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Abstract
Keywords: An analysis of existing cardiovascular system models with regulatory loops
cardiovascular system model;  ysed for research purposes and disease diagnosis in medicine has been conducted.
Kolmogorov-Arnold Networks A dynamic model of the cardiovascular system that accounts for regulatory

(KANs); processes is proposed. The model incorporates one of the key aspects of blood
regulatory and control circulation regulation—neural regulation—achieved through the sympathetic and
elements parasympathetic nervous systems. The sympathetic nervous system stimulates the

heart to increase the rate and strength of contractions and causes the constriction of
peripheral vessels, thereby raising blood pressure. Conversely, the parasympathetic
nervous system decreases the heart rate and promotes vessel dilation, lowering blood
pressure. These mechanisms interact closely to maintain stable blood circulation in
response to the organism's changing physiological needs. Humoral regulation includes
the action of various hormones and bioactive substances circulating in the blood that
affect the cardiovascular system, which is also considered in the model. The dynamic
component of the regulatory system at the intermediate level (humoral system) in the
model simulates the formation of mediators, such as adrenaline and noradrenaline,
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which travel through the blood vessels. The effects of hormones from the intermediate
level on the cardiovascular system are sensed by receptors, such as baroreceptors and
chemoreceptors, located in the aorta and the pulmonary circulation, among other
places. To enhance the model's functionality, the intermediate regulatory level of the
humoral system incorporates a Kolmogorov-Arnold Networks (KANs) system. The
KAN network is trained on a knowledge base derived from dozens of acute critical
cardiovascular situations. This model can subsequently be used for computer-based
prediction and diagnosis of patient diseases and for training medical students.
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AmnHoTartist

[IposedeHo aHanis icHyo4ux modeneli cepuyeso-cyOUHHOT cucmemu 3 KOHmypamu
pezyaauii, ki sukopucmosyromeca 04153 00CAiOHUX Yyisnel ma diazHOCMUKU 3ax8opto-
80Hb Y MeOUUUHI. 3anpONOHOBAHO OUHAMIYHY MOOe/b cepyeso-CyOUHHOI cucmemu,
KA 8pAX0BYE npouyecu pezyaayii. B modesi BUKOPUCMAHO OOUH 3 K/OYOBUX dCneK-
mig pezy/1t08dHHA KPOBOODI2y - Hepeosa pezy/aauis, ska 30ilCHIEMbCA Yepes3 CuM-
NamuyHy ma ndpdcumndmuyHy Hepeosi cucmemu. CumMndmuyHa Hepsosd cucmemd
CMUMYAIOE cepue 00 36i1bWeHHs 4dcmomu CKOPOYEeHb Md CUAU cepuesux yodpis, d
MAKoM 38YMCEHHA nepudepuyHUX CyOUH, Wo nidsuwye apmepiaasHuti muck. lapa-
CUMNAMUYHA HEPBOo8d cucmemd, HA8NdKU, 3HUMCYE YacCmomy Cepuesux CKOPOYEHb i
CNPUSIE PO3WUPEHHIO CyOUH, 3HUMCYOYU MucK. Li mexaHizmu ditome y micHili 83aemo-
0ii 0215 niompumaHHa cmabinbHO20 Kposoobizy y 8i0n08i0b HA 3MiHHI ¢izionoziuri no-
mpebu opzaHiamy. [ymopanbHa pezyauis 8kntoude 6 cebe 0ito pisHUX 20pMOHI6 ma bi-
OdKMUBHUX PeY0B8UH, SKi UUPKY/IOIOMb y KpO8i md 8n/1usdioms Hd cepueso-cyOUHHY
cucmemy, W0 Makoi 8pdxo8aHo 8 Mooei. JUHAMIYHA AAHKA cUCMeMmMu pe2y/It08AdHHS
HA NPOMINCHOMY pigHi (2ymopasbHa cucmema) 8 modei imimye ymsopeHHs mediamo-
pis, Hanpuknad, adpeHaniHy i HopadpeHasiHy, aKi nepemiulyromescs 3 Kpos’to no cy-
OuHam. Pe3ysabmam Oii 20pMOHI8 3 NPOMINCHO20 piBHS HA cepuyeso-cCyOUHHY cucmemy
PopmyemMbCs ceHCcopamu, AKi 881510Mb c060, HANPUKAAd, 6apo-, XxeMo-peuenmopu,
pO3mawosani 8 aopmi, cepedosuuyi Mas020 Koaa i m.n. [A5 NOKPAWEHHS PyHKUY,io-
Ha/nbHOCMIi MoOesi 8 NpomixucHUU piseHb pezy/auil 2yMopasnbHOT cucmemu 8gedeHd Me-
pexca Kolmogorov-Arnold Networks (KANs). Mepexcy KAN Hagyarome Ha 6a3i 3HaHb
HA84d/bHOT BUBIPKU 3 decamkie 20CMpuUX KpUMuUYHUX cumyayili cepyeso-cyOuHHOT
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cucmemu. B nodasbwomy maky mooe/sib MOMHA 8UKOpUCMoOgys8dmu 0415 Komn’iomep-
HO20 NPO2HO3YBAHHA MA PO3Ni3HABAHHA 3dXB0PIOBAHHA NAUIEHMIB Ma 0419 HABYAHHS

cmyOeHmig medukis.
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Introduction

Since the 1970s, one of the trends in
the development of medicine has been the
application of mathematical models and
methods for the diagnosis and treatment
of patients. In our country, this direction
began to develop successfully in the 1980s
and 1990s by one of the renowned schools
led by Academician Mykola Mykhailovych
Amosov. This approach has proven
promising due to the development of
science at the intersection of mathematics,
medicine, and engineering [1, 2]. The
capabilities of this field have allowed for
the determination and comparison of
quantitative characteristics of biological
systems, identification of inherent causes
of complications, development of methods
for disease diagnosis, and management
of anesthesia in patients during and after
heart and vascular surgeries. A technology
for individualized therapy, optimal for each
patient,wasdeveloped,testedinexperiments,
and implemented in clinical practice.

The early work of the Department
of Biocybernetics at the Institute of
Cybernetics of the Academy of Sciences
of the Ukrainian SSR was associated with
modeling various metabolic processes at the
cellular and organismal levels. In the mid-
1960s, German and American scientists
proposed mathematical models of certain
physiological processes such as respiration,
circulation, and thermoregulation.
However, there were few such models, and
the approaches to their development and

https:/ /science.bsmu.edu.ua/

methods of implementation were diverse
[3]. A mathematical model of the cell's
biochemical processes was also proposed.
Due to the complexity of cellular metabolism
and the imperfection of computational
technology, this model included only some
of the most important chains of biochemical
reactions, specifically ATP synthesis,
some amino acids, nucleic acids, etc. [4].

Tocreateamodel ofthe human organism
as a whole, it was necessary to model the
systems that ensure its vital activity. From
1968 to 1975, a team of employees from the
DepartmentofBiocyberneticsattheInstitute
of Cybernetics of the Ukrainian SSR, led by
Mykola Mykhailovych Amosov, worked on
creating a mathematical description and
digital models of several crucial systems of
the organism and studying some of their
self-regulatory processes. This included
developing a comprehensive model of
interconnected physiological systems and
using it to study the regulation of vital
functions of the organism under normal
conditions, and applying the model to
reproduce simplified pathological situations.

Digital models of subsystems of some
physiological systems of the so-called
internal sphere of the organism were also
developed: circulation, external respiration
and tissue metabolism, water-salt balance,
thermoregulation. The work was carried
out in three stages: the construction of
mathematical models, the study of digital
models of individual physiological systems
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and processes, and the examination of a
complex of digital models of interconnected
physiological systems of the human body.

This resulted in the creation of a
comprehensive model for the regulation of
vital functions of the human body under
normal conditions. Research on these
models demonstrated that theoretical data
aligned well with experimental data. The
material obtained could be used both for
quantitative analysis of experimental and
clinical data and for the systemic analysis
of physiological functions. Using the created
mathematical model, scientists investigated
the regulatory processes of physiological
functions under normal body conditions

when  simulating physical exertion.
The results allowed them to conclude
that most of the model's reactions

corresponded to experimental data. The
proposed complex model of interconnected
physiological systems of the human body
could also be used to study the role of factors
characterizing the adaptation process
to physical exertion. This information is
particularly important for applications in
labor physiology and sports. Additionally,
the model was used to study the regulation
of physiological functions under conditions
of heart pathology, specifically heart
failure. The developed model proved
to be suitable for reproducing certain
pathological states of the human body [3].

For an extended period, artificial
reproduction of various diseases and
pathological conditions in animal

experiments has been widely used in
medicine. The realization that the human
body can function in conjunction with
technical systems led to the emergence of
biotechnical systems. One direction of their
development was the creation of systems
to compensate for lost physiological
functions of the body—vegetative, sensory,
and motor. Another direction was the
development of systems to support the
physiological functions of the human body

https:/ /science.bsmu.edu.ua/

in extreme environmental conditions [3].

The advancement of cybernetics,
electronic computing technology, and
informatics enabled mathematical modeling
of various functional disorders, pathological
conditions and processes, and specific
diseases and their complications. At the
initial stage, cybernetic methods found the
most extensive application in physiology,
exemplified by obtaining important
characteristics of organs and systems.

The most general is the dynamic
characteristic, which reflects the
change in functions over time under
different load conditions. A  static
characteristic can be obtained in a
stationary mode when transitioning
from one stable level to another [6].

The development of instrumental
base allowed for the registration of
many functions and the processing of
large amounts of research results. As a
result, it became possible to obtain data
for quantitative models of algorithmic
or structural types. In the first case, a
scheme of disease development can be
drawn, and an algorithmic description
of the model with corresponding digital
matrices can be created, followed by
probabilistic calculations of the dynamics
of the patient's pathological process.

In the second case, during a model
experiment, pathological characteristics of
organs were obtained, which could be used
to predict the disease progression using
network structural models. However, there
were certain difficulties in creating models.
Machine modeling could not compensate for
the lack of knowledge about the essence of
phenomena that could not be investigated
at the time the model was created.

Quantitative characteristics of even well-
studied organs were lacking. Additionally,
obtaining pathological characteristics of
organs and systems was challenging as
model experiments took a long time and
were difficult to replicate. Despite these
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difficulties, the first object chosen for
the application of quantitative modeling
methods in physiology was the heart, as
it is one of the most important human
organs and can function in isolation.

The fact that M.M. Amosov, who led the
work, was a cardiac surgeon also played a
significantrole. However,thevarietyoffactors
affecting heart activity complicated the
creation of a complete model of its function.

Therefore, the research was conducted
on the heart-lung preparation and was
limited to the types of characteristics of heart
activity. Asaresult, theissueofunambiguous
quantitative description of heart function
under clearly defined conditions was
resolved. Additionally, new properties of the
mathematical model of the myocardial self-
regulation system were demonstrated [6].

At the core of cardiovascular system
modeling technology were hemodynamic
models that represented the pulsating heart
(left and right ventricles, atria, and vascular

network), self-regulation of the heart, blood
vessels, and circulating blood volume, as well
as the humoral background (natural and
induced by the administration of dopamine,
adrenaline, other medications, and fluids).
As a result, significant reductions in
complications, mortality, and improvements
in therapy quality were achieved [7].

Abroad, the development of
cardiovascular system models followed a
somewhat different path. Electrical and
physico-technical analogs were widely used.
In this context, let's consider the most well-
known models of blood circulation. The
study [8] describes the Windkessel model
with lumped parameters, which serves as
the foundation for a whole family of zero-
dimensional models. Despite the simplicity
of such models and the lack of descriptions of
regulatory mechanisms, attempts are made
to use them to assess various hemodynamic
parameters [9]. Many models are built based
on hydraulic or electrical analogies [10-12].

The aim of the study is to create a model of the cardiovascular system for blood

circulation regulation with control elements.

Model of blood circulation regulation in the cardiovascular system

The cardiovascular system plays a key
role in supplying the body with essential
nutrients and oxygen, as well as in
removing metabolic wastes. The importance
of this system for maintaining the body's
homeostasis cannot be overstated. The
main components of the cardiovascular
system are the heart, blood vessels, and
blood, which work synchronously to
maintain circulation. The regulation of blood
circulation is carried out through a complex
set of mechanisms that include nervous,
humoral, andlocal regulatory pathways [13].

One of the key aspects of circulation
regulation is nervous regulation, which is
carried out through the sympathetic and
parasympathetic nervous systems. The
sympathetic nervous system stimulates the
heart to increase the heart rate and the force

https:/ /science.bsmu.edu.ua/

of cardiac contractions, as well as constrict
peripheral vessels, which raises blood
pressure. The parasympathetic nervous
system, on the other hand, decreases the
heart rate and promotes vasodilation,
lowering blood pressure. These mechanisms
work in close interaction to maintain
stable blood circulation in response to the
body's changing physiological needs. [14].

Humoral regulation involves the
action of various hormones and bioactive
substances that circulate in the blood
and affect the cardiovascular system.
For example, the renin-angiotensin-
aldosterone system (RAAS) plays a key role
in regulating blood volume and arterial
pressure. Angiotensin II, the main hormone
of this system, causes vasoconstriction and
stimulates the release of aldosterone, which
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promotes sodium and water retention, contributes to vasoconstriction and
thereby increasing blood pressure. [15]. may increase arterial pressure [16].

Local regulatory mechanisms include
endothelial factors such as nitric oxide
(NO) and endothelin-1. NO is a potent
vasodilator that reduces vascular tone
and promotes vessel dilation, improving
blood flow. Endothelin-1, on the contrary,

Regulation of blood circulation also
involves the integration of various signals
and feedback mechanisms that provide
adaptive responses to physical exertion,
stressful situations, and other external
influences. For instance, during physical

Figure 1 — Structural model of cardiovascular system regulation using control elements (Signals traveling
along blood vessels are marked in red, signals traveling along nerve fibers are marked in blue)
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exertion, there is an increased demand
for oxygen, leading to an elevation
in cardiac output and redirection of
blood flow to the working muscles [17].

Thus, the comprehensive regulation of
blood circulation within the cardiovascular
systemencompassesnumerousmechanisms
operating at various levels of organization

to ensure the adequate supply of essential
substances to organs and tissues. Further
research into these mechanisms is crucial
for developing new therapeutic approaches
to treating cardiovascular diseases.

Modeling the regulatory processes
of the cardiovascular system is valuable
from a control theory perspective, as it

Figure 2 — Structural model of cardiovascular system regulation using Kolmogorov-Arnold Networks
(KANs) (Signals traveling along blood vessels are marked in red, signals traveling along nerve fibers are
marked in blue)
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enables researchers and clinicians to intermediate level (humoral system)

better understand and predict the behavior
of this complex system under various
conditions. The use of mathematical
models and computer simulations allows
for the study of cardiovascular system
responses to different physiological and
pathological stimuli, which would be
difficult or impossible to accomplish in vivo.

The proposed model for regulating the
cardiovascular system (Fig. 1) consists of
the primary level, the intermediate level,
and the control object—the cardiovascular
system. Within the control object, there
is also a local self-regulation system,
which represents an uncontrolled level of
regulation relative to the primary level.

Nerve signals el...en, generated at the
primary level as the difference between
signals indicating the organism's condition
(Body_condition, Body c,...Body c ) and
signals y,...y_ from the control object, are
transmitted to the intermediate level. In the
model, a proportional-integral-derivative
(PID) control law [18] is used to regulate
these signals—this is the simplest algorithm
for the functioning of an automatic regulator
Y>PID, defined by the following formula:

Kpe(t) + K, f e(t) dt + K, de(t)

PID =
Z dt ,
where Kp, Ki, and Kd are
the proportional, integral, and
derivative coefficients, respectively.

The dynamic element YPID at the

Conclusion

A promising direction in the diagnosis
and computer-based prediction of diseases
involves the creation of models that enable
the assessment of the state and pathological
processes of the cardiovascular system. This
approach allows for the prediction of blood
circulation status resulting from therapeutic
interventions and manipulations without
harming the patient. Additionally, such
a simulator can be used for educational

https:/ /science.bsmu.edu.ua/

simulates the formation of mediators x1...
xn, such as adrenaline and noradrenaline,
which are transported through the blood
vessels. The effect of hormones from the
intermediate level on the cardiovascular
system is sensed by receptors, such as
baroreceptors and chemoreceptors, located
in the aorta, pulmonary circulation, etc.

Another version of the cardiovascular
system regulation model is presented
in Fig.2. The intermediate regulatory
level of the humoral system incorporates
Kolmogorov-Arnold Networks (KANs) [19]
as a promising alternative to Multi-Layer
Perceptrons (MLP) neural networks. While
MLPs have fixed activation functions at the
nodes ("neurons"), KANs feature activation
functions that can be trained on the
edges ("weights"). KANs do not have linear
weights at all—each weight parameter is
replaced by a one-dimensional function
parameterized as a spline. These differences
in KANs lead to advantages over MLPs in
terms of accuracy and interpretability. In
terms of accuracy, much smaller KANs
can achieve comparable or better accuracy
than much larger MLPs. In this model, the
KAN network is trained on a knowledge
base derived from dozens of acute critical
cardiovascular situations. Such a model can
subsequently be used for computer-based
prediction and diagnosis of patient diseases
as well as for training medical students.

purposes in medical institutions. The
further development of these cardiovascular
system models could lead to the creation
of a medical simulator in the NI LabVIEW
software environment [20]. Biomedical
engineering is one of the fastest-evolving
fields in engineering today. LabVIEW, a
graphical programming tool from National
Instruments, has been used across multiple
classes to teach bioinstrumentation, circuit
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design, biological signal processing, and
image processing concepts in biomedical
engineering. Moreover, to increase the
functionality of the cardiovascular system
regulation model, it is planned to integrate
Kolmogorov-Arnold Networks (KANs) into its
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