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LASER SYSTEMS FOR BIOMEDICINE: INTRODUCING THE 980 NM
DIODE LASER

SUMMARY

The motivation of this study was to develop and study new surgical laser delivery
systems for medical use. This manuscript consists of three main parts: the
background chapter describing the basic physical principals of lasers (collimated,
coherent and monochromatic nature of lasers), major parameters of laser-tissue
interaction mechanisms (such as power, pulse duration, wavelength, absorption,
scattering, propagation of light in biological tissue), laser-tissue interaction
mechanisms (photochemical, thermal interactions, photoablation, plasma-induced
ablation and photodisruption), recent medical applications of lasers; and secondly,
chapters presenting and discussing the results of the studies (computer simulations
performed; computer controlled laser beam delivery systems designed and
developed; in vitro and in vivo experiments done, histologic examination procedures
followed); and finally a conclusion chapter. In appendices, computer simulation
technique applied; laser systems utilized (1064 nm Nd:YAG laser, 2094 nm Er:-YAG
laser; 980 nm diode laser) and power measurement methods were described. The
original contributions of the present study are summarized below:

1. Different biological tissues were compared in terms of laser fluence distribution.
The homogeneity of cardiac tissue due to Nd:YAG laser irradiation were
pronounced. Experiments showed the coagulative effect of the widely known
Nd:YAG laser and results provided evidence for the relevancy of Monte Carlo
simulation technique.

2. Er:YAG laser was first applied on cardiac tissue and showed that it was a
candidate for ablative purposes.

3. Original data were presented dealing with the effect of Er:YAG laser within
cerebellar and cerebral tissues. Results were significant for the future applications
of Er:YAG laser within brain tissue as an ablator.

4. The 980 nm diode laser was presented as a new surgical device for brain tissue.
A computer controlled laser delivery system for the 980 nm diode laser was
designed and developed. This surgical laser delivery system was adapted to
stereotaxic surgical procedure and tested through in vifro and in vivo animal
experiments. All possible aspects (laser dosimetry, different regimes of laser
irradiation, histological examination of thermally altered tissue) of laser-tissue
interaction implications were studied and the results providing concrete evidence
for the benefits of this new laser system was reported first in the literature.

5. New possibilities of the 980 nm laser system were searched. It was tested for
LEP (Laser Evoked Potential) studies as a pain stimulant. The experiments done
on human subjects showed that this new laser system can be a better candidate
than Nd:YAG laser for pain studies.

viii



BIYO-TIP ICIN LASER SISTEMLERI: 980 NM DiYOT LASERININ
SUNUMU

OZET

Bu ¢aligmanin amaci, tubbi uygulamalar igin yeni cerrahi laser aktarim sistemleri
geligtirmektir. Bu tez metni {i¢ ana bSlimden olugmaktadir: laserlerin temel fiziksel
ilkelerini (laserlerin dagilmadan diiz gitme, tek renkli ve koheran olma $zelliklerini),
laser-doku etkilesim mekanizmalannin (giic, darbe siiresi, dalgaboyu, sogurulma,
sagilma ve biyolojik dokunun i¢inde 15181n yayilmas: gibi) baglica parametrelerini,
laser-doku etkilesim mekanizmalarim (fotokimyasal, 1s1 etkilegsimler, fotoablasyon,
plazma kaynakli ablasyon ve fotodisropsiyon), ve laserlerin tiptaki en son
uygulamalarini agiklayan bir arkaplan boliimii; ikinci olarak yapilan ¢aligmalarin
(gergeklegtirilen bilgisayar benzetimleri, tasarlanip geligtirilen bilgisayar denetimli
laser 1911 aktarma sistemleri, yapilan in vitro ve in vivo deneyler, izlenen histolojik
inceleme siireci) sunuldugu ve tartigildig boliimler; ve son olarak bir sonug boliimii.
Eklerde uygulanan bilgisayar benzetim teknigi, kullanilan laser sistemleri (1064 nm
Nd:YAG laser, 2094 nm Er:YAG laser; 980 nm diyot laser) ve gii¢ 6l¢iim yéntemleri
betimlenmigtir. Bu ¢aligmanin 6zgiin katkilari agagida 6zetlenmistir:

1. Farkli biyolojik dokular laser akisimn dagihmi agisindan kargilagtirilmistir.
Kardiyak dokunun Nd:YAG laser igimasina gére homojenligi belirtilmigtir.
Deneyler, yaygin olarak bilinen Nd:YAG laserinin koagiilatif etkisini gostermis
ve sonuglar Monte Carlo benzetim yonteminin uygunlugu yoniinde kamit
saglamigtir.

2. Er:YAG laseri kardiyak doku iizerinde ilk kez denenmig ve ablasyon amaglan
i¢in aday bir sistem oldugu gésterilmigtir.

3. Er:'YAG laserinin serebral ve serebellar dokulardaki etkilerine iligkin &zgiin
bulgular sunulmugtur. Sonuglar, gelecekteki Er:YAG laserinin beyin dokusunda
bir ablator olarak kullanimi ag¢isindan 6nemli bulunmusgtur.

4. 980 nm diyot laseri beyin dokusu i¢in yeni bir cerrahi aygit olarak sunulmustur.
980 nm diyot laseri i¢in bilgisayar denetimli laser aktarim sistemi tasarlanmug ve
geligtirilmigtir. Bu aktarim sistemi stereotaksik cerrahi siirecine uyarlanmis ve in
vitro ve in vivo hayvan deneylerinde sinanmigtir. Laser-doku etkilesim
kapsamindaki tiim Ozellikler (laser dozimetrisi, laser igimasimn farkl rejimleri,
151l olarak deBigmis olan dokulann histolojik incelenmesi) iizerinde ¢alisilmis ve
bu yeni laser sisteminin yarari yoniinde somut kamtlar saglayan sonuglar
literatiirde ilk kez sunulmustur.

5. 980 nm laser sisteminin yeni olanaklar1 aragurilmigur. LEP (Laserle Uyarilmig
Potansiyeller) ¢aligmalari igin bir agn uyaricis1 olarak denmenmigtir. Insan
denekler iizerinde yapilan deneyier bu yeni laser sisteminin agn ¢aligmalar igin
Nd:YAG laserinden daha iyi bir aday oldugunu géstermistir.



1. INTRODUCTION

The motivation of this study was to develop and study new laser delivery systems for
medical use. The objectives of the study presented in this manuscript is summarized

in the following:

a) Comparing the laser light propagation in different types of tissues.

b) Comparing the effects of various wavelengths of lasers in heart and brain tissues.
c) Studying the coagulation and ablation effects of various laser systems.

d) Design and development of a new medical laser delivery system.

e) Testing the new system via in vitro and in vivo experiments. Adapting the system

to stereotaxic surgical procedure.

f) Searching other possible medical applications for the developed laser delivery

system.

In the following parts of the background chapter, first the physical principles
underlying laser phenomenon, collimated, coherent and monochromatic nature of
laser light, classification due to the wavelength intervals are described. Second,
major parameters of laser-tissue interaction are summarized; the optical and thermal
characteristics of the tissue; the effects of the wavelength of laser beam, power or
energy density of laser source; time duration of laser irradiation; and mode of laser
system are discussed. Reflection, refraction, absorption and scattering phenomenons
take place in biological tissue are defined. Then, main interaction categories of
photochemical interactions, thermal interactions, photoablation, plasma induced
ablation and photodisruption are explained. Finally, the new developments in

medical applications of lasers are summarized.
In the preceding chapters, the results of the following studies are presented:

I. Design of a computer controlled laser delivery system.
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Monte Carlo simulations of light propagation in different biological media such
as human (bone, brain white matter, liver, prostate, epicardium, normal

myocardium, lased myocardium) and canine (cardiac) tissues.
Coagulation of lamb heart tissue by the Nd:YAG laser.

Ablation of lamb heart tissue by the Er:YAG laser.

Ablation of rat brain tissue by the Er:YAG laser.

Application of the 980 nm Diode Laser in Stereotaxic Surgery.

a) Predosimetry study of in vitro experiments

b) Dosimetry study of in vivo experiments

c) Experiments dealing with the effect of modulation of laser beam

Obtaining laser evoked potentials

Finally, the results of those studies are discussed.



2. BACKGROUND

2.1. Lasers Overview

The use of light in medicine had started just before the development of laser
technology. The coagulative effect of xenon flash lamps had been investigated by
Gerd Meyer-Schwickerath in 1956 in order to repair retinal detachments. After the
first report on laser radiation by Maiman [1], lasers were applied in various areas of
medicine starting with ophtalmology. Dentistry and other medical disciplines
followed ophtalmology within years. Before dealing with the medical applications in

detail, it would be useful to review the properties of lasers in general.

LASER is the acronym for Light Amplification by Stimulated Emission of
Radiation. Laser light is monochromatic, collimated and coherent [2] as a result of

stimulated emission (Figure 2.1.).

€3
A i Fast Decay
€2
Excitation l Stimulated Emission*
€1
¢ Fast Decay
€o

Figure 2.1. Stimulated emission of radiation n a four level energy diagram (A population inversion
must exist between ¢, and €)).

ey 1s the ground state and e; is the state that the energy of atom has been raised by an
external excitation of a photon with an energy of e;-ey. Excited state €3 is an unstable
state and temporary. Thus, the excited atom relaxes back to a lower state either by
conversion to thermal energy or by emission of light if population inversion takes

place. The latter is called stimulated emission. External triggering is necessary to

3



excite atoms and to obtain photons in phase. If an atom is raised to an excited state,
emission of a photon causes the energy of the atom drops to its original energy level.
The emitted photon excites another atom like the first one. If there are many photons
emitted then there will be many atoms excited and will be many emitted photons in
phase and propagate in the same direction. If one can provide oscillation of photons
in an optical medium, amplification can occur. In other words, if the lasing medium
is contained within an optical cavity the repeated passes of the stimulated emission
output can magnify the gain sufficiently to create a macroscopic electromagnetic
mode which can build up to produce a coherent, monochromatic output. It is possible
to pump the medium by an external source continually or by pulses. Thus a laser
medium of finite length full of excited atoms and optical resonator make the laser
output possible. The system that permits the generation of laser light consists of an
optical cavity, a laser medium and two mirrors (Figure 2.2.). One of the mirrors must

be partially transmitting in order to release the photons, namely laser light.

Totally Partially
Refleting Mirror Refleting Mirror
I Nd:YAG Crystal l
External Stimulation T T T T T T T T T T T Laser Output
Xenon Pumping Lamp

r~

AC Power Supply

Figure 2.2. Schematic diagram of an Nd:YAG laser. In this example, laser medium is the Nd:YAG
crystal itself. The crystal between two mirrors functions as an optical cavity also. Extemal stimulation

1s provided by the xenon lamp. Laser output is obtained from the partiaily reflecting mirror.

Laser sources differ according to the type of the laser medium. The medium can be
filled with gas (e.g. Ar ", COz), dye or crystal (Nd:YAG, Erbium, Ruby).
Semiconductor media are also available. The wavelength of laser radiation aiso
varies with the material in the optical cavity. Medical lasers have wavelengths that
extend from 193 to 10600 nm (Figure 2.3.). Lasers then can be classified according
to the wavelength they radiate like UV (Ultraviolet), IR (Infrared), etc. Lasers can



also be identified by the type of the pumping function. In order to obtain a
continuous wave laser output, laser medium needs to be pumped continuously. If the
laser medium is pumped with pulses, then pulsed mode laser can be obtained. The

range of pulse durations ranges from femtoseconds to several hundred microseconds.

Figure 2.3. Spectrum of commercially available lasers [3].

The special properties of lasers can be summarized as:

(1) Spatial coherency.

(2) High intensity in both continuous wave and pulsed modes of operation.
(3) Monochromaticity.

(4) Short (controllable) pulse duration.

Spatial coherency refers to the fact that all of the laser light is in phase. Laser light
intensity is very high when compared to other light sources. One of the reasons is
that laser light is collimated and its divergence is low. Laser light is 2 monochromatic
electromagnetic radiation; namely, it contains a single wavelength. The wavelength
is associated with the energy difference between e; and e; (Figure 2.1.); in other
words, it is related to the energy difference and can be denoted by the formula 2.1.
where h is the Planck constant and A is the wavelength:

E=hc
Y 2.1



Biomedical laser applications can be classified as follows [4]:
(1) Laser diagnostics based on resonant and nonresonant laser-matter interaction.

(2) Laser therapy based on laser-induced molecular processes consequent upon

excitation of certain molecules.

(3) Laser surgery based on laser induced destructive macroeffects. Only the third one

is covered within the scope of this thesis.

2.2. Major Parameters of Laser-Tissue Interaction

Laser beam causes chemical, thermal and optical changes in the irradiated tissue. In
this part, these interaction mechanisms are summarized in order to prepare a
theoretical background for understanding the effect of Er:YAG, Nd:YAG and diode

lasers on cardiac and brain tissues.

The interaction mechanisms are dependent on several parameters such as:
1. the optical and thermal characteristics of the tissue;

2. the wavelength of laser beam,;

3. power or irradiance of laser source;

4. time duration of laser irradiation;

5. the mode of laser system.

Many studies have been done on laser-tissue interactions since the early medical

applications of lasers [5-10]. The interaction mechanisms are classified as [10]:
a) photechemical,

b) thermal,

¢) photoablation,

d) plasma-induced ablation and photodisruption.

First, the parameters related to laser-tissue interaction will be defined, then

fundamentals of interaction mechanisms will be covered in the following sections.

The optical and thermal responses of tissue are the resultant changes to laser.
irradiation and are related to laser source characteristics as well as the optical and

thermal properties of tissue [2].



When laser beam is incident on a slice of tissue, reflection, refraction, absorption and

scattering take place (Figure 2.4.).

Reflection is the returning of incident light by the surface. Reflection angle (8)
equals the incident angle (0) and they are on the same plane (plane of incidence)
with the normal of the reflecting surface. Reflection phenomenon is dependent on the
smoothness of the surface; if it is smooth enough specular reflection takes place, if
the roughness of the surface is larger then the wavelength of radiation there exists
diffuse reflection. This means that some of the reflected rays do not lie in the plane

of incidence. Diffuse reflection occurs at surfaces of all tissues.

Incident Light Slice of Tissue
Scattering
: \ZA
e’
Transmitted
Light
Reflection Absorption

Figure 2.4. Reflection, refraction, absorption and scattering of light within a slice of tissue,

Refraction occurs if two media separated by the reflecting surface have different
indices of refraction. There is a change in speed of light due to the difference in
indices of refraction. Snell’s law gives the mathematical relation due to refraction
[10]:

Sin®/Sin0” =v /v’ (22)

where 0 is the angle of incident beam, 8” is the angle of refraction, v is speed of light
in the first media, and v’ is speed of light in the second media. If indices of refraction

is defined as
n=c/vand n'=c/v’ (2.3)

where, c is the speed of light in vacuum. Then Snell’s law can be expressed as:



nSin® =n’ Sin 8" (2.9
Reflectivity and reflectance are measures of the amount of reflected light and
corresponding intensities, respectively, and they depend on the angle of incidence,
the polarization of light and the indices of refraction. Fresnel’s laws define the

relations for reflectivity and refraction.

Es _ _sin(8-6") (2.52)
Es sin (0+8")

Ep_ tan(6-6") (2.5b)
Ep  tan (9+6") ;

Es_ 2sin@7cos (2.50)

Es sin (6+0")

E'l.i b 2sin 8"cos 6 554
Ep  sin (8+6")cos (8-0") (2.5d)

E, E’ and E” are amplitudes of the electric field vectors of the incident, reflected, and
refracted light, respectively. Subscripts s and p denote the two planes of oscillation
with s being perpendicular to the plane of incidence and p being parallel to the plane

of incidence.

Biological tissues contain water in high percentages (60-80%) [11]. Thus, the
response of water plays a significant role in the optical response of the biological
tissue especially in the IR (A > 1500 nm). Indices of refraction and reflectances of

water change with the wavelength of the light (Table 2.1.).

When electromagnetic radiation passes through a medium, light energy is converted
into heat due to excitation of molecules, which is called resonance absorption [2].
This process results in attenuation of incident energy. The absorbance of a medium is
defined as the ratio of absorbed and incident intensities. Absorption is a wavelength
dependent property of matenials. Since, the rate of heat generation depends on the
rate of absorption and scattering takes place, it is one of the significant factors in

laser-tissue interaction process.



Table 2.1. Indices of refraction and reflectance of water [10].

Wavelength Index of Reflectance Wavelength Index of Reflectance
Refraction Refraction
(um) (um)
02 1.396 0.027 29 1.201 0.008
03 1.349 0.022 30 1371 0.024
04 1.339 0.021 3.1 1.467 0.036
0.5 1335 0.020 32 1.478 0.037
0.6 1332 0.020 3:3 1.450 0.034
0.7 1331 0.020 34 1.420 0.030
0.8 1.329 0.020 35 1.400 0.028
0.9 1.328 0.020 4.0 1.351 0.022
1.0 1.327 0.020 50 1.325 0.020
1.6 1317 0.019 6.0 1.265 0.014
2.0 1.306 0.018 70 1317 0.019
26 1.242 0.012 8.0 1.291 0.016
2.7 1.188 0.007 9.0 1.262 0.013
2.8 1.142 0.004 10.0 1218 0.010

Absorption is described by the relations called Lambert-Beer’s law:

1(z) = L, exp (-u2), Lambert’s law (2.6)
I(z) = L exp (-K'[c]2), Beer's law 3
z=1/p In[L /1(2)], Lambert-Beer’s law (2.8)

where z denotes the path on the optical axis, I(z) is the intensity at a distance z, I is
the incident intensity, p is the absorption coefficient of the medium, [c] is the
concentration of absorbing agents, and k' denotes the extinction coefficient

dependent on internal parameters.
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Figure 2.5. The absorp?ion spectra of water, pigments, melanin and hemoglobin with respect to
the wavelength of radiation. Horizontal axis corresponds to the wavelength and vertical axis
corresponds absorption coefficient (1/cm).




For biological tissues absorption is determined by the absorption of water and
macromolecules such as proteins and pigments. Figure 2.5. shows the absorption

spectra of water, pigments, melanin and hemoglobin [12].

Scattering is another phenomenon that takes place in the irradiated tissue. It occurs at
frequencies not corresponding to the natural frequencies of particles at which those
of the particles resonate with the applied electromagnetic waves. The portions of
scattered light reflected from or transmitted through tissue depend upon internal

reflectances and absorption properties of the tissue.

Two types of scattering are defined: elastic and inelastic scattering. If the incident
and scattering photons have the same energy, it is called elastic scattering. Widely
known Rayleigh scattering is a kind of elastic scattering. In that case, scattering
particles are smaller than the wavelength of incident radiation. Scattering is inversely

proporiional to the fourth power of wavelength:
Is~1/A*or (2.9
Is(@) ~ [1+Cos*(®)] / A* (2.10)

In Figure 2.6., it is observed that Rayleigh scattering is therefore reduced within the

visible spectrum with increasing wavelength [10].
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Figure 2.6. Rayleigh scattering due to wavelength.

Another type of scattering is Mie scattering which differs from Rayleigh scattering in

two aspects. First, Mie scattering preferably occurs in the forward direction and
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second, Mie scattering has less dependence on wavelength (~ A" with 0.4 < x <0.5)

compared to Rayleigh scattering (~A™%) .

Unfortunately, neither Rayleigh nor Mie scattering can exactly describe the
scattering that takes place in biological tissues. Because, scattering in tissue is mostly
in forward direction (Rayleigh scattering can not describe this condition) and it
depends strongly on wavelength (Mie scattering can not predict this condition). In
order to explain the scattering phenomenon, a probability function p(8) of a photon is
defined. If p(0) does not depend on 6, it is called isotropic scattering. If it depends on

9, it is called anisotropic scattering. The coefficient of anisotropy g, is a measure of

anisotropy and is defined as:

U 41 p(0) cos O dw}
&= (2.11)
U 47 p(0) dw}

(Special cases: g = 1 purely forward scattering; g = 0 isotropic scaftering; g = -1

purely backward scattering)

2.3. Laser-Tissue Interaction Mechanisms

Main interaction categories will be discussed in this part. Those are photochemical
interactions, thermal interactions, photoablation, plasma induced ablation and
photodisruption [10]. In the scope of the thesis, thermal interactions and

photoablation will be emphasized.

In Figure 2.7. different effects of laser radiation on biotissue are demonstrated. It is a
double logarithmic graph which has the x axis as the exposure time in seconds and y
axis as the power density in W/cm®. The characteristic energy density varies from 1
J/em? to 1000 J/em? as illustrated within the two diagonals, in the figure. As shown,

there are five major ranges for exposure time:
(1) greater than 1 sec for photochemical interactions,
(2) 1 minute to 1ms for thermal interactions,

(3) 1 ms to 1 ns for photoablation, and
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(4 and S) less than 1 ns for plasma induced ablation and photodisruption.

Certainly the power densities corresponding to those of the exposure times are

increasing as shown in the Figure 2.7.
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Figure 2.7. Various regimes of laser pulse interaction with tissue [10].

2.3.1. Photochemical Interactions

Photochemical interactions occur at very low irradiances and long exposure times.
Typical imradiance is 1 W/cm® This type of interaction takes place during

photodynamic therapy which is one of the significant applications of medical lasers.

Monochromatic irradiation is applied to the selectively sensitive chromophores
injected into tissue in order to create a chemical reaction. Those extrinsic
chromophores are called photosensitizers and trigger the release of cytotoxic
reactants upon irradiation resulting in an irreversible oxidation of cell structures (also
called photosensitized oxidation). Tumor treatment is the principal application of
photodynamic therapy. Red dye lasers and diode lasers are used for PDT [13-28].
Typical irradiances vary between 0.01 to 50 W/cm?.
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2.3.2. Thermal Interactions

The thermal effects of various wavelengths are the subject of many researchers since
the initial applications of lasers on biological tissues [3,7,13, 29-41]. The structural
and chemical changes in tissue due to the increase of temperature can be classified as
coagulation, vaporization, carbonization and melting. Thermal effects of laser

irradiation according to the temperature of the tissue is demonstrated in Table 2.2.

Table 2.2. Thermal effects of laser irradiation [10].

Temperature Effect

37°C Normal

45°C Hyperthermia

50°C Reduction in enzyme activity, cell immobility
60°C Denaturation of proteins and collagen, coagulation
80°C Permeabilization of membranes

100°C Vaporization, thermal decomposition (ablation)
>150°C Carbonization

>300°C Melting

Hyperthermia onset ranges from 42°C to 50°C (45°C average). The main indications
are bond destruction and membrane alterations. If temperature exceeds 50° C, there
exist reduction in enzyme activity, as a result of this, reduction of energy transfer
within the cell and immobility of the cell can be observed. Necrosis starts at 60°C
with the denaturation of proteins and collagens. Coagulation can be visually
observed as whitening of the tissue. At temperatures greater than 80°C, membrane
permeability is increased. At 100°C, tissue water starts to vaporize. Buble formation
can be observed at this stage. At temperatures greater than 150°C carbonization starts
as blackening of the irradiated tissue. Beyond 300°C melting may start depending on

tissue type.

Depending on laser parameters and tissue characteristics, several thermal effects
occur together. Due to heat transfer and diffusion of light there exists a temperature

gradient within tissue (Figure 2.8.).
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2.3.3. Photoablation

Srinivasan and Mayne-Banton [42] described photoablation first and they called this
phenomenon ablative photodecomposition, which means that material is decomposed
when exposed to intense laser irradiation. If there is sufficient heat generation within
the target tissue, then vaporization occurs without thermal demage around the ablated
zone. Precise tissue removal can be done by this technique. The volume of ablated
tissue per pulse is a function of the penetration depth of the laser light, duration of

the pulse, and the spatial parameters of the beam.

The photoablative process is defined as a disruption of the covalent bond between
two atoms by the absorption of photon energy. It can be summarized as a two step

process:
(1) Excitation: AB + hf —> (AB)* (2.12)

In this step, as a result of absorption of a photon energy hf, the molecule AB promote

to an excited state (AB)*.
(2) Dissociation: (AB)* —> A+ B + Eg (2.13)

The molecule promoted to an excited state may dissociate, in other words bond

disrupts.
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Table 2.3. Dissociation energies of selected chemical bonds [10].

Type of Bond | Dissociation Energy (eV)
C=0 7.1
c=cC 64
O-H 48
N-H 4.1
Cc-0 36
c-C 36
S-H 35
C-N 30
C-8 27

The mechanism of this process is totally different from thermal interaction. In
thermal interactions, the photon energy is not high enough for the molecule to be
promoted the excited state but only to a vibrational state within the ground level.
Vibrational excitation relaxes by generation of heat resulting in a temperature
gradient around the irradiated molecule. In order to obtain photoablation, the photon
energy must exceed the dissociation energy of the covalent bond of the molecule. In

Table 2.3. dissociation energies of some important chemical bonds are shown.

Table 2.4. Photon energies of selected laser systems [10].

Laser Type Wavelength (nm) | Photon Energy (eV)
ArF 193 64
KrF 248 5.0
Nd:YLF (4w) | 263 4.7
XeCl 308 4.0
XeF 351 35
Argonion 514 2.4
Nd:YLF Qw) | 526.5 24
HeNe 633 20
Diode 800 1.6
Nd:YLF 1053 12
Nd:YAG 1064 1.2
Ho:YAG 2120 0.6
ErYAG 2940 04
CO, 10600 0.1
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When compared to the photon energies of certain laser types (Table 2.4), it can be
seen that photoablation is limited with ArF, or limited with high energy UV photons.
Comeal shaping is the most significant application of photoablation [43-54]. Typical

power densities for photoablation are 107 - 10® W/cm®.

2.3.4. Plasma-Induced Ablation and Photodisruption

If laser irradiance is on the order of 10% or 10° W/cm? optical breakdown occurs, i.e.
plasma formation takes place. The primary parameter of piasma-induced ablation is
the local electric field strength E. E is related to the power intensity by the following

equation:
I(r, 2, ) = 1/2 g9 ¢ E (2.14)

If irradiance exceeds a certain value, then electric field E becomes strong enough to
create a plasma and generate shock waves. After the plasma formation occurs, the
intreaction parameters change because the main absorber of the medium becomes
plasma itself. This feature renders possible an energy deposition not only in

pigmented tissue but also in weakly absorbing media.

The result of plasma induced ablation is a very clean ablation, associated with
audible report and blueish plasma sparking. Nd:YAG, Nd:YLF and Ti:Sapphire are
the lasers used for plasma induced ablation. Typical pulse durations are between
100fs-500ps. Irradiances are between 10! to 10> W/cm®. Refractive comeal surgery

is the main application area [55-56].

Besides plasma-induced ablation, shock wave generation and cavitation effects
occur. Those mechanical effects are used for fragmenting and cutting of tissue. Lens

fragmentation [51,56] and lithotripsy [58-61] are main application areas.

2.4. Medical Applications of Lasers

2.4.1. Ophtalmology

In ophtalmology, lasers are being used for diagnostic or therapeutic purposes. As a
diagnostic tool, confocal laser microscopy is used for detecting retinal changes.
Mostly, laser systems are used as therapeutic devices. Retina is possibly the only

tissue that can be effectively and noninvasively healed by laser sources. Retinal
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holes, retinal detachment, diabetic retinopathy, central vein occlusiun, senile macula
degeneration and retinal tumors are major areas of laser treatment. Retinal
coagulation is the method for dealing with those impairments. Meyer-Schwickerath
was the first researcher who performed retinal coagulation (with sunlight in 1949 and
with xenon lamp light in 1956)[62]. After the development of laser technology, Ruby
laser was used by Zaret et al. in 1961 [63]. Then Argon ion laser found functional
especially for stopping bleeding which could not be done by Ruby laser. Krypton ion
laser [64] and diode lasers [65-68] became very important in 1970s and in 1988,

respectively, for the treatment of retina.

Cataract surgery of the lens is another important laser treatment in ophtalmology
[69]. In cataracts, transparency of lens is reduced. In order to get acceptable vision,
lens interior must be removed and this operation can be done by the Nd:YAG laser.
The picosecond Nd:YLF laser is another source for lens surgery (fragmentation of

lens).

When the drainage of aqueous humor from the rear to the front chamber of eye is
obstructed (acute block glaucoma), it is possiple to perforate the ins to obtain an
additional passage for the aqueous humor. This operation is called laser iridotomy
and can be performed with either argon ion lasers or pulsed Nd:YAG lasers [70].
Another type of glaucoma (open-angle glaucoma) is cured by the laser treatment

called trabeculoplasty. Argon ion laser is applied to the surface of trabeculum [71].

The most widely known surgical treatment in ophtalmology is performed on cornea
in order to reshape it to correct vision. Comeal surgeries can be classified as:
removel of any pathologic conditions and refractive corneal surgery. ArF excimer
and short pulsed neodymium lasers are used for those surgical purposes. Alteration
of the cornea’s refractive power is another application area. Radial keratotomy, radial
keratectomy and photorefractive keratectomy are the techniques using laser sources
to reshape corneal tissue. Excimer laser is found very succesful for those operations

[44,45,48,51,54,72-78].

2.4.2. Dentistry

In dentistry, there are two major laser applications. One of them is the removal of
infected substances from hard dental tissue. It is conventionally done by mechanical

drils. This method creates pain due to the sensitivity of tooth nerves to vibration and
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temperature change. Unfortunately those problems could not be solved by laser
systems. CO,, Er-YAG and Ho:YAG lasers were used and the ErYAG laser seemed
to be the most promising because of its efficiency in ablating hard dental tissue via
thermomechanical interaction [79-85]. Yet, recently, some data were collected
regarding microcracks induced by the Er:YAG laser “shock”. The most recent
development is the application of the Nd:YLF laser system. It is found that its

mechanical impacts are negligible.

Second major laser application in dentistry is laser treatment of soft dental tissue.
CO;, lasers are widely used in the treatment of malignant, premalignant and benign
lesions of the oral mucosa. Excision and vaporization are two techniques the surgeon

can perform.

Endodontics (treatment of infections of the root canal), laser treatment of filling
materials, laser-welding of dental bridges and dentures are the other application areas
in dentistry which are still under investigation. CO, and ArF lasers were studied for
endodontics. For the treatment of filling materials Nd: YLF and Er:YAG lasers are
used [86]. CO, and Nd:YAG lasers are found advantageous for laser-welding since
the reflectivity of metals used in the soldering material is very high in the infrared

spectrum.

2.4.3. Gynecology and urology

In gynecology, lasers found a very significant application area, namely the treatment
of cervical intraepithelial neoplasia. The CO; laser is the most widely used laser
source in the treatment of cervical intraepithelial neoplasia and vaginal intraepithelial
neoplasia. Selection of temporal mode (cw radiation, chopped pulse or superpulse)
and decision of mode of focusing (defocused for coagulation, partially focused for
vaporization and tightly focused for deep excision) are important factors that

determine the outcome of laser treatment.

In urology, CO,, argon ion, Nd:YAG and dye lasers are utilized. CO; laser is used
for cutting whereas argon ion and Nd:YAG is used for coagulation of highly
vascularized tissues. Dye lasers are recently applied in lithotripsy. In short, there are

number of applications in urology [87-93]:

-Condylomata acuminata (Nd: YAG or CO3)
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-Hemangiomas of external genitals (Nd:YAG)

-Carcinoma (Nd:YAG)

-Recanalization of urethal stenoses (Ho:YAG)

-Tumors of the bladder (Nd:YAG, or photodynamic therapy, red dye laser)
-Lithotripsy (dye lasers and Nd:YAG)

-Benign proztatic hyperplasia (Nd:YAG, diode lasers)

2.4.4. Dermatology

In dermatology, coagulation and vaporization are two widely used laser applications
[94-103]. Argon ion, dye, CO;, Nd:YAG and ruby lasers are being used in clinical
practice. Argon laser is suitable for superficial treatments of highly vascularized skin
because of the high absorption of the argon ion laser’s wavelength by hemoglobin
and melanin. Lasers in dermatology became a significant tool because of the
succesful treatment of port wine stains. Argon ion lasers are being widely used for
the aim of coagulating port wine stains. Besides argon lasers, dye lasers also became
efficient alternatives for port wine stain removal because of less painful operation

procedure. However its price is a disadvantage for dye lasers.

CO; lasers are used for vaporization. Precise tissue remove was done by the CO,
laser especially for external ulcers and refractory warts. CO, lasers are also used in

removing tattoos besides argon ion lasers [100-103].

Because of its greater penetration depth, Nd:YAG is used for the coagulation of

deeply located hemangiomas and semi malignant skin tumors.

2.4.5. Orthopedics

In orthopedics, depending on the chemical composition of bone, CO,, Er:YAG and
Ho:YAG lasers are suitable for the treatment of bone [33, 104-114]. However, it is
observed that there exists severe thermal side effects of CO, applications. The
Ho:YAG laser is another candidate for treatment of bone, but investigations showed
that the Er:YAG laser is more efficient because of minimal thermal effects. In

arthroscopy, the Ho:YAG, Er:YAG and Er:YSGG lasers are under investigation.
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2.4.6. Gastroenterology

In gastroenterology, lasers can be used efficiently if the target tissue is accesable
with endoscopy. cw Nd:YAG laser is the most important tool for the coagulation in
the treatment of gastrointestinal hemorrhages and benign, malignant, or non-
neoplastic stenoses [20, 24, 116-124]. Photodynamic therapy (PDT) is another laser
application at early stages of cancer. It has some advantages in spite of the fact that

PDT can not provide a complete cure.

2.4.7. Otorhinolaryngology and pulmology

In otorhinolaryngology and pulmology, CO,, Er:YAG, Er:YSSG and Nd:YAG lasers
are being used or under investigation [125-137]. CO; laser is applied to remove
benign and malignant lesions of the glottis (the vocal cords) and for the treatment of
highly vascularized tumors such as hemangiomas or premalignant alterations of the
mucosa. Er'YAG or Er:YSGG lasers are found advantegeous for laser-assisted
stapedotomy. The Nd:YAG laser is capable of performing efficient treatment in the

coagulation of tracheobroncial tumors.

2.4.8. Neurosurgery

In neurosurgery, lasers have great advantages since they can cut, vaporize and
coagulate tissue without mechanical contact [138-163]. In addition, simultaneous
coagulation of blood vessels and sterilizing are very important for the surgeon when

dealing with highly sensitive tissues.

The CO; laser is found a good tool for cutting brain tissue but is not appropriate for
coagulating blood vessels. On the other hand, studies concluded that the Nd:YAG
laser functions well for both coagulating brain tissue and blood vessels. However,
there is one important drawback of coagulation; that is to say, the coagulated tissue
remains inside and causes edema or other serious complications. Moreover, thermal

alteration of adjacent tissues can occur due to heat diffusion.

Ablation and vaporization are other methods for removing lesions or tumors in the
brain. After the availability of suitable fibers, the Er:YAG laser became a surgical
tool because its radiation at 2.94 mm is highly absorbed in water. However, the

studies on ablation of brain tissue by the Er:YAG laser are new and rare. It is same



for the picosecond Nd:YLF laser which may succesfully perform non-thermal

ablation of tissue.

Finally, the CO, laser was investigated for spinal surgery but those studies are very

new and far from a convenient conclusion.

2.4.9. Cardiology

In cardiology, researchers tried to apply different laser sources for angioplasty like
argon ion, Nd:YAG, XeCl excimer and Ho:YAG lasers [164-177]. The aim of
angioplasty is to remove atherosclerotic plaque in order to recanalize the blood
vessel. Laser light is transmitted through fibers and radiate from different types of
fiber tips. Unfortunately all of the methods applied did not work properly (since the
lack of studies dealing with tissue characterization and dosimetry) and they caused
severe complications after the operations. It can be said that laser angioplasty was

rejected recently.

Ablation of myocardial tissue is another application area in cardiology. For the
treatment of tachyarrythmias, it is necessary to destroy the arrhythmogenic part of
the mydcardium, without causing tissue defects or perforation. Intraoperative laser
ablation and catheterization techniques become important alternatives to
transcatheter direct current (DC) electrical shock ablation method in the surgical

therapy for arrhythmia because of several reasons:
(1) Laser energy can be transmitted through optical fibers easily.
(2) Energy can be controlled and graded to the desired effect.

In spite of those advantages, procedures are still under investigation for better results.
The Nd:YAG laser is widely used but other laser wavelengths (Er:YAG, Excimer)

are also experimented with.

Transmyocardial laser revascularization (TMLR) is another laser application. The
CO, laser is applied to the heart tissue to provide channels originating from the
epicardium for additional blood supply to the heart. Most of the researchers report

the effect of revascularization. However, results are far from being conclusive.

Medical applications of lasers and disciplines are summarized in Table 2.5.
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Table 2.5. Clinical use of lasers.

Area Laser Type
Ophtalmology Nd:YAG, Nd:YLF, Ar”~, Excimer, Kr’
Dentistry CO,, ErYAG, Ho: YAG, Nd: YLF, ArF
Gynecology CO,, Nd: YAG, Ho: YAG, dye
Dermatology CO,, Nd:YAG, dye’, Ar”, ruby
Orthopedics CO,, Er:YAG, Ho:YAG, Er:YSGG
Gastroenterology Nd:YAG, Ar™
Otorhinolaryngology and Pulmology CO,, ErYAG, Nd:YAG, ErYSGG
Neurosurgery COy, ErYAG, Nd:YAG, Nd: YLF, Diode
Cardiology CO,, Ho: YAG, Nd: YAG, Excimer

2.4.10. Summary

Although only 40 years or so on the market, lasers have found many applications in
medicine, and some such as in retinal detachment are the preferred method of

treatment worldwide.
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3. COMPUTER SIMULATIONS OF LASER TISSUE INTERACTIONS

The transport of an infinitely narrow photon beam incident on an infinitely wide
tissue in the cylindrical coordinates (r,z) was simulated by Monte Carlo Simulation
Program (Appendix A). The program calculates the statistical distribution of photon
propagation at a specific wavelength by simulating the the random walk of a finite
number of photons. The photon fluence (irradiated power per unit area) is obtained
by convolving the photon absorption. Results of two sets of simulations were

presented in national and international symposia {181,182].

3.1. Monte Carlo Simulation of the Nd:YAG Laser Fluence Distribution in

Human Tissue

In this study [181], diffusion of Nd:YAG laser fluence in biological tissues was
investigated via Monte Carlo Simulation method described in Appendix A. The aim
of this study was comparing the fluence distribution within the different human

tissues: bone (skull), brain (white matter), liver, myocardium, and prostate.

Semi-infinite tissue layer described by the following parameters: thickness (d =
0.1cm), refractive index (n = 1.3), absorption coefficient (u,), scattering coefficient

(us), and anisotropy factor (g).

Table 3.1. Parameters of the Monte Carlo Simulation of Nd:YAG Laser Fluence Distribution in

Human Tissue.

Tissue pa us e Reference T )
Bone (Skull) 0.50 120.0 0.900 Roggan et al.[5]
Brain(WhiteMatter) 0.40 110.0 0.950 Roggan et al.[5]
Liver 0.30 150.0 0.930 Roggan et al.[5]
Myocardium 0.40 175.0 0.970 Splinter et al.[6]
Prostate 0.40 110.0 0.960 Roggan et al.{5]
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Besides the parameters describing the tissue, the following data are input parameters
of the program:

» Number of photons, (1 000 000)

» Grid line separations (Ar = Az = 0.002 cm)

* Number of grid elements (#Ar = #Az = 50, #Aa = 30).

The parameters of the first simulation were summarized in Table 3.1. Optical
parameters of bone (skull), brain (white matter), liver, and prostate were measured by
Roggan et al. [183]; the values for myocardium were measured by Splinter et al.

[184]. Those measurements were performed for human tissues in vitro.

The fluence distribution of 0.1 cm diameter 1 J laser beam was calculated by the

convolution program.
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Figure 3.1. Laser fluence distribution in radial dimension.

The fluence distribution on the radial axis for all tissues were compared statistically
and significant differences were found between bone and prostate, and between liver
and prostate (double sided r-test, p < 0.05). The distribution has significant
differences between 0.001 cm and approximately 0.068 cm (Figure 3.1.). Actually,
for that region significant differences were found between bone and brain (double

side  test, p < 0.01), bone and myocardium (double sided t-test, p < 0.01), brain and
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liver (double sided t-test, p < 0.05), liver and prostate (double sided #test, p < 0.01),

liver and myocardium (double sided ¢-test, p < 0.01).
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Figure 3.2. Laser fluence distribution in axial dimension.

Fluence distribution on the axial dimension for all tissues were compared statistically
and significant differences were found between bone and brain (double sided #-test, p
< 0.01), bone and prostate (double sided f-test, p < 0.01), bone and myocardium
(doublé sided #-test, p < 0.01), brain and liver (double side ¢ test, p < 0.05), liver and
prostate (double sided #-test, p < 0.01), liver and myocardium. Fluence distribution

differences can be observed in Figure 3.2.

Finally, isofluence lines are indicated in Figure 3.3. Laser beam is applied from the
left upper comer. X axis corresponds to radial axis and Y axis corresponds to depth.

The differences can also be seen for bone and liver when compared with others.
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(a) Bone (Skull)

(b) Liver

=  (C) Brain (White Matter)

Figure 3.3. (a) Fluence distribution within bone (skull); (b) Fluence distribution within liver; (©)

Fluence distribution within brain (white matter);
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(d) Myocardium

40 45 50

% 5 (e Prostate

Figure 3.3. (Continued) (d) Fluence distribution within myocardium; (¢) Fluence distribution within
prostate. X axis corresponds to radial axis and Y axis corresponds to depth. Fluence values in Joules

are denoted on isofluence lines.

Isofluence lines demonstrate the relative distribution of laser fluence in- different
tissues. In Figure 3.3, tissues are presented in increasing order in terms of fluence
distribution. The significant difference between bone (skull) and prostate supports
the idea of the fluence distribution of laser fluence at 1064 nm heavily depends on
water content of tissues. Bone is the tissue with the least water content (12-15%). On
the contrary prostate is the one with the relativefy richest water content (83.3%) [11].
Other tissues analyzed in this study have values in increasing order from bone to

prostate; and penetration depths are also in the same order.
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3.2. Monte Carlo Simulation of the Nd:YAG Laser Fluence Distribution in

Cardiac Tissues

In this study [182], diffusion of Nd:YAG laser fluence in cardiac tissues was
investigated via Monte Carlo Simulation method described in Appendix A. The aim
of the study was to compare the fluence distribution within the different cardiac
tissues of human and canine: Normal canine myocardium (CN), irradiated canine
myocardium (CL), human normal myocardium (HM), human epicardium (HE), and

human cardiac aneurism (HA).

Table 3.2. Parameters of Monte Carlo Simulation of Nd:YAG Laser Fluence Distribution in Cardiac

Tissues
Tissue pa us g
Canine / Normal Myocardium 040 173.5 0.974
Canine Lased Myocardium 0.35 2459 0.956
Human Normal Myocardium 030 1775 0.964
Human Epicardium 021 127.1 0.933
Human Cardiac Aneurism 0.40 137.0 0.975

Besides the parameters describing the tissue, the following data are input parameters

of the program:

« Number of photons, (1 000 000)

* Grid line separations (Ar = Az = 0.002 cm)

* Number of grid elements (#Ar = #Az = 50, #Aa = 30).

The parameters of the first simulation were summarized in Table 3.2. Optical
parameters were measured by Splinter et al. [184]. Those measurements were

performed for human and canine tissues in vitro.

The fluence distribution of 0.1 cm diameter 1 J laser beam was calculated by the

convolution program.
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Figure 3.4. Laser fluence distribution in radial dimension (CN, Canine Normal Myocardium; CL,
Canine Lased Myocardium; HM, Human Myocardium; HE, Human Epicardium; HA, Human Cardiac

Aneurism).
2.50E+01 -+
2.00E+01 -
1.50E+01 - doberdy CN
.50 drdthng o o aedrgdededthg o 2 2 s 4 sy CL
M‘W‘mm —t— M
1.00E+01 —=—HE
—a—HA
5.00E+00 :i
0.00E+00 — . . —_ -
0.000 0.020 0.040 0.060 0.080 0.100
Axial Distance (cm)

Figure 3.5. Laser fluence distribution in axial dimension (CN, Canine Normal Myocardium; CL,
Canine Lased Myocardium; HM, Human Myocardium; HE, Human Epicardium; HA, Human Cardiac

Aneurism).



The fluence distribution on the radial axis (Figure 3.4.) for all tissues were compared
statistically and significant differences were found between CN and CL; between CN
and HE; between CL and HM; between CL and HA; between HM and HA and
between HE and HA (double sided z-test, p < 0.01). On the contrary, differences
between CN and HM; CN and HA; CL and HE; HM and HE were not found
statistically significant.

Scond, fluence distribution on the axial dimension (Figure 3.5.) for all tissues were
compared statistically and significant differences were found between CN and HM,;
between CN and HA (double sided #-test, p < 0.01).

Finally, isofluence lines are indicated in Figure 3.6. Laser beam is applied from the
left upper corner. Horizontal axis corresponds to radial axis and vertical axis
corresponds to depth. The differences can also be seen between CL and others. This

was the tissue irradiated beforehand. The results of this study showed that:

1. Distribution of light within human tissues did not show significant differences,
those tissues (myocardium, epicardium and aneurism) can be assumed to be

similar in terms of optical properties.

2. Distribution of light within canine normal myocardium did not show significant
difference when compared to human tissues. This result indicates an interspecies

homogeniety in terms of optical properties.

3. However, imradiated canine myocardium was found significantly different than
others. This results indicates the change of optical properties during and after
irradiation influences the optical properties of the target tissue and course of the

lasing operation can change due to this alteration.
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(a) Human Epicardium

(b) Human Myocardium
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Figure 3.6. Fluence distribution witin (a) Human Epicardium, (b) Human Myocardium, (¢) Canine

Myocardium.
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(d) Human Aneurism

(e) Canine Lased Myocardium

Figure 3.6. (Continued) Fluence distribution witin (d) Human Aneurism, (¢) Canine Lased
Myocardium. X axis comresponds to radial axis and Y axis corresponds to depth. Fluence values in

Joules are denoted on 1sofluence lines.

3.3. Discussion

In this section the results of the Monte Carlo Simulation results of the distribution of
Nd:YAG laser fluence within biological tissues with different optical characteristics

will be discussed.

The great fluence penetrations in soft tissues such as brain, myocardium and prostate
support the coagulative applications of Nd:YAG laser source. In other words,

relatively less energy can create greater coagulation in those tissues. This result
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implies the constraints for cardiovascular applications such as coagulation of
tachicardia focii. Larger penetration depth may cause undesired hazards in adjacent
tissues. Nevertheless, those results provide evidence for the hyperthermia

applications for soft tissues.

Our simulations underline another aspect of laser-tissue interaction mechanism: the
differences of fluence distribution due to radial and axial dimensions. Dramatic
changes with respect to different optical characteristics occur in the axial dimension.
This dimension determines the penetration depth which is critical in laser

applications.

Moreover, the results pointed out the homogeneity of human cardiac tissue
(myocardium, epicardium and aneurism) as well as interspecies homogeneity (canine
normal myocardium). On the other hand, the differences found for canine lased
myocardium indicated the significance of the change of optical characteristics under
laser irradiation. This result underlines the significance of temperature control
systems during laser operation in order to obtain predictable laser ablation and

coagulation.

Our study was based on the optical parameters measured in vitro. Fluence
distribution can be affected and/or be changed in in vivo conditions mainly because
of perfusion of tissues. Blood circulation would be a major factor influencing the
heat transfer. In order to estimate proper dosimetry parameters, the simulation results

must be compared and be tested with the experimental data.
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4. LASER APPLICATIONS WITHIN CARDIAC TISSUE

In this section the results of two series of experiments on cardiac tissue are presented
[185,186]. The aim of those experiments was to investigate the effect of different
wavelengths (Nd:YAG and Er:YAG lasers, at 10.6um and 2.94 um, respectively) on
different cardiac tissues.

The use of lasers in cardiovascular applications was summarized earlier in section
2.4.9. Creating lesions within the cardiac tissue is preferred for the following
applications[187]:

1. Ablating cardiac tissue in order to isolate myocardial tissue responsible for the
initiation of ventricular tachycardia.

2. Transvenous catheter ablation of the atrioventricular junction for modification of
atrioventricular conduction.

3. Laser angioplasty

4.1. Coagulation of Cardiac Tissue by the Nd:YAG Laser

The Nd:YAG laser was found suitable for deep, uniform tissue coagulation because
of tissue optical characteristics at 1064 nm and relatively great forward scattering
that allows the energy penetrate deeply [7]. Since 1980s numerous studies were
performed investigating the effect of the Nd:YAG laser on cardiac tissue [184-191].
In the following experiments the laser coagulations done on different ventricular

tissues were compared.

4.1.1. Materials and Methods

Experiments were performed on fresh lamb hearts. They were kept in physiological
saline solution for 24 hours. Three pieces were taken from each heart wall:
ventricular bottom (VB), ventricular middle (VM), and ventricular upper (VU). Four
levels of laser power were applied to every tissue, 4W, SW, 6W and 7W,
respectively (Appendix B.1.). Exposure durations were 10s, 15s, 20s, and 25s. The

diameter of the laser beam was 1 mm. 2 minutes after each laser irradiation,
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diameters of lesions were measured by micrometer (Figure 4.1.). Then lesions were

cut cross-sectionally and coagulation depths were measured (Figure 4.2.).

VB/TW VB/6W VB/SW VBAW VM/TW VM/6W VM/SW VMAW VU/TW VUEW VU/SW VUMW

Figure 4.1. Diameters of lesions (in mm) created by Nd:YAG laser at 10, 15, 20, and 25 s lasing

duration.

2.5 4

0.5 1

VBTW VMTW VUTW VB6W VM.6W VU6W VBSW VMSW VUSW VB4W VM4W

VU4w

Figure 4.2. Depths of lesions (in mm) created by Nd:YAG laser at 10, 15, 20, and 25 s lasing duration.
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4.1.2. Results

Statistical analysis (analysis of variance) was carried out and significant differences
were found for:

1. diameters of coagulations created by 4 W irradiance ( p < 0.002) with respect to
tissue types;

2. depths of coagulations created by 5 W (p < 0.04) and 6 W (p < 0.05) with respect
to tissue types;

3. diameters of coagulations at VB ( p < 0.001) with respect to laser power levels
applied,;

4. diameters of coagulations at VM ( p < 0.001) with respect to laser power levels
applied,;

5. diameters of coagulations at VU ( p < 0.001) with respect to laser power levels
applied;

6. depths of coagulations at VB ( p < 0.001) with respect to laser power levels
applied,;

7. depths of coagulations at VM ( p < 0.001) with respect to laser power levels
applied; '

8. depths of coagulations at VU ( p < 0.001) with respect to laser power levels
applied.

Finally, ventricular myocardium can be taken homogenous because different types of
ventricular tissue did not show significant differences in optical behavior at 1.06 um
laser irradiation. On the other hand, level of power and irradiation duration are the

significant variables for coagulation processes.

4.2. Ablation of cardiac tissue by the Er:YAG laser

The aim of this experiment was to investigate the ablation effect of the Er:YAG laser
which radiates at 2.94 um which overlaps with one of the greatest absorption peaks
of water (ua ~ 10* cm™). With the availability of suitable optical fibers which can
transmit laser light at this wavelength, it became worthy to investigate the possible

cardiovascular applications for the Er:YAG laser.
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4.2.1. Materials and Methods

In order to investigate the effect of this wavelength, the Er:YAG laser (Appendix
B.2.) was applied to tissue samples cut from fresh lamb hearts. They were kept in
physiological saline solution for 24 hours and seven pieces were then taken from
each heart: ventricular bottom (VB), ventricular middle bottom (VMB), and
ventricular upper bottom (VUB), interceptal middle bottom (IMB), interceptal
middle upper (IMU), interceptal nerve bundle (IN), ventricular inside (VI). Laser
pulses have the energy levels of 0.3, 0.5, and 1.0 J as set by the manufacturer;
exposure time per pulse was 150 ps. The diameters of the elliptical spotsize were
0.75 mm x 1.35 mm. The corresponding average power densities were 37.7 J / cm’,

62.9 7/ cm?, and 125.8 J/ cm?, respectively.

4.2.2. Results

The ablation craters had conical shapes. 2 minutes after each laser shot, diameters of
ablation craters were measured by a micrometer. The area of the conical base of
lesions were calculated (Figure 4.3). Then lesions were cut cross-sectionally and
ablation depths were measured (Figure 4.4.). Volumes of ablated tissues were
calculated by combining both data.

Statistical analysis (analysis of variance) was carried out and significant differences
were found for:

1. crater areas with respect to levels of energy (p < 0.0001);

2. crater areas with respect to types of tissues ( p < 0.006);

3. crater depths with respect to levels of energy (p < 0.0001);

4. crater depths with respect to types of tissues ( p < 0.001).

Additionally:

1. The crater areas showed an increasing tendency along ventricular tissues from
bottom to upper sites (VB, VMB, and VUB).

2. The crater areas created at interceptal sites (IMB, IMU, IN) showed notable
differences.

3. The crater areas of ventricular tissues (VB, VMB, VUB, and VI) showed notable
differences.

4. The crater depths showed a decreasing tendency along ventricular tissues from
bottom to upper sites (VB, VMB, and VUB).
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5. The crater depths created at interceptal sites (IMB, IMU, IN) showed notable
differences.
6. The crater depths of ventricular tissues (VB, VMB, VUB, and VI) showed notable

differences.

[IW &VUB AVMB OMB SMU ON BVI

mve avoa s VMB oms BMU BN LA

Figure 4.4. Crater depths of lesions created by Er: YAG laser at three energy levels of 0.3, 0.5 and 1 J.
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4.3. Discussion

In our study different parts of cardiac tissue (ventricular bottom, ventricular middle,
ventricular upper for Nd:YAG and ventricular bottom, ventricular middle bottom,
ventricular upper bottom, interceptal middle bottom, interceptal middle upper,
interceptal nerve bundle, ventricular inside for Er:YAG) were used. The coagulation

and ablation process were described as a function of power and irradiation duration.

One of the significant results of those experiments was the homogeneity of cardiac
tissue at 1.064 um Nd:YAG irradiation. This result is consistent with the results of
computer simulations (given in Chapter 3), even that lamb tissue was used in the
experiments: computer simulations provided evidence for interspecies homogeneity.
Second, simulation results indicated homogeneity of cardiac tissue at 1.064 pm

irradiation. Experimental results also supported this prediction.

As a conclusion, ventricular myocardium can be taken homogenous because different
types of ventricular tissues did not show significant differences at 1.064 um laser
irradiation. On the other hand, power and irradiation duration are significant

variables in coagulation processes.

In the case of the Er:YAG laser application, the dimensions of ablation craters were
found significantly different as a function of tissue type as well as level of energy
delivered. In other words, cardiac tissue is not homogeneous at 2.94 um. Second,
Er:YAG laser ablation craters were found acceptable for cardiac applications with no

thermal damage around.

The main difference between the results of both experiments was the thermal
response of cardiac tissue with respect to wavelength of laser irradiation. The
differentiation of tissue types with respect to 2.94 nm was notable whereas no
significant difference was observed for 1.064 nm. This result highlights the

significance of laser wavelength as a laser-tissue interaction parameter.

Both laser wavelengths were found worthy to be tested for cardiac applications such

as coagulation and ablation processes.
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5. Er:YAG LASER ABLATION OF CEREBELLAR AND CEREBRAL
TISSUE

5.1. Background

Since they can be used for cutting, vaporizing and coagulating tissues with and
without mechanical contact, lasers may have great potential advantages in
neurosurgery [156]. Brain tumor removal is one of the major surgical laser
applications. The primary goal in those applications is minimal thermal damage to
adjacent healthy tissues. Thus far, various laser wavelengths and operation modes
have been investigated [192, 10, 138, 193]. The COz2 laser was found to be a good
tool for cutting brain tissue, but it was not suitable for coagulating blood vessels
[156]. On the other hand, the Nd:YAG laser, operating at 1064 nm, was adopted for
coagulating both the brain tissue and blood vessels. However, there is one important
drawback in use of Nd:YAG lasers in coagulation: adjacent tissue is thermally
altered due to heat conduction (high scattering and poor absorption in tissue at 1064
nm) [143, 153-154]. High power diode laser’s applicability in neurosurgery was
investigated and clinical experiences and animal studies were reported very recently
[161, 181, 193]. Diode lasers in the near infrared (NIR) region were found practical
and efficient compared to the 1064 nm Nd:YAG laser. On the other hand, Er:YAG
lasers had been known for years and used for superficial ablation in many medical
applications. However, studies on ablation of brain tissues by the Er:YAG laser are
recent and limited [162-163]. Since the Er:YAG laser wavelength overlaps with one
of the absorption peaks of water in the IR, its optical absorption coefficient for
organic tissues is higher than that of the other available laser sources. As a result, the
2.94 um light only penetrates a few microns into the tissue. The associated thermal
relaxation time is on the order of microseconds. Thus, there is minimal heat transfer
to adjacent tissues during the laser pulse. The ablation process removes the heated
tissue. Consequently, the 2.94 um Er:YAG laser may be used as a source of precise
ablation. With the availability of suitabie fibers, the Er:YAG laser may become an

indispensable tool for invasive neurosurgical applications.
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The aim of this study was to investigate the ablative effect of Er:YAG laser pulses on
different cortical tissues using different energy levels and to compare the features of

the resulting lesions.

5.2. Materials and Methods

30 female Wistar rats weighing 180-220 gr. bred in the Animal Facility of the
Psychobiology Laboratory at Bogazigi University were used for experiments. They
were housed in cages (8+1 animals per cage) in a temperature controlled vivarium
kept at 22+2°C with a 12:12 hours light:dark cycle. Food and water were available
ad libitum. Before surgery subjects were placed in individual cages and were
euthanized by an overdose of ketamine (6 cc/kg, intraperitoneally). The skull was
dislocated from the bbdy and brain specimens were prepared within 3 minutes post
mortem. Using an Er:-YAG laser (TULAMASHZAVOD, Russia, Appendix B.2.),
two sets of bilateral cerebral and one set of bilateral cerebellar lesions were created at

three different pre-set energy levels.

Irradiation parameters were as follows: laser energy levels: 0.3, 0.5, and 1.0 J as set
by the manufacturer; exposure time per pulse: 150 psec as set by the manufacturer;
number of pulses per lesion: 1. On each hemisphere, two sets of lesions were created
8 mm apart. The lesions created in vitro ex situ were at locations corresponding to 1
mm anterior to bregma and 1 mm posterior to lambda. In addition, one set of bilateral
lesions was created on cerebellar cortex 1 mm from midline. Laser was focused on
the target tissue by a cylindrical lens (Figure B.2.). Thus it was a non-contact lasing
situation. The diameters of the eliptical spotsize were 0.75Smmx1.35mm. The
corresponding average irradiances were 37.7 J/em®, 62.9 J/cm?®, and 125.8 J/em®,

respectively.

Surgical procedures were completed within 5 minutes post mortem. Immediately
after laser procedures, diameter and depth of ablation craters were measured. Since
our study was performed in vitro ex situ and was directed towards the estimation of

the real dimensions of ablation craters, no histologic examinations were carried out.

5.3. Results

A total of 188 lesions were created in vitro ex situ on excised rat brain specimens. 52

lesions were created on the cerebellar cortex at 0.3 J. On the cerebral cortex, 44
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lesions were created at 0.3 J, 46 lesions at 0.5 J, and 46 lesions at 1.0 J. We were able
to create ablation craters in the cerebellum at the lowest energy setting of our laser at
0.3 J as seen in Figures 5.1. and 5.2. At increased energy levels (0.5 and 1.0 J), we
“drilled” holes through the cerebellum. We also attempted to create a limited number
of ablation craters in the spinal cord at 0.3 J and observed that the depth of ablation
could not be controlled at the pre-set energy levels of our laser. Even at the lowest
energy setting of 0.3 J, the ablation depths were much larger than the thickness of the

spinal cord.

Cerebral lesion dimensions (ablation crater diameter and crater depth) created at 0.3 J
were smaller than the cerebellar lesion dimensions (Figures 5.1. and 5.2.). Moreover,
we did not observe “full thickness” ablation craters, i.e., “drilled” holes, in cerebral

specimens.

When the lesion dimensions created in the cerebellum and the cerebrum were
compared, we observed a significant difference in crater diameters (p < 0.001, paired
t-test) and the crater depths (p < 0.001, paired r-test) at 0.3 J. All lesions had a
conical form; and lesions created in the cerebellum had greater diameter/depth ratio

when compared to lesions in the cerebral cortex.

In general, crater dimensions were a linear function of applied laser energy.
However, as seen in Figures 5.1., the crater depth increased much faster than the
crater diameter with increasing laser energy. Therefore, the ablated volume
calculated assuming conical geometry was not a linear function of applied energy
and the difference between cerebellar and cerebral lesions became more pronounced

as seen in Figure 5.2.

Finally, subjective binocular observations revealed that cortical ablation lesions were

not surrounded by coagulation zones.
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Figure 5.1. Ablation dimensions with respect to tissue types and laser energy levels.
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Figure 5.2. Calculated ablation volumes (mm?) with respect to tissue types and laser energy levels.
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5.4. Discussion

The primary goal of this study was to investigate the applicability of the ErYAG
laser in neurosurgery for ablation/tissue removal purposes. Results of previous
studies by Cubeddu and associates showed that the 2.94 um irradiation could ablate
soft tissues without coagulating surrounding tissues. The damage created by the
Er:YAG laser was evaluated using histochemical methods and negligible thermal but
mechanical alteration of adjacent tissues was observed [162-163]. The results in our
study also provided evidence of minimal thermal effect to adjacent tissues and
efficient photoablation. The irradiance parameters and the resulting ablation crateré

in the present study and the previous ones [162-163] were similar.

Our in vitro results showed that the Er:YAG laser radiation, that is very strongly
absorbed by tissue water, could be used to ablate neuronal/cortical tissues. However,
the response of cerebral and cerebellar tissues to Er:'YAG laser irradiation were
significantly different. In both tissues, ablation craters had a conical form; yet,
lesions created in the cerebellum had greater diameter/depth ratio when compared to
those in the cerebral cortex. The differences observed in the response of cerebral and
cerebellar cortical tissues may be due to the anatomical (the thickness of cortex in
both regions) and chemical (water, lipid and protein contents) differences or due to
the superposition. The key element here would be water content because of its higher
percentage in brain tissue (approximately 75%) and thus greater absorption at IR
wavelengths. It is known that there are differences in water content between different
brain regions. Early studies [212] reported that the water content of the gray matter
(83-86%) was higher than that of the white matter (68-77%) and increased from the
frontal to the occipital and from the parietal to the basal cortex. Since the thickness
of cortical tissue in cerebrum is remarkably greater than in cerebellum, laser energy
absorbed in cerebral cortex must be greater than the energy absorbed in cerebellar
tissue. The penetration depth is inversely proportional to the absorbed energy.
Consequently, the penetration depth in cerebrum would be smaller than the

penetration depth in cerebellum as in the case of lesions reported in the present study.



In previous studies, cavitation effects as a result of the explosive ablation process
were observed. It was speculated that cavitation effects could be prevented by adding
water to the surface of tissue to enhance ablation efficiency. In this study, we had
similar observations; nevertheless, deep ablation channels were created in the
cerebellum (at 0.5 and 1.0 J) and the spinal cord (at all energies applied), but not in
the cerebral cortex. The observed differences in lesion formation were speculated to
be indicators of different laser-tissue interaction processes, which are a function of

applied energy and optical properties of the brain tissue at 2.94 um.

In spite of its potential advantages in removing tissue, the Er:YAG laser with
irradiation parameters as the ones used in this study, might not be a useful tool in
removal of brain stem astrocytomas and intraspinal tumors. In order to create
shallower ablation craters with better precision, Er:YAG laser systems with lower

energy levels should be used.

The differences observed in the response of cerebral and cerebellar cortical tissues

were dependent on the anatomical and chemical differences.

With the availability of fibers, the 2.94 um Er:YAG laser promises to become an
important surgical tool in brain surgery involving removal of tumorous tissues. Since
the Er:'YAG laser has great potential for use in neurosurgery, tissue characterization,
simulation of laser-tissue interactions, and comprehensive dosimetry studies should

be carried out to investigate the possible uses of this laser in medicine.

45



6. DESIGN OF A COMPUTER CONTROLLED LASER DELIVERY
SYSTEM

In this part, the design of the medical delivery system for the 980 nm diode laser is
described. The aim of the study was to design a reliable and practical control system

and to develop a user-friendly interface. It was performed in two steps:

1. Before developing a complex controller it was necessary to test the reliability and
potential of this new wavelength; thus a fast solution was needed. The best way
to solve such a problem was to develop a virtual instrument that had the desired
capabilities. GWI data acquisition unit and Superscope II software were utilized

to monitor and control the laser parameters.

2. After the experimental studies, a microcomputer based controller was designed

and developed for clinical usage.

In the following, the development of those control systems will be explained in
detail. First, in 6.1. the structure and the function of the virtual controller will be

explained. In 6.2. the design of the microcomputer based circuit will be discussed.

6.1. Controlling Laser Irradiance: Virtual Instrument Selution

A real time SCSI peripheral unit (MacADIOS adio), a personal computer (Apple
Macintosh LC) and a program developed in Superscope II environment were the
tools used for construction of virtual controller. Laser diode system (Appendix B.3.)
permits the user to control the laser parameters via its remote control unit or from
external signals through 25 pin connector. For faster design, it was decided to control
the diode laser current knobe voltage on the remote control unit. The system is

described in Figure 6.1.

Analog output signal (0-5 V) of MacADIOS provides control signal for the diode
current knobe. That signal can be on and off at a frequency of 30 Hz (was limited by
the frequency range of diode laser system). This feature allowed the controller to

deliver laser energy in pulses with a desired waveform besides cw regime. Thus the
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user can select the output.power, mode of operation (cw or modulated), modulation

waveshape (square, sine, triangle) and lasing duration. Those parameters can also be

monitored and be stored throughout the experiments.
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Figure 6.1. Block diagram of laser sysytem virtual controller.

Virtual controller was developed in Superscope IT which is an object oriented
programming environment. Therefore, the programming procedure is called
construction rather than programming. There are numerous objects and functions
defined in Superscope II environment. In the following, the objects used for virtual
controller will be explained. The flow of the experimental process guided the design
of the instrument. The user needs to choose the laser parameters, to monitor and to
save data during the experiment. The front panel (Figure 6.2) of the virtual controller

was developed with this motivation. The objects used are defined in the following:
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Figure 6.2. Front pauel of the virtual controller.
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A. Buttons

1.

Control Signal: This control button allows the user to choose important laser
parameters. When user presses this button with a cursor, a dialog box (Figure
3.3.) appears. Lasing duration can be set from Length option in terms of points
(7200 points were set to 1 sec), type of modulation can also be set from this
screen. If ‘periodic’ is selected as Sine, Square or Triangle, then the control
voltage will be modulated with chosen Period. Alternatively, the user can select
‘constant’ function which corresponds to cw regime. This screen can also present

other wave types as Ramp, Gaussian, or Uniform noise.

synthesize:
i Length: points

O Periodic: |3600 points/cycle
5.000 tolt amplitude
iOsine @ Square O Triangle

O Ramp: 6.000 to [5.000  |von
@® Constant: {S Voit
O Gaussian: | 5.000 Uolt rms noise

O uniform: |10.000 bolt random noisa ()

oK ||

Figure 6.3. The dialog box that allows the user to choose the modulation parameters

2.

Set Diode Current: This control unit is used for setting the value of diode

current by typing the value or adjusting it from the arrows beside.

Lase! : This button is for starting the experimental session. When it is pressed,
control signal with selected properties is delivered to the laser system.

Displays

Cowave: It indicates the shape of control signal in time domain. This display can

be scrolled and/or be scaled from the vertical and horizontal scrollbars.

X-Notes: This is an object called Journal in Superscope II environment. The
chosen properties of the signal delivered appear on this display. Minimum,
maximum and rms values of control voltage are reported as well as the time

duration.

Diode Current: The diode current set by the user is also monitored through this

analog meter type display during the laser is on.
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4. Lase: It is a virtual lamp which alerts the user when laser is on.

The program behind this virtual controller consists of two routines. The first one

named SinT is composed of the control voltage according to the selected parameters:

Task Begin
Wave Wavel = 0.00000
Variable Curre = Control Cur/ 30.00
Choose Synthesize... Wavel Under Wave
Wavel = Wavel + 2.50000
Wavel = Wavel * variable Curre
Statistics on Wavel (min to X_Notes; max to X_Notes; rms to X_Notes; etc)

Wdisp = Wavel * 6.00000

Control voltage which is defined as Wavel is set to 0 V at the beginning. Then it is
adjusted between 0 and 5 Volts by shifting the wave by adding 2.5 Volts and
multiplying it with a variable (variable curre) proportional to selected diode current.
The statistical values of the wave (as min, max, rms and time duration) are also
written on Journal display X Notes and the wave is plotted on wave display by the

last two lines of the program.

The second program routine (Task:T2) is smaller than the first one and it performs

the task of digitizing the trace of wave within the adjusted trace properties:

Task Begin

Trace Loop Begin (2 traces)
Digitize Trace (96 pts/trace, 192.00 pts/sec)
Clear & Update

Trace Loop End
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6.2. Microcomputer Based Controller

The results of the experiments (Chapter 7) described the laser tissue interaction
mechanism and it was concluded that the 980 nm diode laser energy can have great
potential for medical applications. Thus it was decided to build a real controller
system. This new system controls the diode laser (Appendix B.3.) via a 25-pin

connector externally. The schematic diagram is showed in Figure 6.4..

T I-l
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wy
By
5
-]
[
2
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Optic Fiber (D=100um)
SMA Connector

Figure 6.4. Schematic diagram of microcomputer based laser controller

Our diode laser has one analog input (Control Voltage), 2 analog outputs (Diode
Current and Diode Temperature), 4 digital inputs (Power Reset, Laser On/Off, Ready
in, Standby), 2 digital outputs (Emission and Ready out). The input/output

characteristics and pin numbers are summarized in Table 6.1.

A microcomputer (PIC16C84) was chosen as the central processing unit. Pins #12
and #13 are used for collecting digital outpnt from the diode laser; and pins #6 and
#7 are connected to MAX?232 chip which performs communication with the personal
computer which runs the user interface program. Analog outputs of the diode laser
(Diode current and Diode temperature) are converted by an analog to digital
converter (ADC1034) and then received by PIC16C84 through pins #1 and #2
respectively. Digital outputs are obtained by using 74HC595 shift registers. Four
digital outputs are reserved for relay control. Analog input of diode laser is provided
by converting the digital signal generated by microcomputer through DAC714
circuitry. The ORCAD capture circuitries are showed in Figure 6.5. The ORCAD

layouts showing top and bottom surfaces of the board are shown in Figure 6.6.
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Table 6.1. Pin Descriptions of the 25-pin connector

Pin Number Function Specification
Diode Laser Inputs

14 0-5V Control Voitage Sets laser diode current from O to max. Mod freq 30 Hz
(max) [Ref. Pin 2, Analog ground]

19 Power Reset Resets the system to Standby mode when a TTLhigh is
applied to powerup{Ref. Pins 8&9, +5V (Digital)
&Digital ground]

20 Laser On/Off Turns diode on when TTL is low, and off when it is
high. [Ref. Pins 8&9, +5V (Digital) &Digital ground)

22 Ready in Negative edge triggered TTL pulse turns on the diode
power supply and places the system in Ready mode.
[Ref. Pins 8&10, +5V (Digitai) &Digital ground]

23 Standby Negative edge triggered TTL pulse tums on the diode
power supply and places the system in Standby mode.
[Ref. Pins 8&10, +5V (Digital) &Digital ground]

Diode Laser Outputs

15 Diode Current Output voltage equal to the actual diode current. 0-
1.75V = 0-35A (or 50mV/A). [Ref. Pin 1, Analog
ground]

16 Diode Temperature Output voltage equals actual diode temperature: 10
mV/°C with 250 mV = 25°C. Max/min range is 20 to
35°C. [Ref. Pin 1, Analog ground]

18 Emission TTL high when system is ready and Laser On/Off is
high. [Ref. Pins 8&9, +5V (Digital) &Digital ground]

21 Ready Out TTL high when system is in Ready mode, low when in

Standby mode. [Ref. Pins 8&10, +5V (Digital) &Digital

ground]
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Figure 6.5. The ORCAD layout of the microcomputer based controller.

Figure 6.6. The ORCAD capture of the microcomputer based controller.
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7. THE 980 nm DIODE LASER APPLICATIONS IN NEUROSURGERY

7.1. Introduction

The aim of the series of experimental studies presented below was to investigate the

applicability of the 980 nm diode laser in stereotaxic neurosurgery.

In neurosurgery, electrocoagulators have been widely used to coagulate or ablate
neuronal tissues. Recent studies showed that laser sources could create similar
lesions with less damage to the periphery of target tissues when compared to
electrocoagulators [194]. Lasers have great advantages since they could be used for
cutting, vaporizing and coagulating tissues without mechanical contact [156].
Various energy sources and instrumentation systems have been under investigation
for decades in order to develop better tools for cutting, ablating or coagulating target
tissues without causing damage to the surrounding healthy tissues. Tissue damage
due to laser irradiation is a result of laser-tissue interaction mechanisms determined
by several factors including laser irradiation parameters (wavelength, output power,
beam diameter, exposure time and mode); optical and thermal characteristics of
target tissues (wavelength dependent coefficients of absorption and scattering,
thermal conductivity and specific heat of tissue). Since organic tissues contain water
up to 80%, optimal parameters strongly depend on optical properties of water at the
wavelength of interest. CO, laser irradiation is very strongly absorbed by water and,
thus it could be used for cutting and vaporizing without coagulation of almost all
organic tissues. Conversely, Nd:YAG irradiation has poor absorption in water,
resulting in a much larger penetration depth (2-3 mm especially for neuronal tissues)

[193] and this irradiation source can be used as a coagulator.

7.2. Background

Neurosurgical applications of lasers have been studied with less excitement,
compared to other medical applications of lasers [138]. The reason was the first

disappointing experiments with the CO;, laser performed at unnecessarily high power
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levels. Yet, since the beginning of the 1980s, moderate power CO, lasers and fiber
coupled Nd:YAG lasers have become popular laser sources in neurosurgical
investigations. They were used in clinical applications for cutting and coagulating
brain tissue [40, 192, 143, 153, 154, 41, 162, 163]. Recently, with the availability of
suitable optical fibers, the 2.94 um Er:YAG laser also became a potential surgical
tool [162-163]. In the 1990s, fiber coupled high power (5-80W) diode lasers
radiating in the near IR region (800-980 nm) have become commercially available
with novel developments in laser technology. They are attractive for medical
applications with their light-weight, portable size, lower cost, longer operating life
and better operating conditions (air-cooled, silent, ready-to-use-time less than a
minute) [193].

The first diode lasers used in neurosurgery operated at 800-830 nm wavelengths
[157, 195]. The most important expectation of those studies were better or at least
similar results in cutting and / or coagulating processes compared to Nd:YAG, CO,
and KTP lasers [196]. According to the data reported by the early studies and some
clinical applications [157,195], the 800-830 nm laser irradiation could be a better
coagulation source compared to Nd:YAG; but, the results were far from being

conclusive.
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Figure 7.1. Absorption coefficient of water with respect to wavelength between 0.76-1.44 yum. There
is a peak around 980 nm (Calculated from Kou et. al.‘s data {197] ).
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7.3. Materials and Methods

The diode laser used in the present study emits radiation at 980 nm (see Appendix
B.3.) and results of our early experiments showed significant differences in terms of
the quality of obtained lesions compared to diode laser applications at 800-830 nm.
We found that cw laser energy delivered at 980 nm vaporized the target tissue with
limited coagulation zone around the target area, implying less thermal damage to
surrounding tissues in the subcortical area of rat brain. It was deduced that the 980
nm laser radiation created better lesions since irradiation at 980 nm overlaps with one

of the absorption peaks of water in the near infrared (IR) (see Figure 7.1.).

In the present study, stereotaxic surgical use of the 980 nm laser was investigated via
histological examinations of the lesions created in rat brain. First, a predosimetry
study aimed at determination of optimal lasing parameters is presented. Second, the
results of the dosimetry study based on the results of the predosimetry study are
summarized. Finally, the results of experiments investigating the effect of

modulation will be discussed.

7.3.1. Stereotaxic Surgery

Stereotaxic surgery is a surgical method which allows the surgeon to implement an
electrode or optical fiber at the desired coordinates of the brain of the subject (Figure
7.2.). It is necessary to use this method in order to perform an experiment upon a
precise anatomical region of the brain. In this section the procedure of this method

will be described.

Figure 7.2. Subject placed in stereotaxic apparatus.
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Figure 7.3. Stages of stereotaxic surgery method: (a) anesthetizing the subject by intraperitoneal
injection (b-¢) mounting the subject in the stereotaxic frame (d) incising the scalp (e) stereotaxic
reference points bregma (B) and lambda (L) [213].

The first step was anesthetizing the rat (Figure 7.3.2). In order to determine the right
anesthetic dosage, animals were weighed before the surgery. Then, they were
anesthetized with ketamine (150 mg/kg ketamine; 50 mg/ml intraperitoneally). This
is one of the most critical steps; overdose leads the subject to death. Ketamine was
injected into the peritoneal cavity. Then, tail-pinch test was performed to determine
the depth of anesthesialS minutes after injection. The tip of the animal’s tail was
pinched sharply with a thumbnail. Any leg relaxation was interpreted as underdose

and additional anesthetics were injected.

Second, the animal’s hair from between the eyes to well behind the ears was shaven

in order to minimize the possibility of infection.

Next step was mounting the animal in the stereotaxic frame. First, the fixed tip of the
right stereotaxic ear bar was directed into the auditory canal of the animal’s right ear
by moving the head sideways against the ear-bar tip (Figure 7.3.b). Then, the
loosened left ear bar was pushed into the auditory canal of the animal’s left ear. After
making the animal’s position centered by adjusting the ear bars, animal’s teeth were
mounted on the incisor bar and the nose clamp was tightened (Figure 7.3.c).
Afterwards, incision was done (Figure 7.3.d). The length of incision was at most 2

cm, permitting both the bone suture junctions, bregma and lambda, to be seen in the
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wound (Figure 7.3.¢). After the incision was made, the periosteal connective tissue
which adheres to the bone was scraped off. It was necessary to dry the bone after the
bleeding stopped in order to see the cranial sutures, bregma and lambda, clearly. The
point bregma (B in the Figure 7.3.¢) on the top of the skull is the intersection of the
frontal and parietal skull plates at the midline. The point lambda (L in the Figure
7.3.e) on the top of the skull is the intersection of the parietal and interparietal skull
plates at the midline. Those points were used for stereotaxic reference points. The
distance between bregma and lambda was used as a correction factor for stereotaxic

coordinates:

Corrected Coordinate =  Bregma — Lambda (Subject) x atlas coordinate
Bregma — Lambda (Atlas rat)

Coordinate points were marked and checked on the skull. Skull was drilled at those
points by using a hand-held drill. Care was taken in order to eliminate the possibility
of piercing the brain. Before inserting the optical fibre the dura (membrane covering
the brain) was incised by using a very sharp hypodermic needle. The tip of the
optical fiber was positioned on the surface of the brain and then was carefully iserted
to the desired coordinates. After each laser exposure the fiber was kept in the lesion
site for 2 minutes, and the next exposure followed 6 minutes after the first. Before
and after each laser exposure, the tip of the fiber was checked under binocular
microscope and the output power was measured. The tip of the fiber was recut by a
tungsten carbide knife whenever any defect was observed. After surgery the wound
was sutured and an antibiotic was applied. Behavioral observations of the animal

continued to determine the time of recovery from the effects of surgery.

7.3.2. Histologic Examination

Before brain tissue can be cut into thin sections and subjected to histological
examination, it was fixed and hardened. First of all, the subject was anesthetized by
injection of a lethal overdose of ketamine. As soon as the the animal was
anesthetized, an incision was made through the skin along the left side of the
animal’s sternum. The skin was peeled back and the lower blade of a pair of scissors
was pushed underneath the lower boundary of the rib cage and it was cut along the

sternum, through the soft ribs and muscles. A lateral incision was made along the
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lower boundary of the rib cage and a flap was turned exposing the heart. This flap
was cut off. As soon as the beating heart was exposed, the lower tip of the animal’s
right ventricle with mouse-tooth-tipped forceps and a large incision was made in it
to drain the incoming venous blood. 100 to 200 ml of physiological saline was
injected into the animal’s left ventricle, to flush out most of the blood in the heart and
brain. After the animal was perfused intracardially with 0.9% NaCl followed by 10%
formaldehyde in 0.9% NaCl, it was decapitated and the brain was extracted. It was
put into fixative solution (neutral buffered 10% solution of formaldehyde) in order to
stabilize intercellular and intracellular substances in a state as close to the living state
as possible. After 48 hours, samples were taken out of the fixative solution and
rinsed in running water for two hours. Then each sample was dehydrated by 70%,
80%, 90% 100% and 100% ethyl alcohol for 18 hours, 2 hours, 2 hours, and 1 hour,
respectively. After this process all water in the tissue was replaced with alcohol; the
final alcohol was then replaced with a non-polar solvent, xylene. Tissue sample was
then soaked in paraffin wax at a temperature above its melting point, the wax was
allowed to set on cooling, and the block of wax including the tissue became ready for

sectioning.

Each brain sample was sectioned in 5 um thickness as every 100 um throughout the
lesioned part of the cortex. Six representative sections of the whole lesion were
mounted onto slides and were stained by hematoxylin and eosin. Hemorrhage, fibrin
exudate, coagulative necrosis, red neurons (ischemic neurons), dark neurons
(atrophic neurons), macrophages and PMN (polymorphonuclear neutrophil)

leukocytes were investigated.

7.4. Predosimetry Study

7.4.1. Materials and Methods

12 animals were selected from albino Wistar rats bred at Bogazigi University's
Psychobiology Laboratory. They weighed 280-320 gr at the time of surgery and were
housed in their group cages before and after surgery. The rats were maintained in a
temperature controlled vivarium at approximately 22°C with a 12:12 h light/dark

schedule (lights on at 07:00 am.) with food and water availabie ad libitum.
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Lesions were created by laser irradiation at 0.5, 1.0, 1.5, 2.0, 2.5 or 3.0 Watts. Time

durations for lesion creation and lesion crater dimensions were recorded.

Surgery was performed under aseptic conditions. Animals (n=12) were anesthetized
with ketamine (150 mg/kg) and put in a stereotaxic instrument. The skin was
retracted and holes were drilled in the skull. Lesion coordinates were -2.8 mm
posterior to bregma, +2 mm lateral to midline, and -7.8 mm below the dura. Bilateral
lesions were made in each hemisphere. Laser irradiation parameters were selected
according to the results of predosimetric in vitro studies. The delivered power of the
high power diode laser at 980 nm (Opto Power OPC-D010-980-FCPS) was
controlled by a computer program developed in Superscope environment. The laser
beam was delivered via a 400 um glass fiber to the stereotaxic apparatus. Applied

parameters were 2W-1.5s, 2W-2.0s, 2W-2 3s, 3W-4/3s, 3W-2s, and 3W-3s.

48 hours after the surgical procedures, animals were sacrificed by ketamin overdose
and perfused intracardially with 0.9% saline followed by 10% formaldehyde in 0.9%
NaCl. The brain samples were stored for 48 hr. in 10% formalin solution. 40 pum
coronal sections were cut through the areas containing the lesions. Paraffin method
was used during the sectioning. Every second section was mounted and stained with

hematoxylin & eosin stain.
7.4.2. Results

In order to determine the optimum lasing parameters, in vitro experiments were
performed. Power was changed gradually from 0.5 W to 3W. Dimensions of
coagulation craters and exposure time were recorded (Figure 7.4). For powers below
2 W relatively long exposure time was needed to observe coagulation. 2 W laser

power was found optimal to create lesions with less damage to neighbouring tissues.

Second, in vivo experiments were carried out within the power range of 1.5 W to
3W. The results of histologic examination showed that the 2W-2s combination was
the optimum dose for good lesions with less damage to adjacent tissue (Figure 7.4
and Figure 7.5). Ablation craters surrounded with a coagulation area were observed
for powers at 2 W and more; whereas only coagulation occured for less than 2 W. As
exposure time increased the thermal demage created around the lesions dramatically

increased. Besides, at powers greater than 2W, ablation craters obtained were much
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more larger than desired and thermal damage to adjacent tissues became

uncontrollable.

The shape of lesions obtained with 2W power irradiation for 2 s were quite spherical.

In the center of the spherical lesion, tissues were ablated and there were coagulation

zones around as expected.

The aim of this study was to investigate the applicability of 980 nm high power laser

for neurosurgery. Results of in vitro and in vivo experiments and histologic

examinations showed that the 980 nm laser source could be used for coagulation of

neuronal tissues as an alternative to electrocoagulators and the Nd:YAG laser.
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Figure 7.4. Results of in vitro experiments: coagulation time and lesion diameter as a function of laser

power.
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Since the 980 nm laser source can be used in neurosurgery, tissue characterization
and a comprehensive dosimetry study must be performed before clinical applications.
According to the collected data, 2W-2s combination is a suitable starting point for
further dosimetry studies.

Previous studies showed that the diode laser at 980 nm has a lower penetration than
that of the Nd:YAG laser. Irreversible damage to adjacent tissues was one of the
disadvantages of Nd:YAG laser [41,162-163,193]. The current study showed that
damage to peripheral tissues during diode laser irradiation was less as expected
because of the higher absorption in water. Future studies should be directed towards
comparing the temperature gradients created by these laser sources and

electrocoagulation.

Figure 7.5. Resulting lesions by 2W-2s and 3W-2s.
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7.5. Dosimetry Study

7.5.1. Materials and Methods

6 female Wistar rats weighing 180-220 gr. bred in the Animal Facility of the

Psychobiology Laboratory at Bogazigi University were used.

The diode laser (Opto Power OPC-D010-980-FCPS) emitting at 980 nm wavelength
with a maximum power of 15 Watts was controlled by a personal computer
(Macintosh LC). The computer program was developed in Superscope II (GW
Instruments) environment as explained in Chapter 6. The program allowed the user
(1) to select the output power, mode of operation (cw or modulated), modulation
wave shape, and lasing duration; and (2) to monitor applied parameters (see Figure
3.2.). Control voltage (0-5 V) of the diode laser was also monitored through an
oscilloscope. The laser has a maximum fiber output power of 10 W cw and was
delivered through a 400 pm silica power delivery optical fiber (Spindler-Hoyer) to
the stereotaxic apparatus. The output power of the fiber was measured before and
after every lasing operation with a powermeter (Synrad, Powerwizard). The tip of the
fiber was cut when necessary. [rradiation parameters were as follows: 2W-1.5s, 2W-

2.0s, 2W-2.5, 3W-1.35, 3W-2.0s, 3W-3.0s (238 kl/mm’ t0 716 kJ/mm’).

All operations were performed under aseptic conditions. The animals were
anesthetized with ketamine (150 mg/kg ketamine; 50mg/ml intraperitoneally) and
placed in the stereotaxic instrument. The skin was retracted and holes were drilled in
the skull according to the following coordinates: -2.8 mm from bregma, £2.0 mm
lateral to midline, and -1.2 mm below the dura [198]. No changes in vital functions
were expected due to lesion formation at the selected coordinates. Bilateral lesions
were created in each hemisphere using the irradiation parameters determined by our
previous predosimetry study [161, 211]. The time course for irradiation was in the
13 - 3.0 second range. The order of lesioning (left and right sides) was
counterbalanced over subjects. After each exposure the fiber was kept in the lesion
side for 2 minutes, and the next exposure followed 6 minutes after the last. Before
and after each laser exposure, the tip of the fiber was checked under binocular
microscope and the output power was measured. The tip of the fiber was recut by a

tungsten carbide knife whenever any defect was observed. After surgery the wound
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was sutured and an antibiotic was applied. Behavioral observations of the animal

were continued to determine the time of recovery from the effects of surgery.

48 hours postoperatively, animals were sacrificed by ketamine overdose and perfused
intracardially with 0.9% NaCl followed by 10% formaldehyde in 0.9% NaCl (Figure
7.6.). Brain specimens were stored in 10% formalin solution for 48 hr and blocked in
paraffin. Each brain sample was sectioned in 5 um thicknesses every 100 pm
throughout the lesioned part of the cortex. Six representative sections of the whole
lesion were mounted onto slides and were stained by hematoxylin and eosin.
Hemorrhage, fibrin exudate, coagulative necrosis, red neurons (ischemic neurons),
dark neurons (atrophic neurons), macrophages and PMN (polymorphonuclear

neutrophil) leukocytes were investigated.

Figure 7.6. A) Typical (2W-2s and 3W-2s, 29 and 35 respectively) laser induced bilateral lesions
before histological examinations. B) Magnified lesions of 29" and 35% Jesions..
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7.5.2. Results

Examination of the tip of the fiber revealed no tissue carbonization or adhesion.
Fiber output power measurements and oscilloscope observations were also consistent

with selected parameters.

The relationship between irradiation parameters (power and duration) and the

dimension of created lesions in cortical tissue was examined at macroanatomic level.

Clinically, all animals recovered in less than 6 hours, and the lowest recovery time (2
hours) was observed for the animal which was subjected to the 2ZW-1.5s irradiation.
After the recovery period, animals showed no obvious behavioral ill-effect of the
surgery; their motor activities were normal and they were adequate in social

interactions.

The smallest lesion was created by the 2W-1.5s irradiation whereas the greatest was
created by 3W-2.0s. The diameters of the lesions were between 0.5 mm to 3.5 mm
(Figure 7.7.). Diameters of lesions tended to increase with increasing power and
irradiation duration. The dimensions of the lesion created by 2.0W-2.0s irradiation
were found suitable. Less damage to surrounding tissue was also observed at 2.0W-
2 0s irradiation. On the other hand, the lesions created at 3W power independently of

irradiation duration were found too large for similar applications (Figure 7.9).
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Figure 7.7. Cross-sectional areas of bilateral lesions with respect to energy delivered.
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The results of the histological evaluation were similar for all specimens: the target
tissue was evaporated; ablated volume was surrounded by a discrete coagulation
zone less than 500 um wide; and 3rd ventricle was intact. Dark neuron formation
was not observed although a limited number of the red neurons (ischemic neurons)
was found. Throughout the sections, hemorrhage and fibrin exudation were absent.
PMN leukocytes and macrophages were observed around the lesion sites and their

numbers increased with increased amount of energy delivered (Figure 7.8.).

7.6. The Effect of Modulation

In this part, the results of the experiments done using modulated laser beam are

presented.
7.6.1. Materials and Methods

14 female Wistar rats weighing 180-220 gr. bred in the Animal Facility of the
Psychobiology Laboratory at Bogazi¢i University were used.

Irradiation parameters were as follows: cw 2W-2.0s, cw 3W-2.0s, modulated 4J and
6J. Modulated laser irradiation consist of a series of pulses. 9W of power was
delivered by 10 pulses for 4], and 13 pulses for 6] energy, respectively, 50 ms pulse
width.

All operations were performed under aseptic conditions. The animals were
anesthetized with ketamine (150 mg/kg ketamine; 50mg/ml intraperitoneally) and
placed in the stereotaxic instrument. The skin was retracted and holes were drilled in
the skull according to the following coordinates: -2.8 mm from bregma, £2.0 mm
lateral to midline, and -1.2 mm below the dura for the first group and -2.8 mm from
bregma, +2.0 mm lateral to midline, and -1.8 mm below the dura for the second
group [198]. No changes in vital functions were expected due to lesion formation at
the selected coordinates. Bilateral lesions were created in each hemisphere using the
irradiation parameters determined by a previous dosimetry studies [161]. The order
of lesioning (left and right sides) was counterbalanced over subjects. After each
exposure the fiber was kept in the lesion side for 2 minutes, and the next exposure
followed 6 minutes after the last. Before and after each laser irradiation, the tip of the

fiber was checked under binocular microscope and the output power was measured.
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The tip of the fiber was recut by a tungsten carbide knife whenever any defect was
observed. After surgery the wound was sutured and an antibiotic was applied.
Behavioral observations of the animal were continued to determine the time of

recovery from the effects of surgery.

48 hours postoperatively, animals were sacrificed by ketamine overdose and perfused
intracardially with 0.9% NaCl followed by 10% formaldehyde in 0.9% NaCl. Brain
specimens were stored in 10% formalin solution for 48 hr and blocked in paraffin.
Each brain sample was sectioned in 5 um thicknesses every 100 um throughout the
lesioned part of the cortex. Six representative sections of the whole lesion were
mounted onto slides and were stained by hematoxylin and eosin. Hemorrhage, fibrin
exudate, coagulative necrosis, red neurons (ischemic neurons), dark neurons
(atrophic neurons), macrophages and PMN (polymorphonuclear neutrophil)

leukocytes were investigated.
7.6.2. Results

Examination of the tip of the fiber revealed no tissue carbonization or adhesion.
Fiber output power measurements and oscilloscope observations were also consistent

with selected parameters.

Clinically, all animals recovered in less than 6 hours, and the lowest recovery time (2
hours) was observed for the animal which was subjected to the 2W-2.0s irradiation.
After the recovery period, animals showed no obvious behavioral ill-effect of the
surgery; their motor activities were normal and they were adequate in social

interactions.

The relationship between irradiation parameters (power and duration) and the
dimension of created lesions in cortical tissue was examined macroanatomically
level. Among the lesions created on cortical tissue, the smallest lesion was created by
the 2W-2.0s irradiation whereas the largest was created by 3W-2.0s. Volumes of
lesions were between 15 mm’ to 27 mm® (Figure 7.10). Diameters of lesions tended
to increase with increasing power and irradiation duration. Dimensions of the lesion
created by 2.0W-2.0s and pulsed 47J irradiation were found suitable. Less damage to
surrounding tissue was also observed at 2.0W-2.0s and 4] irradiation. On the other
hand, the lesions created at 3W-2.0s and 6] irradiation were found too large for

similar applications.
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For the lesions created on the subcortical tissue, the smallest lesion was created by
the 2W-2.0s irradiation whereas the largest was created by 3W-2.0s. The volumes of
the lesions were between 5 mm® to 27 mm’ (Figure 7.11.). Diameters of lesions
tended to increase with increasing power and irradiation duration. The dimensions of
the lesion created by 2.0W-2.0s irradiation was found suitable. Less damage to
surrounding tissue was also observed at 2.0W-2.0s irradiation. On the other hand, the
lesions created at 3W-2.0s, 4] and 6] irradiation were found too large for similar

applications.

The lesions created on cortical tissues were not different with respect to lasing
regime. Yet, in subcortical regions modulated laser beam created bigger lesions when

compared to cw irradiation.

The results of the histological evaluation were similar for all specimens: the target
tissue was evaporated; ablated volume was surrounded by a discrete coagulation
zone less than 500 pm wide; and 3rd ventricle was intact. Dark neuron formation
was not observed although a limited number of the red neurons (ischemic neurons)
was found. Throughout the sections, hemorrhage and fibrin exudation were absent.
PMN leukocytes and macrophages were observed around the lesion sites and their

numbers increased with increased amount of energy delivered.
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Figure 7.10. Volume of lesions created in cortical tissue.
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Figure 7.11. Volume of lesions created in subcortical tissue.

7.7. Discussion

In the present study, (1) the performance of the laser delivery system was tested
under in vivo conditions; (2) optimal dose for lesion formation in rat brain tissue was
estimated; and (3) histological examination showed that clearly defined lesions with
minimal damage to surrounding tissue could be created with the application of the

optimal dose.

We had observed earlier that the 980 nm diode laser is a promising tool for
neurosurgical applications. The results of the present study supported our earlier
observations. Moreover, we observed that the 980 nm irradiation created lesions with
(1) less energy delivered and (2) less démage to surrounding tissues, when compared
to the lesions created by the recently introduced 800-830 nm high power diode lasers
[157,195]. This might be the result of the high water content of soft tissues. As seen
in Figure 7.1., the 980 nm wavelength is absorbed by water better than at 800-830
nm (and also better than at 1064 nm, the wavelength of one of the most popular
medical laser source, the Nd:YAG). It is necessary, however, to investigate the
optical and thermal properties of target tissues before any conclusions can be

reached.

An advantage of the 980 nm wavelength laser was the capability of creating lesions

of similar or same dimensions with less energy delivered. This also prevented
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possible damage at the tip of the fiber. No carbonization and/or destruction was
observed in contrast to the report of a previous diode laser application at 800-830 nm
[195]. Studies indicate that the 800-830 nm diode laser is more suitable for
pigmented than non-pigmented tissues. The present study showed that the 980 nm

wavelength is also suitable for non-pigmented tissues.

Previous experimental studies showed the superiority of lasers in terms of thermal
effects on nervous tissue when compared to electro surgery [194]. It was well stated
that surgical lasers caused less necrosis, surrounding edema and heat diffusion when
compared to monopolar and bipolar electorsurgical devices (thermal effect of
electrocoagulator diffused up to 3 mm). In our case, the thermal damage of 980 nm
diode laser caused only a local (less than 1 mm) thermal alteration of surrounding

tissue.

Results described the thermal responses of cortical and subcortical tissues due to cw
and pulsed diode laser irradiation. The difference between cortical and subcortical
tissues became evident for this wavelength as in the case of Er:YAG study. It is
interesting that this difference can only be seen for modulated regime, i.e. short laser
pulses with greater power levels. The 980 nm diode laser can be more suitable as a
neurosurgical device compared to other popular lasers (Nd:YAG, KTP), with the
advantage of having compact size, low weight, less setup and running expenses. It
provides high efficiency and long life reliability. It could also be advantageous

because of its higher absorption in water compared to the 800-830 nm diode laser.

According to the data collected, the 2.0W-2.0s irradiation parameter was a suitable
starting point for comprehensive dosimetry studies. Future studies may shed light on
other aspects of this new laser wavelength such as the ablative effect at high power /
low exposure time regime; the optical and thermal properties of brain tissue; the
effect of fiber tip geometry; may allow the 980 nm diode laser system to be used

efficiently in clinical applications.

70



8. 980 NM DIODE LASER AS A NEW STIMULANT FOR LEP STUDIES

8.1. Introduction

The electrical activity of brain during perception of painful stimulation can be
recorded through scalp electrodes and such electrical potentials are called pain-
related brain potentials (PRP). In order to increase the signal to noise ratio, numerous
EEG epochs during stimulation are averaged in accordance with evoked potential
paradigms [199-200]. Nociceptive electrical, mechanical, chemical or thermal stimuli
can evoke PRP, but, only lasers are recognized as suitable thermal stimulators.
Lasers are regarded suitable stimulators whereas other electrical, mechanical,
chemical or thermal stimuli may yield concurrent activation of pain and mechano-

receptive fibers. Lasers are convenient thermal stimulators because they can be
1. synchronized with EEG recordings;

2. applied without physical contact, thus they do not yield multiple modalities of

evoked potentials.

The evoked potentials induced by laser irradiation are called laser evoked potentials
(LEP). The relationship between PRP and components of LEPs are still under

investigation.

So far, different laser wavelengths were investigated [199-204]; Argon ion and CO,
lasers were found to be best stimulators. Lasers in those experiments were used to
deliver high energy pulses for short durations to record PRP, which is the
electrophysiological response that occurs approximately 300 msec post-stimulus.
Argon lasers were preferred because of this wavelength’s relatively large penetration
depth in skin and the ease of fiber coupling. On the other hand, it is a problem to

afford and maintain an Argon ion laser system (cooling, weight, life time etc.).
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Nd:YAG lasers were also tested, but with poor water absorption at 1064 nm, higher
power levels up to 85 Watts were required. Results of comparative studies
emphasized the CO, laser as the most efficient and practical stimulator despite the

studies reporting some thermal damage seen at high energies [204-210].

In pain stimulation, the laser-tissue interaction is basically thermal. It is crucial to
induce pain sensation with short pulses (10-250 msec exposures) by delivering the
lowest possible energy. Fiber coupling is also an important factor for delivering
energy to the desired portion of the body. Finally, the practical aspects of the laser

system in use are to be considered.

The thermal effect of the 980 nm diode laser on biological tissue was investigated by
our group before [161,211]. In this study, we had hypothesized that the 980 nm
compact diode laser with better water absorption characteristics, thus because of
better absorption by tissue when compared to the Nd:YAG laser, it can be a better

stimulant for pain studies.

8.2. Materials and Methods

10 healthy subjects (5 women and 5 men) participated in our experiments
voluntarily. The average age of our subjects was 30.5 (standard deviation: 7.2; range:
20 to 39). The experimental room was kept silent and dark. Subjects were calm,
attentive and relaxed. They were informed about the experiment beforehand and their.

consent was taken.

The diode laser (Opto Power OPC-D010-980-FCPS) at 980 nm with a maximum
power of 15 Watts was controlled by a personal computer and synchronized with
EEG recordings. A computer program developed at the Physiology Department of
Istanbul Medical School allowed the user (1) to select the output power and laser
exposure duration; and (2) to record amplified EEG signals in the pre- and -post-
stimulus duration. Diode laser control voltage (0-5 V) was also monitored on an

oscilloscope. The laser with a maximum output power of 10 W cw was delivered
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through a 400 pm silica optical fiber (Spindler-Hoyer) to a collimator. Laser beam
was collimated by a spherical lens and diameter of the collimated beam was 3 mm.
The output power of the collimator was checked before and after every lasing
operation with a powermeter (Synrad, Powerwizard). Irradiation duration was set to
200 ms. To determine the subjective pain threshold, the power of laser irradiation
exposed to the right forehand of the subjects could be adjusted to 16 discrete levels in
the range of 0 to 10 Watts in ascending order. Subjects were asked to report the
nature of sensation at every level. The level at which the beginning of pain sensation
was reported, was defined the pain threshold. During experimentation, 1.5 times the
power of this level was applied as stimulus. The subjects described the stimulus
presented during the EEG recording as a bearable pain sensation like pinprick

perception.

EEG was recorded from scalp electrodes placed on areas Fz, Cz, Pz, C3 and C4
according to the international 10-20 system. 100 msec pre- and 900 msec post-
stimulus EEG epochs were recorded at 256 Hz sampling rate after 0.1-30 Hz analog
low pass filtering. 30 stimuli were presented by randomly varying the interstimulus
duration between 5 and 9 seconds. Recorded EEG epochs were averaged and passed
through a 0-45 Hz low pass digital filter. Latency (the time duration between
stimulus and the corresponding positive or negative peak detected) and amplitude

values of LEPs were measured.

8.3. Resuits

LEPs due to the 980 nm diode laser stimulation were recorded from 10 subjects. The
average power applied was 7.55 W, with a standard deviation of 1.48 W. No

irreversible thermal damage was observed on irradiated tissue.

Two negative (N1 and N2) and two positive peaks (P1 and P2) were detected in the
LEP. The latencies and amplitudes of those potentials were clearly observed on the

records of 8 subjects. The grand average of the LEPs recorded from those subjects
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were presented in Figure 8.1. Some errors occurred at electrode locations of 2
subjects during the EEG measurement, thus only the correctly measured values were
included in the analysis. The average values of latencies and amplitudes of pain
related potentials were calculated and presented in Table 8.1. The variability of N1
and P1 waves, which have earlier latencies, were found to be greater than N2 and P2

waves.

Table 8.1. Average values of latencies (msec) and amplitudes (1 V) of 10 subjects’ PRP.

Electrode Localization N1 P1
Latency Amplitude Latency Amplitude
Fz 296.6+£73.2 -3.6£2.2 358.6+71.5 2.8+£2.3
Cz 303.4+78.0 -3.6=1.8 365.8+68.1 2.0+1.4
Pz 307.9+£77.6 -3.6x1.6 371.4%68.3 2.4%1.9
C3 298.7£79.2 -3.3£1.7 371.8£92.0 1.7£1.7
C4 300.2+7.6 -3.5£1.5 375.9+80.2 2.7£1.9
Electrode Localization. N2 P2
Latency Amplitude Latency Amplitude
Fz 427.6+48.5 -3.2£2.6 531.0+45.6 6.1£3.3
Cz 42534453 -3.7£3.0 525.0+40.2 6.243.1
Pz 440.1£55.5 -3.9+2.4 526.9+£38.6 6.3%3.0
C3 412.6+58.4 -3.6£2.4 524.0+39.4 6.2+2.9
C4 419.0£47.7 -3.5£2.0 516.1240.2 6.3£3.3

Table 8.2. Variables that show significant differences due to sex of the subjects.

Male Female F P
c3 P2 Latency(msec) 550.0+20.3 480.7+10.0 29.3169 0.0016
Cc4 P2 Latency (msec) 542.0+£329 481.749.6 9.0736 0.0297
C3 N2 Latency (msec) 441.1+43.4 364.7£51.3 5.1775 0.0632
c4 P1 Amplitude (uV) 1.740.9 39+2.3 4.2946 0.0769
Laser Power (Watt) 6.74+1.13 8.361+1.43 3.9572 0.0819
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Figure 8.1. The grand average of the LEPs recorded from ten subjects (Honzontal axis shows time in
ms and vertical axis shows potential in pV).

The measured values for male and female subjects were compared via ANOVA test.
The latencies of P2 wave recorded from C3 and C4 standard electrode locations were
found significantly different between male and female subjects ( p < 0.05). The
differences in the latencies of N2 wave at C3 location, the amplitudes of P1 wave at
C4 location, and the average laser power applied as a function of sex were

remarkable (see Table 8.2.).

8.4. Discussion

It is difficult to compare the N1/P1 and N2/P2 latencies and magnitude of amplitudes
with the results of previous studies. There is a great latency / amplitude discrepancy

due to lack of standardization in LEPs of pain research [200]. In spite of this fact,
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the measured LEPs in this study are believed to be the major indicators of pain
related potentials because of their wave pattern (it is similar to the LEP patterns
reported in previous studies cited in 8.1. Introduction part) and acceptable values of
latencies and magnitude of amplitudes. Even the differences found between male and
female subjects were not consistent, the tendency of this difference was not

surprising as females have higher pain thresholds than males.

Besides parameters like stimulus duration and interstimulus interval, the perception
of pain and physiological response due to this perception heavily depend on the
stimulator, the laser wavelength and the optical and thermal response of tissue at this
wavelength. The wavelength used in this study has different characteristics when
compared to those of the lasers (Argon ion, CO,;, Copper vapor, Nd:YAG) used
before. Argon ion has a greater penetration depth because of low absorption in tissue
but it has a drawback for the blood vessels as a consequence of high absorption of
blood. The disadvantage of CO; is that irreversible thermal injuries may be induced
during experiments. Although the 1064 nm wavelength of the Nd:YAG is very close
to our laser’s wavelength, tﬁe relatively larger water absorption at 980 nm may make
significant differences in applications without causing any thermal injury. The results
of our study showed that 7.55 W mean pain threshold for 980 nm diode laser is
significantly lower than Nd: YAG laser pain threshold reported as 30-40 Watts [207].

Our preliminary results showed that the 980 nm diode laser has the capability of
being a pain stimulator for LEP studies. It is worthy to test the influential parameters
such as interstimulus interval, beam size, duration of stimulus and also to
experiment on different sites of the body, such as oral mucosa, for different possible

applications described by other researchers [208-209].

The results of this study introduced the 980 nm diode laser as a promising tool for
LEP studies. The 980 nm diode laser can be more suitable stimulating device
compared to other popular lasers (Argon ion, CO,, Nd:YAG), with the advantage of
having compact size, low weight, ease of coupling with optical fibers, less setup and
running expenses for electrophysiology laboratories and clinical environment. It

provides high efficiency and long life reliability.
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9. CONCLUSIONS

Laser studies in medicine need an interdisciplinary approach as in the case of other

biomedical research. After an extensive review, standard methods and well-defined

procedures were followed in the studies presented in this manuscript:

)

iii)

Modelling: In order to understand laser-tissue interaction mechanisms, Monte
Carlo modelling technique was applied. Laser fluence distribution in
biological medium was investigated by the help of ready-to-use models.
Simulation results shed light on the coagulative effect or infrared irradiation.
Those simulation trials emphasize the differences in the resulting laser
induced coagulation zones between tissues and underline the significance of

optical characteristics of biological medium.

Instrumentation: Design of the new surgical laser delivery system followed
the stages of computer programming, electronic circuitry design, and
controlling techniques. Two different design paradigms were folowed: (1) A
quick virtual instrumentation solution and (2) A ‘conventional’
microcomputer based controller design. Both methods have their own
advantages. Virtual instrumentation solution is heavily dependent on an
enslaved personal computer whereas microcomputer based controller made
the system an independent instrument. The latter one permits the researchers

to use the system in clinical environment easily.

Measurement: The motivation behind the experimental studies was (1) to test
the developed system in real world, and (2) to investigate the physical
phenomenon occurred during the application of new laser wavelengths within
biological tissue. Experiments consist of in vitro and in vivo applications,

histopathalogical examinations, and precise dosimetry of laser irradiation.

The methodology cited above related to various fields of biomedical research. One of

the significant contribution of this study is the ability of gathering various research

teams and applying different modelling, design and measurement techniques.
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Interdisciplinary line of research yielded the various aspects of the subject

investigated.

The original contributions of the present study are discussed below:

1.

Different biological tissues were compared in terms of laser fluence distribution.
The homogeneity of cardiac tissue due to Nd:YAG laser irradiation were
pronounced. Expeniments showed the coagulative effect of widely known
Nd:YAG laser and resuits provided evidence for the relevancy of Monte Carlo
simulation technique. The simulation results guided the rest of the study in two

aspects:

1. 1064 nm wavelength is very close to 980 nm but showed deep penetration in
soft tissues. The findings reported in literature motivated the study to select 980

nm wavelength as a better candidate for surgical applications.

ii. Great penetration depth at 1064 nm, especially in, cardiac and neuronal tissues
provided evidence for questing new laser wavelengths for those applications.
Thus, Er:YAG laser was taken under investigation for precise ablation in
cardiovascular applications and similarly, 980 nm diode laser was preferred for

neurosurgical applications.

Besides, results of Monte Carlo simulations provided meaningful evidence for

the laser-tissue interaction mechanisms:

1. The differences in fluence distribution in radial and axial dimensions
were observed in simulation results. Similar behavior was expected for
cortical lesions created by 980 nm diode laser, stereotaxic coordinates

were selected accordingly.

1. Simulations dealing with lased tissue showed significant differences due
to the change in optical characteristics of lased tissue. This information
was critical for experimental studies. Dosimetry was adjusted according
to the carbonization treshold of tissue and tip of fiber. Consequently,

carbonization was not observed.

. Er'YAG laser was first experimented on cardiac tissue and we showed that it was

a candidate for ablative purposes. Experiments were done with both Nd:YAG

and Er:'YAG lasers. The coagulative effect of Nd:YAG laser was studied by
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simulation. Great penetration depth and homogeniety of cardiac tissue due to
Nd:YAG irradiation were validated through in vitro experiments. On the other
hand, the ablation effect of Er:YAG laser promised an application area in
cardiovascular tissue. Conical ablative craters with minimal thermal damage to
surrounding tissue might be preferred for selective ablation of tachicardiac foci.
It is shown that, at Er:YAG wavelength, the effect of laser irradiation differed
due to type of tissue. That part of the study permitted us to compare the laser-

tissue interaction mechanisms of two different laser wavelengths.

Original data were presented dealing with the effect of the Er:YAG laser within
cerebellar and cerebral tissues. Results were significant for the future applications
of the Er:YAG laser within brain tissue as an ablator. Moreover, collected data
reveals interesting information such as the differences in dimensions of conical
ablation craters due to cortical and subcortical tissue differentiation. The major
parameter in that differentiation was found as the difference in water content of
tissue. Laser ablation dimensions were also found significantly different for
different parts of cardiac tissue due to the different levels of water content. That

property can be generalized to all soft tissues.

The 980 nm diode laser was presented as a new surgical device for brain tissue.
The experience of simulations and experimental research dealing with various
laser types (Er:YAG and Nd:YAG) versus soft tissues created a solid base for
selecting diode laser wavelength and design of proper experimental procedures.
A computer controlled laser delivery system for the 980 nm diode laser was
designed and developed. Different instrumentation techniques contributed to
biomedical instrumentation. The possibilities of virtual instrumentation resulted
appreciable conveniency. That surgical laser system was adapted to stereotaxic
surgical procedure and tested through in vitro and in vivo animal experiments.
Experiments were carried out in a psychobiology laboratory and a well-defined
laser lesioning technique was developed for the future studies of that laboratory.
That was the natural outcome of interdisciplinary cooperation. All possibie
aspects (laser dosimetry, different regimes of laser irradiation, histological
examination of thermally altered tissue) of laser-tissue interaction implications
were studied and the results providing concrete evidences for the benefits of this

new laser system were reported for the first time in the literature.
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5. New possibilities for the use of the 980 nm laser system were researched. The
interaction mechanism of 980 nm diode laser is mostly thermal as Nd:YAG laser.
On the base of similar arguments for creating better thermal coagulation
compared to Nd:YAG laser, 980 diode laser was investigated for LEP (Laser
Evoked Potential) studies as a pain stimulant. The experiments done on human
subjects showed that this new laser system can be a better candidate than the
Nd:YAG laser for pain studies. Laser system was succesfully adopted to

electrophysiological measurement techniques.

6. New laser systems were investigated and offered new applications in
biomedicine, especially in surgery. Future studies including tissue
characterization and modeling lesion formation in those biological tissues may

contribute to the development of those laser systems investigated.

7. In spite of financial diffuculties, lack of sufficient technological resources and
limited laboratory conditions all the original work was done sucsessfully for the
first time in Turkey. Moreover, results were published in well-known
international journals. The most important contribution of all is the completion of
extensive fundamental scientific research covering use of medical lasers in

Turkey.
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APPENDIX A: MONTE CARLO SIMULATION TECHNIQUE

The transport of an infinitely narrow photon beam incident on an infinitely wide
tissue in the cylindrical coordinates (r,z) was simulated by Monte Carlo Simulation
Program. This program available over the internet

(www.laser.mda.uth tmc eduw/lihong . htm) calculates the statistical distribution of

photon propagation at a specific wavelength by simulating the the random walk of a
finite number of photons. The photon fluence is obtained by convolving the photon
absorption. The theoretical background of the model applied was described by
Jacques et al. [178] and utilized by various researchers in previous studies [ 179-

180].

Monte Carlo method is a numerical solution to the following transport equation.

dJ(r,s)

_. O : . (A.1)
s aJ(r,s) + = ] p(s,s) Jr,sdw

4n

J(r,s) is the power flux density in a specific direction s within a solid angle dw and
called radiance in units of W cm™ sr”". The total attenuation coefficient and scattering
coefﬁciept are denoted by y, and p, respectively. Thus the change in radiance due to
an infinitesimal path length ds is the sum of radiance in a solid angle dw in
proportion with p(s, s’), the phase function of a photon to be scattered from direction

s’ intos.

In Figure A.1. the flow chart of Monte Carlo simulation is given. First, photons are
generated at the surface of the medium with a weight of unity first. In the second
step, the distance to the first collision is determined and the photon is moved in the
medium containing randomly distributed absorbing and scattering particles. Then
program checks wether the photon is still in the medium or not. If it is not in the
medium, there are two alternatives: (1) photon may escape from the medium then the
program updates the reflection or transmission and goes to the end of the routine, if it

is the last photon task ends, if it is not, another photon is initialized. (2) the photon
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may be internally reﬂected, then, it means that the photon is in the medium. If it is
decided that the photon is in the medium, weight of the photon is decreased due to
absorption. The remaining photon weight is scattered and the same procedure is held

until the weight becomes less then a certain treshold value. Program runs until the

last photon is “extinguished”.

Variable Stepsize Monte
Carlo with Weighting
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v
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Figure A.1. Flow chart of the Monte Carlo simulation program [178].

Semi-infinite tissue layer is described by the following parameters: thickness (d),
refractive index (n), absorption coefficient (p,), scattering coefficient (us), and
anisotropy factor (g). Absorption coefficient is defined as the probability of photon
absorption per unit infinitesimal pathlength, and scattering coefficient is defined as
the probability of photon scattering per unit infinitesimal pathlength. The anisotropy

factor is the average cosine value of the deflection angle.
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Besides the parameters describing the tissue, the following data are input parameters

of the program:
» Number of photons,
 Gnd line separations (Ar, Az)
- Nurber of grid elements (#Ar, #Az, #Aa).

In Monte Carlo method applied in the present studies, the response to an infinitely
narrow photon beam on the surface of a tissue is calculated for simplicity. However,
in real cases laser beam has always a finite size. Because this system is linear (i.e. if
the input intensity is multiplied by a factor then the responses will be multiplied by
the same factor) and invariant (i.e. when the input beam is shifted horizontally by a
distance in a certain direction then the responses will be shifted in the same way), the
response of the finite size photon beam can be calculated by the convolution of the
response to the infinitely narrow photon beam which is assumed as a Green’s
function of the tissue system. So the resulting fluence distribution can be calculated

by inputting the source function (e.g. Gaussian beam).

In the present study the Monte Carlo simulation and convolution programs developed

by Wang and Jacques is used [178].
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APPENDIX B: LASER SYSTEMS

B.1. Nd:YAG Laser

The Nd:YAG laser (Quantronix Series 100 Lasers) located in the Laser Laboratory
of the Physics Department in Kog University was used. It is configured for CW
(continuous wave), 1064 nm wavelength laser emission. The laser uses an Nd:YAG
crystal rod as the source of photon emissions. Yttrium Aluminum Garnet (YAG) is
the host material for the active element, neodymium, whose Nd ions emit 1064 nm
wavelength photons. The maximum power output is 12 Watts at TEMgo mode. The
Nd:YAG crystal is placed between two adjustable mirrors. A water cooling unit

serves to cool down the laser system.

Figure B.1. Front panel controls of Quantronix Series 100 L asers.

The laser system is adjusted via front panel controls: When the power key is turned
on it applies 117 VAC to the front panel lamps and to the interlocks via the cooler
switch (Figure B.1.). Cooler switch, switches power to the interlock relays. When it

is pressed, its lamp illuminates and 117 VAC is applied to the interlock switch.
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Interlock switch starts the cooler pump, overrides the system interlocks when
pressed. This allows the pump to develop sufficient flow to satisfy the flow switch.
After the flow switch satisfied, the pump will run even when the interlock switch is
released, and the interlock switch lamp will go out. If the lamp illuminates during
normal operation, it indicates either a water flow, level or temperature malfunction.
Level light illuminates when the water level in the reservoir is too low. Elapsed time
indicator provides an indication of the number of hours the pump has been running,
but not necessarily the number of hours the system has been lasing. Shutter switch
opens and closes the intracavity shutter to interrupt lasing. Laser pumplamp switch
turns on the power supply for the laser pump. Current control adjusts laser power
level by altering the current to the pumplamp. Current meter monitors current applied

to the pumplamp.

B.2. Er:YAG Laser

The Er:YAG laser system used was supplied by Teknofil Ltd. Sti. for the studies
presented in this manuscript. The Er:YAG laser (TULAMASHZAVOD, Ertula
Surgical Based Device) emits radiation at 2.94 um wavelength. Laser pulses have
the energy levels of 0.3, 0.5, and 1.0 T as set by the manufacturer; exposure time per
pulse is 150 usec. The The corresponding average power densities are 37.7 J/em?,
62.9 J/cm?, and 125.8 J/em?, respectively.

Er:YAG laser system basically consists of a resonant cavity, the erbium crystal
between two adjustable mirrors and the pumping flash lamp located inside the cavity
(Figure B.2). There is a power supply to deliver energy to the flash lamp and an
optical system for focusing the laser light. Optical system consists of a cylindrical
lens and two guiding light sources. diameters of the eliptical spotsize are

0.75mmx1.35mm.
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Figure B.2. Er: YAG Laser set up.

B.3. Diode Laser

In this part the technical specifications of the Opto Power OPC-D010-980-FCPS

laser is given.

The Opto Power OPC-D010-980-FCPS is a custom ordered high power diode laser
system capable of emitting 10 Watts (up to 15 Watts) of continuous wave (cw) near-
infrared energy at 980 nm. The OPC system provides output through a 1 m. fiber

optic cable. Technical specifications are given in Table B.1.

The Opto Power OPC-D010-980-FCP has a controller module (The OPC Remote
Control) which allows the user to set diode temperature and diode current (Figure
B.3)).
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Laser beam can be turned on and off from this controller manually. Actual

temperature and diode current values can be monitored through two liquid crystal

displays on the controller.

Table B.1. Technical specifications of the Opto Power OPC-D010-980-FCPS (Integrated Diode Laser
Units with OPC Model Numbers FCPS, HBPS, CSPS, FCHS & HBHS User’s Manual, October 1997,

.Opto Power Corporation)
Output power 10 W, nominal Humidity 5% to 95%
Weight 12 pounds, nominal Input Power 220Vac, 50 Hz; 6A (=175 W)
Cooling None required Beam Characteristics Semiconductor, multimode
Requirements
Delivery Optical 250pm diameter Beam Divergence (1/e%) 21%cone
Fiber Bundle
Delivery Fiber 1m Diode Laser Center 980 nm
Length Wavelength
Delivery Fiber SMA 905 connector Center Wavelength + 5 nm
Termination Tolerance
Typical Operating 15°C to 35°C Center Wavelength; User | +3 nm
Temperature Adjustable
Typical Storage -30°C to 80°C WavelengthTemperature | 0.27 to 0.30 nm/°C
Temperature Coeflicient
Emission Bapdwidth | <3 nm
(FWHM)

AN

Figure B.3. OPC Remote Control module of the diode laser system
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C. Power Measurements

Two types of powermeters are used during the experiments:

1. Synrad Powerwizard: It is a small size powermeter with a measurement range of
0-250 W. Laser output power was measured before and after all trials of laser
shot. It is important to check the output because of possible damage that may
occur on the tip of the optical fibers used. In the case of inefficiency, the
damaged tip of fiber is cut by a tungsten knife.

2. Coherent Ultima Labmaster: It is a power and energy measuring and analyzing
system for cw, single pulse and repetitive pulse laser systems coupled with one of
the Coherent Smartsensors detector head. This system measures the irradiating
power in a spectral range of 0.25-10.6 um, with an accuracy of +4%, with a
power resolution of 0.1 W within the range of 1-100 W. The range of measured
energy is between 0.5-50 J with maximum pulse length of 0.3 s. This system was
used to measure the diode laser fiber output power and to calibrate the output

power with respect to diode laser driver current (Figure C.1.).
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Figure C.1. The measured output power of diode laser system.
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