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Cardiac Arrhythmias   

Cardiac arrhythmias are prevalent among humans across all age ranges, defined 

as heart rhythms that differ from the normal sinus rhythm, which may occur in 

the setting of underlying heart disease and structurally normal hearts. The mech-

anisms responsible for cardiac arrhythmias are divided into two major catego-

ries, abnormal impulse formation, and conduction disturbances.  

Abnormal impulse formation can result in abnormal frequency, including both 

reduced automaticity, which causes bradycardia, and increased automaticity, 

which causes tachycardia. Often the problem is not an abnormal frequency but 

an abnormal location of impulse formation, leading to irregular cardiac contrac-

tion.  

Abnormal conduction disturbances most commonly occur when the conduction 

is delayed or blocked, and the propagating impulse fails to conduct. If the signal 

fails to succumb and persists, re-entry occurs, re-exciting the heart after the re-

fractory period, leading to an abnormally fast heart rhythm. Treatment options 

for cardiac arrhythmias include medication, pacemaker placement, cardiover-

sion, and catheter ablation. This thesis discusses the catheter ablation of com-

mon cardiac arrhythmias more thoroughly.  

Atrial Fibrillation and Flutter 

Prevalence Atrial Fibrillation and Atrial Flutter 

Atrial fibrillation (AF) and atrial flutter (AFL) are the two most common cardiac 

arrhythmias encountered in clinical practice, leading to reduced atrial contrac-

tion. [1-3] Often, a mix of AF and AFL exists. [3]  
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The global age standardized prevalence of AF, as estimated per global burden of 

disease study in 2010, is 596 per 100.000 men and 373 per 100.000 women 

equating to approximately 33 million people.[4] The prevalence increases from 1-

4% among adults below 55 years,[5-7] to more than 13% in persons aged 80 years 

or older,[7-9] as shown in Fig. 1.1. AF is also more common in male than in female 

subjects (1,1% vs 0,8%; p < 0,001).[10]  

Moreover, the prevalence of diagnosed AF is significantly higher in Caucasian in-

dividuals (8,0%) compared with African (3,8%), Hispanic (3,6%), and Asian 

(3,9%) ethnic groups. [11, 12] AFL is less common, with an incidence of 88 per 

100.000 persons, but is also more common in men. [13, 14] 

 

 

Fig. 1.1 Increasing prevalence of AF by age. 18-27 years, 0.27% (95% Confidence 
Interval (CI)); 28-35 years, 0.31% (95%CI); 36-42 years, 0.79% (95%CI); 43-49 
years, 1.26% (95%CI); 50-55 years, 2.12% (95%CI); 56-61 years, 4.23% (95%CI); 
62-67 years, 7.3% (95%CI); 68-72 years, 10.99% (95%CI); 73-79 years, 14.39% 
(95%CI); and 80-119 years, 17.56% (95%CI).[7]  
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The incidence of AF and AFL increases rapidly due to the ageing population and 

increased awareness in high-income countries. The future influence of develop-

ing countries, such as Brazil, China, India, Indonesia, and Africa, is of particular 

interest as more people are likely to reach 65 years or older. [10, 15]  

Accordingly, the number of AF cases is expected to have doubled by 2050. Affect-

ing at least 1216 million people in the USA by 2050[16]. In Europe, approximately 

15 million people will be affected by 2050[8, 17], with 120.000–215.000 newly di-

agnosed patients per year[8, 18]. In China, 9 million people will be affected by 2050 

and 12 million in Africa. [19, 20] 

Pathophysiology of AF and AFL 

The relationship between AFL and AF can be complex since AFL coexist with or 

precedes AF.[14] For example, the incidence of AF after successful AFL treatment 

is up to 56,6% at a three-year follow-up.[21] Commonly shared symptoms for in-

dividual AF and AFL patients vary, ranging from asymptomatic to fatigue, palpi-

tations, dyspnoea, hypotension, syncope, heart failure (HF) or general discom-

fort in the chest.[18]  

The development of AF is progressive, with premature atrial contractions pro-

gressing to short paroxysms and self-terminating periods of AF. Ranging over 

several months up to years, the occurrence of AF tends to increase in duration 

and to become persistent.[22] In comparison, AFL tends to self-terminate within 

hours to days. Fig. 1.2 portrays the ECGs of a normal rhythm, AF and AFL. 
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Fig. 1.2 AF and AFL compared to the normal sinus rhythm. Left: abnormal impulses 
in case of atrial fibrillation and the ECG of a normal and affected rhythm. Right: re-
entry circuit in case of atrial flutter and an ECG of a normal and affected rhythm.  

Although the exact interaction between the factors contributing to the pathogen-

esis of AF is unknown, it is assumed it involves an interaction between triggers 

for initiation of the arrhythmia and an abnormal atrial tissue substrate capable 

of maintaining the arrhythmia. [18, 23] The trigger often occurs as rapidly firing ec-

topic foci, most commonly located in the myocardial sleeves extending from the 

left atrium into the proximal parts of pulmonary veins (PV).[24, 25] Interstitial 

cells[26] and melanocytes[27], both of which have been identified in the PV, provide 

additional potential sources for abnormal atrial activity.  

The mechanisms involved in the production of focal ectopic activity and the exact 

underlying mechanism of initiation remain to be elucidated. The abnormal atrial 

substrate, with potentially increased susceptibility to AF, is usually a result of 

inflammatory infiltration, fibrosis, ion channel alterations, or hypertrophy.[9] 

Common causes are underlying heart disease associated with hypertension 

[28, 29], valvular heart disease [30], cardiomyopathies, coronary artery disease 

(CAD), [31] and HF.  
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Several extra cardiac risk factors influence the incidence of AF, including obesity 

[32-34], excessive alcohol and drug consumption[35], hyper-thyroidism[36, 37], and 

sleep apnea[38], all of which have pathophysiological effects on atrial cellular 

structure and function. The same characteristics, causes and risk factors under-

lay AFL.  

As opposed to atrial fibrillation, atrial flutter is a macro re-entrant tachyarrhyth-

mia, mostly contained in the right atrium (RA). A single re-entrant circuit sus-

tains it. The cava tricuspid isthmus (CTI), defined as the atrial tissue confined by 

the inferior vena cava (IVC) and the tricuspid valve (TCV), provides a critical 

zone of slow conduction, sustaining the re-entrant circuit forms.[39]  

Clinical significance of AF and AFL 

AF is associated with elevated risks of cardiovascular events and death. Due to 

stagnant blood in the fibrillating atrium, AF is directly related to an increased 

occurrence of thromboembolic events, resulting in significant morbidity and 

mortality. [40-42] AF is associated with a fivefold increase in stroke incidence and 

a stroke risk increase with age.[43]  

Subsequently, a stroke is one of the most debilitating complications. Nearly 15% 

of all ischemic strokes are directly related to AF[44]. Moreover, ischemic stroke 

associated with AF is approximately twice as likely to be fatal, and functional def-

icits are more likely to be severe among survivors than non-AF stroke. [45]  There-

fore, early recognition and treatment of AF are of utmost importance. Non-stroke 

outcomes include HF [41], cognitive impairment and dementia [46], myocardial in-

farction[42], sudden cardiac death[40], and all-cause death. [47] 
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Ventricular Tachycardia 

Prevalence of Ventricular Tachycardia 

Ventricular tachycardia (VT) is a cardiac arrhythmia originating in the ventricles 

and producing an abnormal heart rate above 100 beats per minute. It is a se-

quence of consecutive premature ventricular beats. The underlying ventricular 

myocardial scar is the most common etiology, although VT commonly also occurs 

in the context of severe valvular heart disease or low ejection fraction (EF). Ven-

tricular arrhythmias may also occur in individuals with no apparent structural 

heart disease. Currently, 10% of all VT diagnoses consist of these idiopathic VT 

cases. [48]The age- and gender-adjusted incidence of idiopathic ventricular ar-

rhythmias is 52 per 100.000 (95% CI). [49] The incidence increases with age but 

are similar across genders.  

Pathophysiology of VT 

Symptoms of VT include fatigue, palpitations, dyspnoea, presyncope, syncope 

(although rare in PVCs unless in the context of severely depressed cardiac func-

tion), and heart failure. [50-52] The mechanisms behind ventricular tachyarrhyth-

mias include enhancing normal automaticity or abnormal automaticity, an activ-

ity triggered by early or late afterdepolarizations and re-entry. [53] Depending on 

the origin of the tachycardia, the rhythm is either monomorphic or polymorphic.  

In monomorphic VT, the ventricular activation sequence is constant with a heart 

rate greater than 100 beats per minute, most caused by re-entry related to is-

chemic or structural heart disease. These diseases usually lead to scar tissue in 

either ventricle, disrupting the normal electrical impulses around the scar that 

result in tachycardia, which is similar to the re-entrant circuits that are the cause 

of atrial flutter. Contrarily, polymorphic VT presents a variable electrical activa-

tion sequence caused primarily by abnormalities of ventricular muscle 
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repolarization, related to either congenital heart disease or external triggers like 

drug toxicity or electrolyte abnormalities. Fig. 1.3 portrays the ECGs of a normal 

rhythm, monomorphic, and polymorphic VT. 

 

 

Fig. 1.3 Abnormal electrical circuits in case of monomorphic and polymorphic VT, 
and the ECG of a normal and affected rhythms.  

Clinical significance of VT 

VT is often short-lived and self-terminating. However, it can be associated with 

hemodynamic instability and collapse, where acute cardioversion is necessary. 

Although VT is not a life-threatening abnormal rhythm in people without any 

structural heart disease, it can be life-threatening. It may impair cardiac output 

with consequent hypotension, collapse, and acute cardiac failure, if underlying 

structural heart diseases are present.  
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In general, VT is a significant cause of sudden cardiac death (SCD), accounting for 

80% of SCDs worldwide, equating to 6 million deaths per year [54]. With appro-

priate drug or surgical treatment, ventricular tachycardia can be controlled in 

most people. 

Treatment of cardiac arrhythmias 

Restoring and maintaining sinus rhythm, also known as rhythm control, is an in-

tegral part of AF management. Pharmacological or electrical cardioversion re-

stores sinus rhythm in approximately 50% of patients with recent-onset AF. 
[55, 56] If cardioversion is insufficient and long-term antiarrhythmic treatment is 

required, antiarrhythmic drugs can be administered, with amiodarone as the 

most commonly prescribed antiarrhythmic drug (45%). Unfortunately, most an-

tiarrhythmic drugs show many cardiovascular and non-cardiovascular side ef-

fects and limited long-term efficacy. [57]  

Besides pharmacological treatment of AF, catheter ablation can be first- and sec-

ond-line therapy of AF, to restore a normal sinus rhythm. In experienced catheter 

ablation centers, ablation proves more effective than antiarrhythmic drug ther-

apy, with similar complication rates as drug treatment. [58, 59]  

For AFL patients, the choice is more straightforward since catheter ablation is 

superior to rate-control and rhythm-control strategies with antiarrhythmic 

drugs in restoring sinus rhythm. Therefore, it is commonly chosen as first-line 

therapy in reasonable candidates.[60]  

VT can be treated by antiarrhythmic pharmacotherapy, cardioversion, and cath-

eter ablation, depending on the patients’ clinical status. However, the correct 

treatment strategy decision is complex and depends on the estimated probability 

of life-threatening VTs and the severity of underlying heart disorders. The pri-

mary goal is preventing SCD rather than merely suppressing the arrhythmia. 
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This objective is accomplished using an implantable cardioverter-defibrillator 

(ICD).  

When the prevention of VTs is essential (e.g., in patients who have an ICD), or 

when patients do not meet the criteria for ICD implantation, antiarrhythmic 

pharmacotherapy is initiated.  

Alternatively, transcatheter or surgical ablation can be applied, an important 

treatment choice for patients with VA when antiarrhythmic medications are in-

effective, not tolerated, or not desired by the patient. Transcatheter ablation is 

most used in patients with idiopathic VT and well-defined syndromes.[61] 

Catheter ablation of AF and AFL 

In patients with paroxysmal AF, pulmonary vein isolation (PVI) is the method of 

choice. This method is either achieved by circumferential point-by-point radio 

frequency (RF) ablation of the PV antrum or by single-shot balloon technologies 

such as the cryo- or laser balloon.  

Access to the PV antra is most realized by the entry of the left atrium via a 

transseptal puncture, after access to the venous system is achieved via the fem-

oral vein. Complete isolation of the PV results in most cases the restoration of 

NSR.[59]  

Conversely, in persistent AF, numerous additional lesions besides PVI can be 

necessary, ranging from rooflines, mitral isthmus (MI) ablation, ablation of rotor 

waves and box lesions encircling the posterior LA, including all PVs. In these 

cases, RF ablation is the gold standard to achieve complex lesion schemes. The 

most common reason for recurrence of AF after catheter ablation is         recovered 

pulmonary vein conduction of one or more veins. In these cases, RF ablation is 

an effective strategy for redo procedures supplying a favorable outcome during 

midterm follow-up.[62] 
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In patients with AFL, catheter ablation of the CTI is the first-line treatment. Con-

tiguous conduction block between the TCV and IVC is needed at CTI to terminate 

the re-entrant circuit. Therefore, a contiguous lesion is created between the TCV 

and IVC to obtain a line of block at CTI, disrupting the circular conduction pattern 

between the right atrium and the right ventricle.  

A radiofrequency ablation catheter creates the lesion with access to the venous 

system obtained via a femoral puncture. During ablation, the ablation catheter is 

gradually retracted from the tricuspid valve to the inferior vena cava, [63] with 

bidirectional CTI block as the desired endpoint.  

Epicardial approach in AF and AFL ablation 

Besides endocardial ablation, also hybrid and stand-alone epicardial ablation 

procedures can treat arrhythmias. In general, this treatment is only reserved for 

patients with prior failed catheter ablation for treatment of paroxysmal AF or 

symptomatic patients with persistent or long-standing AF.  

It is necessary to obtain transmurality or linearity of the CTI and MI ablations by 

epicardial ablation from the coronary sinus (CS). The hybrid therapy usually con-

sists out of endocardial PVI (1) and epicardial ablation for gap closure, and addi-

tional lesions such as roofline (2), inferior line (3), mitral valve isthmus line (4), 

and RA lines (5) needed to complete the Cox-Maze IV lesion scheme to obtain 

conduction block as shown in Fig. 1.4.  

During stand-alone epicardial ablation, all lesions are created via transthoracic 

access.[64] In both procedures, interoperative measurement of the conduction 

block with a pacing and sensing device is crucial to increase the efficacy. For ep-

icardial ablation, minimally invasive access to the pericardial space is in most 

cases obtained by either thoracoscopic or subxiphoidal methods. Although, the 
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percutaneous subxiphoidal approach is the only access method allowing unre-

stricted catheter mapping and ablation.[65]  

 

Fig. 1.4 A common lesion scheme used for hybrid procedures containing PVI (1), 
roofline (2), inferior line (3), mitral valve isthmus line (4) and RA lines (5). 

Catheter Ablation of VT 

Ablation treatment of VT has significantly evolved over the past few decades and 

is a powerful tool for post-infarction scar homogenization. [66] Ablation of idio-

pathic VT in the absence of structural heart disease is well accepted as a safe and 

effective procedure. In post-infarction scar homogenization ablation, no uniform 

agreement exists on the optimal ablation strategy. However, high-density 
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delineation of the scar is commonly the first step to eliminate all abnormal elec-

trograms. [67, 68]  

More extensive and linear ablation schemes are associated with a better success 

rate and a lower recurrence rate during ablation of large scar-related ventricular 

tachycardia.[69]  

In contrast, ablation of VT with underlying structural heart disease is more chal-

lenging due to the involved heterogeneous re-entrant circuits and the location of 

the circuits deep inside the scar.[70]  

Biophysical limitations of RF ablation are constituted by the thick ventricular 

walls with transmural circuits, where besides the wall thickness, trabeculations 

and fat serve as barriers to effective power delivery into the scar.  

Aim and outline of the thesis 

This thesis aims to illustrate the development of a linear laser ablation technol-

ogy that can be used in either hybrid or stand-alone epicardial ablation proce-

dures for the treatment of cardiac arrhythmias.  

In Chapter 2, the technical development of a laser ablation catheter with lateral 

emission is described, including investigations regarding the laser-tissue inter-

action and a therapeutical dose-finding study. Subsequently, a proof-of-concept 

study was conducted to investigate the atrial and ventricular lesion formation by 

a 20mm linear laser ablation catheter.  

Chapter 3 discusses the results of the lesion depth, and tissue damage is reported. 

In these investigations, laser energy was applied in a continuous fashion. How-

ever, indications show that a pulsed laser application could possess beneficial 

properties regarding lesion formation and thermally induced blood clot for-

mation.  
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The significance of pulsed wave laser applications on the minimally invasive 

treatment of cardiac arrhythmias was investigated in Chapter 4.  

Chapter 5 addresses the differences in the lesion formation principle between RF 

and laser ablation catheters on the required energy to achieve transmural tissue 

lesions. In the ablative treatment of cardiac arrhythmias, lesion continuity is cru-

cial for procedural success.  

In Chapter 6, the suitability of reflectance spectroscopy to assess lesion for-

mation directly was investigated.  
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Abstract 
In the thermo-ablative treatment of cardiac arrhythmias, laser energy can be 

used to achieve durable lesions in the cardiac tissue. This chapter summarizes 

the basics to laser-tissue interaction and the utilization of laser energy to treat 

cardiac arrhythmias. With this information and knowledge from existing laser 

ablation devices, a deflectable 20mm linear laser catheter was developed for 

endo- and epicardial ablations with state-of-the-art requirements to ablation 

catheters in the treatment of cardiac arrhythmias.  

We investigated the properties of laser on tissue interaction to select the appro-

priate laser wavelength for the ablative treatment of cardiac arrhythmias. A 

spectroscopic analysis of the molecular tissue components showed that 980nm 

provides the ideal wavelength with an adequate balance between penetration 

depth and absorption. An ex vivo dose-finding study was conducted with an ex-

isting laser lasso catheter with a length of 45mm to assess the effect of applied 

power and application time on the thermal coagulation of cardiac tissue to pro-

vide a proper baseline for the catheter development. Subsequently, electrodes 

were fitted to this catheter’s the laser active area, allowing recording of local 

EGM data, 3D mapping, and navigation.  

A second dose-finding study showed that the lesion depth remained unaffected 

in the therapeutic setting window. An in vivo study confirmed the advantages of 

electrodes, including reductions of local EGM data during power application, 

providing some degree of lesion confirmation.  

With this information, a deflectable 20mm linear laser catheter was developed, 

suitable for transfemoral CTI ablation and ablation of the epicardium via 

subxiphoidal access. The laterally emitted energy density was increased to 

0,49W/mm2 while maintaining a homogeneous emission profile to increase the 

maximum lesion depth.  
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An ex vivo dose-finding study confirmed the increase of lesion depth with the 

same lesion depth predictability as the lasso catheter.  

In conclusion, a 20mm linear laser ablation catheter was developed, well able to 

create deep and homogeneous lesions over the entire length of the 20mm laser-

active area. The electrodes placed in the laser active area enabled the usage of 

state-of-the-art 3D electro-anatomical mapping and navigation systems, without 

affecting the catheter’s lesion depth or safety profile.  

Introduction 

Laser tissue interaction 

In the thermo-ablative treatment of cardiac arrhythmias by laser energy, the tar-

geted tissue is heated by laser absorbtion until a transmural lesion is formed. 

This absorption of laser energy is related to the optical properties of the targeted 

tissue, determining whether the light is absorbed, reflected, scattered, or trans-

mitted. In case of absorption, the energy of a photon causes a quantized state at 

the affected particles, resulting in a changed vibrational mode of the molecule. 

The energy that triggers the change of vibrational mode is converted to thermal 

energy and additionally heating of the tissue. The scattering of the light in the 

tissue influences the achievable lesion depth.  

The probability function expressed by the anisotropy factor g[1] describes the di-

rectional change of photons in tissue evoked by scattering. The anisotropy factor 

defines the scattering characteristics between isotropic scattering g = 0 and for-

wards scattering g = 1. In human cardiac tissue, this value is between 0.88 and 

0.99[2], indicating forward scattering into the tissue. In cardiac tissue, most of the 

light is absorbed in the near-infrared (NIR) wavelength range by molecular com-

ponents, such as water, chromophores (i.e., porphyrin, melanin, flavin, and 
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hemoglobin), nucleic acids, deoxyribonucleic acid (DNA), and ribonucleic acid 

(RNA).[3] The ideal wavelength for thermal ablation of cardiac tissuecan be de-

termined by absorption spectroscopy of all aforementioned components.  

Fig. 2.1 shows the absorption spectroscopy between 200 and 10.000nm for wa-

ter, fat, Hemoglobin, and Oxyhemoglobin.  

 

Fig. 2.1 Estimated absorption coefficients of the main absorbing tissue components 
like water, fat and haemoglobin as a function of wavelength. 

 Since most cardiac structures contain water or components consisting of water, 

the absorption of laser light is dominated by these aqueous components. Simul-

taneously, the absorption by (Oxy)hemoglobin should be low in endocardial ap-

plications to prevent coagulum formation. The NIR region provides an exciting 

bandwidth regarding high absorption by water and lower absorption by 

(oxy)hemoglobin. Therefore, the spectral range between 700nm and 1100 nm is 

commonly used in medical laser applications, due to a beneficial combination of 

absorption and penetration ratio. As earlier studies have shown, a wavelength of 
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980nm ± 1% provides the most suitable therapeutic window for cardiac ablation 

treatments.[4] 

The delivered thermal dose must exceed the threshold defined by the Arrhenius 

equation to achieve irreversible tissue damage. The Arrhenius equation defines 

the relationship between exposure time, exposure temperature, and thermal ne-

crosis of the tissue[5] (i.e., an exposure of at least 10s at a temperature of 60°C, 

leads to tissue necrosis.)  Fig. 2.2 displays this relationship, which is essential to 

define the therapeutic dose of an ablation catheter. 

 

Fig. 2.2 Critical threshold for irreversible tissue damage that results in cell necro-
sis.[5] 

Laser ablation technology 

The first laser was established in May 1960 at Hughes Research Laboratories by 
Theodore H. Maiman using a ruby crystal.[6, 7] Since then multiple applications in 
surgery and medicine have been developed with various laser types. The first 
investigations with laser energy applications in the treatment of cardiac arrhyth-
mias were conducted in 1985.[8] High energy pulsed Nd-YAG laser was applied to 
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canine hearts resulting into lesions with a central vaporized crater surrounded 
by a rim of necrotic tissue. In lower energy settings no crater formation was ob-
served.  

In 1989 the effects of a water-cooled argon gas laser in the endocardial ablation 
of ventricular tachycardia were investigated in an intra-operative clinical evalu-
ation in 20 patients. [9] The study showed the clinical efficacy of focal endocardial 
laser ablation. The same efficacy was obtained in the epicardial ablation of ven-
tricular tachycardia using a Nd-YAG laser to treat nine patients.[10] 

Up to this point the laser ablation studies were conducted with a tip emitting 
catheter for focal ablation. In 2000 a linear laser ablation was attempted in the 
canine right ventricle with use of an irrigated linear diffuser and 50W Nd-YAG 
laser source. By the inclusion of titanium particles along the length of distal ac-
tive element a lateral scattering was achieved. The studies demonstrated to pro-
duce linear transmural conduction block without char formation or tissue dis-
ruption.[11] 

While prior studies demonstrated the efficacy of pulsed and relatively high en-
ergy endocardial and epicardial laser in the treatment of ventricular tachycardia, 
the arrival of a continuous lower energy diode laser facilitated the formation of 
controllable and precise lesions. This was demonstrated in a dog model, creating 
large, deep lesions without hazardous tissue damage using a low energy diode 
laser light.[12] The first report describing the pathological and histological find-
ings using this type of diode laser energy source was published in 2006[13]. A sur-
gical laser ablation procedure was performed encircling the pulmonary veins in 
a canine model. Electrophysiological effectiveness was judged by pacing, subse-
quent histological examination of the excised hearts confirmed all lesions to be 
transmural. 

The earlier diffuser and reflector technology used to create linear lesions was 
improved by these novel diode laser sources. Linear lesions were created in a 
sheep model with a 980nm diode laser source demonstrating electrical isolation 
in all sheep. Histological assessment showed extensive epi- and endocardial 
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necrosis verifying the effectiveness in minimal invasive creation of transmural 
cardiac lesions.[14] 

With the introduction of ablation devices based on balloon technologies, a laser 

balloon catheter was developed focussing on the electrical isolation of the pul-

monary vein antra und visual guidance. The first-in-human study established the 

feasibility balloon-based laser ablation, with direct visualization to guide the 

catheter ablation.[4] The latest generation of laser balloon devices have currently 

been adopted to clinical routine in atrial fibrillation ablation providing a highly 

effective and safe tool for pulmonary vein isolation. [15] Tab. 2.1 provides an his-

torical overview of the laser-based ablation catheters. 

Tab. 2.1 Historical overview of laser-based ablation catheters regarding energy 
source, wavelength, lesion form, irradiation type and cooling. 

Year Energy Source Wavelength Lesion 
Form 

Irradiation 
Type Cooling Type 

1960 Ruby Crystal 694.3nm - - - 

1985 Nd-YAG 1064nm Focal Direct - 

1989 Argon 514nm Focal Direct External Saline 

1996 Nd-YAG 1064nm Focal Direct External Saline 

1999 Diode 805nm Focal Indirect External Saline 

2000 Nd-YAG 1064nm Linear Indirect External Saline 

2006 Diode 980nm Focal Indirect External Saline 

2008 Diode 980nm Linear Indirect External Saline 

2009 Diode 980nm Circular Direct Internal Saline 

2021 Diode 980nm Circular Direct Internal Saline 

Novel device 
of this thesis 

Diode 980nm Linear Direct Internal Saline 
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 Concept 20mm Linear laser ablation catheter 

The 20mm linear laser ablation catheter developed in the frame of this thesis 

was based on the technology and design used for the Vimecon endocardial abla-

tion catheter. Vimecon has developed a laser lasso catheter that homogeneously 

emits contentious wave (CW) laser light of a wavelength of 980nm, over a length 

between 45 and 70mm(Patents: US 2018/0021089, US 2011/0230941, US 

2011/0230871).  

The laser light is transmitted from the diode laser source (1) into the heart by an 

optical fiber (2) with a core diameter of 100 - 600µm. Optical fibers typically in-

clude a core surrounded by a transparent cladding material with a lower index 

of refraction. the light is kept in the core by total internal reflection at the transi-

tion between the core and the cladding before lateral emission at the active end-

ing. The laser light is emitted laterally(3) over a certain length in a circular or 

straight shape, adaptable to the physician’ individual needs via the central lu-

men(4). This lateral extraction of laser light in a linear fashion is achieved by se-

lective removal of the cladding(5) in the distal region of the fiber, allowing the 

light to escape from the core. The openings need to be arranged so that a homo-

geneous unilateral emission pattern is formed. However, the openings can only 

make out 10% to 20% of the cladding diameter to maintain the stability of the 

optical fiber.[16] Any residual energy remaining in the fiber is dissipated at the 

catheters’ tip(6). The schematical drawing of Fig. 2.3 shows the principle of lat-

eral emission via openings in the fiber cladding in comparison to an old catheter, 

using titanium dioxide particles(7) to produce scattered radiation. 
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Fig. 2.3 Top: Schematic drawing of the 20mm linear laser ablation catheter 
demonstrating the later emission via openings in the fiber cladding. Bottom: old 
linear ablation catheter based on lateral emission by scattering via titanium diox-
ide particles. 

This kind of lateral emission and associated direct linear irradiation of tissue is 
unique in comparison to existing devices that rely on focal point-by-point abla-
tion or reflective particles to create linear lesions. The direct irradiation allows a 
very controllable linear energy application directly into the tissue resulting into 
homogeneous lesions in both endocardial and epicardial procedures. 

In general, the 20mm linear laser catheter is developed as flexible and multipur-
pose ablation catheter for endo- and epicardial applications. The use of a linear 
catheter could reduce ablation times for endocardial procedures that require lin-
ear lesions schemes. Currently these lines are created by point-by-point RF or 
Cryo ablations.  
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In epicardial procedures the device can create deep and linear lesions in a mini-
mal invasive manner. In its difficulty to create a secure linear conduction block 
on a beating heart from the epicardial side many focal lesions required resulting 
in long procedural times. It is the aim of this device to shorten the procedure 
times by creating linear lesion in one shot in comparison to point-by-point RF or 
Cryo ablations. The unidirectional energy delivery of the laser catheter also con-
tributes to the protection of surrounding tissues against collateral ablation dam-
age. 

 Development 20mm laser ablation catheter  

During the catheter development various procedural aspects were addressed, 

including access method, catheter dimensions, catheter steering, and the neces-

sary features in electrophysiology. From a procedural point of view, it is desira-

ble if the catheter orientation is easily identifiable, if wall contact can be con-

firmed, electro cardiac data can be captured, and if the ablation leads to well-

defined deep lesions. Additionally, the catheter must enable state-of-the-art 3D 

navigation and mapping tools to create a virtual electro-anatomical map of the 

heart. This section addresses the individual aspects of the catheter development. 

Epicardial access methods 

Foremost, the desired pericardial access method was identified, providing the 

boundaries and physical limitations of the catheter. Minimal invasive access is 

possible based on the experiences with the 8.5 Fr endocardial lasso catheter de-

sign. Most commonly, access to the pericardium is achieved by a subxiphoidal 

approach.[17] For this access method, a needle is inserted in the angle between 

the xiphoid process and the left costal margin, and advanced at an angle towards 

the left shoulder. Under fluoroscopy, the needle is advanced into the pericardial 

space, and its position is confirmed by the contrast agent.[18] Based upon 
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preprocedural CT and with the aid of echocardiography and fluoroscopy, the 

ideal trajectory is determined.  

The subxiphoid approach is also preferred to insert the epicardial laser ablation 

catheter into the pericardial sac. This method allows free access to the entire 

ventricular surfaces, the RA, and the majority of the LA.[19] A multifunctional 

catheter design is preferred to facilitate endocardial CTI, MI, roof- and bottom 

lines, in addition to the epicardial ablation of the ventricular surface. An 8.5 Fr 

bidirectional steerable catheter combined with a steerable sheath is identified as 

the preferred concept. The length of the laser-active area is set at 20mm, provid-

ing an adequate balance between the needed number of applications, maneuver-

ability, and handling.  

A bipolar couple of electrodes will mark the beginning and end of the laser-active 

area. The catheter tip can either be open with saline flushing, or closed with in-

ternal flushing. Flushing cannot be omitted in this kind of laser catheter. The 

flushing is required as the cooling medium, dissipating residual laser energy at 

the tip. shows the final design of the 20mm linear laser ablation catheter. A low-

energy 532nm laser diode is used to highlight the lateral emission between the 

electrodes in green. 
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Fig. 2.4 The final design of the 20mm linear laser ablation catheter. A low-energy 
532nm laser diode is used to highlight in green the lateral emission between the 
electrodes. 

Sensing and pacing electrodes in the laser-active area 

The electrophysiology market has shown significant technological development 

involving 3D mapping of voltages and anatomy, 3D navigation, and high-quality 

signal recording. The ability to map and navigate in 3D is essential, especially for 

epicardial ablations.  

The incorporated electrodes are used in the intraprocedural fluoroscopic navi-

gation but moreover for impedance-based electro-anatomical mapping and nav-

igation. The individual spatial location of each electrode can be determined by 

measurement of the voltage gradient between two electrodes if an electrical field 

is applied and, thus, achieve intracardiac catheter visualization.  

The state-of-the-art electroanatomic mapping and navigation systems also pro-

vide a reconstruction of the geometry of the catheter allowing precise placement 

and orientation of the catheter.[20, 21]   displays the schematic principle of three 

orthogonal electrical fields and a catheter found in this field. 
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Fig. 2.5 Schematic illustration of the principle behind impedance-based visualiza-
tion, with 3 orthogonal electrical fields x, y, and z. By measuring the voltage gradi-
ent, the position of each electrode can be determined in this electrical field, thus 
defining the position of the catheter. 

 

Besides mapping and navigation, the electrodes in the laser-active area can also 

provide information about the lesion formation during the power application. 

The intracardiac potentials, measured by the electrodes, supply local EGM data 

to verify wall contact of the entire laser-active area. Compared to RF, no electrical 

interference is caused during energy delivery. The main challenge is the place-

ment of the electrodes in the laser-active area. Electrode placement may not 

change lesion formation or reduce procedural safety due to thermocoagulation 

of blood. To prevent excessive heating of the electrodes by direct irradiation the 

lateral laser emission was locally reduced. 
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Methods 

Base-line existing laser ablation catheter 

An ex vivo dose-finding study was conducted to establish a lesion depth predict-
ability for the existing 45mm linear laser ablation catheter. This study also serves 
a baseline for the development of the 20mm linear laser ablation catheter. The 
lesion depth function of the applied power and application time was investigated 
under controlled conditions. An 8.3 Fr irrigated tip laser lasso catheter with a 
total laser-active area of 45mm and lasso diameter of 28mm was used to apply 
the laser light with a wavelength of 980nm to the ex vivo tissue model. The cath-
eters were opposed to avian tissue heated in a saline bath at a controlled tem-
perature of 37 ± 2°C. Due to the strong demarcation between treated and un-
treated tissue, avian tissue is preferred for the macroscopic estimation of the le-
sion depth compared to bovine or porcine tissue. A contact force of 22 ± 5g was 
set by use of a calibrated force sensor. The power settings were varied between 
20W and 30W, respectively 45s to 120s. 

Electrode placement in the laser active area 

To assess the influence of electrodes in the laser active area of the catheter a 
dose-finding study was conducted with the same power settings and setup as for 
the existing laser ablation catheter. The results of both dose-finding studies are 
displayed as scatter plots. To assess the differences in lesion depth between both 
scatterplots a t-test was conducted per energy setting with a significance level of 
5%.  

Endocardial in vivo experiment with integrated electrodes 

An in vivo animal study was conducted to assess the compatibility of the existing 

lasso catheter with the current state-of-the-art electro anatomical mapping sys-

tem and investigate the capabilities of recording local EGM data. The experi-

ments were performed at the Cardiac Physiology Experimental Lab of the 
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Charles University and Na Homolce Hospital (Albertov 5, 128 00 Prague, Czech 

Republic), the experimental protocol was compliant with the local guidelines for 

animal experiments. Female swine with a weight between 40 and 60kg and ap-

proximately 4–6 months old were used for the study.  

Standard femoral vein access with transseptal puncture was used to introduce a 

steerable sheath and a laser lasso catheter with eight electrodes in the LA. The 

primary endpoint of this proof-of-concept investigation was to show the compat-

ibility with the NavXTM EnsiteTM system of St. Jude Medical and record local EGM 

data during the power application.  

Optimizing the lateral emission profile for 20mm lesions 

The lateral emission of laser light is a defining aspect of the linear laser ablation 

catheter. By careful distribution of openings in the fiber cladding a homogeneous 

emission profile can be created.  

The hole distribution of the 20mm linear catheter is derived from a compacted 

distribution scheme of the existing 45mm laser lasso catheter. By step-wise ad-

justments of the hole distribution algorithm a homogeneous lateral emission 

over 20mm can be achieved. To assess the homogeneity of the created distribu-

tion scheme a small amount of laser energy is applied to the modified fiber while 

an IR-camera records the emission. Freely available image analysis software was 

used to plot the emission over the length as grey values (ImageJ Version 1.52, 

public domain). The recorded grey values are plotted over the length of the cath-

eter for comparison between distribution schemes.  

Dose-finding 20mm linear laser ablation catheter 

To investigate the created emission profile’s homogeneity and assess the lesion 

depth a dose-finding study was conducted. A similar set up as the 45mm laser 
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lasso catheter was used. Equivalently, the catheters were opposed to avian tissue 

with a temperature of 37±2°C. Contrastingly, the ablations were performed out-

side of the saline bath to simulate epicardial ablations. The power settings were 

varied between 20W and 30W; the time was set between 60s and 150s. 

The homogeneity of the lesion was decided by a comparison of the lesion depth 

between the proximal and distal areas. The relative deviation (∆𝑟𝑟𝑟𝑟𝑟𝑟) between dis-

tal (𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. ) and proximal (𝑡𝑡𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝.) area against the average lesion depth (𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟) 

was estimated by the following function: 

∆𝑟𝑟𝑟𝑟𝑟𝑟=
� 𝑡𝑡𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝. −  𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. �

𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟
 ∙ 100% 

Comparison of data 

To compare the lesion depth between the existing 45mm lasso catheter and the 

novel 20mm linear laser catheter, the applied energy was corrected to energy 

per mm of laser active area and plotted against the average lesion depth in one 

graph. 

Results 

Base-line existing laser ablation catheter 

In total, 295 ablations with five different catheters were performed, resulting in 

1180 measurements of lesion length and depth. 

The study found the lesion length to be constant at approximately 

46,7 ± 2,81mm. Fig. 2.6  display the lesion depth as a function of power and time 

as a box plot. The plot portrays a quasi-linear increase of lesion depth by increas-

ing either power or time, with lesion depths ranging from 1mm to 6mm. 
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Fig. 2.6 Measured lesion depth of power and application time. In this graphical 
presentation, the effect of increasing time is portrayed, by clustering according to 
applied power. 

Electrode placement in the laser active area 

The retention of the lesion formation properties was confirmed by an additional 

dose-finding study. The scatterplots of catheter with and without electrodes in 

the laser active area are displayed in Fig. 2.7. No significant difference in lesion 

depth was noticed between both designs in the therapeutic window (p = 0.735 

and p = 0.259). In the low-energy range, the design with electrodes showed sig-

nificantly reduced lesion depth (p = 0.012 and p = 0.014). Contrastingly, in the 

high-energy range, the design with electrodes showed significantly increased le-

sion depth (p = 0.004). 
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Fig. 2.7 Comparison of the dose-finding studies with and without electrodes in the 
laser-active area. In the therapeutic window no significant difference could be ob-
served (p = 0.735 and p = 0.259). In the case of lower of higher applied energy, the 
difference was significant. 

Endocardial in vivo experiment with integrated electrodes 

The recorded local EGM data and the created anatomical maps are visualized in 

Fig. 2.8. The images A and C depict the local EGM data during the ablation pro-

cedure, showing a clear reduction in the recorded potential after 40s power ap-

plication between all electrode pairs, indicating electrical isolation at the endo-

cardial tissue surface. This presents a confirmation of the lesion formation pro-

cess over the entire length of the catheter. During the procedure, no adverse 

events related to the power application were recorded. 
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Fig. 2.8 Recorded local EGM data and the created anatomical maps. A and C: local 
EGM data during the ablation procedure, with a clear reduction of the recorded 
potential after 40s of power application. B and D: mapping and 3D navigation with 
the lasso catheter. 

Moreover, no signs of clotting or bubbles were observed during ICE observations 

(AcuNav 10F Ultrasound catheter of Siemens Healthineers AG, Erlangen, Ger-

many). The ICE catheter was placed in the upper part of the RA. No signs of char-

ring were observed on the catheter’s surface, during and after retraction from 

the sheath. Correspondingly, no signs of clotting or endocardial tissue damage 

were observed during the macroscopic analysis of the ablation site. The mapping 

and navigation in NavXTM EnsiteTM could be performed without any issues, and 

the catheters’ behavior was resembling the current state-of-the-art catheters.  

Lateral emission profile 20mm linear ablation catheter 

Fig. 2.9  shows in A the lateral emission of the compacted distribution scheme of 

the 45mm catheter and in B the adjusted algorithm for homogeneous emission 

for the 20mm linear catheter. By compacting the lesion scheme the energy den-

sity could be increased from 0,22 W/mm2 for the 45mm laser lasso catheter to 
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0,49 W/mm2  for the 20mm catheter. In this case the increase is desired to 

achieve deeper lesions for epicardial ventricle ablations. 

 
Fig. 2.9 Algorithm development for optimal lateral emission. Left image: the lat-
eral emission is displayed as recorded by an infrared camera over the entire length 
of the laser-active area. It can be seen that the emission (recorded Gray value) is 
not homogeneous over the entire length of 20mm. Right image: the lateral emission 
of the final algorithm is displayed, showing a plateau with constant emission. 

Dose-finding 20mm linear laser ablation catheter 

In total, 138 energy applications were performed with five different catheters to 

assess the average power and time-dependent lesion depth. The measured lesion 

depths varied between 3mm and 9mm and are displayed as box plot in Fig. 2.10. 

The plot shows a quasi-linear increase of lesion depth by increasing either power 

or time, which is comparable to the linearity noticed in the 45mm laser-lasso 

catheter. Overall, the lesion length showed to be constant at 25.7±1.27mm.  
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Fig. 2.10 Measured lesion depth of power and application time. In this graphical 
presentation, the effect of increasing power is portrayed by clustering according to 
application time. 

An average relative deviation (∆𝑟𝑟𝑟𝑟𝑟𝑟) between the proximal (𝑡𝑡𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝.) and distal 

(𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. ) lesion depth against the average depth(𝑡𝑡𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟) of 6.16% was calculated 

from the 138 energy applications of the dose-finding study. This deviation of 

6.16% was homogeneous, considering this difference in lesion depth would be 

negligible in clinical settings.  

Comparison of data 

Fig. 2.11 shows the lesion depth of both studies, plotted against the energy per 

mm. The data 20mm linear laser catheter data points seem to be an extension to 

the values of the endocardial lasso catheter.  
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Fig. 2.11 Recorded lesion depth of the applied energy per mm (individual observa-
tions and median line) for the 45mm lasso catheter and the 20mm linear catheter. 
The graph depicts the increased energy density of the 20mm linear laser catheter 
and increased lesion depth. 

Discussion 

In this chapter we described the principles behind laser ablation and presented 

a short overview of past and current laser ablation devices. In the past, laser en-

ergy was already explored as feasible energy source for the treatment of cardiac 

arrhythmias. Based on this knowledge and an already existing linear laser abla-

tion catheter, a 20mm linear laser ablation catheter was developed. 

As baseline for the 20mm linear laser ablation catheter a dose-finding study was 

conducted with the existing 45mm laser lasso catheter showing a linear relation-

ship between applied energy and lesion depth. Subsequently electrodes were 

placed on the 45mm lasso catheter allowing in vivo recording of local EGM data 

and anatomical mapping with the NavX Ensite system. Compatibility with map-

ping systems is inadmissible in current ablation procedures and integral part of 

cardiac arrhythmia treatment. The possibility to record the cardiac signals 
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during power application is real benefit and provides another measure of abla-

tion success. 

By modification of the 45mm emission profile a linear laser catheter with a 

length of 20mm was developed. The dose-finding study showed a linear relation-

ship between applied energy and lesion depth reaching depths between 3 and 

10mm. Due to an increase of emitted energy density in comparison to the exist-

ing lasso catheter, deeper lesion could be produced. The catheter design in com-

bination with the achieved lesions depths allow both endo- and epicardial abla-

tions of the atria and ventricles. Though this catheter shows good initial results, 

further investigation is required to assess catheter handling, navigation, and in 

vivo performance. To evaluate these properties and to validate the ex vivo inves-

tigations an in vivo study is required targeting endocardial and epicardial sub-

strates in-line with current ablation strategies. 

The ability to directly irradiate the tissue over a length of 20mm in a homogene-

ous fashion via a modified optical fiber makes this catheter also unique from a 

technological point of view. Currently no other device exists allowing high power 

lateral emission from an optical fiber over a certain length whilst maintaining the 

original flexibility of the fiber.  
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Abstract 

Aim: This proof-of-concept study aimed to investigate atrial and ventricular le-

sion formation by a 20mm linear laser ablation catheter, regarding lesion depth 

and tissue damage.  

 

Methods: Six female swines underwent standard femoral vein access to intro-

duce a novel 20mm linear laser ablation catheter in the right atrium to perform 

endocardial cavo-tricuspid isthmus (CTI) ablations. The navigation took place 

under fluoroscopy with additional visualization by intracardiac echocardio-

graph. Epicardial ablations were performed on the surface of the left ventricle 

(LV), right ventricle (RV) and right atrial appendage (RAA) via a sternotomy. Pro-

cedural safety was assessed by registration of intraprocedural adverse events 

and by macroscopic examination of the excised hearts, for presence of charring 

or tissue disruption at the lesion site. 

 

Results: Altogether 39 lesions were created, including eight endocardial CTI 

(mean lesion length 20.6±1.65mm), 26 epicardial ventricle (mean lesion length 

LV: 25.3±1.35mm, RV: 24.9±2.40mm) and five epicardial appendage ablations 

(mean lesion length RAA: 26.0±3.16mm). Transmurality was achieved in all CTI 

and atrial appendage ablations, in 62% of the RV ablations and in none of the LV 

ablations. No perforation or steam pop occurred, and no animal died during the 

procedure. 

 

Conclusion: In this porcine study, the 20mm linear laser ablation catheter has 

shown excellent results for endocardial cavo-tricuspid isthmus ablation and re-

sulted in acceptable lesion depth during atrial and ventricular epicardial 
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ablation. The absence of tissue charring, steam pops, or microbubbles under the 

experimental conditions, suggests a high degree of procedural safety. 

Introduction 

Typical right atrial flutter is a common abnormal heart rhythm and often occurs 

in patients with atrial fibrillation. For the minimal invasive treatment of atrial 

flutter, a linear conduction block is created at the cavo-tricuspid isthmus (CTI). 

Ablation of the isthmus prevents conduction at the narrowest point of the circuit 

and therewith, usually terminates atrial flutter, as the block is being completed. 

The use of a linear ablation catheter could improve procedure times and mini-

mize conduction gaps.  

In the area of epicardial procedures, linear ablations could also be beneficial in 

the treatment of ventricular tachycardias (VT) or persistent atrial fibrillation. [1] 

Currently no uniform agreement exists on the optimal VT ablation strategy. How-

ever, high-density delineation of the scar is commonly the first step.[2] Various 

ablation strategies can be applied to reduce the scar-related recurrent VT. Scar 

homogenization is an important trend to eliminate all abnormal electrograms by 

extensive and diffuse ablation at the scar. [3,4] More extensive and linear ablations 

of large scar-related ventricular tachycardia are associated with better success 

rate and lower recurrence rate.[5]  

Biophysical limitations of RF ablation are constituted by the thick ventricular 

walls with transmural circuits. Apart from the wall thickness, trabeculations and 

fat, act as barriers to effective power delivery into the scar. Laser could provide 

an improved technique to create deep and linear lesions. Besides, the unidirec-

tional emission of laser light does not damage any surrounding tissue, such as 

the phrenic nerve, the lungs, and the parietal pericardium. Therefore, deep linear 
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lesions would allow epicardial substrate modification in the setting of a post-in-

farct scar re-entry VT but could also provide an additional method for epicardial 

left atrial ablations in the treatment of longstanding persistent atrial fibrilla-

tion.[6,7] 

This proof-of-concept study was designed to investigate the performance of a 

novel deflectable 20mm linear laser ablation catheter, to create transmural en-

docardial CTI lesions and epicardial atrial and ventricular lesions with focus on 

lesion depth, tissue damage and general procedural safety in a porcine experi-

mental model. Additionally, this data was used to validate the ex vivo models of 

the preclinical dose-finding studies. 

Material and Methods 

Animal Preparation 

The experiments were performed at the Cardiac Physiology Experimental Lab of 

the Charles University and Na Homolce Hospital (Albertov 5, 128 00 Prague, 

Czech Republic).  

The experimental protocol was compliant with the local guidelines for animal 

experiments. The study used female swines with a weight between 40 and 60kg 

and approximately four to six months of age for the experiments. Animals were 

inspected by a veterinarian for health status and exclusion criteria, fasted 12 

hours prior to the procedure with unlimited access to water. An acute non-sur-

vival protocol was applied with euthanization prior to recovering from anesthe-

sia.  

Pre-anesthesia was initiated by an intramuscular injection of ketamine and mid-

azolam. After the effect, venous access was secured. In the operating room, the 
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animal was placed in a supine position on the X-Ray table and the ECG was at-

tached. Total intravenous anesthesia (propofol, midazolam, morphine) was in-

duced and continued throughout the procedure to maintain surgical level of an-

esthesia.  

Orotracheal intubation was performed and mechanical ventilation was initiated. 

Heparin maintained anticoagulation to reach target ACT of 350s, checked hourly. 

Antibiotic bolus was applied when the expected experiment duration exceeded 

four hours. Body temperature was controlled by heating or cooling the mattress 

to maintain 38°C. Standard femoral vein access was used to introduce a steerable 

sheath in the RA and to insert an ICE catheter (AcuNav 10F Ultrasound catheter 

of Siemens Healthineers AG, Erlangen, Germany) in the upper part of the RA. Via 

the jugular vein a CS catheter was positioned.  

After the endocardial atrial ablations, a sternotomy was created, and the pericar-

dial sac was opened to gain access to the epicardial surface of the LV, RV, and 

RAA. After euthanization the hearts were excised for macroscopy. 

Laser Ablation Catheter 

Vimecon GmbH designed the experimental 20mm linear laser catheter (Her-

zogenrath, Germany) (Patents: US 2018/0021089, US 2011/0230941, US 

2011/0230871). It has a bidirectional steerable 8.2F shaft with a deflection angle 

of approx. 180° in both directions. The 20mm laser active area is shaped slightly 

convex, to optimize wall contact.  

A saline irrigated tip was used to dissipate remaining energy in the optical fiber. 

Typical energy densities during the experiments were between 75 J/mm (for CTI 

ablation) and 150 J/mm (for LV ablation), as defined per a priori ex vivo dose-

finding study. 
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Fig. 3.1 Visualization of the laser active area by use of a low energy green laser 
diode, depicting the linear lateral emission of the catheter. 

Using a low-energy green laser diode, the laser active area was visualized as de-

picted in Fig. 3.1, demonstrating the lateral emission of the catheter. This design 

emitted laser light with a divergence of approx. 85°, with its highest intensity 

over the longitudinal axis of the catheter. Due to the large divergence, wall con-

tact is indispensable to achieve well-formed lesions. During a successful ablation, 

the tissue absorbs the laser light, leading to thermally induced coagulation of the 

targeted substrate. 

A priori Ex vivo Dose-finding Study  

An ex vivo dose-finding study defined the power and time settings for transmu-

ral. Avian tissue and freshly excised porcine hearts with a thickness > 10mm 

were used as substitute tissue model to estimate the energy dependent lesion 

depth. The tissues samples were heated and kept at a temperature of 37°C ± 2°C 

in a saline-solution bath.  

The lesion depth could be assessed macroscopically by a section at the target site 

due to the strong and clear border demarcation of the coagulated area. The 
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power settings were varied between 20W and 30W; the time was set between 

60s and 150s.  

A total of 138 energy applications were performed on avian tissue and 38 appli-

cations on porcine cardiac tissue. This animal study investigation validated the 

suitability of ex vivo investigations for the prediction of in vivo lesion formation. 

Statistical Analysis 

For comparison of data, the following tests were used with a significance cut-off 

set at 5%: the Pearson’s correlation coefficient was determined to investigate the 

relationship between applied energy and lesion depth and the Kruskal-Wallis 

test was used to assess the ex vivo and in vivo tissue models. For the statistical 

analysis, invalid in vivo measurements were omitted if strong ventricular con-

tractions caused substantial movement of the catheter during the ablation pro-

cedure. 

Procedure Details 

Six female animals were prepared for the experimental ablations with the linear 

laser catheter. First, the endocardial ablations were performed by transfemoral 

access to the RA. The use of a 82cm, 8.5F steerable sheath (Agilis Nxt, Dual-Reach, 

St. Jude Medical, Saint Paul, United States of America) enabled free movement in 

the RA and the steerability of the catheter allowed good positioning of the cath-

eter. The navigation took place under fluoroscopy and with added visualization 

by usage of ICE. 

Fig. 3.2 displays the recorded ICE and fluoroscopy images during navigation. To 

perform CTI ablation the catheter was inserted partially into the RV over the tri-

cuspid valve (TCV) as displayed in image A and E. Followed by stepwise 
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retraction towards the inferior vena cava (IVC) to create a linear lesion, extend-

ing from inside the TCV to the IVC as depicted in images B-D and F-H. 

The slight convex shape of the laser-active area allowed good wall-contact over 

the entire length, adjustable via the bidirectional steering mechanism. The 

power and time settings were defined at 25W/60s, as per dose-finding. During 

the power application the catheter was kept at the same location as much as pos-

sible to assure transmurality.  
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Fig. 3.2 ICE/X-ray recordings captured during the CTI ablation, visualizing the 
stepwise retraction from the RV/TCV towards the IVC. A: Initial position with the 
catheter partially in the RV and on the TCV. B-D: Stepwise retraction into the IVC. 
E: Initial position with the catheter partially in the RV and on the TCV. F-H: Step-
wise retraction into the RA. 

The epicardial ablations of the RAA, RV and LV were conducted under direct vis-

ualization via a full sternotomy, allowing free access to the atria and ventricles. 

The lesions were created with an adequate distance between the applications, to 
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prevent lesion overlapping to assess the length and depth per individual power 

application. 

Procedural Safety  

The procedural safety was assessed by awareness and recording of steam pops, 

acute procedural complications with respect to the vascular access site, severe 

arrhythmias and pericardial effusion or tamponade. During the power applica-

tion, the target site was inspected for signs of micro bubbles and clotting by use 

of ICE. Post procedural inspection of the catheter, lesion site, and surrounding 

tissues was conducted to confirm the absence of charring and damage to sur-

rounding tissue structures. 

Results 

Endocardial CTI Ablation 

In three of the six animals, CTI ablations were attempted with the 20mm linear 

ablation catheter. ICE proved to be a useful tool to assess the exact location of 

the catheter and to verify wall contact. All ablations (n=8) were transmural, with 

a mean lesion length of 20.6±1.65mm. A full CTI lesion from the TCV up to the 

IVC was obtained in two of three animals. In the third animal the lesions did not 

connect between the IVC and TCV due to gaps in the ablation line. The CTI abla-

tion was well tolerated, no sustained arrhythmias were induced during energy 

application. 

 

 Fig. 3.3 shows the macroscopic analysis of the CTI ablations in the excised 

hearts. In none of the performed ablations, charring of the tissue surface, steam-

pops, or tissue disruptions were observed at the lesion site. Intraprocedural 
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visualization of the ablation site with ICE also showed no signs of microbubbles 

during the power application. The researcher found no signs of charring or co-

agulation on the catheter. Macroscopic analysis of the surrounding tissue struc-

tures showed no signs of laser ablation related tissue damage. Autopsy of the 

lungs also showed no signs of emboli. 

 

 

 

Fig. 3.3 Endocardial view of the RA specimens displaying the pale linear lesion. A: 
Incomplete CTI ablation, showing the created lesions of four power applications at 
25W for 60s. One application was set parallel to the rest. B-C: Full CTI ablation 
including axial section, confirming transmurality and linearity. The lesion extended 
from the CV towards the IVC. D: Full CTI ablation, requiring only two energy appli-
cations of 25W/60s to complete the lesion. 

Epicardial Ablations 

In all six animals epicardial ablations were performed on the ventricles and on 

the right atrial appendage. This resulted into 13 left ventricle, 13 right ventricle, 

and five appendage ablations, with a mean lesion length of 25.3±1.35mm (LV), 

24.9±2.40mm (RV), and 26.0±3.16mm (RAA).  
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Power and time settings were varied between 15 to 30W and 60 to 180s. Com-

parable to the ex vivo dose-finding, the time settings had more impact on the 

achieved lesion depth than power. The largest lesion depth, estimated at 9mm, 

was achieved after 120s regardless of 25 or 30W of energy applied. The findings 

correlate with the gathered ex vivo data, also showing a maximum lesion depth 

of approximately 9mm. In most RV ablations, transmurality was easily observed 

by clearly visible discoloration of the endocardial tissue surface, as depicted in 

Fig. 3.4. 

 

Fig. 3.4 (Left and Middle Panel) Epi-and endocardial view of three epicardial RV 
ablations. (Right Panel) Axial section of a lesion, displaying the transmurality and 
linearity. 

The presence of endocardial trabeculations mostly prevented full lesion trans-

murality due to the increased tissue thickness and additional convective cooling. 

In general, transmurality was not achieved if the wall thickness surpassed 

10mm. Subsequently transmurality could not be obtained in left ventricular ab-

lations. All lesions showed equal homogeneity and linearity over the length of 

the laser active area. The macroscopic analysis of the LV ablations (Panel B) and 

the intraprocedural catheter positioning (Panel A) are depicted in Fig. 3.5.  
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Under the experimental conditions, none of the performed ablations showed ev-

idence of charring on the tissue surface, steam-pops, or tissue disruptions at the 

lesion site, suggesting a high degree of procedural safety. Non-sustained VTs and 

ventricular premature contractions were often induced from the second ventri-

cle ablation or onwards. 

 

 

Fig. 3.5 A: Epicardial ablation of the LV with the laser ablation catheter. B: Axial 
section of the excised heart and macroscopic estimation of the lesion depth. C: 4 
connected ablations with approx. length of 80mm. 

In vivo validation of the a priori ex vivo dose-finding studies 

In Fig. 3.6 (Left Panel) all 39 lesions from this animal investigation were plotted 

against the estimated wall thickness of the targeted substrate. A transmural line 

was added, to visualize the transmurality per lesion. For epicardial LV ablations 

the association between wall thickness, applied power, and application time was 

displayed individually.  
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Fig. 3.6 (Left Panel) Overview of the performed CTI and epicardial ventricle abla-
tions, with a differentiation between transmural and non-transmural ablations. 
(Right Panel) Three scatter plots, representing the ex vivo avian tissue model, the 
ex vivo porcine cardiac tissue model, and the results from the in vivo study. 

In the right panel a scatter plot was created representing the generated data 

from this in vivo investigation and the antecedental conducted ex vivo dose-find-

ing studies concerning energy dependent lesion depth. A Pearson's product-mo-

ment correlation was applied to assess the relationship between applied energy 

and lesion depth for all groups. A strong positive correlation between the applied 

energy and the lesion depth was shown, with a Pearson correlation factor of 

r=0.706, p<0.001 for the ex vivo porcine tissue, r=0.798, p<0.001 for the ex vivo 

avian tissue, and r=0.659, p=0.027 for the in vivo left ventricles. 

 Tab. 3.1 lists the results for the Kruskal-Wallis test, comparing the ex vivo and 

in vivo models concerning energy dependent lesion depth. No significant differ-

ence in energy-dependent lesion depth was indicated between the in vivo and ex 

vivo studies. 
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Tab. 3.1 Statistical analysis. A Kruskal-Wallis Test was conducted to compare the 
energy-dependent lesion depth of this in vivo animal study and antecedental con-
ducted ex vivo dose-finding studies on porcine and avian tissue. No significant dif-
ference was shown with p>0.05. 

  

Kruskal-Wallis test 

Tissue sample N Median Median Rank H- Value P-Value 

In vitro porcine 6 6.306 8.2 

H = 1.51 P = 0.470 In vivo LV 6 6.750 11.7 

In vitro avian 6 6.438 8.7 
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Discussion 

In this proof-of-concept study, we investigated the capability to create transmu-

ral lesions during CTI ablation and epicardial atrial and ventricular power appli-

cations with a deflectable 20mm linear laser ablation catheter. To this aim, an in 

vivo animal study was conducted, which also considered the procedural safety. 

The laser catheter showed to be effective in creating well demarcated transmural 

endocardial CTI lesions, without negatively affecting the procedural safety. Alt-

hough all atrial lesions were transmural, this translates not directly into proce-

dural success, since the main objective of atrial flutter ablation remains conduc-

tion block at the isthmus. In a setting without 3D electroanatomical activation 

and voltage mapping systems, this confirmation of lesion contiguity proved to be 

difficult. In future studies, the use of these systems is inevitable to proof the ef-

fectiveness of this laser catheter. At the same time, the direction of the lateral 

laser emission could be visualized. Since the laser ablation catheter already pos-

sesses an optical fiber, spectroscopy could be used to directly visualize the tissue 

and lesion formation. This principle was already proven feasible in several stud-

ies combining radiofrequency ablation and optical spectroscopy[8-10]. Allowing 

detection of wall contact, prior lesions and tissue defects. 

 

Navigation was no issue during the epicardial ablations, performed under direct 

visualization of the catheter and the target site, as result of the midline ster-

notomy. The epicardial atrial and ventricle ablations created linear lesions, with-

out evidence of charring, steam-pops, or tissue disruptions. In the right ventricle, 

transmurality was obtained in more than halve of the ablations. In the left ven-

tricle this could not be achieved due to the high wall thickness of up to 18mm.  
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In comparison to previous epicardial RF ablation studies [11,12], the laser ablation 

resulted into deeper and more homogeneous lesions. Ex vivo studies already 

showed that increasing the power above 30W did not create deeper lesions. To 

reach lesion depths beyond 9mm, a different or additional wavelength could be 

used. Past investigations have shown that 800nm has at least 50% more pene-

tration depth in comparison to 980nm, providing an alternative to achieve trans-

mural lesions in the left ventricle.[13-15] Increased penetration depths have also 

been achieved by the use of pulsed wave laser light, leading to reduced energy 

absorption in the superficial layers of the myocardium.[15] A different wavelength 

and pulsed laser applications are easily implementable in the current catheter 

design, since the same fiber optic components can be used. 

 

An interesting observation was made, comparing the lesion length of endo- and 

epicardial ablations. Showing a reduced length of approximately 5mm for the en-

docardial ablations. This can be explained by the convex shape of the applicator 

and the convective cooling of the outer edges of the target site. The circulating 

blood in the right atrium cools the tissue around the catheter. Therewith, only 

directly irradiated areas are heated. The scattered energy beyond the area of di-

rect irradiation is dissipated. Without the effects of convective cooling, the lesion 

length increases as observed in the epicardial ablations. 

 

The macroscopic analysis of the excised hearts showed no edema formation after 

endo- and epicardial laser ablation. This could benefit the long-term freedom of 

AFL and procedural efficacy. Reversible acute conduction block induced by 

edema formation, which is indistinguishable from complete tissue necrosis, can 

be prevented.[16,17] This way conduction gaps formed with passing of time are 

obviated. In future studies this potential lack of edema induced false conduction 

block needs to be investigated and observed more thoroughly. 



 

 

Discussion 

70 

 

Overall, the deflectable 20mm linear laser catheter showed good performance 

regarding lesion depth and procedural safety in endo- and epicardial ablations. 

The achieved maximum ventricular lesion depths are slightly deeper than the 

conventional RF- and Cryo devices[11, 12], but also compared to upcoming technol-

ogies like pulsed field ablation[18]. As for all thermal ablation devices, achieving 

tissue contact is critical for lesion formation when delivering energy. The linear-

ity of the lesion, could be beneficial towards RF power applications, reducing the 

needed amount of power applications and therewith reducing procedure times. 

In epicardial ablations, the unilateral laser emission holds a benefit in compari-

son to RF- and Cryo applications, since only the targeted tissue will be treated, 

protecting the surrounding tissue.  

 

Besides the ablation of the cavotricuspid isthmus, in patients with typical right 

atrial flutter, also the mitral isthmus (MI) could be targeted, as commonly ap-

plied in patients with atypical left atrial flutter.[19] This also applies for the vari-

ous application possibilities in epicardial ablation procedures, besides the afore-

mentioned scar-related therapies. 

 

In closing, the achieved lesion depths of the LV ablations were used to validate 

the applied ex vivo tissue models regarding lesion depth, as used in preclinical 

dose-finding studies. No significant difference in lesion depth was observed be-

tween in vivo and ex vivo lesion. Therefore, the used ex vivo models are a valid 

substitute to predict the lesion depth and therewith to define the therapeutic ab-

lation settings, to achieve transmurality in case of laser applications. The benefits 

of laser-based catheter ablation extend beyond the lesion formation process. La-

ser additionally allows online monitoring of the laser effects on the myocardium. 
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This immediate and real-time verification of ablation success would be ex-

tremely beneficial to increase procedural success. 

Limitations 

The ablations with the 20mm linear catheter were always conducted as part of 

an animal trial study of the endocardial laser lasso catheter. Therefore, no abla-

tions were performed in (endocardial) and on (epicardial) the LA, to prevent any 

contamination of the created lesion with the lasso catheter. Accordingly, only the 

RV, RA, RAA and LV were targeted during the combined endo- and epicardial ab-

lations.  

 

One aspect that could not be accounted for in this animal study, is the usually 

challenging isthmus anatomy in humans.[20] Common anatomical peculiarities 

like prominent Eustachian ridge, pouchlike recesses and pectinate muscles are 

not observed in young swines, where the surface is usually smooth and without 

trabeculations. The effects of these tissue structures on the lesion transmurality 

could therefore not be assessed. A more flexible catheter design could better 

suitable for difficult anatomies or by adding tip emission, enabling point-by-

point ablation in pouches. 

 

As swines do not tolerate ventricle ablations very well, only a few ventricle abla-

tions could be performed in vivo, i.e. with perfused tissue. Though, the gathered 

data regarding epicardial lesion formation in the ventricles, provides a good ba-

sis for further investigations. The endo- and epicardial atrial ablations on the 

other hand were well-tolerated. It needs to be mentioned, that due to the small 

sample size of the in vivo ablations, more research is required to further substan-

tiate the results of the study.  
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Moreover, the epicardial ablations were performed in an ideal setting, i.e. with 

opened thorax. Thus, good contact force was always achieved under visual navi-

gation. Ablations were solely performed to the healthy ventricular tissue and 

therewith the effect on ventricular scar tissue could not be assessed. Though, the 

effect can be estimated by studies conducted in the past on scar tissue. In future 

studies these aspects could be investigated more specifically. 

Conclusion 

The 20mm linear laser ablation catheter has shown excellent results for endo-

cardial cavotricuspid isthmus ablation and resulted in acceptable lesion depth 

during atrial and ventricular epicardial ablation. There was no evidence of tissue 

charring, steam pops, or microbubbles under the experimental conditions, sug-

gesting a high degree of procedural safety. Laser as energy sources for catheter-

based epicardial ablation is promising but requires technical optimization of 

catheter design. Further studies are needed to assess long-term efficacy and 

safety. 
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Abstract  

Purpose: This investigation addressed the significance of pulsed wave (PW) la-

ser applications in the minimal invasive treatment of cardiac arrhythmias com-

pared to continuous wave (CW) applications. This study investigated two areas 

of interest: the thermocoagulation of cardiac tissue and the thermocoagulation 

of blood under the influence of PW laser.  

Methods:  A complete factorial test plan was created to find adequate pulsing 

parameters for frequency and duty cycle to achieve thermal tissue coagulation. 

These settings were used to compare the thermocoagulation properties of PW 

and CW laser applications in a dose-finding study on freshly excised porcine 

hearts. The PW applications were applied with a frequency of 40Hz, a varying 

duty cycle between 72.5% and 85%, and varying power between 20W and 35W. 

The PW and CW laser effects on thermally induced blood clot formation were 

assessed by applying laser energy directly into stagnant porcine blood with var-

ying hematocrit between 35% and 55%. An iterative scheme with an incremen-

tal increase of power and application time was used to define the clotting point 

for two different catheter types. 

Results:  

In total, 52 PW power applications were applied to the freshly excised hearts. No 

significant difference in lesion depth was observed between pulse settings of 

40Hz and 85% duty cycle and CW applications (p=0.053). Significant differences 

were found between PW applications at 40Hz and 72.5% duty cycle, PW appli-

cations at 40Hz and 85% duty cycle, and CW applications (p=0.003 and p<0.001). 

In contrast to CW, no steam pops were observed by PW laser in ablation of fat-
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covered tissue achieving equal lesion depth (p = 0.216). Application of PW laser 

had no effect on the thermocoagulation of blood in catheters with an energy den-

sity of 0,22W/mm2. Catheters with an energy density of 0,40W/mm2 allowed in-

creased power application for PW applications with a duty cycle of 72.5%. 

Conclusion: Pulsed wave application is a good extension to current CW laser ap-

plications. Benefits in the ablation of adipose cardiac tissue were obtained by 

preventing steam-pops as seen in CW applications. Additionally, PW laser could 

increase procedural safety of endocardial ablations by reduced susceptibility to 

laser-induced clot formation in high power applications.  

Introduction 

Percutaneous catheter ablation of atrial fibrillation (AF) is most commonly 

achieved by endocardial application of radiofrequency (RF) or cryothermal en-

ergy to the atrial tissue.[1, 2] Alternative energy forms include microwave, high-

intensity focused ultrasound, and laser energy. All therapies relying on thermal 

ablative modalities encounter the same safety and lesion formation challenges. 

Recent investigations suggested a possible come-back of direct current applica-

tions through pulsed-field ablation (PFA) due to its nonthermal ablative modal-

ity to restrict these negative properties. [3-5] PFA creates short-pulsed electrical 

fields destabilizing cell membranes by forming irreversible nano-scale pores, 

called irreversible electroporation, and cell contents’ leakage, resulting in apop-

tosis. [6-8]  

Clinical studies [3, 4] and preclinical experiments [5, 9] have shown reduced PV ste-

nosis, phrenic nerve injury, and esophageal injury with PFA delivered even 
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directly atop those structures [10-12]. Similar effects on the safety profile, selective 

tissue necrosis, and increased procedural efficacy may be observed with pulsed 

wave (PW) laser applications.  

Most commonly continuous wave (CW) laser ablation devices are used in the la-

ser-based treatment of cardiac arrhythmias. [13-15] Early investigations [16] already 

showed the feasibility of selective tissue heating by PW applications, preventing 

denaturation of the surrounding tissue by allowing a thermal relaxation time. 

Depending on the size of the targeted substance, this relaxation time varies be-

tween nanoseconds for subcellular organelles to milliseconds for vessels and 

small structures. The pulsing frequency and duty cycle 1 are to be adjusted ac-

cordingly for the desired effect. 

Herein, we investigated the effects of PW laser on lesion formation and thermo-

coagulation of blood compared to continuous wave (CW) laser. The investigation 

regarding thermocoagulation of tissue focusses on the lesion formation process 

to find suitable pulse parameters and to assess the effect on cardiac tissue. The 

investigation regarding thermocoagulation of blood focusses on the safety pro-

file of endocardial procedures to reduce the thermal effect on blood coagulation 

by using pulsed laser. 

Material and methods 

To investigate the effect of pulsed wave laser on tissue three separate investiga-
tions were required (1) to (3). In (1) a parameter finding to find suitable pulse 

 
1 The pulsing duty cycle is the percentage of the ratio of pulse duration to the total period 

of the waveform. Duty Cycle = Pulse Width (sec) * Repetition Frequency (Hz) * 100% 
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parameters, in (2) a dose-finding with the determined pulsing parameters as-
sessing the effect on lesion depth, and in (3) the effect of pulsing on catheter tem-
perature and ablation of adipose tissue-covered substrates were investigated. 

The effect of pulsed wave laser on the thermocoagulation of blood was investi-
gated in (4). 

Experimental set up for pulse parameter finding (1) 

In pulsed-wave laser applications, energy is applied in pulses with predeter-

mined pulse duration and repetition rate. A parameter finding study was con-

ducted to define the ideal pulse duration and repetition rate. A full factorial 

blocked test plan with the addition of center points was created to assess the 

influence of applied power, duty cycle, frequency, and application time on the 

lesion depth. Each run was conducted independently twice as part of the blocked 

design to increase precision. The high and low levels of factorial analyses were 

defined at power between 4W and 8W, duty cycle between 60% and 85%, fre-

quency between 5Hz and 40Hz, and application time between 30s and 90s.  

A 40W, 976nm diode laser module (M1F-SS2.1, Dilas Diodenlaser GmbH, Mainz, 

Germany) was used as energy source for this investigation. A diode driver (LDD 

600, Lumina Power, Bradford (MA), United States of America) powered the laser 

diode, and a laser controller (LDDC 1550, Quantum Composers, Bozeman (MT), 

United States of America) controlled it.  

The tissue was irradiated with a 200µm Hard Plastic Clad Silica optical fiber with 

a numerical aperture of 0,39 (HWF 200T, CeramOptec GmbH, Bonn, Germany). 

The tip was protected by a glass shell with internal flushing, which minimizes the 

effects of conductive tissue heating via the glass shell. The setup was calibrated 
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by measuring the emitted power from the tip with a power sensor compensating 

possible laser energy dissipation by absorption (i.e., reflection and refraction by 

the glass).  

Due to the low absorbance of 980nm laser Deuterium was preferred as a flushing 

medium in contrast to water or saline. Non-perfused avian tissue was used as a 

tissue model for this ex vivo study. The sharp demarcation between coagulated 

and untreated tissue makes avian tissue most suitable to assess the influence of 

varying pulse parameters on tissue coagulation. Upon power delivery, the glass 

tip was placed against the tissue. The experimental setup is depicted in Fig. 4.1.  

A midline section at the lesion site facilitated the macroscopic estimation of the 

lesion depth. The estimated lesion depth represents the response value of the 

full factorial experiment. 
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Fig. 4.1 Experimental setup as used for the parameter finding, investigating the 
influence of PW laser parameters on the lesion depth. 

Experimental setup for the assessment of thermocoagulation 
of tissue (2) 

An ex vivo dose-finding study was conducted to investigate the effects of PW laser 

on catheter-based tissue ablation. In this regard the lesion depth for applications 

with varying application time and power settings. In total, ten freshly excised 

porcine hearts were used, extracted less than six hours before the investigation, 

and kept at 37°C in a saline solution bath. The hearts were taken from the saline 

bath promptly before the power application on the epicardial surface of the left 

ventricle.  

The in Chapter 2 developed experimental 20mm linear laser catheter with 

slightly convex laser-active area to optimize wall contact was used. A contact 
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force of 25±3g was applied ensuring adequate tissue contact over the entire 

length of the active area. The pulse parameter combinations 40Hz at 85% duty-

cycle and 40Hz at 72.5% duty-cycle were tested. The power and time settings 

varied between 20W for 60s and 35W for 150s in steps of 5W and 30s. The same 

power source used in the parameter findings was selected. The applications pa-

rameters (Power, Time, Frequency, Duty Cycle) were transformed to energy per 

mm to promote comparability between CW and PW applications.  

Experimental setup ablation-related tissue damage (3) 

Carbonization of cardiac tissue is primarily caused by excessive heating of the 

superficial tissue layers due to absorption of laser energy and conductive heating 

via the catheter’s surface. This investigation estimated the influence of pulsed 

wave laser on the carbonization of cardiac tissue and in ablation of adipose-tis-

sue covered substrates. 

To assess the influence of PW laser on the catheter surface temperature a ther-

mal recording of the catheter was created with an infrared imaging camera 

(Model PI 640, Spectral range 7,5 to 13µm, Temperature range 0°C - 250°C, 

Optris GmbH, Berlin, Germany) during power application. PW and CW laser en-

ergy was applied at 10W, 15W, 20W, 25W, and 30 W; with the catheter placed in 

a shielded box emitting in normal air towards the camera. The recording was 

stopped once a stable temperature was attained.  

The overall influence of PW laser on the thermal damage of the tissue surface 

was assessed by comparing the ventricular surface carbonization for continuous 

and pulsed wave laser. Freshly excised porcine hearts were used, extracted less 

than six hours before the investigation, and kept at 37°C in a saline solution bath. 
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The hearts were taken from the saline bath promptly before the power applica-

tion on the epicardial surface of the left ventricle. Ablations were performed with 

continuous power settings of 25W for 120s and pulse settings of 40Hz at 85% 

duty cycle. 

The insulating properties of the adipose tissue can lead to extreme temperature 

build-up during power applications and explosive vaporization identified by an 

audible acoustic transient (popping sound) [17,18]. As noticed in earlier CW laser 

investigations, ablation of adipose tissue-covered substrates can cause steam 

pops at the ablation site.  The effects of PW laser on this vaporization and lesion 

depth in ablation of adipose tissue-covered ventricles were assessed. Ablations 

were performed with continuous power settings of 25W for 120s and pulse set-

tings of 40Hz at 85% duty cycle. Freshly excised porcine heart were used for this 

investigation. 

Experimental setup to study thermocoagulation of blood (4) 

The effect of continuous and pulsed wave applications on the thermocoagulation 

of blood was assessed by direct irradiation of porcine blood with 980nm laser. 

Porcine blood was used blood for ex vivo experiments serving as substitute to 

human blood, with similar spectral properties.[19, 20] Approximately 5L freshly 

drawn porcine blood was circulated in an extracorporeal membrane oxygen-

ator(ECMO). The blood temperature was kept at 37°C, oxygenation saturation 

was kept at approximately 98%, with a regulated base excess of 0 mEq/L. By 

EDTA treatment the ACT was kept >1000s[21, 22] avoiding nonthermal coagulation 

and allowing heat-induced denaturation of blood proteins. Since hemoglobin is 

the main absorber in blood, a predetermined hematocrit value is vital to promote 
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comparability between investigations (i.e., higher hematocrit values would lead 

to increased laser absorption). The hematocrit was set at 55%, 50%, 45%, 40%, 

and 35% for the investigations with CW and PW applications. The hematocrit 

value was regulated by adding or extracting plasma from the blood., with an ac-

curacy of ± 1%. Fig. 4.2. displays the experimental setup.  

The laser applications were conducted with an 8.3 Fr laser loop catheter with a 

diameter of 28mm and a total laser-active area of 50mm (Herzogenrath, Ger-

many) (Patents: US 2018/0021089, US 2011/0230941, US 2011/0230871). 

Two configurations with varying energy density were selected, 0,22 W/mm2 and 

0,40 W/mm2. The irrigated closed tip was flushed with room temperature saline 

at 16mL/min. A 976nm 40W laser module delivered the laser energy (M1F-

SS2.1, Dilas Diodenlaser GmbH, Mainz, Germany), powered by a diode driver 

(LDD 600, Lumina Power, Bradford (MA), United States of America), and con-

trolled by a laser controller (LDDC 1550, Quantum Composers, Bozeman (MT), 

United States of America). 

The catheter was placed in the middle of a beaker with approx. 150ml of freshly 

extracted porcine blood. Subsequently the laser energy was delivered to the 

stagnant blood representing the worst-case condition for endocardial use. This 

also provides a controllable flow state compared to laminar or pulsatile flows. 

After power application the catheter was retracted from the beaker and in-

spected for coagulum formation at the laser active area. 

New blood was used after each laser application to prevent sedimentation and 

overheating of the blood.  
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Fig. 4.2 Schematic ECMO setup, as used for the experiments to define thresh-
old for thermocoagulation of blood.  

To define the threshold of laser induced thermacoagulation of blood, a power 

setting between 10W and 30W (at 2W steps) and hematocrit value between 55% 

and 35% (at 5% steps) was chosen. The time setting was stepwise increased in 

30s steps (starting at 30s) till coagulum formation was observed on the catheter 

surface. The same strategy was applied for PW applications, with a frequency of 

40Hz, and a duty cycle of 72.5% and 85%. With the gathered threshold points  

3D surface plots were created for the CW and PW applications for both catheter 

types. 
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Statistical Analysis 

A full factorial blocked test plan with the addition of center points was created 
to analyse various pulse settings (1).2 Additionally, the linear (first-order) and 
non-linear (second-order) interactions between the factors were investigated.   

The statistical analysis was performed with R-Commander (Version 2.6-0, GNU 
General Public License). The variability in the data is partitioned by using the 
built-in ANOVA analysis. The resulting p value for each combination of factors 
reveals the significance of each interaction — the significance cut-off set at 5%. 
The main effect plots and surface response plots were also generated with R-
Commander. 

A Pearson's product-moment correlation was applied to assess the relationship 

between applied energy and lesion depth in the dose-finding study (2). The ob-

tained data sets for CW and PW applications were compared by means of an AN-

COVA analysis (Minitab, Version 18.1) with significance cut-off set at 5%. 

 
2 In statistics, a full factorial experiment is an experiment where the design consists 
of two or more factors, each with discrete possible values or "levels", and whose 
experimental units take on all possible combinations of these levels across all such 
factors. In the statistical theory of the design of experiments, blocking is the arrang-
ing of similar experimental units in groups (blocks). Blocking reduces unexplained 
variability. Its principle is variability, which cannot be overcome (e.g., needing two 
batches of raw material to produce one container of a chemical) is confounded or 
aliased with a (higher/highest order) interaction to eliminate its influence on the 
end product. Center points are added to test for non-linear relationships between 
factors. 
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A Mann-Whitney U Test was conducted to assess the difference in catheter sur-
face temperature between continuous and pulsed wave applications (3) with sig-
nificance cut-off set at 5%. 

Results 

Pulse parameter finding (1) 

In total, 57 data points were collected for the full factorial analysis. The data was 

used to construct a linear model and derive the main effect plots for each param-

eter. As displayed in Fig. 4.3, these first-order interactions, showed a positive 

interaction between pulse duty cycle, applied power, application time, and the 

response value. Variations in pulse frequency did not affect the response value 

as first-order interaction. 



 

 

Results 

90 

 

Fig. 4.3 Main effect plots portraying the first-order interaction between each pa-
rameter and the response value (i.e., the lesion depth). A positive interaction be-
tween pulse duty cycle, applied power, application time, and the response value 
were observed. Variations in pulse frequency did not affect the response value as 
first-order interaction. 

The second-order interactions were also derived from the linear model, provid-

ing helpful insight into two-way interactions between the response value param-

eters. The interactions, also called surface response plots, are displayed in Fig. 

4.4.  

The combined interactions of time and frequency (p = 0.003), and time and duty 

cycle (p = 0.043) showed a significant positive interaction with the lesion depth. 

The pulse parameter combinations 40Hz at 85% duty-cycle and 40Hz at 72.5% 

duty-cycle were selected for further dose-finding investigations.  



 

Chapter 4 - The effect of pulsed wave laser application on thermocoagulation of cardiac 

tissue and blood. 

91 

 

 

Fig. 4.4 The surface response plots show the second-order interactions be-
tween two parameters and the response value (lesion depth). A: Significant 
two-way interaction between time- frequency on lesion depth. B – C: Insig-
nificant interactions between power - time / frequency - power on the lesion 
depth. D: Significant interaction between duty-cycle - time on lesion depth. 
E – F: Insignificant interactions between frequency - duty-cycle / duty-cy-
cle - power and lesion depth.  

Thermocoagulation of tissue (2) 

In total, 52 pulsed power applications were delivered to 10 freshly excised por-

cine hearts. The continuous wave baseline was established by 138 power appli-

cations from previous ex vivo dose-finding studies. In the left panel of Fig. 4.5 the 

median lesion depth was plotted against the energy. The right panel displays all 

obtained data points as a scatterplot. 
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Fig. 4.5 Left panel: obtained trend lines of the estimated median lesion depth in CW 
and PW laser applications. Right panel: scatter plot, containing all obtained data 
points, with orange, representing the PW applications at 40Hz and 85% duty cycle, 
grey the CW applications, and green the PW applications at 40 Hz and 72.5% duty 
cycle. 

The pulsed wave power applications showed similar lesion depths compared to 

continuous-wave applications. The maximum lesion depth of the 72.5% duty cy-

cle group was limited to approximately 7mm and could not be compensated by 

increasing the power.  

The Pearson correlation factor indicates a strong positive correlation between 

the applied energy and the lesion depth for all groups, with a factor of r = 0.798, 

p < 0.0001 for the CW group, r = 0.928, p < 0.0001 for the PW group with 85% 

duty cycle, and r = 0.885, p < 0.0001 for the PW group 72.5% duty cycle. 

The ANCOVA results showed no significant difference in lesion depth between 

the 40Hz/85% PW and the CW application (p = 0.053). A significant difference 
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was found (p < 0.001) between the 40Hz/72.5% PW and the CW application 

(p = 0.003) and between both PW applications.   

Ablation-related tissue damage (3) 

The catheter surface temperature was estimated to assess potential differences 

in conductive heating by using the pulsed energy applications. 

 Fig. 4.6 displays the recorded temperatures of the CW and PW applications per 

power setting. The pulsed-power applications showed significantly lower cathe-

ter surface temperatures (p < 0.001, Mann-Whitney U Test) than the continuous 

wave applications. 

 

Fig. 4.6 Recorded surface temperatures for CW and PW laser applications. 

In total, 10 epicardial PW and 10 CW lesions were created to assess the effect of 

pulsing on carbonization of the epicardial surface. Fig. 4.7 depicts the observed 
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difference in tissue discolorations, showing strongly demarcated dark areas in 

the CW samples. The pulsed applications showed reduced surface discoloration 

at the ablation site. 

 

 

Fig. 4.7 Left: Effects on tissue surface resulting from pulsed ablations. Middle: Ef-
fects on tissue surface from continuous-wave application, with dark demarcated 
lesions. Right: Cross-section of the pulsed-wave ablation, showing the continuity 
and linearity of the lesion. 

The effect of PW laser on the ablation of adipose tissue was investigated, by 10 

CW and 10 PW ablations. No popping sounds were registered during the PW 

power application in regard to CW. No significant difference (p = 0.216) in lesion 

depth (6.30±0.75mm) was found in comparison to the non-fat covered tissue 

(6.88±0.98).  Fig. 4.8 shows the positioning of the catheter on the fat covered 

ventricle and a cross-section of the created lesions. 
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Fig. 4.8 Left: Epicardial view of the catheter positioning in adipose tissue ablation. 
Right: Cross-section of the formed lesion beneath the adipose layer. The arrows rep-
resent the laser application. 

Thermocoagulation of blood (4) 

The laser-induced thermocoagulation of blood was assessed by 372 laser appli-

cations in stagnant blood, resulting in the power and time threshold per hema-

tocrit value. A baseline of CW power applications was created for both catheter 

types before the PW applications. The associated data was visualized in Fig. 4.9 

by surface plots of the 72.5% and 85% duty cycle groups against the CW baseline. 

The catheters with an energy density of 0,22W/mm2 showed no difference in 

clotting limit between PW and CW applications, for both 85% and 72.5% duty 

cycle. All performed laser applications could show clotting at hematocrit values 

of 55%, regardless of the application time. 
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Fig. 4.9 3D-graphs representing the coagulation limit in stagnant blood for a cath-
eter with an energy density of 0,22W/mm2. The red surface represents the CW, and 
the blue surface the PW applications. 

At an energy density of 0,40W/mm2 and a duty cycle of 72.5%, a significant dif-

ference in clotting limit was observed between CW and PW applications. A clear 

upward shift of the PW plane was noted. This effect was less pronounced for 

pulsed applications with a duty cycle of 85%. The associated data was visualized 

in Fig. 4.10 by surface plots for the 72.5% and 85% duty cycle groups.  
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Fig. 4.10 3D graphs representing the coagulation limit in stagnant blood for a 
catheter with an energy density of 0,40W/mm2. The red surface is the CW, and the 
blue surface the PW applications. 

Discussion 

Benefits of pulsed wave laser in tissue coagulation 

In this investigation, the effects of pulsed wave laser on the photothermal coag-

ulation of cardiac tissue and whole blood were evaluated. The results showed no 

significant difference in lesion depth between continuous wave and pulsed wave 

applications, for a pulse frequency of 40Hz and duty cycle of 85%. A lower duty 

cycle of 72,5% demonstrated significantly reduced lesion depth than CW and PW 

applications with an 85% duty cycle.  
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Past investigations by Henderson [23] and Hashmi[24] suggested that a pulse-in-

duced cool-down period reduced the energy absorption in the superficial tissue 

layers, allowing deeper tissue penetration.  

Hence, with the same average power, higher penetration depths were obtained.  

The findings of this study showed none of the indicated effects on deep-tissue 

coagulation (>3mm). Discordantly, similar behaviour as in CW applications was 

seen, where deep coagulation was achieved by heat conduction. Although, Hen-

derson investigated different wavelengths, lower energies, and a different appli-

cation field.  

Beneficial effects were observed in laser absorption in superficial layers and dur-

ing the ablation of fat-covered tissue. The CW ablation of fat-covered myocardial 

tissue led to audible steam-pops. The insulating characteristics of the adipose 

tissue allowed excessive local heating and water evaporation [17,18]. The granted 

cool-down phase inherent to pulsed applications efficiently reduced the occur-

rence of steam pops in fat-covered tissue without lesion-depth reduction.  

The commonly associated complications, such as cardiac tamponade, ba-

rotrauma with dissection of tissue planes, and collateral damage to structures 

outside the heart [25, 26], could be avoided during epicardial ablation procedures, 

improving procedural safety. Although the laser applications, in general, showed 

low collateral damage to surrounding tissue structures, the unique tissue-selec-

tive lesion formation properties of PFA [9] could not be achieved.  

PFA relies on the biophysical phenomenon of irreversible electroporation, in 

which the permeability of the cell membrane is increased by nano-scale pores in 

the lipid bilayer due to the applied electrical field, resulting in apoptosis. [27-29] 
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Although a laser is an electromagnetic radiation-emitting device consisting of 

synchronized oscillations of electric and magnetic fields, the electrical field of 

980nm laser irradiation, did not have the electrical field strength to induce irre-

versible electroporation. 

The catheter’ surface temperature and the absorption of light in the superficial 

tissue layers could efficiently be reduced by pulsing, limiting the heating of the 

epicardial surface. There was diminished discoloration of the epicardial tissue 

surface compared to the current state-of-the-art applications. [30, 31] Pulsing also 

led to promising results in reduction of charring and damage of the epicardial 

tissue during ablation procedures, which may reduce the commonly observed 

increased susceptibility of pericarditis, [32-34] caused by increased friction be-

tween the visceral pericardium and the parietal pericardium. In the case of en-

docardial ablations, preserving an intact endocardial tissue layer is also desira-

ble due to the associated clotting susceptibility and required post-procedural an-

ticoagulation treatment [18, 35] for damaged endocardia.  

More chronic in vivo studies must investigate the specific clinical benefit of re-

duced surface damage. Further research is also needed to substantiate these 

findings and to investigate the influence of frequencies above 40Hz.  

Interestingly, the pulsing of laser energy also proved beneficial effects on the op-

tical components of the ablation system. Higher energies could be applied to the 

optical components without (over)heating the components allowing higher en-

ergy transmission into a 200µm fiber in CW applications.  



 

 

Discussion 

100 

Benefits of pulsed wave laser in the prevention of thermal 
blood coagulation 

The effect of PW laser on the thermocoagulation of whole blood was investigated 

by direct irradiation of stagnant porcine blood. For low-power applications 

(0,22W/mm2), no difference in clotting limit was observed between CW and PW 

applications. For the high-power applications (0,40W/mm2), a significant differ-

ence in clotting limit was observed if pulsed at 40Hz and 72,5% duty cycle.  

Compared to thermally-induced coagulation and charring of blood by radio-fre-

quency ablation catheters, coagulation and charring by laser ablation are mainly 

caused by light absorption in the erythrocytes. [36, 37, 22]  

Research by Black [36] has shown this three-stage mechanism for coagulation in-

volving a heating phase, a primary coagulation phase (70˚C) involving mainly the 

cytoplasm of the erythrocytes, and a secondary coagulation phase (optical prop-

erties of irradiated whole blood continue to evolve even after the laser pulse is 

removed) involving a more long-range intercellular coagulation.  

Apart from coagulation, a chemical modification of oxy-Hb to met-Hb occurs, re-

ducing the light transmission and increasing energy absorption combined with 

increased scattering. The use of PW laser allows the blood a thermal relaxation 

time, reducing the probability of coagulum formation.  

The findings of this study corroborate the found benefits of pulsed laser irradia-

tion in heparinized whole blood [37-39]: reduced clotting of PW laser applications 

compared to CW applications. Early research already suggested a reduced dam-

aging effect by pulsed-laser applications with the same energy fluence.[40] Even 

though pulsed laser applications could reduce clot formation, these effects were 
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not as significant as observed in studies with irreversible electroporation as ab-

lation modality. [3, 41] Since PFA is a nonthermal coagulation technique, the same 

absence of thermal coagulation cannot be expected for thermal coagulation de-

vices in PW laser ablation.  

The most critical parameter in our investigation was the hematocrit value of the 

irradiated blood, which predominantly influences the clotting limit. Therefore, 

the use of swine models for safety studies focussing on laser-induced thermo-

coagulation of blood [42-44] could be questioned due to the large difference in 

blood constitution between swine races. Due to lower hematocrit values in por-

cine blood (35%) compared to human blood (45%),[45, 46] clotting is less likely in 

porcine species due to the reduced amount of red blood cells. This difference was 

initially seen by comparing thermal coagulation experiments with both human 

and porcine blood. With identical power settings clotting was observed in human 

blood and not in porcine blood. 

As shown in these experiments, this is related to the hematocrit level. Pulsing 

could be helpful in cardiac ablation treatments in areas with low blood flow or 

patients with high hematocrit values to improve the safety profile of the laser 

ablation procedures. The validity of the assessed ex vivo outcomes of laser-in-

duced coagulation of blood is demonstrated in a clinical setting by in vivo trials. 

In future procedural safety animal studies, the hematocrit effect should be com-

pensated by selecting swine races with higher hematocrit values.  
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Limitations 

Using an ex vivo non-perfused porcine tissue model limited the investigation. 

However, we believe that both CW and PW results are affected identically. Due 

to physical limitations of the laser source and optical pathway, frequencies above 

40Hz could not be tested.  

The significance of reduced epicardial surface by PW applications damage needs 

to be demonstrated by chronic in vivo investigations. However, this feasibility 

study provides useful and necessary initial insights regarding tissue damage. 

Moreover, additional information is to be gathered by chronic in vivo investiga-

tions about the efficacy of PW laser applications in the treatment of cardiac ar-

rhythmias. 

The use of porcine blood contrary to human blood is an added limitation of this 

investigation. Despite almost identical properties of the porcine blood, the blood 

cells are slightly smaller than human blood cells, possibly confounding our re-

sults. However, it is undisputed that a higher hematocrit leads to an increased 

risk of clot formation. 

Conclusion 

The pulsed wave application is a promising extension of the continuous wave-

laser application. At a frequency of 40Hz and a duty cycle of 85%, the achieved 

lesion depth of the CW application could be maintained while reducing the car-

bonization of the epicardial tissue surface.  
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Besides, the benefits of adipose cardiac tissue ablation could be obtained since 

the researchers observed no steam-pops during PW energy applications. From a 

safety point of view, the use of a PW laser could increase the safety of endocardial 

procedures by reduced susceptibility to laser-induced clot formation in high-

power applications.  
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Abstract 

Purpose: This study aimed to estimate the required energy to achieve transmu-

ral tissue necrosis in laser and RF ablation based on a thermal isotherm of 60.6°C. 

We assessed the clinical significance of this study by a comparison with the cur-

rently used power settings and interlesion distance specifications in catheter ab-

lation. 

Methods:  Radiofrequency energy was applied to avian tissue samples, with a 

varying power between 25 and 40W for 30 to 60 seconds in duration. Similarly, 

laser energy was applied with a varying power between 20 and 25W for 90 to 

120 seconds. To promote comparability for the statistical analysis a high and low 

energy group was formed (high energy: laser > 1700J and RF > 1500; and low 

energy: laser ≤ 1700J and RF ≤ 1500). Throughout the power applications, the 

transmural tissue temperature was recorded with an infrared camera to esti-

mate the transmural area surpassing the lethal isotherm of 60.6°C. The estimated 

areas were compared to the optically estimated coagulated area.  

Results: For 89 RF and 48 laser ablations, the transmural areas were estimated. 

The optical coagulation area was consistently significantly larger(p<0.001) than 

the area surpassing the lethal isotherm, regardless of the used energy source or 

power setting. Less energy was needed to achieve tissue necrosis with laser 

(55.10±11 J/mm2) than RF energy (338.71±131 and 311.69±82 J/mm2) for high 

energy settings (p < 0.001). In the low energy group, this difference was not sig-

nificant (p = 0.100). Moreover,  no significant difference in maximum transmural 

temperature was observed in both the high energy (75.2°C±5.5; 72.7°C±10.0; 
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74.5°C±9.8; p=0.703) and low energy group (66.9°C±11.6; 63.0°C±11.5; 

65.7°C±8.0; 62.4°C±1.9; 61.8°C±2.4; p=0.408).  

Conclusion: Analysis of the lesion formation process has shown a difference in 

the underlying biophysical principle of tissue coagulation between laser and ra-

diofrequency ablation catheters. Comparing applied energy and estimated trans-

mural area with a temperature surpassing the lethal isotherm showed that laser 

energy heats the tissue more locally. Due to a lower share of the conductive heat-

ing component, the tissue is heated more efficiently than with RF.  

Introduction 

Since the first radio frequency (RF) ablation in the 1990s [1], the transvenous 

catheter ablation market has witnessed widespread development of ablation de-

vices, techniques, and available energy sources. Despite the emergence of inno-

vative technologies, RF remains one of the most used energy modalities.  

Therefore, new energy modalities and ablations devices are commonly com-

pared to current RF devices and procedures. In this case laser energy is com-

pared to RF. Both energy sources achieve tissue necrosis primarily through irre-

versible thermal injury of the cardiac tissue at the ablation site. [2, 3]  

The underlying biophysical principles of tissue heating differ strongly between 

RF and laser applications. Lesion formation by RF ablation is primarily driven by 

thermal conduction,[2] as only the surface layers are affected by direct resistive 

heating. By contrast, laser energy ablation is based on photon absorption in the 

tissue. [4]  
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To achieve tissue necrosis for either energy source it is critical to heat the tar-

geted tissue above the thermal threshold. Several studies investigated and deter-

mined the thermal threshold for tissue damage, although with different out-

comes. [5-8]  

This ex vivo comparison study used Wood’s research [8] as a starting point for 

setting the lethal isotherm at 60.6°C, by combined visual and thermal estimation 

of the coagulated area. This temperature also correlated with the threshold as 

defined by the Arrhenius equation describing the relationship between exposure 

time, exposure temperature, and thermal necrosis of the tissue.[9]  

To date, no study had analyzed the thermal dose requirement for a linear laser 

catheter for irreversible tissue damage. This study aimed to estimate the re-

quired energy to induce transmural tissue necrosis in laser and RF ablation, 

based on a thermal isotherm of 60.6°C. The results were also used to analyze the 

underlying biophysical lesion formation principles and to assess the clinical sig-

nificance in regard to the current power application settings and recommended 

interlesion distance (ILD) for pulmonary vein isolation by a box lesion. [10-12] 

Materials and Methods 

Experimental setup 

As validated in Chapter 3, avian tissue is well suited as ex vivo model for ablation 

studies. Non-perfused avian tissue was also used for this study. A thickness of 

3.5mm ± 0.5mm was aspired, representing the anterior left atrial wall the thick-

ness. [13] The tissue temperature was kept at approximately 37°C by placing the 
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tissue in a heated saline solution bath (0.9% NaCl solution in distilled water). It 

was ensured that the transmural tissue surface was maintained above the saline 

solution surface throughout the power application and temperature recording. 

Therefore, a support structure for the tissue was created. This prevents artefacts 

by environmental infrared (IR) radiation reflected on an aqueous surface during 

the thermal recording.  

Fig. 5.1 portrays the experimental setup used for the laser and RF catheters. In 

both cases, the ablation catheter was inserted in the saline bath through a steer-

able sheath with a hemostasis valve. Before each ablation, the catheter was posi-

tioned perpendicular and centered against the tissue, promoting comparability 

between ablations. A contact force sensor was placed proximal to the hemostasis 

valve to set and maintain a contact force of 25±3g for laser and 20g±3g for RF 

catheters. The infrared camera was placed atop the exposed tissue surface, re-

cording the transmural temperature.  
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Fig. 5.1 Schematic view of the experimental setup used to record the trans-
mural tissue surface temperature during power application of  laser and RF 
ablations. 

Laser and radiofrequency ablation 

Laser ablations were conducted with an existing 8F, open irrigated, lasso-laser 

catheter with an active length of 50mm (Laser lasso catheter and Laser console 

of Vimecon GmbH, Herzogenrath, Germany) (Patents: US 2018/0021089, US 

2011/0230941, US 2011/0230871). Catheter flushing was performed at room 

temperature with saline solution at a flow rate of 16mL/min. Via a fiber-coupled 

976nm continuous-wave laser module (Module M1F-SS2.1, DILAS Diode Laser 
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GmbH, Mainz, Germany), laser energy was introduced in the catheter. The cath-

eter was positioned against the tissue with the shaft perpendicular to the excised 

tissue. The helical structure of the lasso catheter was fully compressed against 

the tissue, achieving good contact over the entire length of the laser-active area, 

using a contact force of 25±3g. 

Subsequently, laser energy was applied to the tissue at 20W/120s, 25W/90s, and 

25W for 120s. An energy loss of 32.5% in the fiber-optical system translates into 

actual 13.5W and 18W being delivered to the tissue.  

Radiofrequency ablations were conducted with a 7F, open-irrigated, 4 mm plat-

inum or iridium tip catheter (EasyFlush catheter of MedFact Engineering GmbH, 

Lörrach, Germany). The catheter was connected to a monopolar RF generator 

(IBI-1500T Series Cardiac Ablation Generator of St. Jude Medical, Saint Paul, 

United States).  

Room temperature saline solution was used as a flushing medium, with a flush-

ing volume of 15 mL/min. The electrical circuit was completed by the placement 

of copper electrodes in the saline bath. The catheter was pushed to tissue with a 

contact force of 20g±3g in a perpendicular fashion with a steerable sheath. RF 

powers of 25W, 35W, and 40W for 30 and 60s were selected, emulating common 

clinical procedure conditions. [10, 14-20] 
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Infrared thermometry and optical imaging 

 

Fig. 5.2 Recordings for the laser ablation catheter. Top: Infrared recordings 
(IR) of the transmural temperature, with a lethal isotherm set to 50°C, 55°C, 
and 60°C. Bottom left: Reference element was placed in the recording for 
surface estimation (black square). Bottom right: Optical recording of the 
reference cube and transmural coagulated area. 

The transmural tissue temperature was recorded with a thermal imaging camera 

(Model PI 640, Optris GmbH, Berlin, Germany). A resolution of 640x480 pixels 

was achieved for a spectral range of 7.5 to 13µm and a temperature range of 0°C 

to 250°C. Only the temperature of the tissue sample extending out of the saline 
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solution bath was captured. As a reference measure, a cooled square piece of 

stainless steel (108.68 mm2) was placed in the thermal image at the end of the 

ablation (displayed as a black square in the reference image). Lastly, an image of 

the coagulated tissue was taken with an optical camera (Sony NEX-7, 24.3 MP, 

Sony corp., Japan). The same reference object was placed on the tissue.  

Freely available software determined the coagulated area for the optical image 

and the infrared recordings (ImageJ Version 1.52, public domain). The size of the 

transmural coagulation area was the primary endpoint for both experiments re-

garding a lethal isotherm of 60°C to calculate the needed energy for a transmural 

lesion.  

Additionally, an isotherm of 50°C and 55°C were considered. The thermal imag-

ing software allowed the lower limit of the reference bar to be adjusted to the 

desired temperature cut-off (i.e., tissue with a temperature below the set tem-

perature was displayed as black.) 
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Fig. 5.3 Recordings for the RF ablation catheter. Top: Infrared recordings (IR) of 
the transmural temperature, with a lethal isotherm set to 50°C, 55°C, and 60°C. 
Bottom left: Reference element was placed in the recording for surface estimation 
(black square). Bottom right: Optical recording of the reference cube and transmu-
ral coagulated area. 

Statistical analysis 

The recordings of the transmural area were also used to estimate the lesion 

length using the image processing software. For RF catheters, this translates to 

lesion diameters, and for the laser-lasso catheter, the linear lesion length. The 

estimated lethal areas and lengths were transformed to energy per mm2 and en-

ergy per mm to analyze the energy efficiency.  
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Subsequently, these values were normalized against the laser catheter results at 

25W/120s, allowing an easier comparison between used power settings and en-

ergy sources.  

A paired T-test was conducted comparing the area with temperature succeeding 

the lethal isotherm of 60°C, and the optically estimated coagulation area per en-

ergy source and power setting. A paired T-test compared the obtained lesion 

lengths. The significance cut-off was set at 5%. 

By a one-way analysis of variance (ANOVA) with post-hoc Tukey test the ob-

tained maximum transmural temperatures were compared. The power settings 

were divided into high- (laser energy > 1700J and RF energy > 1500) and low-

energy groups (laser energy ≤ 1700J and RF energy ≤ 1500) to promote compa-

rability.  

Similarly, an ANOVA and post-hoc Tukey analysis compared the required energy 

per mm2 between laser and RF energy with the same segregation between high 

and low energy. 

Results 

For each power settings per energy source, 16 ablations were recorded, resulting 
in 144 power applications. Some recordings with water partially covering the 
tissue surface were omitted since superficial fluids lead to artefacts in the IR re-
cording. In total, 137 valid measurements were obtained, including 48 laser ab-
lations and 89 RF ablations. The results for the estimated transmural areas and 
lengths are shown in Tab. 5.1 and Tab 5.2. 
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Tab. 5.1 The first five columns present the estimated areas with a tempera-
ture above the set isotherm about the used energy source and power set-
tings. The second to last column shows the optically estimated area of the 
coagulated tissue, and the last column, the outcome of the paired t-test be-
tween the transmural area with a lethal isotherm of 60°C and the optically 
estimated coagulation area. 

Energy 
source 

Power  

setting 

Transmural 
Area > 50°C 

[mm2] 

Transmural 
Area > 55°C 

[mm2] 

Transmural 
Area > 60°C 

[mm2] 

Transmural 
optical le-
sion 

[mm2] 

Isotherm 
60°C vs. 
Optical 
lesion 

Laser 13.5W/120s 272±32.1 125±43.2 23,9±26.4 262±53.5 p < 0.001 

Laser 18W/90s 293±55.3 155±50.1 40.3±37.1 270±58.3 p < 0.001 

Laser 18W/120s 472±74.9 334±70.4 228±61.5 389±67.9 p < 0.001 

RF 25W/30s 55.2±19.5 30.4±21.1 13.4±18,0 59.9±20.4 p < 0.001 

RF 25W/60s 90.3±34.8 53.4±30.6 23.9±22.1 101.5±32.6 p < 0.001 

RF 35W/30s 53.3±15.7 33.8±13.0 18.8±14.0 60.5±18.6 p < 0.001 

RF 35W/60s 106.2±37.5 69.2±29.6 43.4±27.2 122.5±37.1 p < 0.001 

RF 40W/30s 64.6±33.2 45.3±27.6 28.1±22.3 77.9±31.3 p < 0.001 

RF 40W/60s 125.7±48.8 88.4±39.4 64.1±38.2 118.9±51.3 p < 0.001 
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Tab. 5.2 The first five columns present the estimated lesion length with a 
temperature above the set isotherm about the used energy source and 
power settings. The second to last column shows the optically estimated le-
sion length of the coagulated tissue and the last column, the outcome of the 
paired t-test between the transmural length with a lethal isotherm of 60°C 
and the optically estimated coagulation length. 

Energy 
source 

Power set-
ting 

Transmu-
ral Length 
> 50°C 

[mm] 

Transmu-
ral Length 
> 55°C 

[mm] 

Transmu-
ral Length 
> 60°C 

[mm] 

Transmu-
ral length 
lesion 

[mm] 

Length 
isotherm 
60°C vs. 
Optical le-
sion 

Laser 13.5W/120s 40.2±2.8 28.3±6.6 9.0±8.0 39.5±3.7 p < 0.001 

Laser 18W/90s 43.7±2.3 33.1±6.7 14.4±10.2 40.7±4.4 p < 0.001 

Laser 18W/120s 48.3±3.9 42.3±4.6 39.2±7.0 44.6±3.0 p < 0.001 

RF 25W/30s 7.9±1.8 5.1±3.0 2.5±3.0 7.4±1.4 p < 0.001 

RF 25W/60s 10.1±2.1 7.1±3.0 4.0±3.0 9.0±1.3 p < 0.001 

RF 35W/30s 7.5±1.3 5.2±1.9 3.5±2.1 7.5±1.3 p < 0.001 

RF 35W/60s 10.7±2.6 8.3±3.2 6.2±3.6 8.7±0.8 p = 0.016 

RF 40W/30s 8.4±2.7 6.1±3.4 4.3±3.4 8.7±2.4 p < 0.001 

RF 40W/60s 11.7±2.6 9.9±2.2 7.7±2.2 8.5±1.2 p = 0.177 

 

The estimated transmural areas with a temperature above the lethal isotherm of 

60°C are consistently significantly smaller than the optically established coagu-

lation areas (p < 0.001 for all applications). The estimated lengths showed a sim-

ilar outcome. However, at 40W/60s RF applications, no significant difference (p 

= 0.177) was found between the optical and the 60°C lethal isotherm group.  
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 Tab. 5.3 lists the transmurally recorded maximum temperatures alongside the 
average tissue thickness and number of ablations regarding the energy source 
and power setting. The temperatures were compared by analyzing variance for 
the low and high energy groups.  

In both groups, no significant difference was seen (p = 0.408 and p = 0.703). 

Since there was no significant difference between the means of any pair, the 

post-hoc Tukey analysis was not conducted. A difference between RF and laser 

applications was observed after cessation of the power application. Where the 

transmural temperature of laser energy applications instantly dropped after the 

cessation treatment, the highest RF temperature was recorded approximately 

10s after cessation of the power application. 
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Tab. 5.3 Overview of the number of ablations, the mean tissue thickness, and the 
recorded maximum temperature per power setting. The right section shows the 
analysis of variance between the low-energy maximum temperatures and the high-
energy maximum temperatures. 

Energy 
source 

Power set-
ting 

Number 
of Abla-
tions 

Tissue 
Thick-
ness 

Max. 
Temp. [°C] 

ANOVA Out-
come 

Post-hoc 
Tukey 

Analysis 

Laser 13.5W/120s n = 16 3.5±0.4 66.9±11.6 

Low energy 

applications 

p = 0.408 

Not neces-

sary 

Laser 18W/90s n = 16 3.5±0.2 61.8±2.4 

RF 25W/30s n = 13* 3.6±0.3 63.0±11.5 

RF 25W/60s n = 16 3.5±0.2 65.7±8.8 

RF 35W/30s n = 16 3.6±0.3 65.7±8.0 

RF 40W/30s n = 16 3.5±0.3 66.9±11.6 

Laser 18W/120s n = 16 3.5±0.4 75.2±5.5 
High energy 

applications 

p = 0.703 

Not neces-

sary 
RF 35W/60s n = 16 3.6±0.3 72.7±10.0 

RF 40W/60s n = 16 3.6±0.2 74.5±9.8 

* Some recording with water partially covering the tissue surface were omitted 
since superficial fluids lead to artefacts in the IR recording.   
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Tab. 5.4 portrays the transformed values for the needed energy per mm2 to heat 

the transmural tissue surface above the set isotherm of the used energy source 

and power settings. Moreover, the needed energy per mm2 is depicted concern-

ing the optically assessed coagulation area. 

 Tab. 5.5 lists the needed energy per mm to heat the transmural tissue surface 

above the isotherm of the energy source and power settings. Furthermore, the 

needed energy per mm for the optically assessed lesion length is depicted. 

Tab. 5.4 The first five columns present the needed energy per mm2 to heat the 
transmural tissue surface above the set isotherm of the used energy source and 
power settings. The last column shows the needed energy per mm2 concerning the 
optically assessed coagulation area. 

Energy 
source 

Power set-
ting 

Energy per 
mm2 at 
50°C 
[J/mm2] 

Energy per 
mm2 at 
55°C 
[J/mm2] 

Energy per 
mm2 at 
60°C 
[J/mm2] 

Energy per 
mm2 Opti-
cal [J/mm2] 

Laser 13.5W/120s 5.96 12.96 67.78 6.18 

Laser 18W/90s 5.53 10.45 40.20 6.00 

Laser 18W/120s 4.58 6.47 9.47 5.55 

RF 25W/30s 13.59 24.67 55.97 12.52 

RF 25W/60s 16.61 28.09 62.76 14.78 

RF 35W/30s 19.70 31.07 55.85 17.36 

RF 35W/60s 19.77 30.35 48.39 17.14 

RF 40W/30s 18.58 26.49 42.70 15.40 

RF 40W/60s 19.09 27.15 37.44 20.19 
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Tab. 5.5 The first five columns present the needed energy per mm to heat the trans-
mural tissue surface above the set isotherm of the used energy source and power 
settings. The last column shows the needed energy per mm concerning the optically 
assessed lesion length. 

Energy 
source 

Power set-
ting 

Energy per 
mm at 50°C 
[J/mm] 

Energy per 
mm at 55°C 
[J/mm] 

Energy per 
mm at 60°C 
[J/mm] 

Energy per 
mm Optical 
[J/mm] 

Laser 13.5W/120s 40.30 57.24 180.00 41.01 

Laser 18W/90s 37.07 48.94 112.50 39.80 

Laser 18W/120s 44.72 51.06 55.10 48.43 

RF 25W/30s 94.94 147.06 300.00 101.35 

RF 25W/60s 148.51 211.27 375.00 166.67 

RF 35W/30s 140.37 201.92 302.59 140.75 

RF 35W/60s 210.00 253.01 338.71 241.38 

RF 40W/30s 142.86 196.72 279.07 137.93 

RF 40W/60s 205.13 242.42 311.69 282.35 

 

The energy per area and length calculations showed that tissue heating by direct 

irradiation is more efficient than heating by conduction, regardless of the set le-

thal isotherm or the selected power setting.   
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By analyzing the variance, divided into low and high-energy groups, the required 

energies to achieve a transmural area with a temperature above 60°C were com-

pared in Tab. 5.6.  

In the low-energy group, no significant difference was observed (p = 0.100). 

Therefore, the posthoc Tukey analysis was not conducted for the low-energy 

group. In the high-energy group, a significant difference was observed (p < 

0.001). More detailed information was obtained by a posthoc Tukey analysis, 

showing a significantly lower J/mm2-value for laser energy compared to RF (p < 

0.001). No significant difference was observed between RF applications 

(p = 0.154). 
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Tab. 5.6 Overview of the needed energy per mm2 to obtain an area with a temper-
ature above 60°C. An ANOVA test was performed with subsequent Tukey Analysis 
to assess the differences between the acquired means. 

Energy 
source 

Power set-
ting 

Energy per 
mm2 at 60°C 
[J/mm2] 

ANOVA 
Outcome 

Post-hoc Tukey 

Analysis 

Laser 13.5W/120s 67.78±32.4 

Low energy 

applications 

p = 0.100 

Not necessary 

Laser 18W/90s 40.20±23.7 

RF 25W/30s 55.97±19.3 

RF 25W/60s 62.76±40.3 

RF 35W/30s 55.85±37.3 

RF 40W/30s 42.70±24.8 

Laser 18W/120s 9.47±2.3 

High energy 

applications 

p < 0.001 

18W/120s (Laser) - 35W/60s (RF)  

p < 0.001 

RF 35W/60s 48.39±22.0 18W/120s (Laser) - 40W/60s (RF)  

p < 0.001 

RF 40W/60s 37.44±16.3 35W/60s (RF) - 40W/60s (RF)  

p = 0.154 

 

Tab. 5.7 compared the needed energy per mm lesion length with a temperature 

surpassing the lethal isotherm of 60°C for RF and laser-induced coagulation, di-

vided in low- and high-energy groups. In both groups significant differences 

were observed with p < 0.001. In the low-energy group, the results varied 
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between significantly lower energy per mm and no difference for the laser abla-

tion compared to RF. In the high-energy group, the needed energy was signifi-

cantly lower for the laser applications compared to RF (p<0.001). 
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Tab. 5.7 Overview of the needed energy per mm lesion length with a temperature 
above 60°C. An ANOVA test was performed with subsequent Tukey Analysis to as-
sess the differences between the acquired means. 

Energy 
source 

Power set-
ting 

Energy per 
mm at 60°C 
[J/mm] 

ANOVA 
Outcome Post-hoc Tukey Analysis 

Laser 13.5W/ 

120s 

180.00±114  

 

Low energy 
applications 

p < 0.001 

13,5W/120s(Laser) - 18W/90s(Laser)  

p = 0.578 

Laser 18W/90s 112.50±50 18W/90s(Laser) - 25W/60s(RF)  

p < 0.001 

RF 25W/30s 300.00±170 18W/90s(Laser) - 35W/30s(RF)  

p < 0.001 

RF 25W/60s 375.00±112 18W/90s(Laser) - 40W/30s(RF)  

p = 0.002 

RF 35W/30s 302.59±122 18W/90s(Laser) - 25W/30s(RF)  

p < 0.001 

RF 40W/30s 279.07±114 13,5W/120s(Laser) - 25W/60s(RF) 

p < 0.001 

   13,5W/120s(Laser) - 35W/30s(RF)  

p = 0.043 

   13,5W/120s(Laser) - 40W/30s(RF)  

p = 0.168 

   13,5W/120s(Laser) - 25W/30s(RF)  

p = 0.066 

Laser 18W/120s 55.10±11 

High energy 
applications 

p < 0.001 

18W/120s(Laser) - 35W/60s(RF)  

p < 0.001 

RF 35W/60s 338.71±131 18W/120s(Laser) - 40W/60s(RF)  

p < 0.001 

RF 40W/60s 311.69±82 35W/60s(RF) - 40W/60s(RF) | p = 0.689 
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The required number of ablations to complete a box lesion with a perimeter of 

115.7±22.3mm were calculated for each power setting and lethal isotherm as 

displayed in Tab. 5.8. An increase in power or application time consistently leads 

to decreased ablations to complete a box lesion. 

Tab. 5.8 Listing of the required number of applications to complete a box lesion 
with a perimeter of 115.7±22.3mm, for both energy sources and settings. 

Energy 
source 

Power set-
ting 

Needed abl. 
50°C 

Needed abl. 
55°C 

Needed abl. 
60°C 

Needed abl. 
Optical 

Laser 13.5W/120s 3±1 5±1 13±3 3±1 

Laser 18W/90s 3±1 4±1 9±2 3±1 

Laser 18W/120s 3±1 3±1 3±1 3±1 

RF 25W/30s 15±3 23±5 47±9 16±4 

RF 25W/60s 12±3 17±4 29±6 13±3 

RF 35W/30s 16±3 23±5 34±7 16±3 

RF 35W/60s 11±3 14±3 19±4 14±3 

RF 40W/30s 14±3 19±4 27±6 14±3 

RF 40W/60s 10±2 12±3 16±3 14±3 

Discussion 

This study has shown the difference in underlying biophysical principles of tis-

sue coagulation between laser and radiofrequency ablation catheters. Although 

both rely on tissue heating to achieve tissue necrosis, RF primarily relies on 
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direct resistive heating of the superficial tissue layers. As electrical current 

passes through the tissue, the voltage drops, and heat is generated. Deeper tissue 

layers are only heated passively by heat conduction.[3] By increasing power lev-

els, this resistive heating can reach in deeper tissue layers. Conversely, laser re-

lies upon heating via direct irradiation, scattering, and subsequent absorption of 

light.[9]  

This biophysical difference in heating principle was noticed by the divergent 

thermal latency3 after power cessation. After cessation of the RF power applica-

tion, the transmural tissue temperature continued to increase for at least 10 sec-

onds. By contrast, this effect was not observed with laser energy.  

Both observations suggest a strongly reduced presence of thermal latency in la-

ser-energy applications. The main explanation for this difference was that laser 

applications reach the highest temperatures in the tissue (approximately 2mm) 

due to penetration and scattering of light in the tissue.  This component is less 

pronounced in laser applications regarding the superficial heating of RF and re-

sulting conductive heating.  

Thermal analysis of RF applications showed large and unpredictable in ablation-

areas (area with a temperature above 40˚C). In laser applications the affected 

area was smaller and more focused, related to the conductive heating component 

 
3 Starting the RF energy delivery, a high superficial temperature is reached, falling off rap-

idly over a short distance. As time progresses, more thermal energy is transferred to 
deeper tissue layers by thermal conduction. Interruption of the RF power before achiev-
ing a steady state, leads to continued tissue temperature rise in deeper tissue as a result 
of thermal conduction from more superficial layers. This is termed thermal latency and 
has important clinical implications on ablation treatment, with beneficial or adverse 
effects, due to the continued temperature rise despite cessation of RF power. 
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in tissue heating beyond the superficial layer, resulting in more radially directed 

heat transfer. Laser energy mainly heats the directly irradiated tissue (either by 

direct irradiation or by scattering) with a relatively minor border zone of con-

ductive heating. This is reflected in the needed energy per mm2 surface area and 

per mm lesion length if comparing laser and RF energy. RF used up to six times 

more energy to achieve the same coagulation. Direct irradiation advocates being 

a more effective approach than resistive superficial heating and following con-

ductive heating into deep tissue layers. With less energy, a more focused and se-

lective tissue heating was achieved.  

Compared to the results obtained by Wood et al.,[8] aiming to estimate the lethal 

isotherm, a difference was observed between optically and IR-thermometry 

based estimation of the coagulation area. In the investigation of Wood, the opti-

cal zone corresponded with the area of a lethal isotherm of 60˚C. In this investi-

gation, the optically estimated lesion size was between the surface areas esti-

mated for 50˚C and 55˚C.  

In general, protein denaturation and tissue discoloration start at lower temper-

atures. The lack of tissue perfusion in this ex vivo investigation could play a role 

in the observed difference. The perfusion would limit the effect of the conductive 

heating and reduce the optical lesion size.  

Contrastingly, could these new results indicate that optically coagulated tissue is 

not always irreversible damaged? Underestimating the lethal myocardial tem-

perature or overestimating the lesion size would lead to inadequate power de-

livery during clinical use.  
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Overall, the RF ablation results seem to be following the results obtained by 

Taghji[10] where the lesion contiguity was optimized by limiting the interlesion 

distance (ILD) to <6 mm and by implementing an ablation index for the posterior 

and anterior wall. It was found that an ablation protocol with reduced ILD and 

strict criteria for lesion depth resulted in high acute and short-term (1 year) suc-

cess rates. On average, 28±5 ablations were needed to enclose a perimeter of 

115.7 ± 22.3 mm, in pulmonary vein isolation. According to this investigation, 

between 16±3 (40W/60s) and 34±7 (35W/30s) ablations would be needed to 

realize a geometrically ideal box lesion, depending on the power and time set-

ting.  

Limitations 
The use of an ex vivo tissue model and setup facilitated perpendicular catheter 

tissue contact accommodates a near-ideal energy transfer and heat dispersion in 

the tissue for both energy sources.  This will not always be the case for in 

vivo studies with the ventricular or atrial wall's perfused cardiac tissue and mo-

tion. The perfusion of the tissue also affects the parameters of heat conduction 

and absorption. Though the in vivo investigations of Chapter 3 have shown a 

strong correlation between ex vivo and in vivo applications. 

Imperfect registration between the optical and thermal images is a potential 

source of error. The use of a reference surface, a high-resolution IR camera, and 

subsequent analysis of the recordings with image processing software mini-

mizes the potential for image registration errors.  
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Conclusion 

Analysis of the lesion formation process has shown a difference in underlying 

biophysical principles of tissue coagulation between laser and radiofrequency 

ablation catheters. Comparing applied energy and estimated transmural area 

with a temperature surpassing the lethal isotherm showed that laser energy 

heats the tissue more focused. The tissue is heated more efficiently than RF due 

to a lower share of the conductive heating component.  

Interestingly the observed optical coagulation area was consistently larger than 

the estimated area with a temperature above the lethal isotherm. Nonetheless, 

the commonly applied interlesion distance values of ≤6 mm for point-by-point 

RF ablations aligned with the outcome of this investigation, applying a lethal iso-

therm of 60.6°C. 
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Abstract 

Purpose: This feasibility study investigates the visualization of laser-induced 

thermal tissue damage by diffuse reflectance spectroscopy.  

Methods: A linear laser ablation catheter was used to induce thermal tissue 

damage in non-perfused bovine tissue. An added modified optical fiber was inte-

grated in the catheter design to capture the diffuse reflectance spectrum, illumi-

nated by the already integrated emitting fiber. The in situ recorded spectra prior 

and after ablation were analyzed to discriminate between treated and untreated 

tissue. A direct comparison between both data sets was made after the recorded 

distributions were brought into alignment by normalization in the wavelength 

range of 600-750nm. Comparably, this process was applied to differentiate be-

tween treated, partially treated, and untreated tissue. Recordings of the partial 

lesions were created by repositioning the catheter after the ablation for spec-

trum collection.  

Results: In total, 90 reflectance spectra were recorded, resulting in 127,980 data 

points. Spectra for fully treated and untreated tissue were compared, showing a 

significant drop of the normalized response value (Mean difference (MD)=0.415) 

in the wavelength range of 600-750nm (p<0.001). The same experiment was re-

peated to assess the lesion formation of semi lesion-formed lesions (MD=0.130, 

p<0.001), quarter lesions (MD=0.288, p<0.001), and orthogonal lesions 

(MD=0.080, p>0.061).  

Conclusion: Diffuse reflectance spectroscopy is a promising lesion visualization 

tool for cardiac arrhythmia ablation. A clear distinction could be made between 

treated and untreated tissue with in situ spectroscopic analysis. Whether the 



 

Chapter 6 - Feasibility assessment of catheter-based diffuse reflectance spectroscopy for 

detection of thermal tissue damage 

147 

 

addition of a second optical fiber to a linear laser ablation catheter can assess 

lesion formation by reflectance spectroscopy warrants further investigations. 

Introduction 

Despite significant advances in ablation catheter technologies, the success rates 

of catheter ablation can still be improved. Intraprocedural visualization of the 

catheter’s surroundings could improve ablation outcome due to enhanced cath-

eter guidance and assessment of lesion formation. Wall contact and lesion for-

mation can be confirmed directly. Direct visualization would be integral in cre-

ating linear lesions with a laser ablation catheter since wall contact is indispen-

sable to achieve thermal tissue coagulation.  

Most commonly indirect means of lesion visualization are used to visualize le-

sions, based on local electrogram (EGM) data, lesion prediction algorithms, [5-8, 12] 

or more elaborated methods as dynamic contrast-enhanced (DynCE) MRI. [9,10] 

Only a laser balloon catheter with integrated endoscope is able to visualize the 

lesion directly. Since the laser ablation catheter already has an optical fiber, re-

flectance spectroscopy is the clearest option to achieve direct visualization of 

wall contact and lesion formation for this catheter type. 

Spectroscopy analyzes the interaction between chemical structures and electro-

magnetic radiation. It is commonly used to analyze matter in chemistry, biology, 

and medical engineering.  

In this case, diffuse reflectance spectroscopy is applied to assess wall contact and 

confirm tissue coagulation. Therefore, a spectrometer is connected to the cathe-

ter to measure and records the reflected intensity per wavelength of the subject 
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under investigation. This spectroscopic application allows the possibility to dif-

ferentiate and study the chemical structures and tissue compositions by their 

characteristic absorption. [18] To a certain extent, the incident light is absorbed 

by both endo- and exogenous chromophores and scattered by cells, organelles, 

and fibers. 

First investigations concerning the changes of the optical property of slowly 

heated myocardium were conducted in the early nineties. [1] An increase of light 

absorption at a wavelength of 632,8nm was found at temperatures above 45°C 

and even stronger increase above 55°C. Subsequent studies [13,14] noticed the dis-

coloration of a trial tissue upon ablation treatment by radiofrequency in the rec-

orded spectrum. These effects were later also shown for laser ablation catheters 

[15-17] with in vivo studies.  

This discoloration of the cardiac tissue has been used to assess the lesion for-

mation process through optical spectroscopy and radiofrequency catheter abla-

tion. [2-4, 11] Transmitting and receiving optical fibers were added to the tip elec-

trode for RF catheters.  

To realize this spectroscopy-based monitoring system for the linear laser abla-

tion catheter two fibers were integrated in the laser active area. One to homoge-

neously coagulate or illuminate the tissue over the entire length of the active area 

and one to collect the reflected light.  

This feasibility study aims to investigate the visualization of thermocoagulated 

tissue by diffuse reflectance spectroscopy in a linear laser ablation catheter. 
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Materials and Methods 

Tissue preparation and laser catheter 

Non-perfused porcine cardiac tissue was selected for the ex vivo feasibility study, 

given the similar cardiac structure and tissue color. The tissue was placed in a 

heated saline solution bath (0,9% NaCl solution in distilled water) to maintain a 

temperature of 37°C. For the laser-induced tissue coagulation, an 8F, open irri-

gated, straight catheter with active ablation length of 50mm was used (50mm 

linear laser ablation catheter and laser console of Vimecon GmbH, Herzogenrath, 

Germany)(Patents: US 2018/0021089, US 2011/0230941, US 2011/0230871) 

combined with a fiber-coupled 976nm continuous wave-laser diode (Module 

M1F-SS2.1, DILAS Diode Laser GmbH, Mainz, Germany).  Fig. 6.1 shows the laser-

lasso catheter, the laser source, and a microscopic capture of a modified optical 

fiber. 
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Fig. 6.1  A: The laser ablation catheter is shown. For visualization purposes only, a 
green laser is used to visualize the laser-active area. B: The Dilas laser module M1F-
SS2.1 as used in the experimental setup is shown. C: Enhanced view of the modified 
optical fiber. 

For the spectroscopic analysis, a second identically 200µm modified4 fiber was 

integrated into the catheter, dedicating one fiber as illuminating fiber and the 

other as collecting fiber. 

 Fig. 6.2 shows the design used to record the spectroscopic data. A double V-

shaped5 profile was used, each holding a modified fiber. The illuminating fiber 

was used to apply the therapeutic dose (laser) to the ablation site and for 

 
4 Modified fiber is a fiber modified so that lateral emission of laser light is possible over a 

length of 50mm, with a homogeneous emission distribution. The modification entails a 
single-sided partial removal of the fiber’s cladding, uncovering the fiber core. 

5 The V-Shaped profile serves as a support frame for the optical fiber (embedded with resin) 
and to effectuate unilateral laser emission.  
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consecutive illumination with a halogen light source. The second fiber was solely 

used as collecting fiber to record the diffuse reflectance spectrum. 

 

Fig. 6.2 Schematic visualization of the used catheter design. Two modified fibers 

are embedded in two separate profiles, the illuminating fiber marked with 1 and 

the collecting fiber with 2. 

Diffuse Reflectance Spectroscopy setup 

A spectrometer (AvaSpec-ULS2048L-EVO, Avantes BV, Apeldoorn, Netherlands) 

with a 200-1100nm wavelength range was coupled with the collecting fiber.  A 

resolution of 0,06-20nm was achieved, depending on the device configuration. 

The sensitivity of the device was 470000 counts/microwatt per ms integration 

time.  

The halogen light source (AvaLight-HAL-S-Mini, Avantes BV, Apeldoorn, Nether-

lands) was coupled with the 200µm illuminating fiber. The light source covered 
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a wavelength range of 360-2500nm with an intensity of 0.35mW for a 200 fiber 

µm. The measurements were analyzed with the software provided by Avantes 

(AvaSoft 8.8.0.0). 

Protocol  

The tissue was placed in a heated saline bath to maintain the tissue temperature 

during the laser ablation and following diffuse reflectance spectroscopy. For the 

entire duration of the power application and subsequent spectroscopy, the laser-

active area of the catheter was pressed against the tissue. The spectra were al-

ways recorded in dark surroundings to minimize environmental noise. The 

power settings were set at 25W for 120s. 

The spectrum of the untreated tissue was continually recorded before the power 

application, while the spectrum of the treated tissue was recorded directly after 

power application. The diffuse reflectance spectra of semi (50% of total lesion 

length), quarter (25% of total lesion length), and orthogonal (8% of total lesion 

length) lesions were similarly recorded directly after ablation by catheter repo-

sitioning; as displayed in Fig. 6.3.  
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Fig. 6.3 Schematic experimental setup to 'visualize' the coagulated tissue. Step 1 
displays the measurement of the ‘no lesion’ reflectance data, step 2 -5 display the 
measurement of the reflectance data of (partially) treated tissue. 

Data analysis 

To combine and compare all captured spectra, the distributions of the recorded 

values were aligned by normalization6 to promote comparability. Subsequently, 

the normalized values of the wavelength range 600-750nm were averaged (i.e., 

each measurement results in a single normalized average), leading to the mean 

value per group (untreated, full lesion, half lesion, and quarter lesion). Differ-

ences in mean reflectance were tested with a paired two-tailed t-test using a sig-

nificance level of 0.05 (H0= no statistically significant difference between the 

compared groups). Where multiple comparisons were made in the same data set, 

a Bonferroni correction was applied to obtain an adjusted significance cut-off. 

 
6 Normalization is conducted according to the following scheme: 1 – Recording of the re-

flected spectrum; 2 – export of data to PC; 3 – Normalize each spectrum against 
min/max values according to the function f(x)norm=(f(x)-fmin)/fmax-fmin); 4 – Calculate the 
average and standard deviation per group. 
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Results 

Similar tissue discoloration as observed in the past studies [13-17] was reproduced 

by laser ablation of non-perfused bovine tissue. In total, 90 spectra were rec-

orded, obtaining 127,980 data points.  

 Fig. 6.4 plots the recorded spectra of treated and untreated tissue over the en-

tire length of the laser-active area. The untreated tissue is marked as ‘no lesion’ 

and the treated tissue as ‘lesion.’ For this group, 20 spectra were recorded, of 

which 10 prior to the ablation and 10 immediately after. 

 

 

Fig. 6.4 Recorded spectra prior, and after ablation. A clear distinction can be made 
between treated (light blue) and untreated tissue (dark blue). The lesion graph 
demonstrates reduced reflection intensity in the wavelength range of 500 to 
1000nm. The normalized graph in the top right corner shows a detailed compari-
son in the wavelength range of 650 to 750nm. 
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A clear distinction could be made between treated and untreated tissue by com-

parison of the recorded spectrum just before ablation and immediately after ab-

lation..  

The recorded spectra were normalized and compared before and after ablation 

for the wavelength ranges of 500 to 800nm and 650 to 750nm to perform statis-

tical analysis. Tab. 6.1 lists the mean difference (MD) and standard error (SE) of 

the treated and untreated tissue and the corresponding estimated p-values for 

each range. In the range 650 to 750nm, an MD of 0.4155 with a SE of 0.0344 was 

obtained. In the range 500 to 800nm, an MD of 0.1963 with a SE of 0.0288 was 

obtained. The mean difference between treated and untreated tissue is signifi-

cantly different for each wavelength range with p-values < 0.001.  

Tab. 6.1 This table lists the results and statistical outcome of the recorded normal-
ized reflectance spectra for the wavelength ranges 650 to 750nm and 500 to 
800nm. The MD and SE between the treated and untreated tissue are subjected to 
a paired t-test. 

Wavelength 

range Sample size Mean Difference Standard Error p-value 

650 to 750 nm n=10 0.4155 0.0344 <0.001 

500 to 800 nm n=10 0.1963 0.0288 <0.001 

     

 Fig. 6.5  plots the results for the second group, comparing the recorded spectra 

of untreated tissue, quarter lesions, semi lesion, and full lesions. In total, 40 spec-

tra were recorded, ten just before the ablation, ten immediately after the abla-

tion, ten of a semi lesion and ten of a quarter lesion. A distinction could also be 
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made between the recorded spectra of the full, semi, quarter and no lesion re-

cordings. The recorded spectra of semi and quarter lesions were consistently lo-

cated between the response of the treated and untreated tissue. The difference 

between the recorded spectra was best noticeable in the wavelength range of 

650 to 750nm. 

 

Fig. 6.5 Recorded spectra prior and after ablation. Besides the difference between 
treated (light blue), and untreated (dark blue), a difference with the partial lesion 
could also be observed (middle blue tones) in the wavelength range 500 to 800nm. 
The reduction is clearly visible in the normalized plot in the top right corner. 

 

Tab. 6.2 displays the MD, SE, and statistical outcome of the recorded normalized 

reflectance spectra, comparing the partial lesions with the treated and untreated 

tissue. The calculated mean differences and corresponding t-test results confirm 

the observed differences in the graph. Since multiple comparisons were made 
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with the same data, a Bonferroni correction was applied to adjust the signifi-

cance cut-off, resulting in a critical value of 0.01 instead of 0.05. The t-tests be-

tween the groups result in p-values < 0.01, showing a statistically significant dif-

ference.  

Tab. 6.2 Lists the calculated MD and SD of the treated and untreated tissue and 
the partial lesions. The corresponding p-values per comparison group in the wave-
length range of 650 to 750nm are estimated via a paired t-test with a corrected 
significance cut-off of 0.01.  

Groups compared 

Sample 

size Mean Difference Standard Error p-value 

Semi vs. Full Lesion n=10 0.1305 0.0329 0.00326 

Quarter vs. Full Lesion n=10 0.2883 0.0078 <0.001 

Semi Lesion vs. Untreated n=10 0.4589 0.0292 <0.001 

Quarter Lesion vs. Untreated n=10 0.2611 0.0121 <0.001 

Quarter vs. Semi Lesion n=10 0.1578 0.0275 <0.001 

 

Fig. 6.6 plots the third group results, comparing the recorded spectra of un-

treated tissue, orthogonal, and full lesions. In total, 30 additional spectra were 

retrieved for the orthogonal placement of the catheter, ten just before the abla-

tion, ten immediately after the ablation, and ten of an orthogonal lesion. 
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Fig. 6.6 The graph represents one of the spectra as recorded. In this case, a minor 
reduction can be observed in the wavelength range of 600 to 700nm but not as 
evident as in other configurations. The reduction is clearly visible in the normalized 
plot in the top right corner.  

The plotted graph shows an unclear difference between the untreated tissue 

and the orthogonal lesion. In all measurements, the difference was small, 

though the spectra had a slightly flatter profile. This observation is reflected in 

the statistical analysis, depicted in Tab. 6.3. A Bonferroni correction was also 

applied to adjust the significance cut-off, reducing the critical value to 0.025 

In both wavelength ranges, the differences are insignificant, with p=0.0608 (650 

to 750nm) and p=0.4006 (500 to 800nm).  

 

Tab. 6.3 lists the results and statistical outcome of the recorded normalized reflec-
tance spectra for the wavelength ranges 650 to 750nm and 500 to 800nm. The MD 
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and SE between the orthogonal lesions and untreated tissue are subjected to a 
paired t-test. 

Wavelength 

range [nm] 

Sample 

size Mean Difference Standard Error p-value 

650 to 750 n=10 0.0799 0.0373 0.0608 

500 to 800 n=10 0.0249 0.0282 0.4006 

Discussion 

The experiments showed that integration of a second modified optical fiber al-

lowed diffuse reflectance spectroscopy of the investigated tissue. A significant 

difference between the reflected spectra of the partially treated, fully treated, 

and untreated tissue was observed. If the treated tissue only represented 8% of 

the reflected spectrum (i.e., orthogonal to the lesion), no significant difference 

could be observed between treated and untreated tissue.  

The recordings demonstrated the clinical relevance of diffuse reflectance spec-

troscopy, providing valuable information about thermal tissue damage (i.e., le-

sion formation). The technology is easily integrated into a laser ablation catheter. 

An ADC count drop in the recorded spectra allowed discrimination between 

treated and untreated tissue. The ADC count drop relates to the observed pale-

ness of treated tissue. As Pickering [1] has shown, pale tissue possesses reduced 

reflective properties in the visible spectrum and increased scatter. Due to the 

tissue’s low density of reflective components in the 400 to 550nm wavelength 

range, no ADC count drop was observed in this range. Consequently, both treated 

and untreated tissue equally absorb or scatter the light, as observed.  
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The ability to discriminate between full, half, and a quarter lesions provides a 

great clinical benefit. With an empirically constructed baseline, a clear distinc-

tion can be made between (partially) treated and untreated tissue. This infor-

mation allows the physician to assess if the lesion is fully or only partially cre-

ated.  

Similarly, gaps in linear lesion schemes can be detected, potentially increasing 

the treatment efficacy and reducing the recurrence rate. Lesions formed below 

25% of the total catheter length will be hard to distinguish, as depicted by the 

reflectance spectrum of the orthogonal lesion. In this case, the untreated compo-

nent of the reflected spectrum is too dominant, preventing the detection of small, 

treated areas. The detection sensitivity can be increased by integrating multiple 

collecting fibers in series. 

As Rajinder P. Singh-Moon [3] already showed in his experiments, where he com-

bined a radiofrequency ablation catheter with an integrated near-infrared spec-

troscopy system, it is also possible to assess wall contact and measure the trans-

murality of the lesion. Especially for laser ablation, it is crucial to obtain good 

wall contact to ensure full lesion formation. The spectroscopic analysis could 

provide the necessary confirmation of wall contact.  

Studies by Demos and Sharareh[4] suggested that detection of thrombus for-

mation and carbonization of the endocardium can be detected by diffuse reflec-

tance spectroscopy. Not only would this increase the safety of standard ablation 

procedures, but it would be extremely helpful for the treatment of trabeculated 

surfaces or morphology with pouch-like recesses. [19 – 21]. These two features need 

to be confirmed for the linear ablation catheter, with integrated modified optical 
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fiber for reflectance spectroscopy. Moreover, in future investigations, the sensi-

tivity and specificity of the lesion recognition are to be assessed.  

Limitations 

Changes in reflective properties of tissue measured ex vivo may not wholly rep-

resent the expected in vivo reflective changes. The perfusion affects the color of 

the untreated and treated tissue. Additionally, the laser tissue interaction and 

the lesion characteristics may slightly differ from in vivo conditions. The lesion 

width is reduced, due to the convective cooling effect of the blood flow. The in-

fluence of cardiac contractions during the ablation and spectrum recording can 

also not be assessed in ex vivo conditions. 

Due to the small sample size, more data is required to further substantiate the 

study results and to provide a good baseline as reference for implementation in 

a clinical setting. 

Conclusion 

Diffuse reflectance spectroscopy is a promising lesion visualization tool for car-

diac arrhythmia ablation. By in situ spectroscopic analysis, a clear distinction 

could be made between treated and untreated tissue. Whether the addition of a 

second optical fiber to a linear laser ablation catheter can be used to assess lesion 

formation by reflectance spectroscopy in a clinical setting warrants further in-

vestigation. 
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7 General discussion and concluding remarks 
This thesis reports on a series of studies investigating the feasibility of laser-

induced tissue coagulation in a clinical setting, the effects of pulsed wave laser, 

and the use of reflectance spectroscopy to visualize lesions.  

Chapter 1 describes the treatment of cardiac arrhythmias and the catheter ab-

lation of atrial flutter and ventricular tachycardia (VT). For the ablation treat-

ment of atrial flutter, usually a transmural linear conduction block is created in 

the right atrium between the tricuspid valve and the cavotricuspid isthmus 

(CTI) by catheter-based application of cryo- or radiofrequency energy to the 

targeted substrate. The energy applications result in regions of myocardial ne-

crosis, disrupting the circular conduction pattern in the right atrium, hence pre-

venting the continuation of the re-entrant circuit that causes atrial flutter. 

These lesions need to be continuous and transmural. [1-3] to achieve acute con-

duction block and reduce the recurrence of the atrial tachycardia after ablation.  

The ablation of VT has shown to be effective for post-infarction scar homogeni-

zation. [4]. The border zone of scars, regions where myocardial scars are adja-

cent to surviving myocardium, represent regions of slow conduction and 

sources of VT. High-density delineation of the scar by catheter ablation is com-

monly the first step to eliminate all abnormal electrograms. [5-7]. Also ablation of 

idiopathic VT in the absence of structural heart disease is now well accepted as 

a safe and effective procedure. 

The electrical homogenization of myocardial scars achieved by catheter abla-

tion eliminates the heterogeneous low-voltage regions and converts them into 

electrically silent areas preventing the continuation of the re-entrant circuit 

that causes ventricular tachycardia.  
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More extensive and linear ablation schemes are associated with a better success 

rate and lower recurrence rate during ablation of large scar-related ventricular 

tachycardia.[8]  

Biophysical limitations of ablation are constituted by the thick ventricular walls 

with transmural circuits, where, besides the wall thickness, trabeculations and 

fat serve as barriers to effective power delivery into the scar. [9, 10] Therefore, 

deep and linear lesions are required to treat VT by catheter ablation effec-

tively.[11]  

In both fields, the use of different energy sources could overcome current limi-

tations of point-by-point RF ablations and the collateral damage to surrounding 

tissues associated with cryotherapies.  

Since lesion formation is a crucial factor in ablation therapy success, the lesion 

formation process and its principles form the basics of each procedure. The en-

ergy-based lesion formation relies on the exceedance of the tissue-specific ther-

mal threshold, either by removing or adding thermal energy, resulting in irre-

versible tissue necrosis (e.g., in RF resistive heating of the cardiac tissue exceeds 

applications the thermal threshold).  

In cryotherapies, energy deprivation exceeds the threshold due to local freez-

ing. The created regions of tissue necrosis need to be big enough to incorporate 

the target but small enough to minimize collateral damage to achieve the de-

sired therapeutic effect.  

Ex vivo investigations most commonly assess the first tissue interaction of new 

energy sources or ablation devices. The controllable environment of ex vivo in-

vestigations allows precise and identical energy applications, promoting com-

parability between device settings and catheter design regarding lesion for-

mation.  
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These investigations provide a first indication of the required treatment dose 

and an initial impression of device safety regarding tissue damage and thermal 

blood coagulation. Subsequently, these ex vivo findings are typically confirmed 

by in vivo animal investigations, focusing on lesion formation, procedural safety, 

and device handling in a clinical setting.  

Laser energy ablation 

For every energy source, the main challenge is finding the correct balance be-

tween therapeutic effect and safety. Lesion continuity and transmurality are re-

quired to effectively prevent the continuation of the re-entrant circuit from 

achieving the desired therapeutic effect in CTI and VT ablation.  

Concurrently, the applied therapeutic dose may not lead to myocardial disrup-

tion at the target site, extracardiac damage, or acute periprocedural complica-

tions related to the energy application. These aspects are to be assessed exper-

imentally and confirmed via in vivo studies.  

This thesis chose laser energy as an energy source for the endocardial ablation 

of the cavotricuspid isthmus and the epicardial ablation of ventricles. Laser en-

ergy is known for its precise lesion formation [12] and can be shaped to create 

unidirectional linear lesions.  

In the thermo-ablative treatment of cardiac tissue by laser energy, the targeted 

tissue is heated by the absorption of laser light until a lesion is formed, resulting 

in regions of myocardial necrosis.  

A deflectable linear laser ablation catheter with a side-firing laser-active area of 

20mm, was developed as described in Chapter 2. The potential linearity of the 

created lesions could be beneficial in the ablation of the cavotricuspid isthmus 

that requires a linear lesion between 27±3,3 mm and 37±8 mm, [13] or in the 
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case of a VT scar, homogenization that demands a unidirectional energy emis-

sion preventing excessive thermal effects on surrounding tissues.  

By its bidirectional steering and diameter of only 8.5 Fr, this catheter design 

allows transfemoral access for endocardial ablations and subxiphoidal access 

for epicardial ablations. However, the uniqueness of this linear laser ablation 

catheter lies in the homogeneous unilateral laser emission over a length of 

20mm. This is achieved by modification of optical fiber, allowing laser light to 

escape from a single side of the fiber. The length of this lateral emission can be 

varied between 20 and 100mm, depending on the desired application. This lat-

eral extraction of laser light defers strongly from the currently available laser 

ablation devices solely relying upon emission at the tip[14] or reflection of the 

tip emission.[15] 

 Compared to existing linear multipolar RF catheters[16] and RF balloon cathe-

ters [17], this kind of homogeneous laser emission is unique since the lesion for-

mation occurs contemporaneous and homogeneous over the entire length of 

the catheter. Lesions created by RF catheters expand from the electrodes, 

achieving linearity by lesion connection between two electrodes. Hence, RF re-

lies on lesion creation by resistive electrical heating between two poles, while 

laser relies on heating by absorption of the homogeneously emitted laser en-

ergy over the entire catheter length at once.  

The effects of laterally emitted laser light on cardiac tissue by the 20mm linear 

laser ablation catheter were initially assessed in an ex vivo dose-finding study. 

Laser energy was applied to a freshly excised porcine heart between 60 and 

150s with power varying between 20W and 30W. Power applications at the CTI 

lead to transmural atrial lesions at a power of 25W and application time of 60s. 

Power applications on the ventricular surface led to a maximum lesion depth of 

9mm at a power of 30W and applications time of 120s.  
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These outcomes were validated by a subsequent in vivo proof of concept study, 

as reported and discussed in Chapter 3. In this study, eight endocardial CTI ab-

lations and 26 epicardial ventricle ablations were created. Complete transmural 

CTI lesions could be achieved by connecting between two and three power ap-

plications, extending from inside the tricuspid valve towards the inferior vena 

cava. Between applications, the catheter was incrementally retracted towards 

the sheath.  

After the procedure, the right atrium was dissected and opened, allowing mac-

roscopic assessment of transmurality and lesion size by an experienced 

pathologist. The linear laser catheter created homogeneous and transmural le-

sions at the CTI. As past studies have shown, this lesion homogeneity and trans-

murality are essential for procedural success. [1-3]   

A direct relationship between confirmed bidirectional conduction block at the 

isthmus and macroscopically assessed lesion homogeneity and transmurality 

was established by several animal studies. [18-20] Therefore, the results reported 

in Chapter 3 indicate the strong feasibility of CTI conduction block by linear la-

ser lesion ablation, despite the absence of conduction block confirmation by 

mapping or pacing.  

Admittedly, the ideal morphology presented by the swine model supplies a 

preferable substrate to target, compared to the complex and diverse CTI anat-

omy of humans. Typical anatomical peculiarities, such as a prominent Eusta-

chian ridge, pouchlike recesses, and pectinate muscles, can make the ablation 

of the CTI in humans challenging. The suitability of the linear laser ablation 

catheter to achieve conduction block in challenging CTI anatomy is to be con-

firmed.  

Besides the benefits of homogeneous and transmural lesions, the procedure 

times could be reduced. The required laser time between 120s and 180s is 
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shorter than current RF ablation times. [21] The reduction is mainly driven by 

the linear fashion of the energy application, overcoming the necessity of time-

consuming point-by-point energy applications as customary for RF ablation 

catheters. 

A midline sternotomy was performed to allow free access to the epicardial sur-

face of the ventricles to investigate the ventricular lesion formation in the por-

cine animal model. The left and right ventricle were targeted for catheter abla-

tion, aiming to assess the maximum lesion depth and lesion linearity. After the 

procedure, the right and left ventricle were dissected and opened, allowing 

macroscopic assessment of lesion size by an experienced pathologist. In most 

cases, the RV ablations resulted in transmural lesions, depending on the thick-

ness and presence of papillary muscles. A maximum lesion depth of 9mm In the 

left ventricle could be achieved, insufficient to obtain lesion transmurality.  

As past studies have shown, deep and linear lesions are essential for procedural 

success.[9-11] A direct relationship between areas of reduced voltage due to epi-

cardial ablation and macroscopically assessed lesion homogeneity and depth 

was established by several animal studies.[22-24]  

Therefore, the deep and linear ventricular lesions reported in this study indi-

cate strong feasibility of electrical homogenization of myocardial scars by linear 

laser-lesion ablation, despite the absence of confirmed voltage reduction by 

electroanatomic mapping. Compared to past epicardial RF ablation studies, [23, 

25] the obtained laser-induced LV lesions were deeper and more homogeneous. 

Increased lesion depth could provide a solution to overcome current challenges 

in the ablation of intramural sites of the left ventricular summit, papillary mus-

cles, or interventricular septum. [9-11]  

The linearity and homogeneity of the laser ablations could effectively minimize 

the risk of lesion and conduction gaps, increasing the likelihood of durable 
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lesions, improving procedural success. The procedural advantage is in the uni-

directional laser emission preventing damage to the parietal pericardium, un-

derlying tissues, or phrenic nerve.  

Complications related to catheter-ablation-induced injuries to the visceral per-

icardium are commonly reported in minimally invasive procedures with RF and 

cryo-energy. [26-28] By its unilateral emission, only the epicardial surface is irra-

diated with laser energy, leaving the visceral pericardium and underlying tissue 

structures unaffected and reducing the risk of ablation related post-procedural 

complications.  

In general, the observed safety profile of the endo- and epicardial ablations 

aligned with those of current state-of-the-art procedures, presenting no record-

able incidents or signs of blood clot formation or charring. Therefore, laser en-

ergy provides a great alternative to current RF and Cryo-devices regarding le-

sion formation while presenting a similar intra-procedural safety profile to 

state-of-the-art devices.  

Future studies need to elaborate on these findings. This in vivo study did not 

assess long-term safety and should be considered in follow-up studies with this 

linear laser ablation catheter.  

By comparing the energy-dependent in vivo lesion depth with the ex vivo 

dose-finding study, the ex vivo lesion formation model could be validated. Since 

no significant difference in lesion depth was seen, it was concluded that the ex 

vivo model can be well used to predict the energy-dependent in vivo lesion 

depth. This is significant to define the ideal energy settings to achieve the de-

sired therapeutical effect while limiting the effect to underlying tissue struc-

tures.  

 

Pulsed wave laser 
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In past laser ablation investigations, a laser was applied in a continuous man-

ner. [29-31] The pulsed-laser application could improve epicardial lesion for-

mation and reduce susceptibility to endocardial blood-clot formation. [39-41] Sim-

ilar effects on the safety profile, selective tissue necrosis, and increased proce-

dural efficacy as recently observed in pulsed-field ablations [35-38] may be ob-

served with PW laser applications. 

 We investigated the effects of pulsed wave (PW) laser on lesion formation and 

thermal coagulation of blood compared to continuous wave (CW) laser as de-

scribed in Chapter 4.  

A parameter-finding study was conducted on avian tissue to define suitable 

pulsing parameters for pulsing duty cycle and frequency regarding lesion 

depth. The parameter study showed satisfactory results at a duty cycle of 85%, 

leading to reduced heating of the superficial tissue layers and equal-lesion 

depth compared to continuous-wave power applications. The lesion depth was 

assessed macroscopically by an orthogonal section at the lesion site, which con-

firmed the predicted cool-down phase and lower temperature at superficial tis-

sue layers while maintaining tissue heating in deeper layers.  

In later steps, the lesion homogeneity was assessed by measuring the lesion 

depth over the entire length of the linear ablation catheter. Pulsing also did not 

affect the lesion homogeneity compared to continuous wave applications. This 

result confirmed that pulsed laser applications provide a superior alternative 

to continuous-wave applications, lowering the superficial tissue temperature 

while maintaining identical-lesion depth.  

The clotting limits for continuous and pulsed wave-power applications were 

assessed in stagnant oxygenated blood to establish the influence of pulsed-

wave laser on the thermal coagulation of blood. These investigations showed 

that pulsing allowed higher power applications than continuous wave before 
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clot formation was observed. This finding confirmed that pulsing also provided 

a cool-down phase for red blood cells, the main absorbing component in blood, 

reducing overheating and coagulation of proteins. 

The provided cool-down phase primarily increases the safety profile of laser-

based catheter ablation procedures and allows higher application powers. In 

this case, higher power applications could reduce application times since trans-

murality is achieved quicker. This principle could also be applied to existing la-

ser ablation devices, such as the visually-guided laser balloon, to increase the 

safety profile of endocardial pulmonary vein isolation procedures without af-

fecting the lesion formation and procedural outcome. 

Pericarditis presents a well-known post-procedural complication in epicardial 

catheter-ablation procedures caused by initial damage to the pericardial and 

superficial myocardial tissue through trauma or ablation.[39]  

Therefore, it is vital to minimize ablation-related damage to the visceral and 

parietal pericardial surface. This can be achieved by reduced absorption in the 

superficial layers of the epicardium due to pulsing, utilizing directed laser emis-

sion preventing unwanted side effects on the parietal pericardial tissue. Appli-

cations on freshly excised porcine hearts showed reduced heating and less sur-

face charring for pulsed-wave laser applications than continuous-wave laser 

and current state-of-the-art RF applications. [40, 41] These findings also con-

firmed the cool-down phase of the superficial tissue layers evoked by pulsing, 

as observed in the heating of red blood cells. Hence, pulsed laser applications 

could reduce the risk of post-procedural pericarditis due to reduced damage to 

the pericardial tissue. This assumption needs to be investigated by chronic in 

vivo studies comparing pulsed laser applications to RF.   

Although the laser applications showed low collateral damage to surrounding 

tissue structures, the unique tissue-selective lesion formation properties of 
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PFA[2] could not be achieved. PFA relies on the biophysical phenomenon of ir-

reversible electroporation, which increases the cell membrane permeability of 

the by nano-scale pores in the lipid bilayer due to the applied electrical field, 

resulting in apoptosis.[20-22] The laser is an electromagnetic radiation emitting 

device consisting of synchronized oscillations of electric and magnetic fields. 

However, the electrical field of 980nm laser irradiation did not have the electri-

cal field strength to induce irreversible electroporation. 

Besides the identified catheter-dependent effects of pulsed-wave laser on the 

thermal coagulation of blood, this investigation showed that hematocrit was the 

crucial factor in laser-induced blood clot formation. For a 980nm laser, red 

blood cells are the main absorbing components in blood. The absorption-re-

lated excessive heating of red blood cells triggers coagulation of comprised pro-

teins, such as hemoglobin, leading to thrombus formation. Thus, the hematocrit 

directly determines the number of absorbing components that could result in 

blood clots. Future in vivo animal studies concerning the procedural safety of 

laser ablation devices need to address this factor.  

Properties of laser-ablation catheters 

The earlier investigations compared many properties of the laser-ablation cath-

eter to current RF catheters. Chapter 5 extended this comparison by estimating 

the required energy to achieve transmural tissue necrosis, based on a thermal 

isotherm of 60.6°C for an RF and laser ablation catheter. In general, the required 

energy to produce transmural lesions of equal length and volume was lower for 

laser applications. This finding showed that the underlying biophysical princi-

ple of laser-induced tissue coagulation differs strongly from thermal coagula-

tion by RF energy. The observed thermal latency characterized by the rising 

transmural temperature after cessation of the RF energy application supported 
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this conclusion. However, it which was not observed in laser energy applica-

tions.  

Increased understanding of the heating process resulting in a more accurate 

prediction of the extent of necrotic tissue prevents underestimation of the le-

thal myocardial temperature or overestimation of the lesion size. This in-

creased understanding allows exact selection of power settings and specifica-

tion of the maximum interlesion distance (ILD), minimizing the occurrence of 

conduction gaps. The results of this investigation corroborated the findings of 

Taghji, [42] where the lesion contiguity was optimized by limiting the inter-le-

sion distance (ILD) to <6 mm, and by implementing an ablation index for the 

posterior and anterior wall. This study confirmed that an ILD <6 is necessary to 

reduce lesion gaps and increase the long-term procedural efficacy. The obser-

vations for laser applications can define the required lesion overlap to promote 

continuous transmural lesions for future and current laser energy devices.  

An additional optical fiber was added to the laser ablation catheter to improve 

the procedural success of ablation therapies further, allowing intraprocedural 

assessment and confirmation of the lesion continuity. Both integrated optical 

fibers could be used to subject the cardiac tissue to reflectance spectroscopy.  

Chapter 6 investigated the visualization of thermally-induced tissue damage by 

diffuse reflectance spectroscopy via a modified optical fiber. For this purpose, 

the integrated illuminating fiber irradiated the tissue. The reflected spectrum 

was recorded by the additional collecting fiber, resulting into a wavelength-de-

pendent ADC count. A clear ADC-count drop could be observed in the range of 

650 to 750nm (red light) between treated and untreated tissue. This drop cor-

responds to the commonly observed tissue discoloration induced by thermal-

ablation therapy, containing fewer red components. Through the recorded 
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ADC-count drop, discrimination between treated and untreated tissue is possi-

ble.  

The use of reflectance spectroscopy in a clinical setting could improve the pro-

cedural efficacy of linear laser-ablation catheters since lesions and lesion for-

mation can be observed directly over the entire application length. It can also 

be applied to localize previously treated or untreated areas identifying suitable 

target sites and lesion gaps for touch-up procedures. 

 
Conclusions 

Overall, the investigations showed that the 20mm linear laser-ablation catheter 

can produce homogenous and transmural atrial lesions and deep linear ventric-

ular lesions. The catheter could fill a device gap in the current ablation-catheter 

market by its lesion characteristics and flexible design. Improvements in pro-

cedural safety and lesion continuity can be made using pulsed laser and inte-

gration of reflectance spectroscopy.  
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Summary 
Novel laser energy applications for the treatment of cardiac arrhythmias 

 

Over the years, ablation therapy has been introduced into treatment of a variety 

of cardiac arrhythmias.  

Traditionally, radiofrequency or cryo-devices are used to place lesions in the 

myocardium to interrupt specific arrhythmogenic mechanisms.  

In this thesis, we investigated the use of laser energy as an ablation modality 

with a novel, linear, laser-ablation catheter. This steerable 8.5 Fr laser catheter 

allows homogeneous unilateral laser emission over a length of 20mm. Through 

ex vivo experiments with this catheter, the parameter settings were defined to 

achieve transmural atrial lesions.  

In animal experiments, characteristics of lesion formation were investigated 

while at the same time assessing aspects with potential relevance for proce-

dural safety. The cava-tricuspid isthmus was targeted for endocardial power 

applications under fluoroscopic guidance in these studies. Subsequently, a com-

plete sternotomy was performed to allow epicardial ablations on both ventri-

cles.  

After the procedure, the atria and ventricles were dissected to perform macro-

scopic analysis of both lesion sets. Well-defined transmural linear lesions were 

found in the atria and lesions up to 9mm in the ventricles. We compared the 

lesion formation process in laser and radiofrequency energy applications to put 

these results into perspective. The underlying tissue coagulation principles dif-

fered strongly between both energy modalities, although both could achieve ir-

reversible tissue damage.  
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The pulsed-wave laser was compared to continuous-wave application to im-

prove the lesion formation and potentially safety of endocardial laser-ablation 

procedures. Therefore, we investigated the effects of pulsed-wave laser on tis-

sue coagulation and thermally-induced blood clot formation. Pulsing reduced 

the absorption in superficial tissue layers, diminished the risk of blood clot for-

mation, and prevented steam pops during ablation of fat-covered tissues.  

In the final investigation, we fitted an additional optical fiber to the laser abla-

tion catheter, allowing direct visualization of the created lesions by reflectance 

spectroscopy. A clear distinction could be made between treated and untreated 

tissue by illuminating the target site with one fiber and capturing the reflected 

spectrum with the additional fiber.  

Overall, the catheter could create linear transmural atrial and deep ventricular 

lesions in the performed animal studies. The use of pulsed-wave laser applica-

tions improved the lesion formations process and reduced thermally induced 

blood clot formation compared to continuous-wave applications. The integra-

tion of an added optical fiber allowed spectroscopical analysis of the target site, 

allowing direct visualization of the lesion-formation process, supplying a useful 

tool to prevent lesion gaps. 
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Significance of Investigation 
In this thesis, the studies’ aimed to investigate the technical feasibility of laser 

energy in the treatment of cardiac arrhythmias. These energy-based treatments 

are called ablation therapy. 

Several arrhythmias can be treated by ablation therapy, selectively destroying 

abnormal tissue to inhibit cardiac arrhythmia. In current ablation therapies, a 

catheter heats or cools the cardiac tissue to prevent the occurrence and sustain-

ment of the arrhythmia. In the past, laser energy was already explored as feasi-

ble energy source for this treatment of cardiac arrhythmias. The linear laser 

catheter developed and investigated in this thesis could provide an alternative 

to the existing ablation devices, by delivering the necessary energy to the tissue, 

achieving the required tissue coagulation.  

To deliver the necessary laser energy to the target site, the light needs to be 

transported and emitted at the desired location. Via an optical fiber the light can 

be transported from the laser source into the heart. By creating small openings 

at the end of the optical fiber light is emitted laterally over 20mm. The ability to 

extract laser light laterally in a linear fashion by creating small holes in the fiber 

is unique. The completeness of linear ablation is positively associated with ab-

lation success and can be difficult to obtain with current ablation devices. Com-

pared to focal treatment linear emission allows a homogeneous tissue treat-

ment over a longer area, fostering improved procedural outcome and reduced 

duration.  

The technical feasibility, laser interaction and preliminary safety of the cathe-

ter design was tested in lab conditions with freshly excised animal tissue (ex 

vivo) and later confirmed during animal studies (in vivo). In vivo studies 

showed good results in energy applications from inside (endocardial) and 

from outside (epicardial) the heart suggesting suitability as alternative to 
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existing treatment devices.  The presented results in this thesis contain im-

portant new information regarding fast and linear creation of lesions by laser 

energy, with a small and flexible ablation catheter. 

In contrast to the previous ex vivo and in vivo investigations, laser can also be 

applied in a pulsed fashion. In these applications optical power appears in 

pulses of some duration at some repetition rate.  

In past research the beneficial properties of pulsed laser sources were investi-

gated. The inherent cool down period between the pulses can reduce or even 

prevent excessive tissue damage, and increases the safety of energy applica-

tions. By ex vivo studies these beneficial properties could be confirmed for the 

developed laser ablation catheter. Damage to the cardiac tissue, and suscepti-

bility to blood clot formation due to laser ablation could be reduced. These find-

ings also of interest for presently existing laser ablation devices to increase pro-

cedural safety.  

 

Finally, a possibility was sought, to visualize the lesion formation process. The 

utilized optical fiber of the ablation catheter also allowed normal light to be 

transported to the target site, besides the usual laser energy dose. By integrat-

ing an extra fiber, the reflection of the normal light could be captured. The rec-

orded spectrum can provide information about the examined tissue. High re-

flection of red light indicates untreated tissue and low reflection treated tissue. 

Analysis of the spectra before and after successful treatment showed this re-

duced reflection of red light, indicating tissue ablation. This could provide the 

physician with useful information about the catheter position and the success-

ful execution of the ablation procedure.  
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Overall, the obtained results contribute to understanding how laser can treat 

arrhythmias by ablation therapy and improve catheter ablation procedures. 

Furthermore, the results uncovered new capabilities of fiber-based optical sys-

tems, allowing lateral extraction of light from an optical fiber. Thus, general in-

terest is created for the physician-scientist in the field of catheter ablations but 

also for the physicist studying fiber-based optical systems. 
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