 3 years of sports experience and the appropriate lev-
el and age (inclusion criteria) gave informed consent to
take part in the study. All examinations were carried out
no less than 12 hours after training. Admission to further
studies was based on a preliminary electrocardiographic
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and echocardiographic examination. Exclusion criteria
were hypertension, pathological hypotension, arrhyth-
mias, mitral valve prolapse of II-IIT degree, pathological
myocardial hypertrophy.

Rheovasographic parameters of the shin in volleyball
players were determined by tetrapolar rheocardiography
using a certified computer diagnostic multifunctional
complex (developed by scientists of the Pirogov VNMMU)
and the amplitude, time, and ratio indicators of ampli-
tude and time rheovasographic parameters (integral) were
evaluated. An anthropometric study of the total body and
chest, pelvis, limbs, and head was performed according to
the recommendations of R. Shaparenko [12], and a total of
50 external body dimensions were determined. Measure-
ments were taken with certified equipment of the follow-
ing sizes: Martin’s anthropometer was used to determine
longitudinal dimensions — body height and anthropomet-
ric points (cm); centimetre tape — girth dimensions (cm),
large spreading caliper - transverse and sagittal body di-
ameters (cm), sliding caliper — width of distal epiphyses
of long tubular bones (cm), body fat caliper — thickness of
skin and fat folds (mm), and medical scales — body weight
(kg). The body surface area was calculated using the
DuBois formula [12].

S= 0425 x F07125 x 0.007 184, @

where S is the body surface area (m?); W is the body weight
(kg); H is the height (cm).

The somatotypic study was conducted using the
Heath-Carter calculation method [13], based on anthro-
pometric measurements, and the size of the somatotype
components (ectomorphic, mesomorphic, endomorphic)
was determined in points (from 1 to 7). After somatotyping,
it was found that 28 female volleyball players belonged to
the mesomorphic type. The results were analysed using the
licensed software Statistica 5.5.

To determine the variability of peripheral haemod-
ynamics of the shin from the complex total effect of an-
thropometric and somatotypic parameters, a multivariate
stepwise regression analysis was performed in compliance
with the following conditions [14]. Firstly, the coefficient of
determination R? of the regression polynomial should be
equal to or greater than 0.60, which would indicate that a
particular rheovasographic indicator depended on the to-
tal influence of constitutional factors by more than 60%,
and this would be the basis for mathematical modelling.
Secondly, the value of the Fisher’s F-criterion must be at
least 2; the calculated value of the Fisher’s criterion must
be less than its actual value. Thirdly, if the coefficient of
determination approached 1,000 and the regression pol-
ynomial included many terms, a ridge regression was ap-
plied, with the correlation coefficient artificially lowered to
allow for more stable beta coefficients.

The Bioethics Commission of the Pirogov VNMMU
found that this study does not violate the basic bioethical
standards established in the Declaration of Helsinki [15],
as confirmed by the decision of the Bioethics Commission
of the Pirogov VNMMU (Protocol No. 1 of 31 January 2018).

RESULTS

It was found that the value of the basic impedance (Ohm)
in female volleyball players of the mesomorphic somato-
type was 90.54% dependent on the complex influence of
anthropometric dimensions and somatotype components.
Most of the coefficients of this regression polynomial were
statistically significant, except for the free term, the width
of the distal epiphysis of the upper arm, and the sagittal
arch of the head. The regression polynomial of the base-
line impedance was significant (p < 0.001), and the analy-
sis of variance confirmed this (p<0.001). Since the Fisher’s
criterion of 14.89 is much higher than its calculated value
(F., =9.14), it could be argued that the constructed mathe-
matical model is significant:

BASIC IMPEDANCE = 66.12+9.323 xwidth of the distal femoral epiphysis -7.576 x shin circumference +0.996 x thickness of
the skin and fat fold on the thigh + 1.100 x height of the finger point - 3.314 x width of the distal epiphysis of the shoulder - 3.091 =
width of the shoulders +3.978 x head circumference -0.861 x thickness of the skin and fat fold on the abdomen - 1.546 x sagittal

arch of the head.

The coefficient of determination R? of 96.91% substan-
tiated the dependence of the systolic wave amplitude at the
shin (Ohm) on the complex effect of somatometric param-
eters. All coefficients of this regression polynomial were
statistically significant. Since the Fisher’s criterion of 24.12

is significantly higher than its calculated value (F  =13.10),
it could be argued that this regression polynomial is highly
significant (p < 0.001). This is evidenced by the results of
the analysis of variance (p<0.001). The statistical equation
of the model is presented as follows:

SYSTOLIC WAVE AMPLITUDE = -0.261+0.006 x fold thickness on the back of the shoulder +0.004 x neck circumference
-0.004 x shin circumference -0.010 x fold thickness on the forearm +0.005 = head circumference +0.003 x thickness of the crease
on the shin -0.001 = thickness of the crease on the abdomen +0.003 = inter-ridge distance -0.005 x forearm circumference at the
bottom -0.001 x inter-axial distance +0.002 = thigh circumference -0.002 x upper leg circumference.

It was found that the value of the incisor amplitude
(Ohm) was 83.34% dependent on the variability of the
complex of anthropometric indicators. Most of the coef-
ficients of this regression polynomial were significant, ex-
cept for the free term. Since the Fisher’s criterion of 9.38

is greater than its calculated value (F_ =8.15), it could
be argued that this regression polynomial is significant
(p<0.001). This is evidenced by the results of the analysis
of variance (p<0.001). The statistical equation of the mod-
el is presented as follows:

AMPLITUDE OF INCISURE =0.015+0.004 = relaxed shoulder girth - 0.002 x waist circumference - 0.003 x hand girth
+0.002 % intercristal distance +0.004 x width of the face +0.002 = sagittal arch of the head -0.006 x forearm circumference at the
bottom -0.001 = thickness of the fold at the lower angle of the scapula.
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The coefficient of determination R? of 99.65% substan-
tiated the variability of the diastolic wave amplitude at the
shin (Ohm) from the complex effect of 15 anthropomet-
ric dimensions. Most of the independent variables of this
polynomial had strong interrelationships with each other,
and therefore the so-called multicollinearity arose, which
required the additional use of the ridge regression meth-
od. In the new regression polynomial, the determination
coefficient R? was already only 70.83% responsible for the

variability of the diastolic wave amplitude. Most of the co-
efficients of the independent variables included in this re-
gression equation were significant, except for the free term
and the width of the lower tibial epiphysis. Since the actual
value of Fisher’s criterion of 8.74 was higher than the cal-
culated value (F_ =5.18), it could be argued that this regres-
sion polynomlal is significant (p<0.001). This is evidenced
by the results of the analysis of variance (p < 0.001). The
statistical equation of the model is presented as follows:

DIASTOLIC WAVE AMPLITUDE =0.001 - 0.002 = thickness of the fold on the anterior surface of the shoulder +0.006 x
endomorphic component of the somatotype - 0.002 x lower arm circumference +0.002 x relaxed arm circumference +0.003 x

width of the distal tibial epiphysis.

It was found that the value of the fast blood filling
amplitude of the rheovasogram of the shin in mesomor-
phic volleyball players (Om) was 85.73% dependent on the
total complex effect of indicators of the external structure
of the body. Most of the coefficients of this regression pol-
ynomial were significant, except for the free term of this

polynomial and the chest circumference at exhalation.
Generally, this linear regression polynomial is significant
(p <0.001). Since the Fisher’s criterion of 9.31 is higher
than the value of its calculated value (F =9.14), it could
be argued that the constructed mathematical model is
significant:

FAST BLOOD FILLING AMPLITUDE =0.012+0.004 = relaxed shoulder circumference -0.002 x smallest head width +0.002 x
transverse mid-thoracic diameter -0.001 x neck circumference +0.004 = width of the distal tibia epiphysis - 0.003 x shin circum-
ference +0.002 x sagittal mid-thoracic diameter +0.001 x height of the finger point -0.001 x chest circumference at exhalation.

It was found that all time parameters of the rheo-
vasogram of the shin had a rather high dependence on
the complex influence of anthropo-somatotypic charac-
teristics of the organism of volleyball players of meso-
morphic somatotype. Specifically, the variability of the
rheographic wave duration on the tibia (c) depended by
96.11% on the total complex effect of anthropometric
and somatotypic indicators. Most of the coefficients of

this regression polynomial were statistically significant,
with the exception of foot circumference. Generally, this
regression linear polynomial was statistically signifi-
cant (p<0.001), as evidenced by the analysis of variance
(p<0.001). Since the Fisher’s criterion of 32.46 was three
times higher than its calculated value (F  =10.13), it was
possible to assert the significance of the constructed
mathematical model:

RHEOGRAPHIC WAVE DURATION =-0.771+0.072 x shin crease thickness +0.049 x sagittal mid-thoracic diameter -0.023 x
lateral crease thickness +0.044 x neck circumference -0.034 x lower forearm circumference +0.115 x width of the distal epiphysis
of the upper arm -0.012 x width of the shoulders -0.021 x foot circumference +0.030 x transverse mid-thoracic diameter -0.011 x

height of the acetabulum.

The coefficient of determination R? of 89.61% sub-
stantiated the variability of the time value (s) of rise part
from the complex influence of somatometric indicators.
All coefficients of this regression polynomial were statis-
tically significant. Since the Fisher’s criterion (16.09) was

twice as high as its calculated value (F_ =8.15), it could be
argued that this regression polynom1al was highly signifi-
cant (p<0.001), and the analysis of variance confirmed this
(p<0.001). The statistical equation of the model is present-
ed as follows:

TIME OF THE RISE PART=-0.303+0.021 x hand circumference +0.012 x hip circumference -0.025 = lower forearm circum-
ference -0.021 x smallest head width +0.018 x lower jaw width -0.004 x waist circumference +0.008 x relaxed shoulder circum-

ference -0.004 x external conjugate.

The variability of the time value (s) of the down part of
the rheovasogram of the shin by 94.72% in mesomorphic
female volleyball players is conditioned by the value of 10
anthropometric body sizes. Most of the coefficients of this
regression polynomial were statistically significant, except
for forearm circumference in the lower third and the width

of the distal tibial epiphysis. Since the Fisher’s criterion
(23.29) was more than twice as high as its calculated value
(F., =10.13), this regression linear polynomial was consid-
ered reliable (p<0.001), and the analysis of variance con-
firmed this (p<0.001). The statistical equation of the model
is presented as follows:

TIME OF DOWN PART =-0.637 +0.059 x thickness of the fold on the shin +0.053 x sagittal mid-thoracic diameter -0.019 x
thickness of the fold on the side +0.033 x neck circumference -0.031 x inter-articular distance +0.041 x width of the distal epi-
physis of the upper arm -0.027 = lower forearm girth +0.025 x inter-articular distance -0.039 x face width -0.042 = width of the

distal epiphysis of the shin.

The coefficient of determination R? of 95.91% deter-
mined the dependence of the time of rapid blood filling

(s) on the complex effect of 10 indicators of the exter-
nal structure of the body. Almost all of the coefficients
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of this regression polynomial were significant, with the
exception of the largest head width. Since the Fisher’s
criterion (30.35) was three times higher than its calculat-
ed value (F_ =10.13), the polynomial for determining the

time of rapid blood filling was considered highly signif-
icant (p<0.001), and the analysis of variance confirmed
this (p < 0.001). The statistical equation of the model is
presented as follows:

RAPID BLOOD FILLING TIME =-0.124-0.020 x smallest head width +0.015 x transverse mid-thoracic diameter + 0.012 x
sagittal mid-thoracic diameter - 0.003 x inspiratory chest circumference + 0.003 x relaxed shoulder circumference + 0.002 x fin-
ger point height - 0.004 = intercristal distance - 0.002 x thickness of the side crease + 0.001 x thickness of the abdominal crease

+0.004 x largest head width.

The variability of the value of the slow blood filling
time (s) of the shin rheovasogram depended by 99.81% on
the total effect of 13 indicators of the external structure of
the body. To reduce the multicollinearity of the independ-
ent variables of this polynomial, a constant was added to
the correlation matrix. However, after applying the method
of ridge regression, it turned out that the Fisher’s crite-
rion was 5.79, which was lower than its calculated value

(F, = 6.17), which contradicted the condition of the regres-
sion analysis, and therefore the mathematical modelling
was carried out without ridge regression. All coefficients of
the independent variables of the polynomial were signifi-
cant. Generally, the regression linear polynomial was sig-
nificant (p<0.001). Since the Fisher’s criterion of 36.78 was
three times higher than its calculated value (F_ =13.10),
the statistical model was statistically significant:

SLOW BLOOD FILLING TIME =-0.071+0.007 x neck circumference - 0.004 x waist circumference - 0.002 x shoulder width
+0.006 x largest head width +0.002 x thigh crease thickness +0.004 x smallest head width -0.018 x distal tibia width +0.006 x
transverse mid-thoracic diameter +0.003 x chest crease thickness -0.001 x forearm crease thickness +0.005 x forearm girth at
the bottom -0.004 x width of the distal epiphysis of the upper arm +0.001 x width of the lower jaw.

Since the integral rheovasographic parameters of the
shin are derived from amplitude and time parameters, it
was not advisable to perform statistical modelling to de-
termine the appropriate values of each of them, but the
analysis of the constitutional determination of their var-
iability was performed. Specifically, the coefficient of de-
termination R? of 88.71% determined the dependence of
the dicrotic index on the complex effect of 10 indicators
of the external structure of the body. The variability of the
diastolic index depended on the complex effect of 22 an-
thropometric parameters by 99.99%, and after applying the
method of ridge regression, the coefficient of determina-
tion R? decreased to 63.84%. The variability of the average
slow blood filling rate of the shin rheovasogram by 71.23%
depended on the complex effect of constitutional parame-
ters. Indicators of the tone of all arteries of the shin rheo-
vasogram and the tone of medium and small diameters in
mesomorphic volleyball players depended on the complex
influence of a considerable number of anthropo-somato-
typic parameters by 100%; after applying the method of
ridge regression, the coefficient of determination in the
first case decreased to 66.23%, in the second - to 53.33%.
Other integral rheovasographic parameters of the shin had
low accuracy of feature description.

DISCUSSION
Under the influence of constant physical exertion in the
athlete’s body, the mechanism of adjusting various or-
gans and systems to the demands of a particular sport is
launched, which ensures rational or irrational adaptation
to training and competitive activity [16]. Systematic vol-
leyball training leads to substantial changes in the car-
diovascular system in adolescent female athletes. Thus,
Y. Yakusheva [17] found that stroke volume and stroke
index, minute blood volume, blood volume velocity, left
ventricular power were significantly higher in female vol-
leyball players compared to the control group, while the
total peripheral resistance in female volleyball players

was several orders of magnitude lower. Furthermore, the
author argues that volleyball players with different so-
matotypes have substantial differences in central hae-
modynamics. S.L. Popel et al. [18] also found changes in
response to physical activity in the cardiohemodynamics
of volleyball players, specifically, the values of stroke and
minute blood volumes, and changes in red blood cells in
the peripheral blood were recorded. The peripheral circu-
lation of female athletes in this specialisation also under-
went certain changes. I. Stepanenko et al. [19] note that
female volleyball players, compared to girls who did not
engage in sports, had substantial differences in the value
of regional blood circulation indicators. Specifically, they
registered higher values of amplitude and time indicators
on the shin, namely, the amplitudes of fast blood filling,
systolic and diastolic rheovasogram waves, rheographic
wave duration, time of the rise and down parts of the rhe-
ogram, and slow blood filling of the shin rheovasogram.
For female volleyball players to achieve high sport-
ing results, it is crucial to be able to predict possible de-
viations in regional blood circulation and to predict the
appropriate rheovasographic parameters. One of the ways
of such mathematical forecasting is statistical modelling
of the proper values of peripheral haemodynamics indi-
cators based on the influence of constitutionally deter-
mined anthropometric parameters. L.C. Summer et al. [20]
note that changes in body weight composition during the
competitive season in field hockey athletes are accompa-
nied by changes in sports performance. N. Nalyvayko et
al. [21] conducted a correlation analysis between haemo-
dynamic bioimpedance indices and body composition in
women with different types of haemodynamics. O. Vyso-
chanskiy [22] found numerous correlations between an-
thropometric and somatotypic parameters and hip and
tibia rheovasograms in practically healthy boys from Po-
dillia. Therefore, the present study was based on statistical
analysis to investigate the relationships and interdepend-
encies between the rheovasographic parameters of the
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shin and indicators of the external structure of the body
in volleyball players of mesomorphic somatotype. The au-
thors of the present study built 10 statistical models for
all amplitude and time parameters of the shin rheogram.
Notably, the principal factors of variability of the baseline
impedance in female mesomorphic volleyball players were
mainly anthropometric dimensions of the lower limb and
the shape of the head, which can be considered as a so-
matotypic attribute. The baseline bioelectrical impedance
reflects the body’s resistance to alternating current, which
results from tissue resistance to current and the reactive
resistance associated with the capacitive component of
the tissue. O. Di Vincenzo et al. [23] conducted a retro-
spective analysis of the significance of determining the bi-
oelectrical impedance in representatives of various sports
and noted that changes in its value are directly related to
sports performance. Furthermore, the variability of the bi-
oelectrical impedance itself depends on age and gender.
J.C. Koury et al. [24] found that the values of bioimpedance
indices in male athletes of different sports were lower at a
younger age, and there were direct correlations with body
weight and body mass index. However, despite the inter-
est of scientists in using such a non-invasive and afforda-
ble method in the practice of sports medicine, there is no
unanimous understanding of the reasons that can lead to
changes in performance. Therefore, the use of multivari-
ate regression analysis to determine the causes of varia-
bility in the rheovasographic parameters of the shin may
provide an answer to this question. Each built statistical
model makes it possible to individually determine a sep-
arate indicator of peripheral haemodynamics for a female
volleyball player of mesomorphic somatotype, considering
their anthropo-somatotypic characteristics.

The 10 statistical models built in this study includ-
ed 94 dimensions of the external structure of the body.
Among them, body circumference was the most frequently
represented, accounting for 35.11% of all predictors of the
regression polynomial and being included in all the mod-
els built (100%). Forearm circumference was included in 7
models; neck circumference was included in 5 models; shin
circumference was included in 4 out of 5 statistical models
of rheovasogram amplitude indices.

Notably, a considerable influence on the value of rhe-
ovasographic parameters of the shin in volleyball players
of mesomorphic somatotype of the chest and pelvis diam-
eters was established - they accounted for 19.15% of all
anthropometric sizes of regression polynomials and were
included in 90% of the built models, only the value of the
amplitude of incisure was not significantly influenced by
body diameters. Of this group of anthropometric measure-
ments, the most commonly included in the models were
transverse mid-thoracic (40% of models), anterior-poste-
rior mid-thoracic (40% of models), shoulder width (30% of
models), and intercristal distance (30% of models).

Furthermore, the variability of these regional circula-
tion parameters also depended on the width of the epiphy-
ses of the long tubular bones, which accounted for 9.57%
of all predictors and were represented in 6 models (60%).
The thickness of the skin and fat folds accounted for
17.02% of all predictors of the regression polynomials and
was included in 8 models (80%), most often skin and fat
folds were present on the shin, abdomen, and flank area.

V. Khavtur et al. [25] performed statistical modelling
of thigh rheovasographic parameters in female volleyball
players of ectomorphic somatotype, for which 16 regres-
sion models were built, and they also modelled integral
rheovasographic parameters. Notably, in female volleyball
players of ectomorphic somatotype, who are distinguished
by significant height, predominance of longitudinal body
dimensions over transverse ones, low fat deposition, varia-
bility of regional blood circulation indicators on the thigh
by fewer indicators of external body structure, because the
16 regression models included 94 anthropometric and so-
matotypic dimensions. To the greatest extent, the variabil-
ity of rheovasographic parameters of the thigh in female
ectomorphic volleyball players was conditioned by the
thickness of fat folds, head size, girth and anterior-posteri-
or body dimensions, and somatotype components.

Thus, modelling cardiovascular system parameters
using statistical methods is a modern approach that al-
lows individualising test results, considering the unique
features of each person’s body structure and revealing the
biomechanics of physiological processes.

CONCLUSIONS

The obtained findings, which were based on the use of mul-
tivariate regression analysis, made it possible to fulfil the
purpose of this study. This is because for all amplitude and
time indicators of the rheovasogram of the shin in female
volleyball players of mesomorphic constitutional type, sta-
tistical models with high accuracy of description of signs
were built, which make it possible to determine the appro-
priate values of regional blood circulation indicators on
the shin, considering the anthropo-somatotypic character-
istics of each athlete.

A reliable predominant influence of indicators of the
external structure of the body on the variability of rheo-
vasographic parameters of the shin in volleyball players of
mesomorphic somatotype was established, as evidenced
by the high values of the coefficients of determination of
regional blood circulation in the shin. For the amplitude
indicators of the shin rheovasogram, the values of the de-
termination coefficients were within the following limits:
R2=0.833-0.996; for time — R?=0.896-0.998, for integral —
R?=0.638-0.999.

The 10 statistical models of the amplitude and time
indices of the shin rheovasogram included 94 dimensions
of the external body structure. According to the results of
the stepwise regression analysis, the largest value of the
parameters of shin rheovasography was determined by the
body circumference, which accounted for 35.11% of all pre-
dictors (most often the circumference of the forearm, neck,
and shin), and was included in 100% of the models; chest
and pelvic diameters (19.15% of all anthropometric dimen-
sions of regression polynomials and included in 90% of the
models); thickness of skin and fat folds, which account-
ed for 17.02% of all predictors and included in 80% of the
models (most often folds on the shin, abdomen, and flank);
width of the epiphyses of long tubular bones (9.57% of all
predictors and included in 60% of the models).

The obtained results make it possible to analyse and
determine the appropriate parameters of peripheral hae-
modynamics in youth volleyball players of mesomorphic
somatotype during screening studies of female athletes,
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AHoTauifa. CTtaTucTMYHE MOJE/NIOBAaHHSI MOKA3HUKIB repudepuvyHoi reMoguHaMiKu, sSKe MPOBOAUTHCS Ha OCHOBI
BU3HAUEHHS aHTPOIOMETPUUHMX i COMaTOTUITONIOTIUHUX 0COGIMBOCTEl OPTaHi3My MOKHA BBAXKaTV HOBUM CITOCOO0M
nepcoHasi3anii iHCTPyMeHTaIbHOTO AiarHOCTUYHOTO OOCTeskeHHsI, TOMY BU3HAUeHHS HaJeXHUX peoBa3orpadiuyHmx
nmapaMeTpiB rOMiJKM Yy BUCOKOKBai(hiKOBaHUX BOJIEMGOMICTOK OKPEMOTO COMATOTUITY € aKTyaldbHUM. MeTa po6oTU
Tosigraja y JOCTiIKeHHi CyMapHOTO BIUIMBY TOKAa3HMKIB 30BHIIIHBOI OGyIOBM Tija HAa BEJMUMHY MMOKA3HMUKIB, SIKi
Bimo6GpaskaloTh 0COG0BOCTI KPOBOOOGITY Ha TOMIMIli, y BOJEI60MiCTOK Me30MOPGHOTO COMATOTUITY. IIpoBemeHO
KOMIUIEKCHE KJTiHiKO-J1abopaTopHe JOCTiIKeHHSI CTaHy 340poB’s Ta (hi3uuHoro po3BuTKy 108 Boseit6omicToK Bikom 16-
20 pokiB. 17151 BU3HAUeHHS peoBa3orpadiyHMX MOKa3HMKIB TOMiJIKY BUKOPUCTOBYBAIM METOZ, TeTParoyisipHoi peorpadii
i3 3aCTOCYBaHHSIM AiarHOCTUYHOTO KOMIT'I0TepHOro 6araTodyHKI[iOHATBHOTO anapary, OLiHIOBaIM aMILUTITYAHI, YacoBi
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Mathematical modelling of peripheral haemodynamics...

Ta TIOKa3HMKM BiIHOIIEHb aMIUTITyJHUX i 4acOBMX peoBasorpadiuHux rmapaMmeTpiB. 3AiliCHEHO aHTPOIOMETPUYHE
OOCTiIKEHHSI TOTAJIbHUX Ta TMapIiaJbHMX Po3MipiB Tima. CoMaTOTUITYBaHHS MpoBemeHO 3a MeTomom Heath-Carter.
Bimi6pano 28 BoseiibonmicTok Me3omopdHOTro comaToTuiy. CTBOpPEHHSI CTAaTUCTUUHMX MOJeNneil TpPOBeIeHO 3
BUKOPUCTaHHSIM IMPSIMOTO MOKPOKOBOTO 6araTodakTopHOro perpeciitHoro aHamisy. st BCiX aMILTITygHUX i 4acOBUX
peoBasorpadiuHux mapamMeTpiB CTerHa y BoJeit60icTOK Me30MOp(dHOro cCOMaTOTUITY Oy/iM MOGYmOBaHi CTaTUCTUUHI
MOJIeJTi 3 BUCOKOIO TOUHICTIO omycy o3Hak. [lo 10 mo6ymoBaHMX MoOfesieii yBiifiao 94 aHTPOIIOMETPUUHMUX PO3MipiB.
Haii6inbiiie BM3HAYAIOTh BEJIMUMHY TapaMeTpPiB KPOBOOGIry rominiku o6XBaTHi po3Mipu Tina (Haityacrime o6xBaT
repenruivus, mui Ta TOMiJIKM), AiaMeTpy TPYOHOI KJIITKU Ta Ta3y, TOBIIMHA IMIKiPHO-KMPOBUX CKIAJOK (Haivacrimie
Ha TOMiJIi, XMUBOTi, 60KY), MKUpPUHA emidi3iB JOBIUX TPyOUacTUX KiCTOK. BCTaHOBJIEHO, IO MTOKA3HMUKM 30BHIITHbOL
6ymoBM Tima y Mexkax Bim 63,84 % mo 99,99 % neTepMiHYIOTb BeIMUYMHY TMOKA3HMKIB perioHaJIbHOrO KPOBOOOIry Ha
rOMiNIi y BOJMEi60MiCTOK Me30MOpPhHOro coMaToTury. CTaTUCTUUHE MOJENIOBAHHS HAZA€ MOKIUBICTh BUSHAUUTU
HaJIeXKHI 3HAYeHHS OKpeMMX peoBa3orpadivHMuX MOKa3HMKIB Ha TOMIJIIIi 3aJIe;KHO Bi aHTPOIIOMETPUYHMX ITapaMeTpPiB
oci6 meBHOI cTaTi, BiKy, COMaTOTUITY, 0 OCOGIMBO BasKIMBO ISl CIIOPTCMEHIB MEBHOTO BUAY CIIOPTY, TOMY IO iXHi
MTOKA3HNKM CEePLIeBO-CYIMHHOI CCTEMM 3a3HAIOTh KOJIOCATbHOTO BIUIMBY CeldiKy CIIOPTUBHOI TisTbHOCTI

KnioyoBi cnoBa: MOKpOKOBAa perpecist; cCTaTUCTMUYHE MOAETIOBAHHS; peoBa3orpadis; aHTPOMOMETPUYHI PO3MipH;
Me30MOPQHUIT COMATOTUIT; BOIEIO0I
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