
DOCTORAL THESIS 

SHIBAURA INSTITUTE OF TECHNOLOGY 

INVESTIGATION OF CATHETER’S 

CONTACT FORCE AND ANGLE EFFECTS 

ON CONTACT AREA AND LESION SIZE IN 

RADIOFREQUENCY CATHETER CARDIAC 

ABLATION 

2021/September 

Kriengsak Masnok 



INVESTIGATION OF CATHETER’S 

CONTACT FORCE AND ANGLE EFFECTS 

ON CONTACT AREA AND LESION SIZE IN 

RADIOFREQUENCY CATHETER CARDIAC 

ABLATION 

Kriengsak Masnok 

Functional Control systems  

Graduate School of Engineering and Sciences 

Submitted in partial fulfilment of the requirements for the degree of 

Doctor of Engineering 

Shibaura Institute of Technology 

2021/September 

 



i 
 

Acknowledgements 

Foremost, I would like to start by expressing my sincere gratitude to my 

magnificent supervisor, Assoc. Prof. Dr. Nobuo Watanabe. The work present in this 

thesis would not have been possible without his expertise, patience, support, and, 

importantly, the great effort he put into establishing an academic infrastructure 

designed to allow me to grow up. I am also thankful to the Ministry of Education, 

Culture, Sports, Science and Technology (MEXT) Japan and Shibaura Institute of 

Technology for supporting the scholarships and research expenses. I also would like 

to thank all the Biofluid Science & Engineering Laboratory members who are always 

helping me.  I would like to thank Boston Scientific Japan for their kind provision of 

catheters and RF devices. I would also like to express my gratitude to Mr. Kiyofumi 

Takahashi and Mr. Hiroyuki Arita from Boston Scientific Japan for their advice and 

support. 

Finally, to my parent, words cannot express how grateful I am for your love, 

support, and encouragement. Thank you for giving me the strength to follow my dream 

and for supporting me. 

 

 

 

 

 

 

 

 



ii 
 

Abstract 

Over the past three decades, radiofrequency (RF) catheter ablation therapy has 

become a widely used and effective treatment for some cardiac arrhythmias. Catheter 

contact force and contact angle are well known as the factors that influence the size of 

the lesion produced during ablation. However, it was unknown exactly in detail how 

these factors influence each ablation dimension. Moreover, the relationships between 

various parameters and lesion dimensions are still indefinite, especially the 

relationship between contact area and lesion area as the function of catheter contact 

force and angle. Accordingly, this research aimed to investigate the effects of catheter 

contact force and contact angle on contact area and lesion size in radiofrequency 

catheter cardiac ablation. The work presented in this thesis was divided into two main 

parts; 

The first part focused on investigates the effects of catheter contact force and 

contact angle on the catheter contact area. The main objectives of this part were to 

develop an experimental procedure for setting the catheter angle with respect to the 

surface of the heart muscle and the catheter contact force, as well as to investigate the 

catheter contact area on the heart muscle as a function of catheter contact angle and 

contact force. This present study successfully developed the experimental system that 

enables us to set the precision catheter contact angle with respect to the heart muscle's 

surface and the catheter contact force. This study showed that the present experimental 

system has feasibility for use to study radiofrequency catheter ablation. The findings 

can be summarized as follows; First, the morphology of the contact area can be divided 

into four types: rectangular, circular, ellipsoidal, and semi-ellipsoidal. Second, the 

morphology of the contact area indicates that the correlation between contact force and 

the contact area is a logarithmic function; that is, increased contact force was 

associated with increased contact area, and the contact angle has as strong an effect on 

the contact area as contact force does. Last, there is an inverse correlation between 
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contact angle and contact area; a smaller contact angle is associated with increased 

contact area. 

The second part of this thesis deals with the challenges to investigating the 

effects of catheter contact force and contact angle on the ablation lesion dimensions 

and investigating the effect of catheter contact force and contact angle on the ablation 

lesion dimension and the ablation impedance. In addition, this part also aims to 

investigate the relationship between the catheter contact area and the dimensions of 

the ablation lesion as a function of catheter contact angle and force in the 

radiofrequency catheter ablation process. This study showed an important role of the 

catheter contact force on the ablation lesion and impedance in RF catheter ablation 

procedures. The results showed that the catheter contact force has a significant 

correlation with ablation impedance, but the ablation impedance did not significantly 

differ with each catheter contact angle. In addition, the results revealed that the catheter 

contact area showed a strong correlation with the ablation lesion area. When the 

contact area was increased, the lesion area also increased linearly in a monotonic 

manner. The relationships between catheter contact force and ablation lesion area and 

between catheter contact force and ablation lesion depth are logarithmic functions in 

which increased contact force was associated with increased lesion area and depth. 

Lastly, the catheter contact angle is also an important determinant of the lesion area. 

The lesion area progressively increased when the contact angle was decreased. In 

contrast, the lesion depth progressively increased when the contact angle was 

increased.  

Such information should be helpful in the selection of effective values for contact 

force and contact angle in order to predict lesion size as well as for clinicians 

performing this procedure to understand the relationships among the parameters and 

plan their ablation strategy accordingly. 
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Chapter 1: Introduction  

This chapter outlines the research background (section 1.1) and its objectives 

(section 1.2). Section 1.3 describes the scope of this research and provides definitions 

of the terms used. Finally, section 1.4 includes an outline of the remaining chapters of 

the thesis. 

1.1 BACKGROUND 

Cardiac arrhythmias affect millions of people. The World Health Organization 

(WHO) reported nearly 17.9 million global deaths due to cardiovascular disease every 

year [1]. It is estimated that about 40-50% of all cardiovascular disease deaths are 

sudden cardiac death (SCDs), and about 80% of SDCs result from ventricular 

tachyarrhythmias. Therefore, about 6 million sudden cardiac deaths occur annually 

due to ventricular tachyarrhythmias. Moreover, some studies reported that 

approximately 6% of the population over the age of 65 has atrial fibrillation, and the 

number approaches 10% in people over the age of 85. Estimates of the prevalence of 

only atrial fibrillation in the United States extend from about 2.7 million to 6.1 million. 

That number is estimated to double to 12.1 million in 2030. Global, the expected 

number of individuals with atrial fibrillation in 2010 was 33.5 million, according to a 

2013 study [2]. That is about 0.5 percent of the world’s population. These data showed 

only a few cardiac arrhythmias even exclude other types, but it has revealed the 

widespread impact on the public health care system and many people worldwide. 

The treatment techniques for cardiac arrhythmias are constantly being 

developed. Over the past three decades, radiofrequency (RF) catheter ablation therapy 

has become a widely used and effective treatment for some cardiac arrhythmias. 

However, there is still important information that requires further elucidation in many 

details to fulfill the knowledge in this research field. This present study focuses on 

investigating the effects of catheter contact force and contact angle on contact area and 
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lesion size in radiofrequency catheter cardiac ablation. These data should be helpful in 

the selection of effective values for contact force and contact angle with the aim of 

reducing risk in the clinical application of RF ablation and should also be useful for 

those performing this procedure to understand the relationships among the parameters 

and plan their treatment strategy beforehand. 

1.2 RESEARCH OBJECTIVES 

This research embarks on the following objectives: 

• Develop an experimental procedure for setting the catheter angle with respect 

to the surface of the heart muscle and the catheter contact force, as well as to 

investigate the catheter contact area on the heart muscle as a function of 

catheter contact angle and contact force. 

• Investigate the effect of catheter contact force and contact angle on the ablation 

lesion dimension and the ablation impedance.  

• Investigate the relationship between the catheter contact area and the 

dimensions of the ablation lesion as a function of catheter contact angle and 

force in the radiofrequency catheter ablation process. 

1.3 SCOPE AND DEFINITIONS 

• The term "in vitro" and "ex vivo" are frequently used in the field of catheter 

ablation research, as both testing methods involve experiments on biological 

matter conducted outside of a living organism and in an artificial environment. 

Therefore, this study used both terms.  

• The standard SI unit for force is the newton (N), but gram-force (gf) is 

frequently used to measure contact force in the field of catheter ablation 

research (1 gf = 0.00981 N, which is the force acting on a mass of 1 g under 

the Earth’s gravitational acceleration of 9.81 m/s2). Therefore, this study used 

gf as a unit for force. 
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1.4 THESIS OUTLINE 

The title of this research is “Investigation of Catheter’s Contact Force and Angle 

Effects on Contact Area and Lesion Size in Radiofrequency Catheter Cardiac 

Ablation” This section briefly describes the content of the research thesis which consist 

of five deferent chapter including Introduction, Literature Review, Effects of Catheter 

Contact Force and Angle on Contact Area, Effects of Catheter Contact Force and 

Angle on Lesion Area, and Conclusions and Future Work  

• Chapter 1: The first chapter provides the research background (section 

1.1) and its objectives (section 1.2). Section 1.3 describes the scope of 

this research and provides definitions of the terms used. Finally, section 

1.4 includes an outline of the remaining chapters of the thesis. 

• Chapter 2: The second chapter provides the literature review of this 

research begins with an overview of basic mechanisms of cardiac 

arrhythmias (section 2.1), including the electrical system of the heart 

(section 2.1.1) and principal mechanisms of cardiac arrhythmias (section 

2.1.2). Then, briefly describe the radiofrequency catheter ablation of 

cardiac arrhythmias (section 2.2), including; the overview of the RF 

catheter cardiac ablation procedure (section 2.2.1), physical aspects 

(section 2.2.2), mechanism of lesion formation by RF current (section 

2.2.3), and types of RF catheter ablation (section 2.2.4). Section 2.3 

highlights the role of the contact force and contact angle in catheter 

ablation of cardiac arrhythmias, including; the factor that influences 

lesion dimensions (section 2.3.1) and the importance of catheter contact 

force and contact angle (section 2.3.2.). Lastly is the summary of the 

literature review of this research (section 2.4)   

• Chapter 3: The third chapter focused on investigates the effects of 

catheter contact force and contact angle on the catheter contact area. The 

topic is this chapter are including; Section 3.1 purpose of the study, 
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Section 3.2 methods, Section 3.3 results, Section 3.4 discussion, Section 

3.5 major findings, Section 3.6 clinical implications, Section 3.7 study 

limitations, and Section 3.8 Conclusion.   

• Chapter 4: The fourth chapter focused on investigates the effects of 

catheter contact force and angle on the ablation lesion dimension, 

ablation impedance, and their relationship. The topic is this chapter are 

including; Section 4.1 purpose of the study, Section 4.2 methods, Section 

4.3 results, Section 4.4 discussion, Section 4.5 major findings, Section 

4.6 clinical implications, Section 4.7 study limitations, and Section 4.8 

Conclusion.   

• Chapter 5: The fifth chapter deliver the future work of this study 

including further application and further research.    

• Chapter 6: The last chapter deliver the conclusion of the entire research. 
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Chapter 2: Literature Review 

This chapter begins with an overview of basic mechanisms of cardiac 

arrhythmias (section 2.1), including the electrical system of the heart (section 2.1.1) 

and principal mechanisms of cardiac arrhythmias (section 2.1.2). Then, briefly 

describe the radiofrequency catheter ablation of cardiac arrhythmias (section 2.2), 

including; the overview of the RF catheter cardiac ablation procedure (section 2.2.1), 

physical aspects (section 2.2.2), mechanism of lesion formation by RF current (section 

2.2.3), and types of RF catheter ablation (section 2.2.4). Section 2.3 highlights the role 

of the contact force and contact angle in catheter ablation of cardiac arrhythmias, 

including; the factor that influences lesion dimensions (section 2.3.1) and the 

importance of catheter contact force and contact angle (section 2.3.2.). Lastly is the 

summary of the literature review of this research (section 2.4)   

2.1 OVERVIEW OF BASIC MECHANISMS OF CARDIAC 

ARRHYTHMIAS 

2.1.1 Electrical system of the heart 

The heartbeat is initiate by an intrinsic electrical system composed of modified 

myocytes, not nerves. As shown in Figure 1., the electrical signal travels through the 

network of conducting cell "pathways" generated from the sinoatrial node (SA Node). 

SA node is the natural pacemaker located in the upper portion of the right atrium. Next, 

the electrical impulse travels to the atrioventricular node or "A-V node," located 

between the atria from the sinus node. There, impulses are slowed down for a concise 

period then the electrical impulse travels through the bundle of His. The bundle of His 

divides into right and left, called bundle branches, stimulates the right and left 

ventricles. The electrical impulse enters the ventricles' muscles, then contracts and 

produces a heartbeat [3]. Measuring electrical heart information is often used 

Electrocardiography (ECG) alongside other tests. An ECG is a graph of voltage with 

respect to time that reflects the electrical activities of cardiac muscle depolarization 
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followed by repolarization during each heartbeat. The ECG graph of a regular beat 

(shown in Figure 2.) consists of a sequence of waves, a P-wave presenting the atrial 

depolarization process, a QRS complex denoting the ventricular depolarization 

process, and a T-wave representing the ventricular repolarization. Other portions of 

the signal include the PR, ST, and QT intervals. The ECG is also invaluable for 

diagnosing cardiac arrhythmias, especially before an intracardiac electrophysiology 

(EP) [3, 4].  

 

 

Figure 1. Illustration of a human heart showing basic structure and electrical system 

of the heart. Taken from: https://www.hopkinsmedicine.org/health/conditions-and-

diseases/anatomy-and-function-of-the-hearts-electrical-system 

https://www.hopkinsmedicine.org/health/conditions-and-diseases/anatomy-and-function-of-the-hearts-electrical-system
https://www.hopkinsmedicine.org/health/conditions-and-diseases/anatomy-and-function-of-the-hearts-electrical-system
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Figure 2. The ECG waveform of a normal heart beat [4]. 

 

2.1.2 Principal Mechanisms of Cardiac Arrhythmias 

A cardiac arrhythmia is defined as a variation from the regular heart rate and/or 

rhythm that is not physiologically justified. Cardiac arrhythmias are caused by the 

mechanism alterations responsible divided into disorders of impulse formation, 

disorders of impulse conduction, or a combination of both through the myocardial 

tissue, which may modify the origin and physiological diffusion of the electrical 

stimulus of the heart. They indicate a disturbance of the heart rhythm, varying in 

severity from entirely benign to arrhythmias with an immediate risk of life [5, 6]. There 

are many ways to classify cardiac arrhythmias, such as classified according to their 

electrophysiological mechanism, their point of origin in the myocardial tissue, the 

appearance of a causal condition or its apparent absence, the appearance or absence of 

impaired myocardial function, the specific clinical features of tachycardia or 



8 
 

bradycardia, the electrocardiographic pattern, the relationships with the autonomic 

nervous system and the sensitivity to the various categories of drugs [7]. However, it 

is common for all to be classified in two principal ways. The first is classified 

according to the originates sources, such as ventricular tachycardia (VT) originating 

in the lower chambers of the heart (ventricles) or supraventricular tachycardia (SVT) 

originating above the ventricles (supraventricular) in the atria or AV node. The second 

is classified according to resulting heart rate with bradycardia indicating heartbeats 

lower than 60 times a minute, such as sick sinus syndrome (SSS) and atrioventricular 

(AV) conduction block. Tachycardia indicating a heart rate of more than 100 times a 

minute, such as atrial tachycardia (AT), atrial fibrillation (AF), and ventricular 

fibrillation (VF) [5, 8]. Almost 80% of SDCs occur in patients with ischemic heart 

disease or heart failure. These patients present genetically-based or inherited cardiac 

arrhythmias [2].  The most common arrhythmia was AV block, which was followed 

by ventricular tachycardia and atrial fibrillation, while the most common cause of SCD 

is ventricular tachycardia that degenerates into ventricular fibrillation [9–11]. 

2.2 RADIOFREQUENCY CATHETER ABLATION OF CARDIAC 

ARRHYTHMIAS  

Drug therapy is generally used as the first-line for the treatment of cardiac 

arrhythmias patients. However, one major limitation of drug therapy to control rhythm 

in arrhythmias patients is the ineffectiveness, and long-term use of these drugs may 

cause adverse side effects associated with anti-arrhythmias drugs (AADs) [12, 13]. 

The era of radiofrequency (RF) ablative therapy of cardiac arrhythmias began in 1987 

when Borggrefe M et al. and Huang Sk et al. performed for the first time in the 

treatment of an arrhythmia incorporating an accessory pathway in a human [14, 15]. 

Soon after the introduction of the RF ablation technique, RF catheter ablation has 

rapidly emerged as the effective minimally invasive treatment of choice for some 

cardiac arrhythmias. Due to eliminates the requirement for open-heart surgery or long-

term medication and safe [16–20]. 
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2.2.1 Overview of the RF catheter cardiac ablation procedure  

 

Figure 3. Catheter insertion points for cardiac ablation. Taken from: 

https://www.columbiaindiahospitals.com/health-articles/cardiac-ablation-procedure 

 

In general, all ablative-type therapies for cardiac arrhythmias consist of the 

delivery of some source of energy within the heart at such a magnitude that it causes 

local myocardial destruction of anatomic regions critical for abnormal impulse 

generation and/or propagation.  The ultimate aim of these destructive lesions is either 

silencing the foci responsible for abnormal automaticity or interruption of the re-entry 

circuits responsible for arrhythmia genesis or continuation. During the standard RF 

catheter cardiac ablation procedure, the catheters were inserted into the heart via a 

blood vessel through the groin or alternative site, as shown in Figure 3. Using various 

modalities and catheter navigation technology such as fluoroscopy and 

electromagnetic guidance, an electrophysiologist (EP) manipulates the catheter to a 

specific heart’s target area.  After the catheter tip is positioned at the heart's target area, 

https://www.columbiaindiahospitals.com/health-articles/cardiac-ablation-procedure
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the sensor on the catheter's tip electrode sends electrical impulses and record heart 

electricity. This information was used to identify the area that is causing the 

arrhythmia. Then, the RF energy was applied to create a small lesion on the heart and 

block or adjust the electrical pathways [21].  

2.2.2 Physical Aspects 

The RF current frequency, mostly used in the ablation of cardiac arrhythmias, is 

300 to 1000 kHz. Lower frequency alternating current (<100kHz) usually stimulates 

excitable cells and produces pain and muscle contractions or ventricular fibrillation 

when applied to the myocardium. During the RF catheter ablation process, the RF 

generator generated the energy is then delivered from the tip electrode of an ablation 

catheter passes through the contact area on the heart tissue surface and blood. The high 

density of alternating current that passes through the resistive tissue generates heat and 

raises the tissue temperature. Figure 4. shown illustrates the ablation biophysics 

process from the initial phase until the lesion occurred. At the initial phase, resistive 

heating starts simultaneously as the electrical current flows into the heart tissue 

surface. The temperature is then transferred to the surrounding tissue by conduction 

and radiation [22, 23]. Once this temperature exceeds ≈50-55°C, the cells in that 

contact area undergo necrosis [24–28]. The ablation resistance can be considered into 

two components. The first is the resistance between the catheter tip and the heart tissue 

surface. The second is the resistance between the catheter tip and blood. The 

relationship between power, current, and resistance (or impedance in terms of AC 

circuit) in the RF catheter ablation process can be expressed by Ohm’s law, whereas 

power (P) equals current squared (I2) multiplied by resistance (R): P=I2R, as shown in 

Figure 5.  
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Figure 4. The ablation biophysics process from the initial phase until the lesion 

occurred. 

 

 
Figure 5. Schematic representation of the electrical circuit path during RF ablation 

process. 
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2.2.3 Mechanism of lesion formation by RF current  

It is well known that the goal of RF catheter ablation therapy is to create ablation 

lesions on the surface of the cardiac tissue to interrupt or adjust the transmission of the 

electrical signals. The effect of RF current can consider the ablation lesion formation. 

The effect of RF current on myocardial tissue is mediated by two factors: current itself 

(direct current shocks) and the thermal effect. The direct current shocks cause cellular 

depolarization and loss of automaticity [29, 30]. When heart tissue was shocks with 

current, micropores in the sarcolemma membrane potentially reflecting dielectric 

breakdown. Micropores are transient and are closed by self-reparatory properties of 

the plasma membrane so that viability is restored [31]. As a result of the thermal effect 

of RF current application, hyperthermia has a multitude of metabolic, 

electrophysiological, and structural effects on the cell. Metabolic effects of 

hyperthermia are mediated primarily by the sensitivity of various enzymes to 

temperature.  Nath et al. and M. Dewhirst et al. have shown that hyperthermia causes 

a reversible loss of excitability in the temperature range 42.7 to 51.8℃ and irreversible 

loss of excitability for temperatures greater than 50℃  [22, 23, 27]. Therefore, in order 

to produce irreversible cellular change or death, the tissue must be heated up to at least 

50℃, and sarcolemmal disruption seems to be a major mechanism through which cell 

death occurs and lesion formation during RF ablation.   

2.2.4 Types of RF catheter ablation 

In recent years, various RF catheters have been developed to increase ablation 

efficiency while minimizing risks for complications. RF catheter types are typically 

defined by the size of the catheter tip and the irrigation technology. At present, RF 

ablation catheters can be classified into four major types as suggested by Müssigbrodt 

et al., [32];  

(1) standard 4 mm tip catheters,  

(2) large 8-10 mm tip catheters,  

(3) open-loop irrigated tip catheters,   
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(4) closed-loop irrigated tip catheters.  

In clinical practice, open-loop irrigated and closed-loop catheter tips are mostly 

used. These different technologies include increased electrode size for enchanted 

passive cooling via the blood flow and active cooling of electrode through saline fluid 

cooling either internally (closed-loop) or eternally (open-loop), as shown in Figure 6. 

The non-irrigated catheters (4 and 8-10 mm) have several disadvantages and 

limitations such as reduce impedance feedback with possible excessive tissue heating, 

blood coagulum formation, impedance rise at a relatively low power level, and high 

temperature at the electrode-tissue interface (contact area). In comparison, the clinical 

efficiency of open-loop irrigated catheters is well established in clinical practice as it 

decreases the risk for thrombus formation, char formation, and cardiac perforating 

(steam pop) [33–36]  

 

 

Figure 6. Schematic representation of the irrigated electrode catheters. (a), Closed 

loop irrigation catheter has 7Fr, 4-mm tip electrode (b), Open irrigation catheter has 

7.5Fr, 3.5-mm tip electrode [35].  
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2.3 ROLE OF THE CONTACT FORCE AND CONTACT ANGLE IN 

CATHETER ABLATION OF CARDIAC ARRHYTHMIAS  

2.3.1 Factors that influence lesion dimension 

The study of factors that affect the size of the lesion is of great importance in the 

treatment of arrhythmia with catheter RF ablation. A deep understanding of these 

factors' mechanisms allows doctors to predict lesion size before starting the operation 

process, reducing the risk and increase treatment effectiveness. Several studies have 

revealed several factors that influence lesion dimensions, evaluated in terms of ablated 

area, volume, and depth [34, 37–39]. These factors are divided into two groups: active 

factor (controllable factor) and passive factor (uncontrollable factor). Active factors 

include as follows; electrical power [40–42], energy delivery [43, 44], catheter 

diameter [32, 45], exposure time [40, 46], ablation electrode temperature [47, 48], 

irrigation saline flow amount [33, 34, 42, 49] and contact force [39–41, 49–51]. 

Passive factors include as follows; ablation circuit impedance [39, 46], blood flow near 

the myocardial surface [44, 52–54], tissue thickness [44], and tissue architecture [55]. 

Among these factors, the catheter contact force is reported to show a strong positive 

correlation with lesion size [49–51, 56–58].  

2.3.2 Important of catheter contact force and angle  

Catheter contact force has been used as one of the most reliable parameters to 

predict lesion formation. Recently, catheter contact force was applied to combined 

with serval index for predict lesion dimensions such as force-time integral (FTI) 

calculated from the ablation time and contact force [59, 60], ablation index (AI) 

calculated from ablation time, ablation power, and contact force [59, 61] and lesion 

size index (LSI) calculated from ablation power, ablation time, and contact force with 

lesion dimension [62].  

However, catheter contact force must be considered related to contact angle.  

During radiofrequency cardiac catheter ablation, the catheter electrode tip should 

contact the heart tissue surface at various angles. Thus, force must be defined with 

reference to the degree of tissue contact (or contact angle).  Catheter contact force and 
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catheter orientation relative to heart tissue play an important role in determining lesion 

dimension, and they are directly linked to ablation efficacy and safety.  The catheter 

tip electrode must contact the heart tissue surface to create lesions on the heart muscle, 

but the only contact is not enough to generate an ablation lesion. Pushing a catheter to 

achieve contact with tissue exerts a force on the tissue it is essential to facilitate 

efficient heat energy transfer to a target tissue. Thus, the effects of catheter contact 

force in creating effective lesions and its part of the ultimate success of a 

radiofrequency catheter cardiac ablation procedure. Moreover, contact force imparted 

on heart tissue linked to the potential for complications such as cardiac perforation, 

steam pop, and thrombus formation. It is also linked to collateral tissue damage to the 

heart's structure, such as oesophageal, pulmonary, and phrenic nerve injury [30, 39, 

44, 63].  

2.4 SUMMARY  

RF catheter ablation has rapidly emerged as the effective minimally invasive 

treatment of choice for some cardiac arrhythmias. Catheter contact force and contact 

angle play an important role in RF ablation lesion formation. In addition, contact force 

imparted on heart tissue linked to the potential for various complications. However, 

the effects of catheter contact force-related contact angle still have more detail that 

requires further elucidation in many details to fulfill the knowledge in this research 

field.   
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Chapter 3: Effects of Catheter Contact 

Force and Angle on Contact 

Area 

This chapter focused on investigates the effects of catheter contact force and 

contact angle on the catheter contact area. The topic is this chapter are including; 

Section 3.1 purpose of the study, Section 3.2 methods, Section 3.3 results, Section 3.4 

discussion, Section 3.5 major findings, Section 3.6 clinical implications, Section 3.7 

study limitations, and Section 3.8 Conclusion.   

3.1 PURPOSE OF THE STUDY  

The purpose of this study was to develop an experimental procedure for setting 

the catheter angle with respect to the surface of the heart muscle and the catheter 

contact force, as well as to investigate the catheter contact area on the heart muscle as 

a function of catheter contact angle and contact force. 

3.2 METHODS  

3.2.1 Heart muscle surface flattener and preparation 

Most of the surface of the heart is round, and the state of catheter contact would 

vary according to clinical conditions. Therefore, to provide better reproducibility of 

this in vitro experiments, A special instrument was developed that precisely adjusts 

the catheter angle between the catheter tip and the heart muscle. The instrument 

consists of a heart muscle surface flattener and catheter tip angle setter. As part of the 

heart muscle surface flattener, a circular crystalline acrylic plate with a thickness of 12 

mm and a diameter of 130 mm was used to flatten the surface of porcine heart tissue 

and fix its position at a specific location and orientation, ensuring that all experiments 

using this plate will maintain uniformity, as shown in Figure 7. 
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Figure 7. The heart muscle tissue is sandwiched between a flat acrylic plate and a soft 

sponge, which are placed in a stainless bowl, and the surface of the heart muscle was 

flattened by adjusting the amount of the sponge in the bottom of the bowl. 

 

 

Figure 8. The surface of a portion of epicardium lacking adipose tissue was flattened. 

 

A fresh porcine heart was obtained from a slaughterhouse at 24–48 h after animal 

sacrifice. A section of the ventricular myocardium was cut into 20–30-mm-thick 

pieces, and kept at room temperature in a closed container under moist conditions to 

prevent drying. Before the experiment, the pieces were removed from the closed 

container and sandwiched between the acrylic plate and a soft sponge placed in a 

Crystalline acrylic plate 

Soft sponge 

Stainless bowl 

Porcine heart muscle  
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stainless bowl. The surface of a portion of epicardium lacking adipose tissue was 

flattened by adjusting the amount of the sponge. The catheter ablation experiments 

were performed through a hole (20 mm × 50 mm) in the acrylic plate, as shown in 

Figure 8.  

3.2.2 Catheter’s description  

 

Figure 9. open-loop irrigated catheter; (a) IntellaNav Mifi™ catheter-tip electrode. 

(b) Abbott TactiCath™ dcatheter-tip electrode.  

 

 

 

 

(a) 
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Two different open-loop irrigated catheter tips were used in this study (Figure 

1b). One was the IntellaNav Mifi™ open-loop irrigated catheter tip (7 Fr/4.5 mm 7.5 

Fr; PMR9620, Boston Scientific Inc.), as shown in Figure 9 (a). The catheter was 110 

cm long, with a tip length of 4.5 mm, and had a standard curve style. The catheter 

incorporates an open-loop irrigated cooling mechanism through the tip and is 

partitioned into two chambers.  

The other catheter was an Abbott TactiCath™ (7 Fr/3.5 mm 7.5 Fr; Quadripolar, 

PN-004075, St. Jude Medical, Inc.), as shown in Figure 9 (b) which is representative 

of round-tip catheters. It was 115 cm long, with a tip length of 3.5 mm, and had a 

steerable curve style. Both catheters were open-loop irrigated catheters, with 6 small 

irrigation holes circumferentially located on the lateral surface of the tip. Irrigation of 

the catheter tip was designed to reduce excessive heating of the tissue and blood at the 

catheter tip. The main difference between the two catheters is the shape of the end tip. 

3.2.3 Contact area visualization experimental system incorporating the catheter 

angle setter and contact force sensor  

To elucidate the effects of the catheter contact angle and contact force on the 

contact area of the heart tissue surface, A special experimental procedure was 

developed that enables the setting of various catheter contact angles (0, 30, 45, 60, and 

90 degrees) using a special acrylic tube guide, as well as the measurement of the 

contact force. In the experimental setup, a digital force sensor (FGP-0.5, Nidec-

Shimpo Corporation) was mounted on a motion stage (FGS-5000TV, Nidec-Shimpo 

Corporation), the position of which can be controlled vertically. Using this setup, the 

catheter contact force and contact angle could be precisely controlled. The system was 

operated using commercial software (FGT-TV) running on a computer, as shown in 

Figure 10.  

White soluble ink (Pen Cure, Japan Pen Company) was overlaid on the metal 

electrode of the catheter tip to visualize the contacted area on the heart tissue surface, 

as shown in Figure 11. Then, the 8 levels of contact force within the clinically used 
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range; (2, 4, 6, 10, 15, 20, 30, and 40 gf) were applied to the cardiac muscle in line 

with the typical clinical contact force ranges [56–58]. Using this process, the catheter 

contact area-visualization test was repeated 6 times each for the 5 contact angles and 

8 contact forces to ensure equal distribution of contact force. In the final step, all of 

the catheter contact areas for each condition were photographed for the evaluation of 

contact area through image analysis.  

 

 

Figure 10. Experimental setup. A compact desktop test stand equipped with a digital 

force gauge was controlled using an FGT-TV software link from a computer. In this 

picture, the acrylic tube guide for 90 degrees was used. 
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Figure 11. White soluble ink was overlaid on the metal electrode of the catheter tip to 

visualize the contacted area on the heart tissue surface. 

3.2.4 Contact area visualization evaluation     

 As shown in Figure 12., image analysis of photographs of the catheter contact 

area was performed to evaluate the morphology of the contact area. The image analysis 

program MATLAB (Version 2019a) was used to perform the following actions, as 

shown in Figure 9. First, the raw colour image of the contact area was manually 

segmented into individual lesion images and converted into a grayscale image, and 

finally the grayscale image was binarized. Next, the catheter contact area on the heart 

tissue surface was calculated. To understand the morphology of the contact area, the 

centroid of each contact area image was aligned to create a reference point for 

comparison. Then, the image was rotated about the centroid to align each area's longest 

axis parallel to the vertical direction. The average morphology of the contact area was 

derived from 6 experimentally acquired images. The morphological characteristics 

corresponding to physical parameters were also evaluated. All statistical analyses were 

performed using GraphPad Prism software (Version 8.4.3). 
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Figure 12. Chart of the flow process for evaluating the morphology of the contact area 

and the average contact area at a contact angle of 90 degrees and a contact force of 30 

gf using a round-tip catheter. 

 

3.3 RESULTS 

3.3.1 Verification of catheter-tissue contact force 

 For validation of the experimental system, a fixed loading force of 10 gf was 

applied to the cardiac muscle. Then, all parameters were controlled by FGT-TV 

software. The control parameters are assigned in this experiment are shown in Table 

1. Using this process, the experiments were tested 5 times each for the 5 contact angles 

and repeated 6 times at each contact angle. 
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 Figure 13. show the visualized contact area and the generated ablated area under 

such a corresponding condition.   Figure 14. (a) – (e) shows the estimated values of 6 

contact areas for the 5 contact angles among 0, 30, 45, 60 and 90 degrees, respectively. 

Table 2 shows the contact area data, those averaged data, those standard deviations, 

and those coefficients of variation. 

 

 

Figure 13. The visualized contact area at 90-degree contact angle. 
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Table 1. Control parameters of motion stage. 

Parameter  Unit 

Test speed 10 mm/min 

Travelled Distance 50 mm 

Contact force 10 gf 

Upper limit load 50 gf 

Lower limit load 0 gf 

Contacting time 30 sec 

Pre-contacting speed 5 mm/min 

Recording cycle 100 time/sec 

 

Table 2. Catheter contact area[mm2], those averaged value, those standard deviation, 

and those coefficients of variation. 

Contact angle (deg) 

Test# 0 30 45 60 90 

1 13.83 11.45 10.04 10.37 6.41 

2 15.13 10.09 9.23 10.09 5.39 

3 14.83 8.42 10.00 9.15 7.37 

4 15.30 9.97 10.93 8.83 7.75 

5 12.64 7.87 10.82 10.09 7.50 

6 12.51 9.83 11.74 8.46 6.85 

AVG. 14.04 9.61 10.46 10.09 6.88 

S.D. 1.24 1.28 0.88 0.79 0.87 

C.V. 8.86% 13.36% 8.43% 8.29% 12.71% 
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Figure 14. The contact area at a catheter contact angle of (a) 0 deg, (b) 30 deg, (c) 45 

deg, (d) 60 deg, and (e) 90 deg.  
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3.3.2 Contact area morphology 

 Figure 15 shows the four distinct morphologies of the contact area with a contact 

angle of 0 degrees using the flat-tip catheter and contact angles of 0, 30, and 90 degrees 

using the round-tip catheter. These images show that the contact angle and shape of 

the catheter tip can affect the contact area morphology. For example, the morphology 

differs according to the shape of the catheter tip, even when both are applied at a 

contact force of 2 gf and a contact angle at 0 degrees. In contrast, the morphology was 

similar when both shapes were applied at a contact force of 2 gf and a contact angle at 

90. Further details about the differences in contact area morphology will be discussed 

later in the Discussion section. 

 

Flat-tip 

0 degrees, 2 gf 
Round-tip 

0 degrees, 2 gf 
Round-tip 

90 degrees, 2 gf 
Round-tip 

30 degrees, 4 gf 

    

    

    
T1 T2 T3 T4 

Figure 15. Morphology of the contact area on a porcine heart under various contact 

conditions. T1–T4 represent the morphology of the four types of contact area. 
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3.3.3 Average contact area 

Data of average contact areas, standard deviations, and percentage of contact 

area for flat-tip and round-tip catheters are shown in Tables 3 and 4, respectively. The 

ratio of the area of the catheter in contact with heart muscle to the catheter tip surface 

area was calculated by the following equation: 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 =  (
𝐶𝑎𝑡ℎ𝑒𝑡𝑒𝑟/ℎ𝑒𝑎𝑟𝑡 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎

𝐶𝑎𝑡ℎ𝑒𝑡𝑒𝑟 𝑡𝑖𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
) × 100 

 

where the catheter tip surface area of the flat-tip catheter is 37.26 mm2 and that of the 

round-tip catheter is 25.67 mm2. 

 

The standard SI unit for force is the newton (N), but gram-force (gf) is frequently used 

to measure contact force in the field of catheter ablation research (1 gf = 0.00981 N, 

which is the force acting on a mass of 1 g under the Earth’s gravitational acceleration 

of 9.81 m/s2). The contact forces tested in this study were 2, 4, 6, 10, 15, 20, 30, and 

40 gf, which correspond to 0.0196, 0.0392, 0.0588, 0.098, 0.147, 0.196, 0.294, and 

0.392 N, respectively.  
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Table 3. Average contact area and percentage contact area when using the flat-tip 

catheter (mm2) 

Contact 

angle 

Contact force (gf) 

2 4 6 10 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

0 deg 11.424 1.123 31% 10.861 1.188 29% 10.547 1.079 28% 14.041 1.245 38% 

30 deg 6.002 0.908 16% 7.406 0.594 20% 7.941 1.625 21% 9.607 1.284 26% 

45 deg 7.058 0.928 19% 7.027 0.608 19% 10.199 0.873 27% 10.463 0.883 28% 

60 deg 4.641 0.605 12% 7.247 1.228 19% 8.163 1.791 22% 10.094 1.996 27% 

90 deg 3.445 0.831 9% 4.392 0.514 12% 5.627 0.555 15% 6.879 0.874 18% 

Contact 

angle 

Contact force (gf) 

15 20 30 40 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

0 deg 15.458 1.392 41% 15.358 1.624 41% 16.405 1.050 44% 19.097 1.294 51% 

30 deg 13.178 2.103 35% 14.644 2.609 39% 11.769 1.914 32% 14.759 1.196 40% 

45 deg 11.820 0.680 32% 12.842 1.438 34% 14.860 1.672 40% 19.533 1.361 52% 

60 deg 11.131 1.590 30% 11.431 1.699 31% 12.114 1.443 33% 13.515 0.895 36% 

90 deg 8.363 0.982 22% 7.405 1.126 20% 9.508 1.040 26% 12.589 0.812 34% 

AVG CA, average contact area; SD, standard deviation; PCA, percentage contact area 
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Table 4. Average contact area and percentage contact area when using the round-tip 

catheter (mm2) 

Contact 

angle 

Contact force (gf) 

2 4 6 10 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

0 deg 6.365 0.508 25% 8.730 0.840 34% 9.039 1.040 35% 10.325 1.159 40% 

30 deg 6.055 1.075 24% 6.999 0.825 27% 9.982 0.768 39% 12.579 1.107 49% 

45 deg 3.592 0.493 14% 4.906 0.421 19% 5.547 0.629 22% 6.815 0.898 27% 

60 deg 3.699 0.724 14% 5.869 0.719 23% 6.782 0.821 26% 8.222 0.625 32% 

90 deg 3.829 0.294 15% 6.309 0.320 25% 7.797 1.134 30% 7.990 0.553 31% 

Contact 

angle 

Contact force (gf) 

15 20 30 40 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

AVG 

CA 
SD 

PCA 

(%) 

0 deg 11.779 1.292 46% 12.343 1.042 48% 13.661 0.852 53% 15.578 1.274 61% 

30 deg 14.417 2.141 56% 13.697 1.857 53% 17.693 1.394 65% 16.788 0.581 65% 

45 deg 8.123 0.652 32% 9.704 0.841 38% 12.730 1.583 50% 13.725 1.954 53% 

60 deg 9.354 0.811 36% 10.275 0.868 40% 10.464 1.740 41% 14.310 2.286 56% 

90 deg 8.535 0.751 33% 9.340 0.638 36% 10.357 1.039 40% 11.914 0.909 46% 

AVG CA, average contact area; SD, standard deviation; PCA, percentage contact area 
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Figure 16. Plot of average contact area and contact force for (a) flat-tip catheters and 

(b) round-tip catheters at each contact angle. 

 

 Figure 16 (a) and (b) shows a plot of the catheter contact areas created with the 

contact forces on the x-axis and the contact area on the y-axis for both catheter shapes. 

This plot illustrates the correlation between contact force, contact angle, and contact 

area. The results revealed a positive correlation between contact force and contact area, 

in which increased contact force was associated with increased contact area. Moreover, 

the contact angle had as strong an effect on the contact area as the contact force did. 

At the same contact force, the correlation between contact angle and contact area was 

inverse; that is, a smaller contact angle was associated with an increased contact area. 

The logarithmic approximation formulas for expressing the relationship between 
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contact area and contact force for each catheter contact angle are shown in Table 5. 

The data reveal that the correlation between contact force and the contact area is a 

logarithmic function with R-Squared (R2) being nearly equal to 1. 

 Figure 17 shows binarized images of the average contact areas under the various 

conditions (8 contact forces and 5 contact angles) when using the flat-tip and round-

tip catheters. These data clearly show that the contact angle had as much influence as 

the contact force on the contact area. For example, using the flat-tip catheter at a 

contact angle of 90 degrees, the contact force increased from 2 to 4, 6, 10, 15, 20, 30, 

and 40 gf, and the average contact area increased from 3.445 to 4.392, 5.627, 6.879, 

8.363, 7.405, 9.508, and 12.589 mm2, respectively. In addition, using the round-tip 

catheter at a contact angle of 90 degrees, the contact force increased from 2 to 4, 6, 10, 

15, 20, 30, and 40 gf, and the average contact area increased from 3.829 to 6.309, 

7.797, 7.990, 8.535, 9.340, 10.357, and 11.914 mm2, respectively. Similar trends were 

seen for both shapes of catheters at contact angles of 60, 45, 30, and 0 degrees. 

 

Table 5. Approximation formulas expressing the relationship between catheter contact 

area and contact force for each catheter contact angle, where x is catheter contact force 

(gf), y is catheter contact area (mm2), and R2 is coefficient of determination, 

respectively. 

 

 

 

 

 

 

Angle 

(degree) 

Flat-tip  Round-tip  

Approximation formula R2 Approximation formula R2 

0 y = 2.685ln(x) + 7.782 0.837 y = 2.837ln(x) + 4.251 0.974 

30 y = 3.036ln(x) + 3.465 0.845 y = 3.903ln(x) + 2.890 0.961 

45 y = 3.689ln(x) + 2.952 0.867 y = 3.429ln(x) + 0.012 0.926 

60 y = 2.807ln(x) + 3.137 0.984 y = 3.062ln(x) + 1.363 0.936 

90 y = 2.693ln(x) + 0.892 0.893 y = 2.341ln(x) + 2.709 0.953 
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Figure 17. Average contact area morphology using flat-tip and round-tip catheters 

under various conditions. 

 

3.4 DISCUSSIONS 

3.4.1 Catheter contact force validation  

This experimental system has flexibly adjusted the catheter contact angles 

among 0, 30, 45, 60, to 90 degrees between the catheter tip and the heart muscle. This 

system also the flexibly controlled the real-time catheter contact force. The validation 

test of this experimental system was performed through visualization test of the 

catheter contact area on the porcine heart muscle. And then, visualization tests were 

also performed on the ablation area under the condition with contact force of 10 gf at 

90-degree.  The six-contact area at such same condition about contact angle and 

contact force showed similar value with small standard deviations suggesting 

feasibility of present experimental setup. The standard deviation of contact angle 45, 

60 and 90 degrees less than 1, while the standard deviation of contact angle 0 and 30 
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degrees approximately 1.2, as shown in Figure 18. The coefficient of variation of the 

contact angle, as shown in Figure 19. from 0, 30, 45, 60 and 90 are 8.86%, 13.36%, 

8.43%, 8.29% and 12.71%, respectively.  

From the results, the present experimental system has enough capability of 

setting the catheter contact angle with respect to the surface of the heart muscle and 

the catheter contact force. However, in order to apply this experimental system's 

usefully for studying radiofrequency catheter ablation, the number of tests needs to 

test with a more different contact force required. Especially in line with the typical 

clinical contact force ranges from 2 gf to 40 gf [56]. Therefore, this point needs to 

examine in an additional future study. This experimental system will be planned to 

apply to study the relationship of catheter contact angle and contact force with the 

contact area on the surface of heart muscle tissue in cardiac catheter ablation. 

Moreover, in the near future, this system will apply to investigate the lesion size as the 

function of the contact area, contact force and contact angle in vitro experiments. 

 

Figure 18. The standard deviation of the contact area of each catheter contact angle. 
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Figure 19. The coefficient of variation of the contact area of each catheter contact 

angle. 

 

3.4.2 Morphological characterization of the contact area 

 To elucidate the effects of catheter contact angle and contact force on the contact 

area, we constructed a heart muscle surface flattener to maintain a flat surface to test a 

range of contact angles. This instrument was designed to achieve improved 

experimental reproducibility. Although in routine clinical ablation procedures, the 

surface of the heart tissue is not flat, this data clearly demonstrated that the contact 

angle and shape of the catheter tip substantially affected the contact area morphology. 

In summary, we categorized the morphology of the contact area into four types, as 

shown in Figure 20. A notable difference occurred when the catheter angle became 

parallel to the heart surface. Contact area morphology became rectangular when using 

a flat end tip and semi-ellipsoidal when using a round end tip. This observation clearly 

shows the effect of the shape of the catheter. When contact is made at a perpendicular 

angle, the contact area morphology is circular because the projected area of both 

catheters is a circle, and thus the contact area becomes circular. When the catheter is 

inclined, the contact area becomes ellipsoidal like an egg. Those morphological 

character trends changed similarly for both round- and flat-tip catheters except in the 

parallel (0-degree) direction. 
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Flat-tip 

0 degrees 

Round-tip 

0 degrees 

Flat- and round-tip 

90 degrees 

Flat- and round-tip 

30–60 degrees 

    

T1: rectangular T2: semi-ellipsoidal T3: circular T4: egg-like ellipsoidal 

Figure 20. Contact area morphologies. The T1 morphology represents the contact area 

of the flat-tip catheter at a contact angle of 0 degrees. The T2 morphology represents 

the contact area of the round-tip catheter at a contact angle of 0 degrees. The T3 

morphology represents the contact area of both the round- and flat-tip catheters at a 

contact angle of 90 degrees. The T4 morphology represents the contact area of both 

the round- and flat-tip catheters at a contact angle of between 30 and 60 degrees. 

 

3.4.3 Correlation between contact force and contact area 

 Catheter contact force shows a strong positive correlation with contact area. 

When the contact force was increased, the contact area also increased. These results 

are similar to those in earlier reports [49–51, 56–58]; however, it is essential to 

consider the small changes in contact area that occurred at higher contact forces. The 

contact area increased monotonically but logarithmically. The slope of the graph 

changes slightly when the contact force is between 15 and 40 gf, which is in contrast 

to the greater change in slope when during initial contact when the contact force ranges 

from 2 to 15 gf. The equation for estimating contact area might help those performing 

this procedure to understand the relationships among the parameters and to calculate 

the contact area as a function of contact force at each contact angle. These data suggest 

a limit to the extent by which lesion size can be increased by increasing the contact 

force. The catheter contact angle relative to the heart muscle tissue surface can also 

needs to be considered when calculating the desired lesion size. 

3.4.4 Correlation between contact angle and contact area 

The results clearly demonstrate that the contact angle is a key determinant of the 

contact area morphology. In addition, the contact angle substantially affects the contact 
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area of the catheter tip regardless of the contact force. For the flat-tip catheter, the 

minimum contact area was produced at a contact angle of 90 degrees and increased 

with decreasing contact angle from 90 to 60, 45, 30, and 0 degrees. For the round-tip 

catheter, the minimum contact area was produced at a contact angle of 90 degrees and 

increased with decreasing contact angle from 90 to 60, 45, 0, and 30 degrees. For both 

catheter shapes, the contact area progressively increased when the contact angle was 

decreased. However, the results show a difference between the flat- and round-tip 

catheters at 0 and 30 degrees. These differences were due to the difference in shape 

and size between the two shapes of catheter tip. The two catheters used for this study 

were made by different manufacturers and differ in size according to their shape, 

especially at a contact angle between 0 and 30 degrees. The round-tip catheter makes 

less surface contact with the heart tissue surface compared with the flat-tip catheter. 

Despite this fact, the results of the experiment as a whole show a similar tendency. 

3.5 MAJOR FINDINGS 

 The major findings are as follows: (i) The morphology of the contact area can 

be divided into four types: rectangular, circular, ellipsoidal, and semi-ellipsoidal. The 

morphology of the contact area indicates that (ii) the correlation between contact force 

and contact area is a logarithmic function; that is, increased contact force was 

associated with increased contact area, and the contact angle has as strong an effect on 

the contact area as contact force does. (iii) There is an inverse correlation between 

contact angle and contact area; smaller contact angle is associated with increased 

contact area. 

3.6 CLINICAL IMPLICATIONS 

 Present data should be useful for those performing this procedure to understand 

the relation among the parameters and plan their treatment strategy beforehand. From 

these experiments, the contact area morphology was derived as a function between the 

contact angle and contact force. It is reasonable to assume that the contact area is 

directly related to the area of resulting lesion. 
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3.7 STUDY LIMITATIONS 

 This study has several limitations. First, we aimed to test the assumptions about 

contact angle, contact force, and contact area by using two different shapes of 

commercially available catheter tips. The two catheters were made by different 

manufacturers, and thus have some differences in design. Accordingly, we did not 

compare the differences in results between the catheters. Second, to provide better 

reproducibility of this in vitro experiments, we developed a special instrument that 

precisely adjusts the catheter angle between the catheter tip and the heart muscle. The 

instrument consists of a heart muscle surface flattener and a catheter-tip-angle setter. 

In clinical practice the shape of the heart tissue surface varies according to the part of 

the heart, and thus the catheter tip orientation can rarely be optimized due to restricting 

structures such as trabeculated muscle, valves, or the papillary muscle. Nevertheless, 

at the present stage of research on catheter ablation (pre-clinical experiment studies), 

it necessary to perform tests on flat surfaces to clearly demonstrate the specific effects 

of the catheter contact angle and contact force on the contact area of the heart tissue 

surface. Lastly, to produce effective ablation lesions, the depth of the lesion is at least 

as important as the ablation size. In this study, we did not investigate whether the 

catheter contact angle and contact force affected the depth of the ablation lesion; 

however, we conducted experiments to elucidate the effect of the catheter contact 

angle and contact force on the contact area. These findings might be validated in the 

near future through numerical simulations such as the Finite Elemental Method, which 

can be used to estimate cardio-muscular deformation in response to catheter tip contact 

or a practical investigation through an in vitro heart muscle ablation experiment. 

3.8 CONCLUSION 

 This study clearly demonstrated a substantial impact of the contact angle and 

contact force of a catheter on the size and morphology of the contact area in catheter 

ablation procedures. The contact area should be directly related to the lesion area. 

These data may help doctors understand the relationships among contact angle, contact 
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force, and contact area in ablation therapy procedures. Such information should help 

doctors plan appropriate treatment strategies in consideration of each patient’s 

conditions. 
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Chapter 4: Effects of Catheter Contact 

Force and Angle on Lesion Size 

This chapter investigates the effects of catheter contact force and angle on the 

ablation lesion dimension, ablation impedance, and their relationship. The topic is this 

chapter are including; Section 4.1 purpose of the study, Section 4.2 methods, Section 

4.3 results, Section 4.4 discussion, Section 4.5 major findings, Section 4.6 clinical 

implications, Section 4.7 study limitations, and Section 4.8 Conclusion.   

4.1 PURPOSE OF THE STUDY 

This study aimed first to investigate the effect of catheter contact force and 

contact angle on the ablation lesion dimension. Second, investigate the effects of the 

catheter contact force related to the contact angle on the ablation impedance. Last, 

investigate the relationship between the catheter contact area and the dimensions of 

the ablation lesion as a function of catheter contact angle and force in the 

radiofrequency catheter ablation process. 

4.2 METHODS 

4.2.1 RF ablation system incorporating the catheter angle setter and contact 

force sensor 

As shown in Figure 21., a piece of porcine heart prepared using the surface 

flattener was submerged in a tank containing 0.9 wt% saline and the position of the 

piece was fixed to the bottom of the tank. The position was set by aligning a hole in 

the acrylic plate with the position of the catheter. The saline tank is equipped with a 

motion stage having a length of 32 cm, a width of 22 cm, and base that is raised 3 cm 

from the floor. An anti-slip cover was also installed at the base of the tank. Holes were 

drilled in two sides of the saline tank to allow for the connection of dispersive 

electrodes with a screw and a leakproof rubber fitting to provide the return path for the 

RF current. In the experimental ablation setup, the saline tank was equipped with a 



40 
 

motion stage (FGS-5000TV, Nidec-Shimpo Corporation) on which a digital force 

sensor (FGP-0.5, Nidec-Shimpo Corporation) was mounted. The temperature of the 

saline solution was maintained at 35°C to 37°C and continuously monitored using a 

temperature controller (JTA-550, As One Corporation). Circulation flow in the saline-

filled chamber was generated by a water pump (AD20P-0510A, DollaTek) to mimic 

blood flow and distribute temperature.  

As shown in Figure 22., an RF ablation device (Maestro 4000, Boston Scientific 

Inc.) was used in this study. Saline irrigation with 0.9 wt% was performed using an 

irrigation pump (MetriQ, Boston Scientific Inc.) that was connected to the catheter. 

The IntellaNav Mifi™ open-loop irrigated catheter tip (7 Fr/4.5 mm 7.5 Fr; PMR9620, 

Boston Scientific Inc.) was used in this study (Figure 23 (a)). The catheter was 110 cm 

long, with a tip length of 4.5 mm, and had a standard curve style. The catheter 

incorporates an open-loop irrigated cooling mechanism through the tip and is 

partitioned into two chambers. The proximal chamber circulates normal saline within 

the tip of the cooling mechanism at the proximal end of the tip electrode and mitigates 

overheating while the distal chamber allows the fluid to flow through six irrigation 

holes into the patient's vasculature, thereby cooling the tip electrode of the ablation 

catheter as well as the heart tissue surface. A fluid fitting is used to make leak-free 

connections and connect the irrigation tubing set at the handle’s proximal end, 

allowing the irrigation pump to generate a flow of saline to the catheter. The electrode 

comprises a tip electrode and three-ring electrodes and includes three diagnostic mini-

electrodes embedded in the tip, as shown in Figure 23 (b). The catheter-tip electrode 

has an embedded temperature sensor and delivers the RF energy for cardiac ablation. 

The system was operated and monitored using FGT-TV software (Nidec-Shimpo 

Corporation) running on a personal computer. To investigate the effects of the catheter 

contact angle and contact force on the ablation dimensions of the heart tissue, we used 

a procedure that we developed to enable the setting of various catheter contact angles 

(0, 30, 45, 60, and 90 deg) using a special acrylic tube guide. To set the angle, the 
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catheter was inserted into the tube guide, and the tube guide was locked by turning a 

screw in the acrylic block mounted on the digital force gauge. The distance between 

the end-tip of the catheter and the end of the tube guide was fixed by turning the screw. 

 

 

Figure 21. RF experimental setup. The saline tank was installed on a compact desktop 

test stand and equipped with a digital force gauge. The RF ablation device and an 

irrigation pump were connected to the catheter. The system was operated and 

monitored using FGT-TV software running on a personal computer.  
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Figure 22. Cardiac Ablation System (Boston Scientific Inc.). Taken from: 

https://www.bostonscientific.com/en-EU/products/cardiac-ablation-systems.html 

 

 

Figure 23. (a) IntellaNav Mifi™ open-loop irrigated catheter. (b) catheter-tip 

electrode. 

 

4.2.2 Ablation parameters  

In the experiments, the 8 levels of contact force within the clinically used range 

(2, 4, 6, 10, 15, 20, 30, and 40 gf) were applied to the heart tissue surface in line with 

the typical clinical contact force ranges [56–58]. Using this process, the RF catheter 

ablation test was repeated 6 times each for the 5 contact angles and 8 contact forces to 

ensure equal distribution of contact force. The ablation time was fixed at 30 s, and the 

initial impedance was set at 92.5 ± 2.5 Ω. The temperature during ablation was set at 

30°C, and the power at 30 W. Initially, and before every ablation test, the catheter was 

RF ablation 

device 

Irrigation 

pump 
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placed in the saline tank, where it floated, and an irrigation rate of 2 mL/min (contact 

force = 0 gf) was set. During ablation, the rate of irrigation with 0.9 wt% saline was 

subsequently increased from 2 to 17 mL/min [35, 39]. All ablation parameters are 

shown in Table 6. In the final step, all of the ablation lesion dimensions for each 

condition were photographed for later evaluation of the ablation lesion dimensions 

through image analysis. In total, 240 experiments (40 sets of 6 experiments each) were 

performed. 

Table 6. Ablation parameters 

Parameters  

Ablation time, s 30 

Power, W 30 

Initial impedance, Ω 90–95 

Ablation temperature, °C 30 

Saline tank temperature, °C 35–37 

Initial irrigation rate, mL/min 2 

Ablation irrigation rate, mL/min 17 

Catheter contact force, gf 2, 4, 6, 10, 15, 20, 30, and 40 

Catheter contact angle, degree 0, 30, 45, 60, and 90 

 

4.2.3 Evaluation of ablation lesion dimensions and comparison of catheter 

contact area with ablation lesion area 

Conventionally, ablation lesion dimensions are measured using a digital vernier 

caliper and the lesion area and lesion volume are calculated under the assumption that 

the ablation lesion is a perfectly symmetrical shape [64–66]. However, in reality, the 

ablation lesion morphology is never perfectly symmetrical. Moreover, the 

conventional method requires the investigator to visually estimate the lesion border, 

which is defined as the location of the change in tissue color. Measuring ablation 

dimensions in this way may lead to errors in ablation lesion evaluation. In the previous 

study (Chapter 3), we developed an experimental system for investigating the 

relationship of the catheter contact area on the surface of the heart tissue as a function 
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of catheter contact angle and force. The developed system makes possible a new 

technique for evaluating the catheter contact area and its morphology by using an 

image analysis program in MATLAB software (version 2021a; The MathWorks, Inc.). 

The main aim of the image analysis program was to reduce human error and improve 

the precision of ablation lesion evaluation. In addition, the primary purpose of the 

present study is to investigate the relationship between the ablation lesion area and the 

catheter contact area. Therefore, we used the method for evaluating lesion dimensions 

and the image analysis program developed in the previous study (Chapter 3), and then 

compared each contact area with the lesion area at the same contact condition (same 

force and angle). 

Immediately after each set of experiments, the 6 ablation lesions were 

photographed using a camera (Sony A600; Lens optical 16-50mm f/3.5-5.6 OSS) with 

a reference scale, after which the 6 ablation lesions were bisected along their diameter 

and photographed again. As shown in Figure 24., the raw image with an image size 

24,000,000 pixels was imported to the program and calibrated from the pixel scale to 

the millimeter scale. Then, the raw image was segmented into individual lesion images 

and converted into grayscale. The grayscale concentration level was used to define the 

lesion border at the pixel level, with lesion area defined as white pixels and normal 

tissue defined as black. In the reversible injury area, the color was not clearly white or 

black, so we defined the lesion area as that with a 40% concentration of white pixels. 

Next, each of the pixels was binarized into black or white and the empty area was 

filled, after which the centroid of each lesion image, the length of the minor and major 

axes, and lesion region area were calculated. Then, the image of each lesion was 

rotated about the centroid to make each area’s longest axis parallel to the vertical 

direction. Lesion depth was measured from the top of the heart tissue surface to the 

maximum depth and was calculated from 6 experimentally acquired images. The 

average lesion area and average lesion morphology were also derived from 6 

experimentally acquired images. 
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 Raw image Grayscale image Binary image Calculated image  

Figure 24. Image analysis process for evaluating the ablation lesion area and its 

morphology. 

4.2.4 Statistical analysis  

Pearson’s coefficient (r) and Spearman’s coefficient (rs) were calculated to 

assess the correlation between each variable. The correlation level was described using 

Evans’s correlation criterion. Statistical significance was defined as P-values < 0.05. 

Comparisons were made using Student’s t-test and significant differences were defined 

as P-values < 0.05 (95% confidence interval). The coefficient of determination (R2) 

was calculated to compare the goodness of fit of the linear and logarithmic models. 

All statistical analyses were performed using GraphPad Prism (version 9.0.1; 

GraphPad Software). 

4.3 RESULTS 

4.3.1 Effects of increased catheter contact force on the ablation impedance 

Figure 25 shows the correlations between catheter contact force (x-axis) and 

maximum impedance minus average impedance (y-axis) at each contact angle. 

Average of maximum impedance minus average impedance at each contact angle 

shown in Table 7. 

Level of the concentration 

 

C > 40% → 1 (white)  

C ≤ 40% → 0 (black) 
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Table 7. Mean impedance between maximum impedance minus average impedance 

at each contact angle. 

Contact foce 
Contact angle  

0 Deg 30 Deg 45 Deg 60 Deg 90 Deg 

2 gf 9.50 Ω 10.67 Ω 13.17 Ω 13.17 Ω 12.67 Ω 

4 gf  11.67 Ω 13.00 Ω 14.00 Ω 14.50 Ω 14.33 Ω 

6 gf 12.33 Ω 13.83 Ω 15.17 Ω 16.00 Ω 14.50 Ω 

10 gf 16.67 Ω 17.83 Ω 17.17 Ω 17.33 Ω 17.17 Ω 

15 gf 18.83 Ω 18.67 Ω 19.50 Ω 18.00 Ω 21.83 Ω 

20 gf 18.83 Ω 20.83 Ω 19.50 Ω 21.50 Ω 20.33 Ω 

30 gf 21.00 Ω 20.33 Ω 19.33 Ω 21.00 Ω 22.50 Ω 

40 gf 25.67 Ω 20.17 Ω 22.00 Ω 21.00 Ω 23.00 Ω 
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Figure 25. Correlation between catheter contact force and maximum impedance minus 

average impedance at each contact angle. 

 

4.3.2 Effects of catheter contact force and angle on the ablation lesion 

dimension   

 A total of 240 lesions were ablated (40 sets of 6 experiments each); no steam 

pop events occurred during. The data of average lesion area and average lesion depth 

at each contact angle are shown as means ± SD in Tables 8 and 9, respectively. Figure 

26 (a) and (b) show that not only the catheter contact force but also the catheter contact 

angle can affect the lesion depth and lesion area. For example, the lesion depth and 
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lesion area differ according to the catheter contact angle, even when the same contact 

force of 30 gf is applied. Further details about the relationships among catheter contact 

force, catheter contact angle, catheter contact area, and ablation lesion dimensions will 

be discussed in the following section. 

 

Table 8. Average lesion area (mm2) 

Contact 

force 

Contact angle 

0 Deg 30 Deg 45 Deg 60 Deg 90 Deg 

2 gf 16.67 ± 1.63 16.46 ± 3.00 12.93 ± 1.13 9.05 ± 1.79 13.28 ± 1.49 

4 gf 24.17 ± 4.14 21.58 ± 2.94 19.98 ± 0.68 19.07 ± 3.43 18.53 ± 1.46 

6 gf 24.05 ± 3.46 23.81 ± 1.40 19.76 ± 3.06 20.52 ± 2.23 17.09 ± 3.10 

10 gf 35.54 ± 1.59 37.35 ± 3.88 21.70 ± 2.24 20.99 ± 0.79 21.89 ± 1.90 

15 gf 37.81 ± 2.87 34.23 ± 3.98 24.01 ± 0.65 23.26 ± 3.55 19.55 ± 0.87 

20 gf 36.10 ± 3.18 28.90 ± 6.62 32.59 ± 4.58 30.41 ± 6.69 22.78 ± 3.84 

30 gf 38.04 ± 6.07 40.60 ± 6.78 35.37 ± 5.39 33.44 ± 3.79 29.85 ± 1.46 

40 gf 44.10 ± 3.50 40.33 ± 6.90 39.38 ± 5.82 41.87 ± 5.68 37.62 ± 7.27 

Data are shown as means ± SD. 

 

Table 9. Average lesion depth (mm) 

Contact 

force 

Contact angle 

0 Deg 30 Deg 45 Deg 60 Deg 90 Deg 

2 gf 1.98 ± 0.30 1.70 ± 0.23 1.92 ± 0.39 2.20 ± 0.40 3.68 ± 0.38 

4 gf 1.90 ± 0.14 2.02 ± 0.36 2.14 ± 0.20 2.31 ± 0.32 4.16 ± 0.47 

6 gf 2.50 ± 0.32 2.23 ± 0.28 2.49 ± 0.22 3.10 ± 0.66 4.25 ± 0.33 

10 gf 3.43± 0.53 3.43 ± 0.43 3.04 ± 0.45 3.80 ± 0.45 4.49 ± 0.38 

15 gf 3.74 ± 0.40 3.40 ± 0.62 3.46 ± 0.77 4.76 ± 0.65 5.89 ± 0.61 

20 gf 4.09 ± 0.43 4.16 ± 0.55 3.78 ± 0.54 4.45 ± 0.56 5.80 ± 0.50 

30 gf 4.10 ± 0.21 4.26 ± 0.58 5.56 ± 0.48 5.48 ± 0.60 6.31 ± 0.68 

40 gf 4.76 ± 0.36 5.54 ± 0.42 5.75 ± 0.57 5.68 ± 0.47 7.53 ± 0.33 

Data are shown as means ± SD. 
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Figure 26. (a) Schematic illustration showing the differences in ablation lesion for 

each catheter contact angle. (b) Representative examples of lesion depth and lesion 

area for each contact angle at a contact force of 30 gf. 

 

4.3.3 Relationships between ablation lesion area, catheter contact force, catheter 

contact angle, and catheter contact area 

 Figure 27 shows the positive correlations (r = 0.7816) between catheter contact 

force (x-axis) and lesion area (y-axis) at each contact angle. The results revealed that 

the lesion area increased significantly with increasing contact force (P < 0.0001 at 

every contact angle). Figure 28 is a plot of the correlation between catheter contact 

angle and lesion area for contact forces ranging from 2 to 40 gf. The results revealed 

that contact angle is a determinant of lesion area (r = −0.3688, P = 0.0192) (Table 10). 

The smallest lesion area was produced at a contact angle of 90 deg and increased with 

decreasing contact angle from 90 to 60, 45, 30, and 0 deg. There were no significant 

differences in lesion area at a contact angle of 0 vs. 30 deg, 30 vs. 45 deg, 45 vs. 60 

deg, and 60 vs. 90 deg (95% confidence interval). However, significant differences 

were found in lesion area at a contact angle of 0 vs. 45, 60, and 90 deg; 30 vs. 60 and 

90 deg; and 45 vs. 90 deg (P < 0.05) (Table 11). Figure 29 shows the positive 

correlation (r = 0.8507) between catheter contact area (x-axis) and lesion area (y-axis). 
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The results revealed that the lesion area increased significantly with increasing contact 

area (P < 0.0001). 

 

 

 

 

 

 

Figure 27. Correlation between catheter contact force and lesion area at each contact 

angle. 
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Table 10. Correlation between contact angle and lesion area and depth. 

 Contact angle vs. lesion area Contact angle vs. lesion depth 

Pearson’s r −0.3688 0.4550 

95% confidence interval −0.6102 to −0.06470 0.1672 to 0.6714 

P (two-tailed) 0.0192 0.0032 

Significant? (alpha = 0.05) Yes Yes 

 

 

Figure 28. Lesion area as a function of contact force and contact angle. 

 

 

Figure 29. Correlation between the catheter contact area and lesion area. 
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Table 11. Comparison of lesion area and lesion depth at each contact angle. 

Contact angle 

(deg) 

 Lesion area  Lesion depth 

P-value 
Significantly different 

(P < 0.05)? 
P-value 

Significantly different 

(P < 0.05)? 

0 vs. 30 0.1928 No 0.8186 No 

 vs. 45 0.0062 Yes 0.4129 No 

 vs. 60 0.0036 Yes 0.0025 Yes 

 vs. 90 0.0011 Yes <0.0001 Yes 

30 vs. 45 0.0605 No 0.3735 No 

 vs. 60 0.0378 Yes 0.0063 Yes 

 vs. 90 0.0037 Yes <0.0001 Yes 

45 vs. 60 0.2331 No 0.0291 Yes 

 vs. 90 0.0342 Yes <0.0001 Yes 

60 vs. 90 0.1244 No <0.0001 Yes 

 

Table 12. Ratios of lesion area to contact area at each contact angle. 

Contact 

angle 

Contact force (gf) 

2 4 6 10 15 20 30 40 

0 deg 
1.46 2.23 2.28 2.53 2.45 2.35 2.32 2.31 

30 deg 
2.74 2.91 3.00 3.89 2.60 1.97 3.45 2.73 

45 deg 
1.83 2.84 1.94 2.07 2.03 2.54 2.38 2.04 

60 deg 
1.95 2.63 2.51 2.08 2.09 2.66 2.76 3.10 

90 deg 
3.86 4.22 3.04 3.18 2.34 3.08 3.14 2.99 

 

 

Table 12 shows the ratio of lesion area to contact area as a function of contact force 

and contact angle. The ratio of the ablation lesion area to the catheter contact area was 

calculated using the following equation; “Ratio of lesion area to contact area = 

(Ablated lesion area) / (Catheter contact area)”. The results revealed that catheter 

contact force had no significant relationship with the ratio of lesion area to contact area 

(P = 0.5118) and was only weakly correlated (rs = 0.1068). Contact angle had a 

significant relationship with the ratio of lesion area to contact area (P = 0.0175) and 

was weakly correlated (rs = 0.3737) (Table 13 and Figures. 30, 31, and 32). 
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Table 13. Correlation of contact force and contact angle with the ratio of lesion area to 

catheter contact area. 

 
Contact force vs. lesion 

area/contact area 

Contact angle vs. lesion 

area/contact area 

Spearman rs 0.1068 0.3737 

95% confidence interval −0.2208 to 0.4128 0.06086 to 0.6196 

P (two-tailed) 0.5118 0.0175 

Significant? (alpha = 0.05) No Yes 

 

 

 

 

 

Figure 30. Comparison of the ratio of lesion area to catheter contact area at each 

contact angle. 
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Figure 31. Correlation between catheter contact force and the ratio of lesion area to 

catheter contact area. 

 

Figure 32. Correlation between catheter contact angle and the ratio of lesion area to 

catheter contact area. 

 

4.3.4 Relationships between catheter contact force, catheter contact angle, and 

ablation lesion depth 

Figure 33 shows the positive correlations (r = 0.7807) between catheter contact 

force (x-axis) and lesion depth (y-axis) at each contact angle. The results revealed that 

lesion depth increased significantly with increasing contact force (P < 0.0001 at every 

contact angle). Figure 34 is a plot of the correlation between catheter contact angle and 

lesion area for contact forces ranging from 2 to 40 gf. The results revealed that contact 

angle is a determinant of lesion depth (r = 0.4550, P = 0.0032) (Table 10). The smallest 

lesion depth was produced at a contact angle of 0 deg and increased with increasing 

contact angles from 0 to 30, 45, 60, and 90 deg. There were no significant differences 
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in lesion depth at a contact angle of 0 vs. 30 deg, 0 vs. 45, and 30 vs. 45 (95% 

confidence interval). However, significant differences were found in lesion depth at a 

contact angle of 0 vs. 60 and 90 deg; 30 vs. 60 and 90 deg; 45 vs. 60 and 90 deg; and 

60 vs. 90 deg (P < 0.05) (Table 11). Further details will be discussed below in the 

Discussion section. 

 

 

 

 

 

 

Figure 33. Correlation between catheter contact force and lesion depth at each contact 

angle. 

 

 

 



56 
 

 

Figure 34. Lesion depth as a function of contact force and contact angle. 

 

4.4 DISCUSSIONS 

4.4.1 Correlation between catheter contact force and ablation impedance 

 The results of present study clearly demonstrated a significant positive 

correlation between the catheter contact force and the ablation impedance (P < 0.0001 

at every contact angle). When the contact force was increased, the difference 

impedance between maximum impedance and average impedance also increased from 

Ohm’s law relationship. Once impedance decreases, that means electrical current 

increases. Therefore, increased catheter contact force was associated with a 

corresponding increase in electrical current delivered to the heart tissue and also might 

be reduced electrical current flow into the blood, which is a cause of coagulum 

generation and failure to achieve appropriate myocardial temperatures [43]. However, 

the results showed only a different impedance between maximum impedance and 

average impedance due to this experimental systems' limitation. The impedance 

decreases were most often calculated by maximum impedance minus minimum 

impedance.  Nevertheless, the experiment results as a whole showed a similar tendency 

with other previous studies [67, 68]. 
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4.4.2 Correlation between percentage of contact area and ablation impedance 

 The previous study (Chapter 3) reported that increased contact force directly 

affects the percentage contact area of the tip electrode of an ablation catheter with the 

heart tissue surface (catheter contact area divided by catheter tip surface area). We 

hypothesized that the percentage of contact area might be correlated with ablation 

impedance. To test this hypothesis, the percentage of contact area was plotted on the 

x-axis and maximum impedance minus average impedance on the y-axis, as shown in 

Figure 35. The results revealed a significant positive correlation between the 

percentage of contact and the ablation impedance (P < 0.0001) When the percentage 

of contact area was increased, the difference impedance between maximum impedance 

and average impedance also increased. 

4.4.3 No correlation between catheter contact angle and ablation impedance 

 Figure 36 shows the comparison between catheter contact force and maximum 

impedance minus average impedance at each contact angle. The ablation impedance 

at each contact angle did not significantly differ at a confidence level at 95% (P < 

0.05). The possible reason for explaining this is the tip electrode's size, and the larger 

electrode will always deliver energy to heart tissue smaller than with a small electrode. 

In contrast, small tip electrodes will always deliver energy to heart tissue, even in a 

perpendicular or parallel orientation [45, 69]. Nakagawa H et al. [70] also reported that 

the power delivery from the 4 mm electrode to the heart tissue in perpendicular and 

parallel orientation was the same. Therefore, the results revealed interesting 

relationships among the parameters and the effect of catheter contact force and contact 

angle on the ablation impedance. To clearly confirm this point, the findings might be 

validated and explored in the near future experiments by developing an experimental 

system based on this present concept to measure the impedance decrease during 

ablation. 
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Figure 35. Correlation between percentage of contact area and the mean impedance 

between maximum impedance minus average impedance. 

 

Figure 36.  Comparison between catheter contact force and the mean impedance 

between maximum impedance minus average impedance at each contact angle. 

 

4.4.4 Correlation between catheter contact area and ablation lesion area 

 The catheter–tissue contact area is a direct interface between the tip electrode of 

the ablation catheter and the surface of the heart tissue and depends on the contact 

conditions resulting from the combination of the contact force and contact angle. The 

electrical current delivered from the tip electrode of the ablation catheter passes 

through the contact area of the heart tissue surface and generates heat that raises the 

temperature of the tissue, causing the cells in that area to necrotize. Accordingly, the 

catheter contact area is an important consideration when planning ablation procedures. 
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Unfortunately, the attention this parameter receives does not match its importance. A 

possible reason for this may be the difficulty of visualizing the catheter–tissue contact 

area, which we successfully achieved in the previous study (Chapter 3). We speculated 

that the catheter contact area as a function of catheter contact force and catheter contact 

angle might substantially impact the size of the ablation lesion. We additionally 

hypothesized that the catheter contact area and lesion area morphology might be 

similar. 

 The results of the present study confirmed the hypotheses by revealing a very 

strong correlation between the catheter contact area and the ablation lesion area, as 

shown in Table 14. When the contact area was increased, the lesion area also increased. 

The relationship between catheter contact area and lesion area as a function of catheter 

contact angle and force can be summarized and expressed as the simple linear 

regression approximation formulas shown in Table 15. We also found that the lesion 

area morphology was almost the same as the catheter contact area. The lesion area 

morphology can be divided into three shapes: oval, circle, and ellipse, as shown in 

Figure 24b. In addition, we calculated the ratio of lesion area to contact area as a 

function of contact force and contact angle, as shown in Table 12. The results showed 

that catheter contact force had no significant relationship with the ratio of lesion area 

to contact area, whereas the contact angle did. Both also showed a very weak 

correlation with the ratio of lesion area to contact area. The contact area at a contact 

angle of 90 deg had the largest ratio compared with the same contact force at other 

contact angles. These data might describe the possible contact area at each angle and 

its relationship to the resulting lesion area. However, it should be noted that this 

amount of information may not be sufficient to conclude the exact contact area given 

that other factors were not considered. 
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Table 14. Correlation level and direction trend between each factor. 

 
Pearson’s coefficient 

(r)* 
Correlation level** 

Contact force vs. lesion area (+) 0.7816 Strong 

Contact angle vs. lesion area (−) 0.3688 Weak 

Contact area vs. lesion area (+) 0.8507 Very strong 

Contact force vs. lesion depth (+) 0.7807 Strong 

Contact angle vs. lesion depth (+) 0.4550 Moderate 

*Positive values (+) denote positive correlations and negative values (−) denote 

negative correlations.  

**Correlation level based on the absolute value of r: 0.00–0.19 is very weak, 0.20–

0.39 is weak, 0.40–0.59 is moderate, 0.60–0.79 is strong, 0.80–1.0 is very strong, and 

a value of 0 denotes no correlation. 

 

Table 15. Approximation formulas expressing the relationship between catheter 

contact area and ablation area as a function of contact force for each catheter contact 

angle. 

X is the catheter contact area (mm2), Y is the ablation lesion area (mm2), Z is the 

catheter contact force (gf), and R2 is the coefficient of determination (for 2 ≤ Z ≤ 40). 

4.4.5 Correlation between catheter contact force, ablation lesion area, and 

lesion depth 

 The catheter contact force showed a strongly positive correlation with ablation 

lesion area and depth, as shown in Table 14. When the contact force was increased, 

the lesion area and depth also increased. However, it is essential to consider the small 

changes in lesion area and depth that occurred at higher contact forces. As shown in 

Figs. 27 and 33, the slope of the graph changes slightly when the contact force is 

Angle 

(deg) 

Lesion area approximation 

formula 
R2 

Contact area approximation 

formula 
R2 

0 Y = 2.413X – 0.8227 0.9653 X = 2.685ln(Z) + 7.782 0.837 

30 Y = 2.723X + 1.791 0.8799 X = 3.036ln(Z) + 3.465 0.845 

45 Y = 2.079X + 1.395 0.8717 X = 3.689ln(Z) + 2.952 0.867 

60 Y = 3.232X – 6.825 0.8709 X = 2.807ln(Z) + 3.137 0.984 

90 Y = 2.601X + 4.486 0.9691 X = 2.693ln(Z) + 0.892 0.893 



61 
 

between 15 and 40 gf and increases more during initial contact, when the contact force 

ranges from 2 to 15 gf. To clarify the behavior of the correlations among ablation 

lesion area, lesion depth, and catheter contact force, goodness of fit was calculated to 

facilitate comparison (Table 16 and Figure 37). The coefficient of determination (R2) 

of each condition revealed that the lesion area increased monotonically but 

logarithmically at contact angles of 0, 30, 45, and 60 deg but not 90 deg. The lesion 

depth also increased logarithmically at contact angles of 0, 30, and 60 deg but not 45 

and 90 deg. However, it should be noted that there was a slight difference in the value 

of R2 under each condition.  

 The results of this study are not surprising; prior studies of ex vivo experimental 

models have also found a similar tendency for increasing catheter contact force to 

correlate with increasing lesion area and depth. Yokoyama et al. [39] performed 

irrigated-tip ablation at contact forces of 2, 10, 20, 30, and 40 gf using a canine thigh 

model. They found that increasing contact force was significantly associated with 

larger lesions. They concluded that the effect of catheter contact force was a more 

important determinant of lesion size compared with the delivered power. 

Thiagalingam et al. [63] also confirmed the importance of catheter contact force during 

irrigated ablation by using 3 different contact forces (2, 20, and 60 gf). They also 

concluded that catheter contact force has an important impact on ablation lesion size. 

Some evidence from in vivo studies and human studies have also shown the same 

tendency [54, 56, 58, 60]. 
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Figure 37. (a) Comparison (R2) of the logarithmic and linear fit of the catheter contact 

angle with the lesion area; (b) Comparison (R2) of the logarithmic and linear fit of the 

catheter contact angle with the lesion depth. 

 

 

(a) (b) 
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Table 16. Comparison (R2) between the logarithmic and linear fit of the catheter 

contact force with lesion area and lesion depth at each contact angle. 

Contact 

angle (deg) 

Contact force vs. lesion area Contact force vs. lesion depth 

Logarithmic 

(R2) 

Linear 

(R2) 

Behavior 

of the 

correlation 

Logarithmic 

(R2) 

Linear 

(R2) 

Behavior 

of the 

correlation 

0 0.7828 0.6484 Log. 0.8481 0.7538 Log. 

30 0.6203 0.5181 Log. 0.8573 0.8256 Log. 

45 0.8392 0.8107 Log. 0.8636 0.8761 Linear 

60 0.8161 0.8000 Log. 0.8355 0.7524 Log. 

90 0.7232 0.7921 Linear 0.8280 0.8377 Linear 

 

4.4.6 Correlation between catheter contact angle, ablation lesion area, and 

lesion depth 

 Catheter contact angle is a determinant of lesion area and depth, as shown in 

Table 14. However, the catheter contact angle and ablation lesion area are only weakly 

correlated. The lesion area progressively increased when the contact angle was 

decreased, as shown in Figure 28. The smallest lesion area was produced at a contact 

angle of 90 deg and increased with decreasing contact angle from 90 to 60, 45, 30, and 

0 deg. The catheter contact angle and ablation lesion depth were moderately correlated. 

The lesion depth progressively increased when the contact angle was increased, as 

shown in Figure 34. The smallest lesion depth was produced at a contact angle of 0 

deg and increased with increasing contact angle from 0 to 30, 45, 60, and 90 deg.  

 The catheter contact angle plays another role in lesion area morphology, as 

shown in Figure 26b. The lesion area morphology is oval (egg-like) when contact is 

made at an oblique catheter orientation (30, 45, and 60 deg). However, when contact 

is made at a parallel catheter orientation (0 deg), the lesion area morphology is an 

elliptical, whereas a perpendicular catheter orientation (90 deg) created a circular 

lesion area. Kawaji et al. [65] reported very similar results. They evaluated the lesion 

size in porcine hearts with an 8Fr open-tip irrigated catheter at 3 different contact 

angles (0, 45, and 90 deg), 3 levels of power (25, 30, and 35 W), and 3 contact forces 

(5, 15, and 30 gf). In their report, oblique and parallel catheter orientations created an 
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oval lesion area, whereas the perpendicular catheter orientation created a circular 

lesion area. In addition, they also concluded that the lesion depth significantly 

increased with a perpendicular rather than parallel orientation, but the lesion volume 

did not show a significant difference. Iwakawa et al. [64] also reported a similar 

tendency. They reported that a parallel catheter orientation created a significantly 

larger lesion area and a comparatively shallower lesion depth. Chan et al. [71] 

confirmed that the catheter orientation had a more pronounced effect on lesion 

dimensions compared with tip size alone. Lesions became larger with each increment 

in catheter tip length when the tip electrode was positioned parallel to the tissue 

surface. Calzolari et al. [72] also demonstrated that catheter contact angle plays a 

significant role in lesion size, but drew different conclusions. They used in vitro 

experimental model to create ablation lesions on a porcine heart with a fixed contact 

force of 20 gf at contact angles of 0, 45, and 90 deg. They concluded that the superficial 

lesion length increased as the catheter shifted from a perpendicular to a parallel 

orientation. The absolute maximal lesion length was greater with an oblique catheter 

orientation. However, their results showed that the lesion width was similar regardless 

of the orientation. This discrepancy between their findings and ours might be due to 

different experimental settings. In their study, the contact force was fixed at 20 gf, but 

we used various catheter contact forces ranging from 2 to 40 gf. In addition, differences 

in the catheter platform, including the shape of the catheter tip and irrigation rate, 

might also be a factor. Therefore, the effects of catheter contact angle on lesion 

dimensions require further investigation in order to provide sufficient knowledge that 

can be applied in the clinical setting. 

4.5 MAJOR FINDINGS 

 The major findings are as follows. (i), catheter contact force has a significant 

correlation with ablation impedance. (ii), the ablation impedance did not significantly 

differ with each catheter contact angle. (iii), the catheter contact area showed a strong 

correlation with the ablation lesion area. When the contact area was increased, the 
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lesion area also increased linearly in a monotonic manner. (IV), the relationships 

between catheter contact force and ablation lesion area and between catheter contact 

force and ablation lesion depth are logarithmic functions in which increased contact 

force was associated with increased lesion area and depth. (V), the catheter contact 

angle is also an important determinant of the lesion area. The lesion area progressively 

increased when the contact angle was decreased. In contrast, the lesion depth 

progressively increased when the contact angle was increased. 

4.6 CLINICAL IMPLICATIONS 

  Precise control of lesion dimensions is an essential parameter for treatment 

strategies. Catheter contact area might be another effective parameter for controlling 

the ablation lesion dimensions, given that the catheter contact area is a direct interface 

between the tip electrode of the ablation catheter and the surface of the heart tissue. 

However, the data obtained in this study cannot be applied directly to clinical practice 

on a beating human heart, especially in terms of lesion size. Nevertheless, the findings 

of the present study support a possible role of catheter contact area imaging for 

assessing ablation lesion dimension. This study provides data showing a very strong 

correlation between catheter contact area and ablation lesion area. It also provides 

approximation formulas for estimating lesion area as a function of contact area and 

contact force for each contact angle. These data should help clinicians performing this 

procedure to understand the relationships among the parameters and plan their 

experiment strategy accordingly. Lastly, these data suggest that the extent to which 

lesion size can be increased by increasing the contact force may be limited. The 

catheter contact angle relative to the surface of the heart muscle tissue should also be 

considered when calculating the desired lesion size. 

4.7 STUDY LIMITATIONS 

 This study has several limitations. First, this study was conducted using an ex 

vivo model consisting of a porcine heart, so there was no respiratory motion, catheter 

instability, or cardiac beating. However, because a precisely controlled model was 
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required to achieve the purpose of this study, the ex vivo model was deemed 

appropriate for this study. In addition, the experimental heart model did not include 

coronary perfusion and used saline instead of blood (saline has a higher electrical 

conductivity compared with blood). Therefore, the results cannot be applied directly 

to clinical practice on a beating human heart, especially in terms of lesion size. Second, 

the instrument used in this study features a heart muscle surface flattener and a 

catheter-tip-angle setter in order to ensure reproducibility. However, in clinical 

practice, the shape of the heart tissue surface varies according to the part of the heart, 

and thus the catheter tip orientation can rarely be optimized due to the various 

anatomical structures of the heart. Nevertheless, to achieve the purpose of this study, 

it was necessary to perform tests on flat surfaces to clearly show the effects of the 

investigated parameters on the surface of the heart tissue. Third, this study used an 

open-loop irrigated catheter tip, specifically a “flat-tip catheter,” with a pre-determined 

size and width. Thus, these results might not be reproducible with other commercially 

available catheters. Lastly, the approximation formulas for estimating contact and 

lesion area are limited to procedures using the same ablation parameters as in this 

study. However, the results revealed interesting relationships among the parameters as 

well as the effect of catheter contact force and contact angle on the contact area and 

lesion dimensions. Thus, the findings should be further investigated by conducting in 

vivo experiments, animal model experiments, or studies based on practical clinical 

treatment. 

4.8 CONCLUSION 

The present study showed an important role of the catheter contact force on the 

ablation impedance in RF catheter ablation procedures, while contact angle did not. 

The results showed a significant positive correlation between the percentage of contact 

area and ablation impedance. Moreover, this study revealed a strongly significant 

positive correlation between catheter contact area and ablation lesion area. The 

findings clearly demonstrated a substantial impact of catheter contact force, contact 
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angle, and contact area on lesion dimensions in RF catheter ablation procedures. Such 

information should be helpful in the selection of effective values for contact force and 

contact angle in order to predict lesion size as well as for clinicians performing this 

procedure to understand the relationships among the parameters and plan their ablation 

strategy accordingly. 
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Chapter 5: Future Work 

During this research study, we had several discussions with advisors and 

researchers, then we got sparked ideas of further application and development of the 

effects of the catheter contact force and contact angle on contact area and lesion 

dimension. Proposed further works are described in detail in the following sections.         

5.1 FURTHER APPLICATION 

5.1.1 Ablation lesion prediction  

This study is an ex vivo model consisting of a porcine heart. Therefore, the 

results cannot be applied directly to clinical practice on a beating human heart, 

especially in terms of lesion size. However, the results based on this study, especially 

the lesion area approximation formulas, might be developed further by validating data 

through numerical simulations such as the Finite Elemental Method or a practical 

investigation through an in vivo heart muscle ablation experiment. Later, the 

approximation formulas expressing the relationship between catheter contact area and 

ablation area as a function of contact force for each catheter contact angle as presented 

in this research might be helpful for estimating contact and lesion area in clinical 

practice in the near future. 

5.1.2 The application of this experimental system to measure complex 

impedance  

Another interesting application of the presented study is an application of this 

experimental system to investigate ablation impedance in detail. Measuring the 

complex impedance relative to contact force and angle during an entire ablation 

duration is challenging work. The main focused parameter of this study is the contact 

condition that comprises contact force and angle. Those parameters correspond to the 

ablation impedance (resistance) that is divided into two components. The first is the 

resistance between the catheter tip and the heart tissue surface. The second is the 

resistance between the catheter tip and blood. Therefore, future work with applying 
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this experimental system could potentially unlock the ability to support a possible role 

of catheter contact condition for assessing ablation lesion dimension. 

5.2 FURTHER RESEARCH 

5.2.1 Lesion formation on epicardial adipose tissue 

In this study, only the surface of a portion of epicardium lacking adipose tissue 

was ablated. During the experiment, we founded that an ablated on the heart tissue 

with adipose was ineffective to create ablation lesion and poor lesion formation. For 

this reason, in this study, we avoided to ablate the adipose area on the heart tissue. 

However, ventricular tachycardia (VT) origin sometimes found in the epicardial. In 

some cases, the anatomic area of epicedial adipose sometimes corresponded with 

desired targets for ablation, which unable to avoid.  

Nowadays, there are very few pieces of evidence on these issues. Against this 

backdrop, the lesion formation of the heart muscle with adipose tissue as a function of 

catheter contact force and angle very interesting to investigate. 

5.2.2 Catheter stability  

This present study successfully developed the experimental system that enables 

set the precision catheter contact angle with respect to the heart muscle's surface and 

the catheter contact force. This system ensures the stability of the catheter contact 

without tip slide during ablation across various forces and angles. We hypothesized 

that maintaining contact condition stability might significantly affect the efficient 

transfer of RF energy into the tissue. Therefore, the efficiency of catheter stability 

under controllable contact force and angle might be interesting to apply this 

experimental system to investigate. 
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Chapter 6: Conclusion  

 The results of this study clearly demonstrated a substantial impact of the 

contact angle and contact force of a catheter on the size and morphology of the contact 

area in catheter ablation procedures. Moreover, the present study showed an important 

role of the catheter contact force on the ablation impedance in RF catheter ablation 

procedures, while contact angle did not. The findings showed a significant positive 

correlation between the percentage of contact area and ablation impedance. In 

addition, this study revealed a strongly significant positive correlation between 

catheter contact area and ablation lesion area. The findings clearly demonstrated a 

substantial impact of catheter contact force, contact angle, and contact area on lesion 

dimensions in RF catheter ablation procedures.  

 The work presented in this thesis was predominantly a theoretical modelling 

study conducted using an ex vivo model consisting of a porcine heart, so there was no 

respiratory motion, catheter instability, or cardiac beating. Therefore, the results 

cannot be applied directly to clinical practice on a beating human heart, especially in 

terms of lesion size. Nevertheless, the findings of this study support a possible role of 

catheter contact area imaging for assessing ablation lesion dimensions. This study 

provides data showing a very strong correlation between catheter contact area and 

ablation lesion area. It also provides approximation formulas for estimating lesion area 

as a function of contact area and contact force for each contact angle. These data should 

help clinicians performing this procedure to understand the relationships among the 

parameters and plan their ablation strategy accordingly. Lastly, these data suggest that 

the extent to which lesion size can be increased by increasing the contact force may be 

limited. The catheter contact angle relative to the surface of the heart muscle tissue 

should also be considered when calculating the desired lesion size. 

In contemporary clinical practice, precise control of lesion dimensions is an 

essential parameter for treatment strategies. The catheter contact area might be another 
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effective parameter for controlling the ablation lesion dimensions, given that the 

catheter contact area is a direct interface between the tip electrode of the ablation 

catheter and the surface of the heart tissue. Such information should be helpful in the 

selection of effective values for contact force and contact angle in order to predict 

lesion size as well as for clinicians performing this procedure to understand the 

relationships among the parameters and plan their ablation strategy accordingly. 
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