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ABSTRACT

MONTE CARLO MODEL OF LIGHT PROPAGATION IN TISSUES
AND THE EFFECTS OF PHASE CHANGES ON

LIGHT INTENSITY

Rakesh Choula
Old Dominion University, 2009
Director: Dr. Ravindra P. Joshi

Lasers, due to their unique properties, have a wide range of applications in the

medical field. For accurate laser treatments that focus on bio-tissues, prior knowledge of

the amount of laser power, spot size and its irradiation time are necessary. In order to

predict the effects of lasers on tissues and their bio-effects, a first necessary step is the

creation of a model that can predict the temperature distributions within the tissue

following laser excitation. This involves modeling light propagation through the tissue

with inclusion of internal scattering, and assessment of the energy deposited by the

incoming photons. The next step is the thermal diffusion of this deposited energy leading

to heat production and temperature increases within the surrounding tissue.

A three-dimensional, computer-based Monte Carlo model was developed to simulate

laser tissue interactions and study the effects of laser heating of bio-tissues. In this model

photons were treated as a stream of neutral particles having discrete energies. This

numerical approach has been used for calculating the energy deposition by the incident

laser onto a heterogeneous tissue as a function of depth. Next, the heat re-distribution and

corresponding changes in tissue temperature were evaluated based on the Pennes bioheat

transfer equation. Suitable results and discussions of energy deposition and time-

dependent temperature changes in multi-layered tissue are presented in this thesis.



Finally, for completeness, numerical implementations for including the wave-particle

duality of light were discussed. The intent was to understand the effects of phase changes

and include the phase information in laser photons propagation within the bio-material. A

two dimensional Monte Carlo simulation model based on Huygens Fresnel principle was

developed to present the effects of phase changes, and provide quantitative predictions of

the laser's energy and intensity.
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CHAPTER I

INTRODUCTION

1.1 Introduction

Lasers have unique properties such as high spatial coherence, low divergence and a

very well-defined frequency (i.e., mono-chromaticity). Hence, they can propagate in a

well-defined beam. Due to these properties, lasers have great potential for a number of

medical applications, especially in the area of micro-surgery. The transverse

electromagnetic family of modes usually describes the spatial character of the laser beam.

The Gaussian beam is the most common mode, being the diffraction limit for a given

wavelength. However, the beam angular characteristics are effectively randomized

immediately upon entering a scattering medium such as a bio-tissue due to heavy angular

deflections in the medium. Only the spatial energy distribution of the beam which can be

expressed as the spot size and spot shape remains important. Beam temporal character or

pulse width is determined by the operating regime of the laser [62]. A variety of regimes

can produce pulses with differences in widths and peak powers. The spatial distribution

of the laser power and the different operating modes is depicted schematically in figure

Thesis document format; IEEE Transactions on Biomedical Engineering.



Fig 1.1. Some features of lasers. (a) Spatial parameters of laser beams are its angular
(green) and radial (dark green) distributions of power. For Gaussian beams, the first
depends on wavelength, waist size (w0) and divergence (0). The latter follows a Gaussian
distribution. (b) Different operating modes: continuous wave (blue), flee-run (red), Q-
switched (green) and mode-locked (violet) [62].

I.aser beams can be focused on to a microscopic dot with an extremely high-energy

density. This is very convenient and useful for a range of medical applications (e.g.,

elective ablation of specific tissues, micro-surgery etc.) and many other uses (e.g.,

localized drilling, atmospheric remote-sensing, molecular detection using laser-induced

breakdown spectroscopy, nuclear fusion, initiating photo-chemical reactions, materials

processing, defense-related counter-measures etc..). In this context, it may be mentioned

that a focused laser can act as an extremely sharp scalpel for delicate surgery that also

cauterizes as it cuts. Today, the use of lasers is already an established practice in

ophthalmology, dentistry, dermatology and other related fields. The exact details of all

the effects that a laser beam can have on the tissue, and their causes and mechanisms are

still elusive. The complexity of living tissue structure is reflected in the intricacy of laser-

tissue interactions [62].



One of the direct consequences of laser beams interacting with bio-tissues is the

localized increases in temperature. Such temperature changes can, in turn, affect several

bio-physical and bio-chemical processes. For example, nerve stimulation and the firing of

"action potentials" neurons can result trom elevated temperatures. Some of these

changes and the associated bio-effects can be predicted by modeling the processes that

control and determine the temperature distributions within the tissue following excitation

by incident laser beams. This involves modeling light propagation through the tissue with

inclusion of its scattering, and the thermal diffusion of the heat produced due to

interactions with the surrounding tissue.

1.Z Motivation

The laser as a tool is available to a growing number of physicians. Non-invasive

methods, like Optical Tomography, for diagnosis in medicine have shown considerable

promise and have drawn attention in recent years. Due to the tissue complex geometry,

multilayer geometry of the inherent structures, and the highly scattering medium, the

propagation of light is not confined to a straight line. Hence, it is difficult to analyze light

transport in tissue and so computer simulations typically have to be used.

Laser treatment is based on the distribution of light (i.e., optical energy) in the tissue.

Very small differences in any of the laser parameters such as beam power, a spot size,

and an irradiation time can determine whether an application is efficacious or disastrous.

Hence, for accurate treatment, it is necessary to have a priori knowledge of the effects

and range of each parameter. This information usually can only be provided by

mathematical models. This makes mathematical modeling and the subsequent numerical



simulations an important tool for the predictive analyses of laser-tissue interactions and

their possible bio-effects.

Many methods (e.g., Kubelka-Munk [65], diffusion theory of light transport, etc..)

have been developed to solve the radiative transport equation and to model the

propagation of light transport in tissues. However, the above techniques involve a number

of approximations and are not very accurate. By comparison, a computer-based model

"Monte Carlo model of light propagation in tissues" provides more accurate results,

although it is time-consuming. Also, almost all models developed and the approaches

taken so far for describing laser propagation in bio-tissues have not considered phase

changes in the photons as they propagate. Since photons exhibit a dual wave-particle

nature, it is oAen important to include their phase. For example, in situations involving

multiple photon sources wherein both constructive and destructive interferences could

play a dominant role, the phase of each photon packet needs to be assessed and tracked.

Since this is an important aspect, such phase changes during photon propagation in bio-

tissues have also been taken into account and modeled.

1.3 Thesis Outline

The thesis is organized as follows:

Chapter 2 provides a background discussion and literature review. Details on the

different layers of the skin tissue and the parameters affecting the propagation of light in

such media are introduced. Different types of lasers and their importance in the medical

field is presented by providing few applications of lasers in medicine. The Monte Carlo

model, which is a more accurate technique to estimate input power and predict the



temperature rise due to the incident laser energy, is mentioned. Finally, the generated heat

flow within the tissue due to diffusion and evaluation ol'temperature rise is discussed

briefly. This latter aspect becomes necessary and important since the energy deposited by

the laser into the bio-tissue immediately works to raise the local temperature. These

temperature variations, in turn, influence several bio-physical, bio-chemical and bio-

electrical processes. Hence, an accurate predictive model for tissue bio-effects under

laser irradiation needs to include such thermal aspects at the very minimum.

Mechanical and bio-medical effects of lasers on tissues are then discussed briefly in

chapter 3. This provides a broader background of laser effects on tissues. Different

mechanisms of stress-wave generations and formation of cavitations bubbles, and their

role in cell killings and other biological effects are presented. The formation of plasma,

low-density plasmas and their chemical effects, and the implications of laser effects on

biological cells and tissues are also been covered in this chapter. Thus, this part of the

thesis aims to provide a brief background on some of the laser-induced effects and

internal processes.

The Monte Carlo (MC) model for light propagation in tissues to estimate energy

deposition by an incident laser pulse is discussed in detail in chapter 4. The details of this

numerical approach are provided and the steps involved in the model calculation are

given. As a part of this chapter, method to calculate the amount of incident laser energy

absorbed in the tissue is modeled, and then the heat generation due to the absorbed

energy and its internal distribution due to the thermal diffusion process are discussed.

Later in part 2 of chapter 4, phase changes in the photon as it propagates are discussed.

The necessary changes from the conventional MC model are discussed and a model is



developed for light propagation in a two-dimensional (2D) medium. The simpler 2D

geometry has been used to both demonstrate the photon phase concept and to model its

changes as the light propagates in the bio-tissue. This aspect is an important contribution

of this thesis work.

The simulation results of the Monte Carlo models and the relevant discussions are

presented in chapter 5. Chapter 6 provides the conclusions of the present work and an

overall summary of the thesis. Scope for future work and possible extensions on study in

this field are also discussed in this chapter.

1.4 Some Salient Thesis Contributions

This thesis work centers around the use, application, and development of the

stochastic-kinetic, Monte Carlo (MC) technique to the problem of laser-pulse induced

tissue heating. Some of the relevant aspects and contribution of this thesis work are

outlined below.

1. The MC approach has been used and implemented for the calculation of energy

deposition by an incident laser pulse on bio-tissue. In particular, the skin is taken as a

specific example. This development work is important within the group as it stabilizes the

capability of such MC analyses for laser-biomatter interactions. It establishes a basis on

which more complicated models, intricate geometries and time-dependent bio-effects

resulting from such laser-induced heating could be probed in the future.

2. The MC method has been tested for some simple cases to demonstrate its validity and

accuracy of implementation. Energy deposition as a function of the tissue depth has been

obtained. The numerical code developed is general, and can be applied to tissues



containing multiple layers of tissue. The only requirement is that user-specified tissue

parameters be made available for the numerical code processing.

3. The energy deposition obtained froin the MC code has been used to compute

temperature variations and their time-dependent changes. This aspect is based on

coupling a thermal-diffusion model with the energy-deposition prediction obtained from

the MC. This allows for quantitative calculations of the internal temperature as a

function of time.

4. Most importantly, this thesis work develops a simple model for the inclusion of photon

phase information that has not been reported previously. This is a new contribution, and

opens the doorway for analyses of optical phenomena involving the wave nature of light.

This includes constructive and destructive interference effects, and variations in energy

deposition over small spatial lengths. Such interference and intensity modulation can be

expected to occur not only in instances involving multiple sources, but also in cases when

scattering breaks up an incident beam into multiple paths and these individual rays then

mutually interfere.



CHAPTER H

BACKGROUND AND LITERATURE SURVEY

2.1 Introduction

A laser is an optical device that emits light by stimulated emission of radiation. The

characteristics of the laser make it very special and useful in a wide range of applications.

It transfers light of various frequencies into an extremely intense, small, and nearly non-

divergent beam of monochromatic radiation, with all the waves in phase. It produces

immense heat and power when focused at close range. Laser power may range from

milli-Watts (in CD-ROM drives and laser pointers) to dozens of Watts (industrial and

medical applications) and over trillions of Watts (pulsed lasers in scientific and military

applications). It is possible to deliver large amounts of optical (laser) energy to small

targets on the surface or below the surface. The energy that is absorbed by the tissue can

change its properties in a way that was found to be beneficial in many fields of medicine.

Different types of lasers and their applications in the field of medicine are discussed in

this chapter.

Although lasers have been used in many fields for decades, their use in fields like

medicine is still relatively new and emerging. As the propagation of light in tissues is not

a straight line due to its interactions with the host material, the need arises to understand

the behavior of light propagation in tissues and to develop a method for modeling light

transport. In order to model the laser tissue interactions, it is very important to understand

the tissue layers and the parameters that effect the light propagation in the layers. This

chapter introduces different layers of tissue in a human skin and the different types of

lasers and their applications. The details on light transport and its simulation are based



on the Monte Carlo numerical model. A discussion of the Monte Carlo technique and its

use in estimating the thermal response of tissue to laser radiation will be given in the

following chapters.

2.2 Cross-section of the Tissue

Skin is the human body's largest organ, with a range of functions that support

biological survival, and performs many vital roles. For example, it acts as both a barrier

and a regulating influence between the outside world and the controlled environment

within our bodies. It is composed mainly of three layers, namely: (a) Stratum cornea, (b)

Epidermis, and (c) the Dermis.

A simple structure of skin with these different layers is shown in figure 2.1.

Fig 2,1. Structure of Skin [32].
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Stratum cornea which is mostly composed of dead, flat skin cells practically does not

absorb light, but instead diffuses it. The next skin layer is the epidermis, and it consists

of cells that produce the pigment melanin. Melanin strongly absorbs light wavelengths

towards the ultraviolet. Unlike epidermis, a much thicker dermis layer is richly supplied

with blood and nerves. Most of the dermis is made of two proteins: collagen and elastin,

providing the skin's strength and elasticity. Collagen fibers scatter light strongly. Dermis

is again split in to two sub layers: papillary layer and reticular layer.

The upper, papillary layer, contains a thin arrangement of collagen fibers and the

lower, reticular layer, is thicker and made of thick collagen fibers that are arranged

parallel to the surface of the skin [2].

The propagation of light in each layer depends on the following parameters of a layer

i. Thickness.

ii. Refractive index. This includes details of the material above the tissue (e.g., air or a

different tissue type), the tissue itself and its adjoining tissues.

iii. The absorption co-efficient.

iv. Scattering co-efficient, and

v. The anisotropy factor.

Each of the above factors is discussed in greater detail below.

2.2.1 Thickness

The extent to which light remains in a particular layer characterized by its optical

properties is determined by the thickness of the layer. It takes more time for the light to
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penetrate through the layer whose thickness is more, and hence, the photons experience

the layer characteristics for a longer time. In a laser treatment, the depth to which light

penetrates in a tissue is a critical limiting factor and is directly proportional to the

wavelength of the light [4],

2.2.2 Refractive Index

When light travels &om one medium to another it is either reflected or re&acted as

shown schematically in Figure 2.2. The bending of light towards the normal at the

boundary between two media, when it passes &om a rarer medium into a denser medium

is called Re&action. The amount of bending depends on the indices of refraction of the

two media. A larger disparity leads to greater bending.

The re&active index (or index of refraction) ol'a medium is a measure for how much

the speed of light is reduced inside the medium. It is defined as the ratio of speed of light

in vacuum to the speed of light in that medium. Thus:

n(refractive index) =
s d f

C(speed of light in vaccum )
V(Speed of light m medium )

(2. I )

If the angle of incidence of a ray travelling from a medium with higher refractive

index to a medium with lower refractive index is greater than the critical angle, then total

internal reflection occurs. Critical angle is the angle of incidence for which the refracted

light travels along the boundary.
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Incident NDrm el inc eence
Angle of zero Reflected

Fig 2.2. Incident, Reflected and Refracted rays [27J.

The relationship between the angle of incidence and the angle of refraction, when

referring to light passing through a boundary between two different media, is described

by Snell's law. This law states that the ratio of the sine of the angle of incidence to that of

the refraction is a constant that depends on the media.

According to Snell's law:

ni sin(i) = n2 sin(r)

2.2.3 Absorption Co-efficient

The fraction of light absorbed per unit distance in a medium is referred to as its

absorption co-efficient (Itg). It is also defined as the probability of photon absorption per

unit infinitesimal path length [3J. The standard unit of the absorption co-effficient is

fraction per meter (/m).

The absorption co-efficient determines how far into a material a light of a particular

wavelength could penetrate before being completely absorbed. In a medium with a low
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absorption co-efficient, light is poorly absorbed and much of the incident energy can be

expected to pass through as a transmitted beam. The absorption co-efficient is a

characteristic of the medium (material) and also depends on the wavelength of light that

is being absorbed. Figure 2.3 below shows the variation of the absorption co-efficients

with wavelength for different skin layers.

Fig 2.3. Simulated absorption coefficients of skin layers: 1- stratum cornea, 2- living
epidermis, 3-papillary dermis, 4- upper blood net dermis, 5-recticular dermis, 6-deep
blood net dermis, and 7-subcutaneous fat [5].
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2.2.4 Scattering Co-efficient

The scattering co-efficient (p ) is the statistical average number of scattering events
5

over the distance travelled by light in a material. It is also defined as the probability of

photon scattering per unit infinitesimal path length. Standard unit of the scattering co-

efficient is a fraction per meter (/m).

Light Scattering is the process of a photon, elastically bouncing off a microscopic

obstacle. Scattering only changes the direction of propagation but the photon is not

changed in the process. Scattering occurs on microscopic boundaries inside a

heterogeneous material, for instance at the cellular and sub-cellular components of the

tissue.

The sum of absorption co-efficient and scattering co-efficient is defined as the total

attenuation coeAicient (p,) [3, 6] and is given as:

(2 3)

where It, and p., are the absorption and scattering coefficients, respectively.

2.2.5 Anisotropy Factor

The anisotropy factor, g, is defined as the average cosine of the scattering angle.

Thus: g = &cos9&, where 9 is the scattering angle. This parameter is a direct measure of

the scattering anisotropy. This parameter 'g'aries in the [0, I] range. Larger 'g'alues

imply more scattering in the forward direction [6 - 8], while a g=0 process signifies

complete randomized scattering.
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2.3 Laser Tissue Applications and Issues

A laser beam consists of a coherent, monochromatic and highly collimated beam of

light. Focusing such a beam onto tissues results in energy absorption by molecules within

the tissue. The energy absorption leads to subsequent heating, vaporization, necrosis, and

coagulation. While such outcomes can be viewed as detrimental in most instances, there

are, nonetheless, a number of applications and uses for such tissue-laser interactions.

Here, some of the many uses of lasers arising from bio-interactions are briefly discussed

below.

2.3.1 Port Wine Stains

Port Wine Stains (PWS) which often occur on the face and neck are capillary

malformations that afflict 1
—2% of newborns. PWS produces a reddish brown mark

owing to enlarged vessels in the skin. With age, the color becomes bluish-red and the

surface of the skin becomes rough. Blood inside the vessels is the target to treat PWS [9].

Many treatments have been tried to reduce the visibility of port-wine stains including

freezing, surgery, radiation, and tattooing but all with unfavorable results. Without

significant damage to the overlying skin, laser treatment is the sole method of destroying

the cutaneous capillaries. A layered representation of the skin is presented in figure 2yk

The goal is to pass laser light through the epidermis and dermis layers, and reach the

blood vessels to maximize heat generation within the blood vessels [9].



Fig 2.4. Schematic diagram of skin showing typical dimensions commonly used in
mathematical models [9].

In the 1970s and 1980s, PWS was treated with argon lasers which emit light at

multiple wavelengths. I-lowever, in children, serious scarring was reported with this

technique, making it less attractive. Later, various lasers such as pulsed dye lasers, copper

vapor lasers and long-pulsed lasers were developed for selective vascular destruction.

The flashlamp pumped dye laser (FPDL), a yellow light laser, has been most successful

at destroying stains in infants and young children [4, 10j.

The critical limiting factor in laser treatment is the depth at which light penetrates in a

tissue and it is directly proportional to the wavelength of the light. To produce thermal

injury that remains confined to the targeted vessels, the laser's wavelength and the

pulse's duration need to be chosen judiciously (selective photothermolysis). It is

predicted from histological data that in FPDL-laser treated skin, the penetration depth for

50% energy deposition at the 585 nm wavelength is roughly 0.8 mm. The dermis of facial

skin is approximately 0.6 mm deep in children and approximately 0.9 mm deep in adults.



Hence, the FPDL provides adequate penetration for cutaneous vascular lesions [4]. For

optimal results, up to 10 or more treatments are necessary. Figure 2.5 shows a patient

with port wine stains treated with a flash lamp, pumped-pulsed Dye laser [11]. To reduce

the duration of treatment as well as the side effects, second-generation dye lasers are

equipped with a dynamic cooling device (DCD) that effectively cools the skin surface

and reduces pain.

Fig 2.5. A 17-year-old patient before treatment (lett-hand side) and 1'/z years later, after
six treatments (right-hand side). The degree of lightening is 84 percent [11].

But the blood vessels in adult patients and dark PWS, may be located deep in the

dermis making FPDL treatment somewhat ineffective. For the treatment of those PWS
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that are resistant to FPDL treatment, frequency-doubled Nd:Yag laser (KTP laser) can be

used. This can lighten the PWS quite effectively [12].

In many other vascular lesions, lasers have exceeded expectations and provided

advantages compared to conventional therapies.

2.3.1 Soft Tissue Vaporization

A laser beam can be used to evaporate bacteria, viruses and fungi, by which local

infections are decreased. Also, very small incisions need be made by focusing a laser

beam on tissue. In soft tissue laser surgery, a highly focused laser beam vaporizes the soft

tissue with high water content [13]. Of the many solid-state and diode lasers in the

visible and near infrared wavelength range (600-2,000 nm), the Carbon Dioxide (COa)

laser wavelength (10,600 nm) are highly absorbed by soft tissues containing water.

When soft tissue temperatures reaches 100', cell water begins to boil and then the

steam escapes by disrupting the cells explosively. In the case of COa laser radiation, cell

debris is blown from the surface of the tissue by the force of the ejected steam. It was

observed that such debris may be ignited by the laser radiation as it transects the beam.

As the COa laser radiation penetration depth is low and the latent heat required for

vaporization acts as a heat sink limiting the temperature to 100' in normal

circumstances, the thermal damage beneath the vaporized surface is minimaL Therefore

the COa laser is used for tissue vaporization, either to ablate soft tissue or to incise it like

a scalpel [9, 14].

Mckenzie's three zone model explains COa laser damage to soft tissue [9, 14]. The

model has three zones — a carbonized zone, the vacuolated zone and a coagulate zone.
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The outer carbonized zone is of carbonized material. The vacuolated zone is made of

cavities that have been formed by the explosive conversion of water to steam, which

either escapes through fissures or condenses after the laser exposure. It has a sponge-like

appearance under the microscope due to the formation of steam. The coagulated zone is

formed at temperatures below 100'. A schematic diagram of all three zones in COs

laser irradiated tissue is given in figure 2.6.

Fig 2.6. Three zones of thermal damage in CO& laser-irradiated sett tissue [9, 14j.

The condensed or effective thickness '('s the thickness of the vacuolated zone

without the bubbles, and is given by:

g = i
I (~at+L) (2.4)
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where p, is the absorption co-efficient of COz laser radiation within tissue, 'c's the

specific heat of soft tissue, L is the latent heat of vaporization ( =2256 Ig 'or water) and

'AT's the tissue temperature to rise from ambient temperature 37' to the boiling point

of 100'.

The thickness 'g'epends upon the tissue's absorption co-efficient but not on the

incident irradiance. It is shown that the carbonized zone's thickness and the depth of the

sub-boiling coagulated zone decrease with increasing irradiance, and depend on the

penetration of laser radiation through the soft tissue to some extent [9, 14].

One of the attractive features of the surgical COz laser beam is that the coagulation

damage beneath the excised surface of soft tissue is minimal.

2.3.3 Tumor Ablation

When radiated, the laser energy is absorbed by the molecules in the tissue with

consequent heating, vaporization, necrosis and coagulation. Laser-induced thermotherapy

(LITT) is a laser thermal treatment that has been used to treat tumors and other diseases

of organs such as the liver, brain, prostate and breast, through high temperatures

generated by the local absorption of laser energy. The LITT procedure is generally done

by placing a specific scattering laser applicator into the pathological tissues in a

minimally invasive manner. It is very important for laser-induced thermotherapy to

exactly destroy all tumor cells within a desired region [15]. A schematic showing the

mechanism of laser thermotherapy is shown in Fig. 2.7.
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Fig 2.7. Mechanism of laser thermotherapy [28].

LITT is also referred to as Interstitial laser Photocoagulation (ILP) where

intraoperative laser fibers are induced directly into the liver tumor followed by heating

for 20+60 minutes. The treatment can be repeated and larger tumors can be treated by

repositioning the laser fiber. Low powers (2-20 W) are used for the heating since high

powers may cause rapid increases in local temperatures, resulting in tissue vaporization

and extensive tissue damage [16].

The Neodymium Yttrium Aluminum Garnet (Nd:YAG) system is the most commonly

used martial system for generating lasers. It has recently been demonstrated that to

enhance absorbance of near infrared light, nano-particles accumulated in tumor tissue are

helpful [I 5].



22

2.3.4 Photodynamic Therapy

In Photodynamic Therapy (PDT), or photoradiation therapy, laser light is delivered to

the cancer site through a fiberoptic device to kill cancer cells. Depending on the part of

the body being treated, certain drugs called photosensitizers or photosensitizing agents,

are injected into the bloodstream or applied to the patient's skin. Over time, the

photosensil.izer is absorbed by cells all over the patient's body. It remains in or around

tumor cells for a longer time than it does in normal tissue. Photosensitizing agents are

activated by certain wavelengths, e.g., that of argon lasers. The light which is applied

only to the area to be treated causes the drug to react with oxygen forming a chemical

that destroys the cancer cells.

The photosensitizers should have the following properties:

1. Selective accumulation in the target malignant tissue.

2. Non-toxic to normal tissue.

3. Efficient activation with light between 600-900 nm, and

4. Fluorescence to permit the tumor's localization.

Photosensitizers such as hematoporphyrin derivative (HpD) which can accumulate in

tumors are used in cancer treatment. Red light (625-632 nm) by an argon ion laser or

copper vapor pumped dye lasers, or by gold vapor lasers (628 nm) have been used for

PDT. The excitation probability of HpD as a function of wavelength is shown in figure

2.8.
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Fig 2.8. Excitation probability (in arbitrary units) as a function of wavelength for HpD
[17].

From the figure it is clear that the most efficient wavelength to excite HpD is around

405 nm. However, for PDT the light should be able to penetrate into the malignant cells.

As the violet light (405 nm) can only superficially penetrate into the tissue, it is not

suitable for PDT. Therefore red light (625-632 nm) which penetrates much more deeply

into tissue is widely used for PDT [17].

The main advantage of PDT is that the cancer cells can be singled out and destroyed

while most normal cells are spared. PDT may also work by destroying the blood vessels

that feed the cancer cells and by alerting the immune system to attack the cancer. PDT is

sometimes used to treat cancers and pre-cancers of the esophagus, and certain kinds of

lung cancer that can be reached with endoscopes.
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2.3.5 Laser Angtoplasty

Laser angioplasty is a technique that opens coronary arteries blocked by plaque which

is the build-up of cholesterol, cells and other fatty substances in an artery's inner lining.

Figure 2.9 shows the blood flow in a normal artery and in an artery that has been

narrowed due to plaque.

In Laser angioplasty, a thin, flexible plastic tube called a catheter with a laser at its tip

as shown in figure 2.10 is inserted into an artery through a cut in the upper leg or the arm.

It is then advanced through the artery to the blockage in the coronary artery. By

positioning and emitting pulsating beams of laser light, plaque can be vaporized.

This procedure has been used alone and with balloon angioplasty. In the latter case,

the balloon is inserted first to attack the hard plaque. In order to keep an artery open aAer

it has been widened, stents are used oAen these days. Depending on where the blockage

is, the number of blockages and extent of the blockages, laser angioplasty with or without

stents or with balloon angioplasty can be used. Figure 2.11 below shows a blocked artery

before and after angioplasty with two stents.



25

Fig 2.9. (a) Normal artery without any plaque, and (b) Narrowed artery due to plaque
[29).

Fig 2.10. Laser Catheter [30].
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Fig 2.11. A 94'zo blocked main artery (leA), aAer laser angioplasty and 2 stents (right).

Lasers which create microscopically precise cuts without thermal injury, such as

argon laser and excimer laser are used.

2.3.6 Tissue Welding

Laser welding of biological tissues is a soA thermal treatment in which laser energy is

used for wound closure. Laser radiation is absorbed by the tissue either directly from its

principal absorbers such as water or from exogenous chromophores applied topically to

the wound area. Upon heating new bonds are formed between adjacent molecules and are

stabilized upon cooling. Figure 2.12 shows the thermal changes in an extracellular matrix

of the connective tissue when temperature is raised, leading to wound welding.
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Fig 2.12. Structural modifications induced in fibrillar collagen of connective tissue by
temperature rising. Normal triple helix collagen molecules are packed in a
quarterstaggered manner and connected by covalent bonds to form a collagen fibril (!efi).
When heat is applied, hydrolysis of intramolecular hydrogen bonds occurs, which results
in the unwinding of the triple helices (middle). The first step (I) leads to a shrinkage
effect parallel to the axis of the fibrils. At higher temperatures, covalent cross-links that
are connected to collagen strands break, thus resulting in a coinplete destruction of the
fibrillar structure (right) and causing the tissue's relaxation (step 2) [18).

The strength of bonds formed depends on the extent of laser radiation. If it is used

excessively, there may be an undesired thermal damage in the surrounding area and the

strength of the weld may be poor. On the other hand, if the energy density is too low, no

welding effect is achieved. Based on the light emission parameters (wavelength, time

emission mode, specific light density, penetration depth into tissue, etc.) and the type of

absorber in the tissue (exogenous or endogenous chromophores), light dosimetry is

calibrated.



Figure 2.13 below shows the most common technique used in tissue welding. The

supporting needle shown in the figure is removed when the tissue is welded.

Fig 2.13. Commonly used technique for laser anastomosis of blood vessels [9].

Laser tissue welding has several advantages compared with conventional closure

methods. These include reduced operation times, fewer skill requirements, watertight

bonding and decreased foreign-body reaction which can lead to reduced inflammatory

responses, faster healing, increased ability to induce regeneration and an improved

cosmetic appearance [17]. It is suited in applications in which sutures and staples cannot

be used, such as in microsurgery, laparoscopy or endoscopy, or for the treatment of

extremely thin tissues. As laser welding develops its potential to form complete closures,

it can be used for making immediate watertight anastomosis, which is important in the

case of vascular, genito-urinary tract and gastrointestinal repairs. Also, a watertight

closure prevents the exit of regenerating axons and the entry of fibroblasts.



Different laser types with wavelengths exhibiting high optical absorption in water

have been used for laser tissue welding. Infrared and near-infrared sources include carbon

dioxide (CO2), thulium—holmium—chromium, holmium, thulium, and neodymium rare-

earth-doped-garnets (THC:YAG, I-lo:YAG, Tm: YAG, and Nd: YAG, respectively), and

gallium aluminium arsenide diode (GaAIAs) lasers. Visible sources include

potassiumtitanyl phosphate (KTP) frequency-doubled Nd: YAG, and argon lasers [18].

More recently, an infrared temperature feedback control system is being used to

monitor the surface temperature. For the control of energy delivery, it is very important to

monitor the surface temperature. Such an arrangement is shown in figure 2.14 below.

Fig 2.14. Laser welding with feedback control system [31].
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This welding system has two optical fibers: one is used to carry laser energy to heat a

spot on tissue and the other is part of a fiber optic radiometer that is used to determine the

exact temperature of the heated spot. Using the signal obtained from the radiometer, the

computerized system is used to control the temperature within 5 degrees.

2.3.7 Hyperthermia and Thermal Damage

Hyperthermia is a heat therapy used in tumor treatment, often in conjunction with

chemotherapy or radiation. Hyperthermia acts as a cytotoxic agent at temperatures higher

than 41' because cells die afler heating in a time-dependent manner. In hyperthermia,

cells that are heated to temperatures ranging from 40' to 45' can sustain reversible

injury that becomes irreversible (death) after exposure from 25 minutes to several hours,

depending on the tissue type. Laser light transmitted through thin flexible fibers directly

into the tumor's center can be used to raise the temperature and treat the cancer cells in

the internal organs [19].

Lasers such as Nd:Yag laser which can penetrate to a depth of 4-7 mm, are being

used to raise the temperature of living skin containing the diseased tissue from its normal

level to about 45'. Nd: Yag hyperthermia is especially useful when basal cefl carcinoma

(BCC) is located in areas such as the eye and the nose, and are harder to treat by the other

modalities. It is an efficient, easy, bloodless alternative procedure to treat BCC. Figure

2.15 shows the effect of laser hyperthermia on the nodular BCC. Laser-assisted

hyperthermia has the advantage of not leading to edema and erythema, and is not

associated with excessive tissue damage. Advantages include tolerable burning sensation

and pain and therefore no need for local anesthesia [20].
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Fig 2.15. Nodular BCC before treatment (leA), Complete disappearance atter 4 sessions
ofNd: Yag laser hyperthermia (right) [20].

2.3.8 Dental Applications

The laser's heat energy is being used to improve dental procedures by controlling

power output and the duration of exposure on the tissue (whether gum or tooth structure).

Lasers are helpful in cracking, melting, charring, fissuring or crazing of tooth surfaces

and in inefficient material removal [21]. When used for surgical procedures, lasers act as

a cutting instrument or as a vaporizer of tissue that is being contacted. When used for

curing a filling, they assist the process of strengthening the bond between the filling and

the tooth. Lasers enhance the effect of tooth bleaching agents, when used in teeth

whitening procedures.

The lasers that are most frequently associated with dentistry are the carbon dioxide

lasers, the Nd:YAG lasers, and the argon lasers (either ArF or argon flouride) [22]. The

laser wavelengths such as holmium: YAG, or Ho: YAG, neodymium:yttrium- lithium-

fluoride or Nd:YLF and Er:YAG are also used in dentistry. The development of high-
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average-power, high-repetition-rate, sub-picosecond lasers has refocused interest in laser

treatments, due to the highly efficient tissue ablation and minimal collateral damage

offered by using such lasers in the appropriate parameter regime [21].

Recently Er:YAG laser operating at a wavelength of-2.91tm, has begun to be used in

conjunction with a water spray. Waterlase uses laser energy and a gentle spray of water to

perform a wide range of dental procedures — without the heat, vibration and pressure

associated with the dental drill. The water spray not only helps in cooling the tooth

(treated area) during ablation, but it also increases the efficiency of the ablation. Figure

2.16 demonstrates the application of waterlase on the tooth.

Fig 2.16. Waterlase on a tooth.
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Advantages of using the waterlase instead of a drill are given below.

~ The laser's pinpoint accuracy is precise enough that more healthy teeth may be

preserved, during cavity removaL

As most dental procedures can be performed with no pain, there is no need for

anesthesia.

~ The method effectively performs numerous sett tissue (gums) procedures with little

or no bleeding, leaving behind stitches and healing packs.

~ The method avoids many common problems of the dental drill, including cracks in

the teeth from the vibration and rapid turning of the drill burs, which can weaken your

teeth, creating future problems.

~ The waterlase sterilizes as it cuts, leaving less chance for bacterial contamination.

~ A dental laser maximizes the bonding of tooth-colored fillings, allowing them to last

longer.

~ The waterlase can effectively treat canker and cold sores, thus killing the viruses that

cause cold sores and allowing rapid healing.

2.4 Different Types of Lasers

There are various kinds of lasers available today depending on the source producing

the laser. Each of them has a specific range of utility, depending on its wavelength and

penetration. Various types of lasers and their positions in the electromagnetic spectrum

are shown in figure 2.17. The laser medium can be a solid, liquid, gas or semiconductor.
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Fig 2.17. Relative positions of various types of lasers on the electromagnetic spectrum
[54]

In this section only a few of the commonly used lasers are discussed.

2.4.1 Neodymium: Yttrium-aluminum-garnet (Nd:YAG) Lasers

Nd:YAG laser is a laser whose active medium is a crystal of yttrium, aluminum, and

garnet doped with neodymium ions. It can be used to produce very high powers and has

the capability to reach deeper layers of skin tissue. It has a wave length of 1064 nm. It

can be used to cut or coagulate tissue and also it can be effective for laser hair removal

and treatment of vascular lesions including leg veins. The Q-Switched Nd: YAG is used

for the treatment of tattoos and certain pigmented lesions. Nd: YAG has a second

transition at 1320 nm, whose wavelength can be used for tissue heating, soft tissue

coagulation, and endovascular treatment of varicose veins.

Neodymium-YAG lasers are used in pulse mode in laser oscillators for the production

of a series of very short pulses for research with femtosecond time resolution.
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2.4.2 Carbon Dioxide (COt) Lasers

The carbon dioxide laser is a gas laser which emits an infrared beam at 10,600 nm. It

is the most efficient laser (30% efficiency) and is capable of continuous output powers

more than 10 kW.

It is strongly absorbed by water. As the water constitutes 80% or more of soft tissue,

the COz laser is used as a cutting or vaporizing tool to incise or ablate sott tissue. Some

of the uses of COs lasers are;

~ Removal of skin lesions such as moles, warts, and keratoses,

~ Use as a laser scalpel in patients or body areas prone to bleeding,

~ Non-contacted removal of tumors in neurosurgery,

~ Cosmetic ablative laser resurfacing for photoaging and wrinkles, and

~ Shaving, dermabrading and resurfacing scars, rhinophyma and skin irregularities.

2.4.3 Excimer Lasers

The term Excimer is a shortened form of 'excited dimer', denoting the fact that the

lasing medium in this type of laser is an excited diatomic molecule. Excimer lasers

produce intense output at very short wavelengths which can be focused to a very small

spot diameter (- 40 times smaller than the COs laser beam with the same beam quality) in

the Ultra-Violet (UV) spectrum in short pulses. The excimer lasers are usually formed by

inert gas atoms and halogen atoms which are bound in excited states. The lasers in this

family are XeFI (351 nm), XeCI (308 nm), KrF (248 nm), KrCI (222 nm), ArF (193 nm),

and Fa (157 nm) [23].
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As the emitted wavelengths are very short, each individual photon carries a large

amount of energy and hence is useful in breaking the bonds between molecules in

material that absorbs the radiation. Each pulse contains a large number of photons, since

it has a very high peak power. Thus, the laser can be used as a perfect cutting tool for

almost every material. These lasers are capable of:

~ Cutting biological tissue without harming the surrounding healthy tissue,

~ Correcting vision disorders — used to cut very delicate layers from the outer surface of

the cornea during eye surgery,

~ Photolithography - Material processing at a very high degree of accuracy, and

~ Marking on products — used to mark on all kinds of materials, such as plastics, glass,

metal, etc.

2.4.4 Pulsed Lasers

Pulsed lasers emit light in the form of optical pulses with "on" and "off" periods.

They are used in applications where a large amount of heat is required in a very shod

time. There are a number of methods to achieve pulsed mode of operation. Q-switched

lasers emit nanosecond pulses; a modelocked laser emits extremely short pulses with

durations in picoseconds or femtoseconds domain. In the UV spectral region nanosecond

pulses are generated by excimer lasers. Pulsed pumping is also used to emit pulsed lasers

where the laser material is pumped with a source that is itself pulsed. Pulsed pumping is

generally used with dye lasers.

The excimer laser and the copper vapour laser are only operated in pulsed mode but

never in the CW mode. Depending on the pulse duration, pulse energy, pulse repetition
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rate and wavelength required, different types of pulsed lasers are used. The pulsed dye

laser is one among them.

2.4.5 Pulsed Dye Lasers

This type of laser uses a liquid dye (Rhodamine 64) and produces yellow light at 577-

585 nm which is delivered in short flashes. As it is absorbed by the hemoglobin present

in the blood, it is especially useful for the treatment of vascular lesions like spider veins,

strawberry birthmarks and port wine stains especially in infants and children, nevus

flammeus, hemangiomas, keloids and hypertrophic scars. It is also used to treat

pigmented nevi.

Long pulsed dye lasers are used to treat fine veins, telangiectasia and blushing.

2.5 Laser-Tissue Interaction Models and Brief Overview of Quantitative Assessment

Techniques

For the analysis and optimization of the parameters governing planned laser surgical

procedures, the modeling of laser—tissue interactions become very useful. In modeling of

laser tissue interactions, the irradiance distribution within the tissue first needs to be

determined. Next, the temperature distribution in the tissue caused by the laser energy

deposition has to be obtained quantitatively by solving the bioheat transfer equation.

Lastly, thermal damage is predicted from this spatial and temporal temperature

distribution [7j. Usually, if the local temperature increases due to the external laser

irradiation and exceed a critical threshold, then multiple outcomes such as protein

denaturation and bio-mass destruction result.



2.5.1 Heat Deposition in Bio-Tissues — Monte Carlo, Green's Function and

Analytical Methods

A variety of models have been developed to estimate thermal response of tissue to

laser radiation. Many of these models are based on analytical solutions. Typically the

models incorporate the Green's function, or if simple closed form solutions cannot be

obtained, then numerical solutions involving the finite difference method or the finite

element technique are used.

The advantages of analytical solutions are usually their transparencies. Besides, it is

much easier to predict and evaluate scaling effects or the impact of changing parameter

values. The numerical solutions, on the other hand, are harder to interpret or gauge

solutions. However, they can be programmed by just using a Personal Computer (or

sometimes even a pocket calculator) with a few scientific functions [7].

Monte Carlo methods have been used to model systems and solve problems where

obtaining analytical solutions to physical questions becomes too complex, Solutions to

these problems are obtained by constructing a stochastic model (e.g., for simulating the

energy transfers from incoming photons due to continuous interactions with the host

tissue) in which the expected value of a random variable is used to represent a physical

parameter. For example„ the path length of incoming photons between collision events

with the tissue mass may be a random variable. In the Monte Carlo method, the photon is

treated as a neutral particle, instead of propagating wave entity. This method simulates

the random walk of individual photons from one interaction to another. The method is

based on a set of rules that govern the movement of a photon in tissue. The key decisions
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that are in this stochastic simulation scheme include: (i) determination of the mean free

path leading up to a scattering or absorption event, and (ii) the scattering angle.

This method is basically statistical in nature and requires a computer to calculate the

propagation of a large number of photons. The number of photons required in a

simulation depends on the precision needed for reducing the statistical deviations below a

tolerable limit, and the spatial or temporal resolution desired [7].

To find the internal energy distribution from light beam incident onto a medium, the

Green's function may also alternatively be used. The Green's function obtained lor the

heat flow equation is independent of the source term [24] and depends only on details of

the tissue, its geometry and heterogeneous material parameters. Physically, this technique

relies on the following concept: as unscattered light propagates through the medium, it is

scattered and becomes diffuse. The initial scattering event acts as a source of the light's

diffusion. The Green's function describes the distribution resulting from a point source of

diffuse light. Since the unscattered light decays exponentially with increasing depth

according to Beer's law, the Green's function for an irradiation point on the surface may

be obtained by convolving the Green's function with the proper exponential function.

Again using superposition, the response for an arbitrary source distribution can then be

obtained by adding the contributions of all point irradiances [7]. Based on the Greens

function, many models like finite difference model have been developed.

2.5.2 Introduction to Pennes Bioheat Equation and its Parameters

ln 1948, Pennes proposed a model to describe the effects of metabolism and blood

perfusion on the internal temperature distribution. Details of this will be given in Chapter
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4. Briefly, the Pennes bioheat equation is based on the heat diffusion equation and is

routinely used as an approximation for heat transfer in biological tissue [25]. The bioheat

equation was deduced from power balance arguments considering the changes associated

with the heat source term Q, including the metabolic rate of tissue, Q the thermal energy

transformed Irom chemical energy caused by partial metabolism, the blood flow term

WbCb(Tp-T) which denotes the thermal energy transmitted from in/out controlled volume

blood, and the volumetric heating Q,. For heat incident only on the skin surface, Q„can

be considered to be 0.

The Pennes bioheat transfer equation is given as:

V.[KENT(r,t)]+V,Cb(T,
— T)+g„, + 0 = pC

BT(r, t)
Bl (2 5)

where K [W/(m.K)] is the thermal conductivity, Wb [kg/(m .s)] is the blood perfusion

rate, Cb and C [I/(kg.K)] are the specific heats of blood and tissue, Tb and T ('K) are

temperatures of blood and tissue, respectively; Q (W/m ) is the metabolic rate of tissue,

Q,(W/m ) is the volumetric heating rate, and p (kg/m') is the tissue density [33].

2.6 Summary

In this chapter, different layers of skin tissue and the parameters that effect the

propagation of light in the tissue have been introduced. The power of laser energy has

been demonstrated by exhibiting few applications of the laser in the medical field and

also few commonly used lasers and their properties have been presented. It is shown that

providing enough input power at a particular wavelength is the key in laser treatment as
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excess heat causes undesired thermal damage; on the other hand, insufficient heat does

not affect the tissue. In order to estimate the input power and predict the temperature rise

due to the laser heat within the irradiated tissue, a model is needed. Monte Carlo model

serves as the starting point for evaluating the energy deposition by the incident laser into

the tissue. This technique has been introduced, Next, some of the other aspects relating

to heat flow and evaluation of rising internal temperature have been briefly mentioned. A

more detailed discussion of the Monte Carlo model along with heat related temperature

increases within the tissue is presented in the next chapter.
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CHAPTER III

MECHANICAL EFFECTS OF LASERS INCIDENT ON TISSUES

3.1 Introduction

Laser-induced mechanical effects in tissue pertain to ophthalmology as in

photodisruption (or phacoemulsification) and urology, and have been subjects of

extensive research. These procedures are promoted by optical breakdown and the

subsequent formation of plasma, bubble and shock waves. Shock-wave generation, for

example, has been viewed as a possible therapeutic recourse for kidney-stones based on

the "Extracorporeal Shock Wave Lithotripsy."

During the focusing of a Q-switched laser pulse, water absorbs energy from the

incident photons and vaporizes almost instantly to form plasma clouds. This sudden

plasma formation generates a spherical underwater shock wave. For very short laser pulse

duration, free electrons absorbing laser light energy are further accelerated due to the

process called 'inverse Bremsstrahlung,* thus promoting the process of shock formation

[56j. Inverse Bremsstrahlung is a well-known mechanism for accelerating electrons

through the absorption of radiative energy. The propagation of such shock-waves and

their biological effects are governed by the mechanical properties of the irradiated tissue.

Shock-wave therapy was developed for the revascularization of cerebral embolism, drug

delivery and other therapeutic methods. Extracorporeal shock-wave lithotripsy (ESWL)

succeeded in noninvasive removal of urinary tract stones [56].

The salient feature of a shock wave is a discontinuity in stress (pressure), density and

particle velocity (the displacement velocity of the medium behind the shock front), and

internal energy. Stress waves affect the linear and nonlinear acoustic properties of the
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medium through which they are propagating. The linear attenuation attenuates the high-

frequency components, thus decreasing the bandwidth with corresponding increase in the

rise time. On the other hand, the rise time is decreased due to the nonlinear properties of

the medium and the nonlinear behavior of the particle velocity which depends on the

stress. This nonlinear behavior causes the leading edge of the stress wave to steepen, thus

forming a discontinuity (shock wave). Thus, shock waves are waves with high peak stress

and these waves propagate at speeds substantially higher than the sound velocity [55].

Stress waves have been successfully applied to medical therapy. They can also induce

deleterious effects during medical procedures of high power and short pulse lasers;

hence, care needs to be taken. Some of the deleterious effects include tissue I'racture,

localized cell killing, decrease in cell viability and increase in the permeability of the

plasma membrane. These have also shown promise for use in drug delivery and gene

therapy.

3.2 Generation of Stress Waves

Laser-induced stress waves can be generated by one of the following mechanisms:

optical break down, ablation, or rapid heating of an absorbing medium (thermoelastic

generation) [55]. Details of these various processes are given below.

3.Z.I Plasma-Induced Stress Waves

The high field intensity I'rom a Q-switched or mode-locked laser pulse causes

ionization (optical breakdown) of the medium and plasma formation. The generated

plasma expands rapidly due to the high temperature and pressure of the plasma (mainly
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the high-energy mobile electrons), thus creating a high pressure front. As the plasma's

temperature decreases, the plasma expansion slows down and the high pressure front

separates to form a shock wave. The localized bubble continues to expand until the

pressure reduces to the point that it cannot support the hydrostatic pressure.

Subsequently, the bubble implodes under the external pressure of the liquid. The

temperature and pressure inside the bubble rise again, and thus a second shock wave is

formed following a second explosion. The generation of a shock wave and the bubble

generated by optical breakdown is shown in figure 3.1. Thus, the process is dynamic and

usually involves a series of shock-waves.

Fig. 3.1. Generation of the shock wave and bubble expansion generated by optical
breakdown. A pulse fiom a Q-switched Nd:YAG laser (pump), 1.064 pm, 6-ns pulse
duration, and 1 mJ pulse energy, was focused onto water to produce plasma. A second
pulse (probe), 532 nm, was used as a strobe flash to photograph the event. The pump
pulse is incident from the right. The time delay between pump and probe pulse is
indicated on each picture. Bar scale equals 100 pm [55].
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3.2.2 Ablation-Induced Stress Waves

Tissue ablation involves the decomposition of polymers into small fragments caused

by the incidental ultraviolet radiation. These I'ragments move away from the surface at

high speed, almost like projectiles ejected from the tissue. Though the amount of the

material removed is small, stress waves of high peak stress can be generated through the

imparted recoil momentum.

3.2.3 Thermoelastic Stress Generation and Stress-Induced Bubble Formation

When an absorbing medium is irradiated to short laser pulses, rapid thermal

expansion of that medium occurs and the thermal expansion propagates as a stress wave.

ln general, the thermoelastically generated stress waveform is complex and depends on

the geometry of the source, the laser beam profile, the laser pulse duration (Tc) and the

acoustic transit time (Ts). The acoustic transit time is defined as the optical penetration

depth divided by the sound velocity. The waveform also depends on the surface boundary

conditions when the source of the stress wave is on the tissue surface. The rise time of the

stress waves is determined by the relative values of Ti. and Ts. lf Ti «Ts, then the rise

time of the stress wave is equal to Ts, else if Tt & Ts the rise time of stress wave follows

the rise time of the laser pulse. Thus, by varying the wavelength of the laser or by the

absorber stress, waves can be generated with adjustable rise times to control the optical

penetration depth.

The trace of thermoelastically-generated stress waves with different rise times is

presented in figure 3.2 after Lamb et al. [59]. These stress waves were generated by
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tuning the free electron laser (FEL) to 3.21 pm and 3.78 pm, respectively, and are

normalized to maximum stress values.

1.0
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Fig 3.2. Thermoelastically generated stress waves with different rise times [55].

Within the focal volume, the temperature rise occurs during thermalization of the

energy carried by the free electrons, i.e., within a few picoseconds to tens of picoseconds.

As this time interval is much shorter than the acoustic transit time from the center of the

focus to its periphery, there is no possibility for acoustic relaxation during the

thermalization time. Hence, the thermoelastic stresses stay confined in the focal volume,

leading to a maximum pressure rise. Due to the conservation of momentum, the emitted

stress wave must contain both compressive and tensile components such that the integral

of the stress over time vanishes. The tensile stress causes the formation of a cavitation



bubble by a relatively small temperature rise in the liquid, The tensile stress wave may

induce the &acture of the material for a very small temperature rise. For pulse durations

longer than the thermalization time, large amounts of energy are transferred from the free

electrons to the heavy particles during the laser pulse, resulting in a temperature of

several thousand degrees Kelvin, bubble formation, and a bright plasma luminescence.

A very small bubble formation makes the dissection mechanism compatible with

intracellular nanosurgery. Femtosecond pulse lasers produce very small size and short

lifetime bubbles, and hence they can be used predominantly than nanosecond pulse

lasers. The small bubble size corresponds to a small energy of the expanded bubble.

Membrane damage can also be induced by bubble oscillations that occur largely outside

the cell, such as in laser optoporation [35].

3.2.4 Stress-Wave Generation in Tissue Targets

Due to ablation or rapid heating, stress waves are generated in tissue. Below the

ablation threshold, tissue irradiation (e.g., by a 248 nm KrF laser) produces stress waves

by rapid heating. Above the ablation threshold, thermoelastic stress waves are dominated

by the stress waves generated by ablation. On the other hand, irradiation of tissue by ArF

laser (193 nm) produces stress waves by ablation. Here, because of the low ablation

threshold, thermoelastic waves have not been observed [55].

3.3 Biological Effects of Stress Waves

Tissue damage due to stress waves was first noticed by Marshall in 1970 [57] who

attributed some of the damage to retinas to stress waves produced during laser irradiation.



He divided the induced tissue damage into two classes, namely, tissue fracture which is

caused by: I) passage of high pressure front; and 2) localized bulk displacement. Many

researchers like Dehm et al. [58] investigated cell injuries and attributed the cell killing to

mechanical damage caused by stress waves. They also hypothesized that the 248-nm

(higher wavelength) irradiation caused substantial cell injury which produced stronger

stress waves than the 193-nm (lower wavelength) irradiation. Cells exposed to stress

waves sustain structural and functional injuries that increase with the peak stress and the

number ofpulses applied. Also, it is shown by Doukas et ak (1995) that the degree of cell

injury is influenced by the rise time of the stress wave. Furthermore, they showed that the

cell injury correlated better with stress rate (stress gradient) than the peak stress [55].

Since the stress waves are capable of killing cells, they are used to treat tumors. The

delay of tumor growth has been noticed with laser-induced stress waves. It was also

observed that fast growing tumors were more responsive to treatment than slow-growing

tumors. Stress waves when used in combination with chemotherapeutic drugs retarded a

variety of tumors with varying degrees of success. However, it has been observed that

stress waves enhance the cytotoxicity of a number of compounds when present in the

extracellular medium during stress wave applications. The stress waves induce a transient

increase of the membrane permeability which results in the diffusion of molecules

present in the medium (including drugs) into the cells. The synergism of stress waves and

drugs is similar to photodynamic therapy where the combination of light and

photosensitizers are used for beneficially enhanced outcomes.
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3.4 Plasma Formation

In various fields of laser medicine, laser-induced plasma formation has been used for

photo-disruption, ablation, or lithotripsy and it has become especially important in

intraocular microsurgery.

With nanosecond pulses, where irradiance values are below the optical breakdown

threshold, no free electrons are formed because the irradiance is too low to provide seed

electrons by means of multiphoton ionization (a mechanism that governs

photoionization). In theoretical investigations, the breakdown threshold is defined by the

irradiance (or energy) required to produce a certain critical free-electron density at the

laser focus. Once the irradiance is high enough to provide a seed electron, the ionization

cascade can start and proceeds very rapidly owing to the high irradiance. Within a small

fraction of the laser pulse duration, the electron density can shoot up by nine orders of

magnitude until its rise is stopped by recombination. The breakdown threshold is

extremely sharp — thus either a highly ionized plasma is produced, or no plasma at all

3.4.1 Low-Density Plasmas and their Chemical Effects

In low-density plasmas, the energy density remains below the level required for

cavity formation in the medium. Below this optical breakdown threshold, free electrons

are produced in a fairly large irradiance range with a deterministic relationship between

free-electron density and irradiance. Thus, by varying the irradiance, low-density plasmas

can deliberately produce chemical changes, heating, and thermomechanical effects.
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Plasma-mediated chemical effects in biological media can be classified into two

groups: (i). Changes of the water molecules by which reactive oxygen species (ROS)

such as OH* and Hz02 are created that affect organic molecules. These species are

known to cause cell damage. (ii). Direct changes of the organic molecules in resonant

electron—molecule scattering [35j. Capture of electrons into an antibonding molecular

orbital causes fragmentation ofbiomolecules, as shown in figure 3.3.

Fig 3.3. Dynamics of vibrational excitation and dissociative electron attachment in

resonant electron—molecule scattering [35(.

3.4.2 Implications for Laser Effects on Biological Cells and Tissues

Femtosecond laser nanosurgery is done using two techniques: one technique uses

long pulse series from femtosecond oscillators with repetition rates of the order of

80MHz, and pulse energies well below the optical breakdown threshold. To achieve the
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desired dissection or membrane permeabilization, pulses from 40000 to several million

have been applied at one specific location. In the second technique, amplified pulse series

at I-kHz repetition rate with pulse energies slightly above the threshold for transient

bubble formation are used. In this technique, the number of pulses is typically varied

(rom about 30 to several hundred [35].

The effects of different low density plasma and the physical breakdown phenomena

induced by femtosecond laser pulses based on the above-mentioned two nanosurgery

techniques is presented in figure 3.4. An experimental damage, transfection, and

dissection thresholds on cells is presented in this figure. The different effects are scaled

by the corresponding values of f'ree-electron density and normalized irradiance. The

irradiance values are normalized to the optical breakdown threshold Id, defined by a

critical electron density of Q,„= 10 cm .
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Fig 3.4. Overall view of physical breakdown phenomena induced by femtosecond laser
pulses and effects of different low density plasma [35].
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In the above figure, chemical cell damage after scanning irradiation (2) of PtK2 cells

with 800-nm pulses at 80-MHz repetition rate refers to membrane dysfunction and DbIA

strand breaks leading to apoptosis like cell death. Chromosome dissection (3) relates to

the intranuclear chromosome dissection, and (4) to cell transfection by transient

membrane permeabilization, which are performed using 80-MHz pulse trains fiom a

femtosecond oscillator. Mitochondrion ablation (8) refers to the ablation of a single

mitochondrion in a living cell using I-kHz pulse trains, and axon dissection (9) applies to

axotomy in live C. elegans worms carried out with sequences of pulses emitted at I-kHz

repetition rate from a regenerative amplifier. Points (I), (5), (6) and (7) refer to physical

events or threshold criteria [35j.

3.5 Summary

The role of mechanical effects such as laser induced waves and cavitation bubble

formation in killing cells and their various biological effects have been presented in this

chapter. Also, the different ways of stress wave generations including plasma-induced

stress-wave generation, ablation induced and thermoelastic generation of stress waves has

been briefly discussed. Plasma formation, low density plasmas and their chemical effects,

and the implications for laser effects on biological cells and tissues have been covered.

These details are meant to provide a more broad background into possible optical effects

and mechanisms of lasers on bio-tissues. While some processes can be used for

therapeutic purposes, other could be harmful, and so care with laser irradiation needs to

be taken.
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CHAPTER IV

MODELING OF LIGHT PROPAGATION IN TISSUE

4.1 Introduction

As the absorbed light produces heat, thermal effects of a laser beam incident upon

tissues (e.g., the skin, dermis and interior) can be predicted by determining temperature

distribution within the skin and interior tissues. A model is required for both light

propagation through the tissue and the related energy deposition to estimate the internal

temperature distributions. Monte Carlo simulations of photon propagation offer a flexible

yet rigorous approach toward photon transport in tissues. In this method, the incident

laser beam is represented as a stream of photons, each having a set of initial coordinates,

direction and energy weight. This method consists of recording photons histories as they

are scattered and absorbed. Thus, in this kinetic, time-dependent approach, the photons

are treated as billiard balls that continually undergo free-flight peppered by random

scattering events. The scattering events change the direction, momentum and possibly

energy, and are associated with interactions between the incoming photons and the host

lattice. In cases where the photons lose energy, the scattering process is referred to as

"inelastic," while elastic scattering processes merely change momentum but preserve the

photon energy. The number of photons required in the simulation depends largely on the

precision needed and the spatial or temporal resolution desired [7]. As more of the

number of photons is used, then more accurate is the model with lower statistical

uncertainties. However, the requisite computation times increase significantly as the

number of photons increase. Thus, there is a delicate trade-off'etween accuracy and

computational burden. In this chapter, which contains two parts, the particle-based Monte
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Carlo method for modeling light transport in tissues is discussed in part I, while part II

discusses the wave nature of light.

Monte Carlo models rely largely on the generation of random numbers which are

uniformly distributed over the interval (0, I). To simulate propagation it is required to

generate random numbers repeatedly and randomly-based on a pseudo-random number

generator provided by the computer. In this model, a random number can be used to

determine the propagation step size, or to determine the deflection angle due to the

scattering process, or to choose between a set of competing scattering processes.

Part I — The Traditional Monte Carlo Modeling Scheme

In this part of the chapter, the photon is considered as a neutral particle and its

propagation in tissues is discussed.

4.2 Monte Carlo Method

Steps involved in the Monte Carlo method for light propagation in tissue are

discussed in detail in the following sections.

4.2.1 Photon Initialization and Initial Conditions

The Monte Carlo simulation begins by launching a photon packet of weight 'w* at a

specified angle on a multilayer tissue. For concreteness, only photons having

perpendicular incidence are discussed here and are shown in the figures. Also, only three

layers are considered in our present simulations, but can be extended to any mimber of

layers. At each step of propagation, some portion of photon energy is absorbed, and this
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is mimicked by reducing the weight of the photon packet at every step. For simplicity

here, each layer of the tissue has been considered to be parallel to the other layers. It is

also assumed to be infinitely wide (i.e., in the transverse directions) on the condition that

it is much wider than the spatial extent of the photon distribution along the transverse

dimension. Each layer is described by the parameters: layer thickness, refractive index,

absorption co-efficient It, the scattering co-efficient p, and the anisotropy factor g,

which are initialized and specified as the input. Also, the refractive indices of the ambient

medium above the tissue (air) and below the tissue need to be specified.

A Cartesian coordinate system is used to trace the photon movements. The z-axis is

taken to be normal to the surface pointing into the tissue and the xy-plane taken to

coincide with the tissue surface. A schematic of a multilayered tissue and Cartesian

coordinate system is presented in figure 4.1. In this figure, photons are considered to be

incident normally onto a parallel surface, and so the initial location of the photon is

chosen randomly on the tissue surface as:

x= width(x) *
E, (4.1a)

y= width(y) *
E

and z= 0, (4.1c)

where ( is a random number which lies between (0,1) and the initial direction as (0,0,1).

Since the photon beam is perpendicular to the tissue surface, it has cylindrical

symmetry and so a cylindrical coordinate system can be set up simultaneously to score

photon absorption as a function of r and z, where r and z are the radial and the z
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coordinates of the cylindrical coordinate system, respectively. The origin and the z-axis

are the same for both systems.

Photon Beam

.4 p.@40 s s i"i s

Layer 1

Layer 2

Fig 4.1. A schematic of photon beam incident on a parallel multi-layered tissue and the
Cartesian coordinate system [60].

4.2.2 Generating Propagation Distance and Calculating Final Positions

The step size 'As's regarded as the free path of the photon packet movement.

Photons are moved through a distance "As", and at the end of the each spatial step,

absorption and the scattering events are implemented. To be more effective, a variable

step size is considered for each photon step. This is more physical and natural, since

scattering is a stochastic process, and hence, each the likelihood of each event varies

randomly. A uniformly distributed random variable *P,'s used to determine this variable

step size and its length is given by:



57

where Ii = p + p is the total attenuation co-efficient, and P, is a random numbert G S

uniformly distributed in the 0 & E & I range.

Once the step size is calculated, the photon packet is moved through this distance As.

For a photon located at (x,y,z) travelling with direction cosines (g„, Itn p,), the new

coordinates (x',y',z') after the distance As are given by:

x' x+ p,,As, (4.3a)

y =y+prAs (4.3b)

z'z+ p,As. (4.3c)

where (as previously mentioned) p„, It„and Ii,are the direction cosines corresponding to

x, y, and z-axis, respectively. A Cartesian coordinate system showing the direction

cosines is presented in figure 4.2. At this instant, one needs to check whether the

traversing photon packet might have hit the boundary. This boundary can either be that

of the entire simulation region, or simply the termination of a given tissue type. In the

event a boundary is reached, the photon packet is checked for possible internal reflection

to ascertain its next course of action as discussed in the following section. If the photon

packet still remains within the tissue and does not reach any boundary, then the photon is

moved through a distance As and the new photon positions are updated.



Fig 4.2. A schematic of Cartesian cordinate system showing the direction cosines and the
new photon position [61].

4.2.3 Scattering

At the new position, the photon packet undergoes absorption and loses part of its

energy. It is then destined to scatter and change its direction. The photon packet's new

direction can be completely described by the deflection angle 0 (0 & 0 & tt) and the

azimuthal angle @ (0 & 4) & 2tt). The azimuthal angle is distributed uniformly over 0 to

2tt, whereas the deflection angle is decided by the Henyey-Greenstein phase function.

The choice of these two angles is determined based on the generation of two random

numbers and the following formulae are applied:

"'0= 2g I-g+2g&
if g=0

(4.4)

and $ = 2tt(. (4 5)

where g is a uniformly distributed random variable and '"g" is the anisotropy factor.
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Knowing the deflection angle 0 and the azimuthal angle di, the new direction cosines

(p, p, p ) for the subsequent directional movement of the photon packet alter thex r 2

scattering event through the angles (B, &p) in terms of the original cosines (Ii„, Ii,, It,) is

calculated as:

sin 8
p„= (p„p, costi — p sin II)+ p„cos8

I —p,'4.6a)
sinO

p = ~(p p,cosII — p.sinftj+p cosO,
p2

(4.6b)

p =-sinOcosII~I — p' p cosO (4.6c)

If Ip I

& 0.99999 i.e., if the angle of incidence is too close to the normal, then the new

direction can be obtained by:

p„=sinOcosli

p = sin 8 sin II

(4.7a)

(4.7b)

p, = —'cosO (4.7c)

where (It„, Iir, It,) are the cosines specifying the direction of the photon before

scattering. A Cartesian coordinate system showing the deflection angle (B) and the

azimuthal angle (P) is presented in figure 4zh
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Fig 4.3. A schematic of the Cartesian coordinate system specifying 0 and ()) when a
photon is scattered [61].

4.2.4 Internal Reflection

Internal reflection occurs when the photon moves from one medium to another

medium having a different refractive index. During this transition, there is a chance of

internal reflection when the photon propagates across the boundary of a layer. Fresnel

reflection co-efficients R(9,) are used to determine the condition of internal reflection.

This co-efflicient is given by:

1 [ sin (8,-8s) tan (8; — 8,) ]
2 L sins (8,+8s) tan (8,+8s) I

(4.8)

where 0, is the angle of incidence at the boundary and 0, is the transmission angle which

is obtained Irom the Snell's law. These angles are given by:

8; = cos t(itt,i), (4 9)

and n; sin8; = n,sin8, (4.10)
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In the above, n; and ni are the refractive indices of the incident medium and

transmitted medium, respectively. When the angle of incidence is at near-normal

incidence to the interface (0, = 0i = 0), the reflection co-efficient is given by:

(4.11)

Knowing the reflection coefficient, a uniformly distributed random number '0 & E
&

I'an be used to determine whether the photon is internally reflected. If '( & R(8,)', the

photon is internally reflected, otherwise the photon exits the layer. If the photon is

internally reflected, the new position and the directions of the photon are updated. For a

layer whose thickness is T along the z-direction and infinite in x and y directions, the new

internally reflected photon position (x", y", z') is given by:

(x,y,—z)(",y". ') =
(

'2T
)

ifz&0,
if z) T.

and the new photon direction (p„, p, p ) is:

(V„~ Itv ~ It,) =(Vx Pv It7).

Thus, the new direction (and hence, the velocity) is a mirror image about the

reflecting plane. As the free path As is generated randomly, there is a chance of photon

crossing the boundary and entering into another layer. This condition needs to be checked

in the simulations. If this occurs, the photon is moved back to the boundary and once

again checked for internal reflection. Depending on the outcome for possible internal

reflection, the photon is either assigned a new, reflecting direction at the boundary, or

continued with its original direction of traversal.
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4.2.5 Photon Absorption

For each propagation step As, part of the photon packet energy is absorbed (viewed as

an absorption event in Monte Carl parlance) and the rest is scattered within the packet.

The fiaction of the packet that is absorbed (FA) is:

FA = fractionabsorbed = (4.14)

P~+ P~
(4. 15)

I — a

where 'a's the single particle albedo and the new photon weight w'ller the absorption

event is therefore:

w'=aw (4.1 7)

At each step, the absorbed energy weight is scored into an array (say A), and hence

the energy deposited due to the light propagation at each location is tracked. At this point,

the new photon weight is compared with the minimum photon weight. If the photon

weight falls below the minimum weight, then the photon packet is terminated, otherwise

it is scattered with its new weight w'. The minimum weight is chosen in such a way that

the discarded photon packet below leads to very little information loss. If the photon exits

the side boundary then the photon is tracked to the boundary and the energy deposition is

calculated up until the boundary, and then the photon packet is terminated.

A schematic of Monte-Carlo simulation steps of laser beam propagation in a three-

layered tissue is presented in figure 4.4.
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Fig 4.4. (a) A schematic representation of Monte-Carlo simulation steps of laser beam
propagation in skin (1), photon generation (2), pathway generation (3), and absorption
(4), termination and detector count. Black dots represent scanering events and blue
squares detector cell counts. (b) Side view of actual calculation [62].

4.3 Internal Energy Distribution in Skin (Tissue)

A tissue with a uniform temperature distribution (say, 31Q') is considered initially

prior to any laser beam incidence on this tissue. Upon laser irradiation, the bio-tissue is

expected to undergo temperature variations. A cylindrical system is considered to score

the energy deposition due to the incident laser beam. A two-dimensional, homogeneous

grid system is set up in the r and z directions for scoring photon energy absorptions. Each

grid is separated from the other by Ar and h,z in the r and z directions, respectively. The

total number of grid elements in the r and z directions are thus N, and N,. The absorbed

energy is scored into an array of A [i„i,]. Here i, and i, are the indices for the grid

elements in the r and z directions and 1 & i„& N, and 1 & i, & N,.

The above Monte Carlo procedure of tracking the movement of incident photon

packets through the bio-tissue, along with the multiple scattering events, allows for the

calculations and assessment of energy deposition. This energy absorption data can then

be used to evaluate the temperature changes and time-dependent fluctuations due to
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photon pulses or continuous laser excitation. The temperature changes within the bio-

tissue due to the absorbed energy can be obtained from the Pennes bioheat transfer

equation. This is given as:

V.[KVT(r,t)]+WzC,(Tb — T)+(2„, +0„= pC
BT(r, t)

Bt (4. I g)

where K [W/(m.K)] is the thermal conductivity, Wb [kg/(m .s)] is the blood perfusion

rate, Cb and C [J/(kg.K)] are the specific heats of blood and tissue, Tb and T ('K) are

temperatures of blood and tissue, respectively; Q~ (W/m') is the metabolic rate of tissue,

Q, (W/m ) is the volumetric heating rate, and p (kg/m') is the tissue density.

Consider the first term: V. [Kr/T(r,t)]. I-lere K is taken to be a constant, and the

temperature gradient along the r and z directions needs to be calculated. In the z direction

it is evaluated implicitly at the iib location as:

dz kdz/ az
(4.19)

whereas in the r direction and at the j'ocation, it is evaluated as:

(4.20)

where T/, Ti+i, T,,are the temperatures at j'", (j+I)'" and (j-I )"'ocations, respectively.



In the second term: Wb Cs(Ts — T), the Ws, Cs and T& are assumed to be constants

and are initialized, while T is the local tissue temperature at the (i,j)" location along (r,z).

The metabolic rate of the tissue 'Q~ 's assumed to be a constant, and Q„ is set to 0 as

the heat is considered to be incident only on the skin surface. Thus, Pennes bioheat

equation can be used to determine the temperature distribution inside the skin as a

function of time and spatial co-ordinates. But due to the diffusion process, the resulting

temperature is taken to be the average of the temperature at that location and its

surrounding four locations. This "nearest-neighbor" averaging yields a more stable and

accurate representation of the temperature. Therefore the new temperature at a location

(i,j) is:

(4.21)

The above process of calculating the temperature at various spatial points within the

discretized simulation region is carried out for a chosen simulation duration of interest.

Typically, since the heat diffusion is a slow process (taking up to milliseconds for

thermalization), while the optical energy transfers from the laser are typically very fast

(on the order of sub-nanosecond), the photon energy deposition and the heat diffusion

processes can typically be de-coupled. For example, the Monte Carlo (MC) simulation

can be carried out initially for a certain duration to obtain the energy absorption and heat

input rate. The MC calculations can then be stopped, while the energy deposition rates

can be used to update and dynamically compute the internal temperature changes and

heat flow. The MC results can easily be "frozen" up to the millisecond range, since
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temperature changes do not occur prior to this characteristically typical timescale.

Beyond this temporal range, the MC calculations would need to be performed again with

appropriate changes in the temperature-dependent parameters to obtain the heat

absorption rates corresponding to the new internal temperatures. Thus, in shoit, the heat

flow and temperature changes at each location within the tissue due to laser irradiation

(whether pulsed or continuous) can be determined via the coupled MC-Pennes heat

procedure. The procedure is realistic in that it embeds photon scattering, multi-tissue

variability, intricate geometries (though only the simple Cartesian geometry has been

discussed here), allows for variability in the photon wavelength, spatial profile (though in

this thesis only the uniform and Gaussian profiles have been considered), flux and

incidence angles, and temporal characteristics. Similarly, user-specified changes in bio-

tissue characteristics (e.g., the thermal conductivities, perfusion rates, specific heats etc.)

can be easily accommodated.

Part II — Inclusion of Phase in Photon Simulations

4.4 Introduction to Phase Behavior in Optics

The phase of each light ray changes as it propagates. When a ray reaches the detector

(observation plane), it contributes to the total energy and signal intensity. However, this

total strength is the coherent addition of all other rays that have reached the same location

[63, 64]. In Electrical Engineering parlance, this coherent addition amounts to a "phasor

sum*'f the individual rays. This implies that both the magnitude and phase-angle of each

individual ray needs to be taken into account. Thus, changes in phase angles of the rays

during their propagation affect the resultant intensity at any location. The Monte Carlo
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model can be used to model phase changes and to find the resultant intensity of the rays

at any location. This could be based on the I-luygens — Fresnel principle which states that:

every point of a wave font may be considered to be the source of secondary wavelets

(Huygens wavelet) that spread out in all directions with a speed equal to the speed of

propagation of the waves. Monte Carlo sampling of the Huygens wavelets involves

launching multiple rays from the center of each wavelet and tracking the change in phase

of each ray before it reaches the observation plane [64]. The phase of each ray can be

found by keeping track of the distance traveled by a light pulse as it propagates in the

tissue. A ray that has travelled a distance "d" will have 'kd'dded to its phase where k is

its wave-number given as: k = 2tt/k with ), being the wavelength [63].

4.5 Model to Calculate Phase Changes

Consider a source "S" launching rays uniformly over a semicircle with this source

element at the center as sketched in figure 4.5. Each ray is launched with an initial

amplitude and phase specified by the field at that source element. Here, for simplicity, the

initial amplitude of all the rays is considered to be unity and to have zero initial phase

(reference phase value). Suppose a physical structure (aperture) with two small openings

is interposed between the source and the detector. In this situation, the rays that reach the

slits act as the sources (Si and Sz) and propagate further. This is depicted schematically in

figure 4.5. This is equivalent to sampling the Huygens wavelets originating fiom each

source. The rays that propagate from the sources reach the detector and the rays that

reach the same location on the detector are added coherently.
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Fig 4.5. Rays used to approximate a Huygens wavelet.

Suppose the light rays whose wavelength is ') ', originating from the different

sources, travel distances (path lengths) of Lu Lz, Ls, Lq, etc.. and reach the same point on

the detector. Then if the absolute value of the differences in lengths is equal to an integer

multiple of ), then they are said to be in phase and constructive interference occurs.

Otherwise if the absolute difference between the paths is some integer number of

wavelengths plus half a wavelength, then they are said to be out of phase and destructive

interference occurs. Thus, mathematically, if:

~Li — La — L3 L4 .....~ = mk (Constructive Interference ) (4.22)

1
~

Li — Ls — Ls — L4 — .....
~

= (m+ — )) (Destructive Interference ) (4.23)2

where 'm's an integer.
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The final phase of each ray that has travelled a distance L is:

(4.24)

Suppose rays with initial intensities I i, Iz, ls,... and zero initial phases travel distances

Li, L2, Ln... and reach a location on the detector with final phases Pt, gz, Ps ...

respectively, then the resultant intensity I at that location due to all these rays is

(4.25)

and its magnitude is:

~

I ~= (I, cos(f))+ I, cos(p,)+ I, cos(fl,)+ ...)'+ (I, sin(f))+ I, sin(f),)+ I, sin(f),)+
...)'4.26)

where Qt, iPz, gs,... can be obtained Irom Li, Lt, Ls,...as:

41= (—")Ll, $z
= (—)Lz, Qs =(—)Is and so on.

If the initial intensities of'll the rays are equal, i.e., if I i
= I2 = ls = ........ = Io (say),

then the resultant intensity is:

I ~: Ic (cos(f)i ) + cos(fez ) + cos(f)s ) + ...) + (sin(f)i ) + sB1(tfii ) + sin(fbi ) + ...)

(4.27)
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4.6 Monte Carlo Simulations

In this thesis work, the Monte Carlo technique has been used to model phase changes

of a moving ray with inclusion of the various scattering events. A two-dimensional (2D)

model has been developed to demonstrate the influence of phase angles on the final

intensity for simplicity. The primary aim is to demonstrate the inclusion of photon phase

in Monte Carlo calculations. Hence, a 2D approach, rather than a full three-dimensional

treatment, is attempted for purposes of demonstration. Once implemented, this could

easily be expanded to a full 3D model in the future. The steps involved in this model

development are discussed in detail in the following sections.

4.6.1 Initial Conditions

The method has been implemented on a specific structure for concreteness and

simplicity. A physical structure (aperture) of length 1000) with two slits separated by a

distance 60) is taken. These two slits act as the two secondary-light sources that launch

rays uniformly over a semicircle with the two sources at the center. A detector of length

I 000). is assumed and taken to be at a distance of 10000K fiom the physical structure. The

rays (photons) emitted from the light sources are tracked at the detector and the resulting

intensities calculated.

Initial amplitudes of the intensities of all the rays are all taken to be unity with a zero

initial phase (reference phase value). The two sources are assumed to be located at (0,

30K) and (0,-30)), with the detector parallel to the y-axis. As the rays are uniformly

distributed over the entire semicircle, the initial direction of each ray varies and depends

on the initial angle "0" between a ray and the normal to the aperture. Hence, in the
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present geometry, this angle 0 varies from -n/2 to rr72. Initial direction cosines are given

7r, =cos(0),

and, p = sin (0).

(4.28a)

(4.28b)

The initial distance (path length) travelled by the photon is taken as zero i.e., L = 0.

4.6.2 Moving the Photons

Rays (photons) originating from the two sources are moved through a free mean path

'h.s'nd are then scattered. Scattering events occur every time the photons travel a free

mean path distance. The &ee mean path is calculated using the formula:

— InF

P, (4.29)

where It,=7r + p is the total attenuation co-efficient which is the sum of absorption

co-efficient and the scattering co-efficient. In equation (4.29), E denotes a random

number that lying between (0, I).

Each time the photon travels free mean path the total distance travelled by the photon

is updated as:

L = L+As (4.30)
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4.6.3 Updating Photon Positions

The positions of the photon are updated after travelling a free mean path. The new

photon position (x,y ) which is travelling along the direction (p, p ) is given by:x'

x'= x+ p As, (4.31a)

and, y'=y+ p As. (4.31b)

During the simulation, if a photon moves past the detector, then it is moved back on

to the detector location and its new position coordinates are calculated as:

xf = 10000k, (4.32a)

and, yf —— y+(xf — x)—', '4.32b)
Hence, the new Iree path As is:

(4 33)

This new free path As is used to update the total distance travelled by the photon "L.'*

It is also the basis for updating the phase of the photon, since the differential phase

change Aq& is then given through: A&p = (2z/k) As.

4.6.4 Scattering

After travelling Iree mean path each time, the photon scatters and changes its

direction. The deflection angle "B" describes the photon new direction and it depends on

the value of anisotropy factor 'g'. It can be calculated from Henyey-Greenstein phase

function [7] as:
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cos8 = 2g I — g+2'f g= 0

(4.34)

where ( is a uniformly distributed random variable and 0 varies flom 0 to 180 degrees.

As it is a 2D case, the photon can be deflected either upwards (positive 0) or

downwards (negative 0). To decide its deflection, a random number is generated and it is

compared with a value 0.5 (the average of random numbers). If 'P,' 0.5, 0 is taken to be

positive otherwise it is taken as negative i.e., 0 = — 0.

Knowing the deflection angle 0, the scattered photon direction cosines (ir,ir ) which
x v

was travelling in the direction (u, Ir ) can be calculated using:x'

p = It cos8 — It sin8,x x

and, it = it sin 8+ It cos8
x y

(4,35a)

(4.35b)

4.6.5 Energy Loss

Photons lose their energy as they propagate in an absorbing medium. At every

propagation step of the MC process, a part of the photon energy is reduced. The amount

of energy lost depends on the absorption and scattering co-efficients that characterize the

medium. This fraction (FL) is given by:

Fractionlost = FL = it.
it. +P.

(4 36)
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At this instant the photon travels with new energy "E" which is given by:

E=E.si- "
E.si (4.37)

At each propagation step this energy is updated.

4.6.6 Calculation of Intensity

After undergoing scattering events and energy losses, the photon finally reaches the

detector at some location. The total distance 'L'ravelled by the photon is calculated and

hence the final phase of that photon (ray) can be obtained by using the formula of

equation (4.24). When multiple rays reach the same location, the resultant intensity at that

point is due to the additive contributions from all the rays and can be obtained by using

the equation (4.26).

The above process will work well in theory. However, from a practical standpoint, as

the distance between the initial source and the detector is increased, the number of photon

propagation steps and the scattering events increases. The main reason for this difficulty

is that one needs to take into account a large number of photons in order to achieve

reasonable accuracy. Since phase changes occur on the order of a wavelength, the

number of photon rays needed to yield an accurate solution scales as: L/k, with L being

the source-detector separation. With the wavelengths typically in the sub-micrometer

range, distances above a few microns can entail large computational burdens. This makes

the Monte Carlo technique difficult and cumbersome to implement for phase-

calculations. Instead, under such conditions, a Transfer Matrix (TM) approach could be



utilized to reduce the computational time. This aspect is discussed in detail in the

following section.

4.7 Transfer Matrix Approach

Transfer matrix approach is used to minimize the Monte Carlo runs for photons,

include phase information, to achieve much better statistics„reduce computational time

and avoid having to deal with a large number of "secondary photon entities.** This

amounts, in a sense, to computing the Green's function for the photon propagation

problem.

Consider a volume segment of width "R" as shown in Fig. 4-6. Photons of energy Ei,

E2, ... Es are incident from the left and pass through the volume segment shown.E'''"
E' f

Fig 4.6. Incident and final energies in the Transfer Matrix approach.

Starting with a single input energy photon and using the usual (Jacques-type) Monte

Carlo approach, energy of the outgoing photon and its phase can be obtained. This
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automatically takes scattering into account. For good statistics, a large number of photons

(say M) are to be launched and the energies and phase angles of all M entities that exit

the differential segment of width "R" are recorded. Though a Monte Carlo scheme is to

be applied, the spatial segment "R" which needs to be considered can be relatively small.

In fact, only a segment as short as a mean-free path need be used. This will adequately

ensure the occurrence of at least a scattering event during the traversal through the

distance "R.'*

4.7.1 Energy Calculation

Using the transfer matrix concept the connection between the incident and outgoing

photon numbers at the different energies can be expressed as: Plr] = [T] [N,]. In

expanded form:

N(Et)

N(E2)

N(E',)

Ttt T42T43T34 ..... Ttx
T„T22T23T24 ..... T2K

T3 3 T32 T33 T34 .... T3 K

N(Et)

N(E2)

N(E3)

N(EK) TK1TK2TK3TK4 ..... TKK N(hu )

Here N(E,') denotes the number of finaVincident photons with energy E„. For numerical

computations, the energies (above) have been broken down into K bins. Since the MC

uses "M" photon entities: Z;, N(E ) =ZIK t N(E;) = M.

Starting with a monochromatic source of M incident photons (of say, energy Et), one

has N(E,') = M, and the values of N(E;) can be obtained from the MC. As a result, the
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values of Tu (=N(Et)/M), Tz,Tzi, Txi can all be obtained. Similarly, by launching

monochromatic photons of energy Ez and recording the output photon numbers at the

various energies, the matrix elements T&z, Tzz, Tzz,... Txz can be calculated. Thus, in

short, all the elements of the matrix [T] can be found systematically.

4.7.2 Phase Angle Calculations

The phase angles for the exiting photons can be computed in a similar manner from

the Jacques-type Monte-Carlo calculations. This involves starting from a population of

monochromatic incident photons of energy E1 and keeping track of the total distance

travelled by each photon, with scattering included.

Using the transfer matrix concept, the connection between the incident and outgoing

photon numbers at the different phase angles can be expressed as: [No] = [T ] [No]. In

expanded form:

N(81)

N(8',)

N(83)

T11 T12 T13 T14 ..... Ttxe e e e e

T21 Tzz T23T24 ..... T2K
e e e o e

T31 T32 T33 T34 ... ~ T3x
e e e e o

N (Et)
N(E2)

N(E3)

N(8',) Tx, Txz Tx3Tx4 ..... Tax
e o e o e N(Ek)

Here BI denotes the j'" discretized phase angle atter the photons exit the segment "R." For

numerical computations, the phase angles would be broken down into bins, with8,'anging

Irom [0, 2n]. As before: Z N(8') = M. The initial phase angle for all M incident

photons is zero, though different energies are to be used. Again, the entire matrix [T ] can0



be obtained by carrying out the MC simulations starting with different mono-energetic

bunches of incident photons.

The above was discussed in the context of a small rectangular region of width "R."

However, for a more realistic analysis, one needs to include (at the very least) a 2D

geometry, and the various angular scattering (e.g., as given by the Henyey-Greenstein

anisotropic description). This can easily be implemented by considering a quadrant of a

circle (e.g., the 1st quadrant as shown in figure 4.7 below) of radius "R." The schematic

shows photons incident from the origin. The outgoing photons emerge from the various

angular sectors at angles a„(with 0 & n„& tr/2).

E (a)

E'ig

4.7. Monoenergetic photons incident from the origin. Outgoing populations along
various angular segments follow Monte Carlo paths.

The energy population matrix: [Nf] = [T][ Ni], remains the same, except that one

would now get a sequence of such matrices for each of the different sectors n,. Similarly,

for the phase angles, the relation [Ns] = [T ] [Ni'i] would hold, but such matrices would

need to be determined for each angular sector u,.

In a practical implementation, the distance "R" needs to be chosen such that it does

not involve an inordinate number of MC scattering events, and yet includes sufficient
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scattering information. One possible selection is to keep R — (2-5)/p,, where p, is the total

maximum scattering inverse lengths. In this scheme, the Green's function G(Ei„ur ~Ei', a,)

corresponds to the matrix element Tia connecting the incident energy Ei with the final

energy Es for the u" angular sector starting with incoming photons that have an angle u'.

The function can G(Ei'„0 u"
~ Ei, 8, a') similarly be constructed.

4.8 Summary

Monte Carlo model for light propagation in tissues and the steps involved in the

model has been discussed in detail as part I of this chapter. It has been shown that the

amount of energy absorbed within the tissue as the photon propagates can be calculated.

From this, the heat generated due to the absorbed energy and internal heat distribution

could be evaluated as has been discussed. In this model photons are treated as neutral

particles and no phase information is taken into account. But since photons exhibit a

wave-particle duality, the phase information of the propagating photon also needs to be

included. This aspect is discussed in part II of this chapter. Monte Carlo model based on

the Huygens-Fresnel principle to include phase changes of moving photons is developed

and presented for the simple 2D case. Later, towards the end of this chapter, a more

efficient "Transfer Matrix approach" has been described to reduce the computational

'burden of a full MC. Such a TM implementation would be useful for large geometries. It

is shown that this method could be used to include phase information and achieve good

accuracy.
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CHAPTER V

SIMULATION RESULTS AND DISCUSSION

5.1 Introduction

The simulations that have been conducted as part of this thesis and their subsequent

analyses with appropriate discussions are presented in this chapter. Simulations involving

the Monte Carlo model of light propagation in bio-tissues were carried out in

FORTRAN; whereas, simulations to include phase angles into the model and to analyze

its effects on the light intensities were done using the MATLAB tool. Output results for

both models were plotted using MATLAB due to its powerful, built-in, graphical tools.

Results from the Monte Carlo model developed for light propagation in tissue and their

analyses are presented in section 5.2. This includes energy absorption in different tissue

layers as a function of depth. In a sense, these results provide a crude and qualitative

validation of the model implementation, since energy absorption is known to follow the

Beer-Lambert characteristic. In section 5.3, the energy absorbed by the tissue as predicted

by the Monte Carlo simulations, is then taken as the input and used to estimate

temperature distributions within the bio-tissue. In other words, predictions of internal

tissue heating are performed and reported due to the incident laser stimulation. The

Monte Carlo results of the energy deposition are used as the basis for heating. Next,

sections 5.4 and 5.5 are devoted to the model that includes and quantitatively treats phase

changes as the light rays propagate. The results are given and appropriately analyzed. In

these sections, results from both a deterministic simulation of ray propagation with phase

changes, as well as stochastic treatments based on the Monte Carlo technique, are

presented. A comparison between the two sets of results is made with relevant
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discussions. The Monte Carlo implementation can be more general in terms of allowing

for random scattering of photons, and this is brought out.

5.2 Simulation Model for Light Propagation in Tissue

A three layered tissue geometry as shown in figure 5.1 was considered for the Monte

Carlo simulation of light pmpagation in bio-tissue. Three layers for the skin (top Stratum

cornea, middle Epidermis, and lower Dermis) were chosen as the bio-tissue sample for

purposes of simulation. These three layers differ from each other in thickness, absorption

co-efficients, scattering co-efficients, and refractive indices. It is assumed that air with

refiactive index n=l is present above the topmost (Stratum cornea) layer. Also, below the

lower layer dermis, an adjoining tissue with refractive index 1.44 is taken to be present. A

laser beam of wavelength ) = 585 nm and energy 20 kJ per unit area (i.e., E„„i = 20

kJ/m ) was considered for the simulations. The laser beam was represented as a packet of2

bl = 20,000 photons, and the photons were incidentally normally on the top layer one at a

time. The lateral distribution was taken to be a Gaussian with standard deviation o = 2.25

mm. The widths of the tissue along the x and y direction were taken as 2*o (= widthx)

and 2*o (= widthy) respectively. Along the z direction, the total thickness was the

summation of all the three layers. The model is depicted schematically in figure 5.1

below.
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Fig 5.1. A schematic representation of Monte Carlo modeL

The angle at which the photons deflects after each propagation step is a function of

anisotropy factor 'g* and is generated using a random number. The range of the

deflection angle depends on the value of g. Larger the g value, the more is the scattering

in the forward direction. The significance of the g value on the deflection angle can be

understood from the figures 5.2 to 5.5. Figures 5.2, 5.3, 5.4 and 5.5 are the histograms of

the deflection angle for g = I, g = 0.9, g = 0.79 and for g = 0.5, respectively. For g = I, the

deflection angle is zero and so there is no change in the photon propagation direction (no

deflection). Thus, all photons would move forward at this g=l setting. It can be observed

that as the value of g decreases from maximum value of I towards 0, the range of values

that the deflection angle can take, increases.
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Fig 5.2. Histogram of the deflection angle for the anisotropy factor g = 1.
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Fig 5.3. Histogram of the deflection angle for the anisotropy factor g = 0.9.
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Fig 5.4. Histogram of the deflection angle for the anisotropy factor g = 0.79.
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Fig 5.5. Histogram of the deflection angle for the anisotropy factor g = 0.5.
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The energy of the single incident photon was calculated using its wavelength as:

hc
Esingie (5 I)

where "h" is the Planck's constant, and "c" the velocity of light.

The scaling factor that has been used for weighing each simulated photon entity was

calculated as:

Ity stotat

Estagte

The reason for such a weighing is that each simulated photon represents, in reality, a

larger number of actual physical photons. This becomes necessary for computational

ease, since otherwise a very large number of actual photons would have had to be used in

the simulation. For purposes of terminating the path of a traversing photon, a minimum

energy E,„ threshold for photon "death" was used and set to some low, fixed value. In

these simulations, Emi„= W 4 10 4, so that at each photon propagation step, the new

scaled energy was compared with E~;„. Thus, whenever the energy of any propagating

photon fell below the E,„ threshold, the photon was terminated and assumed to be

buried at that location. This denotes a situation wherein the energy remaining with a

photon is too low to cause further energy deposition or any propagation of any

significance. I-lence, there is no real information gleaned by tracking such a low-level

photon energy-entity. The various layers parameters used in the present simulations are

listed in the table 5.1.
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Table 5.1. List of parameter values for different tissue layers used in the simulation.

5.3 Calculation of Energy Absorption

Photons that are incident on the tissue propagate into it with continuous energy

deposition, internal reflection at the layer boundaries and scattering events atter random

propagation distances (i.e., the spatial steps). At each step, the energy deposited by the

photon entity is calculated using equation 4.14 presented in chapter 4. The absorbed

energy can then be plotted against the distance travelled by the photons along the tissue

depth (z-direction). This provides a profile of the energy source term that then leads to

heating.

If the parameters, i.e., the absorption co-efficient, scattering co-efficient and also the

refractive index of all the three layers, are taken to be as the same, then all the tissue

layers appears as one continuous single-layer without any heterogeneity. In this case, the

energy deposition can be expected to decrease with depth exponentially, satisfying the

Beer-Lambert law. Given this expected result, this simple uniform tissue case was
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numerically simulated, and used as a confirmation and validation of our numerical

implementations. Figures 5.6, 5.7, 5.8 and 5.9 shows the energy deposited in the tissue as

a function of depth when the absorption and scattering co-efficients were chosen to be:

p,= 3600 m t and tt,= 47000 m rand for anisotropy factors g = 0.9 and g = l. To have a

better picture and resolution of the changes in the energy deposition, they are plotted on

both linear and logarithmic scales.
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Fig 5.6. Energy absorbed by the tissue as a function of tissue depth for g = 0.9.
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Fig 5.7. Energy absorbed by tissue (]og scale) as a function of tissue depth for g = 0.9.
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Fig 5.8. Energy absorbed by the tissue as a function of tissue depth for g = 0.9.
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Fig 5.9. Energy absorbed by the tissue (log scale) at different tissue depths when g =l.

Next, all three layers (namely the stratum cornea, epidermis and dermis) were

considered with their respective input parameters as listed in table 5.1. The energy

deposited in their respective layers was calculated and the results presented in figures

5.10 and 5.11. Discontinuities in the energy deposition plot occur at the boundaries of the

various layers. This is due to differences in the absorption and scattering co-efficients of

the individual layers.
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5.4 Heat Generation and Temperature Changes due to Absorbed Energy

The energy absorbed by the tissue generates heat within the tissue. This should then

lead to temperature increases within the bio-tissue region. Here a cylindrical coordinate

system was used to quantify energy absorption and was tallied into an array A[i,j] with i

and j denoting the indices in the z and r directions, respectively. A grid system was set up

within the Monte Carlo simulation with N„= 200 and N, = 5000 as the number of grid

elements along the r and z direction, respectively. The grid spacing was taken to be

uniform and constant. As it turned out, of the total 5,000 grid points along the depth,

only the first 1200 (or so) grid elements contained useful, non-zero information, with the

remaining grid points having negligible deposited energy values. The latter simply

reflects the relatively larger simulation thickness as compared to the absorption depths.

Laser pulses of 10 ms duration were considered to be incidental on the tissue, with a

lateral Gaussian distribution. Blood was considered to be flowing beneath the lower

tissue layer dermis that maintained the temperature at a constant value. Similarly, the

temperature above the top layer stratum cornea was assumed to be at a constant 300 K

value, representing the ambient temperature. The Pennes bioheat transfer equation, as

discussed in section 4.3 of chapter 4, was used in the evaluation of the temperature

changes in the tissue due to incidental laser pulse.

The computer code developed to solve the Pennes bioheat transfer equation and

estimate temperature distributions was first validated by testing it for a simple case of a

single layer. Different combinations of the initial tissue temperature, ambient temperature

above the tissue, and blood temperature were used to generate different test cases. As a

first step, laser excitation was not considered for simplicity. Thus, the tissue temperature
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is affected only by the ambient temperature and blood temperature. Due to thermal

diffusion, changes in temperature at each location in the tissue take place, when the blood

and the ambient temperatures are different, until a steady-state is reached. If the input

parameters of all three layers are set as the same, then the three layers represent a single

layer. Here, for the initial purposes of testing, they were all set to equal to those of the

stratum cornea layers as listed in table 5.2.

As a first case, the initial temperature of the tissue, ambient temperature, and the

tissue temperature were taken to be the same (310 K), and the temperature at different

tissue depths were calculated based on the numerical bio-heat code. It was observed that

there was no change in tissue temperature, as might be executed since there were no

assigned differences in temperatures between the tissue. With equal temperatures for the

ambient and the underlying blood, no thermal diffusion was possible and hence the tissue

temperature remained stable as expected. Temperatures at different tissue depths are

presented in figure 5.12 below.
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Fig 5.12. Temperature variations at different tissue depths during the simulation period of
280 ms when the ambient temperature, tissue temperature and temperature of blood were
all set equal in value.

As a second case, the initial tissue temperature and the blood temperature are

considered to be the same and taken to be 310 K, while the ambient temperature was set

at 300 K. The temporal evolution of the temperature as a function of depth was

simulated. It was observed that the upper part of the simulated tissue region had lower

temperatures during the simulation period. Also, as the depth increased, the tissue

temperatures also increased correspondingly. This is as expected since the upper part of

the tissue is closer to air which is at the lower 300 K temperature, while the bottom

surface was taken to be at the higher 310 K temperature. The results are shown in figure0

5.13 below.
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the ambient temperature was taken to be 300 'K.

In the third case, the temperatures of the tissue, the ambient and the blood were

considered to be different. The ambient temperature was taken as 300 'K, the tissue as

310 K, and the blood temperature to be 309.4 K. Here the temperature at distances

closer to the surface was low, and as the depth increased the temperature increased.

Finally, towards the end of the tissue, the temperature fell somewhat due to the slightly

lower blood temperature chosen. This is expected since the top surface exposed to the air



had the lowest temperature, the initial tissue temperature was the highest, while the

bottom part had a fixed value slightly lower than the initial tissue temperature. The

temperatures at different depths are presented in figure 5.14 below.
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Fig 5.14. Temperature at different time instances at different depths on the tissue atter a
simulation time of 280 ms when the initial temperatures of ambient, tissue, and blood are
all taken to be different.

From the above simulations it can be concluded that the developed computer code

works fairly well and produces results that are physically expected and qualitatively

correct. Hence, the bio-heat code can be applied to layered model analyses.
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The above bio-heat model was then applied to a three layered tissue sample, with the

input parameter values for the model listed in table 5.2. A laser pulse of pulse width 10

ms was considered to be incidental on the tissue and tissue temperature variations were

observed atter a simulation time period of 25 ms.

Table 5.2. List of parameter values used in the simulation to evaluate temperature
distribution.

Parameters

Initial temperature (tfai, )

Value [units]

310 [ K]

Ambient temperature (t, s )

Simulation time (tom )

Pulse width (tpuue )

Width of stratum cornea (widzsc)

300 [ K]

25 [ms]

10 [ms]

15x10 s [m]

Width of epidermis (widzep) 56x10 s [m]

Width ofdermis (widzder) 1123x10 [m]

Thermal conductivity of stratum cornea(K) 0.37 [W/(m K)]

Thermal conductivity of epidermis(K) 0.26 [W/(m K)]

Thermal conductivity of dermis(K) 0.53 [W/(m K)]

Blood perfusion rate (M/q)

Thermal conductivity of blood (Ks)

Specific heat of tissue (C)

0.5 [kg/(m s)]

0.53 [W/(m K)]

4.1x10 s
[ J/(kg K)]

Specific heat of blood (Cs) 4.1x10 s
[ J/(kg K)]



The peak temperature observed during the simulated time in the simulated area is

plotted and presented in figure 5,15. The tissue temperature increases gradually for the

duration of focused laser beam; and the tissue then starts to cool down as soon as the

beam ends. Thus, in figure 5.15, the peak temperature increases with time until 10 ms.

This duration corresponds to the laser pulse duration. The temperature starts to decrease

exponentially after the pulse is terminated.
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Fig 5.15 Simulation results of the peak temperature observed in the tissue as a function of
time in response to a 10 ms laser pulse incident on the surface.

The temperature distribution in the tissue at the end of the simulation time period for

the case discussed above, is presented in figure 5.16.
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Fig 5.16. Snapshot of temperature distribution within the tissue at the 25ms instant.

In order to better see the tissue temperature evolution during the simulation period,

temperature distributions in the tissue at different time instants were calculated and are

presented in figure 5,18. A more complete video showing the tissue temperature at

different time instances was developed, but here only the snapshots are provided for

brevity.
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Fig 5.17(a). Snapshot of initial temperature distribution within the tissue at 5E-8 s instant.
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Fig 5.17(b). Snapshot of temperature distribution within the tissue at the 5 ms instant.
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Fig 5.17(c). Snapshot of temperature distribution within the tissue at the 10 ms instant.
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Fig 5.17(d). Snapshot of temperature distribution within the tissue at the 15 ms instant.
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Fig 5.17(e). Snapshot of temperature distribution within the tissue at the 20 ms instant.
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Fig 5.17(f). Snapshot of temperature distribution within the tissue at the 25 ms instant.
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5.5 Results and Discussion on the Phase Behavior of Incident Photons

The model developed to include phase behavior of light, and the results obtained from

it are discussed in this section.

5.5.1 Calculation of Intensity

The phase model and its implementation was applied to the following specific

geometry as a concrete example. A light source "S*'as taken and considered to launch

rays of a given wavelength ) uniformly over a semicircle, with this source "S" being at

the center. A value of k = 585 nm was used. The rays emitted from this source reached

an aperture placed at a distance 10000K from the source line. This aperture was taken to

have two openings. These two openings (slits) were separated by distances 30) on either

side of the center of the aperture. The two openings were thus considered to be present at

(0, 30K) and (0,-30K) in a Cartesian coordinate system, with the center of the aperture

located at: (0, 0). In principle, these two openings act as two sources (S i and Sz) and emit

rays of the same 585 nm wavelength. These two points Si and Sz then effectively,

become two secondary sources. All the rays emitting from these sources were taken to

have unit intensity and zero initial phase. The phase angles of the rays change as they

move, and the moving rays finally reach the detector located at a distance of 10,000)..

This detector was considered to be placed at a distance of 10,000K from the aperture. The

model setup is depicted schematically in figure 5.19.

By tracking the distances travelled by the rays, the phase changes can be calculated

and thereby, the intensities of the photon-rays at the detector points can be computed. The

resuhant intensity at any location is the phasor sum of all the ray intensities that reach the



104

same location, and are calculated by using equation (4.27) presented in chapter 4. Thus

the impact of phase changes on the resultant intensities can be predicted. The intensities

observed at the detector by using a deterministic model are shown in the figures below.

Basically, 2x10 rays were considered to be emitted uniformly over an angle ranging
6

1 r 5301 'C
1 I ssez A)f'iom (

— tan (
—), tan (

—)) about a normal to the source line, from each of
100001 10000 l /

the sources Si and S1. The detector was divided into small bins and the resultant intensity

at a particular bin computed as the phasor sum of all the ray intensities falling into that

particular bin.

CD.eD .s
CD

x direction

source lice 10000 lt Aperture 10000 X Detector

Fig 5.18. Model setup to show the influence ofphase on the photon intensities.

Figure 5.20 below shows the normalized intensities at all locations on the detector

when the detector is divided into 10000 bins each of length O.lk. Due to differences in
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the rays'hase angles at different locations, the intensities at all locations on the detector

are not the same. As the two sources are equidistant from the center of the aperture,

symmetry about the center of the detector is expected and observed. Also not

surprisingly, the maximum intensity is observed at the center of the detector.

02 05

3
07o,

5
~ D.D

02 05

Dd

.g

g
DD

0
02

dODO 50DO 5000

Detector bins

Fig 5.19. Normalized intensities observed at different locations on the detector when
spatial bin size was taken to be 0.1L

For clarity and to show the variations in intensities and the symmetry, only the top

and bottom 200 bins on the entire detector were plotted. These graphs have been shown

in figures 5.21 and 5.22. From these figures, the symmetry and the affects of phase angles

can be clearly observed.
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Fig 5.21. Normalized intensities observed on lower part (200 bins) of the detector when
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5.5.2 Monte Carlo Model

The Monte Carlo technique was used to determine the intensities stochastically as

discussed in section 4.5 of chapter 4. Changes in the phases as the rays propagate, along

with the scattering events, were taken into account. The calculated intensities at different

locations on the detector were compared with that of the deterministic model already

discussed. The model set up was the same as that used for the deterministic model

discussed in section 5.5.1. In this model, aAer each photon propagation step hs, its phase

changes and the photon scatters. By keeping track of all the step sizes (free mean paths),

the total path length of the photon to reach the detector can be calculated and hence the

phase of the photon when it finally reaches the detector, can be determined. Knowing the
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phase angles of the photons incident on the detector, the intensities on the detector can be

obtained. Here the anisotropy factor g was taken to be g = 0.9, but our procedure is

general, and any other value could easily have been used as well. The absorption and the

scattering co-efficient p, were taken to be p, = 36, p, = 47. These values were chosen

for simplicity to limit the number of propagation steps before the photon reached the

detector, but these values can easily be changed. I-lere the two sources, Si and Si were

considered to launch 2x10 rays each, uniformly over an angle ranging from6

( ( ) ( ))
i f 530z 4 i r 530z 4)— tan ( ),tan (

—)3 about a normal to the source line. The rays that were(ioooozf 'ooaoz))
back scattered were ignored from numerical consideration. The detector was divided into

10000 bins each of 0.11 and rays that fell into the bins were added coherently. lt was

observed that around 73 % of all the emitted rays reached the detector and the rest were

either back scattered or were out of the detector zone. The intensities on the detector were

plotted and are shown in figure 5.23 below. To show the variations in intensities more

clearly, only the beam intensities of the top and bottom parts of the detector (200 bins)

were plotted and are presented in figures 5.24 and 5.25.
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Each raach ray takes multiple propagation steps to reach the detector. If the number of

photons are increased and/or if the higher (or more general) values of absorption and

scattering co-efficients are taken, then the overall propagation steps as well as the

scattering events would greatly increase. This would 'uincrease t e simulation time and11
'

increases both the computational complexity. In o d t 'd h'er o avoi t is complexity a simple

technique called '*Transfer Matrix approach," which
'

d h Mis ase on t e onte Carlo scheme,

could be used. This alternative approach for inclus'on f th hi o e p ase aspects of photon

propagation is being proposed as a numerically simpler, yet accurate scheme, and can be

implemented in future works.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Summary

A three-dimensional, computer-based Monte Carlo model was developed to simulate

laser tissue interactions and to study the effects of laser heating of bio-tissues. In this

model photons were treated as a stream of neutral particles having discrete energies. The

developed Monte Carlo technique has been implemented on a three layered tissue of the

skin. This numerical approach has been used for calculating the energy deposition by the

incident laser onto the tissue as a function of depth. Laser light of particular wavelength

and energy was taken to be incidentally normal on the tissue's top layer. The top three

layers of the skin tissue, namely, the stratum cornea, epidermis and the dermis were

considered for the simulation. For this case, the relevant parameters, namely the layer

thickness, the absorption and scattering co-efficients, the retractivc indices, and the

anisotropy factor were provided as user inputs to the numerical code. The significance of

the anisotropy factor 'g'hich can take any value between 0 and I was also studied. To

demonstrate the model's validity and the accuracy, it was tested for a simple case of

single layer tissue. It was shown that the energy deposition in a single layer followed an

exponential decrease with increasing depth, thus satisfying the "Beer Lambert" law. As

there were no changes in the layer parameters, in particularly no change in the absorption

and the scattering co-efficients throughout the layer, the energy deposition in a single

layer is exponential with increasing depth.
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The laser energy deposited in the tissue generates heat, and this heat gets distributed

internally due to the thermal diffusion process. This heat re-distribution and

corresponding changes in tissue temperature were next evaluated through suitable

simulations. A computer program was developed to observe the time dependent

temperature variations within the tissue due to the incident laser pulse irradiation for

specified time duration. This program was based on solving the Pennes bio-heat transfer

equation. In these calculations, the ambient temperature condition was taken to be present

above the tissue, and blood was considered to be flowing beneath the tissue. The energy

deposition obtained from the Monte Carlo was used as input and temperature changes in

the tissue due to the deposited energy were computed. To validate the accuracy of the

program, it was tested for the simple case of a single layer using different combinations

of ambient temperature, tissue initial temperature and the blood temperature. As a first

step, temperature variations in the tissue at different tissue depths were computed without

any laser pulse. The results obtained were in accordance with expectations, thereby

validating the program's accuracy.

The above validation enabled the further development and use of the numerical model

developed to estimate temperature changes in the tissue when excited by an external laser

pulse. By estimating the temperature variations, it can be detertnined whether the laser

power at that wavelength and hradiation duration would be efficacious, or disastrous and

detrimental. The input parameters of the laser beam such as the wavelength, beam power,

the spot size and the irradiation time could easily be varied in this modeL Hence, effects

of any laser on the bio-tissues could be predicted using this model. For accurate treatment

such prior knowledge and predictions are necessary.
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As is well known I'rom basic physics, light or a laser beam exhibits a dual wave-

particle nature. Hence, there is thc necessity to understand the effects of phase changes

and include the phase information as laser photons propagate within the bio-material. A

two dimensional Monte Carlo simulation model based on Huygens Fresnel principle was

developed to present the effects of phase changes, and provide quantitative predictions of

the laser energy or intensity. In this model, the final phase of each photon or ray at the

observation plane was found by tracking the distance travelled by that photon before it

reached the observation plane (or detector). The model was implemented

deterministically considering that rays emitted from the sources travelled in a straight linc

before reaching the detector. On the detector, the rays reaching the same point/location

were added coherently and the intensities plotted to gauge the influence ofphase changes

on the intensities. Results did reveal a change m the intensity pattern with a periodic

structure. In reality, however, the emitted rays do not travel in a straight line but instead,

undergo a number of scattering events before reaching thc detector. To include the

scattering events and the phase information, a Monte Carlo model was developed and the

intensities at the detector obtained. In this manner thc effects of including scattering

events on the overall changes in phase structure were analyzed. Thus effectively, a model

was developed that included the dual wave-particle nature of the propagating rays. To

implement the model for larger geometries and to reduce the computational burden of the

Monte Carlo and achieve good accuracy, an efficient technique called thc "Transfer

Matrix approach" has been proposed.
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6.2 Future Work

The developed Monte Carlo model of light propagation in tissue is very general and

flcxible in nature. A few "follow-on" tasks which could bc implemented in the future are

enumerated below.

1. Thc Monte Carlo model was implemented for only a three-layer tissue geometry I'r

simplicity. However, the model is very flexible and versatile. Hence, it can easily be

extended to any arbitrary number of tissue layers, provided the relevant parameters for

the additional individual layers are user-specified. Just few minor changes in the

computer program would be needed to extend to such a multi-tissue implementation.

2. In this model the boundaries separating the tissue layers werc considered to be even

(i.e., flat). However, in general the boundaries can be uneven. Hence, the model

developed can be extended to include such unevenness and geometric irregularity. One

possible method is to reduce the grid size to better approximate the curved boundaries or

use piece-wise continuous approximations. As a result, much smaller tissue areas would

need to be used. Alternately, curvilinear co-ordinate systems could be used.

3. The proposed Transfer Matrix approach to include scattering and phase changes can be

implemented and used to increase the model efficiency. This method would reduce the

computational time, especially for cases when both phase and scattering needed to be

included.

4. The concept of a two-dimensional model to include phase changes within the

propagating photons can be used to implement in a full three-dimensional Monte Carlo

code for light propagation in tissues. This would make the model more realistic and

comprehensive.
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5. Finally, the temperature dependence of the various parameters used in the heat-flow

model could be incorporated. Thus, the heat and laser-Monte-Carlo codes could be

coupled for a self-consistent optical-thermal analysis.
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