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ABSTRACT 

 

MATHEMATICAL MODELING-

BASED APPROACH TO 

CARDIOPULMONARY 

RESUSCITATION 
 

Dong Ah Shin 

Interdisciplinary Program in Bioengineering 

The Graduate School 

Seoul National University  
 

 

For a long time, many studies based on mathematical modeling have 

been conducted to understand cardiopulmonary resuscitation (CPR) physiology. 

However, some aspects of the existing CPR model do not reflect the 

current CPR physiology appropriately. If the generalized CPR model 

does not suitably reflect the hemodynamic phenomena of current CPR, 

errors may exist in the hemodynamic interpretation. In addition, it is 

suggested that the one-size-fits-all CPR specified in the guidelines is not 

suitable, and the direction of recent CPR research is shifting toward 

personalized CPR. However, in personalized CPR, it is difficult to use 

preclinical or clinical trial approaches because various factors associated with 

the patient and environment interact and affect the patient. Therefore, this study 

was conducted with three goals to provide insight into the hemodynamics 

during CPR through a simulation-based approach. 

The first objective was to develop an improved generalized CPR 

model that can reflect the current CPR physiology. The modified CPR model 
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proposed herein added superior and inferior vena cava compartments in the 

thoracic cavity of the existing model, as well as a “hybrid pump” mechanism. 

To compare the hemodynamic effects of the existing and modified models, 

various maneuvers such as the active compression-decompression CPR 

combined with the impedance threshold device, head-up tilt, and head-down 

tilt were simulated. Additionally, the modified model was compared with an 

animal model to confirm that it reflects the current CPR physiology more than 

the existing model does. The comparison showed that the pressure waveform 

and coronary perfusion pressure (CPP) were more appropriately reflected than 

in the existing model. Therefore, it was verified that the improved model 

developed in this study is a generalized CPR model that reflects the current 

CPR physiology more accurately. 

The second goal was to verify the hemodynamic effects on the reduced 

thoracic elasticity and compression position—which are the current issues of 

the existing CPR technique—through simulation based on the improved model. 

The reduced elasticity of the thorax was simulated to decrease linearly for 1 

min immediately after the start of CPR. The results show that as the elasticity 

of the thorax decreased, the pressure amplitude of the aorta and vena cava 

decreased during compression, along with the venous return and blood flow. 

Furthermore, a simple simulation was performed by adjusting the compression 

ratio between the ventricle and atrium with the thoracic pump factor to compare 

the hemodynamic difference according to the compression position. 

Consequently, when the atrium was compressed more than the ventricle, the 

stroke volume and CPP decreased, indicating that hemodynamics was limited. 

Therefore, it was demonstrated that a change in the pressure amplitude and CPP 

during compression could potentially enable estimation of the change in the 

elasticity of the thorax and assist in determining the position of compression.  

Finally, this study attempted to present the possibility of a 

personalized CPR model. Cardiovascular parameters were estimated for 

different patients using a genetic algorithm. Additionally, it was confirmed that 
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patient-specific cardiovascular models could be constructed with different sets 

of parameters for each patient. Furthermore, incorporating the CPR model into 

the patient-specific cardiovascular model revealed that the hemodynamic effect 

of chest compression varies according to the cardiovascular parameter 

configuration. The hemodynamic changes for different compression conditions 

were compared in a pig model. From the results, it was shown that various 

hemodynamics occurred depending on the compression condition when using 

the personalized CPR model. Thus, it is possible to determine the optimal 

compression condition for the patient-specific from this.  

In conclusion, this study showed that the modified CPR model is a 

generalized model that reflects the current CPR physiology more accurately. It 

also proved that hemodynamic interpretation can address the limitations of the 

current CPR technique through the modified model. Additionally, by presenting 

the possibility of a patient-specific CPR model based on this, this study can 

serve as the basis for research on personalized CPR modeling.  

 

Keywords: Mathematical modeling, Cardiopulmonary resuscitation, Patient-

specific CPR, Optimal compression position, Coronary perfusion pressure, 

Parameter estimation 
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CHAPTER 1  

Introduction 
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1.1 Basic understanding of cardiovascular system  

1.1.1 Cardiac output 

The cardiovascular system is a closed-loop composed of the heart and 

blood vessels, which play an essential role in regulating the body's metabolism, 

such as supplying oxygen, removing carbon dioxide, and supplying nutrients 

through blood flow. In the cardiovascular system, the heart is the central organ 

and acts like a pump that discharges blood through regular contractions and 

relaxation. Cardiac output (CO) is the product of the heart rate (BPM) and 

stroke volume (SV), and refers to the amount of blood flow generated for 1 

minute [1]. The SV occurs when the heart contracts once in a stable state, which 

in a normal person is usually 60 – 80 ml. A pressure-volume curve can represent 

the work done by the heart during one ejection, and according to the cardiac 

cycle; it can be represented as shown in Figure 1.1 [2]. 

In the pressure-volume curve, the cardiac cycle is divided into four 

stages. The first stage (Point 4 → Point 1) is the ventricular filling or diastolic 

phase, in which the volume of the ventricle increases as the heart relaxes when 

the bicuspid valve opens. The second stage is the isovolumetric contraction 

stage. As the bicuspid valve is closed, the pressure increases by the contraction 

of the heart in the same end-diastolic volume (EDV) state. When the increasing 

systolic pressure of the ventricle begins to become greater than the aortic 

pressure, the aortic valve opens at Point 2, and blood is ejected from the 

ventricle (the third stage, the ejection phase). At this time, the ventricle pressure 
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reaches the peak and then decreases as the volume decreases, and the aortic 

valve closes again at the point when the ventricular pressure becomes equal to 

the aortic pressure (Point 3). All valves are closed in the isovolumetric diastolic 

step until Point 4 during the decrease of the ventricular pressure. In the 

pressure-volume curve, the width represents the difference between the EDV 

and end-systolic volume (ESV), which is SV. 

 

 

 

Figure 1.1 Diagram of cardiac cycle and pressure-volume curve. Adapted from 

www.CVphysiology.com with permission of Richard E. Klabunde [2]. 

 

The pressure-volume curve is an essential tool that can visually depict changes 

in the state and work of the ventricle and is affected by changes in the preload, 

afterload, and inotropy applied to the ventricle [1, 3]. 

 

http://www.cvphysiology.com/
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Figure 1.2 Pressure-volume curve change according to preload and afterload. 

(A) Preload, (B) Afterload. Adapted from www.CVphysiology.com with 

permission of Richard E. Klabunde [3]. 

 

Preload refers to the extent to which the sarcomere of the myocardium is 

stretched during the diastolic phase and directly indicates the degree of the 

ventricular filling [4]. Therefore, when the preload increases, the SV increases 

owing to Frank-Starling law, and when it decreases, the SV decreases, as shown 

in Figure 1.2. The afterload refers to the pressure that the heart must overcome 

to discharge blood during contraction [4]. As the aortic and pulmonary artery 

pressure increase, the heart must overcome it, and ejection must occur, which 

causes an increase in the afterload proportionally. Therefore, when the aortic 

pressure increases, the isovolumetric contraction stage is prolonged because the 

ventricle must create a higher pressure to overcome the aortic pressure, and the 

SV decreases because ejection occurs at a higher pressure. Conversely, when 

the aortic pressure decreases, the afterload decreases, resulting in an increase in 

http://www.cvphysiology.com/


 

5 

 

the SV. Inotropy refers to the extent to which the myocardium is stretched; when 

inotropy increases, the SV increases by increasing the ventricular pressure 

development and ejection rate [4]. Therefore, the preload, afterload, and 

inotropy interact to influence changes in the heart condition.  

 

1.1.2 Venous return and Frank-Starling’s law 

 

 

Figure 1.3 (A) SV change curve according to venous return change by Frank-

starling law. (B) PV curve change due to venous return change. Adapted from 

www.CVphysiology.com with permission of Richard E. Klabunde [5]. 

 

Venous return refers to the blood flow to the heart, and in the normal 

cardiovascular system, it has the same amount as the cardiac output because it 

is a closed-loop [6, 7]. If the CO and venous return are not the same, blood 

accumulates in the systemic or pulmonary circulation. Frank-Starling's law 

controls the balance of the blood volume (Fig. 1.3(A)). Frank-Starling's law 

http://www.cvphysiology.com/
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states  that as the end-diastolic volume increases, the myocardial fibers 

become more stretched, and the contractile force of the ventricle increases [4, 

5, 8]. 

When the blood volume returning to the right atrium increases owing 

to an increase in the venous return, the preload of the right ventricle increases, 

which increases the pulmonary circulation and SV in the right ventricle. 

Accordingly, when the venous return of the pulmonary vein increases, the 

preload of the left ventricle increases, and the volume at the end of the diastolic 

phase increases. Moreover, according to Frank-starling's law, the SV increases 

to reach the same end-systolic volume under the condition of constant afterload 

and isotropy (Fig. 1.3(B)). Therefore, the venous return plays an important role 

in regulating SV, and is determined by dividing the pressure gradient between 

the vena cava and right atrium by the vascular resistance. Because the pressure 

gradient inducing the venous return is relatively low (<10mmHg), even a slight 

pressure change in the vein or right atrium can significantly change the venous 

return. Factors affecting the venous return include muscle pumps, changes in 

venous compliance and resistance, vena cava compression, gravity, and 

respiratory activity [6, 9, 10]. For an example of respiratory activity, when the 

lungs expand during inhalation on spontaneous breathing, the pressure in the 

right atrium slightly decreases, and the pressure in the veins increases by 

abdominal pressure. Thus, the pressure gradient increases, and venous return 

increases during inhalation. Therefore, because the venous return is sensitive to 
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intrathoracic pressure, it can be easily affected by mechanical ventilation or 

cardiopulmonary resuscitation. 

 

1.1.3 Blood circulatory system 

 

 

Figure 1.4 Blood circulatory system. 

 

The heart's movement produces blood circulation. The blood 

circulation system can be divided into systemic circulation, pulmonary 

circulation, and coronary artery circulation systems (Fig. 1.4) [11]. Systemic 

circulation starts from the left ventricle, passes through the arteries, capillaries, 

and veins in sequence, and returns to the right atrium; this process transfers 

oxygenated blood from the heart to the body. Pulmonary circulation starts in 
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the right ventricle and passes through the pulmonary artery and lungs. Carbon 

dioxide delivered from the veins is exchanged for oxygen in the lungs, and 

oxygenated blood is supplied through the pulmonary veins. Coronary artery 

circulation starts in the aortic arch and supplies nutrients and oxygen to the 

heart tissue. Because problems with coronary circulation can lead to several 

cardiac dysfunctions, coronary artery perfusion is an important indicator in 

clinical applications [12]. Therefore, clinically, coronary perfusion pressure is 

commonly used as an indicator to predict the degree of coronary artery 

perfusion, which is calculated as the difference between the aortic pressure and 

right atrial pressure in the diastolic phase [13].  

 

 

Figure 1.5 Systemic blood pressure. Adapted from 

https://openstax.org/books/anatomy-and-physiology/pages/20-2-blood-flow-

blood-pressure-and-resistance [14]. 



 

9 

 

 

The blood flow is caused by the pressure difference between the ends of each 

blood vessel. Therefore, the produced blood flow is directly proportional to the 

pressure difference, and the blood pressure decreases from the aorta to 

arterioles and veins. The blood pressure of the systemic circulation is shown in 

Figure 1.5, which shows that the pressure drops from the arteries to the 

arterioles, and it drops sharply from the capillaries to the veins [11]. 

The hemodynamic parameters of the normal cardiovascular system 

[15], such as the blood pressure, cardiac output, and heart rate, have values in 

the ranges listed in Table 1. 

 

Table 1.1 Ranges of normal hemodynamic parameters 

 

Parameters Value Units 

Arterial 

Blood 

Pressure 

Systolic (SBP) 100 – 140 mmHg 

Mean  

(BP or MAP) 
 70 – 105 mmHg 

Diastolic (DBP) 60 – 80 mmHg 

Central venous pressure (CVP) 0 – 6 mmHg 

Right atrial pressure (RAP) 0 – 8 mmHg 

Stroke volume (SV) 50 – 100 ml 

Cardiac Output (CO) 4 - 8 L/min 

Heart Rate (HR) 60 - 100 beats 



 

10 

 

1.2  Cardiopulmonary resuscitation 

1.2.1 Basic concept for cardiopulmonary resuscitation 

 

Cardiopulmonary resuscitation (CPR) is an emergency treatment that 

artificially circulates blood and helps in breathing when a cardiac arrest occurs. 

It helps to delay brain damage and restore normal activities of the heart by 

circulating a patient's blood [16]. Cardiac arrest is when the pump function of 

the heart stops, and oxygen is not supplied to various organs such as the brain 

and lungs through blood circulation. Patients that do not receive CPR within a 

reasonable time right after cardiac arrest can experience a sharp decline in 

survival and death [17]. In the AHA guidelines [16, 18], chest compressions are 

initiated by placing the hand on the inter-nipple line; in adults, it is 

recommended to perform compressions of 100–120 times per minute at a depth 

of 5–6 cm [18]. 

Blood circulation during CPR is formed by the compression of the 

chest cavity, unlike the normal cardiovascular system, not by the thrust of the 

heart itself, and is caused by pressure gradients between the compression area 

and area where it is not compressed. Therefore, during CPR, the SV is 

generated per compression, and CO can be expressed by multiplying the 

number of compressions by the SV. For the pressure during CPR, both the aortic 

pressure (ABP) and right atrial pressure (RAP) increase as shown in Figure 1.6, 

and the RAP is similar to or higher than the ABP [19-21]. Because the high 
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RAP limits coronary perfusion during the compression phase in CPR, the 

coronary perfusion pressure (CPP) is calculated as the pressure gradient 

between ABP and RAP in the relaxation phase [13, 19, 22]. 

 

 

 

Figure 1.6 Blood pressure waveform during CPR. 

 

During CPR, the venous return is manually affected by the recoil 

phase of the thoracic cavity because the heart cannot function normally [7]. The 

negative pressure formed inside the thoracic cavity by the recoil phase 

decreases the pressure of the atrium and blood vessels in the thoracic cavity and 

creates the venous return. Therefore, when the recoil phase is incomplete by 

thoracic injuries such as rib fractures during CPR, the venous return could be 
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reduced. In standard CPR (S-CPR), because the recoil phase is passively 

dependent on the recoil of the thorax, if an appropriate recoil phase is not 

formed, the venous return and the resulting stroke volume are limited. To 

improve this, a new treatment for controlling intrathoracic pressure is proposed. 

This therapy is referred to intrathoracic pressure regulation (IPR), and is a 

method that creates negative pressure in the thoracic cavity during the recoil 

phase. Active compression-decompression CPR (ACD-CPR) is one of the IPR 

techniques that artificially lifts the thoracic cavity in the recoil phase using a 

suction device [18]. Because ACD-CPR creates negative pressure inside the 

thoracic cavity, it is possible to form a larger venous return than S-CPR [18, 

23]. Another of the IPR techniques is the use an impedance threshold valve 

(ITV) device [23-25]. The device prevents ambient air from entering the lungs 

during the recoil phase and continuously maintains negative pressure in the 

chest. It has been demonstrated in several animal and clinical trials that this IPR 

technique improves the venous return and CPP during CPR. 
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1.2.2 Theories of CPR mechanism 

 

There is still a debate on the mechanisms by which blood flow is 

formed and maintained during CPR. The representative CPR mechanisms are 

the “cardiac pump theory” and “thoracic pump theory”. The “cardiac pump” 

theory assumes that blood flow occurs as the ventricles are directly compressed. 

In contrast, the “thoracic pump” theory considers the heart as a simple conduit, 

and also assumes that the intrathoracic pressure is increased by chest 

compression, which creates the blood pressure and blood flow in the heart and 

blood vessels [26, 27].  

 

 

 

Figure 1.7 Diagram of CPR mechanisms. (A) Cardiac pump, (B) Thoracic 

pump. 
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Additionally, there are the “respiratory pump theory” and “left atrial pump 

theory” [27]. The “respiratory pump theory” states that blood flow is formed 

by the interaction between the heart and lungs, and the “left atrial pump theory” 

states that because it compresses the left atrium, a forward flow occurs through 

the open mitral valve and at the same time pulmonary blood flow in the 

pulmonary veins occur in the reverse direction. 
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1.3  Mathematical modeling for CPR 

1.3.1 Basic concept of lumped parameter model for 

cardiovascular system 

 

For centuries, researches have been conducted to understand the 

hemodynamics of the cardiovascular system. In 1738, Daniel Bernoulli 

published the Bernoulli equation, which link blood pressure and blood flow 

velocity. Moreover, in 1840, Poiseuille published the Hagen-Poiseuille 

equation, which describes the relationship between the pressure drop and flow 

rate under constant flow conditions [11, 15, 28]. 

 

 

 

Figure 1.8 Diagram of Hagen-Poiseuille equation for blood flow. 

 

The resistance of blood vessels is related to the diameter, length, and 

viscosity of the blood vessels and can be expressed as Eq. (1.1) according to 

the Poiseuille equation (Fig. 1.8).  
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𝑅 = 
8𝜇𝑙

𝜋𝑟4
= 
∆𝑃

𝑄
 Eq. (1.1) 

  

Where R is the resistance of the vessels, μ is the viscosity of blood, r 

is the radius of the vessel, l is the length of the vessel, ΔP is the pressure changes 

in each vessel, and Q is the flow of each vessel. 

In 1890 the famous "Frank-starling law" and "Windkessel effect" were 

published by Otto Frank. The Windkessel effect is a theory for the compliance 

of blood vessels [11, 29]. Compliance indicates the degree of expansion and 

contraction of the vessel wall according to pressure changes (Eq. (1.2)) [14]. 

 

𝐶 = 
∆𝑉

∆𝑃
 Eq. (1.2) 

 

Where C is the compliance of the vessels, ΔP is the pressure changes 

in each vessel, and ΔV is the volume changes in each vessel. 

Arteries with high elasticity expand and store blood during systole 

because of an increase in blood pressure. The stored blood is discharged again 

to provide a circulating force, which is indicated as a capacitor in the 

Windkessel model. This Windkessel model became the basis for an electrical 

analog model or lumped parameter (LP) model of the cardiovascular system 

[30]. 
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Figure 1.9 Electrical circuit of blood vessel element. 

 

The LP model can provide physical insight into the cardiovascular 

system with a low computational cost and simple manner, and ultimately lead 

to improved treatment. Therefore, many studies using the LP model have been 

performed over the past several decades to understand the relationship between 

the pressure and flow rate in the cardiovascular system's normal or various 

pathological conditions [31-35]. The LP model represents each blood vessel 

and heart of the cardiovascular system as one compartment [36, 37]. The 

compartment of the blood vessel is represented by an electrical circuit 

consisting of resistance and capacitance (Fig. 1.9). Each compartment can be 

expressed as the relationship between the blood pressure and blood flow rate 
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using Eq. (1.1 and 1.2). Furthermore, when the volume is obtained through the 

flow rate of the corresponding compartment, the pressure can be calculated. In 

the LP model, the ventricular compliance is represented by a variable 

capacitance, as shown in Figure 1.10, which is simulated as a chamber with 

valves at the inlet and outlet. The diodes represent the valves [37]. 

 

 

 

Figure 1.10 Electrical circuit of the ventricle. 

 

To define the ventricle contraction, which changes with time, the 

compliance value of the end-systolic phase (𝐸𝑒𝑠 = 1/𝐶𝑒𝑠 ) and end-diastolic 

phase (𝐸𝑑 = 1/𝐶𝑑) should be defined. In a normal ventricle, 𝐸𝑒𝑠 has a value 

of 1.7 ~ 6.7 mmHg/ml, and 𝐸𝑑has a value of 0.1 ~ 0.6 mmHg/ml [36, 37].  
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Figure 1.11 Normalized time-varying elastance of ventricle. 

 

The ventricular compliance (E(t) = 1/𝐶(𝑡)) changes during the systolic phase 

to reach the end-systolic compliance along with the half-sine wave. During the 

initial diastolic phase, the half-cosine wave is followed to reach the end-

diastolic compliance. Moreover, during the remaining diastolic phase, the end-

diastolic compliance is maintained. Figure 1.11 shows the normalized time-

varying compliance (elastance) of the ventricle represented as Eq. (1.3). 

Additionally, the atrium can be simulated as a variable compliance model in the 

same way as the ventricle. However, most LP models represent a constant for 

atrial compliance except for studies on the hemodynamic response to exercise 

because it does not act dominantly on the heart's contraction [37]. 
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𝐸(𝑡)

=

{
 
 
 

 
 
 𝐸𝑑 + 

𝐸𝑒𝑠−𝐸𝑑
2

∙ (1 − 𝑐𝑜𝑠 (
𝜋 ∙ 𝑡

𝑇𝑠
))              0 ≤ 𝑡 ≤ 𝑇𝑠 

𝐸𝑑 + 
𝐸𝑒𝑠−𝐸𝑑
2

∙ (1 + 𝑐𝑜𝑠 (
2𝜋 ∙ (𝑡 − 𝑇𝑠)

𝑇𝑠
))   𝑇𝑠 < 𝑡 ≤

3

2
𝑇𝑠

                                 𝐸𝑑                                        
3

2
𝑇𝑠  < 𝑡

 

Eq. (1.3) 

 

1.3.2 Previous studies on CPR modeling 

 

The study of CPR based on LP modeling began with the electrical circuit 

model proposed by Babbs in the 1980s [38]. The initial study defined the 

cardiac arrest status and cardiac and thoracic pump mechanism through 

electrical circuits. In cardiac arrest, cardiac compliance has constant 

compliance, unlike normal cardiac models. From this study until the early 

2000s, research on CPR modeling was led by Babbs, and studies on various 

CPR techniques such as ACD-CPR and interposed abdominal compression 

CPR (IAC-CPR) were conducted [39]. In 2005, a thoracic cavity model was 

proposed as a spring-damper system[40], and the transmission of external force 

was expressed as displacement rather than simply converting the external force 

into pressure. In this model, a compression depth of 5 cm was applied according 

to the AHA guidelines. Moreover, a hybrid pump mechanism that combines a 

cardiac pump and thoracic pump was proposed. In this mechanism, the left and 
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right ventricles were directly pressed by the cardiac pump, and the thoracic 

pump factor was added to the aorta, pulmonary artery, and atria in the thoracic 

cavity to control the change the intrathoracic pressure. In 2006, the optimal duty 

ratio and compression rate were suggested through studies on various duty 

ratios and compression rates on the CPR techniques [41]. The duty ratio 

represents the ratio of the time the pulse is on in one cycle, and in CPR, it is the 

time to compress the chest during one chest compression cycle. Since then, 

studies on CPR have been conducted by several works based on Babbs' model. 

In a 2011 study by Yvette Koeken et al.[42], the hemodynamic effects of various 

compression profiles such as the sine, trapezoidal, and square waves were 

compared. Furthermore, this study suggested that blood flow may be restricted 

when blood vessels in the thoracic cavity collapse owing to strong compression. 

In 2012, a study by Yanru Zhang et al. analyzed the effect of IAC-CPR on 

pulmonary circulation [43]. This study suggested that although IAC-CPR is 

excellent in improving hemodynamics, the pulmonary pressure is significantly 

increased by abdominal compression, which has the possibility of developing 

pulmonary edema. In 2017, two research teams conducted a study on applying 

a passive leg raising (PLR) maneuver during CPR [44, 45]. PLR is a maneuver 

that has been used to improve hemodynamic response by increasing cardiac 

output in patients with circulatory disorders. These studies suggested that 

hemodynamics can be improved when applied during CPR.  
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1.4  Motivation and objectives 

 

In the past decades, many clinical and theoretical studies on various 

cardiopulmonary resuscitation (CPR) techniques have been performed for 

hemodynamic improvement and the return of spontaneous circulation (ROSC) 

recovery during CPR [22]. However, approximately 20 to 140 patients in every 

100,000 suffer from cardiac arrest every year, and the survival rate of out-of-

hospital cardiac arrest (OHCA) patients that receive CPR is approximately 20%. 

Additionally, the in-hospital cardiac arrest (IHCA) survival rate is still not high 

at approximately 40% [46]. To improve the ROSC and insufficient survival rate 

of CPR, it is necessary to understand hemodynamics during CPR, and through 

this, the CPR technique can be improved. 

Mathematical modeling has the advantage of ideally approaching 

various techniques and phenomena of CPR that are clinically difficult to 

identify. Therefore, in this study, a mathematical modeling-based study was 

conducted to provide theoretical insights on the hemodynamics of CPR; the 

approach was made through three objectives. 

First, because the existing CPR model does not reflect the current CPR 

physiology, this study proposed an improved CPR model. Various simulation 

studies have been performed to understand the hemodynamic principle of CPR 

based on CPR mechanisms. Most of these studies were based on the lumped 

parameter model proposed by Babbs [39-45]. In the Babbs’s model, a “hybrid 
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pump” mechanism that combines the “cardiac pump” theory and “thoracic 

pump” theory was used, and the degree of “thoracic pump” was adjusted by the 

thoracic pump factor [40]. This model has contributed significantly to the basic 

understanding of the hemodynamics of CPR; however, there are still some 

aspects not reflecting the current CPR physiology in this model. First, in the 

compression phase of CPR, the peak value of the RAP should be greater than 

or equal to that of the ABP [19, 20, 22]. However, Babbs’s original model has 

a considerably low RAP peak value. Because the RAP affects the venous return 

and coronary artery perfusion, even small changes have a significant effect on 

the pressure gradient that determines it [7]. Therefore, a proper RAP must be 

reflected to fully predict the venous return and coronary artery perfusion. 

Second, under normal cardiac conditions, when the aortic valve opens in the 

systolic phase, the coronary blood flow is limited. However, when the valve 

closes in the diastolic phase, it increases, forming a retrograde flow. Thus, 

coronary blood flow occurs dominantly in the diastolic phase [47-49]. During 

CPR, the aortic valve opens in the compression phase and closes in the 

relaxation phase in terms of the thoracic and cardiac pump mechanisms. 

Therefore, as in the normal cardiac condition, coronary perfusion increases 

dominantly in the relaxation phase when the aortic valve is closed [13, 50], and 

according to this principle, the CPP during CPR is calculated as the difference 

between the ABP and RAP in the relaxation phase [13, 20, 51]. However, the 

existing simulation model does not reflect coronary perfusion during CPR 
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because it shows the dominant result of coronary perfusion in the compression 

phase.   

Therefore, through this study, an improved CPR model of the hybrid 

pump mechanism that can solve the aforementioned problems is proposed. 

Animal experiments were conducted to verify whether the modified CPR model 

better reflects the current CPR physiology. The pressure waveforms obtained 

from these were compared with those from the simulation results. Further, to 

compare the difference between the proposed and existing CPR model, various 

CPR techniques were simulated, such as active compression-decompression 

with an impedance threshold valve device (ACD–CPR+ITD) and the patient’s 

body positions (Head-up tilt and Head-down tilt). ACD–CPR+ITV has been 

clinically proven to increase coronary perfusion [23, 24]. Therefore, it was 

simulated to compare the effect of increasing coronary perfusion with the 

conventional model. However, although there are few clinical studies of 

changes in the patient’s body position during CPR, recent animal studies have 

shown that when CPR is performed in the head-up position, cerebral and 

coronary perfusion is augmented by venous return changes [52, 53]. Therefore, 

the change in body positions was simulated to compare the venous return and 

perfusion of the existing and proposed model. 
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Figure 1.12 Percentage of population for unsuccessfully resuscitated and CPR-

related chest injury. Adapted from Kralj et al. Resuscitation. 2015; Vol.93 136-

141 [54]. 

 

Second, this study focused on determining the hemodynamic effects 

on several issues of existing CPR techniques through simulation. The first issue 

is 'the reduction in the CPR effect upon reducing the thoracic elasticity due to 

rib fracture'. Current guidelines recommend performing chest compressions of 

5–6 cm. However, through animal experiments, recent studies have suggested 

that the compression depth specified in the current guidelines increases thoracic 
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injuries (Fig. 1.12); thus, the hemodynamic effects are reduced upon reducing 

the thoracic elasticity [55, 56].  

 

 

 

Figure 1.13 The sagittal image of chest-computed tomography. Adapted from 

Jiang et al. Hong Kong J. Emerg. Med. 2020; Vol.27(4) 197-201 [57]. 

 

The second issue is 'Is the current compression point the optimal compression 

point?’. The current guideline recommends the inter-nipple line (INL) as the 

compression point. However, recent studies suggest that the current 

compression position can compress the aorta and pulmonary arteries in 

anatomy [58-60]. Additionally, because the maximum depth of the left ventricle 

is below the INL [57, 61], they proposed the compression position should be 

below the INL (Fig. 1.13). If the compression position compresses the atrium 
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more than the ventricle, the aorta and pulmonary arteries can be compressed 

together by the anatomical position, limiting blood flow. Therefore, this study 

attempted to verify the hemodynamic effects according to the compression 

position and the decrease in the elasticity of the thoracic cavity through 

simulation. 

 

Finally, this study presents the possibility of establishing a 

personalized CPR model. Recently, research is underway to advance CPR 

techniques into personalized CPR [62-65]. However, clinically, it is difficult to 

understand the factors that affect hemodynamics because various factors 

interact environmentally. Furthermore, it is time-consuming and expensive. 

Therefore, this study presents the possibility of a patient-specific CPR model 

through parameter estimation of the cardiovascular system [66]. Babbs 

conducted a study to provide an optimal waveform for compression during CPR 

[41]. However, because the cardiovascular state, elasticity of the thorax, and 

heart's position vary among people, the optimal waveform and optimal strategy 

may vary depending on the individual. In addition, the resistance and 

compliance of the blood vessels that consist of the cardiovascular system are 

patient-specific, causing each patient to have different hemodynamic 

characteristics. Therefore, if the patient-specific cardiovascular parameters can 

be estimated, it becomes possible to predict the SV and CPP through each 

patient's cardiovascular status when CPR is applied. The elasticity of the thorax 
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and compression position mentioned in the second section can also vary 

considerably depending on the patient. The elasticity of the thoracic cavity 

varies according to geometry, body shape, age, and gender [67]. Because the 

stiffness of the ribs increases with age, the risk of injury increases; thus, the 

uniform compression depth recommended in the current guidelines may not be 

appropriate. Likewise, the heart's position may vary from patient to patient. For 

example, in obese patients, the heart's position is displaced compared to a health 

person owing to abdominal obesity [68]; the compression position may also 

have to be changed from the compression position suggested by the current 

guideline. Therefore, if the elasticity of the thorax and compression position 

can be individually reflected for each patient, it will be possible to increase the 

understanding of hemodynamics during CPR and to lay the basis for 

personalized CPR. For these reasons, in this study, the parameters of each 

cardiovascular system were estimated using a genetic algorithm (GA) to 

generate a patient-specific cardiovascular system [69, 70]. Moreover, different 

elasticity and compression positions were applied to the patient-specific 

cardiovascular model, and the possibility of a personalized CPR model was 

verified through the animal model established previously. 
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CHAPTER 2 

Materials and Methods 
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2.1 Modified CPR model based on general 

cardiovascular model 

 

First, to develop a CPR model that can reflect the current CPR 

physiology, the modified CPR model was developed and performed 

comparative verification with the existing model through various maneuver and 

animal experiments. 

CPR model of this study originated from the cardiovascular model 

proposed by Babbs, and was modified to reflect CPR physiology. Matlab 

software (The MathWorks, Inc., MA, USA) was used for modeling and 

simulation, and the 4th and 5th order Runge-Kutta methods were used at 

constant time intervals to solve the differential equations. The time-step used in 

the calculation was 0.001s.  

 

2.1.1 Modified hybrid CPR model 

 

The model proposed by Babbs (Original model) consists of 4 cardiac 

chambers and 10 vascular compartments [40]. The pressure gradient in each 

compartment is caused by changes in the input and output blood flow to the 

compliance of each compartment (Eq. (2.1)). Blood flow is proportional to the 

pressure difference between the two compartments, and inversely proportional 

to the vascular resistance between the two compartments according to Ohm’s 
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law (Eq. (2.2)). Each compartment has its own compliance and resistance 

values, and the values based on a 70 kg adult male were used. 

 

𝑑𝑃1
𝑑𝑡

=
1

𝐶1
(𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡)  (2.1) 

𝑄𝑖𝑛 = 
1

𝑅𝑖𝑛
(𝑃2 − 𝑃1) (2.2) 

  

To simulate chest compression, the structure of the thoracic cavity was 

represented by the spring–damper system, and a pressure gradient was 

generated in the compartments of the thoracic cavity as the depth of the chest 

changed by an external force. The cardiac pump mechanism was applied to the 

left and right ventricles to cause a direct pressure change, and at the same time, 

the thoracic pump mechanism was applied by allowing intrathoracic pressure 

to be transmitted to the left and right atrium, aorta, and pulmonary artery. The 

thoracic pump factor (𝑓𝑡𝑝 = 0.75 ) was applied to adjust the scale of the 

transmitted intrathoracic pressure. 

As shown in Figure 2.1, the model proposed in this study (Hybrid 

model) was constructed by adding the superior and inferior vena cava 

compartments of the thoracic cavity to the original model, and all blood vessels 

in the thoracic cavity were subjected to pressure changes of intrathoracic 

pressure. The CPR pump mechanism used a hybrid pump mechanism similar 

to the Babbs model. In this model, only the ventricle was compressed directly, 
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and the atrium received a change in intrathoracic pressure through the thoracic 

pump factor. However, in the hybrid model, both the atrium and ventricle were 

directly compressed and simultaneously subjected to changes in the 

intrathoracic pressure. Thus, 𝑓𝑡𝑝 was applied equally to all cardiac chambers, 

and 𝑓𝑡𝑝 in this model indicates that cardiac pumps and thoracic pumps mediate 

all compartments within the thoracic cavity simultaneously (which means 

hybrid pump). The thoracic pump factor ranges from 0 <𝑓𝑡𝑝 <= 1, and when 

𝑓𝑡𝑝 = 0, this model is no longer identical to Babbs' pure cardiac model. 

 

 

 

Figure 2.1 Diagram of the hybrid model composed of 16 compartments. 
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Figure 2.2 show schematics of the hybrid pump mechanism of the 

hybrid model, and the pressure and blood flow directions of the heart, arteries, 

and veins were plotted when the chest is compressed and relaxed, respectively. 

Table 2.1 shows the compliance and resistance of the newly added thoracic 

superior and inferior vena cava [37], and the same parameters of the remaining 

compartments were used as in the original model. 

 

 

Figure 2.2 Conceptual diagram of the hybrid pump mechanism. Cross-

sectional views during compression and relaxation, including both the left and 

right cardiac chambers. The thick red arrows indicate the direction of blood 

flow, while the thin arrows indicate the direction in which pressure acts within 

the thoracic cavity.  
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Table 2.1 Added model parameters. 

Resistances Value [mmHg/L/s] Definition 

𝑅𝑇ℎ𝑜_𝑆𝑉𝐶 10 

Resistance between the thoracic 

superior vena cava and the right 

atrium 

𝑅𝑇ℎ𝑜_𝐼𝑉𝐶 5 

Resistance between the thoracic 

inferior vena cava and the right 

atrium 

Compliances Value [L/mmHg] Definition 

𝐶𝑇ℎ𝑜_𝑆𝑉𝐶 0.014 
Compliance of the thoracic superior 

vena cava 

𝐶𝑇ℎ𝑜_𝐼𝑉𝐶 0.007 
Compliance of the thoracic inferior 

vena cava 

𝐶𝐴𝑏_𝐼𝑉𝐶 0.014 
Compliance of the abdominal 

inferior vena cava 
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2.1.2 Simulations of various maneuvers for CPR model 

2.1.2.1 Active compression-decompression CPR with an 

impedance threshold valve (ACD-CPR+ITV) 

 

To compare the CPP difference between the original model and the 

hybrid model, we simulated ACD–CPR+ITV (Figure 2.3), which has been 

clinically proven to improve coronary perfusion [23, 24, 71]. ACD–CPR is 

recommended to be used with an ITV device, as during the relaxation phase, it 

creates greater negative pressure in the thoracic cavity than the standard CPR 

(S–CPR). Therefore, ACD–CPR and ITV were simulated together [18].  

ACD–CPR alternately delivers positive and negative pressure on the 

thoracic cavity. To simulate this, in the compression phase, an external force of 

400 N was applied with a half-sine wave to compress the chest by about 5 cm, 

and in the relaxation phase, the chest was lifted by about 2 cm using 25 % of 

the external force [39].  

The ITV device is attached to an endotracheal tube or a ventilation 

mask, and in the relaxation phase during CPR serves to prevent inhalation 

caused by negative pressure [24]. To simulate the effects caused by the ITV 

device, airway airflow was set to zero when the difference between ambient 

and lung pressure was less than 0 [40]. 
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Figure 2.3 Schematics of CPR techniques. (A) standard cardiopulmonary 

resuscitation (S–CPR), and (B) active compression–decompression CPR with 

an impedance threshold valve device (ACD–CPR+ITV). 
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2.1.2.3 Head-up tilt (HUT) and head-down tilt (HDT)  

 

To compare venous return, and cerebral and coronary perfusion that 

occur according to body position changes during CPR, we compared the hybrid 

model with the original model by applying the HUT and HDT models [72]. In 

the supine position, gravity does not affect blood pressure changes, but during 

HUT, blood is pulled to the lower extremities by gravity, therefore the pressure 

of the blood vessels in the upper body relatively decreases, and the pressure in 

the lower body increases (Fig. 3(a)). Conversely, during HDT, gravity acts on 

the upper body, reducing blood pressure in the lower body (Fig. 3(b)). In order 

to simulate the effect of gravity according to the body position, the distance 

between the upper and lower body compartments from the thoracic cavity was 

set, and hydrostatic pressure was applied to the compartments except for the 

thoracic cavity, according to the tilt angle [72, 73].  

 

Q =
𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 + 𝜌𝑔ℎ 𝑠𝑖𝑛 𝜃

𝑅
 (2.3) 

 

where, ρ is the blood density, g is the constant of gravitational 

acceleration, h is the distance between thoracic cavity and extra-thoracic 

compartments, and θ (degree) is the tilt angle. 
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Figure 2.4 Schematics of (A) head-up-tilt (HUT) and (B) head-down-tilt (HDT). (C) Diagram representing the distance of each compartment 

from the thoracic cavity used to determine the hydrostatic pressure in each compartment (not scaled).
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2.1.3 Animal experiments for hemodynamic data 

acquisition 

 

In this study, to verify whether the modified CPR model adequately 

reflects the current CPR physiology, hemodynamic data were obtained from pig 

animal experiments for CPR (Fig. 2.5) and compared with simulation results. 

Pigs are similar to humans because the thoracic cavity and the abdominal cavity 

are separated from the diaphragm, so they are the most commonly used animals 

for CPR experiments [74]. 

 

 

 

Figure 2.5 Animal experiments for hemodynamic data acquisition during CPR 

using robot manipulator. 

 

Pigs between 37 and 45 kg were used, and all experimental procedures 

were performed with the approval of the Institutional Animal Care and Use 

Committee of Seoul National University (IACUC No. 19-0158-S1A0). 

Animals were induced to anesthesia by intramuscular injection of 5 mg/kg of 
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Zoletil (zolazepam and tiletamin; Virbac Korea, Republic of Korea), and 

intubated for mechanical ventilation. Anesthesia was maintained through 

inhalation of 1%–1.5% of isoflurane with an initial respiratory rate 15 / min. 

For measuring pressure, Arrow Seldinger Arterial Catheter (20 Gauge; Teleflex 

Inc., USA) and Swan-Ganz catheter (7.5 Fr; Edwards Lifesciences Corporation, 

USA) were placed in the right carotid artery and right atrium, respectively. 

 

2.1.3.1 Experimental protocol 

 

 
 
Figure 2.6 Timeline for experiments. 

 

The experimental protocol was divided into two phases as shown in 

Figure 2.6, and CPR was performed for 5 minutes after cardiac arrest for 5 

minutes in each phase. Cardiac arrest was induced by inserting a pacing catheter 

into the right ventricle and delivering direct current to a 9V battery to generate 

ventricular fibrillation. Chest compression was uniformly provided with a duty 

ratio of 50, 100 / min of compression rate, and 5 cm of depth using a robotic 

manipulator (VM-6083G model, Denso Co., Ltd., Japan). External 

defibrillation (step 2, 200J) was performed using a Zoll R series defibrillator 

(Zoll Medical, USA) every minute until the ROSC after the end of one-phase. 

After stabilizing for 30 minutes after ROSC, a two-phase experiment was 

conducted in the same manner. 
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2.1.3.2 Data acquisition 

 

During the experiment, arterial blood pressure (ABP) and right atrial 

pressure (RAP) from the patient monitor were collected in real-time, and all 

data acquisition were performed with a data acquisition card (NI-USB 6003, 

National Instruments, Austin, TX, USA) and an acquisition program 

( MATLAB, The MathWorks, Inc., MA, USA) with a sampling frequency of 

500Hz. The data used in this study were the steady-state data before cardiac 

arrest and the data within the initial 5-second of one-phase CPR. The 

experiment was performed on a total of 3 pigs, and in this study, data were 

acquired and used from two pigs to which the pressure waveform under normal 

conditions before the start of the experiment can be applied.
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2.2 Simulation-based approach to current issues in 

CPR using modified hybrid CPR model 

 

In this section, simulations were performed to theoretically verify the 

hemodynamic effects of the two issues currently in CPR, 'the adverse effect of 

reduced elasticity of thorax' and 'compression position'. 

 

2.2.1 Reduced elasticity of thorax 

 

 

 

Figure 2.7 Incomplete thoracic recoil due to reduced thoracic elasticity. 

 

 Eq. (2.4) 

 

The reduction in the elasticity of the thorax occurs within 1 to 2 

minutes after the initial compression begins [75, 76]. Therefore, to simulate this, 

the elasticity (𝐸𝑐ℎ𝑠𝑒𝑡 ) of the thorax was linearly decreased with time for 1 

minute from the time 10 seconds after the start of compression. The initial 

elasticity decreased linearly from 37 kPa to 15 kPa for 1 minute, and changes 

in ABP, CVP, CPP, and venous return were verified over the entire time. The 

𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑓𝑡𝑝𝐸𝑐ℎ𝑠𝑒𝑡(�̇�1∆𝑡) 
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thoracic elasticity was varied within the modulus of the mediastinal organs in 

Babbs' paper [40, 74]. The simulation was carried out for 90 seconds. 

 

2.2.2 Ventricle-atrium compression ratio (VAR) for 

compression position 

 

 
 

Figure 2.8 Chest compression position for adults during CPR. 

 

Changing the compression position can lead to a change in the 

compression ratio between the ventricle and the atrium due to the sternum's 

hinge motion[61, 77]. For example, when compression is applied to the lower 

part of the sternum, a greater pressure gradient may be formed by the sternum's 

hinge motion, resulting in greater pressure in the ventricle site. Therefore, to 

compare the hemodynamic changes according to the compression position, the 

position's change was simply simulated with the compression ratio (ventricular-

atrial compression ratio, VAR) between the ventricle and the atrium and 

modulated the VAR by changing 𝑓𝑡𝑝 of the ventricle and atrium. The 𝑓𝑡𝑝 was 

applied differently based on the atrium and ventricle, while the same ratio was 

applied equally to the left and right sides. Also, considering the anatomical 

position, the same 𝑓𝑡𝑝 for the atrium was applied for the great vessels in the 
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thoracic cavity [78]. The VAR changes were performed only in the hybrid 

model. 

  



 

45 

 

2.3 Parameter estimation of simple cardiovascular 

model for patient-specific CPR model 

 

In this section, to develop a patient-specific CPR model, parameters 

for the cardiovascular system were estimated, and simulations were performed 

applying different elasticities of the thorax and compression positions in the 

personalized cardiovascular model. To avoid the estimation of unknown 

parameters, in this study, the simplest cardiovascular system was constructed 

that can be estimated using hemodynamic indices provided in the open dataset. 

Scipy.integrate.odeint from Python SciPy package (www.scipy.org) was used 

to solve the ordinary differential equations for the simple cardiovascular system. 

  The patient-specific cardiovascular parameters were estimated from a large 

multi-parameter ICU database (PhysioNet's MIMIC II database) [79]. The 

MIMIC II database contains several physiological indices such as an 

electrocardiogram (ECG), ABP, CVP, CO, and heart rate with more than 2000 

records. The database was collected from 48 medical, surgical, and coronary 

intensive care beds in tertiary hospitals for adult patients aged 18 to 90 years or 

older. 

 

2.3.1 Simple cardiovascular model  

 

As shown in Figure 2.9, a simple cardiovascular system is composed 

of four compartments, consisting of the left heart, artery, vein, and capillary. 

The vascular compartment is composed of resistance and compliance. The 

equation for each blood vessel was the same as the blood flow and pressure 

gradient equation in Section 2.1. 
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Figure 2.9 Diagram of simple cardiovascular system composed of 4 

compartments. 

 

In this model, the heart has a time-varying elastance to reflect different 

heart conditions for each patient. The time-varying elastance is the same as that 

in Eq. (2.5). 

 

𝐸(𝑡)

=

{
 
 
 

 
 
 𝐸𝑑 + 

𝐸𝑒𝑠−𝐸𝑑
2

∙ (1 − 𝑐𝑜𝑠 (
𝜋 ∙ 𝑡

𝑇𝑠
))              0 ≤ 𝑡 ≤ 𝑇𝑠 

𝐸𝑑 + 
𝐸𝑒𝑠−𝐸𝑑
2

∙ (1 + 𝑐𝑜𝑠 (
2𝜋 ∙ (𝑡 − 𝑇𝑠)

𝑇𝑠
))   𝑇𝑠 < 𝑡 ≤

3

2
𝑇𝑠

                                 𝐸𝑑                                        
3

2
𝑇𝑠  < 𝑡

 

Eq. (2.5) 

 

where Ts is the end-systolic time, 𝐸𝑒𝑠is the end-systolic elastance, and 

𝐸𝑑 is the end-diastolic elastance. 
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2.3.2 Genetic algorithm for parameter estimation 

 

A genetic algorithm (GA) is the technique for solving optimization 

problems based on the evolutionary process. In this study, a GA was used to 

estimate the parameters of the cardiovascular system (Fig. 2.10) [70].  

 

 

 

Figure 2.10 Conceptual diagram of genetic algorithm 

 

To create an initial population, the parameter sets were randomly 

generated. The parameter sets consisted of nine parameters: resistance and 

compliance of each blood vessel, end-systolic elastance, and end-diastolic 

elastance of the left heart. The range of the parameters was defined to a value 

multiplied by five times of each parameter as the upper bound, and a value 

divided by five times of each parameter for have the lower bound. 10,000 

parameter sets were randomly generated within the parameter range. By 

substituting the generated parameters into the differential equation, the results 
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for systolic blood pressure (SBP), diastolic blood pressure (DBP), central 

venous pressure (CVP), and SV, which are target hemodynamic indexes for 

each parameter set, are obtained. 70 parameter sets were obtained by excluding 

values that were too low or too high compared to those within a range in normal 

hemodynamic conditions, which were defined as the initial population. 

Figure 2.11 shows the flow chart of GA. Because parents are the basis 

for the next generation, two sets (n=35) were selected through tournament 

selection. The selected parents had two children per parent through mating. The 

offspring underwent a crossover with a crossover rate of 0.4 and a mutation 

with a mutation rate of 0.8. One-point crossover was used for the crossover, and 

uniform mutation was used for the mutation so that the mutation could occur 

only within a specified parameter range. Finally, the fitness was calculated as 

the average error rate between the simulated results of the differential equation 

calculated through the parameter set and actual target hemodynamic indices (Eq. 

(2.6)). 

 

𝑀𝑒𝑎𝑛 𝐸𝑟𝑟𝑜𝑟 [%]

=  [
𝑇𝑎𝑟𝑔𝑒𝑡𝐴𝐵𝑃,𝐶𝑉𝑃,𝑆𝑉 − 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑𝐴𝐵𝑃,𝐶𝑉𝑃,𝑆𝑉 

𝑇𝑎𝑟𝑔𝑒𝑡𝐴𝐵𝑃,𝐶𝑉𝑃,𝑆𝑉
× 100] 

Eq. (2.6) 

 

Because the GA evaluates candidate solutions over several 

generations, it can be computationally expensive. Therefore, in this study, a 

cardiovascular model with simple parameters was adopted for rapid 

computation. Additionally, to shorten the time required to reach the optimal 

solution, the generation size was limited to 70 individuals, and the evolution 

was limited to 30 generations for optimization; the maximum solution 

calculation time did not exceed 50 s. 
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2.3.3 Application of CPR model to patient-specific 

cardiovascular model 

 

For a personalized CPR model, the CPR model was simulated on a 

patient-specific cardiovascular model. The modified hybrid model proposed in 

this study was applied to the CPR model, and the chest compression was 

transmitted to the heart, artery, and vein, excluding the capillary. To indicate 

cardiac arrest, the compliance of the heart was represented as a constant, and 

this value was applied as 𝐶𝐿𝑉 = 1/𝐸𝑑.
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Figure 2.11 Flow chart of genetic algorithm.
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CHAPTER 3 

Results and Discussion 
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3.1 Modified CPR model based on general 

cardiovascular model 

 

According to CPR physiology, the RAP peak pressure in the 

compression phase has almost the same value as the peak pressure of ABP [22]. 

Also, during compression, the pressure on the right side of the heart is equal to 

or higher than the pressure on the left side, limiting blood flow to the coronary 

arteries. Thus in the relaxation phase, coronary artery perfusion is relatively 

dominant [20, 50]. However, as these facts were not reflected in the original 

CPR model, we decided that the conventional model should be improved to 

reflect a better understanding of the current CPR physiology. We made two 

assumptions to improve the model. First, in order to increase the right side 

pressure as much as the left side, the atrium and the ventricle were compressed 

evenly between the sternum and the spine because the four cardiac chambers 

are located underneath the sternum anatomically (neglecting the compression 

gradients of the sternum's hinge motion) [59, 60], and the change in 

intrathoracic pressure caused by compression was also uniformly applied [80]. 

Therefore, unlike the original model, the thoracic factor was applied equally to 

the four chambers of the heart. Second, since the pressure of the central vena 

cava in the thoracic cavity is sensitively changed by spontaneous breathing or 

mechanical ventilation, it acts as a factor that greatly affects venous return. 

Therefore, we assumed that when the chest compression occurs by a strong 

external force, the intrathoracic vena cava should receive pressure changes in 

the intrathoracic pressure [81], and the model was modified to receive the 

intrathoracic pressure change by adding compartments of superior and inferior 

vena cava in the thoracic cavity. Based on these changes, we developed an 

improved hybrid model, and sought to verify its effectiveness by comparing it 

with the original model.  
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Figure 3.1 Validation of the normal condition of the developed model. 

 

When the thoracic vena cava was added to the developed model, 

verification was first performed through normal conditions to ensure that 

appropriate cardiovascular parameters were configured. 100 beats per min for 

heart rate and 120 mmHg/25 mmHg for left and right ventricular pressure, 

respectively, were applied to represent normal conditions. As a result, we 

attained a cardiac output of 5.05 L/min and aortic blood pressure of 114/84 

mmHg, which closes to typical physiologic conditions (Fig. 3.1).  
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3.1.1 Comparison results of animal experiments and 

simulations 

 

To compare whether the developed model satisfies the current CPR 

physiology mentioned above, we compared the pressure waveforms and 

coronary blood flow of the two models. In addition, the pressure waveform 

obtained from animal experiments and the simulation results were compared.  

The elastic modulus of the soft tissue through which the external force 

was transmitted to the thoracic cavity was 37 kPa, and the chest compression 

rate was 100 /min. Both models were simulated under the same conditions. 

 Figure 3.2 shows the pressure waveforms of the original and hybrid models, 

respectively. The original model has shown that during the compression phase, 

the right atrial pressure is much lower than that of the aorta, which led to 

primarily coronary blood flow during the compression phase. In contrast, the 

hybrid model has shown that in the compression phase, the right atrial pressure 

increased similarly to the aortic pressure, and in the relaxation phase, coronary 

blood flow predominated (Fig. 3.3).  
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Figure 3.2 Aortic pressure and right atrial pressure for (A) the original model 

and (B) hybrid model. 
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Figure 3.3 Coronary blood flow for the original model and the hybrid model. 

 

In addition, both animal experiments showed that the CVP peak at 

compression was close to the ABP peak (Fig. 3.4). However, the model 

proposed in this section does not reflect the amplitude of the pressure waveform 

similar to those of the animal experiments because the cardiovascular 

parameters are configured based on the patient model of 70 kg, and the 

elasticity of the thorax is also a general value. Nevertheless, when comparing 

the pressure waveform and the coronary perfusion, the CPR model developed 

in this study can be said to be a general CPR model that can better reflect the 

current CPR physiology than the existing model. 
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Figure 3.4 Pressure waveform obtained from animal experiments during CPR. 
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3.1.2 Hemodynamic effects on the various maneuvers 

3.1.2.1 Comparison of CPR techniques 

 

ACD–CPR + ITV is more effective in improving coronary artery 

perfusion than standard CPR (S–CPR). Therefore, to compare the CPP and 

coronary blood flow patterns of both models, Table 3.1 compares S–CPR and 

ACD–CPR + ITV of each model. CPP was calculated as the average value of 

the difference between aortic pressure and right atrial pressure in the relaxation 

phase, and the systemic perfusion pressure was calculated as the average value 

of the difference between aortic pressure and right atrial pressure over the entire 

cycle.  

 In the results, when ACD–CPR+ITV was applied, the cardiac output in the 

original model increased by about 10 %, and in the hybrid model by about 47 %. 

However, for CPP, the original model decreased by about 1.3 mmHg, while the 

hybrid model increased by about 8.9 mmHg. When comparing the mean 

coronary blood flow for the relaxation phase and full cardiac cycle, the hybrid 

model showed the coronary blood flow in the relaxation phase is higher than 

that in the full cardiac cycle, while the original model had higher coronary 

blood flow in the full cardiac cycle. Therefore, this result shows the difference 

in coronary perfusion patterns between the two models. 

From these results, the original model showed a slight decrease in CPP 

[41], but the hybrid model showed increase by about 47 %. Since the original 

model has a more dominant coronary perfusion in the compression phase, even 

looking at the full cycle of coronary blood flow, the original model improved 

by about 16 % and the hybrid model by about 35 %. In many clinical studies of 

ACD–CPR+ITV, the application of ACD–CPR + ITV increases CPP by over 

50 % on average, compared to S–CPR [23, 24]. Compared with these clinical 

results, it could be seen that the hybrid model presented in this study much 

better reflects the improvement of coronary perfusion. 
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Table 3.1 Comparison of changes in the hemodynamics of standard 

cardiopulmonary resuscitation (S–CPR) and active compression–

decompression CPR with an impedance threshold valve device (ACD–

CPR+ITV) for the original model and the hybrid model. Analytical parameters 

include Cardiac output (CO), systemic perfusion pressure (SPP), coronary 

perfusion pressure (CPP), relaxation phase coronary blood flow (CoBF), and 

mean coronary and cerebral blood flow (CeBF) for one cardiac cycle. 

  

 

Original Model Hybrid Model 

S–CPR 
ACD–

CPR+ITV 
S–CPR 

ACD–

CPR+ITV 

CO 

[L/min] 
1.81 1.99 1.05 1.52 

SPP 

[mmHg] 
32.47 36.31 15.74 20.49 

CPP 

[mmHg] 
23.68 22.37 19.03 27.99 

Relaxatio

n 

CoBF 

[mL/min] 

90.03 85.05 72.36 106.43 

Mean 

CoBF 

[mL/min] 

118.40 137.35 59.34 80.13 

Mean 

CeBF 

[mL/min] 

368.21 433.97 354.86 597.17 
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3.1.2.2 HUT and HDT  

 

To compare the hemodynamic effects of changes in body position for 

the two models, the HUT angles were set to (30, 45, and 60)°, while the HDT 

angles were set to (-30, -45, and -60)°. 

 Figure 3.5 shows the stroke volume, the venous return with varying tilt 

angle. The stroke volume results show that as the HUT angle increased, the 

original model increased, while as the HDT angle increased, it had no changes. 

However, the hybrid model showed no significant difference from the supine 

position in both HUT and HDT. Therefore, this result shows the difference 

between the stroke volume change patterns of the two models. In addition, the 

venous return was compared through blood flow of vena cava in the thoracic 

cavity. From these results, the blood flow of IVC to RA increases with the HUT 

angle and shows little change in HDT, which shows that there is no difference 

between the two models. Also, the blood flow of SVC to RA decreases sharply 

with increasing HUT angles in both models. However, in HDT, the original 

model did not change in the supine position, but the hybrid model slightly 

increased, showing the difference in venous return between the two models. In 

addition, Figure 3.6 shows that CeBF and CPP increase as the head goes 

up(from HDT to HUT), and likewise in this result, CeBF and CPP also sharply 

changed in HUT, but slightly changed in HDT. Although there was no 

significant difference in CPP and CeBF between the two models, the 

hemodynamic changes according to the tilting angle were demonstrated 

through the modified model by showing similar results to the results of studying 

CPP and cerebral perfusion according to the tilt angle through animal 

experiments [52, 53]. 

In these results, both models change abruptly in HUT but almost no 

change in HDT, which is caused that the total compliance of blood vessels in 

the lower body is greater than that in the upper body. In general, the compliance 

of the lower body is larger than that of the upper body. And also, since the 

compartments of this study are more distributed in the lower body, it makes the 

total compliance of the lower body much larger than that of the upper body.  
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Therefore, it can be seen that the hemodynamics increases because the degree 

of accommodating the increased blood volume as gravity is applied in the 

direction of the lower body during the HUT is large. Conversely, in HDT, since 

the total compliance of the upper body is too small, there is a limit to the 

accommodating blood volume no matter how much the angle is increased, so it 

can be considered that the return flow does not increase. 

Therefore, from these results, there was no difference in perfusion 

between the two models, but the difference in venous return was sufficiently 

demonstrated.
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Figure 3.5 Changes in (A) stroke volume (SV), blood flow rate for (B) IVC (inferior vena cava) to RA (right atrium) and (C) SVC (superior 

vena cava) to RA (right atrium) according to the tilting angle. IVC had represented the thoracic IVC compartment in Hybrid model and the 

abdominal IVC compartment in Original model. Also, SVC had represented the thoracic SVC compartment in Hybrid model and the jugular 

compartment in Original model. Note the suppressed zeros on the ordinate axis in Figure 3.5(A). 
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Figure 3.6 Changes in (A) cerebral blood flow (CeBF), and (B) coronary 

perfusion pressure (CPP) according to the tilt angle from the supine position for 

the original model and the hybrid model. Cerebral blood flow was calculated 

as the blood flow from the carotid artery to the jugular vein. Note the suppressed 

zeros on the ordinate axis in Figure 3.6(A). 
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3.2 Simulation-based approach to current issues in 

CPR using modified CPR model 

 

Second, the hemodynamic effects for several issues arising during 

CPR were simulated based on the hybrid CPR model. 

 

3.2.1 Hemodynamic effects on reduced elasticity of 

thorax 

 

Repeated compression during CPR causes deformation of the thorax, 

and the thorax deformation appears in various ways, such as dislocation of 

cartilage joints or rib fractures. When the thorax is damaged, the stiffness of the 

sternum decreases, and the anteroposterior diameter of the sternum decreases 

[56, 82]. Decreased elasticity of the thorax may affect venous return by 

reducing the recoil of the chest return during the recoil phase [56, 76]. Therefore, 

in this study, to confirm the effects of the reduced elasticity of the thorax on the 

hemodynamic, the simulation was performed. 

Figure 3.7 shows the pressure waveforms of ABP and CVP (RAP) 

when thorax elasticity is decreasing during CPR. This result shows that when 

the elasticity of the thorax decreases, the pressure amplitude changes more 

dominantly than the baseline value of the pressure waveform. Also, Figure 3.8 

shows the pressure waveform in an animal experiment. As a result, even in 

animal experiments, the ABP and CVP peaks showed a notable decrease within 

20 seconds after starting CPR. Thus, decreasing peaks of ABP and CVP in 

clinical or preclinical conditions under the assumption that the compression 

position has not changed may indicate a decrease in the elasticity of the thorax 

during CPR. 
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Figure 3.7 Pressure waveform when the thorax elasticity is decreasing during 

CPR. 

 

 

 

Figure 3.8 Pressure waveform of pig 1 during CPR animal experiments. 

 

In addition, Figure 3.9 shows the carotid blood flow, coronary blood 

flow, and venous return during thoracic elasticity reduction. Carotid blood flow 

decreases as the elasticity decreases, not only the flow in the compression phase 

decreases, but also the flow in the recoil phase, the backflow from the carotid 

artery to the thoracic aorta, caused by the formation of negative pressure inside 
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the thoracic cavity. This result also showed that the decrease in thoracic 

elasticity limits hemodynamics during CPR by reducing coronary blood flow 

and venous return. Therefore, these results can be indicated that the negative 

pressure formation in the recoil phase is not properly achieved due to the 

decrease in thorax elasticity. Several studies have been conducted on the 

hemodynamic effects of chest elasticity reduction [83, 84]. These studies also 

suggested that many incomplete chest recoils occurred in the group with 

reduced thoracic elasticity due to chest injuries, leading to decreased coronary 

perfusion and poor hemodynamic results [56, 63, 83].  

Therefore, the results presented in this study are similar to those of 

animal experiments, and it can be suggested that the reduction of thorax 

elasticity due to fracture and dislocation may reduce the effect of CPR. In 

addition, several recent studies have suggested that the compression depth 

recommended in the guideline of 5 – 6 cm is associated with increased injury 

[85], and the depth at which the maximum survival rate occurs is 4 – 5.5 cm 

[86]. Therefore, since the pressure waveform is the most easily accessible 

hemodynamic indicator for the patient, it is necessary to monitor the pressure 

waveform in a clinical or preclinical to perform compressions to a depth that 

can minimize chest damage.
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Figure 3.9 Blood flow rate when the thorax elasticity is decreasing during CPR. (A) Carotid blood flow, (B) Coronary blood flow, (C) blood 

flow rate of IVC to RA represent to venous return.
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3.2.2 Coronary perfusion pressure for various VAR 

 

A simple comparative study on the compression ratio of the ventricle 

and atrium was performed, which varied depending on the compression 

position. The current guideline's compression position is the midpoint of the 

inter-nipple line (INL), and the four cardiac chambers are anatomically located 

beneath that point [60, 61]. However, some clinical studies have suggested that 

the midpoint of INL may not be the optimal compression point because the 

maximal diameter of LV is located almost below the INL [59-61, 77]. Therefore, 

the compression ratio between the ventricle and atrium was simulated by 

modulating 𝑓𝑡𝑝, and the change of CPP according to VAR was compared. 

For example, if VAR (ventricle-atrium compression ratio) was 1.33, 

then 𝑓𝑡𝑝 of the ventricles is 1 (which means pure cardiac pump is applied to 

the ventricles in our model), and 𝑓𝑡𝑝 of the atriums is 0.75. If VAR = 1, then 

𝑓𝑡𝑝 of the ventricles is 0.75, and 𝑓𝑡𝑝 of the atriums is 0.75.  

Figure 3.10 shows that the CPP was the highest at VAR = 0.33 (𝑓𝑡𝑝 

of the ventricles is 0.25, and 𝑓𝑡𝑝 of the atriums and great vessels is 0.75) and 

it changed accordingly to the change in VAR. Figure 3.11 also shows the result 

of a decrease in stroke volume and CPP as the compression ratio of the atrial 

and great vessels, including the vena cava and aorta, increases for the same 

compression ratio of the ventricle. This result suggests that hemodynamics is 

inhibited as the atrium and major blood vessels' compression increases during 

CPR. 
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Figure 3.10 CPP changes in accordance to the ventricle-atrium compression 

ratio (VAR) and thoracic pump factors (𝑓𝑡𝑝) in the hybrid model. VAR = 1.33 

(𝑓𝑡𝑝 of the ventricles is 1, and 𝑓𝑡𝑝 of the atriums and great vessels is 0.75), 

VAR = 1 (𝑓𝑡𝑝 of the ventricles is 0.75, and 𝑓𝑡𝑝 of the atriums and great vessels 

is 0.75), VAR = 1.5 (𝑓𝑡𝑝 of the ventricles is 0.75, and 𝑓𝑡𝑝 of the atriums and 

great vessels is 0.5), VAR = 3 (𝑓𝑡𝑝 of the ventricles is 0.75, and 𝑓𝑡𝑝 of the 

atriums and great vessels is 0.25), VAR = 0.67 (𝑓𝑡𝑝 of the ventricles is 0.5, and 

𝑓𝑡𝑝 of the atriums and great vessels is 0.75), VAR = 0.33 (𝑓𝑡𝑝 of the ventricles 

is 0.25, and 𝑓𝑡𝑝 of the atriums and great vessels is 0.75). 
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Figure 3.11 Comparison of coronary perfusion pressure (CPP) and stroke 

volume (SV) when different 𝑓𝑡𝑝 of atrium and great vessels as 1, 0.75, 0.5, 

0.25 based on Ventricle's 𝑓𝑡𝑝 = 1. 

 

The results show that the hemodynamics can vary considerably 

depending on VAR, and CPP is a potential indicator that can represent the 

optimal compression point [87]. These results mostly show that CPP is 

improved when ventricular pressure is high compared to compression of the 

atrium and large vessels, but the result of VAR = 0.33 shows a different pattern. 

This can be seen that coronary perfusion was increased due to a large aortic 

pressure. However, in Figure 3.12, it can be seen that the pressure of the 

pulmonary artery is relatively increased compared to when VAR = 3. Excessive 

increase in pulmonary pressure caused by compression may cause lung damage 

such as pulmonary edema [43], which may negatively affect. Therefore, 

although it can serve as a guide for the compression position through CPP, it is 

necessary to provide a guide in consideration of the anatomical position in the 
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thoracic cavity sufficiently. In addition, since the thoracic pump factor 

delivered to the compartments in the thoracic cavity may vary depending on the 

compression position and the sternum's compression gradient, further studies 

on this must be performed.  

 

 

Figure 3.12 Comparison of pressure waveform when VAR = 0.33 (A) and 

VAR = 3.  
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3.3 Parameter estimation of simple cardiovascular 

model for patient-specific CPR model 

 

Finally, in this section, to present the possibility of a personalized CPR 

model, parameters for the patient-specific cardiovascular model were estimated, 

and CPR was applied to them. First, 10 target hemodynamic indices (SBP, DBP, 

CVP, SV) were randomly generated to verify the parameter estimation through 

the genetic algorithm (GA). For the diversity of the generated data, the ranges 

were set as 100–150 mmHg of SBP, 60–90 mmHg of DBP, 1–10 mmHg of CVP, 

and 30–60 ml of SV. For CVP, the mean CVP was used in the same way because 

it was the value provided in the open dataset. The parameter estimation results 

for the simple cardiovascular system through the GA for the generated data are 

listed in Table 1. Consequently, the average error rate for each hemodynamic 

index does not exceed 7% at the maximum, and it shows that the overall results 

are similar to the target values. In CVP, the error rate tends to be relatively large 

compared to other indices, but because it is expressed as a relative ratio with 

the target value, it can be observed that there is no significant difference from 

the actual target value. 
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Table 3.2 Comparison of 10 generated data and simulated results from generated parameters by genetic algorithm. 

 Generated Data Simulation Results Error rate [%] 

Index 
SBP 

[mmHg] 
DBP 

[mmHg] 
CVP 

[mmHg] 
SV 

[ml] 
SBP 

[mmHg] 
DBP 

[mmHg] 
CVP 

[mmHg] 
SV 

[ml] 
SBP DBP CVP SV 

1 102.70 63.37 5.14 57.35 107.31 62.93 5.70 59.85 4.49 0.69 10.87 4.36 

2 113.31 85.73 1.75 32.52 107.93 81.20 1.73 32.46 4.75 5.29 0.92 0.18 

3 147.01 69.03 3.15 46.56 148.51 75.06 3.13 46.22 1.02 8.74 0.76 0.72 

4 118.46 79.77 2.60 43.30 114.46 82.33 2.81 41.21 3.38 3.20 8.24 4.82 

5 129.20 81.37 9.57 49.98 134.13 76.25 8.10 52.46 3.82 6.29 15.37 4.97 

6 109.37 71.69 7.05 39.28 104.43 73.69 7.68 40.21 4.52 2.79 8.98 2.38 

7 121.19 89.54 6.61 41.28 115.62 85.36 7.10 41.08 4.60 4.67 7.45 0.48 

8 119.46 64.29 5.40 51.23 123.95 55.13 5.17 50.38 3.76 14.25 4.17 1.65 

9 101.68 66.06 2.29 42.61 110.24 58.43 2.47 40.39 8.41 11.56 7.77 5.20 

10 112.20 73.28 5.93 51.39 112.05 74.63 5.88 54.59 0.13 1.84 0.89 6.22 

Average of Error rate 3.89 5.93 6.54 3.10 

Standard deviation of Error rate 2.12 4.15 4.59 2.14 



 

74 

 

3.3.1 Verification of parameter estimation using open 

dataset 

 

In this study, the PhysioNet's MIMIC II database [79] was used for the 

patient-specific cardiovascular model. The patient data, including cardiac 

output from the database were primarily selected, and among them, patients 

with excessively high CVP values were excluded (N=40). The database 

provided the cardiac output value, which in this study was converted into the 

SV by dividing with the heart rate and simulated with the corresponding heart 

rate for each patient model. 

 

 

 

Figure 3.13 Box plot of error rate for open dataset results (N = 40). 

 

 The result of the parameter estimation using the open dataset is shown in a 

boxplot that presents the range of error rates for each hemodynamic index (Fig. 

3.13). The average error rates and standard deviations are listed in Table 3.3. 

The mean and standard deviation of the error rate are observed to be larger than 

that of the randomly generated data.  
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Table 3.3 The average and standard deviation of error rate for the results of 

open datasets (N = 40). 

 

 

 

In SBP, the largest error rate is 25%, and the SV is 20%, which has a 

considerably high error rate. One cause of this could be the wide distribution of 

the patient's hemodynamic indices in the open dataset. Owing to the patients' 

varying age ranges and pathological conditions, the dataset includes patients 

significantly outside the range of normal cardiovascular values. In the initial 

population, because parameter sets with a normal cardiovascular range were 

selected, optimization could be difficult within 30 generations for individuals 

who are far out of the normal range even if mutation occurs [88]. However, a 

sufficiently low error rate could be reached as the number of optimization 

generations increases. Furthermore, setting the range of the initial population 

in consideration of the range of pathological conditions can make 

improvements. Another cause could be that the upper and lower limits of the 

set of parameters are limited, limiting the value of the offspring change through 

mutation, so that the appropriate parameter values cannot be reached. It is 

impossible to set the actual parameter range of the cardiovascular system 

according to various age groups and pathological conditions. However, if a 

broader range of mutation bounds is set, optimization with a lower error rate is 

possible. 

 

 
Error rate [%] 

 SBP DBP CVP SV 

AVG. 9.20 12.66 16.36 6.10 

STD. 6.67 8.00 6.97 4.80 
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Because the GA is optimized through generations, the change of the 

value of each individual (parameter sets) according to the generation for the 

result of the target hemodynamic index (SBP = 107.5, DBP = 70.3, CVP = 8.0, 

SV = 45.68), having the lowest error rate among the open dataset results, was 

represented through a heatmap. For each error rate, the results were 0.85, 6.5, 

0.11, and 0.91%. Figure 3.14 shows a heat map for the SBP, Figure 3.15 is for 

the DBP, and Figure 3.16 is for the CVP. In these results, all individuals were 

converged to the value closest to the target value during generation passes. 

Figure 3.17 shows the pressure waveform result when each individual is applied 

to the cardiovascular system model, and the value of 30 generations is the 

pressure waveform for the finally converged result. 

Figure 3.18 shows the heat map for SV, and Figure 3.19 shows the 

pressure-volume loop (PV loop) when each individual is applied to the 

cardiovascular system, and the difference between the parameter values of each 

individual and final parameter values as a percentage. The PV loop represents 

the work done by the heart, and a larger PV loop (Fig. 3.19 (A)) indicates that 

the work done by the heart increases, whereas a smaller one (Fig. 3.19 (B)) 

indicates that the work done by the heart decreases, which shows that the PV 

loop is affected not only by the heart's compliance but also by the pressure and 

resistance of the surrounding blood vessels. 

As observed from these results, the points of convergence to the final 

value differ depending on the hemodynamic index. This is presumably because 

the cardiovascular system is a closed loop; thus, changes in the parameters 

affect adjacent compartments. Additionally, these results verify that different 

patients have different sets of cardiovascular parameters and that a patient-

specific cardiovascular model can be constructed accordingly (Table 3.4).  
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Figure 3.14 Changes in SBP value due to changes in individuals according to generation. The color bar represents the range of SBP. 
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Figure 3.15 Changes in DBP value due to changes in individuals according to generation. The color bar represents the range of DBP. 
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Figure 3.16 Changes in CVP value due to changes in individuals according to generation. The color bar represents the range of CVP. 
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Figure 3.17 Pressure waveform of specific gene (individual) results.  
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Figure 3.18 Changes in SV value due to changes in individuals according to generation. The color bar represents the range of SV.
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Figure 3.19 Pressure volume curve and percent change for optimal parameter 

and for each SV. 
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Table 3.4 Estimated parameter sets for the open dataset 

 

Estimated parameter for cardiovascular system Target hemodynamic index 

C1 C2 C3 R1 R2 R3 R4 Ees Ed SBP DBP CVP SV 

0.3943 4.3179 2.5541 0.2600 0.2517 0.0265 0.0037 4.4389 0.3227 139.00 64.30 9.00 55.55 

0.5731 1.7013 1.6420 0.4461 0.5412 0.1106 0.0129 2.7043 0.0965 135.60 75.80 8.20 63.54 

0.5932 2.4023 1.3296 0.1071 0.2525 0.5108 0.0268 7.0063 0.2977 112.10 54.10 15.70 68.64 

0.7777 2.6137 1.5811 0.1803 0.4542 0.1611 0.0043 4.9489 0.2036 122.90 63.70 12.00 70.50 

0.2331 3.0674 1.0420 0.2057 0.3652 0.7500 0.0167 3.7698 0.3506 110.80 58.40 11.90 43.23 

0.2484 3.4827 2.3103 0.2916 0.1650 0.6154 0.0165 7.5989 0.4551 125.60 62.60 8.60 56.50 

0.7140 0.7199 0.9240 0.3015 0.5080 0.0599 0.0164 1.7928 0.1510 109.70 60.60 10.00 47.11 

0.4289 0.7505 2.8364 0.1523 0.2428 0.4513 0.0179 6.5391 0.2187 114.80 54.50 6.70 71.74 

0.3671 4.5149 2.1523 0.1639 0.4704 0.4009 0.0093 2.8637 0.1130 106.70 51.60 8.40 55.56 

0.9599 4.0775 1.4950 0.2676 0.3712 0.2068 0.0073 7.9919 0.4000 113.70 60.20 12.00 52.50 

0.1612 2.7190 1.0571 0.2242 0.5895 0.6789 0.0256 3.3924 0.0512 110.50 59.90 12.10 48.25 

0.3453 4.8758 1.7575 0.1803 0.1374 0.5430 0.0236 4.3460 0.4678 108.20 57.70 9.90 51.00 

0.7431 4.7720 0.9204 0.4172 0.2231 0.3331 0.0171 1.0385 0.0893 99.00 54.60 10.00 42.63 

0.1204 0.6872 1.1743 0.1183 0.5589 0.6781 0.0034 4.6771 0.1775 117.00 61.30 11.00 51.01 
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0.8613 4.7852 1.7397 0.2209 0.6429 0.1410 0.0050 4.9350 0.2720 105.70 70.30 8.00 45.68 

0.0976 3.7632 0.5927 0.4299 0.7486 0.6384 0.0234 1.9356 0.0609 127.50 63.10 15.10 36.11 

0.8049 2.3616 0.8645 0.0926 0.5242 0.2963 0.0024 6.6492 0.6354 117.80 68.30 14.10 49.24 

0.9599 4.0775 1.4950 0.2676 0.3712 0.2068 0.0073 7.9919 0.4000 112.60 67.10 13.30 56.14 

0.7888 4.0348 1.7648 0.3243 0.7763 0.5123 0.0194 4.7056 0.0692 118.40 69.00 6.80 50.16 

0.6134 0.8239 1.2441 0.3507 0.1698 0.0674 0.0198 2.9841 0.3465 100.10 62.50 9.90 53.00 

0.8559 1.3700 1.5002 0.2218 0.1670 0.7258 0.0063 5.4519 0.2547 109.50 56.60 10.80 74.88 

0.3555 2.5277 2.7542 0.1804 0.1215 0.3382 0.0094 3.2860 0.3233 98.50 50.30 7.30 68.65 

0.6145 2.9679 0.6790 0.1102 0.7215 0.3899 0.0179 5.1058 0.2395 124.50 61.10 17.70 41.16 

0.7898 0.0085 6.0599 0.6274 0.3142 0.7898 0.0085 6.0599 0.6274 124.50 61.10 17.70 41.16 

0.2554 0.4248 0.5702 0.0818 0.4764 0.7598 0.0133 4.9861 0.3991 111.10 54.80 18.30 44.21 

0.4729 1.0546 1.0505 0.1568 0.2306 0.7565 0.0208 6.5489 0.5984 109.20 52.20 13.40 45.95 

0.2635 1.8310 2.2498 0.5796 0.2431 0.3040 0.0092 5.5676 0.6408 126.70 53.50 6.40 39.71 

0.1507 4.1952 1.1974 0.2816 0.2849 0.7886 0.0034 0.6876 6.0954 136.70 64.00 10.60 36.53 

0.2330 4.9498 0.5415 0.2419 0.2178 0.4809 0.0116 2.8683 0.2343 131.10 53.60 13.80 47.85 

0.0976 3.7632 0.5927 0.4299 0.7486 0.6384 0.0234 1.9356 0.0609 135.00 55.00 14.60 37.97 

0.6275 4.5712 1.7203 0.2857 0.2770 0.6225 0.0017 2.4851 0.1306 131.50 59.30 8.50 52.95 
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0.2171 3.2819 0.4453 0.1935 0.9108 0.7706 0.0104 7.5178 0.5939 106.80 66.10 17.90 31.97 

0.6512 4.1626 0.6359 0.1836 0.1387 0.6690 0.0006 5.3178 0.6221 121.00 57.40 18.20 44.69 

0.6145 2.9679 0.6790 0.1102 0.7215 0.3899 0.0179 5.1058 0.2395 130.50 66.70 17.20 42.78 

0.0976 3.7632 0.5927 0.4299 0.7486 0.6384 0.0234 1.9356 0.0609 116.80 52.60 15.90 33.77 

0.2932 4.2498 2.0344 0.2729 0.4732 0.1857 0.0004 6.0270 0.3969 129.70 56.10 10.20 50.89 

0.3042 3.4362 1.1933 0.4995 0.7518 0.7612 0.0009 3.6695 0.0608 134.50 65.30 12.90 42.87 

0.2961 4.0809 1.5027 0.2002 0.5473 0.2626 0.0158 7.1143 0.4440 124.60 59.10 7.80 43.80 

0.4756 4.7390 0.6251 0.2133 0.2981 0.4311 0.0036 1.9707 0.1713 112.00 59.60 19.30 51.70 

0.6190 1.7526 0.9187 0.0680 0.2548 0.7165 0.0102 7.7281 0.4320 105.70 58.70 18.50 64.09 
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Furthermore, this study attempted to estimate the parameters for each 

pig model through the pressure waveform obtained in the previous animal 

experiments. Because there is no true value for the SV in the animal 

experiments, the parameters were estimated using the maximum and minimum 

peaks for CVP and ABP as the target hemodynamic indices (SBP, DBP, 

maxCVP, minCVP). Therefore, the changed target hemodynamic index was 

applied to the fitness equation to estimate the parameters of the pig model. For 

the target hemodynamic indices of each pig model, an average of five cycles 

was applied, and parameter estimation was performed for 30 generations in the 

same manner. 

 

 

Figure 3.20 Pressure waveform of pig model vs Parameter estimated 

simulation model. (A) Pig 1, (B) Pig 2. 
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Figure 3.20 shows the comparison results of the pressure waveform for the 

simulation results estimated with the parameters and animal experiments. Table 

3.5 shows the error rates for the target hemodynamic indices of each pig model. 

 

Table 3.5 Error rates of target hemodynamic indices for each pig model. 

 

 Error rate [%] 

 SBP DBP maxCVP minCVP 

Pig 1. 2.02 3.62 0.14 14.53 

Pig 2. 3.25 3.54 3.11 1.86 

 

 

The results show that the pressure waveform of the cardiovascular 

model implemented through parameter estimation of the two pig models tends 

to that of the actual one. However, it does not reflect the waveform of the 

dicrotic notch in the ABP. This is because the inertia value of the ABP was not 

reflected, and the cardiovascular system was constructed through the simplest 

compartments to minimize the estimation of unknown parameters. Furthermore, 

high-frequency oscillation can be observed in the systolic phase of the pressure 

waveform obtained from Pig 2 (Fig. 3.20(B)). This artifact can occur by the 

pressure transducer system used to invasively measure blood pressure [89-91]. 

One of the frequencies generated by the cardiovascular system overlaps with 

the natural frequency of the transducer, causing the underdamped/resonance 

phenomenon. Therefore, this non-physiological oscillation was not considered 

in this study. However, a recent study showed that this underdamped oscillation 

occurs in approximately 30% of critically ill patients [92]. Therefore, because 

this artifact may have clinical relevance to the cardiovascular condition, it is 

necessary to understand the sufficient correlation between the cardiovascular 

condition and measured artifact.  

Nevertheless, this study proved that even if the parameters were 

estimated considering a simple cardiovascular system, the cardiovascular state 
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can be sufficiently simulated. Additionally, Pig 1's minCVP error rate (14.53%) 

was high compared with the other values. However, because all the minCVP 

values are exceedingly low, even a slight difference results in a relatively large 

error rate. 

These results verified that parameters could be estimated not only 

from the open dataset but also from the actual animal model. Furthermore, 

because it takes less than 1 min to estimate parameters for each individual, it 

could be possible to estimate parameters for the data acquired in real-time and 

provide a personalized cardiovascular model. 

 

3.3.2 Application to patient-specific CPR model 

 

 In this study, a personalized CPR model was proposed based on a patient-

specific cardiovascular model. Therefore, it was intended to verify that pressure 

waveforms due to compression may be differently formed according to the state 

of the cardiovascular parameters. A personalized CPR model was simulated by 

applying the CPR model to animal models and one patient of the open dataset. 

First, the modified CPR model was applied by selecting the four 

individuals (parameter sets) with the lowest error for the target hemodynamic 

index from the open dataset results (Fig. 3.21). These results showed that the 

pressure waveform changes remarkably according to the parameter set 

composed of each individual. Moreover, this indicated that CVP increases by 

as much as the ABP peak during compression, but those higher or lower than 

ABP are affected by the cardiovascular parameters. Therefore, fore these results, 

it can be suggested that hemodynamics may have different patterns according 

to the patient's cardiovascular system. Figure 3.22 shows the result of applying 

VAR differently when applying CPR to the cardiovascular system model 

composed of the finally converged parameter set. In this result, even if the same 

cardiovascular parameters are configured, it showed that the pressure waveform 

changes significantly when the compression position is different, and the 

hemodynamics can be influenced [93]. Because the elasticity of the thorax 
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cannot be predicted from the results, the simulation was performed by applying 

the same elasticity. However, when the elasticity of the thorax is changed, it 

should be considered that the pressure waveform may also be changed. 
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Figure 3.21 CPR models for cardiovascular models with different parameter sets
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Figure 3.22 30th 2gene's (finally converged parameter set) pressure waveform 

according to VAR. 
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The CPR model was applied to the cardiovascular model for each pig, 

and the pressure waveforms in the animal experiments and simulation results 

of the parameters estimated from those were compared. (Fig. 3.23) 

  When the VAR is low, the CVP rises as much as the ABP, and the CPP is 

decrease. Conversely, when the VAR is high, the CVP becomes lower than the 

ABP, and the CPP increases [58, 87]. Based on the results of the VAR study in 

Section 2.2, in the CPR waveform of the pig model, it can be predicted that Pig 

1 has a high VAR, whereas Pig 2 has a low VAR. Therefore, the VAR was 

applied differently to the CPR models of the two pigs. Additionally, when the 

same compression depth and thoracic elasticity (37kpa) were applied to the 

CPR models of both pigs, the pressure transmitted to the cardiovascular system 

tended to be too low in both models. Therefore, because the peak value of the 

pressure waveform is affected by the elasticity of the thorax [84, 85], the 

thoracic elasticity of each pig model was arbitrarily adjusted within the range 

of the elastic modulus of the mediastinal organs to be similar to the pressure 

waveform in the animal experiments [94, 95]. As a result, it was shown that the 

results of the CPR model of Pig 1 and Pig 2 had similar trends with the animal 

experiments. As shown in this result, it is possible to predict the current 

compression position through the CPP and degree of CVP higher or lower than 

the ABP. Additionally, it indicates that even when the same compression depth 

is transmitted, the overall pressure peak formation may vary depending on the 

elasticity of the thorax. Therefore, it was verified that the pressure and blood 

flow rate during CPR are affected by the individual's cardiovascular state, the 

elasticity of the thorax, and the compression position. Based on these, the 

possibility of a personalized CPR model was demonstrated through a patient-

specific cardiovascular model with changes in the compression position and 

thoracic elasticity. 
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Figure 3.23 Pressure waveform of pig-specific parameter estimated CPR model. (A), (B) is real pressure waveform of pig1, 2. (C), (D) is 

simulation results of pig 1, 2. Pig 1 was simulated with E = 100 kPa, tpF = 0.4, tpF_v = 1. Pig 2 was simulated with E = 45kPa, tpF = 1, tpF_v 

= 0.5 
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To verify whether the optimal CPR strategy and the worst CPR 

strategy for each pig model can be determined through the developed 

personalized pig CPR, the simulation was performed with the various CPR 

condition. For each individualized pig model, the hemodynamics were 

compared at 4–6 cm of depth and 80–140/min compression rate, varying by 1 

cm and 20 cpm (compression per minute), respectively. The depth was adjusted 

by changing the force applied to the compression (320N for 4cm, 400N for 5cm, 

and 480N for 6cm). The VAR was compared with the VAR value obtained from 

the results of the personalized pig CPR model, the value inverse of the VAR 

value, and the VAR 1 that refers to the compression of all hearts and blood 

vessels. 

In the Pig 1 model, the CPP and CO increased with the increasing 

compression rate within each depth only at VAR 2.5. However, in VAR 0.4 and 

VAR 1, the CPP and CO increased as the compression rate decreased (Fig. 3.24). 

The lowest hemodynamics were observed at the compression position of VAR 

0.4, depth of 4 cm, and compression rate of 140, thus it can be considered as 

the worst CPR strategy with regards to hemodynamics. The best CPR strategy 

in terms of hemodynamics is the VAR 1, depth of 6 cm, and 80 cpm. However, 

under this condition, the venous pressure was 220/-52 mmHg, and the aorta 

pressure was 188/56 mmHg; this demonstrates the results of excessively 

elevated venous and arterial pressures. Because it is a simple model, the 

pulmonary arterial pressure cannot be determined, but there may be a risk of 

adverse effects during CPR. Therefore, if a condition in which the venous 

pressure is lowered is selected, the depth may be reduced in the same VAR, or 

the condition maybe 6 cm and 140 cpm at VAR 2.5, in which the pressure of 

the vessels is reduced. In the Pig 2 model (Fig. 3.25), the CO increased as the 

compression rate increased under all compression position and depth conditions. 

However, in the CPP, when VAR=0.5, the CPP tends to decrease as the 

compression rate increases within each depth. Therefore, the CPR strategy with 

the worst hemodynamics of pig 2 is at VAR 0.5, 4 cm, and 120 cpm based on 

the CPP, or at VAR 0.5, 4 cm, and 80 CPM based on CO. Conversely, the best 

CPR strategy is the VAR 2, 6 cm, 140 cpm. By comparing the CPR strategies 
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of the two pigs, it can be observed that the hemodynamic effect increases as the 

compression depth increases, but the compression rate is affected by the 

compression position. However, the optimal compression depth may vary 

depending on the compression position when considering the pulmonary 

arterial pressure and venous pressure. 

Figure 3.26 shows the hemodynamic results according to the thoracic 

elasticity, compression rate, and compression depth based on the Pig 1 model. 

In this result, the overall hemodynamics tends to decrease as the thoracic 

elasticity decreases, as in the previous results. In the Pig 1 model, when the 

VAR is 2.5, it shows that the CPP increases as the compression rate and depth 

increase, even when the elasticity of the thorax decreases. However, in VAR 1 

and VAR 0.4, the CPP increases as the compression rate decreases for all 

compression depths, and the maximum CPP appears at VAR 1, 6 cm, and 80 

cpm conditions. Therefore, it can be considered that the decrease in the thoracic 

elasticity affects the overall decrease in the pressure amplitude, but does not 

significantly affect the compression condition. However, because the optimal 

compression condition changes when the compression position is changed, it 

indicates that a combination of the appropriate compression position and 

compression conditions is required.  

Therefore, through these results, it can be deduced that the 

hemodynamics according to the compression position, depth, and rate vary 

according to the cardiovascular condition, and the worst CPR strategy and 

optimal CPR strategy are different. Additionally, it is shown that the 

compression position with the best hemodynamics can be different depending 

on the cardiovascular state when considering at the hemodynamic improvement 

alone, and the optimal compression rate varies according to the compression 

position. Therefore, because optimal CPR conditions vary according to the 

hemodynamic conditions and compression position, this result can indicate that 

the CPR strategy should be different according to each patient. However, it is 

impossible to confirm the pulmonary arterial pressure in this model, thus, it is 

necessary to confirm through further studies whether the optimal strategy that 

improves hemodynamics obtained from this study is the best CPR condition. 
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Furthermore, because the structures of the thoracic cavity and cardiovascular 

system of the human are different from those of the pig model, it is also 

necessary to review whether the results based on the animal models can be 

equally applied to humans. 
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Figure 3.24 Each heatmap is the hemodynamic changes in the personalized Pig 1 model according to change the compression rate and 

compression depth at a fixed compression position (VAR). In each heat map, the y-axis is the compression rate and the x-axis is the compression 

depth. The column of the figure represents the VAR. (A) – (C) is the coronary perfusion pressure (CPP, mmHg), (D) – (F) is the cardiac output 

(CO, L/min). 
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Figure 3.25 Each heatmap is the hemodynamic changes in the personalized Pig 2 model according to change the compression rate and 

compression depth at a fixed compression position (VAR). In each heat map, the y-axis is the compression rate and the x-axis is the compression 

depth. The column of the figure represents the VAR. (A) – (C) is the coronary perfusion pressure (CPP, mmHg), (D) – (F) is the cardiac output 

(CO, L/min).
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Figure 3.26 CPP changes in the personalized Pig 1 model according to the 

thorax elasticity, compression rate, and compression depth. In each heat map, 

the y-axis is the compression rate and the x-axis is the compression depth. The 

column of the figure represents the thoracic modulus of elasticity of 100 kPa, 

75 kPa, and 50 kPa, respectively, and the row is VAR (2.5, 1, 0.4).   
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3.4 Limitations 

 

This study has several limitations. First, the study was conducted only 

in the hemodynamic aspect through animal and simulation models. The 

recovery of ROSC during CPR is not enough to simply improve hemodynamics. 

Even if the hemodynamic indicators of CPR are improved, it does not guarantee 

that they have a positive effect on the neurological outcome, and the negative 

effects of lung damage that may be caused by chest compression cannot be 

ruled out [96]. However, if the hemodynamic index is improved, it indicates 

that the circulation of the entire body and blood flow to the heart has been 

properly performed [97, 98]. Therefore, the hemodynamic indices are the most 

fundamental for consideration during CPR. Therefore, this study could be the 

basis for a mathematical model study that can adequately reflect the 

hemodynamic effects during CPR. Another limitation is that, in HUT and HDT 

modeling, only systemic circulation was considered, and the relative distance 

was applied based on the thoracic cavity. Because the hydrostatic pressure is 

potential energy and depends on the reference point, further research is 

necessary to reflect the hydrostatic pressure for the distance of each pulmonary 

and systemic compartment from the heart.  

Furthermore, the model used for parameter estimation did not consider 

pulmonary circulation. Several animal experiments have suggested that longer 

CPR times or strong compression may affect lung damage such as pulmonary 

edema [43, 99]. Therefore, considering this, it is necessary to simulate 

pulmonary circulation in a personalized cardiovascular model. However, in this 

study, it was impossible to estimate the parameters for the right heart, 

pulmonary artery, and pulmonary vein of the pulmonary circulation because the 

animal and open data had only the ABP and CVP. Moreover, in the animal 

model, because the SV value is unknown, it is impossible to know whether the 

heart elastance obtained through parameter estimation is properly reflected. 

Therefore, if there is a blood flow index such as the cardiac output or carotid 
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blood flow that can represent it, a more accurate parameter estimation will be 

possible.  

The end-diastolic compliance of the heart estimated in the normal 

condition was applied to the compliance of the heart when simulating cardiac 

arrest in a personalized CPR model. In the Pig 1 model, the ABP and CVP was 

19.6 mmHg during cardiac arrest, and the Pig 2 model had ABP and CVP of 

12.6 mmHg. However, the blood pressure during arrest measured in the animal 

model was slightly different from the simulation results, showing that Pig 1 had 

an ABP of 14.1 mmHg and a CVP of 9.5 mmHg, whereas Pig 2 had an ABP of 

23.4 mmHg and a CVP of 22.3 mmHg. This is because the compliance of the 

heart and blood vessels varies according to age and disease as well as blood 

pressure and volume [100, 101]. When cardiac arrest occurs, the blood 

pressures approach equilibrium because no volume changes occur in the overall 

cardiovascular system. In this case, because the values of the pressure and 

volume are different from the normal conditions, the vascular compliance in 

cardiac arrest may have different values from the normal condition. Because 

the venous pressure changes significantly during CPR, cardiovascular 

parameters during CPR may also differ from those estimated in the normal 

condition. However, although there are many studies on changes in the vascular 

compliance in various pathological conditions [102], there are no studies 

conducted on changes in the cardiovascular parameters from the normal 

condition to the cardiac arrest condition or during CPR. Therefore, studies on 

the estimation of cardiovascular parameters in cardiac arrest that can reflect the 

appropriate cardiac arrest status in future studies should be conducted. 

The final limitation is that the elasticity of the thorax was arbitrarily 

applied in the personalized CPR model for each pig model. It is impossible to 

compare because there is no evidence to confirm whether it reflects the actual 

thoracic elasticity of the pig. However, in the study for the changes in the 

elasticity of the thorax, it can be confirmed that the change in the elasticity 

affects the amplitudes of the ABP and CVP. Therefore, this study can support 

the evidence for changing the elasticity of the thorax according to the change 

in the pressure waveform. 
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CHAPTER 4 

Conclusion 
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4.1 Dissertation summary  
 

 

First, this study presented a hybrid model of the hybrid pump 

mechanism that best reflects CPR physiology, by simulating various CPR 

situations and comparing the differences in hemodynamic characteristics, such 

as the CPP and SV, with those in the existing model. Furthermore, it was 

verified through comparison with the animal model that the modified model 

reflects the current CPR physiology more accurately than the existing model 

does.  

Second, simulations were performed on the reduction of elasticity and 

optimal compression position, which are current issues in CPR. The decrease 

in the elasticity of the thorax is reduced by initiating CPR and by chest injuries 

such as dislocations and rib fractures. Therefore, in this study, the elasticity was 

simulated as decreasing linearly with time, and accordingly, it was confirmed 

that the peaks of the ABP and CVP significantly decrease as the elasticity 

decreases. Similar results were observed for the decrease in the peak pressure 

of the ABP and CVP at the beginning of CPR in the animal experiments. 

Additionally, the simulation results showed that when the elasticity decreases, 

the carotid blood flow, coronary blood flow, and venous return decrease as well. 

Therefore, these results suggest that the reduction in the elasticity of the thorax 

can be confirmed through the reduction in the ABP and CVP peaks. In addition, 

recent studies have suggested that the current uniform compression position 

may not be appropriate, because the position of the heart may vary among 

patients and as the blood flow may be restricted because the current 

compression position compresses the atrium more than the ventricle. Therefore, 

in this study, a simple simulation was performed by adjusting the thoracic pump 

factor of the compression ratio of the ventricles and atria to determine the 

hemodynamic difference according to the compression position. Consequently, 

when the atrium was more compressed than the ventricle, SV and CPP 

decreased, indicating that the hemodynamics were limited. Moreover, it was 
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shown that the CPP has the potential to assist in determining the compression 

position, considering that the CPP varies according to the compression position. 

Finally, this study sought to present the potential of a personalized 

CPR model through a patient-specific cardiovascular model. Because each 

person has different cardiovascular conditions, the elasticity of the thorax varies 

with age and gender, and the position of the heart varies with body type; these 

personalized factors must be considered to provide optimal CPR quality. 

However, it is difficult to determine the main cause because all factors interact 

with each other in clinical application. Therefore, in this study, a patient-

specific cardiovascular model was established through parameter estimation 

with a genetic algorithm, and the effect of each factor was verified by applying 

it to CPR. Further, to compare the personalized pig CPR model with animal 

experiments, a pig-specific cardiovascular system model was established based 

on the results of the animal experiments, and the CPR model was applied. It 

was verified whether the optimal CPR strategy appeared differently for each 

pig in the personalized CPR model, and the strategy for CPR in terms of 

hemodynamics was determined for each pig model. From these results, it was 

shown that the pressure waveform in the animal experiments and the results of 

the personalized pig CPR model were similar. It was also inferred that the 

personalized CPR model and CPR strategy could be established through the 

cardiovascular parameters, the elasticity of the thorax, and the compression 

position.  

In this study, starting with the improvement of the general CPR model, 

a method to provide a personalized CPR model was proposed, providing insight 

into hemodynamics during CPR. Therefore, this study can serve as a basis for 

research that can contribute to improving patient-specific CPR strategies and 

new CPR guidelines. 
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4.2 Future works 
 

Modeling-based CPR research should focus on the development of a 

patient-specific CPR model based on the results of this study and on creating 

patient-specific CPR strategies accordingly. First, it is necessary to measure the 

change in the thoracic elasticity during CPR in an animal model that can support 

a simulation of the decrease in the elasticity of the thorax and a subsequent 

analysis of the hemodynamic change that follows. The elasticity is estimated 

from the chest compression data; based on this data, the optimal compression 

depth that can minimize hemodynamic changes according to the elasticity 

change should be determined. Moreover, few clinical or preclinical studies can 

support studies on the compression positions. Therefore, a compression 

position capable of improving hemodynamics must be determined through 

research on various compression positions. Finally, patient-specific models 

must be improved. The patient-specific model presented herein was developed 

using simple compartments. However, because pulmonary circulation plays an 

important role in CPR, it needs to be considered. Hence, the right heart and 

pulmonary artery parameters must be defined; however, it is difficult to 

measure all of these parameters and collect the data in practice. Therefore, it is 

necessary to construct a more delicate cardiovascular model by estimating the 

unknown parameters based on readily available data.   

In clinical application, it is difficult to estimate the parameters and find 

the optimal conditions through feedback on various CPR conditions because 

time is crucial when a patient needs CPR. Therefore, to apply a personalized 

CPR model to a patient based on this study, a model that can immediately derive 

an optimal CPR strategy by interacting with various patient individual 

parameters and cardiovascular models must be developed. Therefore, based on 

a patient that can obtain hemodynamics data, a personalized CPR model should 

be established for each patient with hemodynamics and individual parameters, 

including weight, gender, and age. Furthermore, it is necessary to acquire 

hemodynamic data for various CPR conditions to build a learning model to 

obtain an optimal CPR strategy. By developing such a learning model, it will 
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be possible to build an optimal CPR strategy database for various patients. 

Furthermore, this CPR strategy database allows the improvement of the 

personalized CPR model into immediately providing an optimal CPR strategy 

using the patient's blood pressure and several patient-specific parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* In the materials and methods, sections 2.1.1, 2.1.2, and 2.2.2 and 

their corresponding results, 3.1.1, 3.1.2, and 3.1.3, were published as a research 

article previously in Computer Methods and Programs in Biomedicine (Dong 

Ah Shin, Jung Chan Lee, "Mathematical model of modified hybrid pump 

mechanism for cardiopulmonary resuscitation", 2021) [87]. 
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Abstract in Korean 

국문 초록 

 

심폐소생술의 생리학적 현상에 대한 이해를 위해 

심폐소생술의 메커니즘과 이를 기반으로 한 수학적 모델링에 대한 

연구들이 많이 진행되어왔다. 하지만, 기존의 수학적 모델이 

아직까지 심폐소생술 중의 혈역학적 현상을 제대로 반영하지 

못하고 있는 부분이 있다. 또한, 최근 심폐소생술 연구의 방향성은 

환자 맞춤형으로 나아가고 있다. 하지만, 환자 맞춤형 심폐소생술은 

환자 개인의 요소 및 주변 환경 요소들의 영향을 받기 때문에 

임상환경에서 접근하는 것이 쉽지 않다. 따라서, 본 연구는 

시뮬레이션 기반의 이론적 연구를 통해 심폐소생술 중의 혈역학에 

대한 이해와 통찰력을 제공하고자 3 가지 목표를 기반으로 연구를 

수행하였다. 

  첫번째는 현재 심폐소생술의 혈역학적 현상을 반영할 수 있는 

개선된 일반화된 심폐소생모델을 개발하는 것을 목표로 하였다. 본 

연구에서 제안하는 개선된 심폐소생모델은 기존 모델에 상대정맥과 

하대정맥 구획을 추가하였고, “하이브리드 펌프” 메커니즘을 

적용하였다. 기존 모델과 개선된 모델의 혈역학적인 현상을 

비교하기 위해 다양한 기법에 대한 시뮬레이션 및 동물 모델로부터 

얻은 데이터를 비교하였다. 동물 모델과 기존 모델, 개선한 모델의 

압력 곡선 및 관상동맥관류압 등을 비교한 결과, 본 연구에서 

개선한 모델이 현재의 심폐소생술 메커니즘을 더 잘 반영하는 

심폐소생모델임을 검증하였다.  

두 번째 목표는 개선한 모델을 기반으로 현재의 심폐소생술 

방법으로부터 발생하는 이슈인 흉강의 탄성력 감소에 의한 

부정적인 영향과 최적의 압박 위치에 대해 시뮬레이션을 통해 

혈역학적인 해석을 제공하고자 하였다. 결과에서 흉강의 탄성력이 
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감소함에 따라 압박 중 최대 압력이 감소하며, 정맥 복귀 및 혈류 

역시 감소하는 결과를 보였다. 압박 위치 변화는 심실과 심방의 

압박 비율을 조절하여 시뮬레이션을 수행하였다. 이 결과에서 

심실보다 심방이 더 많이 압박될 경우 1 회 박출량 및 관상동맥 

관류 압이 감소하면서 혈역학이 제한되는 결과를 보여주었다. 

따라서, 압박 중 최대 압력 변화와 관상동맥관류압의 변화는 흉강의 

탄성력 변화 추정 및 압박 위치 가이드를 해줄 수 있는 잠재력을 

가질 수 있음을 입증하였다. 

마지막으로 환자 맞춤형 심폐소생술모델의 가능성을 

제시하고자 하였다. 본 연구에서는 유전자 알고리즘을 통해 환자 

개별에 대한 심혈관계 파라미터를 추정하였고, 환자마다 다른 

심혈관계 파라미터 세트를 가짐으로써 맞춤형 심혈관계 모델을 

구성할 수 있음을 검증하였다. 또한, 맞춤형 심혈관계 모델에 

심폐소생모델을 적용하여 심혈관계 파라미터 구성에 따라 흉부 

압박 시 혈역학적 영향이 달라짐을 검증하였다. 추가적으로 돼지 

모델에서 다양한 압박 조건 변화에 대한 혈역학적 변화를 

비교하였고, 이를 통해 맞춤형 모델을 통해 최적의 혈역학적 효과를 

갖는 압박 조건을 제시할 수 있음을 보였다.  

결론적으로 본 연구를 통해 제안하는 심폐소생 모델이 현재 

심폐소생술에 의한 메커니즘을 더 잘 반영하는 일반화된 모델임을 

보여주었고, 이를 통해 현재 심폐소생술 방법에 의한 이슈에 대해서 

혈역학적인 해석이 가능함을 입증하였다. 또한, 이를 기반으로 환자 

맞춤형 심폐소생 모델의 가능성 제시함으로써 맞춤형 심폐소생 

모델링에 대한 연구의 기반이 될 수 있음을 보여주었다.  

 

주요어: 수학적 모델링, 심폐소생술, 환자 맞춤형 심폐소생술, 

최적의 압박 위치, 관상 동맥 관류압, 파라미터 추정 
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