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ABSTRACT

IMITATION OF RADIOFREQUENCY ABLATION WITH
FIBER DELIVERED LASER SYSTEM FOR MAGNETIC
RESONANCE GUIDED TREATMENT OF ATRIAL
FIBRILLATION

M. Can Kerse
M.S. in Electrical and Electronics Engineering
Supervisors: Prof. Dr. Ergin Atalar,
Asst. Prof. Dr. F. Omer ilday

January, 2010

Atrial Fibrillation (AF) is among the most common cardiac arrhythmias
with a high risk of mortality and morbidity. As a cure several minimally
invasive catheter approaches are performed under imaging guidance. These
treatments imitate linear and transmural cuts and sutures along the atrial walls
similar to the widely accepted surgical Cox Maze procedure to block undesired
currents. Catheter delivery of RF energy to the cardiac chamber is widely used
and approved as safe and successful. The operation is commonly performed
under X-Ray which is deprived of soft tissue contrast. Besides, combination of
the image with ECG (electrocardiogram) data makes the operation technically
difficult and time consuming. Due to the long exposure times, X-Ray burns may

be seen on the patient.



MR images can be taken during RF ablation with proper matching and
tuning circuits, however, during the operation RF and ECG catheters may cause
artifacts in the image for some orientations. On the other hand, fiber delivery of
laser energy has no significant MR compatibility issues and can be used under
MR guidance. Nevertheless, MR guided laser ablation is not in clinical practice
as a minimally invasive technique for curing AF possibly because of the risk of
perforating the myocardial wall. Excess light intensity at the end of the fiber tip
causes rapid changes in the temperature gradients which may cause charring.
This is an undesired effect and especially in cardiac ablations, light intensity
should be diffused. There are several diffusing tip designs to emit light in
cylindrical symmetry, but, due to their orientation with respect to the cardiac
chamber, common RF delivery methods cannot be applied directly.

In this thesis, we propose a novel multiple fiber laser energy delivery
with catheter approach and a system that imitates the scars created with RF
probes under MR guidance. The system closely imitates the ablation pattern of
RF delivery and therefore is expected to have quick adaptation by physicians.
As a proof of principle, we used 3 fibers oriented in different directions and
obtained real time MR thermometry maps of the ex-vivo and in-vitro ablation
zones during laser delivery. In addition, various light diffusion methods are
considered for single fiber power delivery. We believe the combination of these

methods will be the solution for the MR compatible RF laser ablation system.

Key words: RF ablation, Laser Ablation, Minimally Invasive Approaches to
Cardiac Arrhythmias, MR Thermometry Guided Ablations, Image Guided

Interventions, Obtaining Spherical Ablation Lesions, Interventional MRI.



OZET

MANYETIK REZONANS GORUNTULEME YARDIMI iLE
ATRIYAL FiBRILASYON TEDAVISI iCIN
RADYOFREKANS ABLASYONUNUN FiBER iILETIMLI
LASER SISTEMI ILE TAKLIT EDILMESI

M. Can Kerse
Elektrik Elektronik Miithendisligi, Yiiksek Lisans
Tez Yoneticileri: Prof. Dr. Ergin Atalar,
Yrd. Dog. Dr. F. Omer ilday

Ocak, 2010

Atriyal fibrilasyon (AF) mortalite ve morbidite riski ylksek olan ve en
sik goriilen kardiyak aritmiler arasinda yer almaktadir. Tedavi olarak, atrial
duvar boyunca dogrusal ve derinlemesine kesikler ve dikislerle istenmeyen
doku ici elektriksel akimlar1 engelleyen ve yaygin olarak kabul géren cerrahi
“Cox Maze” prosedurunu taklit eden ve gorintileme esliginde gergeklestirilen
birgok minimal girisimsel kateter yaklasimi mevcuttur. Kalp odaciklarinda
yapilan RF operasyonlar1 yaygin olarak kullanilmaktadir ve giivenli olarak
addedilmektedir. Operasyon yaygin olarak yumusak doku zitligindan yoksun X-
Isinlar altinda yapilmaktadir. Ayrica, EKG (elektrokardiyografi) verileri ile bu
yetersiz goriintiilerin yorumlanmasi ve uygulanmasi teknik olarak zor ve zaman
alicidir. Dolayisiyla, operasyon sirasinda uzun sure radyasyona maruz kalan

hasta Uzerinde radyasyona bagh yaniklar gorilmektedir.
RF ablasyonu sirasinda uygun esleme ve ayar devreleri kullanilarak MR

gortintiileri alinabilmektedir, ancak operasyon siiresince, belli oryantasyonlar

icin RF ve EKG Kkateter ve doku gorintiilerinde bozulmalar gérilmektedir. Ote
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yandan, fiber araciligi ile lazer enerjisinin taginmasinin, bilinen hicbir MR
uyumluluk sorunu gézlenmemistir ve bu yontem MR yardim ile kullanilabilir.
Fakat bu yontemde miyokard duvarini delme riski oldugundan, yontem AF
tedavisinde kullanilmaz. Fiber ucundaki ¢ok yogun 1sik siddetinden otiird,
normal bir fiberin dokundugu yerde ani sicaklik degisimleri olmaktadir ki bu da
komiirlesme adi verilen ve 6zellikle kardiyak ablasyonlarda istenmeyen bir etki
yaratmaktadir. Bu etki, yogun 15181n sacgilmasiyla (daha genis alana yayilmasi
ile) elenebilir. Silindirik simetride 151k yaymak icin birkag¢ fiber kateter ucu
tasarimi vardir, ancak, ablasyon sirasinda kalp odasina gore konumlari
nedeniyle, var olan RF dagitim yontemlerini dogrudan uygulamak miimkiin

olmamaktadir.

Bu tez caligmasinda, MRG yardimli kateter yontemi ile fiber 1s1gini
coklu fiberlerle kalbe tasiyacak ve RF ablasyon yaralarini aynen taklit edecek
olan yeni bir lazer sisteminin 6n ¢aligmalar1 yapilmistir. Sistem, RF yaniklarim
taklit ettigi icin ve radyolojide RF kateterleri sik¢a kullanildigi igin, operator
doktorun bu yeni MR uyumlu sisteme kolayca aligmasi beklenmektedir. Ugli
lazer fiber sistemi, ex-vivo ve in vitro denekler lizerinde yaniklar olusturmak
icin kullanilmigtir. Ablasyon sirasinda, olusan lezyonun zamana bagli sicaklik
degisimi ve sekli, ger¢ek zamanli MR - Termometri gorintileri ile teyit
edilmistir. Bunlara ek olarak, tek fiber ile 15181 kiiresel simetride sagma
caligmalar1 yapilmistir. Inaniyoruz ki, bu yontemlerin birlesimi, MRG uyumlu

RF lazer sistemleri i¢in ¢6ziim olusturacaktir.

Anahtar Sozcukler: RF Ablasyonu, Lazer Ablasyonu, Ritim Bozukluklarinda
Minimal Girisimsel Yontemler, MR Termometri Yardimli Ablasyonlar,
Goruntd Yardimh Girisimsel Ameliyatlar, Kiiresel Ablasyon Yaralarin Elde
Edilmesi, Girisimsel MRG.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Atrial Fibrillation (AF) is one of the most common cardiac arrhythmias
[1]. The atria (upper chambers of the heart) of a patient with AF fibrillates
(quivers chaotically) rather than beating in its normal rhythm. These fibrillations
occur due to the chaotic electrical activities in the atria. Usually, in a normal
beating heart, the electrical activities originate from two contraction centers.
The electrical signal first triggers the SA node to contract. This signal then
travels along the electrically active cells to the AV node and through the hiss
bundle; it branches and forms the normal beating rhythm [2]. However, in atrial
fibrillation, there are several activation centers rather than the SA node, causing
disoriented contractions. This kind of the behavior of the electrical activity
makes the atria less effective and prevents blood to be less circulated. This
inefficiency increases the risk of blood clots formation that could ended up with
stroke.

The statistics show that AF is the most common arrhythmic cause for
hospitalization and increases the stroke risk by 2 folds and mortality risk by 5
folds[3]. AF is responsible for about 20% of all strokes. By age 40, the
remaining lifetime risks for atrial fibrillation are 26% for men and 23% for
women. For patients age 85 and older, the rates of occurrences of atrial
fibrillation are 1,077 / 100 000 in men and 1,204 / 100 000 in women [4].



There exist various pharmacologic treatments, however they frequently
fail and are not enough for a complete cure [5]. In cases where drug therapy
does not work a surgical operation called Cox Maze procedure is applied [6].
The operation is performed with multiple linear and transmural cuts and sutures
within the atrial walls to block the undesired currents originating from those
activation centers. The operation has some risks due to the open scars and
bypassing of the heart; besides, it is lengthy and challenging [7]. Therefore,
many researchers are investigating minimally invasive techniques such as
radiofrequency ablation [8], focused ultrasound ablation [9], laser ablation [10],
microwave ablation and cryoablation (cold therapy) [11]. The proposed method
is not different than that is in the Cox Maze procedure. The aim of this catheter
and focused energy approach is to imitate the incisions made with Cox Maze
procedure with minimally invasive approach. Therefore, they are all based upon
forming linear and transmural conduction blocks and the ones with catheter

approach are called “catheter maze procedure” because of this reason [1].

1.1.1 THE COX MAZE PROCEDURE

The origins of the procedure were claimed by Cox et al. in 1980 [12].
Later in 1987, the Maze procedure was introduced as a curative surgical
approach to atrial fibrillation [1]. Subsequently, the same group introduced
Maze Il and Maze Ill operations with some modifications [5]. After
preoperative endocardial catheter electrophysiology studies are performed, the
Maze procedure is applied by the surgeon. During this operation, the heart is
bypassed and the blood flow is directed through the heart-lung machine. The
heart is cut and sewed (this is also called “cut and sew” technique) to form
multiple full thickness incisions. These incisions cause the currents originated

from accessory pathways to be blocked.

Statistics show that the Maze procedure has 98% of success rate. In the

long term, this ratio decreases to 95% [12]. Because of this high success rate,



the Maze procedure is widely accepted and applied also in catheter based
treatments. However, technical complexity makes the procedure time
consuming (on average 250 min). Also, complications due to postoperative
bleeding may occur (with an incidence ratio 7% - 8%) [6, 7]. Therefore,
research is being done to find alternative approaches to perform Maze procedure

with minimal invasion.

1.1.2 RADIO FREQUENCY (RF) ABLATION

RF ablation can be considered as a new but promising technique in
surgical operations. According to the statistics, number of articles published on
RF ablation has increased from 19 to 828 between 1990 and 2005.
Radiofrequency ablation has been utilized in a variety of areas [13], including

tumor ablations [14] and cardiac arrhythmias [8].

Catheter delivery of RF energy to create linear scars in myocardium is a
less invasive technique compared to surgical Cox Maze procedure as the cure of
atrial fibrillation. Statistically, the survival rate amongst patients with AF
underwent radiofrequency ablation is 97%, where, the rate of success of the
operations is given as 76% in average. Moreover, the open surgery related
postoperative symptoms are minimized with RF ablation. Therefore, catheter
delivery of RF energy to the cardiac tissue in the cure of AF is widely used and

considered safe and successful [6].

The principal of the operation is to apply high frequency current (100
kHz — 1MHz) at 20 — 150 W [7, 8, 11, 13] to the myocardial tissue through
electrode catheters. There exist at least two electrodes to complete the electrical
circuit. The smaller electrode is placed onto the myocardial wall and the larger
one is used for grounding. Owing to the type of the RF ablation device



(unipolar, bipolar) the placement and dimensions of the grounding electrode
may differ. RF energy is delivered to the distal tip electrode of the catheter. In
the vicinity of the small electrode tip, the delivered energy needs to be
dissipated through a small area with a high current density. Inside the frequency
range of application, the tissue is mostly resistive [15, 16]. The high current
density encountering high impedance cause intense heating in the vicinity of the
contact electrode [8]. However, this resistive heating occurs within 1mm range.
Therefore, rest of the ablation is due to the thermal conduction from the area
where resistive heating occurs. Especially for unipolar catheters, the required
ablation time is in the order of minutes. Even though it is the slowest method, it

gives better control on the process [11].

There is a strict and vital relation between the electrical conductivity and
heat generation. When tissue is heated, its conductivity changes with respect to
the excess heating. Above 50°C, irreversible cellular destruction starts to occur
and the regions in that range are considered as lesions [7, 17]. Generally,
temperature controlled and irrigated tip RF catheters are used to increase the
efficiency of ablation. The temperature control threshold value is adjusted to
70°C — 90°C [1, 18]. Because, at 100°C carbonization or char is formed at the
electrode tissue contact area, which results in a sudden increase of electrical
impedance [7, 13, 19]. The increase in impedance limits the current flow and
increases the stroke risk while decreasing the chance of the creation of optimal

lesion.

In order to increase the efficacy of RF ablation, studies are being made
on thermal electrical modeling of the ablation process [8, 13, 15, 20, 21] and on
temperature distributions in cardiac wall [22] with or without blood flow
calculations. The blood flow calculations have essential importance for exactly

representing the beating heart. At zero flow, lesion size will be largest but



charring may occur. The flow calculations are added after calculating the
current density — heat related equations. The simplest relation between the

current density and the heat is given as [8]

J = JopSAR

where J is the scalar current density (A/m?), p is the density (kg/m®), o is
electrical conductivity (S/m) and SAR is the specific absorption rate (W /kg). In
their studies on 3D FEM (Finite Element Model) of RF ablation with blood
flow, Jain and Wolf solve the simple Laplace equation of voltage distribution.
There on, they develop their model by solving mass, momentum and energy

equations.
V-agVp=0

where ® is the voltage distribution in the model. Then, with a quasi-static
approach (by neglecting the displacement currents), distributed heat source q is

related as
a=] E=o-(V¢)’

where, E is the electric field intensity. Combining this electrically and thermally
coupled problem with mass momentum equations yields a partial and complex

differential equation called Penne’s Bio-heat equation.

In their numerical model, Labonte et. al. [23] included the variations in
tissue properties with respect to time for endocardial ablations. Since the
temperature during the ablation is torrid, they ignore metabolic heat generation
Qm and myocardial perfusion Q, of general heat equation and get the simple
formula relating the temperature of the lesions and volumetric heat due to the
conduction. It should be noted that to solve the differential equations, boundary

conditions should be separately included.



pc 2= V- (kVT) +Q,

Solving for temperature distributions does not always vyield better
comprehension of lesion dimension. It has been shown that temperature
isotherms may poorly correlate with lesion size [24]. For this reason, in parallel
to the simulative and mathematical approach, both in vivo and in vitro
experiments are being conducted to gain a better understanding between the

parameters of ablation and to get actual tissue damage patterns.

After RF delivery to myocardial tissue, lesions appear wider than they are
deep. By endocardial ablation, Thomas et. al. obtained 3.8 = 0.7mm deep and
8.1 + 1.6 mm wide lesions by feeding the electrode with a 150W RF generator
with target temperature of 85°C for 60 seconds of ablation [18]. Similarly,
Nakagawa et. al. also obtained 4.7 + 0.6 mm deep and 9.8 £ 0.8 mm wide
lesions [25]. The average thickness of the human atrium is less than 5 mm.
However, thickness may show some variations over the atrial chamber and may
increase up to 6mm [18]. As it is seen from both works, lesions are wider than
they are deep. According to the statistics and research, larger lesions may
improve procedure efficacy with a drawback of excess loss of atrial tissue
which may reduce atrial contractility [1]. So, to obtain optimal lesion size and
formation, the duration, delivery type (continuous or intermittent), applied
power, electrode size and its orientation with respect to the atrial wall [25]

should be properly adjusted.

1.1.3 LASER ABLATION
Laser (Light Amplification by Stimulated Emission of Radiation) energy
delivery had been introduced to the medical field in late 1950s and emerged

especially in ophthalmology field. Since then, it has been utilized in various



areas including tumor ablations, prostate treatment, certain cardiac arrhythmias
and became a widely used procedure [26]. There are more than 20 laser types
in the medical field to be used in several branches of the medical field. For
example, Nd:YAG (Neodymium doped Yttrium Aluminium Garnet) at 1064 nm
and 532 nm with second harmonic generation are among the most commonly
used in many areas of medical fields such as ophthalmology and dentistry. Xe —
Cl mid-infrared lasers have 2940 nm wavelength and used primarily on skin
surgery. CO, lasersat 10 um are used in dentistry and other areas. Diode lasers
designed to operate at various different wavelengths are increasingly commonly

used.

The main and discriminating attribute of a laser system is its wavelength.
Tissue and materials have wavelength dependent absorption, which determines
how deep a laser beam can penetrate into the material. Equally important is the
type of energy delivery; continuous or pulsed, where pulse duration (10™*°to 10°
seconds) together with the power density (W/cm?) directly affects the type of
interactions occurring inside the tissue. The physical mechanism of these
interactions are greatly including, photochemical, thermal, plasma induced,
photoablation, and multi-photon absorption. In addition to the properties above,
with the invention of Q — switching, shorter pulse durations were obtained,
where only pulse durations shorter than 1000 ns (the average relaxation time of
excited tissue) provide non-thermal ablation. This process is primarily used not
to cause any deformations in neighboring regions of ablation zone or to reduce

the thermal side effects.

After the invention of fibers, the laser energy can be carried to further
distances (or interventionally through the veins) without losing energy of
incident light. In contrast to RF delivery, lasers rapidly create lesions. However,

unlike RF electrodes, the light emitted from the fiber tip does not behave like a



point source. The beam is collimated, coherent, at a single wavelength and has a
low divergence. In laser tissue interactions, fiber diameter, beam profile, spot
size, irradiance and absorption are important parameters for ablation. Also, as
explained earlier, optical properties of the tissue at operative wavelength are
also decisive. At the fiber tissue interface, only the 3% of the light is reflected,
while the rest of it penetrates into the tissue, where absorption and scattering
take place. Turbid materials such as tissue are mostly absorptive [26-28]. In
other words, absorption is the determinant effect relative to the scattering
ability. Generally speaking, absorbance is the ratio of absorbed intensity over
incident intensity. In visible spectrum, this phenomenon is related with the
formation of colors. General absorption means color gray and selective
absorption means the existence of a color. The absorption coefficient o (cm™) is
highly correlated with penetration depth. Penetration depth is the depth where
intensity of the collimated laser beam has been attenuated by a factor of e™.
Since the absorption coefficient is highly depended on wavelength of operation,
so does penetration depth. Technically speaking, absorption length L = 1/a
measures the distance or depth z in which the distance dependent irradiance, or
intensity 1(z) has diminished to 1/e of its incident value Iy (I(z = 0), surface
intensity). As an example, water absorption for 1060 nm near infra-red Nd-
YAG lasers is ~ lem™. Then, absorption length L becomes 1/1cm™ = 1cm,
which means at that wavelength, light travels through water for about
approximately 1cm before its magnitude is decreased by 67%. Blue light (= 460
nm) concedes poor penetration. On the other hand, near IR (infra-red)
wavelengths (630nm — 1100nm) penetrates considerably deeper. This deeper
penetration of light continues until the water absorption becomes dominant.
CO; lasers having approximately 10,000 nm (1pum) wavelength shows almost
no penetration. The tissue (which mainly composed of tissue and hemoglobin)
shows almost highest absorption at that wavelength, so that the light is absorbed
rapidly at the surface. This process is mainly used on surface excitations and

skin surgery.



Ablation of a tissue is a thermal process and it is obvious that a thermal
process is related with absorption. After a region absorbs incident light energy,
it gets heated. This is similar to RF heating consequent to resistivity related
power dissipation. Then, the heat is transferred by conduction and diffusion. For
example, heat diffuses in water approximately 0.7um within 1ps, thus for
thermal processes, it is important to adjust the duration [26]. According to
Welch, heat deposition due to absorption is based on exponential attenuation.
His claim is that this attenuation is not only affected by absorption and also it is
due to scattering in all directions. To understand the whole effect, light
propagation can be solved with mathematical theory based upon Maxwell’s
equations [27, 29]. Although this approach includes all diffraction effects, it is
mathematically complex. The approximate solutions to this problem are
originated from light diffusion theory [26-29]. In [28], Welch assumed light is
predominantly forward scattered near the surface (within 1mm). As a result,
beyond that depth, the light distribution becomes isotropic, in other words,
diffuse radiance has a wide angular spread. The basic absorption and heat
relation is given in Figure -1.1[28].

Heat is closely related with irradiance I(r, z) or intensity at the distance z,

Energy Tissue Damage
Beam Image . .
g HEAT Deposition - HEAT Temperature MODEL FOR Estimate
> » DAMAGE >
_Beam Power.}  SOURCE TRANSFER
Absorption coeff. Thermal Parameters Rate Coefficients

Figure 1.1 Block diagram of the thermal events in laser irradiated tissue
where
1(0,z) = I,e™

Here, lp is I(z = 0), in other words, intensity of the incident light. y = o + J3,

where vy is called as attenuation coefficient (1/cm), a is absorption coefficient



(1/cm) and B is scattering coefficient (1/cm). including the effect of the radius r,
the heat deposition Q(r, z) is defined as

__ 0I(r,2)
Q(r,z) = ——=
where
% = al(r,z) + BI(r, 2)

where the second term on the right hand side does not contribute to heating for

this simple illumination case. Then,

Q(r,z) = al(r,z)

which is a linear relation. However, for detailed simulations and calculations, it
should be noted that scattering and reflection effects also contribute to heating
and a can be a function of r and z, a(r, z). Similar results had been achieved also
by Kubelka — Munk and became a theory [26]. What this theory says about the
relationship between heat and irradiance is similar to the above formulations.
They approximated the intensity (irradiance) as

1(7‘, Z) ~ e Z [A+(A+2S5)]

here, A is the absorption coefficient and S is the scattering coefficient. With
their assumptions, the heat deposition becomes

Q(r,z) = Al(r,z2)

which is the same as the equation given by Welch. In their work Motamedi et.
al [30] summarized this relation and obtained a more detailed equation at the
end. The procedure they followed is summed up as below.

2

I('r’ Z) — ]OQZUZ(Z)e_(a+B)Z
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where, 6°(z) is the standard deviation of the laser beam within the tissue. In the
case of no absorption (a = 0) the beam would broaden and the power at any

random depth would be equal to the power at the surface (incident beam).
P(2) = 2nly0%(z)e %P

and
P(0) = 2mlya2(0)

where
c%(z) = 0?(0)e?F

in a similar manner

—r2

Q(r,z) = alyezo©@exp e~ (@+h)z
and their proposal is, if the absorption takes place only in the direction of

incidence, Q(r, z) = a I(r, z) which is the same as the equation of Welch et. al.

The general temperature change is given as

6T_k{616T aZT} Q
orror at?

at  pc pc
where T is the temperature, k is the thermal conductivity, c is the specific heat

constant and p is the density.

Temperature at a highly absorptive lesion rapidly increases and gets
carbonized, which may be an undesired effect during most of the operations,
especially in the treatment of AF. At a carbonized interface, the tissue becomes
more and more absorptive and prevents the incoming light from penetrating
deeper. This excess water loss inside the tissue causes sudden drop in heat
conductivity and heat diffusivity and encountered mostly in CW (continuous
wave) ablations, which prevents the transfer of heat.
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Laser energy has deeper penetration ability. However, for catheter ablation
procedures, the light energy should be directed with the help of fibers. The light
intensity at the tip of a fiber is high. This excess intensity is also limited to the
diameter of the fiber core. Whenever such a system makes contact with tissue,
due to the higher temperature gradients, char may be formed and optical tissue
properties may change rapidly. Especially in the field of cardiac ablations, as
explained previously, char formation is an undesired effect and is tried to be
reduced with the help of irrigated tips. Novel approaches are in the direction of
fabricating diffusing tips so that the intense light exiting from the fiber is

diffused homogeneously and confined into a larger volume.

Detailed heat simulations by using Method of Finite Differences or by any
other method was done for heating corresponding to light diffusion. However,
the simple equations above are sufficient to understand the analogy between RF

heating and absorption related heating.

1.2 MOTIVATION

Catheter delivery of RF energy to the cardiac chamber is widely used and
approved as safe and successful [7]. The operation is commonly performed
under x-ray, which suffers from poor soft tissue contrast. In addition, the
surgeon has to decide whether the local ablation is successful by looking at the
simultaneous ECG data, which makes the operation technically difficult and

time consuming. Due to the long exposure times, X ray burns may occur.

MR imaging during RF ablation is possible with proper matching and
tuning circuits [31-33]. However, during the operation RF and ECG catheters
may cause artifacts in the image for some orientations. On the other hand, fiber

delivery of laser energy has no MR compatibility issues and is used with MR
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guidance in the field. It is not widely used in treatment of AF, since there is a
risk of perforating the myocardial wall. Several diffusing tip designs have been
proposed to emit light in cylindrical symmetry [34-38] to produce a more even
effect, but, due to their orientation with respect to the cardiac chamber, common
RF delivery methods cannot be applied and imitated directly. These, designs
diffuse light in cylindrical geometry. Besides, due to their design specifications,
they cannot be directly used in place of RF probes in the treatment of AF.

However, for tumor ablations, they may be quite useful.

Except from the image guiding hardware issues, the aspects of ablation
lesions and side effects of RF delivery and laser ablation is a contemporary
issue [11, 13, 15]. Charring may be formed by both of the techniques. To
prevent this, irrigated catheter tips are designed and applied with proper
combination of delivery types; intermittent delivery for RF and pulsed delivery
for laser ablation. However, the quarters wherein the myocardial wall thickness
has increased may not be ablated transmurally, where, shallower regions are,
during RF delivery. Due to this improper situation, the chaotic atrial rhythm
may recur. On the other hand, light may penetrate deeper into the cardiac wall
and the transmurality may be obtained. Yet, for shallower zones, there still
remains the risk of perforating the myocardium.

The lesions (scars) formed after ablation can be compared with respect to
the lesion depth, width or a depth to width ratio can be defined as a comparison
criterion [10, 39]. With novel MRI sequences, post ablation RF scars can be
visualized [40]. Besides, MR thermometry is newly developed tool to visualize

the temperature maps of the ablation zone for laser interventions [41].
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1.3 SUMMARY

Here, we propose a novel multiple-fiber scheme for delivery of laser beam
that imitates the scars similar to those created with RF probes under MR
guidance. This scheme imitates the ablation pattern of RF delivery and as such
is expected to have quick adaptation by physicians. The finished ablation
system will consist of several pumped diode lasers which are cheaper and much
smaller in size as opposed to the current bigger medical laser systems. Besides
imitating the RF scars inside the tissue, the laser probe handle will also
resemble commercial RF probes and it is going to be tractable under MR.
Moreover, with the guidance of MRI and MR thermometry, surgeon will be
able to visualize the lesion of ablation and its temperature and decide the

success of a zone by combining the temperature maps with real-time ECG data.

As a preliminary demonstration, we used a 3-fiber scheme supported by
real-time MR thermometry maps of the ex-vivo and in-vitro ablation zones
during laser delivery. Moreover, some other designs, which are more suitable
for insertion into the blood vessels, are also experienced, and the lesions are
compared. Lesions and/or melts (for gel phantoms) created with RF and laser
delivery are also compared with respect to their width, depth and depth to width

ratios.
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CHAPTER 2

THEORY

Main principles of creating ablation lesions by both RF and laser energy
delivery methods are similar. The high current density at the tip of the RF probe
encounters high impedance and causes heating. This resistive heating is then
transferred to the neighboring tissue through heat conduction. The unipolar
electrode tip creates half-spherical lesions. In case of laser ablation method,
absorption is the main mechanism of energy transfer. Locally absorbed energy
is transferred to a larger volume by the heat conduction mechanism. Typically
the depth of a RF induced lesion is less than its width but the laser induced
lesions are deep but not wide. This fact may be the main reason why the

physicians prefer RF ablation over laser ablation in the treatment of AF.

RF ablation lesions can be imitated with laser fibers, if the SAR
(Specific Absorption Rate) distribution due to the electrode tissue interaction
can be copied exactly. It can be thought such that the lesions are related with the
temperature of the tissue, where SAR is related with the power capacity of the

tissue per unit mass.

As it is mentioned in Chapter 1, absorption coefficient, which
determines the penetration depth, is related with the wavelength. So, appropriate
choice of wavelength is crucial. Besides, the orientation of a fiber with respect
to the tissue may change the shape of the lesion. Thus, any desired lesion can be
created by modifying the wavelength and the orientation, where, this approach
will give two degrees of freedom in the design of tip orientation. However, only

one fiber (two parameters to change) will obviously be in case of forming wider
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lesions. Inefficiency of single fiber may be compensated by using a multiple
fiber scheme to obtain RF — like half spherical lesions. This gives us 2*N
degrees of freedom (N is the number of fibers). Moreover, diffusing or
refracting tips may be designed to be inserted at the tip of a bare fiber to get the
same effect.

The wavelength of the laser should be chosen properly so that the light
will be able to penetrate more to compensate RF ablation defects in obtaining
perfect transmural lesions within the tissue. In other words, we should be
interested in the wavelength interval wherein the absorption coefficient has
minimum. Wavelength dependent coefficients for many organs and species are
available in the literature [42]. Also, the available data are generally for
commercial medical lasers at distinct wavelengths. For example, at 1064 nm
wavelength, human myocardium has p,= 0.3 cm™. Also, in the region of 600 —
1300 nm range, tissue absorption is lowest and has small fluctuations [42-47].
In the light of the available data related to the optical tissue spectra and
considering the availability of lasers, wavelength of operation should be chosen
in the vicinity of 1000 nm. At this wavelength range, there are cheap pumped-
diode lasers (980 nm) are available to be used for simple, portable and easy-to-
implement setup. A detailed absorption coefficient vs. wavelength graph is

given in Appendix B.

First of all, the effect of a single fiber should be investigated. Computer
simulations including photon transport theory can be done for single and multi-
fiber excitations. Besides, instead of using multi fibers, refractive tips can be
designed to diffract the incoming light so as to have a point source at the
interface. This design method could then be used for interventional procedures

since the will be narrower than the diameter of the blood vessels.
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Figure 2.1 — Schematic description of lesions obtained with
different transducers. a. Unipolar RF electrode lesion b. Single
fiber excited lesion c. Our three fiber design and expected lesion

The beam exiting from a single fiber has a Gaussian shape, creating
narrow and deep lesions (Figure 2.1 b). It is assumed that the tissue
characteristics are both temporally and spatially linear (negligible variations in
absorption, scattering coefficients during the initial period of ablation). Virtually
any desired lesion pattern can be obtained by changing the number of fibers,
their orientations and wavelengths. A simple approach is to place three fibers in
the orientation shown in Figure 2.2, where the impulsive absorption (J/cm3)
responses spatially add up and create a half circular lesion in the xz plane,
Figure 2.1 c. The rest of the energy will then be dissipated deeper into the tissue
in a circular geometry. With this approach, only 2D slice in one plane (let say
xz) of the RF ablation lesion can be imitated. However, for 3D half spherical
lesion imitation, more fibers are needed lying in other planes. Yet, if half
circular 2D lesion can be obtained, it can be concluded that it is possible to get
3D half spherical lesions. In addition to the multi fiber scheme in Figure 2.1c,
spherical ended capillary glass tubes may be used to obtain the 3D effect. The
air glass interface will refract the light exiting the fiber (de-focus), and spherical
patterns can be obtained. Since we want to spread light as much as possible,
numerical aperture (NA) of a fiber can be another parameter to play with.
Numerical aperture is a dimensionless measure of angular span of the light

exiting from a fiber. The higher the numerical aperture is, at wider angles the
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OP LAYER FLkEr

Figure 2.2— The proposed fiber orientation to imitate RF scars. The LAYER
phenomenon is used for light diffusion simulations (MCML code) of Wang et. al. 1995.
TOP LAYER is blood. LAYER is endocardium and BOTTOM is air (body cavity).

fiber can emit light. So as to have more angular spread, it is better to use high
numerical apertured (NA) fibers (0.22 or 0.40). Also, with the help of high NA,
the accumulation of focused light energy at a single point can be averted.

To understand the wavelength, power and fiber orientation related
effects, either photon diffusion equations can be solved or photon transport
simulations can be done. Mathematical descriptions and formulations for
propagation (absorption coefficient related) and scattering characteristics of
light can be done via Maxwell’s equations and transport theory. Instead of
solving mathematically complex wave equations, simulations are carried out via

photon transport theory, which is used in a large number of applications [27].
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The real-time orientation dependent light penetration effect may be
visualized inside a gel phantom by noting the deformations inside (melted
regions) or by taking slices of the ablated lesions of the tissues. By applying
high intensity current to the laser in a short period of time (short enough to
ignore the heating effects), the lesions formed prior to the excess heating can
then be assumed as absorption distribution (SAR). However, it is hard to
implement such an impulsive system and visualize its effects. Besides, there is
no experimental validation of SAR results for RF ablation to compare with. So,
temperature distributions of the ablated zones for both RF and laser deliveries
can be compared. Usual RF lesions are almost half spherical but wider than they
are deep with width 8.1 + 1.6mm and depth 3.8 = 0.7 mm (in endocardial left
ventricle cardiac tissue of Merino Wether sheep) [18]. As it is explained in
Chapter 1, absorption, heat and temperature are related to each other. By
assuming a perfusionless medium, as it is in this case, we may assume that the
shape of the temperature distribution can give an idea in visualizing the shape of
the SAR pattern. Then, the lesions (or melted regions inside a gel phantom) can
be compared by their width, length or depth to width ratios. The designs in
Figures 2.1c and 2.2 will obviously create a vertical slice of a half sphere.
However, with more fibers and/or some scattering media, the light could be

directed to form half spherical (3D) ablation lesions.
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CHAPTER 3

SIMULATIONS

To understand the SAR pattern of single laser beam perpendicularly
exciting the tissue, Monte Carlo -modeling based photon transport simulations
are done with the help of a C code written in 1995 by Wang et.al. [48]. The
results for single fiber are then fed into a MATLAB subroutine to understand
2D and 3D effects for multi-fiber excitations. Only the SAR pattern shape is
considered to have an insight about the temperature distribution of multi-fiber
scheme (hand-fan design). No comparison with RF delivery is done in this

chapter.

3.1 BACKGROUND

Simulating the behavior of the light in turbid medium has always been a
challenge. Especially the laser tissue interactions simulations are all by itself a
research area. There are optical simulators available in the market like LATIS,
LATIS3D and ZEMAX. The most detailed computer program for modeling
laser tissue interactions is LATIS where those interactions are divided into
processes, thermal effects, material effects and hydrodynamics bases [49].
Actually, LATIS and LATIS3D are not yet commercial and are still under
development and used at Lawrence Livermore National Laboratory. ZEMAX is
a lens design and ray tracing program and on the basis, it does not contribute
more to laser tissue interactions. Except for LATIS software, simulating laser
tissue interactions for every tissue type is something that is still under

development.

There is not much tissue data for all wavelengths. The laser tissue

characteristics are measured, simulated or the statistics needed for tissue
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characteristics are interpolated with the help of commercially available lasers
just for a few varieties of mammalian tissues. Moreover, the important
coefficients forming the basis of the laser tissue theory can be sometimes hard
to measure and is also a research area. While using such software or solving

optical wave equations, one needs to know those specific coefficients.

3.2 MONTE CARLO MODELING BASED
APPROACH

For photon transport theory simulations, an open source ANSI C code
(Monte Carlo Modeling of Light Transport in Multi-layered Tissues in Standard
C) has been used [48]. The code uses Monte Carlo simulation essentials. Monte
Carlo simulations are all based upon a stochastic model that is constructed in
which the expected value of a certain random variable is equivalent to the value
of a physical quantity to be determined. Here, a photon is not considered as a
wave and phase and polarization effects are ignored. It is explained as the

irradiative energy transport in turbid tissues [26].

As the first input to the program, one needs to define the characteristics
of the medium of interest layer by layer. For every layer, the corresponding
constants should be defined. The code is for an infinitely narrow photon beam
perpendicularly incident on a multilayered tissue [48]. Because of this
phenomenon, we cannot rotate or tilt the fiber position and adjust its width.
However, as will be explained later, we may use it as both spatial and temporal
impulse response. Since the approach is based on a stochastic model, the
absorption coefficient p, and the scattering coefficient ps are defined as the
probabilities of photons absorption and scattering per unit infinitesimal path
length. Clearly, the output will give us a result about a photon’s probability of
reaching somewhere in r and z coordinates. Here, absorption A(X,y,z) (energy
per unit volume) and fluence ¢(x,y,z) (energy per unit area) outputs are
considered and the data is then regulated with MATLAB with respect to z and r

coordinates as the first step to understand how far a light is able to penetrate
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before it is absorbed by the material (tissue) at the wavelength of simulation
(1064 nm) ( Ma (P(Xa}I,Z) = A(Xa}IaZ))'

A simple input to the MCML (Monte Carlo Modeling of Light) should
include scattering coefficient, absorption coefficient, refractive index and
anisotropy factor at that specific wavelength for each layer (Figure 2.2). Also,
the energy and the shape of the beam (Gaussian or flat) are important
parameters to be defined. The coefficients for various wavelengths are taken
from [42].

Mainly, five types of interactions occur when a laser beam is applied to
the tissue. These are photochemical interactions, thermal interactions,
photoablation, plasma-induced ablation and photodistruption [26]. The MCML
does not consider any of these interactions. Also, after the tissue gets heated too
much, carbonization occurs through the surface where the light applicator is in
contact with. This induces rapid increase in tissue absorption characteristics and
blocks the laser beam and avoids its penetration [26, 39, 50]. The MCML
program does not consider this change in the behavior of the tissue with respect
to time, also. The only output that is modified and used as an input to the
MATLAB code is the fluence and absorption outputs. Here, we are not much
interested in the simulations that is how deep the light reaches into the tissue;
rather the first aim is to imitate the SAR pattern that an RF ablation probe
creates on endocardium and inside the myocardium. It is also obvious that a
photon packet has the probability of penetrating deeper into the layer, if the
absorption coefficient gets smaller. So, MCML will only give this extended
pattern. Moreover, as previously mentioned the stochastic process considers
infinitesimally narrow photon beams that are incoming perpendicularly on our
layer. The duration of the beam is also infinitesimally small. So, we have a
system, which consists of an infinitesimally small laser beam exciting the layer

(tissue) only in the perpendicular direction. We apply an impulse to that system
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and get the SAR pattern for only single beam excitation. This single beam SAR
response is then regulated to understand the effect of multi-fiber schemes in
both 2D and 3D cases.

The fluence or absorption outputs of the MCML programs are one
dimensional arrays. For our particular application, the outputs are 2 column
vectors, one for axis r and one for axis z. This type of MCML output is first
regulated (converting these 2 columns into an image) with our MATLAB
subroutine and converted to a 2D array to be displayed and color-mapped with
respect to intensity. As mentioned in section 2.1, we assume the tissue linear
(the tissue coefficients do not change with respect to time and position) and by
rotating and adding each impulse response, we observed circular absorption
response in 2D. The rotation processes are done by first cropping the desired
region of interest and multiplying it with a rotation matrix in 2D. Another
subroutine is written to calculate new coordinates of the rotated pixels to be
used later in the overlapping process. Then, the subsequent rotated images are
added to each other pixel by pixel and resulting image is considered as our new
absorption or fluence output. Only two rotations are done along one axis to
obtain (three fiber scheme) half circular SAR pattern in 2D. In other words,
three fiber tips are assumed to be used. After we had an insight that we may
have a circular absorption pattern with only three fibers, the fibers (2D
absorption images) are rotated along their axis of penetration by 180° to obtain
3D absorption patterns of each fiber. Here, the cylindrically symmetric feature
of a fiber laser is taken into consideration. Then, after adjusting the centers of
each 3D volumetric data to overlap each other, the 3D data are added voxel by
voxel and the resulting 3D matrix is smoothened with MATLAB “smooth”
function. We are only interested in shape of the absorption and/or fluence
images, so smoothening helps us to visualize the regions of absorption more

clearly. The overall process is described in Figure 3.2.1 and Figure 3.2.2.
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In simulations, the SAR effect of single fiber orientation is observed at
the wavelength of operation. Then, three-fiber scheme (hand-fan design) is
simulated and it is seen that even in 2D simulations, half circular SAR pattern
can be obtained with only three fibers lying in the same plane. Also, 3D
simulations of the orientation given in Figure 2.2 shows that, half circular
absorption pattern is obtained in the xz plane (refer to Figure 2.1), where, a
narrower (in the width of single fiber excitation) pattern in zy plane. The
absorption pattern created by the bubble ended capillary refractor tubes cannot
be simulated with this available program, rather, they can be only experimented.
The results belonging to the hand-fan design are given and discussed in Chapter
5.

The shape of SAR pattern is not our comparison criterion. However, it
gives us an insight about what the temperature map will look like inside a
perfusionless media. Moreover, novel multi-fiber designs can be simulated in

this manner, before experiments are conducted.

For cardiac ablation simulations, the motion of the heart, the cooling
effect of the blood over endocardial surface are also needed to be taken into
consideration, which makes most of the work harder. However, in this part, we

ignored those effects.
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CHAPTER 4

EXPERIMENTS

In this section, the experimental methods to test the performance of
proposed laser ablation systems are shown. In their experiments, Thomas et al.
showed that multi-electrode RF catheters create lesions that are almost half
spherical but wider than they are deep with width 8.1 + 1.6mm and depth 3.8 £
0.7 mm in endocardial left ventricle cardiac tissue of Merino Wether sheep [18].
The general aim of the experiments here are to match these lesion dimensions

by using laser probes.

To compare the lesions formed by both our laser system designs and
commercial RF probe, gel phantoms (prepared with Dr. Oetker banana gel) and
tissue experiments (beef) are conducted. Even if the absorption is significantly
less compared to tissue in this semi-transparent phantom, the shape of the
ablated region can easily be observed via naked eye during the ablation
processes for both laser and RF probes. Since the banana gel phantom consists
mainly of water, the absorption coefficient is assumed to be in the vicinity of
water absorption coefficient at 1000 nm (0.1 cm™). To include the cooling effect
of blood, the gel phantom and the tissue are put in water. Blood flow may
change the shape of the ablation region. When we use the RF in a phantom it
creates heating in a half-spherical region. If we can imitate this profile on
phantom with laser, this system will behave similar to RF ablation in in-vivo

conditions.

Temperature distribution is related intimately with the absorbed energy,
so, MR thermometry images and sections of ablated lesions on both phantoms
and tissues can be compared with simulation results. It is known that average

atrial thickness in normal human myocardium is 4mm [51]. So, MR monitoring
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of thermal changes and/or soft tissue thickness could be more than a powerful

tool to be used by the operator.

4.1 RF EXPERIMENTS

4.1.1 RF GEL EXPERIMENTS

To see how a unipolar RF ablation catheter forms melts in the gel
phantom, the setup in Figure 4.1.1 is prepared. The power amplifier used is not
an original one that is used in regular RF ablation processes. The commercial
amplifiers usually work between 350 and 1000 KHz [6-8, 52] and can dissipate
more than 50 W depending on the type of the process. A 100W audio amplifier
rack is used (TKS100 — 100 W Relay Protection) in the experiments. It should
be noted that the audio amplifiers operate in the linear region between 3 — 20
KHz. When this interval is exceeded, the amplifier start to operate in the non-
linear region and the output signal intensity may drop. Yet, for our particular
case, the amplifier is used at 90 KHz. When the input of the audio amplifier is
fed with a sinusoidal signal at 90 KHz, the reduction in the output signal
intensity (as it is compared to the value in the linear operating region) drops by
12%. After this value, the sinusoidal shape of the signal at the output is not
maintained and signal intensity drops suddenly. Although 90 KHz is not in the
operating frequency range of commercial RF ablation amplifiers, for the lesion
size comparison purposes, it can be an acceptable value. Besides, for gel
phantom experiments, 1W may already be an enough. So, the signal intensity
drop at the output has not much importance, where our each laser diode (JDSU

10W pumped diodes) contributes maximum 10W power.

Signal generator is directly connected to one of the 4 line inputs of the
amplifier. A stereo jack is used as a connector. The output of the amplifier has a
DC resistance of 8 Q, where our load has = 250 — j3 Q impedance, where the
load impedance (RF probe -> gel phantom -> 10 Q -> ground plate) is measured

by a Network Analyzer (HP — 8753/D). It is seen that the imaginary part has a

28



capacitive effect arising from the high dielectric constant of the gel. Impedance
of our system is then matched to the output resistance of the audio amplification
rack with the circuit given in Figure 4.1.1 to be able to transfer maximum power
to the electrode. After doing so, the amplifier is fed with sinusoidal input with
0.330 Vyp at 90 kHz. Between 0 — 3 min of RF delivery to the gel, deformations
(internal melting) were observed. The results are obtained for 0.7W 90 seconds,
0.7W 200 seconds and 1W 140 seconds deliveries. Only the temperatures of

some locations are recorded to see whether heat convection takes place.
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Figure 4.1.1- RF Ablation System
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To measure the current passing through the system, a high power
capacity (10W) 10 Q resistor is connected is series, in case of flow of high

output current through the wires.

R

Figure 4.1.2- Gel Phantom and electrode
orientation

4.1.2 RF TISSUE EXPERIMENTS

TISSUE
/

MATCHIN
G CIRCUIT

""""""""" GROUND va

Figure 4.1.3- Modified part of the setup in Figure 4.1.1 for tissue experiments
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To record the output power dissipated in the tissue, some modifications
are done to the setup seen in Figure 4.1.1. First of all, the output impedance of
the audio amplifier is found in the vicinity of 2.5Q as opposed to the given
output impedance value (8Q) at the back of the system. This is done by
terminating the output of the amplifier with 10Q, 5Q, 3.3Q, 2.5Q separately and
measuring the voltage on the termination resistor. Maximum power is observed
when the output is terminated with 2.5Q. Since we need to deliver enough
power to ablate the tissue (10 — 20 W), the matching circuitry was changed and
new load is considered as RF probe, tissue, ground plate and the additional 20Q
which was connected in series to read the voltage on it. The new matching
circuit consists of a shunt 62 uH and a series 94 nF from the load end. The
modified part of the setup and the measurement terminals are shown in Figure
4.1.3. To measure the current passing through the system, three high power
capacity (L0W each) 30 Q resistor is connected is series, in case of flow of high

output current through the wires.

V; and V; are measured with the help of a 2CH oscilloscope. (Agilent
Technologies InfiniiVision 350 MHz DSO7032A )

Since the input and the output waveforms are sinusoidal, the output

power is calculated as :
V2
Pyt =1V * cos@ = E*Vl*cose

where 0 is the phase difference between the voltage waveform and the current
waveform. To ablate the tissue, the amplifier was used in its limits. Vy,, = 78V
, Vapp=8V and 6 = 30°. So the power delivered to the tissue is 18 W.

The inital temperature of the electrode tissue contact was 21°C The

increase rate of temperature is given below:
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Time (seconds) Temperature (°C)

20 50
30 58
60 62

Table 4.1.1 - The temperature rise with respect to time, for RF tissue ablation
experiment

Figure 4.1.4- Overall setup for tissue
experiments

4.2 LASER EXPERIMENTS

4.2.1 HAND FAN DESIGN

In Chapter 2, we have discussed whether it was possible to obtain half
spherical lesions using three laser fibers in the orientation given in Figure 2.1.
Our simulation results show that, in our proposed orientation, it is possible to
obtain almost half circular lesions in the plane of incidence and narrower but
deeper circular lesion in perpendicular plane. To verify this, we designed a
plastic holder to hold the fibers and emit light in the desired angular orientation.
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Since the fibers are too sensitive to physical contractions, especially at
the tip one should be very careful when placing and mounting them to the
holder. Because, in the simulations, Gaussian beams were assumed to exit the
fiber core. If any damage happens to the tip, the beam may spread and the

design may give undesired results.

The hand-fan design is a preliminary work to show it is possible to get
half spherical lesions as it is in the simulation results. More suitable designs are
considered either. The experimental setup is given in the figures below. In
Figure 4.2.1, each part is drawn separately to understand the interconnections in
between. However, Peltier cooler’s connection is somewhat different. In above
figure, only the necessary voltage level between reference nodes is shown. Yet,
Peltier cooler is also connected to the temperature controller, which has a sensor
connected to the metal plate. The threshold level is adjusted so that whenever
temperature at the sensor exceeds 24 C, Peltier cooler starts to transfer heat
from the metal plate to the cooling plate. The connections between cooler and

the temperature controller are shown in Figure 4.2.2.

DIODE LASERS

METAL PLATE . t /
T

PELTIER ===e____ £ e Y

DASHED COOLING PLATE

FAN

Figure 4.2.1 — Laser setup stage 1 - 976 nm Diode Lasers and cooling apparatus. The
diodes are mounted diagonally for the ease of screwing purposes due to the limited
space on the metal plate.
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Sensor

Figure 4.2.2 — Peltier cooler and temperature controller connection — Image
is taken from “http://www.gemo.com.tr/”

= TO HOLDER

JDSU 976 NM 10W LAT SERIES DIODE
LASERS

1-1L4 ACJ324

2-14 ACJ 352

3-L4ACD 278

Figure 4.2.3 - Lasers and the plastic holder. The red numbers indicate which diode laser
is connected to which side. The 1 and 3 are rotated 45 degrees to the left and right from
number 2
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4.2.1.1 GEL EXPERIMENTS

The three CW (continuous wave) diode lasers (JDSU 976 nm 10W L4T
Series) are connected to each of the parallel outputs of the DC power supply
(Delta Elektronika S280 280 W DC Supply). Each diode laser can dissipate max
10W power. For calibration purposes and also to understand in what region we
are in the data sheet showing power — current relations, one parallel branch,
connecting one of the DC supply outputs to one of the lasers, is cut and a
current meter is connected in series. Since the three diodes are identical,
measuring the current in one branch is enough to understand in what region we
are for thereof the lasers. The small differences in the fluctuations in the
currents have not much importance since they do not contribute much to the
intensity of the laser beam. The power intensities of the diodes are measured
via optical power meter (Melles Griot Power/Energy Meter BPEMOO01). Instead
of measuring the current, first, the voltage across the terminals of the diodes are
measured at some specific levels. For each voltage level, power meter is used to
measure the power intensities at the tip of each fiber. A voltage — power
relation table is prepared so that by increasing the voltage level, we could

understand at what power level we are in.

POWER (W)
| Voltage (V) Laser # 3 Laser # 2 Laser # 1
1.359 0.037 0.080 0.110
1.397 0.560 0.750 0.780
1.414 0.810 1.100 1.100
1.443 1.298 1.563 1.421
1.470 1.606 2.180 2.200
1.500 2.200 2.850 2.800
1.510 2.500 3.190 3.220
1.525 2.750 3.600 3.600
1.540 3.050 3.990 4.010

Table 4.2.1 — Voltage and Power Relations for parallel connection
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After measuring the power up to 4W, which is well below the maximum
power that the diodes can tolerate, the fiber tips are mounted to the plastic
holder. It should be noted that the laser tips should be cut well and cleaned after
slipping off the outer protection. The wiping process is done with the help of a
sensitive tissue and Propanol. The cutting is done via a fiber cleaver. At the
same voltage level, diode#3 have less power at the fiber tip. This is due to the
splicing of the diode’s original fiber extension with another fiber, prior to the
experiment. When it is realized with IR camera that, at the junction, there is
power loss because the junction appears to emit light, which means light is not
trapped well in the core. However, the splicing at the junction was not changed

intentionally to see the effect of this less emission on the gel.

To compare this experiment with RF ablation gel experiment,
temperature sensor is again used. As opposed to the RF experiment, in here, 2
channels of the sensor are used. The temperature sensor tips are together placed
at both the posterior and the anterior positions of the holder as seen in the
Figure 4.2.4.

Channel 1 Probe

Channel 2 Probe

:> Ablation

Direction

Figure 4.2.4 - Fiber and temperature probe positions on the holder - (Above Left):
temperature probes are installed at the anterior part of the holder where the fibers are
at the posterior side — (Above Right): Both the temperature probes and the fibers are
installed at the anterior part of the holder - (Below Right): The picture of the above
right figure
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Then, the holder is aligned over the gel phantom as seen in Figure 4.2.5.
one is touching the surface of the gel and the other is away from the surface by
0.6 cm. Two experiments are conducted for this step by applying 1.470 V to
each diode (Total optical power of 6W for 30 seconds).

4.2.1.2 TISSUE EXPERIMENTS

The laser system and holder used in the tissue experiments are just the
same as they are in the gel experiments. Besides, the connections between the
pump diodes and the DC supply were altered. In gel experiments, to be able to
adjust the currents passing through the diodes separately, the interconnections
were made parallel. If we had desired to decrease the current in one branch to
alter the lesion shape, we could have connected a series variable resistor to that
branch. However, after conducting the experiments on gel phantoms, by
applying the same amount power for each branch, we were able to create the
desired lesions as will be seen in Chapter 5. So, to be able to use diodes more
efficiently, the interconnections were replaced with series ones and current —
power related calibrations are done. The calibration results are given in Table
4.2.2.

Figure 4.2.5 - Fiber and temperature probe orientations over the surface of the phantom
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POWER (W)

| Current(A) Laser # 3 Laser # 2 Laser# 1
1 0.428 0.498 0.443
1.25 0.622 0.734 0.671
1.5 0.818 0.975 0.909
2 1.267 1.403 1.390
2.2 1.420 1.679 1.525
2.5 1.706 1.986 1.854
3 2.08 2.46 2.31
3.5 2.54 2.90 2.72
4 2.98 3.40 3.16
4.5 3.36 3.90 3.71

Table 4.2.2 — Current and Power Relations for series connection

Figure 4.2.6 — Overall setup for laser tissue ablation
with hand-fan design

After calibrations are done, the tissue (beef — cow meat) is put in a
plastic transparent box filled with water and the laser holder is fixed upon it.
The orientation and overall setup is seen in Figure 4.2.6. The lesion is formed
by applying each diode 3A current for 1.5 - 2 minutes. Total optical power
delivered to the tissue is 6.85W by looking at the 7™ row of Table 4.2.2. As to
control whether the width of the lesion is due to the heat convection or
absorption related heating, also, 2 fibers (#3 and #2) are positioned

perpendicular to the tissue with the help of the holder. To be able to deliver the
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same amount of energy, diodes were driven with 4.5A current for 1.5 - 2

minutes. The burns are then compared.

4.2.2 AIR GLASS INTERFACE DESIGNS (LENS DESIGNS)

T

air glass air

L
T

glass air glass

Figure 4.2.7 — Refraction between different media

The dimensions of the hand-fan design are not suitable for interventions.
Besides, it was only used to understand whether it is possible to form RF like

burns. In this section, an insertable design is going to be discussed.

According to the Snell’s Law, when light passes from one medium to
another with different refractive indices, it refracts in the plane of incidence
obeying the refraction rule:

n,;sin@; = n,sinb,

where, n; and n; are refractive indices of the media accordingly and 0,, 6, are

the angles of the rays with the normal.
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Since we are working with glass fibers, we have three media, which are
gel phantom (or tissue), glass fiber and air. So, we need to be interested in three
different refractive indices. However, at our wavelength (976 nm) the refractive
index of the mammalian tissue is in between 1.35 — 1.55 [45]. Before using any
mammalian tissue, we conduct our experiments on gel phantoms. We assumed

its index of refraction around equal to water, which is 1.33.

We assumed three media as fiber (glass), air (lens), tissue or gel (glass).
In Figure 4.2.7, above configuration; the interfaces are air - glass and glass - air.
Where nuir = 1 and ngiass = 1.460 (fused silica) and nge is assumed in between
1.33 — 1.4. The parallel light coming through the air is refracted and widened
after passing through a biconcave lens. However, in our design the order of the
media is different. The beam coming through the fiber first comes across with
the air medium and then, it is assumed to pass through the gel (assumed as
glass). Since we desire spherical lesions, we need homogeneous spherical
refraction at the interface. This can be obtained by air bubble, or a glass sphere
filled with air. In other words, to obtain the same light refraction behavior in

Figure 4.2.7 up, we need to put a convex air lens at the interface.

The curvature of the lens is very important. Since the beam is not
collimated, instead of following a straight path, it bends towards the sides after
exiting the fiber. This is what we desire before refraction at the interface.
Whenever the uncollimated beam reaches the interface, it refracts and diverges
more from the media axis. If the curvature of the air — glass interface is too low,
the rays coming from the fiber do not refract more, since they are almost
parallel to the interface normal as seen in Figure 4.2.8.
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A. B.

Figure 4.2.8 - The behavior of the uncollimated light. A. Behavior at the interface with
lower curvature B. Behavior at the interface with higher curvature

When we put the interface at a suitable distance that the beam
divergence is much enough to spread the light, then we are going to have
enough and homogeneous refraction to crate half spherical lesions. To do that,
the thinnest capillary and pastor tubes those are available in medical market are
used and crafted at a glass workshop. The micro tubes have inner radius of
750pm and outer radius of 1000 um. To get an air — glass curved interface, the
glass tubes are molten and by inflating them at high temperature, air filled glass
bubbles are formed at various diameters. However, as will be clearly seen from
experimental results, the lower curvature bubbles are not suitable for intense

refraction as also seen in Figure 4.2.8.

O O OV
b

a C d

Figure 4.2.9 - The glass micro bubble ended tubes through which the fibers are passed.
Diameters of the ends are a) 1.5mm b) 2mm c¢) 2.5mm d) <lmm
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4.2.2.1 GEL EXPERIMENTS

For this part, the setup in Section 4.2.1.1 is used, in which the diodes are
connected in parallel. Before trying the glass tubes on gel phantom, to see where
the light reaches after the refraction at the interface, the fiber is inserted into the
micro bubble ended tubes and the tube is dipped into water. The refracted light
is followed with an IR camera and IR viewing card at the surface of the water
filled glass. The best refraction is seen when we used such a curvature as in
Figure 4.2.8B and Figure4.2.9 d.

Having checked which one of the glass tubes refracts more light with the
IR card, each tube with fiber inside is submerged into the gel. The experimental
setup is just the same as our “Hand-Fan” design setup, where, only diode#2 is
used and others are bypassed. For design (d) the diode is driven with 1.540V for
5 minutes. Two lesion shapes are investigated after 1% and 5™ minutes. The
corresponding power value is 4W from Table 4.2.1. For design (a) same power
level is adjusted and lesion shape after 1 minute is investigated. The results are

given in Chapter 5.

4.2.2.2 TISSUE EXPERIMENTS

For this part, the setup in Chapter 4.2.1.2 in which the diodes are
connected in series, is used. As in gel experiments the designs (a) and (d) are
mounted. Fiber # 2 is inserted into the designs and the diode is driven with 5A

for 4 minutes (4.5W) for both designs. The results are given in Chapter 5.
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4.2.3 VERIFICATION OF LESIONS BY USING MR
THERMOMETRY

MRI has the ability to construct in vivo body temperature maps. These
maps are useful for image guided interventional thermal therapies. For our
purpose, thermal maps of the ablation zone can be constructed to relate the
absorption dependent simulation results with thermal maps.

To obtain MR thermometry maps during ablation of gel or tissue
phantoms, PRF (proton resonance frequency) method was used with a similar
approach as in [53]. The main principle of this method is based on the de-
phasing of heated molecules. For example, water molecules slow down with the
rate of approximately 0.01 ppm per 1°C temperature rise. In other words, PRF
thermal coefficient of a water molecule is -0.01 ppm/°C (ppm: parts per

million).

To be able to obtain thermal maps, one needs to measure a reference
temperature from a thermally insulated part of the phantom. Then, this value
should be used to compensate MR phase drifts. All MR imaging was done with
a 3T Siemens Magnetom Trio inside a head matrix. GRE (TR = 80ms, TE =
20ms, number of slices = 5 with data acquisition time of 5.25 sec/3slices, 200
Hz-px BW with a measurement number of 40) sequence was applied for both
gel and tissue phantoms. Only the phase images are considered to obtain

thermal maps.

The experimental setup is given in Figure 4.2.10 and 4.2.11. Two
MATLAB based codes were implemented and executed on Terminal PC for
both real time (5.25 sec/slice) and post processing of phase images. The
program considers first 10 phase images as reference images, since up to the
10™ measurement (52 seconds), no laser delivery was given. Then, the

arithmetic mean of each corresponding pixel of these 10 images was taken and a
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Figure 4.2.10 — Experimental setup for MR thermometry verification

reference phase image ®pase (X, Y) Was constructed. The laser was switched on

and ablated the phantom with 9.56 W for 158 seconds.

[ Meas CH Ref CH
! Meas CH Ref CH Head
: <:| Coil
I
f _
[ ! T 0
— I/ e o |
‘n‘ ( | LR
=
\ a b.
Head
Coil

Figure 4.2.11 — Fiber and temperature probe orientation a. Front view b. Side view



The general equation relating the phase difference with temperature rise

is given below:
A®(r,t) = ay B, (360°/Cycle) TE AT(r,t)

where

Bo ; main magnetic field strength

a; prf thermal coefficient

Y; gyromagnetic ratio

TE; echo time

A®; phase difference between reference image and the image in progress

AT; Corresponding Temperature change

The detailed flowchart of the program is given in Figure 4.2.12. Since
we are working with DICOM images (where the phase values of the pixels have
integer values), each image in progress are scaled in between —z and 7. Then,
exponentials are taken to make each pixel a complex value. The magnitude of
each pixel then becomes 1, which does not affect our progress, since
temperature rise is related with phase difference (angle), not with the magnitude
of the pixel. After forming ®pas (X,Y) , €aCh new complex image is multiplied
with the complex conjugate of ®pase (X,y) and the angle of this multiplication is

calculated (®;j (X,y)). Then, the phase drift compensation is done as follows:

D (x,y) = D; (X,y) —avy Bo (360°/cycle) TE AT et

After this step, phase unwrapping is done by comparing two consecutive
images. If the difference of each consecutive pixel (D; (x,y) and ®j+1 (X,y)) is
greater than © or smaller than -r, 27 is subtracted or added to correct the phase.

Then AT(r,t) is calculated.
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consequtive images

Figure 4.2.12 — Flowchart of the Program
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CHAPTER 5

RESULTS

5.1 SIMULATION RESULTS

In this section, the combined 2D and 3D MCML and MATLAB results
for SAR distribution of single fiber and three fiber scheme (hand-fan design) of

Figure 2.2 will be shown.

The both two dimensional and three dimensional absorption distributions
are shown in the figures below. 2D absorption distribution for single fiber
excitation is seen in Figure 5.1.1.a. The absorption pattern seems deeper than
it’s wider. Each pixel corresponds to 125 pum length. So, the SAR pattern has a
length of 2.5 mm (20 pixels) and 1.25 mm (10 pixels). The depth to width ratio
of the SAR pattern is 2. 45°and -45° inclined fiber excitation results are seen in
Figure 5.1.1.b and 5.1.1.c. Overall 2D circular pattern (SAR region created
with hand-fan design) can be clearly seen in Figure 5.1.1.d. The depth to width
ratio is now 0.83 (20 pixels/ 24 pixels).

Figure 5.1.2 shows 3D contour plot of the absorption pattern of single
fiber excitation, where, Figure 5.1.3 shows the 3D contour plot of the absorption
pattern of the hand-fan design. In Figure 5.1.4 the 3D simulation of inclined
fiber orientation is given. The slice in xz plane (refer to the Figure 2.1) of the
3D simulation is given in Figure 5.1.5. Note that this orientation is the same as
2D view in Figure 5.1.1.d. So, it has the same depth to width ratio, which is
0.83. On the other hand, pattern in zy plane has narrower width (Figure 5.1.6).
This was expected since the three fiber orientation is laid in xz plane. The depth
to width ratio of this side view is then 20pixels/10 pixels, which is 2. This value

is the same as it is in the single fiber excitation case.
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Figure 5.1.1- Two dimensional absorption distributions with respect to r and z
(r - vertical axes, z - horizontal axes). (a) Perpendicular fiber orientation to the
tissue. (b) Fiber is rotated by 45 degrees on the rz plane. (c) Fiber is rotated -
45 degrees on the rz plane. (d) Sum of a,b and ¢ (Hand — Fan).

Note: Intensities of the pixels are not considered since the desired absorption
distribution has priority.

In the simulations, no result for the intensity of the absorption
distribution was considered, since it was the priority to gel a half circular SAR

pattern in the plane of excitation.
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Figure 5.1.2 — Three dimensional contour plot of absorption with single fiber
excitation. The orientation of the fiber is shown with grey cylinder.

Figure 5.1.3 — Three dimensional contour plot of absorption with the design given in
Chapter 2. The orientation of the fibers and the excitation plane are shown with grey

cylinders and white plate.
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Figure 5.1.4 — Three dimensional contour plot of absorption with inclined single fiber
excitation. The orientation of the fiber is shown with grey cylinder.
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Figure 5.1.5 — Three dimensional contour plot of absorption with the design given in
Chapter 2. The orientation of the fibers and the excitation plane are shown with grey

cylinders and white plate. (Top View)
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Figure 5.1.6 — Three dimensional contour plot of absorption with the design given in
Chapter 2. The orientation of the fibers and the excitation plane are shown with grey
cylinders and white plate. (Side View)

5.2 RF EXPERIMENT RESULTS

In the simulations, whether a circular absorption region can be obtained
in the plane of three fiber design was investigated. Since the absorption patterns
of laser system and RF system cannot be compared directly, which was
described in Chapter 2, it is better to compare the temperature distributions, or
lesions sizes created by them. In this section, experimental results of RF probe
tissue or gel interaction is investigated, as it is our comparison criterion. For gel
experiments, a temperature probe is also inserted in various locations to observe
the heat convection effect. This is done to get an insight about how the
temperature gradients behave. The size of the melted region and burns formed

inside the tissue are noted.
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5.2.1 RF GEL EXPERIMENT RESULTS

For about 30 seconds, no deformations occurred inside the gel. After 40™
second, deformations started to occur as half spherical lesions. Then, the shape
is preserved, but the dimensions increased. The initially formed shape is
assumed to be the impulsive response of the system. It is understood that, the
heat convection occurs through this impulse response to the outer diameters
with almost half spherical gradients. Even the lesion shapes are almost the
same, including their size, the measured temperatures differed. Measured
temperatures are given in Figure 5.2.1, where, Figure 5.2.1.a and Figure 5.2.1.b
are obtained by applying the same amount of power for different durations.
After the burns were made, a ruler was dipped into the gel and the size was
measured, where, the boarders of the melted region can be seen clearly. The
burns that are formed inside the gel were all spherical with the width and depths
given in Table 5.2.1. As it is seen from the table, all the melted regions are

wider than they are deep.

Power (W) Duration (s) Width (cm) Depth (cm) Depth /
Width
0.7 90 0.9 0.4 0.44
0.7 200 1 0.5 0.5
1 140 1 0.5 0.5

Table 5.2.1 - Deformation sizes with respect to duration and power for gel phantom.
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Figure 5.2.1 — Temperature graphs showing the rise of temperature of the gel phantom
around RF electrode. (a) Temperature sensor is 2 mm away from the electrode through
the surface and at the same level with the electrode through the depth. Delivered power
is 0.7 W (b) Temperature sensor is attached to the electrode and they are at the same
level through the depth. Delivered power is 0.7 W (c) Temperature sensor is attached to
the electrode and they are at the same level through the depth. Delivered power is 1W

5.2.2 RF TISSUE EXPERIMENT RESULTS

After 17.5 W delivery of power to the tissue for 1 minute, transversal
and longitudinal slices are cut through the middle of the scar. The observed
lesions have 0.8 cm width and 0.5 cm depth (wider than it is deeper), with a
depth to width ratio of 0.63.
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Figure 5.2.2 — The lesion formed after 17.5W 1 minutes of RF delivery. (Left)
Transversal slice. (Right) Longitudinal slice.

5.3 LASER EXPERIMENT RESULTS

To compare the laser burn sizes and shapes with RF ablation burn’s,
hand-fan design and bubble ended capillary glass tube lens interface designs
were experimented on both gel and tissue. The depth, width, and depth to widh

ratios are then compared.

5.3.1 HAND FAN DESIGN RESULTS

5.3.1.1 HAND FAN GEL EXPERIMENT RESULTS

While measuring the temperature at the sensor positions, sudden
increases are seen due to the direct laser illumination whenever the probes are
placed onto the anterior part of the holder (the part where the fibers are also
mounted). If we place the probes to the posterior part, it is seen that the
temperature increase is slow and is up to 30° C degrees at most. This shows that
the heat convection is slow at those positions. Then, it can be concluded that
there is no heating due to the absorption of the gel. In other words, at a length of
the thickness of the holder, which is 0.6 cm, there is no light emission from

front panel to the back panel of the holder.
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The SAR, as it has the relation with the slope of the temperature curve,
cannot be calculated directly from the laser experiment temperature graphs. At
RF ablation, the probes measured at most 70° C with slowly increasing slope.
So, it is better that the comparison criterion should be the output powers and the

lesion formations. The temperature curves are given in the figure below.
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Figure 5.3.1 —Temperature graphs of gel phantom experiment with laser illumination. Left: Probes are
at the anterior part Right: Probes are at the posterior part (probes are exposed to direct laser light).

2cm

Figure 5.3.2 —Lesion formation in the gel for 6W 30 seconds delivery with hand fan design
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The lesion formations for gel phantom are seen in Figure 5.3.2 for 6W —
30 second delivery of hand fan design. The melts are formed by touching the
design to the gel and by leaving a gap of 0.6 cm between the gel surface and the
side of the design. This was done as two consecutive experiments. The burns
then said to have mean width of 2 cm and mean depth of 1.5cm, with a depth to
width ratio of 0.75.

5.3.1.2 HAND FAN TISSUE EXPERIMENT RESULTS

After exposing 6.8 W light illumination to the tissue for 2 minutes, the
ablated lesion is cut to obtain transversal and longitudinal slices. The
longitudinal slice lies in the plane of incidence (as in Figure 5.1.5.) and the
transversal slice is perpendicular to the plane of incidence (as in Figure 5.1.6.).
And also, it is shifted from the origin of ablation by 3mm. Since the fibers are
focused at one point on the tissue, local extensive heating occurred and char was
formed. However, this char formation did not affect the results, since, whenever
it was formed, the laser system was switched off to prevent rapid change in the
absorption or any other optical properties of the tissue. The lesion to the left is
circular as expected with a width of 1 cm and a depth of 0.8 cm, with a dept to
width ratio of 0.8 (orientation of Figure 5.1.5). The perpendicular slice (3 mm
shifted from the origin), on the other hand, is narrower and shallower with
respect to the lesion in the left and has a width of 0.4 cm and a depth of 0.35

cm.
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Figure 5.3.3 —Lesion formation inside the tissue for 6.85W 2 minutes delivery. Left —
Hand Fan holder anterior lies in the xz plane. Right — Hand Fan holder anterior lies in
the xz plane. The slice is cut 3mm from the origin of ablation.

The lesion created by the perpendicular orientation of two fibers to the
surface of the tissue (with same power level with our hand fan design) is given

below. Only the caption of the width of the lesion is given. It is 0.3cm where

our design created a width of 1cm.
\ T

Figure 5.3.4 — Lesion excited with two perpendicular fibers (Surface
view).
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5.3.2 LENS DESIGN RESULTS

5.3.2.1 LENS DESIGN GEL EXPERIMENT RESULTS

The inhomogeneous light emission from the tip of design (d) can be seen
in Figure 5.3.5.c (the IR camera view). The light is refracted more towards to
the left of the design, due to the insensitive fabrication of the lens. Also, the
melt formations are seen in Figure 5.3.5.a. b. d. e. Just after the 1% minute, the
deformation is as it is in Figure 5.3.5.a and 5.3.5.d. The shape is not totally
uniform and there seems more deformations to the left side of the lens, which
supports the light emission seen in Figure 5.3.5.c. Just after the 5™ minute, the
lesion is formed as in Figure 5.3.5.b. and 5.3.5.e. The shape seems to be
uniform at the regions near the tip. This is due to the uniform heat convection
inside the gel, not due to the homogeneous SAR distribution. The SAR
distribution is more likely to be in Figure 5.3.5.a and 5.3.5.d, because the time it
takes to form such a formation is shorter than 5 minutes. The dimensions are
given in the Figure 5.3.5. It is better to take the dimensions of (a), since time it
takes to form such a deformation is shorter, in other words, it is where the heat
convection is less effective in the formation of the melted region. The depth is

1.5 cm where the width is 1 cm with a depth to width ratio of 1.5.

Burns formed just after the 1% minute with design (a) is seen in Figure
5.3.6. The power is the same (4W). The tip of the glass tube seems to not to
reflect the light outwards from the origin of incidence. So, the system behaves

as if there is no confronting the laser beam.

For gel experiments, it is seen that lens design in Figure 4.2.9.d gives
better results as opposed to design in Figure 4.2.9.a. It was expected, since the

curvature of (d) is higher (Figure 4.2.8).
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Figure 5.3.5 —Lesion formation inside the gel for 4 W with design (d). (A) — A simple
scheme of the lesion just after the 1* minute. (B) — A simple scheme of the lesion just
after the 5" minute. (C) - Inhomogeneous illumination due to the imperfections at the
tip. (D) — Lesion just after the 1° minute. (E) — Lesion just after the 5" minute.

Figure 5.3.6 — Lesion formation inside the gel for 4 W with design (a). The duration of
exposure is 1 min.
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5.3.2.2 LENS DESIGN TISSUE EXPERIMENT RESULTS

After 4 minutes of 4.5 W power delivery, the lesions formed with design
(a) and design (d) is given in the below figure. The lesion created with design
(a) shattered since the intensity at the interface is much higher than it is in the
design (d). It is understood that the part of the tissue exposed to illumination
was not tight enough. There was more air underneath the surface than tissue. So,
thinner tissue got more heated and exploded with design (a). With design (d), on
the other hand, since the light is refracted to more than it happened in design (a)
(See Figures 5.3.5 and 5.3.6), the intensity was not that much high and

extensive tissue disruption did not occur.

Figure 5.3.7 — Lesions after 4.5 W 4 minutes delivery of laser beam with designs (a) —
right — and design (d) - left
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54 MR THERMOMETRY RESULTS

As it is mentioned in Chapter 4, laser is switched off for the first 10
measurements, in other words, for 52 seconds. Then, up to 3.5 minutes, the
phantom is illuminated with hand fan design. The below figures are captured at
various instants. Note the similarity of lesions in Figure 5.1.5 and 5.4.1d. The
temperature maps at the slice where the temperature probe is inserted are given
in Figure 5.4.2. Both the probe readings and MR Thermometry values are
consistent. The probe temperature reading is seen as 9.8 °C at 157.5 seconds
where MR Temperature Map shows 11 °C and 11.3 °C at 210 seconds where
MR Temperature Map shows 12.4 °C. Figures 5.4.1 and 5.4.2 belong to gel
phantoms thermometry, where, Figure 5.4.3 belongs to tissue thermometry. The
lesion formation is seen better for gel experiments. Since it is more transparent,
the light reaches deeper regions. Then, a wider region gets heated and resolution
becomes higher, opposed to the tissue thermometry images. Due to this fact, we
are able to better observe melt formation with time. For tissue thermometry,
since the resolution is lower (effective absorption length is lower), the shape
cannot be distinguished well, as it is in Figure 5.4.3.c. However, the burn size
can be understood.

As it is mentioned, the SAR pattern found by simulations (Figures 5.1.5
and 5.1.1.d) and the temperature distribution of the gel phantom (Figure 5.4.1)
are similar. The simulations were done by considering the coefficients for
tissue, where, the compared temperature map belongs to the gel phantom
experiment. However, since MCML does not consider perfusion, diffusion,
convection, motion etc. effects, the only difference resulting from putting gel
coefficients instead of tissue coefficients would be the penetration depth, and
absorption intensities. But, here, we are only considering shape. Because, as the
duration of ablation is short enough, (thermal events do not take place) in a
perfusionless medium, the resulting formation resembles the absorption

distribution.
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Each MR thermometry image has 0.9x0.9 mm pixel sizes. The
temperature distribution for gel experiment at 210 seconds (after 158 seconds of
ablation) has then width of 10.8 mm and a depth of 9 mm with a depth to width
ratio of 0.83. The temperature distribution for tissue experiment at 210 seconds
(after 158 seconds of ablation) has width and depth of 7.2 mm with a depth to

width ratio of 1. The hand-fan orientations are given in the figures below.
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Figure 5.4.1 — MR Thermometry Images of a gel phantom a. t = 52.5
seconds b. t = 105 seconds c. t = 157.5 seconds d. t = 210 seconds
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Figure 5.4.3 — MR Thermometry Images of tissue phantom. Temperature Values are
given for pixel values (35,129) a) t = 105 seconds, T(35,129) = 28 °C b) t = 157.5
seconds, T(35,129) = 32.45 °C ¢) t = 210 seconds, T(35,129) = 35°C
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5.5 SUMMARY

The summary of the dimensions with power duration relation for gel and

tissue experiments respectively, are summarized tables below.

Delivery Power Duration (s)  Width (cm) Depth (cm) Depth/

Type (W) Width
RF 0.7 90 0.9 0.4 0.44
0.7 200 1 0.5 0.5
1 140 1 0.5 0.5
Hand-Fan 6 30 2 1.5 0.75
MR thermal
L 9.6 158 1.08 0.9 0.83
hand-fan
Lens

No result is given since the lesion shape do not resemble a half

Design circle

Table 5.5.1 - Temperature distribution sizes with respect to duration and power
for gel phantom experiments.

Delivery Power  Duration (s) Width (cm) Depth (cm)  Depth/

Type (W) Width
RF 17.5 60 0.8 0.5 0.63
Hand - Fan 6.8 120 1 0.8 0.8
MR thermal
map with 9.6 158 0.7 0.7 1
hand-fan
Lens
Design No result is given since the optimum lesions cannot be formed

Table 5.5.2 - Temperature distribution sizes with respect to duration and power
for tissue phantom.

As it can be understood from the results, the durations and the power
levels were tried to be adjusted so that the total amount of energy for every
experiment have near values (max. 500J difference). For gel phantom, the

increase in the temperature of a specific point is less than it is in tissue
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experiments, because of different absorption coefficients. For both phantoms,
the environment is perfusionless, so, for short time intervals the temperature
distribution is assumed to have a shape just it is in the MCML simulations. This
short time interval was assumed to have a value in between 5 — 6 minutes with
the application of 7W, by looking in the change in shapes of Figure 5.3.5 D and
E. When the time increases, the shape of the burn or deformations gets drifted
apart from the SAR distribution. Obviously, this is the main reason why depth
to width ratios of hand-fan gel phantom experiment and hand-fan MR
thermometry of a gel phantom experiment differ (Table 5.5.1).

For either case (gel or tissue results), with hand-fan design or RF
deliveries, depth to width ratios are less than 1. If it was 1, then the lesion is said
to have perfect half - circular shape. The depth to width ratio of the SAR pattern
of a single fiber was simulated as 2. Also, the MR thermometry image of single
fiber excitation with same experimental setup and power levels is given in
Appendix A, where, the single fiber thermal deformation map has depth to
width ratio of 2.5.

In simulation results, the depth was defined as the length between the
pixels with highest energy value and 10% of that energy level as one moves into
the layer in horizontal axis. The width on the other hand was measured between
the horizontal borders of 10% level. For RF-gel studies, regions were
determined by visible molten contour borders and temperature readings (50°C).
In laser-gel studies, the borders are determined as it was in RF-gel studies,
however, the temperature readings were observed at 0.6 cm posterior to the
holder. 50°C value of RF-gel temperature reading at the RF-gel molten border
was observed to have 5 — 10 °C increment at the posterior probe reading in
laser-gel setup, and the borders were determined accordingly. In tissue

experiments, the borders were determined w.r.t. the change in contrast.
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However, MR Thermometry results showed that, those borders have
temperature values less than 50°C, where this value is the threshold value for
lesion formation. The formed burns and molten regions were compared. Since
the media were perfusionless, the comparison of simulation results with
experimental results gives an insight. However, if they were not, the absorption

pattern and the temperature response should not be compared.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

In this preliminary work, it was shown that we are able to create lesions
with a novel fiber-based laser ablation scheme, where the lesion pattern imitates
the commonly used RF energy delivery techniques. To do so, multiple fiber
scheme was simulated by Monte Carlo Modeling Based approach. As a starting
point, 2D problem of getting a half circular (RF like) ablation zone was
investigated and it was concluded that, a three — fiber orientation is enough to
get RF like patterns.

No in vivo study was conducted. This can only be achieved by
modifying our hand-fan design so as to be insertable through vessels. This can
be succeeded by finding a way to put hand-fan design into a much smaller
catheter end (by using tapered end fibers supported with scattering particles).
The ultimate goal is to compare cardiac lesions for in-vivo studies with or
without MR guidance, where, it can only be done by catheter approach, not by
our current hand-fan design (it is not suitable for this operation). However,
hand-fan design results are promising and gives an idea about the fiber

orientations.

The output of the combined MCML approach and MATLAB subroutine
gives 2D and 3D SAR distributions. However, there is no impulsive SAR
distribution of RF ablation lesions, but, there are many temperature distribution
simulations and experiment results. Considering those available data,
temperature distributions and burn formations were compared. To understand
the real time effect, results are supported with MR thermometry images. From
the results, it is seen that the depth to width ratios of hand-fan design and RF
delivery are close. The hand fan design seems to penetrate deeper. So, depth to
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width ratio is greater than it is obtained with RF delivery. To obtain exact effect,
the wavelength of laser system may be changed, however, whenever the depth
to width ratio is smaller than or equal to 1, the lesion is said to have half —
circular pattern, which is nice. Moreover, deeper temperature response of laser
ablation may be used to obtain perfect transmurality, where, it cannot be
achieved for some regions with RF ablation. In future works, better depth /
width aspect ratio identification should be done. This will provide us more

comfortable and accurate comparisons.

To summarize, the real-time MR thermometry images are
consistent with local temperature measurements. In addition, the lesion patterns
as determined both from thermal maps, and slices of ablated tissue are mutually
consistent and in agreement with numerical simulations. The preliminary results
are promising. As explained earlier, several diffusing tip designs are available.
These designs diffuse light in cylindrical geometry. Besides, due to their design
specifications, they cannot be directly used in place of RF probes in the
treatment of AF. However, for tumor ablations, they may be quite useful. The
following research should include spherical diffusing tip designs either.
Spherical laser energy induced lesions as described here are deeper, potentially
minimizing recurrence of AF after the treatment and may compensate the
deficiencies of the RF ablation. This approach has full MR compatibility: no
distortion in the phase images occurs, and real-time MR thermometry maps
during the operation can easily be recorded. Efforts are under way to develop a
more compact scheme; such the fibers can be packaged to 1-2 mm diameter to
be inserted through blood vessels. Different orientations and fiber tips are being
explored to obtain beam profiles closer to a perfect spherical distribution.
Besides, with the help of MR guidance and novel catheter tracking techniques,
the atrial thickness of the region of interest can be visualized. So, a variable
wavelength laser system can be designed to be used safely upon ablating

varying thickness of tissue.
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APPENDIX A

The Figure Al shows the MR thermometry image of a single fiber
perpendicularly exciting the gel phantom with 9W 158 seconds delivery of laser
energy. The depth to width ratio of the temperature distribution of single fiber

excitation inside the gel is 25 pixels/10 pixels = 2.5.
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Figure Al: MR thermometry image of gel phantom with single fiber excitation (OW
158 seconds delivery).
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APPENDIX B

The Figure B1 shows the absorption coefficient (U1, vs. wavelength
graph of aorta. The graph includes the values which are obtained by using
different techniques by different researchers and was compiled by Steven

Jacques [54].
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Figure B1: Absorption coefficient vs. wavelength of aorta by Steven Jacques.
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