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Abstract

A common tool for tissue ablation is the use of heat. For the imILTCLS technique in-
vestigated in this project, the heat is induced by the usage of laser light. The light is
absorbed by the tissue and is thus turned into heat, the amount absorbed depends on the
optical properties of the tissue, such as absorption and scattering. In imILTCLS such as
in other laser based ablation techniques, optical fibers are used to deliver the laser light
to the treatment volume. The main aim of this project was to develop a source model for
the imILTCLS technique using COMSOL Multiphysics. This was done in three steps, first
ray tracing inside the different fiber models, then light distribution in tissue and last heat
distribution in tissue due to the introduced laser light. A second aim of this project was
to simulate the heat induced in the different fiber layers during an imILTCLS treatment
for the different fiber designs as well as comparing two fibers of the same design but of
different thicknesses. The two fiber designs used were bare end and radial. The results
from the developed simulation model are in large, in agreement with the validation exper-
iments performed. The intensity profiles of the bare end fiber is approximately the same
for both simulation and experiment, but differs slightly for the radial fibers. The results
from the heat distribution simulation models does agree with the validation experiments
but overall, the temperatures received in the simulation may be lower than for the valida-
tions. This is most likely due to the main source of error in the simulations, the optical
properties of the simulated tissue. When comparing the two fibers of the same model
but different thicknesses, it was concluded that different parameters limit the maximum
power and treatment time that can be used for the different fiber thicknesses.
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Abbreviations
CLS Clinical Laserthermia Systems

imILT Immunostimulating Interstitial Laser Thermotherapy

NA Numerical Aperture

FEM Finite Element Method

PEEK Polyether ether ketone

PET Polyethylene terephthalate

PBS Phosphate-buffered saline

ii



Contents

1 Introduction 1

2 Biomedical Optics 2
2.1 Light propagation in tissue . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2 Diffusion theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.3 Bioheat equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4 Immunostimulating Interstitial Laser Thermotherapy . . . . . . . . . . . 3
2.5 Laser probes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.5.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.5.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Source model 7
3.1 Intensity distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2 Light propagation model . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Heat transfer model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.3.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4 Results 15
4.1 Intensity distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.1.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2 Light distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Thermal distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3.1 Bare end fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3.2 Radial fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5 Discussion 36

6 Conclusions and Outlook 37

7 Acknowledgments 37

8 References 38

iii



Emily Emilsson

1 Introduction
The use of heat for tissue ablation have become fairly common these days and is used in
a variety of forms. The aim when using heat for tumor ablation is to raise the tissue tem-
perature to a degree above 50◦C, this to utilize the increased sensitivity of the tissue [1].

One technique investigated for tumor ablation is called Immunostimulating Interstitial
Laser Thermotherapy (imILTCLS), and is also the one that this project is centered around.
This technique has been developed by Clinical Laserthermia Systems (CLS) in Lund,
based on Karl Göran Tranberg’s research at Lunds University Hospital. CLS has recently
started its clinical studies on this technique in Europe [2]. Immunostimulating Interstitial
Laser Thermotherapy is a method for tumor ablation that uses heat to reach a given tem-
perature in a specific tumor location. This procedure can activate an immune response
towards the remaining cancer cells, and it is based on a technique called Interstitial Laser
Thermotherapy [3]. This method is only one of many tumor ablation techniques that
have been developed through out history. One other technique for tumor ablation is ra-
diofrequency ablation which utilizes an alternating current to induce friction in the tissue
which in turn produces heat. A third example of a tumour ablation technique is called
microwave ablation where an antenna delivers an oscillating electromagnetic field into
the tumor, and this field creates friction and heat due to that the water molecules oscillate
with the field [4].

What these different tumor ablation methods aim to achieve is to develop a treatment with
a predictable temperature distribution and an accurate destruction of the tumor sites [5].
This could be aided by simulating the procedure before treatment to see the heat distribu-
tion within the tissue depending on different parameters. Some of these parameters are,
estimated time of the procedure, type of applicator, placement of the applicator and in the
case of imILTCLS the placement of the temperature probe relative to the applicator. The
simulations can help to reduce animal testing down to the most promising parameters and
also reduce the number of different prototypes that needs to be tested before finding the
optimal solution. This will then reduce the cost of developing a new applicator or treat-
ment, since the cost of animal testing will be reduced, as well as the cost of producing
the prototypes needed to find the optimal solution. Simulating the problem is thus both
ethically relevant and cost effective.

The aim of this project is to develop a source model of how heat is distributed in tissue for
the method imILTCLS . Starting with ray-tracing simulations of a realistic fiber model and
then move on to add tissue simulations using diffusion theory in COMSOL Multiphysics
and implementing the Bioheat equation. The results are to be experimentally verified by
using the equipment and ex vivo measurement protocoll developed by CLS [2].
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2 Biomedical Optics
In this section all relevant theory behind the project is presented. This theory is presented
in the order so that it follows the three steps used in this project to develop a source model.
The models behind the source model and thus the three steps are; Light propagation in
tissue, Diffusion theory, Bioheat equation, imILTCLS and Laser probes and are presented
in the following subsections.

2.1 Light propagation in tissue
Biological tissue is often referred to as turbid media or highly scattering media and is op-
tically inhomogeneous. Even though biological tissue is referred to as highly scattering,
it is also an absorbing medium. In the wavelength range of 400 − 1350 nm biological
tissue have a very low absorption relative to its scattering, often referred to as the optical
window. The mean free path of a scattering event in this region is in the 0.1 mm range and
for an absorption event it can be in the range of 10− 100 mm [6]. This mean free path is
defined as the reciprocal of either the scattering coefficient, µs, or absorption coefficient,
µa. These coefficients describe the probability of either a scattering or absorption event
per unit path length [7]. The absorption coefficient in biological tissue in the wavelength
range of 400− 1350 nm, is in the order of µa = 0.1 cm−1 and the scattering coefficient in
the order of µs = 100 cm−1 [6].

For turbid media such as biological tissue a reduced scattering coefficient is used instead
of the ordinary one, the two are connected by Equation 1. The variable connecting the two
is called the anisotropy factor and is denoted g. This factor is given by the average cosine
of the scattering angle and describes the direction of scattered light inside the medium. A
value close to one of the factor g, as in biological tissues, means that the light is mostly
forward scattered.

µ′s = µs(g − 1) (1)

2.2 Diffusion theory
One way of explaining light moving through a medium is by veiwing the light as opti-
cal energy of a specific concentration. This optical energy then diminishes following a
concentration gradient by means of diffusion [8]. The explanation above is one way of
describing diffusion theory. Diffusion theory depends on that light has no preferred di-
rection, which is said to be true after multiple scattering events. This means that diffusion
theory is to be used when the absorption is low in respect to scattering in the propaga-
tion medium and when examining points a few scattering lengths away from a source,
in biological tissue apprixmately 1 mm. The diffusion equation represented as a partial
differential equation can be seen in Equation 2, where the parts on the left hand side
represents a loss of photons and the one on the right a gain, i.e. a source [8], [9].

1

c

∂φ(r, t)

∂t
−D∇2φ(r, t) + µaφ(r, t) = S(r, t) (2)
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Where D = 1
3(µa+µ′s)

is the diffusion constant, also called the diffusion length, φ(r, t) is
the fluence rate as a function of distance from the source and time, µa is the absorption
coefficient and S(r, t) is the source function.

In this project a stationary version of the diffusion equation is used because a continuous
laser beam is utilized instead of a pulsed one. The assumption is then that directly after
turning on the laser, a specific light distribution is generated. This results in the following
equation [9]:

−D∇2φ(r) + µaφ(r) = S(r) (3)

When solving this partial differential equation for a system consisting of varying param-
eters and complex boundaries, a numerical approach is desired. The numerical method
used in this project is the Finite Element Method or FEM for short, which solves the equa-
tion for the whole system by dividing the problem into discrete arbitrary elements with
associated equations. The solutions for each of the discrete elements are assembled into
a larger system to calculate the solution for the whole problem [8].

2.3 Bioheat equation
Absorption of light will lead to an increase in temperature. This temperature increase and
heat distribution is defined by Equation 4 below, called Pennes’ equation, where on the
left hand side, ρ is the density of the medium, c is the materials heat capacity, T is the
temperature as a function of position and time and k is the thermal conductivity of the
medium. On the right hand side of Equation 4 the first term represents the heat absorption
due to blood perfusion, where ρb is the density of blood, cb is the heat capacity of blood,
ωb is the blood perfusion rate and Tb − T is the difference in temperature between the
blood and the surrounding tissue. The second term on the right hand side represents the
metabolic heat source and the third term represents an external heat source, in this case
the heat generated by the absorption of light in the tissue [10]- [12].

ρc
∂T

∂t
+∇(−k∇T ) = ρbcbωb(Tb − T ) +Qmet +Qext (4)

2.4 Immunostimulating Interstitial Laser Thermotherapy

Immunostimulating interstitial laser thermotherapy, imILTCLS , is a treatment method de-
veloped by CLS and is based on the tumor ablation technique, interstitial laser thermother-
apy. The techniques are both based on the effect of temperature change on biological
tissue.

When it comes to laser treatments the word thermotherapy is used to define a treatment
temperature above 50◦C. For the treatment investigated in this project, i.e. imILTCLS ,
temperatures between 43◦C and 50◦C at the tumor border are aimed for. In this temper-
ature interval three effects can be observed: direct cell death, vascular destruction within
the tumor, and the increased sensitivity to heat of the tumor cells [1], [13]- [15]. Coagula-
tion of tissue can be seen from temperatures above 45◦C [16], [17]. Inside the tumor, both
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coagulation and rapid cell death is achieved since the temperatures here are above 50◦C,
and if the temperatures are raised above the boiling temperature of water, i.e. 100◦C, car-
bonisation can occur. The complete ablation of imILTCLS cannot be seen directly after
treatment since it continues for hours or days after the treatment period.

The procedure of imILTCLS is to reach a temperature of 46◦C at the tumor border and
keep it there for approximately 30 minutes. This is done by turning the laser off above
46◦C and on below this temperature. By doing so, an immunological response can be
induced by delayed apoptosis and vascular damage [14]. The immunological response
can take care of the remaining cancer cells at the tumor border and eventual metastasis.

2.5 Laser probes
To perform different kinds of treatments a safe and effective delivery system from the
laser source to the treatment volume is needed, and one way to do this is to use optical
fibers. The easiest form of an optical fiber consists of a core, a cladding and in most
cases also a coating for extra protection of the fiber. Most of the fibers used for medical
applications, where a high intensity is required, are so called multi-mode fibers, i.e. fibers
permitting multiple ray-trajectories inside the core [1].

Optical fibers depend on total internal reflection which in turn depends on the difference in
refractive index between core and cladding. The requirement for total internal reflection
is that the angle of incidence, θa, on the fiber entrance relative to the optical axis is such
that it fulfills the requirements of Equation 5 below. Where,NA is the numerical aperture,
n0 is the index of refraction of the material surrounding the entrance of the fiber, n1 the
index of refraction of the core and n2 the index of refraction of the cladding. The angle
θa can also be seen as the maximum output angle from the fiber, if the refractive index of
the surrounding material is used at the exit as n0 instead of the one at the entrance.

NA = n0 · sin θa =
√
n2
1 − n2

2 (5)

As seen from equation 5 the index of refraction of the cladding needs to be smaller than
the one of the core for the relation to be fulfilled. This is often done by using for ex-
ample silica for the core, which has a refractive index of approximately 1.45, and doped
silica for the cladding. When doping silica the index of refraction is reduced, by a quan-
tity which depends on the substance used in the doping process, and its concentration. [1].

The NA and acceptance angle can also be connected to the allowed release angle inside
the fiber by Equation 6, where n1 is the refractive index in the core and θr is the release
angle relative to the optical axis.

n0 · sin θa = n1 · sin θr (6)

Equations 7 to 9 show the equations used by COSMOL Multiphysics for the initial wave
vector components which in turn is used to determine initial direction of the rays.
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kx =
ωn

c
cos θ sinφ (7)

ky =
ωn

c
sin θ sinφ (8)

kz =
ωn

c
cosφ (9)

Here ω is the angular frequency, θ is an angle determined by the decided release axis, and
φ is an angle going from 0 to the release angle θr [18].

The ray tracing module in COMSOL Multiphysics uses the following equations to calcu-
late direction and position of the released rays assuming a constant refractive index and
non-absorbing media [18].

dk
dt

= 0 (10)

dq
dt

=
c|k|
n

(11)

Where k is the wave vector, t is the time, q is the position vector, c is the speed of light
and n is the refractive index in the medium [18].

2.5.1 Bare end fiber

One of the applicators used in this project is a so called bare end fiber. The fiber has
a diameter of approximately 0.5 mm, consists of three layers and has a flat top profile.
These three layers are core, cladding and coating. The core consists of pure silica or silica
quartz and has a refractive index of approximately 1.45 and a diameter of 0.4 mm. Used
for cladding in this fiber is fluorine doped silica with a refractive index of 1.44 and a
thickness of 20 µm. The layer of coating is made of polyimide and has a refractive index
of 1.7 and a thickness of 15 µm. The theoretical acceptance and divergence angle of this
bare end fiber in air is θa = 12.7◦ and itsNA = 0.22. Its acceptance and divergence angle
is shown as θa in Figure 1.

Figure 1: A schematic image of how the acceptance angle and divergence angle, θa, is defined.
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2.5.2 Radial fiber

The other type of laser applicator, i.e. optical fiber, used for this project is the radial fiber.
A radial fiber has an intensity profile like a disk with a specific divergence angle shown
in Figure 2, in this case approximately θa = 15◦. The radial fibers used in this project
have two different sizes, fiber A has an outer diameter of 1.81 mm, and fiber B one of
1.16 mm. The materials of core and cladding are the same as for the bare end fiber and
therefore the refractive index, NA, acceptance angle and release angle are the same. The
outer diameters of core and cladding for fiber A is 0.60 mm and 0.72 mm respectively
and for fiber B the corresponding values are, 0.550 mm and 0.605 mm respectively. The
specific diameters of each fiber layer for the two fibers are presented in Table 1.

Table 1: Materials and their Outer Diameters (O.D.) for the different layers of the radial fibers.

Material Layer O.D. [µm] O.D. [µm]
Fiber A Fiber B

Silica glass Core 600 550
Fluorine doped silica Cladding 720 605
Polyimide Coating 760 640
Nylon Buffer 1100 810
UV glue In back of fiber 1200 860
PEEK PEEK 1750 1150
PET Tubing 1810 1210
Air Air in cap 770 640
UV glue Glue in cap 770 640
Silica glass Cap 1750 1150

The most significant difference in construction between a bare end fiber and a radial fiber
is the number of layers, and the end of the radial fiber core which consists of a cone
with a protective closed capillary around it. The bare end fiber has a flat top profile
and no protective cap. An image of a 2D model of a radial fiber modeled in COMSOL
Multiphysics is shown in Figure 2 below.

Figure 2: A 2D drawing of a radial fiber, which shows the different layers and the structure of the fiber. The
image also shows the definition of the divergence angle, θa.
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3 Source model
This section is about how the source model is built up step by step for the fibers and also
about the different validation experiments made to support the models. The three steps
taken to develop the source model are, implementation of the intensity distribution model
in the fiber, the light distribution model in the tissue and the thermal distribution model in
the tissue. These three steps are explained in the following subsections respectively. After
finishing each step, a validation is made, if possible. Validations are made for the intensity
distribution model and the heat distribution model, but not for the light distribution model
since it would be very difficult and time consuming.

3.1 Intensity distribution
The intensity distribution of two different fibers, bare end and radial, are simulated and
experimentally validated to develop a model of the intensity distribution. This section
explains the method behind the simulations as well as the validation experiments for the
two different fiber types.

3.1.1 Bare end fiber

Simulation
Simulating ray tracing and intensity distribution of a fiber starts with building the correct
geometry. The geometry for the bare end fiber is modeled by making a 2D drawing in
COMSOL Multiphysics corresponding to the half longitudinal section, and revolve it 360◦

around the fiber axis. In this case the 2D drawing consists of three rectangles with widths
corresponding to the column called layer thickness specified in Table 2. Each layer in the
fiber is assigned a material with different refractive index, which also can be seen in Table
2.

Table 2: Parameters for the different layers of the bare end fiber.

Material n Layer Layer thickness [µm] Reference

Silica glass 1.499 Core 200 [19]
Fluorine doped silica 1.4331 Cladding 20 [19]
Polyimide 1.7 Coating 15 [20]

After creating the described geometry the release of rays inside the fiber is specified using
the "Release from grid" feature in COMSOL with a conical shape. The half angle of the
release cone corresponds to the maximum release angle, θr , inside the fiber calculated
from Equation 6.

7
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Experiments
The following experiment was performed to be used as validation of the theoretical illu-
mination model developed in COMSOL Mulitphysics for the bare end fiber. Validation
of the intensity profile of the bare end fiber was made by placing a paper screen at three
different distances perpendicular to the fiber axis, this to visualize the beam released by
the fiber. The different distances from the fiber tip used for the experiments were 20 mm,
40 mm and 80 mm. Images were taken of the intensity profiles in a plane perpendicular
to the axis of the light distribution, as seen in Figure 3.

Figure 3: Here the set up used for the validations of the bare end fiber is shown. The red marking on the
paper screen is used to focus in the right plane.

To validate the results from the intensity distribution simulation for the bare end fiber, the
angle at which light exits the fiber in the simulation is compared to that of the experi-
ments. This validation is done by determining the divergence angle in the simulations as
well as in the experiments.

The calculation of the angle in the simulation is made by creating a Poincaré map placed
perpendicularly to the fiber axis at a distance of 4 cm from the fiber exit and evaluating
its radius. These values are then to be used in Equation 12 as, x and y, respectively. The
equation gives the divergence angle of the fiber where x is the separation and y is the
intensity radius.

Calculation of the divergence angle from the experiment is made by evaluating the inten-
sity along a line through the center of the the intensity pattern and in that way determining
the diameters and radii of the intensity profiles at the three different distances. The differ-
ent radii are then plotted against the different distances and a linear fit is calculated. From
the linear fit the divergence angle can be calculated by using the radii as y in Equation 12
and the distances as x.

θa = tan−1
(y
x

)
(12)
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3.1.2 Radial fiber

The intensity model simulation is developed in the same way for both fiber A and B, but
the validation experiment is only done for fiber A. This since the fibers are identical in
their construction but have different thickness, which in turn means that the divergence
angle in air is the same for both fibers and it is thus enough to only validate the divergence
angle for one of them.

Simulation
Ray tracing and intensity distribution simulations for a radial fiber begin with a realistic
geometrical model of such a fiber. The geometry of the radial fibers used in this project
was achieved by creating a 2D drawing in COMSOL Multiphysics corresponding to the
half longitudinal section revolved around the fiber axis for 360◦. The 2D drawing is the
same as in Figure 2 but cut in half along the rotational axis and is thus built up of different
combined geometrical shapes. Each layer is assigned a specific material with specific
material properties, such as refractive index. The parameters for the different layers in
the fibers are described in Table 3. Note that the thicknesses of the coating layer and
the buffer layer do not match the defined outer diameters in Table 1. This is due to the
fact that the simulation program used has problems when the thin layers in the back and
front of fiber do not match. Since the most important parts for the evaluation of the fibers
for this project are in the part by the cap, the coating layer is changed in the simulation
to match the layer of glue in the cap. This also results in reducing the buffer layer the
same amount that the coating is enlarged. In Table 3 the tubing layer is missing, which is
due to that this layer is not used for the simulations. The reason for this is that it caused
complications that there was no time to resolve during this project. These changes are
acceptable since they do not affect the aspects to be evaluated.

Table 3: Parameters for the different layers of the simulated radial fibers.

Material n Layer Layer thickness [µm] Reference
Fiber A | Fiber B

Silica glass 1.499 Core 300 | 275 [19]
Fluorine doped silica 1.4331 Cladding 60 | 27.5
Polyimide 1.7 Coating 25 | 17.5 [20]
Nylon 1.53 Buffer 170 | 85 [21]
UV glue 1.56 In back of fiber 50 | 25 [22]
PEEK 1.67 PEEK 275 | 145 [23]
Air 1.0 Air in cap 25-385 | 17.5-320
UV glue 1.56 Glue in cap 25 | 17.5 [22]
Silica glass 1.499 Cap 490 | 255 [19]

As for the bare end fiber the release of rays inside the fiber is specified by using the "Re-
lease from grid" feature in COMSOL Multiphysics. In this case, as in the case of the bare
end fiber, a release feature with a conical shape is used with the half release cone angle
corresponding to the maximum release angle inside the fiber, i.e. θr.

9
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Experiments
The validation of the intensity profile of a radial fiber was performed by building cylinders
of thin white paper, and placing them around the fiber with the axis parallel and centered
to the fiber axis. Cylinders of three different diameters, 16 mm, 20 mm and 40 mm, were
built. Figure 4 below shows the set up used for the validation experiments of the radial
fiber. As for the bare end fiber, images were taken for analysis in a plane perpendicular to
the emission plane.

Figure 4: The set up used for the validations of the intensity distribution of the radial fiber.

Validation of the results from the intensity distribution simulations for the radial fiber is
done by comparing the divergence angle of the fiber in the simulation to the one of the
experiments for fiber A.

The calculation of the angle in the simulation is made by creating a Poincaré map placed
parallel to the fiber at a distance of 1 cm from the wall of the fiber cap and evaluating its
width. These values are then to be used in Equation 12 as, x and 2y, respectively.

To analyze this angle for the experiments the half height of the ring seen in Figure 4 is
used together with the distance between fiber and cylinder. These variables are plotted
against each other and a linear fit is calculated. As for the bare end fiber the divergence
angle can be calculated by using the y-value from the linear fit as y and the x-value as x in
Equation 12. The analysis of the images is done using MatLab by evaluating the intensity
of a line parallel to the fiber axis centered on the cylinder.

3.2 Light propagation model
The simulation of light distribution in tissue is performed using diffusion theory, more
specifically a stationary Helmholtz equation. Calculations made in the simulations are
only done for the tissue domain, i.e. not for the fiber domains. This is done since the
diffusion would be incorrect in the fiber domains because of the negligible scattering in
them. The source term used is extracted from the ray tracing simulations as the intensity
of the surface where the light exits the fiber. For the bare end fiber the source is defined
as the intensity of the flat end surface, and for the radial fiber it is instead defined as the
surface of the glass cap at the end of the fiber. This source term represents an external
light source and is a part of the term S(r) in Equation 3.

10
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Table 4: Parameters for Bovine cardiac muscle.

Parameter Parameter value Reference

n 1.41 [25]
g 0.965 [26]
µs [1/m] 14 000 [26]
µ′s [1/m] 490 [26]
µa [1/m] 30 [26]

The parameters used for absorption and scattering in the simulations are representing
those of bovine cardiac muscle since that is the tissue type used for the validation exper-
iments. A list of the used parameters and their respective reference is presented in Table
4.

3.3 Heat transfer model
This section describes the process of developing the heat transfer simulations as well as
the validation experiments, for the two fibers types, bare end and radial respectively. The
heat distribution model is developed by using the Bioheat equation , Equation 4, with
the blood perfusion term, ρbcbωb(Tb − T ), and metabolic heat source term, Qmet, equal
to zero. This since the simulation and the validation experiments are done ex vivo. In
COMSOL Multiphysics this is done by using the Bioheat transfer module. The validation
of this part is done using the laser system developed by CLS and their protocol for ex
vivo measurements. The heat parameters used for bovine muscle in the simulations are
presented in the table below.

Table 5: Heat parameters for Bovine cardiac muscle.

Parameter Parameter value Reference

c [J/kg ·K] 3430 [27]
k [W/m ·K] 0.418 [28]
ρ [kg/m3] 1016 [29]

3.3.1 Bare end fiber

Simulation
The heat transfer simulation for the bare end fiber is developed by using the results from
the light distribution model as an external heat source corresponding to the term, Qext

in Equation 4. This is done by multiplying the fluence rate received from the Helmholtz
equation with the absorption coefficient. The heat parameters used for this fiber model is
presented in Table 6 below.

11



Emily Emilsson

Table 6: Heat parameters for the bare end fiber.

Material c [J/kg ·K] k [W/m ·K] ρ [kg/m3] Reference

Silica glass 703 1.38 2203 [31], [30]
Fluorine doped silica 703 1.38 2203
Polyimide 1090 0.12 1420 [20]

To simulate an imILTCLS treatment a step function needs to be added, that becomes zero
at the target temperature of 46◦C and goes to one when below the target temperature. This
step function is added to simulate the ON-OFF behavior of the laser during a treatment. To
measure the temperature for the step function a domain point probe is added at a distance
of 5 mm perpendicular to the fiber axis and 2 mm in front of the fiber due to its forward
directed light, which can be seen as point 1 in Figure 5. The temperature is also measured
at three other points using the domain point probe function. These are in the core, in the
cladding and in the coating all at the fiber tip, and can be seen as points 2, 3 and 4 in
Figure 5, respectively. The wavelength and power used for the simulations are 1064 nm
and 1 W respectively.

Figure 5: A schematic image of a bare end fiber and the four points at where the temperature is measured
in the simulation of the fiber. 1: In the tissue 5 mm away from the fiber. 2: In the core by the fiber tip. 3:
At the fiber tip in the cladding. 4: In the coating layer at the fiber tip.

Experiment
The validation experiments of the heat distribution model for the bare end fiber is done by
placing bovine cardiac muscle in a Phosphate-buffered saline (PBS) solution and place it
in a water bath. The water bath is used to heat up the tissue to a temperature of 37◦C and
keep it at that temperature throughout the experiment. When the temperature of the tissue
is approximately 37◦C a template with holes spaced 5 mm from each other is placed on
top of the tissue and the fiber and temperature probe are inserted. The fiber is placed at a
distance of 5 mm from the temperature probe and at a depth inside the tissue of 17 mm.
The temperature probe is placed a few millimeters deeper than the fiber since the bare
end fiber is radiating in the forward direction. After placement of fiber and temperature
probe the treatment is started, first there is a warm up time, which is the time it takes for
the laser to heat up the tissue to 46◦C at the temperature probe position. Then there is a
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treatment time of 30 minutes where the temperature is kept at 46◦C by turning the laser
off and on. After finishing the treatment the tissue is divided along the plane of the fiber
and temperature probe, and the lesion is measured using a ruler. The wavelength used for
the experiments is 1064 nm and the power used is 1 W.

3.3.2 Radial fiber

The simulations of this fiber model is done in two ways for fiber A, and in one way for
fiber B. The first one is to simulate an imILTCLS treatment, meaning having the laser turn
on and off at a specific temperature, this is only done for fiber A. The other one is to keep
the laser on for a specific time corresponding to the time it takes to detect smoke or a burnt
scent when keeping the laser at a constant power in the experimental part. The second
way of simulating heat distribution is done for both the radial fibers, and is further on
referred to as the Burn simulations and Burn experiments. These burn trials are made to
detect differences between two fibers with the same construction but different thicknesses.

Simulation
When developing the heat transfer simulation for the radial fiber, the results from the light
distribution model simulation is used as an external heat source corresponding to, Qext in
Equation 4. This is done by multiplying the fluence rate received from the Helmholtz
equation with the absorption coefficient of the tissue. The heat parameters used for this
fiber is show in Table 7 below. In Table 7 the heat capacity and thermal conductivity
for the UV glue is assumed to be the same as for Nylon. The reason for this is that
these parameters for the glue could not be found and the properties of Nylon were those
assumed closest and were thus used.

Table 7: Heat parameters for the different materials of the radial fiber.

Material c [J/kg ·K] k [W/m ·K] ρ [kg/m3] Reference

Silica glass 703 1.38 2203 [31], [30]
Fluorine doped silica 703 1.38 2203
Polyimide 1090 0.12 1420 [20]
Nylon 1700 0.25 1150 [32]- [34]
UV glue 1700 0.25 1050 [32], [33], [35]
PEEK 320 0.25 1310 [36], [37]
PET 439.3 0.3 1350 [38], [24]
Air 1005 0.0257 1.205 [39], [40]

To measure the temperature at different points in the fiber and tissue, domain point probes
are added in COMSOL Multiphysics. The measurement points for the radial fiber are; in
the glass cap parallel to the radiation point, in the lower edge of the UV glue inside the
glass cap, and in the tissue at a distance of 10 mm from the radiation point. These three
points can be seen in Figure 6.
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Figure 6: A schematic image of a radial fiber and the three points at where the temperature is measured in
the simulations of the radial fibers. 1: In the tissue 10 mm away from the fiber. 2: In the glass cap by the
core tip. and 3: At the end of the glue layer closest to the fiber tip.

For the simulation, where an imILTCLS treatment is to be recreated, an ON-OFF behav-
ior is added with the help of a step function and the domain point probe placed in the
tissue. This step function goes to zero when the target temperature of 46◦C is reached at
the measuring point, and to one, when below this temperature. The step function is then
multiplied with the heat source, meaning that the heat source is turned ON and OFF de-
pending on the temperature at the measuring point. The simulation time for the treatment
is first put to 30 minutes plus the time it takes to reach 46◦C the first time but is changed
to 20 minutes due to memory errors on the computer used for the simulations. The results
from the last 10 minutes of a 30 minute treatment is only seen in vivo and not ex vivo, so
the validation using experimental ex vivo data for 30 minutes can still be made.

The Burn simulations, developed for both fiber A and B are done in the same way except
for the ON-OFF regulation achieved using the step function. Instead the laser is kept on
for a specified amount of time corresponding to that of the results in the experimental part.
The evaluation of the burn simulations are only made on the temperatures in the glass cap
and in the glue and not on the temperatures in the tissue. This since the part aimed to
investigate with these simulations is the damage inflicted on the fibers and not the tissue.

Experiment
Validation of the heat distribution model simulations for the radial fibers, is done by plac-
ing bovine cardiac muscle in a PBS solution and place it in a water bath. As in the case
for the bare end fiber validation experiment, the water bath is used to heat up the tissue to
a temperature of 37◦C and keep it at that temperature throughout the experiment. After
reaching the wanted start temperature of 37◦C a template with holes spaced 5 mm from
each other is placed on top of the bovine cardiac muscle tissue and the fiber and tempera-
ture probe are inserted. The fiber is centered on the tissue at a depth of 28 mm placed 10
mm away from the temperature probe also placed at a depth of 28 mm. After placement of
fiber and temperature probe the laser is turned on, which in turn starts the heating process.

For the validation of the heat distribution model for radial fiber A, the treatment corre-
sponding to an imILTCLS , there is first a warm up time after turning on the laser. This
warm up time corresponds to the time it takes for the laser to heat up the tissue at the
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temperature probe position to a temperature of 46◦C. Then there is a treatment time of
30 minutes where the temperature is kept at 46◦C by turning the laser off and on. After
finishing the treatment the tissue is opened up along the plane of the fiber and temperature
probe, and the lesion is measured using a ruler.

When doing the experiments for the burn simulations the set up used is the same but the
laser is instead kept on constantly until smoke or a burnt scent coming from the tissue
is detected. The evaluation of these experiments are only done by comparing the time it
takes to burn the respective fiber.

4 Results
In this section the results from the developed model and the validation experiments are
presented. The results are presented in three different subsections corresponding to the
three different steps taken to develop the source model.

4.1 Intensity distribution
This part of the result section is focused on the intensity distribution results from both
fibers. The results are presented for both the simulations and the experiments.

4.1.1 Bare end fiber

The results from the ray tracing simulations and thus the intensity distribution for the bare
end fiber is shown in the following figures. Figure 7, shows the ray trajectories through a
bare end fiber and also the intensity distribution after exiting into air. The light exciting
the fiber has a conical shape as expected for this fiber type.

Figure 7: Simulation results showing the intensity distribution and ray tracing of the bare end fiber. The
colorbar represents the intensity.
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Figure 8 shows the Poincaré map produced in COMSOL Multiphysics for the ray tracing
simulation of the bare end fiber. Evaluation of the distribution angle in air from this figure
gives a divergence angle, θa = 12.68◦ calculated from Equation 12 where y = 9 mm is
the radius of the Poincaré map and x = 40 mm is the distance from the end of the fiber to
the evaluation plan.

Figure 8: Poincaré map 4 cm away from the fiber tip, centered at the fiber axis.

The results from the validation experiments are presented below. Figure 9 shows the
intensity of the fiber output at different distances from the screen versus number of pixels.

Figure 9: Intensity distribution of the bare end fiber at three different distances from the screen. The right
curve (red) represents a distance of x = 2 cm, the middle one (green) a distance of x = 4 cm and the left
one (blue) a distance of x = 8 cm.
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Figure 10: A linear fit for three data points (circles) representing the half width of the intensity distribution
at the three distances between fiber and screen.

Figure 10 shows a linear fit of the half width of the intensity distribution versus the dis-
tance to the screen. The equation of the linear fit is:

y = 0.228x− 0.99 (13)

This gives an experimental divergence angle in air of θa = 12.84◦ for the bare end fiber.
The divergence angle for the bare end fiber in air, both for the simulation and validation
experiment, is close to the one calculated from the numerical aperture. For the simulation
the divergence angle is the same as the one calculated from the NA, meaning that the ray
tracing simulation of the bare end fiber agrees with the theory. The divergence angle for
the experiments is larger than the one calculated from Equation 6, the reason is most likely
flaws in the experiment, but could also be due to tolerances during fiber production. One
possible reason for the larger angle is the the paper screen that was built may have tilted
a bit forward causing the seen intensity distribution to be enlarged, thus causing the eval-
uated angle to be enlarged as well. Another possible reason for an enlarged angle is that
the paper used in the experiments scatters the light which enlarges the light distribution
on the screen. The evaluation for the experiment could also have affected the result, this
since the decision of where to measure the width of the intensity distributions in Figure 9
is made manually.
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4.1.2 Radial fiber

The next two figures, i.e. Figure 11 and 12 show the ray tracing results and a Poincaré
map for radial fiber A respectively.

Figure 11: Simulated intensity distribution and ray tracing results of the investigated, radial fiber A.

Figure 11 shows an image of the ray tracing results for radial fiber A, i.e. the rays trajec-
tories in the fiber and the intensity distribution after exiting. The figure below, Figure 12,
shows the Poincaré map for the ray tracing simulation of radial fiber A. Evaluation of the
distribution angle in air from this figure gives a divergence angle of, θa = 14.0◦ calculated
form Equation 12, where y = 2.5 mm is the half width of the Poincaré map in zero and
x = 10 mm is the distance from the radial fiber to the plane at which the evaluation takes
place.

Figure 12: A Poincaré map parallel to the fiber axis direction, 1 cm away from the fiber.

Figure 13 and 14 presents the ray tracing results and a Poincaré map for fiber B respec-
tively. The first one displays the rays inside the fiber and when released into air, as well
as the intensity expressed as a color bar.
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Figure 13: Simulation results showing the intensity distribution and ray tracing results of the investigated,
radial fiber B.

The divergence angle obtained from the simulation is θa = 14.0◦ and can be determined
from Figure 14, which shows a Poincaré map placed parallel to the fiber. The angle is
calculated from Equation 12, where y = 2.5 mm is the half width of the Poincaré map
and x = 10 mm is the distance from the radial fiber to the evaluation plane.

Figure 14: A Poincaré map for fiber B parallel to the fiber axis direction, 1 cm away from the fiber.

Figure 15 below shows the intensity distribution of the radial fiber for three different
cylinder diameters, 16 mm (green), 20 mm (blue) and 40 mm (red).
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Figure 15: The intensity distribution of the radial fiber at three different distances to the cylinder walls. The
right one (red) represents a distance of 20 mm between fiber and cylinder, the middle one (blue) a distance
of 10 mm and the left one (green) a distance of 8 mm.

From these intensities the half width could be determined for each distance and a linear
fit could be calculated. This linear fit is shown in Figure 16. The equation of the linear fit
is represented as equation 14 below.

y = 0.299x+ 0.555 (14)

This gives an experimental divergence angle in air of θd = 16.65◦ for the radial fiber.

Figure 16: A linear fit for three data points representing the half width of the intensity distribution for the
radial fiber at the three distances between fiber and cylinder wall, i.e. 8 mm, 10 mm and 20 mm.

For the radial fiber, the divergence angle calculated from the simulation and experiment
respectively does not correspond as well to the given one, as the bare end fiber does to
that calculated from the NA. The reason for this is that there are more parameters that can
cause errors both in the simulation and in the experiment. For the simulation the diver-
gence angle in air is 14.0◦, which is 1◦ smaller than the given value of 15◦. This error is
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most likely caused by a discrepancy between the angle used for the simulations and the
one of the fiber sample used for the measurements due to tolerances in the manufacturing
process. This angle would cause differences in the divergence angle since rays inside the
fiber cores are met with a different plane of incidence at the core tip boundaries depend-
ing on this angle. Another thing that could cause an error is how the evaluation of the
diameters from the Poincaré maps in Figures 12 and 14 are made. The experiment for the
radial fibers gave a divergence angle in air of 16.65◦ which is 1.65◦ lager than the given
value. This error can be due to that the cylinders were made by hand and may thus not
be perfectly cylindrical, which would cause the distance from fiber to cylinder wall to be
different from the expected one. Other possible reasons for the errors are, that the fiber
was not perfectly perpendicular to the table plane during the measurements, it was hard to
place the fiber exactly in the middle of the cylinder and that the paper scattered the light.
The result from these possibilities can either be that the height of the radiation pattern is
reduced or enlarged, giving a smaller or larger divergence angle.

4.2 Light distribution
In the following sections the results from the light distribution model simulations are
shown. The first section shows the result for the bare end fiber , and the second, shows the
results for the radial fibers. This part is not validated directly as stated before, but is still
presented in the results since the light distribution is connected to the heat distribution,
which in turn is validated.

4.2.1 Bare end fiber

Figure 17 shows the results from the light distribution model simulations when simulating
a laser source of 1064 nm with a power of 1 W. The result is displayed as the logarithmic
of the values calculated from the Helmholtz equation in COMSOL Multiphysics. From
the image it is seen that the distribution in a homogeneous medium is symmetrical. This is
an expected result since the normal procedure to simulate diffuse light propagation from a
bare end fiber is by placing a point source some small distance from the fiber tip, leading
to an isotropic photon distribution in the medium.

Figure 17: The light distribution of a bare en fiber, simulated using a laser wavelength of 1064 nm and a
power of 1 W. Results from the simulation is presented as the logarithmic of the values calculated from the
Helmholtz equation in COMSOL Multiphysics.
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4.2.2 Radial fiber

This section is divided into two parts, one for the light distribution simulation of fiber A,
and one for fiber B. Both simulation results are shown for a laser source of 1064 nm with
a power of 8 W.

Simulation for fiber A
The result for the light distribution simulation for fiber A is shown in Figure 18.

Figure 18: Light distribution of radial fiber A, simulated using a laser wavelength of 1064 nm and a power
of 8 W. The results from the simulation is presented as the logarithmic of the values calculated from the
Helmholtz equation in COMSOL Multiphysics.

Simulation for fiber B
Figure 19 shows the results from the light distribution model simulation for radial fiber B.

Figure 19: The light distribution of radial fiber B, simulated using a laser wavelength of 1064 nm and a
power of 8 W. Results from the simulation is presented as the logarithmic of the values calculated from the
Helmholtz equation in COMSOL Multiphysics.

For the two radial fibers a symmetrical distribution is also seen, here the intensity is higher
than for the bare end fiber, which is due to the higher power used for the radial fibers.
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4.3 Thermal distribution
The results from the heat distribution simulations of the two fiber types are shown in the
following sections. First the results for the bare end fiber are presented and then results
for the two radial fibers.

4.3.1 Bare end fiber

In this section the results from the heat distribution simulation and validation experiments
for the bare end fiber are presented. All the results correspond to a treatment time of
30 minutes plus a warm up time, this using a laser power of 1 W and a wavelength of
1064 nm. Figures 20- 22 show the results from the heat distribution simulation of the
tissue for the bare end fiber and can be compared to those of the corresponding validation
experiment, i.e. Figures 23 and 24. The first image show a slice of the heat distribution in
the tissue and fiber.

Figure 20: The heat distribution of the bare end fiber at a wavelength of 1064 nm, a power of 1 W and a
treatment time of 30 minutes plus the warm up time of 3 minutes and 54 seconds. The colorbar represents
the different temperatures in the image expressed in ◦C.

The graph corresponding to the left y-axis in Figure 21 represents the temperature in the
tissue 5 mm away from the fiber axis and 2 mm in front of the fiber for approximately
half of the total treatment time of 30 minutes plus a warm up time of 3 minutes and 54
seconds. This when simulating a source of 1 W that is turned off when reaching the target
temperature of 46◦C and on when below this temperature. The part corresponding to the
right y-axis (red) in Figure 21 shows the power as a function of time for approximately
half of the simulated treatment time, and here the ON-OFF behavior of the source due to
the added step function in the heat source term is seen. This image is compared to Figure
24, corresponding to the temperature and power during one of the experiments.
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Figure 21: Left y-axis: The temperature as a function of time in the tissue at a distance of 5 mm from the
fiber. This graph shows the temperature for approximately half of the total treatment time of 30 minutes
plus a warm up time of 3 minutes and 54 seconds, when using a laser source of 1064 nm and 1 W. Right
y-axis: Part of the power graph as function of time, received during a simulation of a treatment time of 30
minutes. The graph corresponds to the temperature graph in the figure.

Figure 22 shows the temperature simulated along a line perpendicular to the fiber axis,
from the center of the fiber tip and a few millimeters out in the tissue. The dashed graph
shows the temperature in the last time step of the heat distribution simulation, which is
33 minutes and 54 seconds and the solid corresponds to the temperature after the warm
up time of 3 minutes and 54 seconds. These different temperatures are compared with the
tissue damage in Figure 23 below.

Figure 22: The temperature simulated at the fiber tip, from the center of the fiber and a few millimeters out
in the tissue. These graphs corresponds to the temperature after 33 minutes and 54 seconds (dashed), and 3
minutes and 54 seconds (solid) from the beginning of the simulation time, when using a source of 1 W and
1064 nm.
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One example of what the tissue may look like in the plane of the fiber after a treatment
time of 30 minutes plus a warm up time of between 4 and 6 minutes is presented in Figure
23. The image also shows an example of the placement of fiber and temperature probe
during a treatment, which is represented by the two metal cylinders, where the left one
represents the temperature probe and the right one, the fiber.

Figure 23: The result of a validation experiment using a bare end fiber and a source of 1 W and 1064 nm for
30 minutes plus warm up time. The two metal cylinders represents approximately where the fiber (right)
and temperature probe (left) were placed and the distance between them is 5 mm. The slightly brighter part
of the tissue is the area of the lesion.

The evaluation of the validation experiments made is gathered in Table 8, where TInitial
corresponds to the initial temperature of the tissue, twarmup is the warm up time, ttreatment
is the treatment time and dlesion is the diameter of the lesion.

Table 8: Results from the experiments using the bare end fiber with a source of 1 W.

TInitial [◦C] twarmup [min:sec] ttreatment [min:sec] dlesion [mm]

37.0 6:18 30:00 7.0
37.6 5:22 30:00 8.0
37.6 4:36 30:00 + 3:48 7.5

The lesion diameters presented here in Table 8 represents those seen in the lab when do-
ing validation experiments corresponding to a treatment of approximately 30 minutes. If
compared to the dashed graph in Figure 22, the temperatures in that area should be be-
tween 51 and 47◦C after a treatment time of 30 minutes, which is not unlikely since the
temperature of coagulation starts around 45◦C depending on the time spent at that tem-
perature. However, for ex vivo measurements most of the visible damage is caused during
the warm up time and directly after it. The temperatures received from the simulation
after the warm up time is shown as the solid graph in Figure 22 and there it can be seen
that the temperature within the lesion directly after the warm up time should be between
48 − 58◦C, which is not unlikely since a coagulated area can be seen in Figure 23. The
lesions in Table 8 are not exactly the same which is probably due to that different parts of
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the bovine cardiac muscle have slightly different optical and thermal properties and that
it is difficult to evaluate exactly where the lesion ends.

Figure 24: Left y-axis: A part of the temperature graph received from one of the validation experiments. It
shows the temperature as function of time for a treatment using a bare end fiber with a source of 1 W and
a distance between fiber and temperature probe of 5 mm. Right y-axis: Part of the power graph received
from one of the experiments. The graph corresponds to the temperature graph in the figure.

The graph corresponding to the left y-axis (black) in Figure 24 shows the temperature in
the tissue at a distance of 5 mm parallel to the fiber axis, slightly below the fiber tip, dur-
ing the first half of a treatment. This when using a source of 1 W that is turned off when
reaching the target temperature of 46◦C and on when below this temperature. The corre-
sponding power graph is shown in the right (red) part of Figure 24, where the ON-OFF
behavior is clearly shown. This figure can be compared to Figure 21 and when comparing
the left (black) graphs of them it can be seen that they both have a temperature that varies
between 45.9-46.1◦C but have different warm up times even though they start at the same
temperature of 37◦C. The warm up time for the simulation is 3 minutes and 54 seconds,
and the average warm up time for the experiment is 5 minutes and 20 seconds. This differ-
ence can depend on a number of parameters, the temperature probe may have been placed
in an area of either air or fat which would insulate the probe and give an incorrect read on
the temperature, or the distance between fiber and temperature probe may not have been
exactly 5 mm. Another possibility is that the scattering and absorption coefficients in the
simulation do not correspond to that of the tissue used in the experiment. The last two
are most likely since no irregularity was seen around the temperature probe when slicing
the tissue after the experiment. Another reason for this conclusion is that the optical and
thermal parameters are different for every bovine heart and may also differ for pieces of
the same heart. This is also one of the reasons for why the warm up time is not the same
for the last two experiments presented in Table 8.

The graphs corresponding to the right y-axes (red) of Figures 21 and 24 show the first half
of a treatment of 30 minutes for the simulation and the first experiment respectively. The
graphs look approximately the same, they both move from one to zero and back when
the temperature measured at a distance of 5 mm is above or below 46◦C respectively. An
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indication of the fact that the temperature determines when to start or stop the laser is
that the ON-OFF intervals in the power graphs are not equally spaced but correspond to
high and low points in the temperature graph. This is also a verification of that the simula-
tion of the ON-OFF behavior of the laser works for the heat distribution simulation model.

Figure 25: Temperature as a function of time for a point placed in the center of the core at the fiber tip.

The temperature in the core, shown in Figure 25, is on average 53◦C with a peak of
62.5◦C after approximately 360 s. Figure 26 shows the temperature as a function of time
in the cladding of the fiber at the fiber tip. The graph shows the temperature for the
entire simulation time and has a peak value of 68◦C at 600 s. After this point in time
the simulated temperature point has an average temperature of approximately 53◦C. The
temperature in the coating, shown in Figure 27 has an average value of 53◦C and a peak
temperature of 73◦C at 600 s.

Figure 26: The temperature as a function of time in the cladding at the fiber tip.
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Figure 27: Temperature in the coating layer at the fiber tip as a function of time.

When comparing the temperature graphs shown in Figures 25-27 the same behavior
through out the treatment time is seen. In the beginning the temperature varies a lot,
less for the inner layers than for the outer, but still quite a bit. From a time of 600 s the
temperature stabilizes around approximately 53◦C with small variations. Temperature in
the core varies approximately 5 − 10◦C in the beginning and is the smallest variation of
the three layers. The largest temperature difference is for the coating layer, where the
temperature varies approximately 40◦C between 300 and 600 s. In reality the temperature
varies in the different layers but it is unlikely that is varies as much as in the simulations.
The reason for the large variation in the simulation could be due to that the diffusion
approximation does not give a solution that is accurate closest to the fiber, it could also
depend on the heat parameters used for the different layers.

4.3.2 Radial fiber

This section is divided into two parts, one for the treatment simulation and its correspond-
ing experiments for fiber A and another for the burn simulations and experiments for both
A and B. In the first section, the results from the imILTCLS treatment simulation and
experiment for fiber A is presented, and in the second section the results from the burn
simulations and experiments are presented.

imILTCLS model

In this section the results from the simulation of an imILTCLS treatment is presented for
fiber A. The wavelength and power used for both simulation and experiments are 1064
nm and 8 W respectively. The simulated time for fiber A during this part is 21 minutes
and 48 seconds, which corresponds to a treatment time of 20 minutes and a warm up time
of 1 minute and 48 seconds.
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Figures 28- 30 show the results from the heat distribution simulation of radial fiber A and
can be compared to those of the corresponding validation experiments, i.e. Figures 31
and 32. The first image is a slice of the 3D model which shows the heat distribution in the
tissue and fiber.

Figure 28: The heat distribution of radial fiber A at a wavelength of 1064 nm, a power of 8 W and a total
simulated time of 21 minutes and 48 seconds. The colorbar represents the different temperatures in the
image expressed in ◦C.

Figure 29: Left y-axis: The temperature as a function of time in the tissue at a distance of 10 mm from the
fiber. This graph shows the temperature for approximately 17 minutes, when using a laser source of 1064
nm and 8 W. Right y-axis: Part of the power graph as function of time, received during a simulation of a
treatment time of 20 minutes. The graph corresponds to the temperature graph in the figure.

The graph corresponding to the left y-axis (black) in Figure 29 shows the temperature in
the tissue for a part of the total simulation time of 20 minutes, when simulating a source
of 8 W that is turned off when reaching the target temperature of 46◦C and on when below
this temperature. Power as a function of time for a part of the total simulation time of 20
minutes is shown as the graph corresponding to the right y-axis (red) in Figure 29. The
figure shows the ON-OFF behavior of the source due to the added step function in the heat
source term. This image is compared to Figure 32, which corresponds to the temperature
and power during one of the experiments.

29



Emily Emilsson

Figure 30: The temperature simulated at the fiber tip, from the center of the fiber and a few millimeters out
in the tissue. The dashed graph corresponds to the temperature after 21 minutes and 48 seconds and the
solid graph of a temperature after 1 minute and 48 seconds from the beginning of the simulation time, when
using a source of 8 W and 1064 nm

Figure 30 shows the temperature at the center of the fiber core, at the plane of radiation
and a few millimeters out in the tissue. The dashed graph in Figure 30 shows the temper-
ature from the center of the fiber and out in the tissue for a treatment time of 20 minutes.
From this graph it can be seen that the temperature in the simulation at the position of the
lesion border in the experiments after 20 minutes corresponds to approximately 47◦C in
the simulation. This is the same as for the bare end fiber simulation and is a reasonable
temperature since coagulation can occur at temperatures above 45◦C. The damage caused
during an ex vivo measurement is as said before caused to a great extent by the tempera-
tures in the tissue directly after the warm up time ends. The temperature for the simulation
for radial fiber A at this time is shown in the solid graph in Figure 30, where it can be
seen that the temperature within the lesion volume in the simulation is between 105◦C and
55◦C. When comparing this to the image of the tissue for one of the experiments presented
in Figure 31 it is not unreasonable that those are the temperatures also achieved during
the experiments, but higher temperatures were expected in the simulation. The results are
reasonable since carbonization in tissue is achieved at temperatures above 100◦C causing
the tissue to turn black and that coagulation occurs instantly for temperatures above 60◦C.
In Figure 31 it can then be seen that the tissue at the center of the lesion is turning black,
which means that it is about to be carbonized, the discoloration directly outside of the part
about to be carbonized in the same figure correspond to coagulated tissue.

Figure 31 shows an example of what the tissue may look like in the plane of the fiber after
a treatment time of 30 minutes plus a warm up time of between 1 and 2 minutes and 30
seconds. An example of the placement of fiber and temperature probe during a treatment
is also shown in Figure 31, which is represented by the two metal cylinders, where the
left one represents the temperature probe and the right one, the fiber.
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Figure 31: One result of a validation experiment using a radial fiber and a source of 8 W and 1064 nm for
30 minutes plus warm up time. The part of the tissue that is discolored is the area of the lesion caused by
the treatment. The two metal cylinders in the image represents approximately where the fiber (right) and
temperature probe (left) were placed and the distance between them is 10 mm.

Table 9 shows the results from the measurements made using the radial fiber. In the ta-
ble, TInitial corresponds to the initial temperature of the tissue, twarmup the warm up time,
ttreatment the treatment time and dlesion the diameter of the lesion.

Table 9: Results from the treatment experiment for fiber A using a source of 8 W. ∗This time is shorter due
to an error from the system causing the treatment to end.

TInitial [◦C] twarmup [min:sec] ttreatment [min:sec] dlesion [mm]

36.0 1:30 30:00 16
37.9 1:22 30:00 15
37.5 2:08 23:04∗ 19
34.5 1:24 30:00 15

The lesion diameters from the validation experiments for fiber A presented in Table 9
corresponds to a treatment time of 30 minutes and can be compared to the temperature
graph from the simulation presented in Figure 30. This comparison can be made since
the result of the last 10 minutes of a 30 minute treatment time cannot be seen in ex vivo
measurements since it is due to processes occurring in the tissue a time after the treatment
and since the temperature in the tissue is approximately the same as for 20 minutes. After
a treatment, the heat is distributed further out in the tissue causing cells further out than
the immediate coagulation zone to be damaged to a point where it is easier for the body
to kill them than to repair them. It is this response that is not seen in ex vivo measurements.
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Figure 32: Left y-axis: The temperature graph received from one of the validation experiments correspond-
ing to approximately half a treatment time of 30 minutes. It shows the temperature as function of time for
a treatment using radial fiber A with a source of 8 W and a distance between fiber and temperature probe
of 10 mm. Right y-axis: The power graph received from one of the experiments, which corresponds to the
temperature graph on the left.

The left y-axis (black) of Figure 32 shows the temperature in the tissue at a parallel dis-
tance of 10 mm to the fiber axis and perpendicular to the core tip, during the first half of a
treatment of 30 minutes plus warm up time. This when using a source of 8 W that is turned
off when reaching the target temperature of 46◦C and on when below this temperature.
The corresponding power graph is presented by the right y-axis (red) of Figure 32, where
the ON-OFF behavior is clearly shown. These graphs can be compared to those in Figure
32. The left graphs (black) in Figures 29 and 32 shows that the temperature in the tissue
at a distance of 10 mm parallel to the fiber at the radiation point varies slightly around
46◦C and have different warm up times but approximately the same initial temperature of
37◦C. The warm up time for the simulation is 1 minute and 48 seconds, and the average
warm up time for the experiment is 1 minute and 36 seconds. This difference depends on
the same parameters as stated for the bare end fiber.

For the heat distribution simulation of radial fiber A it is also worth mentioning that the
two power graphs to the right (red) in Figures 29 and 32 do not look the same. This is due
to that when below 46◦C in the simulation, the total power of 8 W is turned on immedi-
ately and in the experiment the power is instead delivered with a ramp up of 1 W/s until
reaching 8 W. In the experiments the power does not reach 8 W again after the warm up
time is over, since the temperature goes above 46◦C before the power reaches 8 W. One
result of this is that the average power of the simulation is approximately twice as much
as that of the experiments during regulation. This is thus one possible source of error in
the simulated heat distribution and could lead to a higher temperature in the tissue for the
simulation than for the experiment and thus a larger treated volume.
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Figure 33: Temperature as a function of time for a point placed in the class cap at the fiber tip for the
simulation time of 21 minutes and 48 seconds using a source of 1064 nm and a power of 8 W.

The simulated temperature in the glass cap at the fiber tip, shown in Figure 33, is on
average slowly decreasing but with a peak temperature of 106.6◦C after 180 s. In Figure
34 the simulated temperature as a function of time in the glue inside the glass cap is
presented. The graph shows the temperature for the entire simulation time and has a peak
value of 59.8◦C at 110 s. After 200 s the measurement point has an average temperature
that decreases slowly with time.

Figure 34: The temperature as a function of time for the point placed in the glue inside the glass cap for the
simulation time of 21 minutes and 48 seconds using a source of 1064 nm and a power of 8 W.

When comparing the temperature graphs in Figures 33 and 34 the same behavior through
out the simulation time is seen for both simulation points. In the beginning both graphs
presents a large peak corresponding to the temperature during the warm up time, the tem-
perature for the measurement point inside the glass of the cap has a peak temperature
of approximately 107◦C which is not unreasonable for the specific warm up time. The
peak temperature of the simulation point in the glue inside the glass cap is approximately
60◦C, which is not unreasonable, but since the heat parameters for this material are only
an approximation the result should not be entirely trusted. After the peak the temperature
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stabilizes and decreases slowly with time. Inside the glass cap wall the temperature after
the peak is approximately 60◦C, and at the glue the average temperature after the peak is
approximately 50◦C. The reason for the difference in average temperature as well as peak
temperature for the two temperature points is mainly due to the placement of these points.
For the glue inside the glass cap the temperature is lower since the distance to the irradia-
tion plane is larger than for the point placed inside the glass of the cap. The temperature
differences are partly due to the different thermal properties of the two materials as well
as the thicknesses of the layers where the temperature points are placed.

Burn model
This section holds the results for the heat distribution simulations, or temperature simula-
tions, for the two radial fibers when performing the simulations corresponding to the burn
experiments in the lab. The simulation time for each fiber corresponds to the time it takes
to burn each fiber in the lab. For fiber A, the burn time is 296 s and for fiber B, 144 s.

Figure 35: Temperature as function of time for the measurement point in the glass of the cap for fiber A and
B. The red graph corresponds to fiber A and the blue to the results from fiber B.

Figure 36: The two graphs show temperature against time for the measurement point in the glue placed
inside the cap, for both fiber A and B. Fiber A corresponds to the red graph and fiber B to the blue one.
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Figure 35 shows the temperature in side the glass of the cap perpendicular to the fiber at
the place of radiation for fiber A and B. The red graph corresponds to the temperature of
fiber A and the blue one to fiber B. The two graphs in Figure 36 correspond to temperature
versus time in the glue placed inside the fiber cap for fiber A and B. Temperature in the
glue for fiber A corresponds to the red graph in Figure 36. The blue graph in the figure
corresponds to the temperature in the glue for fiber B.

One thing displayed in the graphs is that fiber A is simulated for a longer time than fiber B,
which is done to simulate the temperatures for the time it takes to burn each fiber in the lab.
These times are not entirely predictable since there are a number of factors that can affect
them. One factor is the way of determining if the fiber has been burnt or not, the only way
to do this is to observe the sample closely and turn off the laser when detecting smoke or
a burnt scent. When performing the experiment for fiber A, no smoke was detected so the
laser was turned off when a burnt scent was detected. For this experiment, small bubbles
were detected in the PBS solution a while before the laser was turned off. This could have
been an indication of that the fiber was burned and the smoke passed through small air
channels inside the tissue and presented itself as bubbles instead of smoke. When per-
forming the experiment for fiber B, smoke was detected before any other indication was
noted. After examining the fiber when the experiment was completed it was only on the
verge of being burned, meaning that the experiment could have been run for a longer time.

From the graphs in Figures 35 and 36 it can be seen that the temperature in the glass in-
creases more rapidly for fiber B than for fiber A, but the temperature in the glue increases
approximately at the same rate. This is an indication of that the thickness of the cap is
an important parameter for the sustainability of the fiber and is most likely the parameter
that determines maximum power and treatment time for fiber B. For fiber A this is not
really the case since the glue only withstands a temperature of approximately 80◦C which
is the temperature for the glue at the last time step of the simulation. If the temperature
from the simulation is correct then both glue and glass are important parameters for the
sustainability of fiber A.
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5 Discussion
From the results presented for the light an heat distributions, it can be seen that they are
affected by the parameters µs, µa and g which in the literature vary depending on the
article and measurement method used and is hard to find for a specific tissue type, in this
case bovine cardiac muscle. These parameters can then cause some errors in the simula-
tions of both the light distribution and the heat distribution. The errors cannot be discussed
further for the light distribution since there are no validation experiments to compare with.

If µ′s was to be increased the light would be distributed over a smaller area and the chance
of absorption in this area would increase. Since it is the absorbed light that causes a
temperature increase in the tissue, the increased probability of absorption also causes an
increase in temperature. The same analysis can be made about the effects of the absorp-
tion coefficient, µa, if increased the tissue would have a faster warm up time but a smaller
area of distribution.

It is not only the optical properties of the tissue that affects the thermal distribution but
also the thermal properties such as, heat capacity, c, and thermal conductivity, k. The den-
sity, ρ, is also a factor affecting the thermal distribution in the tissue. The first parameter,
c, is a property that defines the temperature change for a material in regards to the added
heat. If the heat capacity is increased, the temperature will increase at a lower rate and a
smaller area will be affected, and if decreased the opposite is expected. The second prop-
erty affecting the heat distribution is the thermal conductivity, which is a property that
defines how well a material can conduct heat. If this property is increased, the tempera-
ture in the material will increase at a lower rate but the affected area will be larger. The
third parameter affecting the heat distribution is the density, if this parameter is increased
the distribution area will decrease and the temperature in that area will also be decreased.

When moving forward with this model the parameters discussed in the paragraphs above
are the ones that need to be determined more precisely. These parameters also change
with temperature meaning that they also need to be changed continuously throughout the
simulations to get a more precise approximation of reality.

The validations also need to be done in a better way. For the intensity distribution of the
radial fiber, the validation could have been improved by evaluating the the profile at mul-
tiple positions around the cylinders and use the average of the results. Another possibility
to improve the evaluation of the intensity profile of the radial fiber for the experiments is
by doing multiple evaluations of the intensity width and use the average of that width. A
third possibility of improving the validation of the intensity distribution of the radial fiber
is to measure the angle of the fiber used in the validation and use that one for the simu-
lation as well, this to see if the angle is what is incorrect or if the simulation model has
other flaws. Improving the heat distribution validations could be made by using multiple
temperature probes closer to the fiber during a treatment, thus measuring the temperature
inside the treatment volume and compare that to the one received from the simulations.
The validation of the burn simulations could have been improved by for example doing
multiple experiments and use an average of the burn time in the simulations.
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6 Conclusions and Outlook

The conclusions of this project is that it is possible to develop a simulation for an imILTCLS

treatment that to a great extent corresponds to reality. This project has only scratched the
surface of the number of parameters that affect the lesion size achieved during a treatment
and is thus only an approximation. For future work on this source model, the optical prop-
erties of the simulated tissue needs to be determined more precisely for the specific tissue
under study since those are causing the largest errors in the current model. Changes in
the optical properties due to coagulation and carbonization also needs to be added to get
a better approximation of reality. The power protocol for the simulation of the radial fiber
also needs to be reconsidered, since it does not correspond too well with the experimental
data. Another thing that needs consideration is if diffusion is a good enough approxima-
tion for the light distribution, or if a more accurate approximation, such as Monte Carlo
is needed.
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