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Abstract. Background: In the 21st century, respiratory and cardiovascular diseases have
become increasingly prevalent, posing significant challenges for healthcare systems. The
growing incidence of these conditions has driven the adoption of advanced technologies, such
as computer simulations and artificial intelligence (Al), to improve diagnostic accuracy and
optimize treatment strategies. Methods: Mathematical equations used in chemical engineering
to describe fluid dynamics can be adapted to model airflow in the respiratory system and blood
flow in the circulatory system. Computational fluid dynamics (CFD) simulations, combined
with modern medical imaging techniques, allow for the development of detailed 3D models of

anatomical structures, enabling precise assessments of physiological functions. Results: The
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integration of Al and CFD models has significantly enhanced disease diagnosis and treatment
planning. Al-driven algorithms facilitate automated image analysis, predictive modelling, and
real-time decision support, leading to improved patient outcomes. These technologies allow for
early detection of abnormalities, personalized treatment approaches, and better risk assessment
in clinical practice. Conclusion: Close collaboration between engineers and physicians is
revolutionizing the medical field, opening new possibilities for diagnosing and managing
respiratory and cardiovascular diseases. The continuous advancement of Al and computational
modelling is transforming medicine, making healthcare more precise and efficient. Future
research should focus on refining these technologies, ensuring their seamless integration into

clinical practice to further enhance patient care.
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1. INTRODUCTION

21% century lifestyle changes which increasing rates of obesity, and deteriorating air quality
caused by environmental degradation have contributed to noticeable increase in the prevalence
of cardiovascular and respiratory diseases. These adverse trends have resulted in a growing
demand for innovative diagnostic methods and more effective treatment options for these
conditions. Over the past several decades, the application of numerical methods in modeling
human physiology has seen significant growth. Technologies such as artificial intelligence (AI)
and computational fluid dynamics (CFD) software enable a deeper understanding of the
mechanisms that govern the functioning of the human body. These tools make it possible to
analyze complex biological processes with unprecedented precision, such as blood flow within
the cardiovascular system or gas exchange in the lungs. The integration of Al and CFD offers
a synergistic approach that enhances the efficiency and accuracy of analyses. For instance,
neural network models can be trained using precise solutions derived from CFD simulations,
enabling Al to rapidly predict the behavior of biological systems. This capability is particularly
valuable for advancing personalized medicine, where diagnostic and therapeutic strategies can
be tailored to the unique physiological characteristics of individual patients.

The progress in computational analysis has been enhanced by parallel advancements in medical
diagnostic methods. Modern imaging technologies, such as computed tomography (CT) and
magnetic resonance imaging (MRI), provide detailed information about the geometry of

anatomical structures and offer insights into dynamic parameters such as blood flow patterns.



These complementary data sources are essential for creating realistic and accurate numerical
models. A groundbreaking diagnostic technique that has emerged in recent years is 4D Flow
MRI. This advanced imaging method allows for the simultaneous acquisition of both
anatomical and flow-related data in real-time. It has significant potential in the diagnosis and
management of cardiovascular diseases, offering a comprehensive assessment of the dynamic
processes occurring within the circulatory system. The potential of 4D Flow MRI becomes even
more apparent when combined with CFD modeling and artificial intelligence. By integrating
these technologies, researchers and clinicians can achieve a higher level of precision in
simulating biological processes. For example, data obtained from 4D Flow MRI can be used to
validate CFD models, which in turn can enhance the accuracy of Al-driven predictions. This
integrated approach enables the simulation of complex scenarios, such as the impact of vascular
abnormalities or the hemodynamic consequences of surgical interventions. Thus, the
combination of modern diagnostic techniques like 4D Flow MRI with computational tools
opens up new possibilities for improving patient care. Despite its promise, the integration of
4D Flow MRI, CFD, and Al faces several challenges: High computational demands, the need
for robust algorithms, and the availability of quality training data are key factors that must be
addressed. Additionally, interdisciplinary collaboration between engineers, clinicians, and data
scientists is essential to ensure that these technologies meet the needs of medical practice. The
convergence of advanced diagnostic imaging, computational fluid dynamics, and artificial
intelligence represents a transformative leap in the field of medicine. This interdisciplinary
approach holds immense potential to improve the quality of healthcare by enabling more
accurate diagnoses, better treatment planning, and deeper insights into the complexities of
human physiology. As these technologies continue to evolve and integrate, they promise to play
a pivotal role in addressing the growing burden of cardiovascular and respiratory diseases in
the modern world. This literature review seeks to explore the multifaceted contributions of
chemical engineering to the rapidly evolving field of personalized medicine. Central to this
exploration is the application of computational fluid dynamics, a powerful tool traditionally
employed in engineering disciplines, which is now being adapted to model complex
physiological processes within the human body. By integrating CFD with advanced diagnostic
technologies and artificial intelligence, researchers aim to revolutionize patient care through

highly individualized therapeutic strategies.



2. ANATOMY OF SELECTED SYSTEMS OF HUMAN BODY

The phenomenon of flow is observed in several systems of human body. This is circulatory
system (blood), lymphatic system — lymph, respiratory apparatus — air, and central nervous
system — cerebrospinal fluid. Of course the flow of organic fluids or gases is observed in others
systems an organs like glands of external secretion: liver, pancreas or salivary glands and others,
urinary system, alimentary tract but the flow in this systems is more or less periodical. The first

four present continuous flow.

2.1. Respiratory system

The respiratory system is composed of air ways: nose, pharynx, larynx and trachea which
bifurcate on two main bronchi which enter to the lungs. The bronchial tree hierarchically
divides into lobar, segmental and lesser elements. These conduct air thorough the alveolar ducts
to the pulmonary acinus partly divided in several alveolar sacs which are composed of alveoli.
During inspiration the air flows to the alveoli and during expiration in reverse. However, alveoli
do not collapse but retain some air. The process of inspiration/expiration — ventilation of the
lungs is supported by the structure of the thorax. The thoracic cage is composed of 12 pair of
ribs which run from vertebral column to the sternum. The intercostal spaces are filled with
intercostal muscles. The inlet of the thorax is closed by diaphragm muscle. On the external
surface of the thorax additional muscles are attached for control of respiratory movements. The
process of inspiration lowers the intrathoracic pressure by enlarging of thoracic cage cavity:
Vertical diameter also increases by lowering of the diaphragm when it contracts. External
intercostal and some additional superficial muscle elevate ribs leading to enlargement of the
transverse and sagittal diameter. Expiration is the reverse process but passive: The thorax
collapses under its own weight and elastic fibers of lungs tissue. When observe fibrosis of lungs
or obturation of airways the additional force is needed which is developed by expiratory
muscles. The shape of the nasal cavity is very complex due to turbinates which enter the lumen
and the septum dividing nasal cavity into left and right side. The air flow through the nose may
by disturbed by mucosal edema and secretion of nasal glands and paranasal sinuses. The
pharynx is a vertical cavity which collapses during swallowing (see fig 2). The larynx plays
also an important role in phonation. Therefore the shape of its cavity is modified by a number
of mobile folds. From this moment trachea and bronchi are simple tubes (see fig 3). The % of
its wall is composed of horseshoe like cartilages and posterior wall is membranous. In the wall
are smooth muscle which control diameter of bronchi under control of vagus nerve. During

physiological respiration with inspiration bronchi enlarges and with expiration slightly narrow



elevating pressure in airways then protecting alveoli from collapse. Constriction of bronchi
during asthma and other obturative disorders make expiration difficult. The lumen of bronchi
may be also reduced by edema of mucosa and secretion of bronchial glands as well as
pathological fluids produced during inflammatory status. The ventilation of lungs maintain high
partial pressure of oxygen in the alveoli and very low pressure of CO>. The diffusion gradient
between alveoli and blood inflowing from pulmonary trunk (low oxygen high CO> — venous
blood) is a base of gas exchange. In the capillary network of alveoli venous blood transform
into arterial blood (High oxygen low CO.) (Ghafarian et al., 2016; Ninke et al., 2024; Patwa
and Shah, 2015).

2.2. Circulatory and lymphatic systems

2.2.1 Circulatory system

Two main parts of the circulatory system are the heart and blood vessels. The lumen of the
circulatory system is filled with blood. The human (mammalian) circulatory system is closed —
blood does not exit the lumen. The heart plays the role of a muscular pump which gives kinetic
energy to the blood. The heart is composed of four chambers: two atria and two ventricles.
Arteries are vessels which conduct blood away from the heart. Veins conduct blood back to the
heart chambers. The walls of vessels are composed of three layers. The innermost is the tunica
intima, composed of one layer of endothelial cells based on subendothelial smooth muscle cells
and an internal elastic lamina. Next is the tunica media, which is much thicker and contains
many elastic fibers or many smooth muscle cells supported by an external elastic membrane..
The last layer, the tunica adventitia, is composed mainly of collagen fibers. The tunica media
of arteries is much thicker than that of veins. So arteries do not collapse and are resistant to
internal blood pressure (Piechna et al., 2017), while veins have thin walls and are easy to
compress.

Venous blood returns from the body through the inferior and superior vena cava to the right
atrium. From the right atrium, blood flows through the right atrioventricular (tricuspid) valve
to fill the right ventricle until the valve closes. This protects the blood from flowing backward.
The ventricle contracts, and blood is pumped through the pulmonary valve to the pulmonary
trunk. When the pressure in the ventricle decreases, backflow closes the pulmonary valve. The
blood flows to the lungs through branches of the pulmonary arteries to the level of the capillary
network of the alveoli, where gas exchange occurs. Then oxygenated blood flows through the
pulmonary veins to the left atrium (Polaczek et al., 2019). From the left atrium, blood passes

through the left atrioventricular (bicuspid or mitral) valve into the left ventricle. Similarly to



the right side, after filling, the mitral valve closes, and the contraction of the ventricle ejects the
blood through the aortic valve into the aorta, which closes, like the pulmonary valve, after
ejection. The chambers of the heart are divided by the interatrial and interventricular septa, so
venous and arterial blood do not mix. The described processes — valve closing and ventricular
contraction — are executed simultaneously on the right and left sides of the heart. Because the
pulmonary circulation constitutes low resistance, and the resistance of the systemic circulation
i1s much greater, the pressure developed by the left ventricle should be about 6 times greater
than that in the right ventricle. So the muscle wall of the left ventricle is much greater than that
of the right.

Branches of the aorta divide hierarchically at the beginning. Later, they are organized into a
network. The diameter of arteries decreases up to the level of the capillary network of tissues
and organs. In this region, reverse gas exchange is observed: tissues take oxygen for metabolism

and produce CO:. So arterial blood is transformed into venous blood.

The flow through veins is supported by the small pressure from the capillary network, the
sucking effect of the right side of the heart, and pressure changes due to respiratory movements
of the thorax. In the limbs, a system of venous valves and periodic compression from skeletal
muscles protect against backflow. Through the venous network and main venous trunks, blood
flows to the superior and inferior vena cava. The cycle of circulation is closed (Cieslicki et al.,
2002; Standring et al., 2005). The work of the circulatory system is oscillatory due to the cycle
of the heart: systole (contraction and ejection) and diastole, when the pressure should drop. The
heart cycle is controlled by its own autonomic conduction system. It generates and distributes
bioelectrical stimuli (action potentials) in the myocardium. The autonomic nervous system
modulates this action. The sympathetic nervous system increases heart rate and blood pressure,
while the parasympathetic (vagus) decreases both values (Standring et al., 2005).

Many organs (brain, kidneys) need continuous flow. The aorta and its big branches have a thick
tunica media rich in elastic fibers. During the ejection of blood from the left ventricle (systole),
they act as a “balloon,” storing the energy in the stretched wall. During diastole, the contracting
wall supports blood pressure in the arterial system. More distal arteries are of the muscular type.
Their smooth muscle tunica media is innervated by autonomic fibers. It is also controlled by
the level of respiratory gases (oxygen narrows arteries, while CO: enlarges them due to the
relaxation of smooth muscles).

Many biochemical agents, metabolites, and hormones influence the tunica media tension. This

is a source of different regional flow in different pathophysiological states. For example, during



physical effort, due to fight or escape, arteries to the skeletal muscle enlarge, while arteries to
the digestive tract contract. Heart rate and blood pressure increase. This is under the influence
of sympathetic fibers and the ejection of catecholamines from the adrenal glands (Syed et al.,

2023). A detailed model of the circulatory system is presented in Fig. 1.

Figure 1. Scheme of circulatory system Blue- deoxygenated - “venous” blood Red — oxygenated — “arterial” blood 1. superior
vena cava 2. inferior vena cava 3. right atrium 4. tricuspidal valve 5. right ventricle 6. pulmonary valve 7. pulmonary trunk 8.
pulmonary capillary network 9. left atrium 10. mitral valve 11.left ventricle 12. aortic valve 13. aorta arch 14. aorta
continuation 15. systemic capillary network 16. lymphatic vessels 17. lymphonode 18. thoracic duct — main lymphatic vessel
entering venous system.



2.2.2 Pathophysiology of circulatory system and modeling

Disturbances in blood flow may be related to dysfunction of the heart or blood vessels. One of
the very frequent and dangerous pathologies is the formation of atherosclerotic plaque in the
wall of a vessel — mainly arteries. The plaque is located in the tunica media, under the intima,
and is a collection of cholesterol-derived substances. The growing plaque decreases the
diameter of the artery. Critical narrowing is from 80 to 90% of the cross-section covered by the
plaque. It is a source of signs of ischemia in the heart (angina pectoris), brain, kidneys, limbs,
and other regions. When the intima is removed, even a small plaque may be a site of aggregation
of thrombocytes (cells responsible for one of the clotting mechanisms in the blood). Such a
thrombus may propagate with the blood stream, closing distal vessels as an embolus. This is
one of the most frequent mechanisms of ischemic stroke. When the lumen of an artery is small
(2-3 mm in diameter), exposure of the plaque provokes a thrombus which closes the artery at
once. It is a very frequent mechanism of heart infarction (see Fig. 6). The formation of
atherosclerotic plaque is related to uncontrolled hypertension, metabolic disturbances like
dyslipidemia, diabetes, unhealthy habits: smoking, high-fat consumption, and genetically based
diseases. The location of plaques is characteristic for branching sites due to shear stress (see
below). If the closed artery is the only source of blood supply to the desired region (an end
artery, anatomically or physiologically), necrosis develops from 3—4 minutes for the brain to 6
hours for the heart and skeletal muscle, and 12 hours for connective tissue and bones. When the
closed artery is part of a network with the possibility of collateral circulation, the incident may
be even asymptomatic or cause chronic or repetitive dysfunction (Tomaszewski et al., 2024).
Malformations of the vessel wall — aneurysm: saccular (mainly in the brain) and fusiform
(mainly atherosclerotic aorta) when ruptured are a source of bleeding, frequently lethal.
Disturbances of flow in the aneurysmal dome are a source of shear stress and provoke wall
degeneration, which leads to rupture due to the loss of resistance to intravascular pressure.
Because the moment of rupture is difficult to predict, modelling of flow and vessel wall gives
hope for a solution to this problem (Ciszek et al., 2013; Rzeplinski et al., 2024).

In the venous system, modelling of flow is extremely difficult due to an unstable diameter (the
effect of external pressure on the wall) and generally a network-like organization almost up to
the level of the heart. The most frequent venous pathology in the limbs: varicose veins,
constitutes an enlarged network, partly closed by thrombi which can be recanalized. Heart
disturbances influence flow in two main ways. Insufficiency causing ischemia of organs. It is

due to valve defects, or partial loss of contractility due to infarcts, myocardium diseases, or



heart rate disturbances — arrhythmia. This last, like atrial fibrillation, may be a source of emboli
which can propagate to the pulmonary or systemic circulation. Thrombi from veins of the lower
extremity (see above) may propagate to the pulmonary arteries via the chambers of the right
side of the heart and be a source of sudden death. In the case of a congenital defect: patent
foramen ovale in the interatrial septum, released thrombi from the veins of the lower limbs may
reach the left atrium and systemic circulation, occluding various arteries (Standring et al.,

2005).

2.2.3 Lymphatic system

This system starts as a network of narrow blind vessels which drain fluids from the intercellular
space. Lymph flows by lymph nodes which play an immunological role. The vessels are
supplied with numerous valves. Contractility of lymphatic vessels is one of the sources of flow.
Others are changes in local tissue pressure during movements, pulsatility of nearby arterial
trunks, and pressure changes in the thorax during respiration. Finally, by the thoracic duct and
the right lymphatic duct, lymph flows out to the veins close to the heart. So the suction effect
of the heart also supports flow in these vessels. Disturbances of flow in the lymphatic system
are observed after oncologic resections when nodes are removed as a site of metastases or due
to blockage of vessels by parasites. The effect is edema or limb elephantiasis: a monstrous

enlargement of a limb (Jankowska-Steifer et al., 2021; Ratajska et al., 2014).

2.3 Central nervous system
Cerebrospinal fluid is produced in the ventricular system of the brain by the choroid plexus. Up
to 500 ml / 24 h is produced. It is about 0.3 ml /min. The ventricular system has a very
complicated shape, and the only tubular structure is the cerebral aqueduct of 2 mm in diameter
and 10 mm at its longest. The flow observed here is two-way. Cerebrospinal fluid flows out to
the subarachnoid space which covers the surface of the central nervous system, so its shape is
the most complicated of all spaces in the human body. Finally, it is resorbed into the venous
and lymphatic system. The main disturbance is observed when flow is stopped in the ventricular
system and a collection of fluid forms before the site of obstruction, causing enlargement of
ventricles — hydrocephalus. The same effect is observed when resorption into the venous system

is impaired (Ciotkowski et al., 2011; Skadorwa et al., 2010).



3. NUMERICAL METHODS IN MEDICINE

Numerical methods in medicine are increasingly being used to describe physical phenomena
occurring in the human body. The development of modern information technologies enables
not only a reduction in computation time but also the advancement of personalized models
tailored to individual patients. In recent years, there has been a visible trend of shifting from
CPU-based computations to GPU-based computations (Viola et al., 2023). This trend is
particularly evident in artificial intelligence computations, which are evolving dynamically
alongside advancements in successive generations of graphics cards. For computational fluid
dynamics, this transition is also noticeable, although the pace of change is slower. This is due
to the lower efficiency of GPUs in double-precision computations, which are often required in
CFD. Furthermore, the relatively nascent support for CFD computations on GPUs means that
CPUs currently maintain an edge in terms of functionality and performance. However, in the
next decade, significant progress is expected in the domain of CFD computations using modern
GPUs. This anticipated growth is driven by continuous improvements in GPU architecture,
enhanced support for double-precision arithmetic, and increasing adoption of GPU-accelerated
libraries and frameworks specifically designed for CFD tasks. As these technologies mature,
GPUs could surpass CPUs in performance and functionality for CFD, potentially
revolutionizing the field by enabling faster simulations, real-time analysis, and broader
accessibility to advanced computational techniques. This shift could also open new possibilities
for real-time applications, such as patient-specific simulations and predictive modeling in
medicine, further bridging the gap between computational advancements and clinical practice.
In CFD simulations of both the respiratory and cardiovascular systems, the accuracy of
geometry segmentation and the definition of appropriate boundary conditions are critically
important. Human-based segmentation involves many pitfalls, particularly inconsistencies in
evaluating the boundaries between individuals. These inconsistencies arise from differences in
visual analysis and decision-making processes in the brain, such as determining where
measurements should start and end. Additionally, physical differences in using input devices,
such as mice or trackballs, may influence the segmentation process. The quality of segmentation
largely depends on the quality of the raw imaging data, which varies depending on the imaging
modality. While the basic segmentation process typically involves selecting an appropriate
intensity threshold in DICOM file analysis software, more advanced algorithms are also
available. For instance, the Grow from Seeds method, implemented in open-source platforms
such as 3D Slicer, offers improved segmentation capabilities. In commercial software, artificial

intelligence algorithms are increasingly being employed to enhance the segmentation of vessels



and other anatomical structures. Regarding boundary conditions, the selection of appropriate
flow parameters often relies on experimental measurements obtained through Doppler
ultrasound techniques or 4D Flow MRI. To further implement boundary conditions, simplified
models—such as the three-element Windkessel model—are frequently used to replicate the

pulsatile nature of blood flow (Kim et al., 2010; Luisi et al., 2024).

3.1. CFD simulations of the respiratory system

Modeling the respiratory system using computational fluid dynamics allows the study of
airflow and the factors that affect it. It is used to analyze both normal breathing and cases
involving diseases or structural issues in the respiratory system (Hu et al., 2023). Figure 2
illustrates the analysis of wall shear stress using CFD as a function of mouth opening during

breathing (Hu et al., 2023).
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Figure 2. The contour of wall shear on the pharyngeal wall. Note, MC, mouth closed position, MO, mouth opening position;
FTP, Friedman Tongue Position. Adapted from: Hu B., Yin G., Fu S., Zhang B., Shang Y., Zhang Y., & Ye J. (2023). The
influence of mouth opening on pharyngeal pressure loss and its underlying mechanism: A computational fluid dynamic
analysis. Frontiers in Bioengineering and Biotechnology, 10, 1081465. https://doi.org/10.3389/fbioe.2022.1081465. Licensed
under CC BY 4.0.

An important aspect of this modeling is the division of the respiratory system into upper and
lower airways, which differ in structure and airflow characteristics. The upper airways,
including the nose, nasal cavity, pharynx, and larynx, have a complex structure with narrow
passages and sharp turns, leading to turbulent airflow. They are responsible for filtering,
humidifying, and warming the air. CFD modeling is useful for studying nasal resistance, which
may be caused by conditions such as a deviated septum or nasal polyps (Nishijima et al., 2018).
It also helps in planning surgeries like septum correction (Burgos et al., 2024; Na et al., 2022;

Ormiskangas et al., 2022) and in analyzing conditions such as sleep apnea (Jeong et al., 2007;



Mylavarapu et al., 2013, 2009), where airflow in the throat is blocked during sleep. The lower
airways, including the trachea, bronchi, bronchioles, and alveoli, form a branching structure
that becomes narrower as it goes deeper into the lungs (Shang et al., 2019). In the larger airways,
airflow is often turbulent, while in the smaller airways, it transitions to smooth laminar flow,
allowing for effective gas exchange in the alveoli. CFD modeling of the lower airways enables
the analysis of airflow distribution, particularly in diseases such as asthma (De Backer et al.,
2008) or chronic obstructive pulmonary disease (COPD) (Paz et al., 2017) and after surgical
procedures such as pulmonary lobectomy (Aliboni et al., 2022; Tullio et al., 2021), as shown
in Fig. 3.
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Post v16-Ansys, www.ansys.com). Adapted from: Aliboni L., Tullio M., Pennati F., et al. (2022). Functional analysis of the
airways after pulmonary lobectomy through computational fluid dynamics. Sci Rep, 12, 3321. https://doi.org/10.1038/s41598-
022-06852-x. Licensed under CC BY 4.0. (Aliboni et al., 2022)
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It also allows the simulation of drug delivery, such as how inhalers distribute medication in the
lungs (Kuprat et al., 2021; Sadafi et al., 2024; Xi et al., 2015; Xu et al., 2017), and the study of

airway shape changes during breathing (Pirnar et al., 2015), which is important in diseases such



as pulmonary fibrosis (Na et al., 2022). Modeling the respiratory system in healthy individuals
helps to understand how efficiently the lungs function during different activities, such as
physical exertion or in polluted environments. It also provides insights into how factors like age
or altitude affect breathing (Tsega, 2018). In cases of illness, CFD helps detect blockages in the
airways caused by tumors or foreign bodies (Bao et al., 2022; Hudson et al., 2023; Zobaer and
Sutradhar, 2021). It also improves medical devices such as stents, inhalers, or CPAP machines
and predicts the progression of diseases, helping to understand how changes in the respiratory
system affect breathing. Numerical modeling plays an important role in medical research and
device development; however, experimental verification is required to ensure its validity and
accuracy. This can be achieved either by clinical trials or by utilizing physical phantoms
(Schewe et al., 2012), which may be realistic or simplified. These phantoms provide a
controlled environment for testing hypotheses and refining computational models. For
measurements performed with medical equipment, magnetic resonance imaging (MRI) is a
valuable tool (Han et al., 2023). Beyond its conventional diagnostic capabilities, MRI
techniques can be leveraged to capture flow velocity data, offering insights into the dynamics
of air movement in the respiratory tract. However, conducting experimental studies with
hospital-grade equipment may not always be feasible due to cost, logistical challenges, or the
specific requirements of the research. In such cases, advanced laser-based techniques, like
Particle Image Velocimetry (PIV), provide a powerful alternative. PIV enables precise, high-
resolution visualization and measurement of flow dynamics (Phuong and Ito, 2015; Sul et al.,
2018). When combined with 3D-printed phantoms (Collier et al., 2018) that replicate the
physiological geometry of anatomical structures, such as sections of the respiratory system, this
method becomes even more effective. These phantoms can be customized to mimic specific
patient anatomies or pathological conditions, making them invaluable for research, device
testing, and the optimization of treatment strategies. Once CFD models are experimentally
validated, they can serve as powerful tools in medical applications, particularly in the diagnosis
and treatment planning of respiratory system conditions (Akor et al., 2024; Gamrot-Wrzot et
al., 2020). These models provide detailed insights into the airflow dynamics, pressure
distributions, and particle transport within the respiratory tract, enabling clinicians to better

understand patient-specific conditions.

3.2. CFD simulations of the circulatory system

Computational fluid dynamics is a powerful tool for analyzing blood flow within the circulatory

system and the heart (Arminio et al., 2024; Bialecki et al., 2024; Chiastra et al., 2023; Dede¢ et



al., 2021; Ekmejian et al., 2024; Shiina et al., 2024). It enables researchers and clinicians to
explore how blood moves through the body under various conditions, both during rest and
physical activity. This makes it possible to gain insights into the functioning of healthy
individuals as well as those with a wide range of cardiovascular conditions. CFD is particularly
valuable for its ability to model the human body at different stages of life, from the earliest
phases of fetal development through fetal life (Kasiteropoulou et al., 2020; Salman et al., 2021),
childhood (Ait Ali et al., 2024; Hoganson et al., 2024; Malec et al., 2017) to adulthood
(Jedrzejczak et al., 2024a; Koztowski et al., 2022, 2021; Wojtas et al., 2021). In the early stages
of life, congenital heart defects and vascular abnormalities are a major area of concern (Pennati
et al., 2013). These conditions, such as hypoplastic aortic arch or aortic coarctation, can
significantly impact blood flow and oxygen delivery throughout the body. Using CFD,
engineers can create patient-specific models based on imaging data, such as MRI or CT scans,
to simulate how blood flows through these malformed structures. This allows for a detailed
understanding of how the abnormalities affect the heart and circulatory system and provides
critical information for planning surgical corrections or other interventions. By accurately
predicting the outcomes of potential treatments, CFD helps improve the success rates of
procedures and reduces risks for young patients. As individuals age, the focus shifts from
congenital issues to acquired conditions, such as atherosclerosis (Ahadi et al., 2024; Chaichana
et al., 2012; Chen et al., 2017, 2024, 2020; Conijn and Krings, 2022; De Nisco et al., 2021;
Jedrzejczak et al., 2023c, 2024a, 2023b, 2023a; Milewski et al., 2024; Morbiducci et al., 2020;
Song et al., 2000; Yang et al., 2025), hypertension (Gao et al., 2025; Jedrzejczak et al., 2024b;
Zuo et al., 2022), and the complications they cause, like aneurysms (Boite et al., 2023; Chiu et
al., 2018; Jansen et al., 2014; Jayendiran et al., 2018; Li et al., 2020; Wang and Li, 2011) or
strokes (Luisi et al., 2024; Rahma et al., 2022). CFD is particularly effective in studying these
diseases because it can simulate how blood interacts with the walls of arteries and veins,
including areas of narrowing, plaque buildup, or weakened vascular walls. For example, in the
case of atherosclerosis, CFD can help predict how a narrowing artery affects wall shear stresses,
blood pressure, and flow patterns, which is crucial for understanding the progression of the
disease and planning interventions such as stent placement. CFD allows for the analysis of
pathological changes across an entire cohort to examine how a given condition affects
hemodynamic changes. Similarly, in hypertension, CFD models can reveal how elevated blood
pressure impacts the vascular system over time, leading to better strategies for managing the
condition. The literature contains numerous reports on the application of computational fluid

dynamics (CFD) in analyzing various types of hypertension. Figure 4 illustrates one such



application, where CFD is used to compare the hemodynamic differences between central and

peripheral chronic thromboembolic pulmonary hypertension (CTEPH) (Tsubata et al., 2023).
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Figure 4. Comparison of pulmonary blood flow dynamics between central and peripheral type CTEPH. Pulmonary flow
velocity (a), wall shear stress (b), oscillatory shear index (c), and blood stagnation volume (d) were simulated by CFD in the
pulmonary arteries of patients with CTEPH in comparison with the central and peripheral types. Stagnation was defined as
flow velocity of <0.01 m/s. Data are presented as median (interquartile range). Cross indicates mean. The numbers in each box
plot indicate the sample size for each group. ns, not significant. Adapted from: Tsubata H., Nakanishi N., Itatani K. et al.
Pulmonary artery blood flow dynamics in chronic thromboembolic pulmonary hypertension. Sci Rep 13, 6490 (2023).
https://doi.org/10.1038/s41598-023-33727-6. Licensed under CC BY 4.0. (Tsubata et al., 2023)

The circulatory system is incredibly complex, comprising a vast network of vessels ranging
from large arteries, like the aorta, to smaller arterioles and capillaries. Each type of blood vessel
has unique dimensions, structures, and flow characteristics, making the study of blood flow

dynamics a rich and challenging area of research. CFD allows for detailed modeling of these



diverse components, providing insights into how blood moves through different parts of the
body under varying physiological conditions. For example, researchers can simulate how blood
flow changes during exercise, stress, or the progression of disease. This is not only valuable for
understanding how the circulatory system functions but also for designing medical devices,
such as artificial heart valves, stents, and vascular grafts, tailored to specific patient needs.
Another advantage of CFD is its ability to simulate scenarios that would be difficult or
impossible to study experimentally. For instance, CFD can be used to investigate blood flow
patterns in rare or extreme conditions, such as during aortic dissection (Karmonik et al., 2013;
Zhuetal., 2023, 2022) or after a complex surgical procedure. Figure 5 illustrates the application
of CFD in modeling aortic dissection, along with the capability to monitor disease progression

(Zhu et al., 2022).

Patient 1

Maximum diameter slice Aortic diameter

471
40.5 months
/ 28.5 months
6 14 E
P2 Rortic growth E
rate 52 2E
g 08
N o 8
ﬁ 3
Pressure contours at peak . E
systole Luminal pressure difference over a cardiac cycle g 6 9
. > g
‘\ £ 13 g 4 8
E Max. pressure g 1 o
‘\ E 11 —_— 2 o
2 g difference - B %
E 7 4months  10.5 months 16.5 months 28.5 months =
£ 54 W Diameter Change/Year -m- Max. Pressure Difference
]
g 34
a
2 14 Tty
o -1 T T T T
0 0.2 0.4 06 0.8

Pressure [mmHg]

Time (s)

110 13 115 11a 120 -+ 4 Months -#- 10.5 Months - 16.5 Manths 28.5 Months

Figure 5. Illustration of aortic diameter changes of patient 1 (middle top) at a sample cross-sectional plane, namely the
maximum diameter slice (P2). In addition, the spatial mean pressure variations over a cardiac cycle were calculated for the true
lumen (TL) and false lumen (FL) separately, after which the pressure differences between 2 lumens were evaluated for each
scan (middle bottom). Aortic growth rate (mm/year) at each follow-up scan, together with the maximum luminal pressure
difference over a cardiac cycle were then evaluated and compared (right). The same procedure was repeated for all the other
cross-sectional planes. Adapted from: Zhu Y., Xu X.Y., Rosendahl U., Pepper J., & Mirsadraee S. (2022). Prediction of aortic
dilatation in surgically repaired type A dissection: A longitudinal study using computational fluid dynamics. JTCVS Open, 9,
11-27. https://doi.org/10.1016/j.xjon.2022.01.019. Licensed under CC BY 4.0. (Zhu et al., 2022)

This capability extends the range of what is possible in cardiovascular research and provides a
non-invasive way to explore new diagnostic techniques or therapeutic approaches. Numerical
modeling of the circulatory system, similar to the modeling of the respiratory system, requires
appropriate experimental verification. For this purpose, Particle Image Velocimetry (PIV)
measurements can be utilized, leveraging 3D-printed phantoms of the circulatory system to
replicate complex blood flow dynamics in controlled environments (Antonowicz et al., 2023;

Ho et al., 2020; Jedrzejczak et al., 2023a; Li et al., 2020; Park et al., 2016; Saaid et al., 2019).



These phantoms enable the validation of computational models by providing high-resolution
experimental data on flow patterns, velocities, and turbulence. In clinical settings, several
advanced techniques are available to support the verification process. Doppler-based apparatus,
such as Doppler ultrasound, plays a crucial role in analyzing blood flow and velocity within
arteries and veins (Hegner et al., 2023; Kizhisseri et al., 2023; Ponzini et al., 2010).
Additionally, invasive methods like Fractional Flow Reserve (FFR) measurements are
invaluable for assessing pressure drops across arterial stenoses, providing direct insights into
the hemodynamic significance of lesions (Benz and Giannopoulos, 2020; Guo et al., 2024; Lee
et al., 2022; Lo et al., 2020; Morris et al., 2015; Sanz Sanchez et al., 2023; Taylor et al., 2013;
Tebaldi, 2015; Yan et al., 2024). In Figure 6, the use of coronary computed tomography
angiography (CCTA) for the calculation of Fractional Flow Reserve is demonstrated. This
imaging technique allows for a non-invasive assessment of coronary artery disease by
evaluating the severity of arterial stenosis and its impact on blood flow. As shown in the figure,
the presence of a significant narrowing in the coronary artery results in a considerable drop in
FFR, indicating a restriction in blood flow that could lead to ischemia. This highlights the
clinical importance of FFR analysis in determining the functional significance of coronary

stenosis and guiding treatment decisions.
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Figure 6. Case example. Two patients both with anatomically obstructive stenosis (arrow) on coronary computed tomography
angiography (CCTA) (A and D). In the first patient (A—C), computation of fractional flow reserve from coronary computed
tomography angiography (CT-FFR) demonstrates lesion-specific ischemia of the middle left anterior descending (LAD)
stenosis, with a value of 0.74 (B). Invasive coronary angiography confirms the functionally obstructive stenosis with an invasive
FFR of 0.71 (C). In the second patient (D—F), CT-FFR predicts no ischemia of the stenosis in the distal right coronary artery
(RCA) with a CT-FFR value of 0.94 (E). Invasive FFR of 0.92 similarly demonstrates no ischemia of RCA. Adapted from:
Guo W.,He W, Lu Y., YinJ., Shen L., Yang S., Jin H., Wang X., Jun J., Hu X. et al. (2024). CT-FFR by expanding coronary
tree with Newton—Krylov—Schwarz method to solve the governing equations of CFD. European Heart Journal - Imaging
Methods and Practice, 2(3), qyae106. https://doi.org/10.1093/ehjimp/qyae106. Licensed under CC BY 4.0. (Guo et al., 2024)

An emerging technique that deserves special attention is 4D Flow Magnetic Resonance Imaging
(4D Flow MRI) (Bissell et al., 2023; Dyverfeldt et al., 2015). This state-of-the-art imaging
modality allows for a comprehensive analysis of blood flow throughout the cardiac cycle,
capturing detailed hemodynamic parameters such as velocity fields, vorticity, and wall shear
stress in three-dimensional space over time. The data derived from 4D Flow MRI serves not
only as a high-quality input for CFD simulations but also as a robust benchmark for validating
these simulations. Figure 7 presents a comparison of the computational fluid dynamics (CFD)
results and 4D Flow MRI data for a patient following the Fontan procedure. This three-step
procedure is used, for example, in the case of hypoplasia of the left heart chamber, which is a
lethal congenital defect. Ultimately, it results in the right ventricle functioning as the only

ventricle — the main pump of blood. Blood is drawn through the pulmonary circulation from



the right atrium to the left atrium, and then enters the right ventricle, from which it is pumped
into the aorta. This comparison highlights the differences and similarities between the two
imaging techniques in assessing the hemodynamics of the patient, providing valuable insights

into blood flow patterns and potential complications after the procedure (Lee et al., 2023).
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Figure 7. Velocity and viscous dissipation contour. (A) Velocity of CFD. (B) Viscous dissipation of CFD. (C) Velocity of 4D
Flow MRI. (D) Viscous dissipation of 4D Flow MRI. Adapted from: Lee G.-H., Koo H.J., Park K.J., Yang D. D.H., & Ha H.
(2023). Characterization of baseline hemodynamics after the Fontan procedure: a retrospective cohort study on the comparison
of 4D Flow MRI and computational fluid dynamics. Frontiers in  Physiology, 14, 1199771.
https://doi.org/10.3389/fphys.2023.1199771. Licensed under CC BY 4.0. (Lee et al., 2023)



Its ability to capture dynamic changes during various phases of the heartbeat makes it a
powerful tool for advancing personalized medicine and improving the accuracy of numerical
models. Furthermore, the integration of these experimental and clinical data sources with
numerical modeling can enhance our understanding of complex physiological phenomena, such
as the development of arterial plaques, aneurysms, or turbulent blood flow in pathological
conditions. Combining numerical modeling with experimental validation fosters the
development of predictive tools for treatment planning, medical device design, and
personalized therapies, ultimately bridging the gap between theoretical research and clinical
application. Moreover, in the case of large intracerebral aneurysms, computational fluid
dynamics has a particularly high potential for diagnosis and treatment planning, which is
described in detail in literature (Wisniewski et al., 2024). In addition to Computational Fluid
Dynamics (CFD) simulations, Fluid-Structure Interaction (FSI) simulations are increasingly
employed. These simulations account for the movement of vessel walls, leading to deformation
of the computational domain and enabling a more accurate analysis of hemodynamics.
However, this increased accuracy comes at the cost of significantly higher computational
demands. FSI simulations are particularly important in the study of blood flow within vessels
that are subject to considerable deformation, both in the cardiovascular and respiratory systems
(Wall and Rabczuk, 2008).

It is also worth mentioning respiratory diseases such as Acute Respiratory Distress Syndrome
(ARDS), where treatment often involves the use of Extracorporeal Membrane Oxygenation
(ECMO). ECMO directly oxygenates the blood outside the body, bypassing the lungs and
temporarily taking over their function (Gramigna et al., 2024; Parker et al., 2024, 2023, 2022).
Although ARDS originates as a respiratory condition, the treatment approach involving ECMO
shifts the focus in terms of CFD modeling closer to the circulatory system. ECMO systems
present a unique challenge in CFD modeling due to the intricate interplay of fluid mechanics,
hemocompatibility, and device performance. These systems include components such as
pumps, oxygenators, and cannulas that must ensure efficient oxygenation while minimizing
shear stress, turbulence, and hemolysis (Faghih and Sharp, 2019; Garon and Farinas, 2004;
Jedrzejczak et al., 2023b). Accurate CFD simulations of ECMO systems require not only
capturing the flow dynamics within the extracorporeal circuit but also accounting for
physiological factors, such as patient-specific blood flow conditions, viscosity, and interaction
with native cardiovascular dynamics. From a modeling perspective, the inclusion of ECMO in
ARDS treatment introduces complexities such as the need to simulate blood flow under varying

flow rates and oxygenation levels. Figure 8 illustrates the application of CFD in analyzing the



changes in blood flow dynamics during Extracorporeal Membrane Oxygenation (Parker et al.,

2024).
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Figure 8. Time-averaged velocity shown on two cross-sectional planes through the return cannula, at 5 L/min total cardiac
output and for ECMO flow rates from 2 to 6 L/min. Adapted from: Parker L.P., Svensson A., Marcial M., Brismar T.B., Broman
L.M., & Wittberg L.P. (2024). In silico parametric analysis of femoro-jugular venovenous ECMO and return cannula dynamics.
Medical Engineering & Physics, 125, 104126. https://doi.org/10.1016/j.medengphy.2024.104126. Licensed under CC BY 4.0.
(Parker et al., 2024)

The interaction between the ECMO circuit and the patient’s heart and lungs is critical, as any
mismatch can lead to complications such as recirculation, thrombosis, or hemodynamic
instability. These aspects necessitate advanced multi-scale modeling that integrates the
extracorporeal circuit with the native circulatory system to provide a comprehensive picture.
Moreover, experimental validation is essential in this context. Benchtop testing using physical
models of ECMO circuits combined with PIV measurements can offer insights into flow

patterns, pressure drops, and oxygenation efficiency (Fiusco et al., 2023; Zhang et al., 2020).

3.3. Artificial intelligence in modeling respiratory and circulatory systems

Artificial intelligence is increasingly used to analyze medical imaging data (Ferdian et al., 2023,
2020) and is being integrated with CFD to speed up flow predictions. The growing interest in
Al combined with CFD is also visible in the increase in the number of publications on this topic

(Praharaj et al., 2024). Neural networks can be trained using detailed CFD simulations to



quickly predict airflow or blood flow, which is useful in real-time clinical settings or optimizing
medical devices (Lv et al., 2022). Al is also playing a growing role in supporting doctors with
disease detection and diagnosis by analyzing complex data, such as medical images or multi-
scale datasets, to identify patterns and create better clinical guidelines (Akyliz et al., 2024;
Alowais et al., 2023; Arora et al., 2023). It helps tailor treatments to individual patients by
analyzing their specific conditions (Samant et al., 2023). AI also aids in predicting disease
progression and treatment outcomes, enabling personalized care by forecasting how a patient's
condition will evolve (Starling et al., 2024). Additionally, Al is being used to create virtual
research environments where medical devices and treatments can be tested safely before clinical
trials (Tsuchiwata and Tsuji, 2023). In all these ways, Al is transforming the medical field by
providing faster, more accurate predictions, personalized treatments, and new insights that were

previously impossible to achieve.

4. CONCLUSIONS

Computational fluid dynamics and artificial intelligence are transforming modern medicine by
improving diagnostics, treatment planning, and patient care. Advances in computing power
have made these technologies more accessible, reducing costs while enhancing accuracy and
efficiency. CFD 1is crucial in studying cardiovascular and respiratory systems, enabling
simulations of blood flow and airflow to predict disease progression and optimize treatments.
It also aids in designing medical devices like stents, ventilators, and inhalers. Al, particularly
machine learning and deep learning, enhances medical imaging, detecting heart and lung
diseases with high accuracy. Al-driven models improve ventilator performance, diagnostics,
and predictive analytics, leading to earlier interventions and better patient outcomes. As these
technologies evolve, their integration into healthcare will enable real-time simulations, Al-
assisted surgeries, and personalized medicine, ultimately improving efficiency and reducing
healthcare costs.
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