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Foreword to the First Edition

Dr. Markolf Niemz has undertaken the formidable task of writing a mono-
graph on virtually all aspects of the current use of lasers in medicine, using
laser—tissue interaction mechanisms as a guide throughout this book. The
professional background of the author is in physics, in bioengineering, and
in biomedical optics. In 1995, he was awarded the Karl-Freudenberg Prize
by the Heidelberg Academy of Sciences, Germany, for his basic studies on
laser—tissue interactions. Such a background is excellently suited to achiev-
ing the goals of this book, which are to offer an interdisciplinary approach to
the basics of laser—tissue interactions and to use this knowledge for a review
of clinical laser applications including laser safety.

His own research applying ultrashort laser pulses has enabled the author
to provide profound discussions on photoablation, plasma-induced ablation,
and photodisruption. Several aspects of related effects were first described by
himself. Moreover, photodynamic therapy, photothermal applications, and
laser-induced interstitial thermotherapy are extensively addressed in this
book. The reader thus obtains a comprehensive survey of the present state
of the art.

This book is intended mainly for scientists and engineers in this field, but
medical staff will also find many important aspects of interest. There is no
doubt that this book will fulfil a need for all of us working in the field of
lasers in medicine, and I expect that it will be received very well.

Academic Medical Center MARTIN J. C. VAN GEMERT
Amsterdam, 1996 Director of the Laser Center
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Preface

Do you like the idea of scrabble? Well, let’s just give it a try:

I
T ACTIONS
I I T
LASER or S E
S L AS ER
U U
E E

I like playing around with words and letters. You probably know that
LASER is an artificial word derived from “Light Amplification by Stimulated
Emission of Radiation”. When starting my lecture on “Laser—Tissue Interac-
tions” I tend to write this derivation on the board. I continue with “LIGHT:
Lasers Irradiate Germinated and Healthy Tissues”.

Why? Lasers cut everything, if appropriate laser parameters are selected.
There is no shield around healthy tissue. And there is no laser that fits all sizes
as some clothes do. Lasers never have been some kind of wonder instruments.
A wrong selection of laser parameters easily induces more damage than cure.

Congratulations! You are just reading the third edition of the textbook
“Laser—Tissue Interactions”. Its main improvement is that a total of 40 com-
prehensive questions and solutions have been added to Chaps. 2 through 5.
With these questions you can immediately test your acquired knowledge or
prepare yourself for related exams.

Compared to the second edition, minor changes have been made through-
out the book and a few figures have been modified. The new soft cover design
helps to reduce costs. Thus, the third edition is now affordable by students
looking for a textbook to lighten up their lectures.

Let there be light. Laser light. Or what about:

“LIGHT: Love Is God’s Hint to Trust” ...

Heidelberg,
September 2003 MARKOLF H. NIEMZ



Preface to the Second Edition

Since the publication of the first edition of this book six years ago both re-
search and applications in laser medicine have undergone substantial growth.
The demand for novel techniques based on minimally invasive surgery has
increased tremendously, and there is no end to it yet. Therefore, as the first
edition ran out of stock, the publisher has asked me to prepare a second
edition taking all these new developments into account.

Well, here it is. Although minor changes and corrections have been made
throughout the book, major changes have been limited to Chap. 4. The reason
is that the theory presented in Chaps. 2 and 3 is basically complete and
does not need any further modifications, except that the discussion on laser-
induced interstitial thermotherapy (LITT) in Sect. 3.2 has been extended by
the technique of a multi-fiber treatment. On the other hand, the contents of
Chap. 4 — the chapter on applications — strongly depend on the current state
of the art. The second edition of this book covers all applications addressed
in the first edition plus novel techniques for refractive corneal surgery and
the treatment of caries.

The success in refractive corneal surgery has significantly increased since
the introduction of laser in situ keratomileusis (LASIK) described in Sect. 4.1.
The quality of caries removal can be improved with the application of ultra-
short laser pulses with durations in the femtosecond range as discussed in
Sect. 4.2. Furthermore, descriptive graphics have been added as in Sects. 3.2
and 4.10, and the reference section has been updated with the newest cita-
tions available on each topic.

Enjoy reading your second edition ...

Heidelberg,
January 2002 MARKOLF H. NIEMZ



Preface to the First Edition

This book has emerged from the need for a comprehensive presentation of the
recently established field of laser—tissue interactions. So far, only publications
dealing with specific issues and conference proceedings with contributions by
several authors have been available for this subject. From these multi-author
presentations, it is quite difficult for the reader to get to the bottom line of
such a novel discipline. A textbook written by a single author is probably
better suited for this purpose, although it might not provide the reader with
all the details of a specific application.

The basic scope of the book was outlined during several lectures on
biomedical optics which I held at the University of Heidelberg in the years
1992-1995. I have tried to include the most significant studies which are re-
lated to the field of laser—tissue interactions and which have been published
during the past three decades. This comprises the description of experiments
and techniques as well as their results and the theoretical background. Some
parts of this book, especially the detailed discussion of ultrashort laser pulses,
are naturally influenced by my own interests.

Due to the rapidly increasing number of medical laser applications, it is
almost impossible to present a complete survey of all publications. Thus, this
book will mainly serve as a starting guide for the newcomer and as a quick
reference guide for the insider. For discussion of the newest techniques and
results, the reader should consult the latest issues of scientific journals rather
than a textbook. Regular coverage is provided by the journals Lasers in
Surgery and Medicine, Lasers in Medical Science, Biomedical Optics, and the
SPIE Proceedings on Biomedical Optics. Apart from these, related articles
frequently appear in special issues of other journals, e.g. Applied Physics B
and the IEEE Journal of Quantum Electronics, as well.

I wish to thank all authors and publishers who permitted me to repro-
duce their figures in this book. Some of the figures needed to be redrawn to
improve readability and to obtain a uniform presentation. My special thanks
are addressed to the participants of the seminar on Biomedical Optics of the
Studienstiftung des Deutschen Volkes (German National Fellowship Founda-
tion) which was held in Kranjska Gora, Slovenia, in September 1995. Fur-
thermore, I acknowledge Prof. Dr. J. Bille and his students for their valuable
advice concerning the manuscript, Dr. T. Pioch for providing several of the



XIV

pictures taken with scanning electron microscopy, the editorial and produc-
tion staff of Springer-Verlag for their care and cooperation in producing this
book, and last but definitely not least all friends who spent some of their
precious time in reading the manuscript.

In spite of great care and effort on my part, I am fairly sure that some
errors still remain in the book. I hope you will bring these to my attention
for further improvements.

Heidelberg,
February 1996 MARKOLF H. NIEMZ
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1. Introduction

1.1 Historic Review

Since the first report on laser radiation by Maiman (1960), many potential
fields for its application have been investigated. Among these, medical laser
surgery certainly belongs to the most significant advances of our present cen-
tury. Actually, various kinds of lasers have already become irreplaceable tools
of modern medicine. Although clinical applications were first limited to oph-
thalmology — the most spectacular and today well-established laser surgery
being argon ion laser coagulations in the case of retinal detachment — the
fields of medical laser treatment have meanwhile considerably widened. Due
to the variety of existing laser systems, the diversity of their physical pa-
rameters, and last but not least the enthusiasm of several research groups
almost every branch of surgical medicine has been involved. This should not
be interpreted as criticism, although much damage has been done in some
cases — especially in the field of biostimulation — when researchers have lost
orientation due to striving for new publications and success, and industries
have praised laser systems that later turned out to be completely useless. In
general, though, many really useful laser techniques have been developed and
clinically established with the help of all kinds of scientists. These methods
of treatment have been reconfirmed by other researchers and properly docu-
mented in a variety of well-accepted scientific journals. And, even with early
laser applications primarily aimed at therapeutic results, several interesting
diagnostic techniques have recently been added. Only some of them will be
addressed in this book wherever appropriate, for instance diagnosis of tu-
mors by fluorescence dyes and diagnosis of caries by spectroscopical analysis
of laser-induced plasma sparks. However, the discussion of these diagnostic
applications is not the main goal of the author, and the interested reader is
referred to detailed descriptions found elsewhere.

From the historic point of view, lasers were first applied in ophthalmol-
ogy. This was obvious, since the eye and its interior belong to the easiest
accessible organs because of their high transparency. And it was only a few
years earlier that Meyer-Schwickerath (1956) had successfully investigated
the coagulative effects of xenon flash lamps on retinal tissue. In 1961, just
one year after the invention of the laser, first experimental studies were pub-
lished by Zaret et al. (1961). Shortly afterwards, patients with retinal de-
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tachment were already being treated as reported by Campbell et al. (1963)
and Zweng et al. (1964). At the same time, investigations were first carried
out in dentistry by Goldman et al. (1964) and Stern and Sognnaes (1964). In
the beginning, laser treatment was limited to the application of ruby lasers.
Later on, other types of lasers followed. And, accordingly, clinical research
extended within the disciplines of ophthalmology and dentistry.

Starting in the late 1960s, lasers were introduced to other medical disci-
plines, as well. And today, a large variety of laser procedures is performed
all over the world. Most of them belong to the family of minimally invasive
surgery (MIS), a novel term of our decade describing non-contact and blood-
less surgical procedures. These two characteristics have mainly promoted the
laser to being a universal scalpel and treatment aid. Many patients, and also
surgeons as sketched in Fig. 1.1, believed in lasers as if they were some kind
of wonder instruments. This attitude evoked misleading statements and un-
justified hopes. Careful judgment of new developments is always appropriate,
and not every reported laser-induced cure can be taken for granted until it
is reconfirmed by independent studies. Laser-induced effects are manifold as
will be shown in this book. Most of them can be scientifically explained.
However, the same effect which might be good for a certain treatment can
be disastrous for another. For instance, heating of cancerous tissue by means
of laser radiation might lead to desired tumor necrosis. On the other hand,
using the same laser parameters for retinal coagulation can burn the retina,
resulting in irreversible blindness. Thermal effects, in particular, tend to be
irreversible if temperatures > 60°C are achieved as will be shown in Sect. 3.2.

"Wow, that new wonder
laser burns it all away..."

N
0

Fig. 1.1. Cartoon
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Laser systems can be classified as continuous wave (CW) lasers and pulsed
lasers. Whereas most gas lasers and to some extent also solid-state lasers be-
long to the first group, the family of pulsed lasers mainly includes solid-state
lasers, excimer lasers, and certain dye lasers. In Table 1.1, a list of medi-
cal laser types and two of their characteristic parameters are given: wave-
length and pulse duration. The list is arranged with respect to the latter,
since the duration of exposure primarily characterizes the type of interac-
tion with biological tissue, as we will evaluate in Chap. 3. The wavelength is
a second important laser parameter. It determines how deep laser radiation
penetrates into tissue, i.e. how effectively it is absorbed and scattered. Fre-
quently, a third parameter — the applied energy density — is also considered
as being significant. However, its value only serves as a necessary condition
for the occurrence of a certain effect and then determines its extent. Actually,
it will be shown in Chap. 3 that all medically relevant effects are achieved
at energy densities between 1J/ cm” and 1000 J / cm”. This is a rather narrow
range compared to the 15 orders of magnitude of potential pulse durations.
A fourth parameter — the applied intensity — is given as the ratio of energy
density and pulse duration. For a detailed discussion of all these dependences,
the reader is referred to Chap. 3. Each laser type listed in Table 1.1 is used
for particular clinical applications as described in Chap. 4.

Table 1.1. List of some medical laser systems

Laser type Wavelength Typical pulse duration
Argon ion 488/514nm CwW

Krypton ion 531/568/647 nm CwW

He-Ne 633 nm CW

COq 10.6 pm CW or pulsed
Dye laser 450-900 nm CW or pulsed
Diode laser 670-900 nm CW or pulsed
Ruby 694 nm 1-250 ps
Nd:YLF 1053 nm 100 ns —250 us
Nd:YAG 1064 nm 100 ns—250 us
Ho:YAG 2120 nm 100 ns—250 ps
Er:YSGG 2780 nm 100 ns—250 us
Er:-YAG 2940 nm 100 ns—250 ps
Alexandrite 720-800 nm 50ns—100 us
XeCl 308 nm 20-300ns
XeF 351 nm 10—20mns

KrF 248 nm 10-20ns

ArF 193 nm 10—20ns
Nd:YLF 1053 nm 30-100 ps
Nd:YAG 1064 nm 30-100 ps

Free electron laser 800-6000 nm 2-10ps

Ti:Sapphire 700-1000 nm 10fs—100 ps
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Two recent laser developments have become more and more important
for medical research: diode lasers and free electron lasers. Diode lasers can
emit either CW or pulsed radiation and are extremely compact. Free electron
lasers provide very short laser pulses but are huge machines which are driven
by powerful electron accelerators and are available at a few selected locations
only.

The progress in laser surgery can be primarily attributed to the rapid
development of pulsed laser systems. As already mentioned above, it is the
pulse duration which finally determines the effect on biological tissue. In
particular, thermal and nonthermal effects may be distinguished. A rough
approximation is the “1 us rule” stating that pulse durations > 1 us are of-
ten associated with measurable thermal effects. At pulse durations < 1 us,
on the other hand, thermal effects usually become negligible if a moderate
repetition rate is chosen (see Sect. 3.2 for further details). Without imple-
mentation of additional features, many lasers will either emit CW radiation
or pulses with durations > 1 us. Investigations are thus limited to the study
of potential thermal effects. Only when generating shorter laser pulses do
other types of interactions become accessible. Among these are very efficient
ablation mechanisms such as photoablation, plasma-induced ablation, and
photodisruption which take place on the nanosecond or picosecond scale. To-
day, even shorter pulses in the femtosecond range can be realized. But their
clinical advantage is being disputed as will be explained when comparing the
related mechanisms of plasma-induced ablation and photodisruption. Both of
them originate from a physical phenomenon called optical breakdown. And,
as will be shown in a theoretical analysis in Sect. 3.4, the threshold parame-
ters of optical breakdown do not decrease any further when proceeding from
picosecond to femtosecond pulses. In general, though, it can be summarized
that the development of laser systems capable of providing shorter pulses has
always evoked new and interesting applications, as well.

In Fig. 1.2, the progress in the development of pulsed laser systems is
illustrated. In the case of solid-state lasers, two milestones were reached when
discovering the technique of mode locking and when developing novel laser
media with extremely large bandwidths as will be discussed below. These two
events are characterized by two steps of the corresponding curve in Fig. 1.2.
The other important group of lasers capable of providing ultrashort pulses
consists of dye lasers. They were invented after the first solid-state lasers.
Their progress was not so stepwise but proceeded smoothly. Several new
techniques such as colliding pulse mode locking were developed which also
lead to very short pulse durations comparable to those of solid-state lasers.
However, medical applications of dye lasers will be rather limited because of
their inconvenience and complicated maintenance. In contrast to long-living
solid-state crystals, dyes need to be recirculated and exchanged on a regular
basis which often disables a push-button operation.



1.1 Historic Review 5

I | I | [
-8 3
10 m  Solid—state lasers
- A Dye lasers 7]
= | ]
N
107° m
-
.
= B ]
o
j -
>3
E | ]
S 107121 -
=
0 i .
107 .
| | | | | | | |

|
1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

Fig. 1.2. Shortest achieved pulse durations with solid-state lasers and dye lasers

The very first laser was a ruby laser pumped with a xenon flash lamp.
The output of such a laser is characterized by several spikes. Their overall
duration is determined by the flash itself which is matched to the lifetime
of the upper state of the laser transition, in ruby approximately 1 ms. With
the invention of @-switching, pulses as short as 50ns could be obtained.
Either mechanical devices (rotating apertures or laser mirrors) or optical
devices (electrooptic or acoustooptic Pockels crystals) may serve as a Q-
switch. In both cases, losses inside the resonator are kept artificially high
until an extremely large inversion of the energy levels is achieved. Then,
when removing the artificial losses, all energy stored in the laser medium
is suddenly converted by means of stimulated emission. Even shorter pulses
were obtained when initiating mode locking inside the laser cavity. During
mode locking, a modulation of the electromagnetic field is induced by using
either fast modulating crystals (active mode locking) or saturable absorbers
(passive mode locking). By this means, the phases of all oscillating axial
laser modes are forced to coincide, resulting in picosecond pulses. A typical
representative is the Nd:YAG laser with an optical bandwidth of the order of
1nm. This bandwidth limits the shortest achievable pulse duration to a few
picoseconds. Thus, the realization of femtosecond lasers mainly depended on
the discovery of novel laser media with larger optical bandwidths. These were
found in crystals such as Ti:Sapphire or Cr:LiSAF which currently led to the
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generation of laser pulses as short as 8.5fs according to Zhou et al. (1994).
This duration is equivalent to a spatial pulse extent of a few wavelengths only.
The most significant techniques of pulse generation are described in detail in
the excellent book written by Siegman (1986).

1.2 Goal of the Book

The main goal of this book is to offer an interdisciplinary approach to the
basics of laser—tissue interactions. It thus addresses all kinds of scientists, en-
gineers, medical doctors, and graduate students involved in this field. Special
emphasis is put on

— giving a detailed description of the physical background of potential inter-
action mechanisms between laser light and biological tissue,

— providing an updated review of clinical laser applications,

— including a chapter on laser safety.

In Chap. 2, mandatory prerequisites are given which are essential for
understanding all the interaction mechanisms discussed in Chap. 3. Basic
phenomena dealing with light and matter such as reflection, absorption, and
scattering are explained by their physical roots. In each case, special at-
tention is paid to their indispensable mathematical handling. The informed
reader may well skip these sections and directly proceed with Sect. 2.5. In
that section, when discussing photon transport theory, important tools will
be derived which are of considerable importance in modern theoretical re-
search. In order to solve the governing equation of energy transfer, either
the Kubelka—Munk theory, the method of diffusion approximation, or Monte
Carlo simulations are most frequently used. All of them will be comprehen-
sively reviewed in Sect. 2.5 and compared to each other along with their
advantages and disadvantages. The interested reader, of course, should also
consult the original works by Kubelka (1948), Metropolis and Ulam (1949),
and the profound theory developed by Ishimaru (1978).

The main chapter of the book is Chap. 3. Whereas Chap. 2 focuses on
how matter acts on light, here we will consider the opposite effect, i.e. how
light acts on matter. Starting with some general remarks and definitions,
a general classification scheme is developed with the exposure duration being
the main physical parameter. Five different types of interaction mechanisms
are presented: photochemical interaction, thermal interaction, photoablation,
plasma-induced ablation, and photodisruption. Each of them is thoroughly
discussed including selected photographs and manifold illustrations. At the
end of each section, a comprehensive statement is given summarizing in brief
significant features of each interaction mechanism. Special recently developed
techniques such as photodynamic therapy (PDT) or laser-induced intersti-
tial thermotherapy (LITT) are explained according to the latest references.
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Both of these techniques are concerned with the laser treatment of cancer,
either photochemically or thermally, as an alternative to conventional meth-
ods which still remain unsatisfactory for a large group of patients. When dis-
cussing photoablation, potential risks originating from UV radiation will be
surveyed. The differentiation between plasma-induced ablation and photodis-
ruption is emphasized and properly substantiated. Novel theoretical models
are introduced describing the basic mechanism of plasma-induced ablation.
They help to better understand the physical phenomena associated with op-
tical breakdown and its threshold parameters.

In Chap. 4, the most important clinical applications are reviewed based
on the latest results and references. Due to the historic sequence and their
present significance, applications in ophthalmology, dentistry, and gynecol-
ogy are considered first. In ophthalmology, various standard techniques are
discussed such as coagulation of the retina, laser treatments of glaucoma,
and fragmentation of the lens. The newest methods and results concerning
refractive corneal surgery are presented, as well. In dentistry, special empha-
sis is put on different laser treatments of caries in comparison to conventional
drills. In gynecology, various thermal effects of laser radiation have recently
been investigated. Major tasks and first clinical results are surveyed. Other
disciplines of clinical importance follow as mentioned in the table of contents.
In each case, experimental procedures and clinical results are discussed along
with any complications arising or technical difficulties. By means of specially
selected photographs and artwork, it is intended to pass on clinical relevance
and professional insight to the interested reader.

Finally, Chap. 5 comprises the latest standard of laser safety. It outlines
a careful selection of essential guidelines published by the Laser Institute of
America, Orlando, Florida. Meanwhile, most of them have been adapted by
other governments, as well. A laser classification scheme is included which
is commonly used all over the world. Moreover, important exposure limits
are given to be taken into account when treating patients. In general, this
chapter is meant to serve as a quick reference when operating lasers, but it
might also be a useful guide for the inexperienced reader.

1.3 Outlook

It is interesting to observe that almost every new technique initially evokes
a euphoric reaction among surgeons and patients. This period is often followed
by indifference and rejection when long-term effects and limitations become
obvious. Eventually, researchers agree on certain indications for applying the
new technique which then leads to the final approval. One typical example
for the occurrence of this sequence was the introduction of photodisruptive
lasers to ophthalmology by Aron-Rosa et al. (1980).

At present, lasers have already contributed to the treatment of a wide
variety of maladies. However, today’s clinical lasers and their applications
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most probably represent only the infancy of laser medicine. In the near fu-
ture, other lasers will evolve and take their places in hospitals and medical
centers. Miniaturization will enhance their usefulness and applicability, and
highly specialized delivery optics will expand the surgeon’s ability to achieve
very precise therapies. Moreover, combinations of different wavelengths — dis-
tributed both spatially and temporally — may provide tissue effects superior
to those of single wavelengths. Other successful techniques and interesting
alternatives will certainly be developed, as well. Even the list of interaction
mechanisms known today may not yet be complete.

Ultimately, all these endeavors will advance minimally invasive surgery be-
yond our present horizon. This progress, however, will rely on our creativity
and cooperation. Further scientific research is as essential as the promotion of
its results to clinical applications. The future of medical lasers cannot be cre-
ated by physicists, engineers, or surgeons alone, but must be realized through
collective human sources of science, medicine, industry, and government.



2. Light and Matter

In this and the following chapter, we will discuss basic phenomena occurring
when matter is exposed to light. While here we will be concerned with various
actions of matter on light, the opposite effect will be discussed in Chap. 3.
Matter can act on electromagnetic radiation in manifold ways. In Fig. 2.1,
a typical situation is shown, where a light beam is incident on a slice of mat-
ter. In principle, three effects exist which may interfere with its undisturbed
propagation:

— reflection and refraction,
— absorption,
— scattering.

Reflection and refraction are strongly related to each other by Fresnel’s laws.
Therefore, these two effects will be addressed in the same section. In Fig. 2.1,
refraction is accounted for by a displacement of the transmitted beam. In
medical laser applications, however, refraction plays a significant role only
when irradiating transparent media like corneal tissue. In opaque media,
usually, the effect of refraction is difficult to measure due to absorption and
scattering.

Scattering

T
iy

Incident light

Reflection Lo
.. Absorption . \

Transmitted light

Fig. 2.1. Geometry of reflection, refraction, absorption, and scattering
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Only nonreflected and nonabsorbed or forward scattered photons are
transmitted by the slice and contribute to the intensity detected behind the
slice. The ratio of transmitted and incident intensities is called transmittance.
Which of the losses — reflection, absorption, or scattering — is dominant pri-
marily depends on the type of material and the incident wavelength. As we
will encounter in the following sections, the wavelength is a very important
parameter indeed. It determines the index of refraction as well as the absorp-
tion and scattering coefficients. The index of refraction governs the overall
reflectivity of the target. This index strongly depends on wavelength in re-
gions of high absorption only. The scattering coefficient, on the other hand,
can scale inversely with the fourth power of wavelength as will be evaluated
in Sect. 2.3 when discussing Rayleigh scattering.

In laser surgery, knowledge of absorbing and scattering properties of a se-
lected tissue is essential for the purpose of predicting successful treatment.
The index of refraction might be of considerable interest when applying laser
radiation to highly reflecting surfaces such as metallic implants in dentistry or
orthopedics. In general, however, no specific kind of target or biological tissue
will be assumed unless otherwise stated in certain figures or tables. Instead,
emphasis is put on general physical relations which apply for most solids and
liquids. In reality, of course, limitations are given by the inhomogeneity of
biological tissue which are also responsible for our inability to provide other
than mean tissue parameters.

2.1 Reflection and Refraction

Refiection is defined as the returning of electromagnetic radiation by sur-
faces upon which it is incident. In general, a reflecting surface is the physical
boundary between two materials of different indices of refraction such as air
and tissue. The simple law of reflection requires the wave normals of the inci-
dent and reflected beams and the normal of the reflecting surface to lie within
one plane, called the plane of incidence. It also states that the reflection angle
0’ equals the angle of incidence 6 as shown in Fig. 2.2 and expressed by

0=0". (2.1)

The angles 6 and 6’ are measured between the surface normal and the in-
cident and reflected beams, respectively. The surface itself is assumed to be
smooth, with surface irregularities being small compared to the wavelength
of radiation. This results in so-called specular reflection.

In contrast, i.e. when the roughness of the reflecting surface is comparable
or even larger than the wavelength of radiation, diffuse reflection occurs.
Then, several beams are reflected which do not necessarily lie within the
plane of incidence, and (2.1) no longer applies. Diffuse reflection is a common
phenomenon of all tissues, since none of them is provided with highly polished
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Incident light

Refraction :

Reflection

Fig. 2.2. Geometry of specular reflection and refraction

surfaces such as optical mirrors. Only in special cases such as wet tissue
surfaces might specular reflection surpass diffuse reflection.

Refraction usually occurs when the reflecting surface separates two media
of different indices of refraction. It originates from a change in speed of the
light wave. The simple mathematical relation governing refraction is known
as Snell’s law. It is given by

sin 0 _ v , (2.2)

sinf” o'

where 6" is the angle of refraction, and v and v’ are the speeds of light
in the media before and after the reflecting surface, respectively. Since the
corresponding indices of refraction are defined by

n=—, (2.3)

where ¢ denotes the speed of light in vacuum, (2.2) turns into
nsinf =n’'sinf” . (2.4)

Only for sinf > n'/n can (2.4) not be fulfilled, meaning that refraction will
not occur. This event is also referred to as total reflection.

The reflectivity of a surface is a measure of the amount of reflected radi-
ation. It is defined as the ratio of reflected and incident electric field ampli-
tudes. The reflectance is the ratio of the correponding intensities and is thus
equal to the square of the reflectivity. Reflectivity and reflectance depend
on the angle of incidence, the polarization of radiation, and the indices of
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refraction of the materials forming the boundary surface. Relations for re-
flectivity and refraction are commonly known as Fresnel’s laws. In this book,
we will merely state them and consider their principal physical impact. Exact
derivations are found elsewhere, e.g. in books dealing with electrodynamics.
Fresnel’s laws are given by

Es'  sin(0—0")

- _ -/ 2.
E; sin(@+60") "’ (25)
E,” tan(f—0") (2.6)
E, ‘tan(0+07) '
E;"  2sinf" cosf (2.7)
E,  sm(@+07) ° '
E," _ 2 sinf" cosf (2.8)

E, sin(@+6") cos(0—0")"

where E, E', and E" are amplitudes of the electric field vectors of the in-
cident, reflected, and refracted light, respectively. The subscripts “s” and
“p” denote the two planes of oscillation with “s” being perpendicular to the
plane of incidence — from the German senkrecht — and “p” being parallel to
the plane of incidence.

Further interaction of incident light with the slice of matter is limited
to the refracted beam. One might expect that the intensity of the refracted
beam would be complementary to the reflected one so that the addition of
both would give the incident intensity. However, this is not correct, because
intensity is defined as the power per unit area, and the cross-section of the
refracted beam is different from that of the incident and reflected beams
except at normal incidence. It is only the total energy in these beams that is
conserved. The reflectances in either plane are given by

r- (2 29)

B, \*
me () o0
In Fig. 2.3, the reflectances R¢ and R, are plotted as a function of the angle
of incidence. It is assumed that n = 1 and n’ = 1.33 which are the indices of
refraction of air and water, respectively. Thus, Fig. 2.3 especially describes
the specular reflectance on wet surfaces.

The angle at which R, = 0 is called the Brewster angle. In the case of
water, it is equal to 53°. At normal incidence, i.e. § = 0, the reflectances
in either plane are approximately 2%. This value is not directly evident
from (2.5) and (2.6), since insertion of # = 6" = 0 gives an indeterminate
result. It can be evaluated, however, as follows. Since both 6 and 6’ become




2.1 Reflection and Refraction 13

very small when approaching normal incidence, we may set the tangents
in (2.6) equal to the sines and obtain

sin?(0 —0") (sin@ cosf’ — cosf sin@”)2

R, ~ Ry = =
P sin2(9+9”)

2.11
sinf cos@’ + cos@ sinf” ( )

When dividing numerator and denominator of (2.11) by sinf” and replacing
sinf/sin@” by n’, i.e. assuming n = 1, it reduces to

RPZRS—<nICOS9HCOS9>22<n/1>2. (2.12)

n’ cos@" + cos b n’+1

The approximate equality becomes exact within the limit of normal incidence.
Thus, inserting n’ = 1.33 yields

R, ~Rs ~2%.

In several cases, this fraction of incident radiation is not negligible. Thus,
regarding laser safety, it is one of the main reasons why proper eye protection
is always required (see Chap. 5).

100 T T I T T I I I
B s—plane: perpendicular to plane of incidence

g0 p—plane: parallel to plane of incidence
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Fig. 2.3. Reflectances in s- and p-plane for water (n = 1.33)
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For water, the indices of refraction and the corresponding reflectances at
different wavelengths are listed in Table 2.1. Two strong absorption bands
occur at about 2.9 pm and 6.0 um. They result from vibrational and rotational
oscillations of the water molecule. The major aspects of absorption will be
addressed in the next section.

Table 2.1. Indices of refraction and reflectances of water.
Data according to Hale and Querry (1973)

Wavelength Index of refraction Reflectance

A (pm) n R
0.2 1.396 0.027
0.3 1.349 0.022
0.4 1.339 0.021
0.5 1.335 0.021
0.6 1.332 0.020
0.7 1.331 0.020
0.8 1.329 0.020
0.9 1.328 0.020
1.0 1.327 0.020
1.6 1.317 0.019
2.0 1.306 0.018
2.6 1.242 0.012
2.7 1.188 0.007
2.8 1.142 0.004
2.9 1.201 0.008
3.0 1.371 0.024
3.1 1.467 0.036
3.2 1.478 0.037
3.3 1.450 0.034
3.4 1.420 0.030
3.5 1.400 0.028
4.0 1.351 0.022
5.0 1.325 0.020
6.0 1.265 0.014
7.0 1.317 0.019
8.0 1.291 0.016
9.0 1.262 0.013

10.0 1.218 0.010

Even if the dependence of the index of refraction on wavelength is rather
weak in the visible spectrum, it should be taken into account when striving for
predictable results. In general, indices of refraction for various kinds of tissue
are difficult to measure due to absorption and scattering. Reflection from
these tissues must be obtained empirically. In most cases, the corresponding
indices of the refraction of water are rough estimates only.
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2.2 Absorption

During absorption, the intensity of an incident electromagnetic wave is atten-
uated in passing through a medium. The absorbance of a medium is defined as
the ratio of absorbed and incident intensities. Absorption is due to a partial
conversion of light energy into heat motion or certain vibrations of molecules
of the absorbing material. A perfectly transparent medium permits the pas-
sage of light without any absorption, i.e. the total radiant energy entering
into and emerging from such a medium is the same. Among biological tis-
sues, cornea and lens can be considered as being highly transparent for visible
light. In contrast, media in which incident radiation is reduced practically to
zero are called opaque.

The terms “transparent” and “opaque” are relative, since they certainly
are wavelength-dependent. Cornea and lens, for instance, mainly consist of
water which shows a strong absorption at wavelengths in the infrared spec-
trum. Hence, these tissues appear opaque in this spectral region. Actually,
no medium is known to be either transparent or opaque to all wavelengths
of the electromagnetic spectrum.

A substance is said to show general absorption if it reduces the intensity
of all wavelengths in the considered spectrum by a similar fraction. In the
case of visible light, such substances will thus appear grey to our eye. Selec-
tive absorption, on the other hand, is the absorption of certain wavelengths
in preference to others. The existence of colors actually originates from se-
lective absorption. Usually, body colors and surface colors are distinguished.
Body color is generated by light which penetrates a certain distance into the
substance. By backscattering, it is then deviated and escapes backwards from
the surface but only after being partially absorbed at selected wavelengths.
In contrast, surface color originates from reflection at the surface itself. It
mainly depends on the reflectances which are related to the wavelength of
incident radiation by (2.12).

The ability of a medium to absorb electromagnetic radiation depends
on a number of factors, mainly the electronic constitution of its atoms and
molecules, the wavelength of radiation, the thickness of the absorbing layer,
and internal parameters such as the temperature or concentration of absorb-
ing agents. Two laws are frequently applied which describe the effect of either
thickness or concentration on absorption, respectively. They are commonly
called Lambert’s law and Beer’s law, and are expressed by

I(z) = Iy exp(—az) , (2.13)
and
I(z) = Iy exp(—k'cz) , (2.14)

where z denotes the optical axis, I(z) is the intensity at a distance z, Iy is
the incident intensity, « is the absorption coefficient of the medium, c is the
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concentration of absorbing agents, and k’ depends on internal parameters
other than concentration. Since both laws describe the same behavior of
absorption, they are also known as the Lambert-Beer law. From (2.13), we
obtain

1 I

z=—In—— . 2.15

a  I(2) (2.15)
The inverse of the absorption coefficient « is also referred to as the absorption
length L, i.e.

L=—. (2.16)
The absorption length measures the distance z in which the intensity I(z)
has dropped to 1/e of its incident value Ij.

In biological tissues, absorption is mainly caused by either water molecules
or macromolecules such as proteins and pigments. Whereas absorption in the
IR region of the spectrum can be primarily attributed to water molecules,
proteins as well as pigments mainly absorb in the UV and visible range of the
spectrum. Proteins, in particular, have an absorption peak at approximately
280 nm according to Boulnois (1986). The discussion of the absorption spec-
trum of water — the main constituent of most tissues — will be deferred to
Sect. 3.2 when addressing thermal interactions.

In Fig. 2.4, absorption spectra of two elementary biological absorbers
are shown. They belong to melanin and hemoglobin (HbOs), respectively.
Melanin is the basic pigment of skin and is by far the most important epider-
mal chromophore. Its absorption coefficient monotonically increases across
the visible spectrum toward the UV. Hemoglobin is predominant in vascular-
ized tissue. It has relative absorption peaks around 280 nm, 420 nm, 540 nm,
and 580nm, and then exhibits a cut-off at approximately 600 nm. A gen-
eral feature of most biomolecules is their complex band structure between
400 nm and 600 nm. Since neither macromolecules nor water strongly absorb
in the near IR, a “therapeutic window” is delineated between roughly 600 nm
and 1200 nm. In this spectral range, radiation penetrates biological tissues at
a lower loss, thus enabling treatment of deeper tissue structures.

The absorption spectra of three typical tissues are presented in Fig. 2.5.
They are obtained from the skin, aortic wall, and cornea, respectively. Among
these, skin is the highest absorber, whereas the cornea is almost perfectly
transparent! in the visible region of the spectrum. Because of the uniqueness
of the absorption spectra, each of them can be regarded as a fingerprint of
the corresponding tissue. Of course, slight deviations from these spectra can
occur due to the inhomogeneity of most tissues.

! Actually, it is amazing how nature was able to create tissue with such trans-
parency. The latter is due to the extremely regular structure of collagen fibrils
inside the cornea and its high water content.
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Fig. 2.4. Absorption spectra of melanin in skin and hemoglobin (HbO2) in blood.
Relative absorption peaks of hemoglobin are at 280nm, 420nm, 540nm, and
580 nm. Data according to Boulnois (1986)
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Fig. 2.5. Absorption spectra of skin, aortic wall, and cornea. In the visible range,
the absorption of skin is 20-30 times higher than the absorption of corneal tissue.
The absorption spectrum of aortic wall exhibits similar peaks as hemoglobin. Data
according to Parrish and Anderson (1983), Keijzer et al. (1989), and Eichler and
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When comparing Figs. 2.4 and 2.5, we find that the absorption spectra
of the aortic wall and hemoglobin are quite similar. This observation can be
explained by the fact that hemoglobin — as already previously stated — is
predominant in vascularized tissue. Thus, it becomes evident that the same
absorption peaks must be present in both spectra. Since the green and yel-
low wavelengths of krypton ion lasers at 531 nm and 568 nm, respectively,
almost perfectly match the absorption peaks of hemoglobin, these lasers can
be used for the coagulation of blood and blood vessels. For certain clinical
applications, dye lasers may be an alternative choice, since their tunability
can be advantageously used to match particular absorption bands of specific
proteins and pigments.

Not only the absorption of biological tissue, though, is important for med-
ical laser surgery. In certain laser applications, e.g. sclerostomies, special dyes
and inks are frequently applied prior to laser exposure. By this means, the
original absorption coefficient of the specific tissue is increased, leading to
a higher efficiency of the laser treatment. Moreover, adjacent tissue is less
damaged due to the enhanced absorption. For further details on sclerostomy,
the reader is referred to Sect. 4.1.

In Table 2.2, the effects of some selected dyes on the damage threshold
are demonstrated in the case of scleral tissue. The dyes were applied to the
sclera by means of electrophoresis, i.e. an electric current was used to direct
the dye into the tissue. Afterwards, the samples were exposed to picosecond
pulses from a Nd:YLF laser to achieve optical breakdown (see Sect. 3.4).
The absolute and relative threshold values of pulse energy are listed for each
dye. Obviously, the threshold for the occurrence of optical breakdown can
be decreased by a factor of two when choosing the correct dye. Other dyes
evoked only a slight decrease in threshold or no effect at all. In general, the
application of dyes should be handled very carefully, since some of them might
induce toxic side effects.

Table 2.2. Effect of selected dyes and inks on damage threshold of scleral
tissue. Damage was induced by a Nd:YLF laser (pulse duration: 30 ps, focal
spot size: 30 pm). Unpublished data

Dye Damage threshold (pJ) Relative threshold
None 87 100 %
Erythrosine 87 100 %
Nigrosine 87 100 %
Reactive black 82 94 %
Brilliant black 81 93 %
Amido black 75 86 %
Methylene blue 62 1%
Tatrazine 62 1%
Bismarck brown 56 64 %

India ink 48 55 %
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2.3 Scattering

When elastically bound charged particles are exposed to electromagnetic
waves, the particles are set into motion by the electric field. If the frequency
of the wave equals the natural frequency of free vibrations of a particle, re-
sonance occurs being accompanied by a considerable amount of absorption.
Scattering, on the other hand, takes place at frequencies not corresponding to
those natural frequencies of particles. The resulting oscillation is determined
by forced vibration. In general, this vibration will have the same frequency
and direction as that of the electric force in the incident wave. Its amplitude,
however, is much smaller than in the case of resonance. Also, the phase of the
forced vibration differs from the incident wave, causing photons to slow down
when penetrating into a denser medium. Hence, scattering can be regarded
as the basic origin of dispersion.

FElastic and inelastic scattering are distinguished, depending on whether
part of the incident photon energy is converted during the process of scat-
tering. In the following paragraphs, we will first consider elastic scattering,
where incident and scattered photons have the same energy. A special kind
of elastic scattering is Rayleigh scattering. Its only restriction is that the
scattering particles be smaller than the wavelength of incident radiation. In
particular, we will find a relationship between scattered intensity and index
of refraction, and that scattering is inversely proportional to the fourth power
of wavelength. The latter statement is also known as Rayleigh’s law and shall
be derived in the following paragraphs.

R
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Incident light
<+—»| Scattering medium
L

Fig. 2.6. Geometry of Rayleigh scattering

In Fig. 2.6, a simple geometry of Rayleigh scattering is shown. A plane
electromagnetic wave is incident on a thin scattering medium with a total
thickness L. At a particular time, the electric field of the incident wave can
be expressed by

E(z) = Ey exp(ikz) ,
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where Ej is the amplitude of the incident electric field, k is the amount of the
propagation vector, and z denotes the optical axis. In a first approximation,
we assume that the wave reaching some point P on the optical axis will
essentially be the original wave, plus a small contribution due to scattering.
The loss in intensity due to scattering is described by a similar relation as
absorption, i.e.

I(z) = Iy exp(—asz) , (2.17)

where «y is the scattering coefficient. Differentiation of (2.17) with respect to
z leads to

dl = —agldz .

The intensity scattered by a thin medium of a thickness L as shown in Fig. 2.6
is thus proportional to ag and L:

I, ~ oL . (2.18)

Let us now assume that there are INL atoms per unit area of the scatter-
ing medium. Herein, the parameter /N shall denote the density of scattering
atoms. Then, the intensity scattered by one of these atoms can be described
by the relation

asL o

NL N~
Thus, the amplitude of the corresponding electric field is

I

(%
Ey ~ ﬁs

Due to the interference of all scattered waves, the total scattered amplitude
can be expressed by

The complex amplitude at a distance z on the optical axis is obtained by
adding the amplitudes of all scattered spherical waves to the amplitude of
the incident plane wave, i.e.

eikR

E(z) = Ey (eikz + L\/aSN/ 7 27r d?") , (2.19)
0

with RZ=22+41r%.

At a given z, we thus obtain

rdr=RdR,
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which reduces (2.19) to
E(z) = Ey (e”“ + Ly/agN 27 / kR dR) . (2.20)

Since wave trains always have a finite length, scattering from R — oo can be
neglected. Hence, (2.20) turns into

. 2m
E(2) = Ey <e‘ —LyasN e kZ> :
and when inserting the wavelength A\ = 27/k

E(z) = B, ¢i** (1+1AL\/K) (2.21)

According to our assumption, the contribution of scattering — i.e. the second
term in parentheses in (2.21) — is small compared to the first. Hence, they
can be regarded as the first two terms of an expansion of

E(z) = Epexp {i (kz + AL@)] .

Therefore, the phase of the incident wave is altered by the amount AL+ asN
due to scattering. This value must be equal to the well-known expression of
phase retardation given by

A(b:? (n—1)L,

which occurs when light enters from free space into a medium with refractive
index n. Hence,

AL/ asN = (n—1)L,
)\2
n—1= 2—\/aSN . (2.22)
i

From (2.18) and (2.22), we finally obtain Rayleigh’s law of scattering when
neglecting the wavelength-dependence of n, i.e.

1
F .

If the scattering angle 6 is taken into account, a more detailed analysis yields

I, ~ (2.23)

1+ cos?(6)
At ’
where # = 0 denotes forward scattering. Rayleigh’s law is illustrated in

Fig. 2.7. Within the visible spectrum, scattering is already significantly re-
duced when comparing blue and red light.

I5(0) ~ (2.24)
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Fig. 2.7. Rayleigh’s law of scattering for near UV, visible, and near IR light

Rayleigh scattering is elastic scattering, i.e. scattered light has the same
values of k and A as incident light. One important type of inelastic scattering
is known as Brillouin scattering. It arises from acoustic waves propagating
through a medium, thereby inducing inhomogeneities of the refractive index.
Brillouin scattering of light to higher (or lower) frequencies occurs, because
scattering particles are moving toward (or away from) the light source. It
can thus be regarded as an optical Doppler effect in which the frequency of
photons is shifted up or down. In laser—tissue interactions, Brillouin scattering
becomes significant only during the generation of shock waves as will be
discussed in Sect. 3.5.

In our derivation of Rayleigh’s law, absorption has been neglected. There-
fore, (2.22)—(2.24) are valid only for wavelengths far away from any ab-
sorption bands. Simultaneous absorption and scattering will be discussed in
Sect. 2.4. Moreover, we did not take the spatial extent of scattering parti-
cles into account. If this extent becomes comparable to the wavelength of
the incident radiation such as in blood cells, Rayleigh scattering no longer
applies and another type of scattering called Mie scattering occurs. The the-
ory of Mie scattering is rather complex and shall thus not be repeated here.
However, it is emphasized that Mie scattering and Rayleigh scattering differ
in two important respects. First, Mie scattering shows a weaker dependence
on wavelength (~ A™% with 0.4 < 2 < 0.5) compared to Rayleigh scattering
(~ A™%). Second, Mie scattering preferably takes place in the forward di-
rection, whereas Rayleigh scattering is proportional to 1+ cos?(#) according
to (2.24), i.e. forward and backward scattered intensities are the same.
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In most biological tissues, it was found by Wilson and Adam (1983),
Jacques et al. (1987b), and Parsa et al. (1989) that photons are preferably
scattered in the forward direction. This phenomenon cannot be explained by
Rayleigh scattering. On the other hand, the observed wavelength-dependence
is somewhat stronger than predicted by Mie scattering. Thus, neither Rayleigh
scattering nor Mie scattering completely describe scattering in tissues. There-
fore, it is very convenient to define a probability function p() of a photon to
be scattered by an angle 6 which can be fitted to experimental data. If p(6)
does not depend on 6, we speak of isotropic scattering. Otherwise, anisotropic
scattering occurs.

A measure of the anisotropy of scattering is given by the coefficient of
anisotropy g, where g = 1 denotes purely forward scattering, g = —1 purely
backward scattering, and g = 0 isotropic scattering. In polar coordinates, the
coefficient g is defined by

N J. p(0) cosf dw
Ji,p(0) dw

where p(f) is a probability function and dw = sinfdf d¢ is the elementary
solid angle. By definition, the coefficient of anisotropy g represents the average
value of the cosine of the scattering angle §. As a good approximation, it can
be assumed that g ranges from 0.7 to 0.99 for most biological tissues. Hence,
the corresponding scattering angles are most frequently between 8° and 45°.
The important term in (2.25) is the probability function p(6). It is also called
the phase function and is usually normalized by

1

g p(f) dw=1. (2.26)

4

(2.25)

Several theoretical phase functions p() have been proposed and are
known as Henyey—Greenstein, Rayleigh—Gans, é—Eddington, and Reynolds
functions?. Among these, the first is best in accordance with experimen-
tal observations. It was introduced by Henyey and Greenstein (1941) and is
given by

1792

0) = .
p(6) (14 g% — 2g cos0)3/2

(2.27)

This phase function is mathematically very convenient to handle, since it is
equivalent to the representation

o0
p(0) =Y (2i+1) g’ Pi(cos) , (2.28)
=0
2 Detailed information on these phase functions is provided in the reports by

Henyey and Greenstein (1941), van de Hulst (1957), Joseph et al. (1976), and
Reynolds and McCormick (1980).
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Fig. 2.8. Henyey—Greenstein function for different coefficients of anisotropy ranging
from g = 0.7 to g = 0.9
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Fig. 2.9. Phase function for an 80 um thick sample of aortic wall. The data are
fitted to a composite function consisting of an isotropic term u and the anisotropic
Henyey—Greenstein function (fit parameters: g = 0.945, v = 0.071). Data according
to Yoon et al. (1987)
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where P; are the Legendre polynomials. In some cases, though, a composite
function of an isotropic term u and the Henyey—Greenstein function does fit
better to experimental data. According to Yoon et al. (1987), this modified
function can be expressed by

1 u+(1—u)(1-g%

0)=— . 2.2
p(6) 41 (1+ g% — 2g cos9)3/2 (2:29)

In Fig. 2.8, the Henyey—Greenstein phase function is graphically shown for
different values of g. Obviously, it describes the dominant process of scattering
in the forward direction very well. In Fig. 2.9, experimental data are plotted
for an 80 pm sample of aortic tissue. The data are fitted to the modified
Henyey—Greenstein function as determined by (2.29) with the parameters
g = 0.945 and u = 0.071.

2.4 Turbid Media

In the previous two sections, we have considered the occurrences of either
absorption or scattering. In most tissues, though, both of them will be present
simultaneously. Such media are called turbid media. Their total attenuation
coefficient can be expressed by

ay = a+ as . (2.30)
In turbid media, the mean free optical path of incident photons is thus de-
termined by
1 1

Li=—= . 2.31
¢ Qi o+ Oy ( )

Only in some cases, either o or oy may be negligible with respect to each
other, but it is important to realize the existence of both processes and the
fact that usually both are operating. Also, it is very convenient to define an
additional parameter, the optical albedo a, by

Qs Qs

a=—= _ (2.32)
it o+ Qg

For a = 0, attenuation is exclusively due to absorption, whereas in the case
of a = 1 only scattering occurs. For a = 1/2, (2.32) can be turned into the
equality @ = a, i.e. the coefficients of absorption and scattering are of the
same magnitude. In general, both effects will take place but they will occur
in variable ratios.

In Fig. 2.10, the albedo is shown as a function of the scattering coefficient.
Three different absorption coefficients are assumed which are typical for bio-
logical tissue. In addition, the value a = 1/2 is indicated. For ag >> «, the
albedo asymptotically approaches unity.
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Fig. 2.10. Optical albedo as a function of scattering coefficient (absorption coeffi-
cient: as labeled). The albedo a = 1/2 is indicated

When dealing with turbid media, another useful parameter is the optical
depth d which is defined by

d :/ ap ds’ | (2.33)
0

where ds’ denotes a segment of the optical path, and s is the total length
of the optical path. In the case of homogeneous attenuation, i.e. a constant
attenuation coefficient a4, (2.33) turns into

d=ogs .

The advantage of using albedo a and optical depth d — instead of absorption
coefficient o and scattering coefficient ag — is that the former are dimension-
less parameters. The information contained in the pair a and d, though, is
the same as in the pair o and as.

When considering turbid media, the normalization of the phase function
as given by (2.26) must be altered to

1
E/p(O)dw—a,
A

since the probability function should approach zero at negligible scattering.
Hence, (2.27) and (2.28) are no longer valid and must be replaced by

l—g2

0 pr—
p(6) = a (1+ g2 —2g cosf)3/2’
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and
=a Z (2i 4+ 1) g* Pi(cos#) .
i=0

In the literature, reduced scattering and attenuation coefficients are often
dealt with and are given by

as' =as(1—g), (2.34)
and
o =a+as’, (2.35)

since forward scattering alone, i.e. ¢ = 1, would not lead to an attenuation
of intensity. These definitions will turn out to be very useful, especially when
discussing the diffusion approximation in the next section.

2.5 Photon Transport Theory

A mathematical description of the absorption and scattering characteristics
of light can be performed in two different ways: analytical theory or trans-
port theory. The first is based on the physics of Mazwell’s equations and is, at
least in principle, the most fundamental approach. However, its applicability
is limited due to the complexities involved when deriving exact analytical so-
lutions. Transport theory, on the other hand, directly addresses the transport
of photons through absorbing and scattering media without taking Maxwell’s
equations into account. It is of a heuristic character and lacks the strictness
of analytical theories. Nevertheless, transport theory has been used exten-
sively when dealing with laser—tissue interactions, and experimental evidence
is given that its predictions are satisfactory in many cases. Therefore, this
section is confined to the transport theory of light.

In our presentation, we will follow the excellent review of transport theory
given by Ishimaru (1989). The fundamental quantity in transport theory is
called the radiance® J(r,s) and is expressed in units of Wem=2sr~ 1. It de-
notes the power flux density in a specific direction s within a unit solid angle
dw. The governing differential equation for radiance is called the radiative
transport equation and is given by

dJ(r,s)

ds 47

4T

=—aJ(r,s) + & /p(s,s’)](r,s’) dw’, (2.36)

3 Note that our definition of radiance differs from intensity by the extra unit sr—*
We are thus using two different symbols J and I, respectively. This mathemat-
ically inconvenient distinction becomes necessary, since scattered photons may
proceed into any solid angle.
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where p(s, s’) is the phase function of a photon to be scattered from direction
s’ into s, ds is an infinitesimal path length, and dw’ is the elementary solid
angle about the direction s’. If scattering is symmetric about the optical
axis, we may set p(s,s’) = p(#) with 6 being the scattering angle as defined
in Sect. 2.3.

When performing measurements of optical properties, the observable
quantity is the intensity which is derived from radiance by integration over
the solid angle

I(r)= /J(ns) dw . (2.37)

4m

On the other hand, radiance may be expressed in terms of intensity by
J(r,s)=I(r) d(w —ws) , (2.38)

where d(w — ws) is a solid angle delta function pointing into the direction
given by s.

When a laser beam is incident on a turbid medium, the radiance inside
the medium can be divided into a coherent and a diffuse term according to
the relation

J=J.+Jg.

The coherent radiance is reduced by attenuation due to absorption and scat-
tering of the direct beam. It can thus be calculated from

dJe
ds

with the solution

—oJe

Jo = I §(w — wg) exp(—d) ,

where Ij is the incident intensity, and the dimensionless parameter d is the
optical depth defined by (2.33). Hence, the coherent intensity in turbid media
is characterized by an exponential decay.

The main problem with which transport theory has to deal is the evalu-
ation of the diffuse radiance, since scattered photons do not follow a deter-
mined path. Hence, adequate approximations and statistical approaches must
be chosen, mainly depending on the value of the albedo, i.e. whether either
absorption or scattering is the dominant process of attenuation. These meth-
ods are referred to as first-order scattering, Kubelka—Munk theory, diffusion
approximation, Monte Carlo simulations, or inverse adding—doubling. In the
following paragraphs, they will be discussed in this order. Each method is
based on certain assumptions regarding initial and boundary conditions. In
general, the complexity of either approach is closely related to its accuracy
but also to the calculation time needed.
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First-Order Scattering. Only if the diffuse radiance is considerably smaller
than the coherent radiance can an analytical solution be given by assuming
that

JC+Jd":JC.

This case is called first-order scattering, since scattered light can be treated
in a similar manner as absorbed light. The intensity at a distance z from the
tissue surface is thus given by Lambert’s law

I(z) = Iy exp|— (a4 as)z] ,

where z denotes the axis of the incident beam. Hence, first-order scattering is
limited to plane incident waves, and multiple scattering is not taken into ac-
count. It is thus a very simple solution and might be useful for a few practical
problems only, i.e. if d << 1 or a << 0.5. However, in the therapeutic window
between 600 nm and 1200 nm, where most tissues are highly transparent, the
albedo is close to unity. For these wavelengths, the first-order solution is often
not applicable.

Kubelka—Munk Theory. A more useful model which is still restricted to
linear geometries has been developed by Kubelka and Munk (1931). Since its
parameters are often used in medical physics, the basic idea of this theory
shall be described. In contrast to first-order scattering, the main assumption
is that the radiance be diffuse, i.e.

Jo=0.

In Fig. 2.11, a geometry is shown which illustrates that two diffuse fluxes
inside the tissue can be distinguished: a flux J; in the direction of the in-
cident radiation and a backscattered flux Jo in the opposite direction. Two
Kubelka—Munk coefficients, Axy and Ska, are defined for the absorption
and scattering of diffuse radiation, respectively*. With these parameters, two
differential equations can be formed:

dJ;

o = —SkmJ1 — AxmJ1 + SkmJe (2.39)
dJ
d—z2 = —SkmJa — AxmJe + SxkmJi (2.40)

where z denotes the mean direction of incident radiation. Each of these equa-
tions states that radiance in either direction encounters two losses due to
absorption and scattering and one gain due to scattering of photons from the
opposite direction. The general solutions to (2.39) and (2.40) can be expressed
by

4 The coefficients Axy and Sxy must be distinguished from o and as, since the
latter are defined for coherent radiation only.
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Fig. 2.11. Geometry of two fluxes in Kubelka—Munk theory
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J1(2) = e exp(—72) + c12 exp(+72) ,
J2(2) = a1 exp(—72) + ca2 exp(+72) ,

with

v = \/A%(M + 2AxMSKM -

The major problem of Kubelka—Munk theory is the description of Axy; and
SkmM in terms of a and as. When considering dl as an infinitesimal path length
of a scattered photon and dz as an infinitesimal path length of a coherent
photon, we may write for the average values

a<dl>=a((b<dz>) = (ab) <dz>= Agm <dz> (2.41)

with some numerical factor b > 1. When also taking the geometry shown in
Fig. 2.12 into account, we obtain

1
<dl> fjl |C0159‘ J(2) |cos@| d(cos )

<dz> "1 J(2) [cos ] d(cosb)

and, since J does not depend on 6 according to our assumption of purely
diffuse scattering,

<dl> fjll d(cos9)

= = 2.42
<dz> [ jcosh| d(cosh) (242)

Combining (2.41) and (2.42) leads to

AKM =2a .
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Fig. 2.12. Path length in a thin layer at scattering angle 6

Because only backscattering is assumed as pointed out in Fig. 2.11, the cor-
responding relation for Sk is given by

SKM = Oy .

The Kubelka—Munk theory is a special case of the so-called many fluz
theory, where the transport equation is converted into a matrix differential
equation by considering the radiance at many discrete angles. A detailed de-
scription of the many flux theory is found in the book by Ishimaru (1978). Be-
side the two fluxes proposed by Kubelka and Munk, other quantities of fluxes
were also considered, as for instance seven fluxes by Yoon et al. (1987) or
even twenty-two fluxes by Mudgett and Richards (1971). In general, though,
all these many flux theories are restricted to a one-dimensional geometry
and to the assumption that the incident light be already diffuse. Another
disadvantage is the necessity of extensive computer calculations.

Diffusion Approximation. For albedos a >> 0.5, i.e. if scattering over-
whelms absorption, the diffuse part of (2.37) tends to be almost isotropic.
According to Ishimaru (1989), we may then expand the diffuse radiance Jy
in a series by

1
Jo= - (Ia+3Fas + ) , (2.43)

where I4 is the diffuse intensity, and the vector flux Fq is determined by

Fa(r) = /Jd(r, s)s dw .

4

The first two terms of the expansion expressed by (2.43) constitute the dif-
fusion approximation. The diffuse intensity Iy itself satisfies the following
diffusion equation

(V2= &%) La(r) = = Q(r) , (2.44)

where k2 is the diffusion parameter, and @ represents the source of scattered
photons. It was shown by Ishimaru (1978) that
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kP =3alatas(l1-g)],
Q = 3as(ax + ga) Fy exp(—d) ,

with the incident flux amplitude Fy and the optical depth d as determined
by (2.33). According to our previous definition of reduced coefficients in (2.34)
and (2.35), we thus have

k2 = 3aa; .

The diffusion equation (2.44) suggests the introduction of an effective diffu-

sion length L.g and an effective attenuation coefficient aeg of diffuse light
which can be defined by

1
V3aog "’

1
Qleff = T =/ 3aa; .

In general, the diffusion approximation thus states that

1
Leﬁ-:—:
K

I'=1.+414 = A exp(—ayz) + B exp(—aefz) , (2.45)

with A 4+ B = I. There exist different sets of values for «, «g, and g which
provide similar radiances in diffusion approximation calculations. They can
be expressed in terms of each other by so-called similarity relations given by

a=a,
as(l-g) =as(l-g),

where tildes indicate transformed parameters. One motive for applying sim-
ilarity relations is the transformation of anisotropic scattering into isotropic
scattering by using

9=0,

O

:a’
as=oas(l—g)=as’.

By this transformation, computer calculations are significantly facilitated,
since only absorption coefficient and reduced scattering coefficients are needed
for the characterization of optical tissue properties.

In Fig. 2.13, the dependence of the diffuse radiance on optical depth is
illustrated in the case of isotropic scattering (¢ = 0) and different albedos
(0 < a < 1). For a = 0, attenuation follows Lambert’s law of absorption.
For a = 1, the radiance obviously approaches an asymptotic value. It is also
interesting to note that just beneath the surface of the scattering medium the
diffuse intensity exceeds the incident intensity, since backscattered photons
from deeper layers must be added to the incident intensity.
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Fig. 2.13. Diffuse intensity as a function of optical depth, assuming the validity of
the diffusion approximation and isotropic scattering. The ordinate expresses diffuse
intensity in units of incident intensity. Data according to van Gemert et al. (1990)

Monte Carlo Simulations. A numerical approach to the transport equa-
tion (2.36) is based on Monte Carlo simulations. The Monte Carlo method
essentially runs a computer simulation of the random walk of a number N
of photons. It is thus a statistical approach. Since the accuracy of results
based on statistics is proportional to v/N, a large number of photons has
to be taken into account to yield a valuable approximation. Therefore, the
whole procedure is rather time-consuming and can be efficiently performed
only on large computers. The Monte Carlo method was first proposed by
Metropolis and Ulam (1949). It has meanwhile advanced to a powerful tool
in many disciplines. Here, we will first point out the basic idea and then
briefly discuss each step of the simulation.

The principal idea of Monte Carlo simulations applied to absorption and
scattering phenomena is to follow the optical path of a photon through the
turbid medium. The distance between two collisions is selected from a log-
arithmic distribution, using a random number generated by the computer.
Absorption is accounted for by implementing a weight to each photon and
permanently reducing this weight during propagation. If scattering is to oc-
cur, a new direction of propagation is chosen according to a given phase
function and another random number. The whole procedure continues until
the photon escapes from the considered volume or its weight reaches a given
cutoff value. According to Meier et al. (1978) and Groenhuis et al. (1983),
Monte Carlo simulations of absorption and scattering consist of five principal
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steps: source photon generation, pathway generation, absorption, elimination,
and detection.

— 1. Source photon generation. Photons are generated at a surface of the
considered medium. Their spatial and angular distribution can be fitted to
a given light source, e.g. a Gaussian beam.

— 2. Pathway generation. After generating a photon, the distance to the first
collision is determined. Absorbing and scattering particles in the turbid
medium are supposed to be randomly distributed. Thus, the mean free
path is 1/g05, where p is the density of particles and oy is their scattering
cross-section®. A random number 0 < & < 1 is generated by the computer,
and the distance L(&;) to the next collision is calculated from

111 51
00s

L(&) =

Since

1
/ Ing& d&§ = -1,
0

the average value of L(&;) is indeed 1/pos. Hence, a scattering point has
been obtained. The scattering angle is determined by a second random
number & in accordance with a certain phase function, e.g. the Henyey—
Greenstein function. The corresponding azimuth angle @ is chosen as

@:271—63»

where &3 is a third random number between 0 and 1.

— 3. Absorption. To account for absorption, a weight is attributed to each
photon. When entering the turbid medium, the weight of the photon is
unity. Due to absorption — in a more accurate program also due to reflec-
tion — the weight is reduced by exp[—aL(&;1)], where a is the absorption
coefficient. As an alternative to implementing a weight, a fourth random
number &, between 0 and 1 can be drawn. Then, instead of assuming only
scattering events in Step 2, scattering takes place if {4 < a, where a is the
albedo. For &4 > a, on the other hand, the photon is absorbed which then
is equivalent to Step 4.

— 4. Elimination. This step only applies if a weight has been attributed to
each photon (see Step 3.). When this weight reaches a certain cutoff value,
the photon is eliminated. Then, a new photon is launched, and the program
proceeds with Step 1.

— 5. Detection. After having repeated Steps 1-4 for a sufficient number of
photons, a map of pathways is calculated and stored in the computer.
Thus, statistical statements can be made about the fraction of incident
photons being absorbed by the medium as well as the spatial and angular
distribution of photons having escaped from it.

5 Absorption will be taken into account by Step 3.
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It has already been mentioned that the accuracy of Monte Carlo simu-
lations increases with the larger numbers of photons to be considered. Due
to the necessity of extensive computer calculations, though, this is a very
time-consuming process. Recently, a novel approach has been introduced by
Graaff et al. (1993a) in what they called condensed Monte Carlo simulations.
The results of earlier calculations can be stored and used again if needed for
the same phase function but for different values of the absorption coefficient
and the albedo. When applying this alternative technique, a considerable
amount of computing time can be saved.

Inverse Adding—Doubling Method. Another numerical approach to the
transport equation is called inverse adding—doubling which was recently in-
troduced by Prahl et al. (1993). The term “inverse” implies a reversal of the
usual process of calculating reflectance and transmittance from optical prop-
erties. The term “adding—doubling” refers to earlier techniques established by
van de Hulst (1962) and Plass et al. (1973). The doubling method assumes
that reflection and transmission of light incident at a certain angle is known
for one layer of a tissue slab. The same properties for a layer twice as thick is
found by dividing it into two equal slabs and adding the reflection and trans-
mission contributions from either slab. Thus, reflection and transmission for
an arbitrary slab of tissue can be calculated by starting with a thin slab
with known properties, e.g. as obtained by absorption and single scattering
measurements, and doubling it until the desired thickness is achieved. The
adding method extends the doubling method to dissimilar slabs of tissue.
With this supplement, layered tissues with different optical properties can be
simulated, as well.

So far, we have always assumed that the radiance J is a scalar and polar-
ization effects are negligible. In the 1980s, several extensive studies were done
on transport theory pointing out the importance of additional polarizing ef-
fects. A good summary is given in the paper by Ishimaru and Yeh (1984).
Herein, the radiance is replaced by a four-dimensional Stokes vector, and
the phase function by a 4 x 4 Mdiller matriz. The Stokes vector accounts
for all states of polarization. The Miiller matrix describes the probability of
a photon to be scattered into a certain direction at a given polarization. The
transport equation then becomes a matrix integro-differential equation and
is called a wvector transport equation.

In this section, we have discussed different methods for solving the trans-
port equation. Among them, the most important are the Kubelka—Munk
theory, the diffusion approximation, and Monte Carlo simulations. In a short
summary, we will now compare either method with each other. The Kubelka—
Munk theory can deal with diffuse radiation only and is limited to those
cases where scattering overwhelms absorption. Another disadvantage of the
Kubelka—Munk theory is that it can be applied to one-dimensional geome-
tries only. The diffusion approximation, on the other hand, is not restricted
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to diffuse radiation but is also limited to predominant scattering. In the latter
case, though, it can be regarded as a powerful tool. Monte Carlo simulations,
finally, provide the most accurate solutions, since a variety of input parame-
ters may be considered in specially developed computer programs. Moreover,
two-dimensional and three-dimensional geometries can be evaluated, even
though they often require long computation times.

In Fig. 2.14, the intensity distributions inside a turbid medium calcu-
lated with either method are compared with each other. Because isotropic
scattering is assumed, an analytical solution can also be considered which is
labeled “transport theory”. Two different albedos, a = 0.9 and a = 0.99, are
taken into account. Hence, the coefficient of scattering surpasses the coeffi-
cient of absorption by a factor of 9 or 99, respectively. The accordance of
all four approaches is fairly good. The Kubelka—Munk theory usually yields
higher values, whereas diffusion approximation and Monte Carlo simulation
frequently underestimate the intensity.
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Fig. 2.14. Comparison of different methods for calculating the diffuse intensity
as a function of optical depth. The ordinate expresses diffuse intensity in units of
incident intensity. Isotropic scattering is assumed. Data according to Wilson and
Patterson (1986)
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2.6 Measurement of Optical Tissue Properties

In general, there exist several methods for the measurement of optical tissue
properties. They focus on different quantities such as transmitted, reflected,
and scattered intensities. The absorbance itself is difficult to determine, since
photons absorbed by the tissue can no longer be used for detection. Therefore,
the absorbed intensity is usually obtained when subtracting transmitted, re-
flected, and scattered intensities from the incident intensity. Depending on
the experimental method, either only the total attenuation coefficient or the
coeflicients of both absorption and scattering can be evaluated. If the angular
dependence of the scattered intensity is measured by rotating the correspond-
ing detector, the coefficient of anisotropy can be obtained, as well.

In Fig. 2.15a—c, three commonly used arrangements are illustrated. The
simplest setup for measuring total attenuation is shown in Fig. 2.15a. By
means of a beamsplitter, typically 50 % of the laser radiation is directed on
one detector serving as a reference signal. The other 50 % is applied to the
tissue sample. A second detector behind the sample and on the optical axis
of the beam measures the transmitted intensity. By subtracting this inten-
sity from the intensity measured with the reference detector, the attenuation
coefficient® of the tissue can be obtained. The reader is reminded that to-
tal attenuation is due to both absorption and scattering. Thus, with this
measurement no distinction can be made between these two processes.

In Fig. 2.15b, a setup for the evaluation of the absorbance is shown. Its
basic component is called an integrating sphere and was discussed in theo-
retical studies by Jacquez and Kuppenheim (1955), Miller and Sant (1958),
and Goebel (1967). The sphere has a highly reflecting coating. An integrated
detector only measures light that has not been absorbed by a sample placed
inside the sphere. Usually, the experiment consists of two measurements:
one with and the other without the sample. The difference in both detected
intensities is the amount absorbed by the sample. Thus, when taking the geo-
metrical dimensions of the sample into account, its absorption coefficient can
be obtained. Frequently, a baffle is positioned between sample and detector
to prevent specular reflection from being detected.

A third experiment is illustrated in Fig. 2.15¢. Here, the angular depen-
dence of scattering can be measured by moving the detector on a 360° rotary
stage around the sample. From the detected signals, the corresponding phase
function of scattering is obtained. By fitting this result to a given function,
e.g. the Henyey—Greenstein phase function, the coefficient of anisotropy can
also be evaluated.

6 Actually, this method does not lead to the same attenuation coefficient as defined
by (2.30), since reflection on the tissue surface should also be taken into account.
Specular reflection can be measured by placing a third detector opposite to the
beamsplitter. Diffuse reflection can be evaluated only when using two integrating
spheres as will be discussed below.



38 2. Light and Matter

a
Beamsplitter Sample

Laser \\ D Detector

Detector

b Sample

Beamsplitter

Laser \\

Integrating sphere

AN T
NN

|

Detector Detector
c Sample
~\T O~ N
Beamsplitter / 7
; A P \

Laser \\

\ ] Rotary stage
& p
\\ i .

Detector Detector

Fig. 2.15. (a) Experimental setup for measuring total attenuation. (b) Experi-
mental setup for measuring absorption. (¢) Experimental setup for measuring the
angular dependence of scattering
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The main disadvantage of the techniques shown in Fig. 2.15a—c is that
they cannot be performed simultaneously. However, it is well known that
the optical properties of biological tissue are altered during heating which is
often associated with exposure to laser radiation. Hence, it is more accurate
to measure these properties in the same experimental arrangement and at
the same time. One commonly used setup satisfying this requirement is the
double-integrating sphere geometry shown in Fig. 2.16. It was first applied to
the measurement of optical tissue properties by Derbyshire et al. (1990) and
Rol et al. (1990), and has meanwhile turned into an unsurpassed diagnostic
tool.

Infegrating spheres

A v

— S Detector T_

Incident beam / T

Sample

Detector R 9 Detector T o

Fig. 2.16. Double-integrating sphere geometry for the simultaneous measurement
of different optical tissue properties. The detectors measure the transmitted coher-
ent intensity (7¢), the transmitted diffuse intensity (74), and the reflected diffuse
intensity (Ra)

The double-integrating sphere geometry incorporates two more or less
identical spheres which are located in front and behind the sample to be
investigated. One sphere integrates all radiation which is either reflected or
scattered backwards from the sample. Transmitted and forward scattered ra-
diation is absorbed in the second sphere. With three detectors, all required
measurements can be performed simultaneously. In Fig. 2.16, these detec-
tors are labeled T, for coherent transmittance, Ty for diffuse transmittance,
and Ry for diffuse reflectance, respectively. Specular reflection can again be
avoided by placing baffles between the sample and each detector. However,
a small fraction of light in either sphere might penetrate again through the
sample, thereby reaching the other sphere. The possibility of such an effect
was first recognized by Pickering et al. (1992) who then developed an im-
proved model by taking the multiple exchange of light between both spheres
into account. First results regarding optical tissue properties with this more
accurate theory were published by Pickering et al. (1993).
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Since the Kubelka—Munk theory is one of the most frequently used meth-
ods to obtain data on optical tissue properties, we shall briefly discuss how
the Kubelka-Munk coefficients introduced in Sect. 2.5 relate to measured
values of diffuse reflectance and transmission. According to Kottler (1960),
these expressions are given by

inh(SkmyD
Ry = sinh(SkyD) , (2.46)
x cosh(SkmyD) + ysinh(SkmyD)
_ y
x cosh(SknyD) + ysinh(SkmyD)

(2.47)

where D is the optical thickness of the slab to be considered, and Sk is
the Kubelka—Munk coefficient for scattering. The parameters x and y can be
expressed in terms of

_ 1+R3-T%
N 2 Ry ’

y=+va?—-1. (2.49)

According to Kottler (1960), the convenience of applying the Kubelka—Munk
method arises from the fact that scattering and absorption coefficients may
be directly calculated from measured reflection and transmission coefficients,
i.e. by means of

(2.48)

1 1 — Ry(z —y)

The simplicity of the Kubelka—Munk model has made it a popular method
for measuring optical properties of matter. In general, the model is based
on the propagation of a uniform and diffuse radiance in a one-dimensional
geometry. This is equivalent to the requirement of a forward and backward
peaked phase function. Unfortunately, though, the assumptions of a purely
diffuse radiance and a one-dimensional geometry are not satisfied by biolog-
ical tissues. Thus, several attempts have been made to extend the Kubelka—
Munk theory to partially collimated radiance, e.g. by Kottler (1960) and
van Gemert et al. (1987), and to the case of anisotropic scattering, e.g. by
Meador and Weaver (1979) and Jacques and Prahl (1987a). Despite these
improvements, this method remains a rather simple approximation for the
propagation of laser light in biological tissues.

Nearly all optical properties can be separated into either transport coef-
ficients (a, as, g) or Kubelka—Munk coefficients (Axn, Skum), depending on
the theory used to obtain them. It is not surprising that transport proper-
ties are derived from theories based on the transport equation, i.e. (2.36),
whereas Kubelka-Munk properties are calculated from (2.50) and (2.51).
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Before providing a detailed list of optical tissue parameters, it should be
noted that absorption and scattering coefficients may change during laser
exposure. When discussing thermal effects in Sect. 3.2, we will find that car-
bonization, in particular, leads to increased absorption. However, the occur-
rence of carbonization is usually avoided during any kind of clinical surgery.
Scattering, on the other hand, is already affected at lower temperatures,
e.g. when tissue is coagulated”. In Fig. 2.17, the absorption and scatter-
ing coefficients are shown for white matter of human brain as calculated
by Roggan et al. (1995a) using the Kubelka—Munk theory. Coagulation was
achieved by keeping the tissue in a bath of hot water at approximately 75°C.
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Fig. 2.17. Optical properties of white matter of human brain in its native and
coagulated state. Data according to Roggan et al. (1995a)

We have now discussed different theoretical approaches and experimental
arrangements for determining optical tissue properties. It is important to re-
alize that both theory and experiment are necessary in order to yield valuable
results. During the past decade, several research groups have been investi-
gating all kinds of biological tissue. A short summary of the most significant
results is given in Table 2.3. Type of tissue, laser wavelength, absorption coef-
ficient, scattering coefficient, attenuation coefficient, coefficient of anisotropy,
reference, and the applied theoretical method are listed. Additional data can
be found in a review paper published by Cheong et al. (1990).

" Coagulation is a thermal effect which is very useful for many types of surgery,
especially in laser-induced interstitial thermotherapy (LITT), ophthalmology,
and angioplasty. Further information is given in the Sects. 3.2, 4.1, and 4.6.
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Table 2.3. Optical properties of human tissues in vitro

Tissue A « s o g Reference

(nm) (ecm™!) (em™') (em™h)
Aorta advent. 476 18.1 267 285 0.74  Keijzer et al. (1989)°
Aorta advent. 580 11.3 217 228 0.77  Keijzer et al. (1989)°
Aorta advent. 600 6.1 211 217 0.78 Keijzer et al. (1989)°
Aorta advent. 633 5.8 195 201 0.81 Keijzer et al. (1989)°
Aorta intima 476 14.8 237 252 0.81 Keijzer et al. (1989)°
Aorta intima 580 8.9 183 192 0.81 Keijzer et al. (1989)°
Aorta intima 600 4.0 178 182 0.81 Keijzer et al. (1989)°
Aorta intima 633 3.6 171 175 0.85 Keijzer et al. (1989)°
Aorta media 476 7.3 410 417 0.89  Keijzer et al. (1989)°
Aorta media 580 4.8 331 336 0.90 Keijzer et al. (1989)°
Aorta media 600 2.5 323 326 0.89 Keijzer et al. (1989)°
Aorta media 633 2.3 310 312 0.90 Keijzer et al. (1989)°
Bladder 633 1.4 88.0 89.4 0.96 Cheong et al. (1987)°
Bladder 633 1.4 29.3 30.7 0.91 Splinter et al. (1989)b
Blood 665 1.3 1246 1247 0.99 Reynolds et al. (1976)*
Blood 685 2.65 1413 1416 0.99 Pedersen et al. (1976)°
Blood 960 2.84 505 508 0.99 Reynolds et al. (1976)*
Bone (skull) 488 1.4 200 201 0.87 Roggan et al. (1995a)¢
Bone (skull) 514 1.3 190 191 0.87 Roggan et al. (1995a)¢
Bone (skull) 1064 0.5 120 121 0.90 Roggan et al. (1995a)¢
Brain (white) 633  1.58 51.0  52.6 0.6 Splinter et al. (1989)
Brain (white) 850 0.8 140 141 0.95 Roggan et al. (1995a)¢
Brain (white) 1064 04 110 110 0.95 Roggan et al. (1995a)¢
Brain (grey) 633 2.63 60.2 62.8 0.88 Splinter et al. (1989)P
Breast 635 <0.2 395 395 —  Marchesini et al. (1989)*
Gallbladder 633 4.0 182 186 0.94 Maitland et al. (1993)°
Liver 515 18.9 285 304 - Marchesini et al. (1989)*
Liver 635 2.3 313 315 0.68 Marchesini et al. (1989)*
Liver 850 0.3 200 200 0.95 Roggan et al. (1995a)¢
Liver 1064 0.3 150 150 0.93 Roggan et al. (1995a)d
Lung 515 25.5 356 382 - Marchesini et al. (1989)*
Lung 635 8.1 324 332 0.75 Marchesini et al. (1989)*
Muscle 515 11.2 530 541 — Marchesini et al. (1989)*
Myocardium 1064 0.4 175 175 0.97  Splinter et al. (1993)¢
Prostate 850 0.6 130 131 0.96 Roggan et al. (1995a)¢
Prostate 1064 0.4 110 110 0.96 Roggan et al. (1995a)¢
Skin (white) 633 2.7 187 190 0.81  Jacques et al. (1987b)°
Skin (white) 700 2.7 237 240 0.91 Graaff et al. (1993b)¢
Skin (dark) 700 8.1 229 237 0.91 Graaff et al. (1993b)¢
Uterus 635 0.35 394 394 0.69 Marchesini et al. (1989)*

# Lambert’s law

® Kubelka—Munk or 3-flux theory

¢ Diffusion approximation
4 Monte Carlo simulations
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Finally, the reader is reminded that biological tissue is something very
inhomogeneous and fragile. The inhomogeneity makes it difficult to transfer
experimental data from one sample to another. Usually, it is taken into ac-
count by applying generous error bars. Throughout this book, however, error
bars are often neglected to facilitate readability of the figures. Fragility, on the
other hand, is something the experimentor is confronted with. It was pointed
out by Graaff et al. (1993b) that optical properties determined in vitro may
differ extremely from those valid in vivo. There are several reasons to be con-
sidered. First of all, living tissue does not have the same morphologic struc-
ture as excised tissue. One typical example is corneal tissue which turns into
a turbid material within a few hours after dissection. Secondly, alterations are
induced by unavoidable deformation and handling of the tissue such as drying,
freezing, or just soaking in saline. According to Cilesiz and Welch (1993), de-
hydration especially leads to a gross effect on the optical properties of tissue®.
During all these processes, scattering is extremely enhanced. Therefore, pub-
lished data are valid only for the documented type of tissue preparation and
should not be taken for granted. When needing data for certain clinical ap-
plications, a careful analysis of the specific arrangement should be performed
instead of blindly relying on measurements reported elsewhere.

2.7 Questions to Chapter 2

Q2.1. A laser beam is refracted on its transition from air to corneal tissue.
The angle of incidence is . Which angle 6" is a potential angle of refraction?
A: 0" <0. B:6"=6. C:0">0.

Q2.2. A biological tissue has the optical albedo a = 0.9. Its coefficients of
absorption and scattering are o and as, respectively. Which is correct?
A:a=09. B:a=9a. C:as=9".

Q2.3. The diffusion approximation may be applied to a biological tissue with
an optical albedo

A:a=0.05. B:a=05  C:a=0.95.

Q2.4. Lambert’s law describes the loss in intensity due to

A: absorption.  B: scattering.  C: total attenuation.

Q2.5. If g is the coefficient of anisotropy, then isotropic scattering is charac-
terized by

A:g=0. B:g=05  C:g=1.

Q2.6. The index of refraction is approximately 1.5 for most glasses at visible
wavelengths. How much light is lost due to reflection, when a red laser beam
accidentally exits a laboratory through an observation window?

Q2.7. A 1 mm thick optical filter has an absorption coefficient of 10 cm ™! for
a He-Ne laser at a wavelength of 633 nm. A collinear 5 mW beam is attenuated

8 Theoretical and experimental results regarding the optical response of laser-
irradiated tissue are summarized in the excellent book edited by Welch and van
Gemert (1995).
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by the filter with the beam propagation being perpendicular to the filter
surface. What is the intensity of the attenuated laser beam when assuming
that attenuation is due to absorption only?

Q2.8. Compare the intensities of scattered light in Rayleigh scattering for
a 1 W Nd:YAG laser at a wavelength of 1064nm and a frequency-doubled
1W Nd:YAG laser at a wavelength of 532 nm.

Q2.9. The aortic wall has an absorption coefficient of 2.3cm™! and a scat-
tering coefficient of 310 cm™! for a He-Ne laser at a wavelength of 633 nm.
What is the optical albedo of the tissue?

Q2.10. When cooking an egg “sunny side up” in a pan, the egg white turns
from transparent to white at a temperature of approximately 60°C. Why?



3. Interaction Mechanisms

The variety of interaction mechanisms that may occur when applying laser
light to biological tissue is manifold. Specific tissue characteristics as well as
laser parameters contribute to this diversity. Most important among optical
tissue properties are the coefficients of reflection, absorption, and scattering
which were discussed in detail in the preceding chapter. Together, they de-
termine the total transmission of the tissue at a certain wavelength. Thermal
tissue properties — such as heat conduction and heat capacity — will be added
in this chapter. On the other hand, the following parameters are given by the
laser radiation itself: wavelength, exposure time, applied energy, focal spot
size, energy density, and power density'. Among these, the exposure time is
a very crucial parameter when selecting a certain type of interaction, as we
will find later on.

During the first decades after the invention of the laser by Maiman (1960),
many studies were conducted investigating potential interaction effects by
using all types of laser systems and tissue targets. Although the number of
possible combinations for the experimental parameters is unlimited, mainly
five categories of interaction types are classified today. These are photochem-
ical interactions, thermal interactions, photoablation, plasma-induced abla-
tion, and photodisruption. Each of these interaction mechanisms will be thor-
oughly discussed in this chapter. In particular, the physical principles gov-
erning these interactions are reviewed. Emphasis is placed on microscopic
mechanisms controlling various processes of laser energy conversion. Each
type of interaction will be introduced by common macroscopic observations
including typical experimental data and/or histology of tissue samples after
laser exposure. At the end of each discussion, a comprehensive summary of
the specific interaction mechanism is given.

Before going into detail, an interesting result shall be stated. All these
seemingly different interaction types share a single common datum: the char-
acteristic energy density ranges from approximately 1J/cm? to 1000 J/cm?.

! In the literature, the terms used for radiometric parameters such as fluence,
irradiance, intensity, and energy dose are often somewhat confusing. Throughout
this book, the following agreements are met: power is expressed in units of W,
energy in units of J, the synonyms power density, intensity, and irradiance in
units of W/ch, the synonyms energy density, fluence, and radiant exposure in
units of J/cm?, and energy dose in units of J/cm?® (see also the Appendix).
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This is surprising, since the power density itself varies over 15 orders of magni-
tude! Thus, a single parameter distinguishes and primarily controls these
processes: the duration of laser exposure which is mainly identical with the
interaction time itself.

A double-logarithmic map with the five basic interaction types is shown in
Fig. 3.1 as found in several experiments. The ordinate expresses the applied
power density or irradiance in W/cm?. The abscissa represents the exposure
time in seconds. Two diagonals show constant energy fluences at 1J/cm?
and 1000 J/cm?, respectively. According to this chart, the time scale can be
roughly divided into five sections: continuous wave or exposure times > 1s
for photochemical interactions, 1 min down to 1 us for thermal interactions,
1 us down to 1ns for photoablation, and < 1ns for plasma-induced ablation
and photodisruption. The difference between the latter two is attributed to
different energy densities. They will be addressed separately in Sects. 3.4 and
3.5, since one of them is solely based on ionization, whereas the other is an
associated but primarily mechanical effect.
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Fig. 3.1. Map of laser—tissue interactions. The circles give only a rough estimate
of the associated laser parameters. Modified from Boulnois (1986)
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Obviously, Fig. 3.1 proves the statement from above that the total energy
density relevant for medical laser applications ranges from about 1J/cm? to
1000 J/cm?. The reciprocal correlation between power density and exposure
time clearly demonstrates that roughly the same energy density is required
for any intended type of interaction. Thus, the exposure time appears to be
the main parameter responsible for the variety of interaction mechanisms.

Adjacent interaction types cannot always be strictly separated. As shown
in the following sections, thermal effects may also play an important role dur-
ing photochemical interaction. And even ultrashort laser pulses with pulse
durations shorter than 100 ps — each of them having no thermal effect — may
add up to a measurable increase in temperature if applied at repetition rates
higher than about 10-20 Hz, depending on the laser. These two examples re-
veal our need for a better understanding of each laser—tissue interaction. This
task, of course, is aggravated due to the inhomogeneity of most tissues which
cannot be altered. However, the basic physics involved in each interaction
becomes accessible if enough data are collected to fit unknown parameters.

3.1 Photochemical Interaction

The group of photochemical interactions stems from empirical observations
that light can induce chemical effects and reactions within macromolecules
or tissues. One of the most popular examples was created by evolution it-
self: the energy release due to photosynthesis. In the field of medical laser
physics, photochemical interaction mechanisms play a significant role during
photodynamic therapy (PDT). Frequently, biostimulation is also attributed to
photochemical interactions, although this is not scientifically ascertained. Af-
ter a detailed description of the physical background, both of these methods
will be discussed in this section.

Photochemical interactions take place at very low power densities (typi-
cally 1 W/cm?) and long exposure times ranging from seconds to continuous
wave. Careful selection of laser parameters yields a radiation distribution in-
side the tissue that is determined by scattering. In most cases, wavelengths
in the visible range (e.g. Rhodamine dye lasers at 630 nm) are used because
of their efficiency and their high optical penetration depths. The latter are
of importance if deeper tissue structures are to be reached.

During PDT, spectrally adapted chromophores are injected into the body.
Monochromatic irradiation may then trigger selective photochemical reac-
tions, resulting in certain biological transformations. A chromophore com-
pound which is capable of causing light-induced reactions in other non-
absorbing molecules is called a photosensitizer. After resonant excitation by
laser irradiation, the photosensitizer performs several simultaneous or se-
quential decays which result in intramolecular transfer reactions. At the end
of these diverse reaction channels, highly cytotoxic reactands are released
causing an irreversible oxidation of essential cell structures. Thus, the main
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idea of photochemical treatment is to use a chromophore receptor acting as
a catalyst. Its excited states are able to store energy transferred from reso-
nant absorption, and their deactivation leads to toxic compounds leaving the
photosensitizer in its original state. Therefore, this type of interaction is also
called photosensitized oxidation.

Most photosensitizers belong to the group of organic dyes. Their elec-
tronic states are characterized by singlet states (total electron spin momen-
tum s=0) and triplet states (s=1). Furthermore, each electronic state is
subdivided into a band of vibrational states. Intersystem crossing is permit-
ted but is associated with an increased lifetime.

Potential reaction kinetics of the photosensitizer are listed in Table 3.1.
The reaction types can be characterized by either ezcitation, decays, Type I
or Type II reactions, and carotenoid protection.

Table 3.1. Kinetics of photosensitization (S: photosensitizer, RH: substrate
with H-bond, CAR: carotenoid). Modified from Boulnois (1986)

Excitation

e Singlet state absorption 1S+ hy = 19"

Decays

e Radiative singlet decay 18* = 'S+ hv' (fluorescence)
e Nonradiative singlet decay Is* —= 15

o Intersystem crossing 18" — 39~

e Radiative triplet decay 38* — 'S+ hv"" (phosphorescence)
e Nonradiative triplet decay 38* —= 13

Type I reactions

e Hydrogen transfer 38* + RH — SH® +R®

e Electron transfer 38* + RH = S*~ + RH*"

e Formation of hydrogen dioxide SH® + 302 = 'S + HOS

e Formation of superoxide anion S*” +30, = 'S+ 03

Type II reactions

e Intramolecular exchange 38* +30, = 'S+ 103

e Cellular oxidation 1O§ + cell = cell ox
Carotenoid protection

e Singlet oxygen extinction 103 + 'CAR = 302 + *CAR”
e Deactivation 3CAR* = 'CAR + heat

After the absorption of laser photons, the photosensitizer is first trans-
ferred to an excited singlet state 'S*. Then, three potential decay channels
are available: nonradiative and radiative singlet decay to the singlet ground
state, and intersystem crossing to an excited triplet state. The latter, fin-
ally, may also promote to the singlet ground state by either nonradiative
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or radiative triplet decay. The radiative singlet and triplet decays are called
fluorescence and phosphorescence, respectively. Typical lifetimes of fluores-
cence are of the order of nanoseconds, whereas phosphorescence may last up
to a few milliseconds or seconds. According to Foote (1968), two alternative
reaction mechanisms exist for the decay of the excited triplet state which are
called Type I and Type II reactions (see Table 3.1). They are characterized
by either the generation of free radicals (Type I) or the transfer of excitation
energy to oxygen molecules (Type II).

During Type I reactions, the triplet state next interacts with a target
molecule, other than oxygen, resulting in the release of free neutral or ionized
radicals. Further reaction with triplet oxygen may lead to the formation of
hydrogen dioxide or superoxide anions. In Type II reactions, the triplet state
of the photosensitizer directly interacts with molecular triplet oxygen 3O,
which is then transferred to an excited singlet state 1 Q3. During this reaction,
the electronic spins are flipped in the following manner:

Ul Ul T N

3+ 30, = 1S + 103.
Excited singlet oxygen 103 is very reactive, thus leading to cellular oxidation
and necrosis. For instance, Weishaupt et al. (1986) identified singlet oxygen
as the toxic agent in photoactivation of tumor cells. To avoid additional
oxidation of healthy cells, carotin is injected after laser exposure which then
promotes the toxic singlet oxygen to harmless triplet oxygen. Usually, Type I
and Type II reactions take place at the same time. Which mechanism is
favored mainly depends on the concentration of available triplet oxygen and
appropriate target molecules.

3.1.1 Photodynamic Therapy (PDT)

Since the beginning of the 20th century, certain dyes have been known to in-
duce photosensitizing effects as reported by von Tappeiner (1900). The first
intended therapeutic application of dyes in combination with light was pro-
posed by von Tappeiner and Jesionek (1903). Later, it was observed by Auler
and Banzer (1942) that certain porphyrins have a long clearance period in tu-
mor cells. If these dyes could somehow be transferred to a toxic state, e.g. by
laser light, tumor cells could be preferentially treated. Kelly and Snell (1976)
have reported on the first endoscopic application of a photosensitizer in the
case of human bladder carcinoma. Today, the idea of photodynamic therapy
has become one of the major pillars in the modern treatment of cancer.
Photodynamic therapy is performed as follows: first, a photosensitizer,
e.g. hematoporphyrin derivative (HpD), is injected into a vein of the patient.
In the case of HpD, 2.5-5 mg per kg body weight are applied. Within the next
few hours, HpD is distributed among all soft tissues except the brain. The
basic characteristic of a photosensitizer is that it remains inactive until irra-
diated. After 4872 hours, most of it is cleared from healthy tissue. However,
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its concentration in tumor cells has not decreased much even after a period of
7-10 days. Thus, HpD does not accumulate in tumor cells immediately after
injection, but these cells show a longer storage ability (affinity) for HpD. The
initial concentration is the same as in healthy cells, but the clearance is faster
in the latter cells. After about three days, the concentration of HpD in tumor
cells is about thirty times higher than in healthy cells.

Laser irradiation usually takes place after the third day and up to the
seventh day after injection if several treatments are necessary. Within this
period, tumor cells are still very sensitive and selective necrosis of tumor cells
is enabled. However, many healthy tissues may retain certain constituents
of HpD and are thus photosensitized, as well. Cellular effects of HpD were
studied in detail by Moan and Christensen (1981) and Berns et al. (1982).
The general procedure of photodynamic therapy is illustrated in Fig. 3.2.
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Fig. 3.2. Scheme of photodynamic therapy

Tumor treatment is the principal but not the only application field of
photodynamic therapy. Malik et al. (1990) have observed bactericidal effects
of laser-activated porphyrins. And recently, Wilson et al. (1993) have investi-
gated the effect of different photosensitizers on streptococcus sanguis, a com-
mon bacterium of dental plaques. Some of their results are summarized in
Figs. 3.3a—b. Obviously, only the combined action of photosensitizer and laser
exposure significantly reduces the fraction of surviving bacteria.

One of the most commonly used photosensitizers in photodynamic ther-
apy is a hematoporphyrin derivative called HpD. It is derived from calf blood
and is a complex collection of different porphyrins, mainly

— dihematoporphyrin,
— hydroxyethylvinyl-deuteroporphyrin,
— protoporphyrin.
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Fig. 3.3. (a) Effect of methylene blue and/or helium-neon laser (power: 7.3 mW)
on the viability of streptococcus sanguis. (b) Effect of hematoporphyrin ester
and/or helium—neon laser (power: 7.3 mW) on the viability of streptococcus sanguis.
Data according to Wilson et al. (1993)

Among those substances, dihematoporphyrin is the active constituent in
providing the photosensitizing effect. Medical application of HpD was first
performed and reported by Lipson and Baldes (1961). Proprietary names for
HpD include Photofrin I and Photofrin II. Both of these agents are com-
plex chemical mixtures with the latter being enriched in the tumor-localizing
fraction during PDT.

The chemical structure of dihematoporphyrin is shown in Fig. 3.4. It
consists of two porphyrin rings connected by a C-O-C chain. According to
Dolphin (1979), porphyrins are characterized by a high thermal stability and
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a dark color (from Greek: mopgvpa = purple). The absorption and fluores-
cence spectra of HpD are shown in Fig. 3.5, whereas Fig. 3.6 illustrates the
corresponding energy level diagram. The strong absorption at 350-400 nm
originates from the broad excitation band 'Sy of the dye. The relative low
absorption at approximately 620-630 nm is used for clinical purposes. At this
wavelength, deeper structures can be reached compared to using UV light due
to the lower absorption coefficient of most tissues in the red spectrum. De-
tailed studies on porphyrin photosensitizers are found in the book edited by
Kessel and Dougherty (1983).

HO2C(CHZ)2 CH3 CH3 (CH)2CO2H
HO2C(CH2)2 CH3 H3C (CH2)2CO2H
H H
| 1
H3C <I: - o-—? CH3

CH3 CH3
HO(IZH CH3 H3C HC|0H
CH3 CH3

Fig. 3.4. Chemical structure of the active substance dihematoporphyrin which
consists of two symmetric porphyrin rings

Primarily, the fluorescence spectrum of HpD is characterized by two peaks
at 620 nm and 680 nm. They stem from the transitions 'S; o — 'Sg o and
181,0 — 1S 1, respectively. As in all macromolecules, the ground and the
excited electronic states are further split into several vibrational states. After
excitation, the macromolecule first relaxes to the lowest vibrational state
belonging to the same excited electronic state. From there, it reaches the
ground state by emitting fluorescence radiation.

The dependence of fluorescence on the concentration level of HpD is of
considerable interest. It was found by Kinoshita (1988) that the emission
peak at 620 nm decreases toward higher concentrations of HpD. This effect
is explained by self-absorption which becomes a dominant process at concen-
trations higher than about 102 mol/l. Therefore, the comparison of relative
fluorescence intensities is an indicator for the concentration level of HpD and,
thus, for the distinction of tumor cells from healthy cells.

An even more powerful technique is given by time-resolved fluorescence. It
was observed by Yamashita (1984) that the duration of the fluorescence decay
of HpD also depends on its respective concentration level. The lowest inves-
tigated concentration of 8.4 x 10~ mol/l yields a fluorescence decay time in
the nanosecond range, whereas higher concentrations such as 8.4 x 10~% mol /1
are characterized by decays as short as a few hundred picoseconds. The time-
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Fig. 3.5. Absorption and fluorescence spectra of hematoporphyrin derivative
(HpD) dissolved in phosphate-buffered saline solution (PBS). Data according to
Yamashita (1984)
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Fig. 3.6. Energy level diagram of HpD. Singlet (*S) and triplet (*S) states are
shown. Dashed lines indicate higher excited states
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resolved fluoresecence signals are summarized in Fig. 3.7. Tumor diagnosis
can thus be established by time-gated detection of the fluorescence. For in-
stance, Fig. 3.8 illustrates the decay in fluorescence intensity of healthy cells
with respect to tumor cells as found by Kinoshita (1988). Since clearance
of HpD is faster in healthy cells, the corresponding decay duration is sig-
nificantly longer than in tumor cells. According to Unsold et al. (1987), the
simultaneous diagnosis and therapy of tumors with photosensitizers is one
of the key advantages of PDT. Extensive in vivo studies of time-resolved
fluorescence have been performed by Schneckenburger et al. (1993).

Meanwhile, the results of several experiments and clinical applications
have been collected. It was found that other photosensitizers might even be
more useful than HpD. The major disadvantage of HpD is the fact that the
patient needs to remain in a dark room during the first weeks of therapy.
This is necessary, because HpD is distributed all over the body, and sun
light or artificial light would kill healthy tissue cells, as well. According to
Kessel (1987), the primary adverse reaction of photodynamic therapy relates
to the photosensitization of skin. Other disadvantages of HpD are:

— since HpD absorbs very poorly in the red and near infrared spectrum, only
tumors very close to the surface can be treated,

— its concentration gradient among tumor and healthy cells could be steeper,

— the production of HpD from calf blood is very expensive.

However, the initial isolation in the period between injection of HpD and
laser irradiation remains and is one of the biggest problems for patients.
This context also explains the injection of carotenoids immediately after laser
irradiation. These agents act as a protection system on a molecular basis,
because they reverse the production of singlet oxygen by means of a triplet
carotenoid state (compare Table 3.1). The protective property of carotenoids
has been successfully tested by Mathews-Roth (1982).

Currently, further photosensitive compounds of a so-called second genera-
tion are under investigation concerning their applicability for PDT. These are,
for instance, certain groups of phthalocyanins, naphthalocyanins and phor-
bides (reduced porphyrins) as reported by Spikes (1986), Firey and Rodgers
(1987), and Roder et al. (1990). Hopefully, a dye will soon be found that is
more efficient than HpD and overcomes its major disadvantage, the need for
carotenoid protection. One potential candidate is meso-tetra-hydroxyphenyl-
chlorin (mTHPC), a chemically well-defined substance compared to HpD.
In order to achieve a similar extent of tumor necrosis, it was reported
by Gossner et al. (1994) that in the case of mTHPC only one fifth of the
light energy is needed compared to HpD. Another interesting substance
is 5-aminolaevulinic acid (ALA) which itself is not even a photosensitizer
but a precursor of the endogeneous synthesis of porphyrins. According to
Loh et al. (1993), it can be orally administered rather than being injected
like most of the porphyrins.
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Fig. 3.7. Time-resolved fluorescence signals of HpD dissolved in phosphate-buffered
saline solution (PBS). Concentrations of HpD as labeled. The corresponding decay
durations of the fluorescence vary between approximately 350ps and 2ns. Data
according to Yamashita (1984)
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Fig. 3.8. Time-resolved HpD fluorescence of healthy cells versus tumor cells. The
approximate decay durations are 2.5ns and 1.0 ns, respectively. Data according to
Kinoshita (1988)
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Gossner et al. (1994) have compared the skin sensibility after applica-
tion of DHE (dihematoporphyrin ester), mTHPC, and ALA. The results are
graphically summarized in Fig. 3.9. The sensibility is measured in terms of
a commonly used index of skin edema. It is interesting to observe that ALA
induces least toxic skin damage. An increased sensibility is detectable only
during the first two days after application. Although mTHPC is associated
with the highest sensibility during the first week, only a slightly higher sen-
sibility remains after the second week. This negative side effect during the
first week is acceptable, though, since mTHPC is highly efficient in achieving
tumor necrosis according to Gossner et al. (1994). The sensibility after ap-
plication of DHE gradually decreases within the first four weeks and is still
significantly enhanced at the end of this period. Thus, patients treated with
DHE will have to remain in dark rooms for at least four weeks.

N N B

Degree of skin sensibility

O I 1 L

Time after application of sensitizer (weeks)

Fig. 3.9. Degree of skin sensibility after application of various photosensitizers as
a function of time. Data according to Gossner et al. (1994)

The field of photodynamic tumor therapy has just begun to develop. Al-
though much effort has already been made concerning treatment with HpD,
a lot more research still needs to be done. Alternative photosensitizers such
as mTHPC and ALA should be investigated in a large group of patients to
further improve this type of treatment. Careful conclusions should then be
drawn regarding their efficiency, indications, and potential contraindications.
Finally, an approved committee has to compare all results with those ob-
tained with other minimally invasive methods of tumor treatment such as
exposure to ionizing radiation.
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3.1.2 Biostimulation

Biostimulation is believed to occur at very low irradiances and to belong to
the group of photochemical interactions. Unfortunately, the term biostimula-
tion has not been scientifically very well defined, so far. The potential effects
of extremely low laser powers (1-5 mW) on biological tissue have been a sub-
ject of controversy, since they were first claimed by the Hungarian surgeon
Mester at the end of the 1960s. Wound healing and anti-inflammatory prop-
erties by red or near infrared light sources such as helium-neon lasers or diode
lasers were reported. Typical energy fluences lie in the range 1-10J/cm?. In
several cases, observers have noticed improvements for the patients. But in
a few studies only, results could be verified by independent research groups.
Moreover, contradictory results were obtained in many experiments.

The most significant studies concerning biostimulation are summarized
in Table 3.2. They demonstrate the variety of potential application fields.
However, often only very few patients were treated, and no clinical proto-
cols were established. Furthermore, the success is rather doubtful, since in
many of these diseases 50 % of the patients are spontaneously cured even
without treatment. According to Wilder-Smith (1988), the distinction from
an ordinary placebo effect is thus rather difficult to perform.

Table 3.2. Biostimulative effects investigated by different studies

Observation Target Laser type Reference
Hair growth Skin Ruby Mester et al. (1968)
Wound healing Skin Ruby Mester et al. (1969)
Mester et al. (1971)
He-Ne Brunner et al. (1984)
Lyons et al. (1987)
No wound healing Skin He-Ne Hunter et al. (1984)
Strube et al. (1988)
Argon ion  Jongsma et al. (1983)
McCaughan et al. (1985)
Stimulated collagen  Fibroblasts Nd:YAG Castro et al. (1983)
synthesis He-Ne Kubasova et al. (1984)
Boulton et al. (1986)
Suppressed collagen  Fibroblasts Nd:YAG Abergel et al. (1984)
synthesis
Increased growth Cells Diode Dyson and Young (1986)
Suppressed growth  Cells He-Cd Lin and Chan (1984)
He-Ne Quickenden et al. (1993)
Vascularization Oral soft tissue  Diode Kovacs et al. (1974)
Cho and Cho (1986)
Pain relief Teeth He-Ne Carrillo et al. (1990)
Diode Taube et al. (1990)
No pain relief Teeth He-Ne Lundeberg et al. (1987)
Diode Roynesdal et al. (1993)
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According to Karu (1987), local wound healing effects with helium-neon
or diode lasers may be explained by the action of low-intensity light on cell
proliferation. In the area of such injuries, conditions are usually created pre-
venting proliferation such as low oxygen concentration or pH. The exposure
to red or near infrared light might thus serve as a stimulus to increase cell
proliferation. When irradiating fresh wounds, though, the effect of biostimula-
tion is found to be minimal or even nonexistent. This observation is probably
due to the fact that cell proliferation is very active in fresh wounds, and
regeneration is not significantly altered by laser irradiation.

One remaining open question is, which of the characteristics of laser radi-
ation — coherence, narrow bandwidth, polarization — is of primary importance
for biostimulation? Or, in other words, does it necessarily have to be a laser or
would an incoherent light source serve as well? Hence, biostimulation is still
a research field with a lot of speculation involved. Usually, the controversy
stems from our inability to specify the photochemical channels of potential
reactions. Detailed investigations in this area and reproducible experimental
results are badly needed.

3.1.3 Summary of Photochemical Interaction

o Main idea: using a photosensitizer acting as catalyst
(only in photodynamic therapy)

o Observations: no macroscopic observations

e Typical lasers: red dye lasers, diode lasers

e Typical pulse durations: 1s... CW
o Typical power densities: 0.01 ... 50 W /cm?
e Special applications: photodynamic therapy, biostimulation

3.2 Thermal Interaction

The term thermal interaction stands for a large group of interaction types,
where the increase in local temperature is the significant parameter change.
Thermal effects can be induced by either CW or pulsed laser radiation. While
photochemical processes are often governed by a specific reaction pathway,
thermal effects generally tend to be nonspecific according to Parrish and
Deutsch (1984). However, depending on the duration and peak value of the
tissue temperature achieved, different effects like coagulation, vaporization,
carbonization, and melting may be distinguished. In the following paragraphs,
these effects shall first be visualized by selected photographs taken with ei-
ther light microscopy or scanning electron microscopy (SEM). Afterwards,
detailed models of heat generation, heat transport, and associated heat effects
are given. Finally, the principles of laser-induced interstitial thermotherapy
— a recently established treatment technique — are discussed.
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Coagulation. The histologic appearance of coagulated tissue is illustrated
in Figs. 3.10a-b. In one case, a sample of uterine tissue was coagulated using
a CW Nd:YAG laser. In a histologic section, the coagulated area can be easily
detected when staining the tissue with hematoxylin and eosin. Coagulated
tissue appears significantly darker than other tissue. In the second photo-
graph, 120 pulses from an Er:YAG laser were applied to an excised cornea.
Again, the tissue was stained with hematoxylin and eosin. During the pro-
cess of coagulation, temperatures reach at least 60°C, and coagulated tissue
becomes necrotic as will be discussed in this section.

Vaporization. Another example of an important thermal effect is shown in
Figs. 3.11a-b. A tooth was exposed to 20 pulses from an Er:YAG laser. Dur-
ing the ablation process, complete layers of tooth substance were removed
leaving stair-like structures. This observation is attributed to the existence
of so-called striae of Retzius which are layers with a high content of wa-
ter molecules. Water strongly absorbs the Er:YAG wavelength at 2.94 um as
shown below, thus leading to vaporization within these layers. The induced
increase in pressure — water tries to expand in volume as it vaporizes — leads
to localized microexplosions with results as demonstrated in the enlargement
in Fig. 3.11b. In the literature, vaporization is sometimes also referred to as
a thermomechanical effect due to the pressure build-up involved. The result-
ing ablation is called thermal decomposition and must be distinguished from
photoablation which will be described in Sect. 3.3.

Carbonization. In Fig. 3.12a, a sample of skin is shown which was exposed
to a CW CO; laser for the purpose of treating metastases. In this case,
however, too much energy was applied and carbonization occurred. Thus,
the local temperature of the exposed tissue had been drastically increased.
At temperatures above approximately 100°C, the tissue starts to carbonize,
i.e. carbon is released, leading to a blackening in color. A similar effect is seen
in Fig. 3.12b, where a tooth was exposed to a CW COs laser. For medical
laser applications, carbonization should be avoided in any case, since tissue
already becomes necrotic at lower temperatures. Thus, carbonization only
reduces visibility during surgery.

Melting. Finally, Figs. 3.13a—b show the surface of a tooth after exposure
to 100 pulses from a Ho:YAG laser. In Fig. 3.13a, several cracks can be seen
leaving the application spot radially. They originate from thermal stress in-
duced by a local temperature gradient across the tooth surface. The edge of
the interaction zone is shown in an enlargement in Fig. 3.13b. Melted and
afterwards down-cooled tooth substance as well as gas bubbles are observed
similar to solidified lava. The temperature must have reached a few hun-
dred degrees Celsius to melt the tooth substance which mainly consists of
hydroxyapatite, a chemical compound of calcium and phosphate as will be
discussed in Sect. 4.2. Obviously, the pulse duration of a few microseconds
is still long enough to enable a sufficient increase in temperature, since the
applied repetition rate of 1 Hz is extremely low.
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Fig. 3.10. (a) Uterine tissue of a wistar rat coagulated with a CW Nd:YAG laser
(power: 10 W, bar: 80 pm). Photograph kindly provided by Dr. Kurek (Heidelberg).
(b) Human cornea coagulated with 120 pulses from an Er:YAG laser (pulse dura-
tion: 90 ps, pulse energy: 5mJ, repetition rate: 1 Hz, bar: 100 pm)
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Fig. 3.11. (a) Human tooth vaporized with 20 pulses from an Er:YAG laser (pulse
duration: 90 s, pulse energy: 100 mJ, repetition rate: 1 Hz). (b) Enlargement show-
ing the edge of ablation
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Fig. 3.12. (a) Tumor metastases on human skin carbonized with a CW CO2 laser
(power: 40 W, bar: 1 mm). Photograph kindly provided by Dr. Kurek (Heidelberg).
(b) Human tooth carbonized with a CW COz laser (power: 1 W, bar: 1 mm)
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Fig. 3.13. (a) Human tooth melted with 100 pulses from a Ho:YAG laser (pulse
duration: 3.8 us, pulse energy: 18 mJ, repetition rate: 1 Hz). (b) Enlargement show-
ing the edge of the melted zone
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Temperature certainly is the governing parameter of all thermal laser—
tissue interactions. And, for the purpose of predicting the thermal response,
a model for the temperature distribution inside the tissue must be derived.
Before we start working on this task, let us first look at the basics of what
happens during thermal interaction.

At the microscopic level, thermal effects have their origin in bulk absorp-
tion occurring in molecular vibration-rotation bands followed by nonradiative
decay. The reaction with a target molecule A can be considered as a two-
step process. First, absorption of a photon with an energy hv promotes the
molecule to an excited state A*; and second, inelastic collisions with some
partner M of the surrounding medium lead to a deactivation of A* and a si-
multaneous increase in the kinetic energy of M. Therefore, the temperature
rise microscopically originates from the transfer of photon energy to kinetic
energy. This two-step process can be written as

e absorption: A+ h — A*
e deactivation: A* + M(Eyin) — A + M(Exin + AExiy) -

How efficient is this two-step process? To answer this question, we have to
consider both steps separately. First, absorption is facilitated due to the ex-
tremely large number of accessible vibrational states of most biomolecules.
Second, the channels available for deactivation and thermal decay are also
numerous, because typical energies of laser photons (Er:YAG laser: 0.35¢€V,
Nd:YAG laser: 1.2eV, ArF laser: 6.4eV) exceed by far the kinetic energy of
a molecule at room temperature which is only about 0.025eV. Thus, both
of these steps are highly efficient provided the duration of laser exposure is
properly selected.

The spatial extent and degree of tissue damage primarily depend on mag-
nitude, exposure time, and placement of deposited heat inside the tissue. The
deposition of laser energy, however, is not only a function of laser parameters
such as wavelength, power density, exposure time, spot size, and repetition
rate. It also strongly depends on optical tissue properties like absorption and
scattering coefficients. For the description of storage and transfer of heat,
thermal tissue properties are of primary importance such as heat capacity
and thermal conductivity.

In biological tissue, absorption is mainly due to the presence of free wa-
ter molecules, proteins, pigments, and other macromolecules as discussed in
Sect. 2.3. It is governed by Lambert’s law which we already encountered
in (2.13). The absorption coefficient strongly depends on the wavelength of
the incident laser radiation. In thermal interactions, absorption by water
molecules plays a significant role. Therefore, the absorption spectrum of wa-
ter — one important constituent of most tissues — is plotted in Fig. 3.14. In the
visible range, the absorption coefficient of water is extremely small. In this
section of the spectrum and in the UV, absorption in tissue is higher than
shown in Fig. 3.14, depending on the relative content of macromolecules such
as melanin and hemoglobin. Toward the IR range of the spectrum, however,
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Fig. 3.14. Absorption of water. Data calculated from Hale and Querry (1973)
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water molecules are the dominant absorbers, since their absorption coefficient
then increases by several orders of magnitude. Typical absorption coefficients
«a and the corresponding absorption lengths L for the most important laser
wavelengths are summarized in Table 3.3. It should be borne in mind that
the total attenuation in the UV is strongly enhanced by Rayleigh scattering
as discussed in Sect. 2.3.

Table 3.3. Absorption coefficients o and absorption lengths L of water
at different wavelengths. Data calculated from Hale and Querry (1973)

Wavelength (nm) Laser type a (em™) L (cm)
193 ArF 0.1 10
248 KrF 0.018 55
308 XeCl 0.0058 170
351 XeF 0.0023 430
514 Argon ion 0.00029 3400
633 He-Ne 0.0029 340
694 Ruby 0.0056 180
800 Diode 0.020 50

1053 Nd:YLF 0.57 1.7
1064 Nd:YAG 0.61 1.6
2120 Ho:YAG 36 0.028
2940 Er:YAG 12000 0.00008

10600 CO2 860 0.001
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The absorption peak at about 3 um — as shown in Fig. 3.14 — is of con-
siderable interest. It originates from symmetric and asymmetric vibrational
modes of water molecules as illustrated in Fig. 3.15. According to Pohl (1976),
the resonance frequencies of these vibrational modes are 1.08 x 104 Hz and
1.13 x 10'# Hz, respectively. These correspond to a wavelength close to 3 um,
thereby explaining the high absorption peak at this wavelength. Thus, the
family of Er®* doped lasers (Er:YAG at 2.94 um, Er:YLF at 2.8 um, and
Er:YSGG at 2.79 um) is a typical representative of thermally acting lasers.
A similar argument applies for the wavelength of the Ho:YAG laser at 2.12 pm
which also matches an absorption peak of water.

Symmetiic vibration Asymmetic vibration
(1.08x 10" Hz) (1.13x 10™ Hz)

O O
/ N\ / \

H H H H
¥ X vy X

Fig. 3.15. Vibrational oscillations of water molecules

So far, we have encountered the basic origins of thermal effects, and we
will now proceed to setting up a model explaining the basic physics involved.
In order to derive a model which describes thermal effects quantitatively,
several input parameters have to be taken into account. They are summarized
in a flow chart as shown in Fig. 3.16.

Laser & optical Thermal tissue
fissue parameters parcmeters

v v v

Heat > Heat > Heat

generation transport effects

'

Tissue damage

Type of tissue

Fig. 3.16. Flow chart with important parameters for modeling thermal interaction
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Heat generation is determined by laser parameters and optical tissue prop-
erties — primarily irradiance, exposure time, and the absorption coefficient —
with the absorption coefficient itself being a function of the laser wavelength.
Heat transport is solely characterized by thermal tissue properties such as
heat conductivity and heat capacity. Heat effects, finally, depend on the type
of tissue and the temperature achieved inside the tissue.

We assume that a slab of tissue is exposed in air to a Gaussian-shaped
laser beam as illustrated in Fig. 3.17. For the sake of simplicity, a cylindrical
geometry is chosen with z denoting the optical axis, and r the distance from
this axis. Then, the amplitude of the electric field and the corresponding
intensity inside the tissue are given by

r? az 4¢2
E(T, Z,t) = EO exp ( E — 2) exp ( 7'2> 5 (31)
2r2 8t2
I(r,z,t) = Iy exp ( P az> exp < ?> , (3.2)

where E( and I are the incident values of electric field and intensity, re-
spectively, w is the beam waist, « is the absorption coefficient, and 7 is the
pulse duration. From (3.2), we obtain that either at r = w or at ¢t = 7/2 the
intensity is cut down to 1/e? of its incident value. The incident values E
and I are related to each other by the basic electrodynamic equation

1
I() = 5 €OCE(2) ,

where ¢ is the dielectric constant, and c is the speed of light. Scattering
inside the tissue is neglected in a first approximation. Calculations taking
scattering effects into account will be found at the end of this section.

r
z
Laser light .
issue
— [
— > "

2w

Fig. 3.17. Geometry of tissue irradiation
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3.2.1 Heat Generation

By means of the two-step process as described above, heat is generated inside
the tissue during laser exposure. Deposition of heat in tissue is due only to
light that is absorbed in the tissue. For a light flux in the z-direction in
a nonscattering medium, the local heat deposition per unit area and time in
a thickness Az is given by

I _
(r,2,8) = I(r,z + Az¢) in units of W .
Az cm3
And, as Az approaches zero,
_0I(r,z,t)
0z

Therefore, under all circumstances, heat deposition is determined by

S(r,z,t) =

S(r, z,t) =

S(r,z,t) = al(r, z,t) . (3.3)

Thus, the heat source S(r, z,t) inside the exposed tissue is a function of the
absorption coefficient o and the local intensity I(r, z,t). Since « is strongly
wavelength-dependent, the same applies for S. If phase transitions (vaporiza-
tion, melting) or tissue alterations (coagulation, carbonization) do not occur,
an alteration in heat content dQ) induces a linear change in temperature d7T°
according to a basic law of thermodynamics

dQ =medT (3.4)

where m is the tissue mass, and c is the specific heat capacity expressed in
units of kJ kg=! K~1. According to Takata et al. (1977), for most tissues,
a good approximation is given by

Ow kJ
=11. 28 — || ——
c < 55 + 2.8 . ) K

where g is the tissue density expressed in units of kg/m?, and g,, is its water
content expressed in units of kg/m3. In the case of water, i.e. o, = p, the
last relation reduces to

KJ .

3.2.2 Heat Transport

Within a closed physical system, the relationship between temperature and
heat content is described by (3.4). In real laser—tissue interactions, however,
there are losses of heat to be taken into account, as well. They are based on
either heat conduction, heat convection, or heat radiation. Usually, the latter
two can be neglected for most types of laser applications. One typical example
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of heat convection in tissue is heat transfer due to blood flow. The perfusion
rates of some human organs are summarized in Table 3.4. Due to the low
perfusivity of most tissues, however, heat convection is negligible in a first
approximation. Only during long exposures and in special cases such as laser-
induced interstitial thermotherapy (LITT) does it play a significant role and
should be considered by adding a negative heat loss S}ss to the source term
S. Heat radiation is described by the Stefan—Boltzmann law which states
that the radiated power is related to the fourth power of temperature. Due
to the moderate temperatures achieved in most laser—tissue interactions, heat
radiation can thus often be neglected.

Table 3.4. Blood perfusion rates of some selected
human organs. Data according to Svaasand (1985)

Tissue Perfusion rate (ml min~'g™")
Fat 0.012-0.015

Muscle 0.02-0.07

Skin 0.15-0.5

Brain 0.46-1.0

Kidney ~ 3.4

Thyroid gland ~ 4.0

Heat conduction, though, is a considerable heat loss term and is the pri-
mary mechanism by which heat is transferred to unexposed tissue structures.
The heat flow jg is proportional to the temperature gradient according to
the general diffusion equation?

jo=-kVT. (3.5)

Herein, the constant & is called heat conductivity and is expressed in units of
W m~! K~1. According to Takata et al. (1977), k can be approximated by

- (0.06+0.57 QW) W
0 m K

In the case of water, i.e. o, = g, the last relation reduces to
k =0.63 W at T =37°C.
m K

The dynamics of the temperature behavior of a certain tissue type can also
be expressed by a combination of the two parameters k and c. It is called
temperature conductivity and is defined by

2 This equation is the analog to the electrodynamic equation j = —o V ¢, where j
is the electric current density, o is the electric conductivity, and ¢ is the electric
potential.



70 3. Interaction Mechanisms

2
K= ﬁ in units of e (3.6)
oc S

The value of k is approximately the same for liquid water and most tissues
— about 1.4 x 107" m? /s according to Boulnois (1986) — since a decrease in
heat conductivity due to a lower water content is usually compensated by
a parallel decrease in heat capacity.

With these mathematical prerequesites, we are able to derive the general
heat conduction equation. Our starting point is the equation of continuity
which states that the temporal change in heat content per unit volume?®, g,
is determined by the divergence of the heat flow jo:

divjo=—¢. (3.7)
Inserting (3.7) into (3.4) leads to

1 . 1 1 1
T=—Q=——=—¢=——div jo . 3.8
ch ocV ch oc Ve (3.8)
The other important basic equation is the diffusion equation, i.e. (3.5).
Its combination with (3.8) yields

T=rAT, (3.9)

where A is the Laplace operator. This is the homogeneous heat conduction
equation with the temperature conductivity as defined by (3.6). With an
additional heat source S like the absorption of laser radiation, (3.8) and (3.9)
turn into the inhomogeneous equations

: I
T = “ 0 (div jo — S5), (3.10)

. 1
T=k AT+ =5 . (3.11)
oc

Next, we want to solve the homogeneous part of the heat conduction equa-
tion, i.e. (3.9). It describes the decrease in temperature after laser exposure
due to heat diffusion. In cylindrical coordinates, (3.9) can be expressed by

. 0? 10 0?
with the general solution
2 2
X0 re+z
T t)=To+ —————= - 3.13
(rz8) =To+ (47 rt)3/2 exp< 4kt > ’ (3:13)

3 Note that ¢ in (3.7) is expressed in units of J/cm?®, while Q is in units of J. We
thus obtain according to Gauss’ theorem: f dVdivjg = f dfjo=-Q.
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where T} is the initial temperature, and x( is an integration constant. The
proof is straightforward. We simply assume that (3.13) represents a correct
solution to (3.12) and find

3T Ty 12422

T= T - T,
2 ¢ prreal o)
0? 0 T 1T T Ty 2T —To
—T=—(-2 =— 4
or? or ( "kt ) ot T6R22
1 _
—QT: T -To ’
r Or 2kt
0? 0 T Ty T—-Ty 2T —To
—T=—1-2 =— 4 .
022 0z ( “Tant ) ont | 16R202
Hence,
T -T I =Ty T-Ty T—-1Tp 2T — 1T
wAT = TR 2t 2t 7 Tdm
3T Ty  r?+2° ;
AT =—— T-Ty)=T .e.d.
K ) t Akt ( 0) 7qed

The solution to the inhomogeneous heat conduction equation, (3.11)
strongly depends on the temporal and spatial dependences of S(r, z,t). Usu-
ally, it is numerically evaluated assuming appropriate initial value and bound-
ary conditions. Nevertheless, an analytical solution can be derived if the heat
source function S(r, z,t) is approximated by a delta-function

S(r,z,t) = So 6(r — 1) 0(z — 20) 6(t —to) -

For the sake of simplicity, we assume that the heat conduction parameters
are isotropic*. Thus,

S(Z,t) = So (5(2 — Zo) (5(15 — to) .
In this case, the solution can be expressed by a one-dimensional Green’s

function which is given by

Gz — z0,t — to) = M] . (3.14)

1
VATE(t — to) P [_ 4rk(t — to)

By means of this function, the general solution for a spatially and temporally
changing irradiation is determined by

t “+o00
T(z,t)zi/o / S t") Glz—z",t—t")dz" dt’ . (3.15)

4 A valuable theoretical approach to the three-dimensional and time-dependent
problem is found in the paper by Halldorsson and Langerholc (1978).
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The spatial extent of heat transfer is described by the time-dependent
thermal penetration depth

Ztherm (1) = V/4rt . (3.16)

The term “penetration depth” originates from the argument of the exponen-
tial function in (3.14), since (3.16) turns into

Z?herm(t) _
4kt
Thus, Ztherm(t) is the distance in which the temperature has decreased to
1/e of its peak value. In Table 3.5, the relationship expressed by (3.16) is
evaluated for water (k = 1.4x 10~ " m?/s). We keep in mind that heat diffuses
in water to approximately 0.7 pm within 1 us.

Table 3.5. Thermal penetration depths of water

Time ¢ Thermal penetration depth zinerm (t)
1 us 0.7 pm
10 ps 2.2 pm
100 us 7 pm

1 ms 22 pym
10 ms 70 pm
100 ms 0.22 mm
1s 0.7 mm

For thermal decomposition of tissues, it is important to adjust the du-
ration of the laser pulse in order to minimize thermal damage to adjacent
structures. By this means, the least possible necrosis is obtained. The scaling
parameter for this time-dependent problem is the so-called thermal relaxation
time according to Hayes and Wolbarsht (1968) and Wolbarsht (1971). It is
obtained by equating the optical penetration depth L as defined by (2.16) to
the thermal penetration depth z¢perm, hence

L= vV 4’<‘./Ttherm s (317)

where Tiperm is the thermal relaxation time. One might argue the significance
of Ttherm, because it is a theoretically constructed parameter. During thermal
decomposition, however, Tiherm becomes very important, since it measures the
thermal susceptibility of the tissue. This shall be explained by the following
consideration: for laser pulse durations 7 < Tiperm, heat does not even diffuse
to the distance given by the optical penetration depth L. Hence, thermal
damage of nondecomposed tissue is neglible. For 7 > Tiperm, heat can diffuse
to a multiple of the optical penetration depth, i.e. thermal damage of tissue
adjacent to the decomposed volume is possible.
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Fig. 3.18. Thermal relaxation times of water

Because of (3.17), the wavelength-dependence of L? is transferred to
Tiherm- 10 Fig. 3.18, thermal relaxation times of water are shown as calculated
from Fig. 3.14 and (3.17). We find that the shortest thermal relaxation time
of approximately 1 us occurs at the absorption peak of water near 3 um. We
may thus conclude that laser pulse durations 7 < 1 us are usually® not asso-
ciated with thermal damage. This statement is also referred to as the “1 us
rule”.

— Case I: 7 <1 us. For nano- or picosecond pulses, heat diffusion during the
laser pulse is negligible. If, in addition, we make the simplifying assumption
that the intensity is constant during the laser pulse, we obtain from (3.3)
that

S:O[I().

For a quantitative relationship T'(t) at the tissue surface (r = z = 0), we
may write

Ty + 2o ¢ for0<t<r
o¢ 3/2 , (3.18)
To + Trax (%) fort>r

where Tihax is the maximum increase in temperature given by

ol
TmaX:—OT at t=171.
oc

5 Laser pulses shorter than 1 us can also lead to thermal effects if they are applied
at a high repetition rate as discussed later in this section.
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In Fig. 3.19, the temporal evolution of temperature in the pigment epithe-
lium of the retina is shown according to (3.18). By neglecting heat diffusion
during the short laser pulse, the temperature first increases linearly with
respect to time. After the laser pulse, i.e. ¢ > 7, it decreases according to
t73/2 as determined by the solution to the homogeneous heat conduction
equation. The thermally damaged zone is shorter than the optical absorp-
tion length. Thus, thermal damage to adjacent tissue can be kept small
if a wavelength is selected that is strongly absorbed by the tissue. In the
case of tissues with a high water content, Er:YAG and Er:YSGG lasers
are potential candidates for this task. However, only a few groups like
Andreeva et al. (1986), Eichler et al. (1992), and Pelz et al. (1994) have
reported on mode locking of these lasers. But their operation is not yet
stable enough for clinical applications. Alternatives might soon arise due
to recent advances in the development of tunable IR lasers such as the
optical parametric oscillator (OPO) and the free electron laser (FEL).
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Fig. 3.19. Temporal evolution of temperature in the pigment epithelium of the
retina during and after exposure to a short laser pulse (7 = 100 ns, beam diameter:
2mm, pulse energy: as labeled, To = 30°C, a = 1587cm ™!, p = 1.35g cm ™3, and

C

=2.55J g7' K™'). Tissue parameters according to Hayes and Wolbarsht (1968)

and Weinberg et al. (1984)

— Case II: 7 > 1 us. For pulse durations during which heat diffusion is con-

siderable, the thermally damaged zone is significantly broadened. In this
case, the solution to the inhomogeneous heat conduction equation cannot
be given analytically but must be derived numerically, for instance by using
the methods of finite differences and recursion algorithms. This procedure
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becomes necessary because heat diffusion during the laser pulse can no
longer be neglected. Thus, for this period of time, temperature does not
linearly increase as assumed in (3.18) and Fig. 3.19. Detailed simulations
were performed by Weinberg et al. (1984) and Roggan and Miiller (1993).
One example is found in Fig. 3.24 during the discussion of laser-induced
interstitial thermotherapy.

A high repetition rate 14ep of the laser pulses can evoke an additional
increase in temperature if the rate of heat transport is less than the rate of
heat generation. The dependence of temperature on repetition rate of the
laser pulses was modeled by van Gemert and Welch (1989). The significance
of the repetition rate becomes evident when looking at Figs. 3.20a—b. In
this case, 1000 pulses from a picosecond Nd:YLF laser were focused on the
same spot of a human tooth at a repetition rate of 1kHz. Although, usually
such short pulses do not evoke any thermal effect as discussed above, radial
cracking and melting obviously occurred at the surface of the tooth. In par-
ticular, the enlargement shown in Fig. 3.20b demonstrates that the chemical
compounds of the tooth had melted and recrystallized in a cubic structure.
Thus, the temperature achieved must have reached a few hundred °C due to
insufficient heat transport.

In order to get a basic feeling for typical laser parameters, the following
very simple calculations might be very useful. We assume that a pulse energy
of 3 uJ is absorbed within a tissue volume of 1000 pm?® which contains 80 %
water. The amount of water in the specified volume is equal to 8 x 10710 cm =3
or 8x10710 g, respectively. There are now three steps to be taken into account
when aiming for a rough approximation of the final temperature. First, energy
is needed to heat the tissue up to 100°C. Second, energy is transferred to
vaporization heat. And third, the remaining energy leads to a further increase
in temperature of the water vapor.

— Step 1: 37°C — 100°C (assumed body temperature: 37°C)
kJ
Q1 =meAT =8x10"0g 43— 63°C =2.2x10""J.
kg °C

— Step 2: Vaporization at 100°C
kJ
Q2 = MQyap = 8x 1070 g 2253 e 1.8x107°7J.

— Step 3: 100°C — Tjy,
Q3 =3u] — Q1 — Q2 =0.98pJ,

0.98 1J
Ton = 100°C + 23 — 100°C + n

- =~ 385°C.
me 8x10-10g 4.3kJ (kg°C)

Thus, the resulting temperature is approximately 385°C.
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Fig. 3.20. (a) Hole in tooth created by focusing 1000 pulses from a Nd:YLF laser
on the same spot (pulse duration: 30 ps, pulse energy: 1 mJ, repetition rate: 1kHz).
(b) Enlargement showing cubic recrystallization in form of plasma sublimations.
Reproduced from Niemz (1994a). (©) 1994 Springer-Verlag
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3.2.3 Heat Effects

The model developed above usually predicts the spatial and temporal distri-
bution of temperature inside tissue very well if an appropriate initial value
and boundary conditions are chosen. This, however, is not always an easy
task. In general, though, approximate values of achievable temperatures can
often be estimated. Therefore, the last topic in our model of thermal inter-
action deals with biological effects related to different temperatures inside
the tissue. As already stated at the beginning of this section, these can be
manifold, depending on the type of tissue and laser parameters chosen. The
most important and significant tissue alterations will be reviewed here.

Assuming a body temperature of 37°C, no measurable effects are ob-
served for the next 5°C above this. The first mechanism by which tissue is
thermally affected can be attributed to conformational changes of molecules.
These effects, accompanied by bond destruction and membrane alterations,
are summarized in the single term hyperthermia ranging from approximately
42-50°C. If such a hyperthermia lasts for several minutes, a significant per-
centage of the tissue will already undergo necrosis as described below by
Arrhenius’ equation. Beyond 50°C, a measurable reduction in enzyme acti-
vity is observed, resulting in reduced energy transfer within the cell and
immobility of the cell. Furthermore, certain repair mechanisms of the cell are
disabled. Thereby, the fraction of surviving cells is further reduced.

At 60°C, denaturation of proteins and collagen occurs which leads to
coagulation of tissue and necrosis of cells. The corresponding macroscopic
response is visible paling of the tissue. Several treatment techniques such
as laser-induced interstitial thermotherapy (LITT) aim at temperatures just
above 60°C. At even higher temperatures (> 80°C), the membrane perme-
ability is drastically increased, thereby destroying the otherwise maintained
equilibrium of chemical concentrations.

At 100°C, water molecules contained in most tissues start to vaporize. The
large vaporization heat of water (2253 kJ /kg) is advantageous, since the vapor
generated carries away excess heat and helps to prevent any further increase
in the temperature of adjacent tissue. Due to the large increase in volume
during this phase transition, gas bubbles are formed inducing mechanical
ruptures and thermal decomposition of tissue fragments.

Only if all water molecules have been vaporized, and laser exposure is
still continuing, does the increase in temperature proceed. At temperatures
exceeding 100°C, carbonization takes place which is observable by the black-
ening of adjacent tissue and the escape of smoke. To avoid carbonization,
the tissue is usually cooled with either water or gas. Finally, beyond 300°C,
melting can occur, depending on the target material.

All these steps are summarized in Table 3.6, where the local temperature
and the associated tissue effects are listed. For illustrating photographs, the
reader is referred to Figs. 3.10-3.13 and Fig. 3.20.
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Table 3.6. Thermal effects of laser radiation

Temperature Biological 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)
> 100°C Carbonization
> 300°C Melting

In general, the exact temperature for the onset of cell necrosis is rather
difficult to determine. As a matter of fact, it was observed that not only
the temperature achieved but also the temporal duration of this tempera-
ture plays a significant role for the induction of irreversible damage. It is
illustrated in Fig. 3.21 how the critical temperature and the corresponding
temporal duration relate to each other if irreversible damage is meant to oc-
cur. The curve is derived from several empirical observations. In the example
selected in Fig. 3.21, a temperature of 60°C lasting for at least 6s will lead
to irreversible damage.
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Fig. 3.21. Critical temperatures for the occurrence of cell necrosis. Data according
to Henriques (1947) and Eichler and Seiler (1991)
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Areas in which the temperature reaches values higher than 60°C are co-
agulated, and irradiated tissue cells become necrotic. Areas with maximum
temperatures less than 60°C are treated hyperthermically only, and the prob-
ability of cells staying alive depends on the duration and temporal evolution
of the temperature obtained. For a quantitative approximation of the re-
maining active molecules and cells at a certain temperature level, Arrhenius’
equation is very useful:

1n%?=_AAlm(_ﬁ%%>dyE_n, (3.19)

where Cj is the initial concentration of molecules or cells, C(t) is the concen-
tration at a time ¢, A is Arrhenius’ constant, R is the universal gas constant,
and AE and (2 are specific tissue properties. According to Welch (1984), the
coefficient A can be approximated by

A~ o exp 7
where AS is the activation entropy, k is Boltzmann’s constant, and h is
Planck’s constant. But, according to Johnson et al. (1974), this relation has
no simple significance.
The local degree of tissue damage is determined by the damage integral
given in (3.19). The damage degree is defined as the fraction of deactivated
molecules or cells given by

G- C()
=25

Thus, by inserting an appropriate value of the tissue constant {2, we are able
to calculate the probable damage degree Dy(t) as a function of time ¢. This
was performed by Weinberg et al. (1984) in the case of retinal tissue.

Unfortunately, experimental data for the two parameters A and AFE are
very difficult to obtain due to the inhomogeneity of most tissues and the
uncertainty in measuring the surviving fraction. However, in Table 3.7 some
values of various tissues are listed as found in different studies.

Dq(t) =1—exp(—£).

Table 3.7. Arrhenius’ constants of different tissues

Tissue A(s™) AFE (J/mol)  Reference

Retina 1.0 x 10* 2.9 x 10° Vassiliadis et al. (1971)
Weinberg et al. (1984)

Retina (T < 50°C) 4.3 x 10%* 4.2 x 10° Takata et al. (1977)

Retina (T > 50°C) 9.3 x 10*%* 6.7 x 10° Takata et al. (1977)

Skin 3.1 x 10%8 6.3 x 10° Henriques (1947)

Liver 1.0 x 107 4.0 x 10° Roggan and Miiller (1993)
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Laser radiation acts thermally if power densities > 10 W /cm? are applied
from either CW radiation or pulse durations exceeding approximately 1 us.
Typical lasers for coagulation are Nd:YAG lasers or diode lasers. CO4 lasers
are very suitable for vaporization and the precise thermal cutting of tissue.
Carbonization and melting can occur with almost any type of laser if sufficient
power densities and exposure durations are provided.

Frequently, not only one but several thermal effects are induced in bio-
logical tissue, depending on the laser parameters. These effects might even
range from carbonization at the tissue surface to hyperthermia a few millime-
ters inside the tissue. In most applications, though, only one specific effect
is aimed at. Therefore, careful evaluation of the required laser parameters
is essential. Reversible and irreversible tissue damage can be distinguished.
Carbonization, vaporization, and coagulation certainly are irreversible pro-
cesses, because they induce irrepairable damage. Hyperthermia, though, can
turn out to be either a reversible or an irreversible process, depending on
the type of tissue and laser parameters. Since the critical temperature for
cell necrosis is determined by the exposure time as shown in Fig. 3.21, no
well-defined temperature can be declared which distinguishes reversible from
irreversible effects. Thus, exposure energy, exposure volume, and exposure
duration together determine the degree and extent of tissue damage. The
coincidence of several thermal processes is illustrated in Fig. 3.22. The loca-
tion and spatial extent of each thermal effect depend on the locally achieved
temperature during and after laser exposure.

Laser beam

Vaporization Coagulation

/

Carbonization Hyperthermia

Tissue

Fig. 3.22. Location of thermal effects inside biological tissue
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3.2.4 Laser-Induced Interstitial Thermotherapy (LITT)

The possibility of localized tissue coagulation has formed the basis of a novel
tumor treatment technique called laser-induced interstitial thermotherapy. It
was recently introduced to the treatment of various types of tumors such
as in retina, brain, prostate, liver, or uterus, and has already become a well
established tool in minimally invasive surgery (MIS). Detailed descriptions
and first clinical results are found in the papers by Svaasand et al. (1989),
Ascher et al. (1991), Muschter et al. (1992), Roggan and Miiller (1993), and
Wallwiener et al. (1994), respectively. The most significant applications of
LITT reside in the disciplines of gynecology and urology, e.g. the treatment
of malignant tumors in the uterus and the treatment of benign prostatic
hyperplasia (BPH) as described in Sects. 4.3 and 4.4.

The principal idea of LITT is to position an appropriate laser applicator
inside the tissue to be coagulated, e.g. a tumor, and to achieve necrosis by
heating cells above 60°C. As stated in Table 3.6, denaturation of proteins and
coagulation occur at these temperatures. Due to the associated coagulation of
blood vessels, severe hemorrhages are less likely to occur than in conventional
surgery. This is of particular importance in the case of tumors, because they
usually are highly vascularized. Either Nd:YAG lasers at 1064 nm or different
types of diode lasers at 800-900 nm are applied, since light deeply penetrates
into tissue at these wavelengths. Thus, large volumes can be treated with
temperature gradients not as steep as those associated with conventional
thermotherapies based on heat conduction only. Typical parameters of the
procedure are 1-5 W of CW laser power for a period of several minutes and
coagulation volumes with diameters of up to 40 mm.

In order to achieve a safe LITT procedure, knowledge of the final damage
zone is essential. Especially in neurosurgery, it is very important to prevent
injury from adjacent healthy tissue and sensitive structures. The spatial ex-
tent of the damage zone primarily depends on laser power, laser exposure,
geometry of the laser applicator, and on thermal and optical tissue properties.
Since the optical penetration depth of laser light in the near infrared is very
high, deeper zones are reached more easily by the mechanism of light scat-
tering rather than by heat conduction. Therefore, laser applicators emitting
their radiation through a scattering surface are favored compared to focusing
optics. Actually, first applications of LITT had been performed using bare
fibers which were directly guided into the tissue. The main disadvantage was
the high power density at the end surface of the fiber, leading to immediate
carbonization of adjacent tissue. Recently improved applicators scatter laser
light isotropically into all spatial directions by means of a frosted (rough)
surface as described by Roggan et al. (1995¢).

The basic setup for LITT is illustrated in Fig. 3.23. The laser applicator
usually consists of a flexible fiber and a transparent catheter through which
the fiber is moved into the tissue. Frequently, fibers with typical diameters
of 400 pm are chosen. In order to ensure isotropic scattering at the interface
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of the applicator and tissue, the surface of the fiber is etched by a special
technique after removing the cladding. Continuous emitting surfaces with
active lengths up to 20mm can be manufactured. Depending on size and
geometry of the treated volume, though, fibers with different active lengths
should be available during surgery. Laser light is emitted from the distal end
of the fiber on an active length which is approximately half the tumor size.
The specially designed catheter protects the sensitive fiber from mechanical
stress. Optional cooling of the catheter may help to prevent thermal damage
to the fiber tip at even higher power densities. Only then can large tissue
volumes be safely coagulated at a rather moderate gradient of temperature.
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Fig. 3.23. Experimental setup for laser-induced interstitial thermotherapy. Laser
radiation is applied to the tissue through an optical fiber. The fiber is placed inside
the tissue by means of a specially designed, transparent catheter. Tissue necrosis
occurs in selected coagulated volumes only

At the start of a LITT procedure, the catheter is placed inside the
tumor assisted by qualified monitoring. According to Roggan et al. (1994),
Eyrich et al. (2000), and Wacker et al. (2001), either ultrasound or magnetic
resonance imaging (MRI) can be used for this purpose®. The fiber is then
carefully guided through the catheter without actually being in contact with
the tissue. In an accidental break of the fiber, glass splinters will remain in-
side the catheter without injuring the patient. After laser exposure, the fiber
is either completely pulled back or only by its active length if several treat-
ments are to be performed. Finally, i.e. if no further irradiation is required,
the fiber is withdrawn. And, after a short period of temperature equalization,

5 In MRI-controlled LITT treatments, a special marker is mounted at the distal
end of the fiber which facilitates its localization.
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the protecting catheter may be removed. The same target may be treated sev-
eral times by LITT to increase the spatial extent of tissue necrosis. For large
lesions, the distance between adjacent puncturing canals should not exceed
1.5 mm to ensure an overlap of the coagulated tissue volumes.

The whole procedure can be performed either intraoperatively or percu-
taneously. In both cases, it should be preceded by suitable irradiation plan-
ning to obtain best surgical results. This can be achieved with appropriate
computer simulations by considering a variety of input parameters. Most im-
portant among these are the position, extent, and topology of the diseased
volume as well as optical and thermal tissue parameters, and the rate of
blood perfusion. A choice of laser power and exposure duration should then
be provided by the program. Detailed computer simulations for the laser
treatment of liver tissue are illustrated in Figs. 3.24 and 3.25. They were
obtained by applying the method of finite differences to the inhomogeneous
heat conduction equation (3.11). This is performed by dividing the tissue
into consecutive shells and using a mathematical algorithm which takes into
account the heat conduction from adjacent layers only. After a few recursions
of this algorithm, a steady-state solution is obtained expressing the desired
temperature distribution. Further details on the simulation technique can be
found in the paper by Roggan and Miiller (1993). From Fig. 3.24, we con-
clude that adequate computer simulations fit very well to measured data,
whereas Fig. 3.25 proves that cooled laser applicators enable the coagulation
of larger tissue volumes at comparable peak temperatures.
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Fig. 3.24. Computer simulation and experimental results of LITT for liver tissue
(laser power: 4 W, surface of applicator: 125 mm?). The switch-off time of the laser
is indicated. Data according to Roggan and Miiller (1993)
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Fig. 3.25. Comparison of the calculated final temperature distributions for different
types of thermotherapies (conventional hot tip, LITT without fiber cooling, LITT
with fiber cooling). In the case of fiber cooling, the peak temperature does not
occur at the applicator surface which is located at the left end of all curves. Data
according to Roggan and Miiller (1993)

The propagation of laser light in biological tissue and its transformation to
thermal energy due to absorption is governed by the optical properties of the
tissue. In the model of thermal interaction as described above, only absorp-
tion was taken into account. During LITT, scattering also plays a significant
role for reasons just stated. Especially during the process of coagulation,
the optical properties of tissue are changed, leading to higher scattering but
nearly the same absorption. Usually, this effect is observable by a change in
color of the irradiated volume, resulting in a reduced penetration depth. In
Fig. 3.26, a sample of liver tissue is shown which was irradiated by using
a standard LITT applicator as described above. The coagulated zone around
the fiber is clearly visible.

For the treatment of very large tissue volumes with diameters of up to
a few centimeters the application of several fibers is strongly recommended
according to Klingenberg et al. (2000). The laser output is distributed among
several fibers by optical beamsplitters as illustrated in Fig. 3.27. Each beam-
splitter separates the incident laser beam into two laser beams with equal
power. Using a total of three optical beamsplitters, a single input beam can
be divided into four output beams. Focusing lenses are used to couple the
laser power out of the input fiber and into the output fibers. Further ad-
justment of the laser power within each output beam can be achieved by
implementation of optical filters.
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Fig. 3.26. Liver tissue after exposure to a Nd:YAG laser, using a standard LITT
fiber applicator (laser power: 5.5 W, exposure duration: 10min). The coagulated
volume visibly pales. Photograph kindly provided by Dr. Roggan (Berlin)
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Fig. 3.27. LITT with four output fibers (BS: beamsplitter, F: filter, L: lens)



86 3. Interaction Mechanisms

Depending on number and arrangement of the fibers, different geometries
can be obtained for the coagulation of tissue. As shown in Fig. 3.28, the
surgeon may choose among either spherical, ellipsoidal, or trapezoidal lesions.
He can thus adjust the coagulated volume to the geometry of a tumor. Some
indications, e.g. in brain surgery, require the treatment of tumors closely
located to vital structures. In these cases, it is extremely important to avoid
the coagulation of these organs at risk. This task can be achieved by applying
trapezoidal lesions. Detailed discussion on this topic and the advantages of
a multi-fiber treatment is provided by Klingenberg et al. (2000).

Fig. 3.28. Coagulations achieved in muscle tissue with several fibers (Nd:YAG
laser, 4 W per fiber)

In general, two kinds of LITT applicators are distinguished: surface scat-
terers and volume scatterers. In surface scatterers, light is scattered only at
the very surface of the applicator leading to a less homogeneous scattering
profile as shown in Fig. 3.29. In volume scatterers, light is scattered by tiny
scattering centers distributed throughout the whole volume of the applicator.
Raw quartz is one of the basic materials used for volume scatterers. In raw
quartz, the scattering centers consist of tiny gas bubbles.
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As stated above, scattering is the dominant mechanism by which light
is homogeneously distributed inside the tissue. In Sect. 2.5, we have already
become acquainted with the transport equation of radiation, (2.36), which
takes scattering effects into account. It was mentioned that exact analyti-
cal solutions to this integro-differential equation do not exist. However, five
approaches have been made to solve the equation:

— first-order scattering,

— Kubelka—Munk theory,
— diffusion approximation,
— Monte Carlo simulations,
— inverse adding—doubling.

In principle, the same five approaches can be chosen when trying to estimate
the temperature field within laser-irradiated tissue. Detailed computer calcu-
lations based on Monte Carlo simulations are found in the paper by Roggan
and Miiller (1995b). For a further characterization of each method, the reader
is referred to Sect. 2.5.

3.2.5 Summary of Thermal Interaction

e Main idea: achieving a certain temperature which leads
to the desired thermal effect

e Observations: either coagulation, vaporization,
carbonization or melting

e Typical lasers: CO3, Nd:YAG, Er:YAG, Ho:YAG, argon ion

and diode lasers

e Typical pulse durations: 1us... lmin

e Typical power densities: 10 ... 105 W/cm?

e Special applications: coagulation, vaporization, melting,
thermal decomposition,
treatment of retinal detachment,
laser-induced interstitial thermotherapy
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3.3 Photoablation

In Fig. 3.30, the cross-section of a cornea is shown which was exposed to an
ArF excimer laser. The removal of tissue was performed in a very clean and
exact fashion without any appearance of thermal damage such as coagulation
or vaporization. Instead, evidence is given that the tissue was very precisely
“etched”. This kind of UV light-induced ablation is called photoablation and
will be discussed in this section.

Fig. 3.30. Photoablation of corneal tissue achieved with an ArF excimer laser
(pulse duration: 14ns, energy density: 180mJ/cm?, bar: 100 um). Photograph
kindly provided by Dr. Bende (Tiibingen)

Photoablation was first discovered by Srinivasan and Mayne-Banton
(1982). They identified it as ablative photodecomposition, meaning that ma-
terial is decomposed when exposed to high intense laser irradiation. Typical
threshold values of this type of interaction are 107~10% W /cm? at laser pulse
durations in the nanosecond range. The ablation depth, i.e. the depth of tis-
sue removal per pulse, is determined by the pulse energy up to a certain
saturation limit. The geometry of the ablation pattern itself is defined by
the spatial parameters of the laser beam. The main advantages of this ab-
lation technique lie in the precision of the etching process as demonstrated
in Fig. 3.30, its excellent predictability, and the lack of thermal damage to
adjacent tissue.
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First studies regarding ablative photodecomposition were performed with
polymethyl-metacrylate (PMMA), polyimide, Teflon, and other synthetic
organic polymers’. Soon after, biological tissues were also ablated. Today,
photoablation is one of the most successful techniques for refractive corneal
surgery, where the refractive power of the cornea is altered in myopia, hyper-
opia, or astigmatism (see Sect. 4.1). In this section, for the sake of simplicity,
we will follow the explanations given by Garrison and Srinivasan (1985) in the
case of synthetic polymer targets. Due to the homogeneity of these materials,
their behavior under certain experimental conditions is easier to understand.
Thus, experimental data on the ablative process are very reliable and theo-
retical modeling is strongly facilitated. However, most of the theory applies
for the more inhomogeneous biological tissues, as well.

Organic polymers are made up of large molecules consisting of more than
103 atoms, mainly carbon, hydrogen, oxygen, and nitrogen. A smaller molec-
ular unit of up to 50 atoms is called a monomer. It is repeated several times
along a well-defined axis to form the polymer chain. In Figs. 3.31a-b, the
basic chemical structures of the most popular polymers — PMMA and poly-
imide — are illustrated.
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Fig. 3.31. (a) Chemical structure of four monomers of PMMA. (b) Chemical
structure of one monomer of polyimide

" In the field of material processing, especially in the manufacture of miniatur-
ized surface structures, photoablation by means of excimer lasers has meanwhile
become a well-established technique.
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For PMMA, the temporal progress of photoablation was modeled by
Garrison and Srinivasan (1985) using Newton’s equation of motion. The poly-
mer is described by structureless monomer units held together by strong
attractive forces. The interaction with laser radiation is simulated by allow-
ing each monomer unit to undergo excitation directly from an attractive to
a repulsive state. This promotion is associated with a change in volume oc-
cupied by each monomer, leading to a transfer of momentum and, thus, to
the process of ablation. For the sake of simplicity, a face-centered cubic (fcc)
crystalline array is assumed. With a density of 1.22g/cm® and a monomer
mass of 100 amu, a lattice constant of 0.81 nm is calculated. The main attrac-
tive forces holding the monomer units together are the two carbon-carbon
bonds along the chain. The strength of such a C—C bond is approximately
3.6eV (see Table 3.8). The basic repulsive term is proportional to 1/7!2,
where r denotes a mean distance of two monomers. With these assumptions,
the process of photoablation was simulated as shown in Fig. 3.32.
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Fig. 3.32. Computer simulation of photoablation showing the movement of PMMA
monomers as a function of time. Reproduced from Garrison and Srinivasan (1985)
by permission. (©) 1985 American Institute of Physics
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The character of the bonds within an organic polymer is primarily cova-
lent. In order to obtain a physical explanation of the photoablation process,
let us assume that two atoms A and B are bound by a common electron. The
corresponding energy level diagram of the ground and several excited states
is shown in Fig. 3.33. Due to the macromolecular structure, each electronic
level is split into further vibrational states. Absorption of a photon may pro-
mote the two atoms to an excited state (AB)*. Usually, the excitation is
achieved by satisfying the Franck—Condon principle. It states that the radial
distance of the two nuclei of the atoms A and B will not be affected during
the process of excitation due to the small electron mass. Thus, transitions
characterized by a vertical line in the energy level diagram are favored as
indicated in Fig. 3.33. The probability of such a transition is increased if the
maxima of the corresponding Schrddinger functions of the initial and final
states coincide at the same radial distance.

Excited state
(AB)*

Energy

Ground state
AB

Radial distance
Fig. 3.33. Energy level diagram for photoablation

If a UV photon is absorbed, the energy gain is usually high enough to
access an electronic state which exceeds the bond energy. In this case, the two
atoms A and B may dissociate at the very next vibration. Thus, photoablation
can be summarized as a two-step process:

e excitation: AB + hv — (AB)*,

e dissociation: (AB)* — A + B + Fiiy -
The dissociation energies of some typical chemical bonds are listed in Ta-
ble 3.8. Moreover, the wavelengths and the corresponding photon energies of
selected laser systems are given in Table 3.9. When comparing both tables,
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Table 3.8. Dissociation energies of selected chemical
bonds. Data according to Pauling (1962)

Type of bond Dissociation energy (eV)
Cc=0 7.1
C=C 6.4
O—H 4.8
N—-H 4.1
C-0 3.6
Cc-C 3.6
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Table 3.9. Wavelengths and photon energies of selected laser systems

Laser type Wavelength (nm) Photon energy (eV)
ArF 193 6.4
KrF 248 5.0
Nd:YLF (4w) 263 47
XeCl 308 4.0
XeF 351 3.5
Argon ion 514 24
Nd:YLF (2w) 526.5 2.4
He-Ne 633 2.0
Diode 800 1.6
Nd:YLF 1053 1.2
Nd:YAG 1064 1.2
Ho:YAG 2120 0.6
Er:YAG 2940 0.4
CO2 10600 0.1

we find that only photons from UV lasers — typically excimer lasers — provide
an energy sufficient for dissociating such bonds. Therefore, the interaction
mechanism of photoablation is limited to the application of UV light.

The ejected photoproducts of excimer laser ablation have been ana-
lyzed in several studies, e.g. by Srinivasan and Mayne-Banton (1982) and
Brannon et al. (1985). Usually, a mixture of single atoms (C, N, H, O),
molecules (Cy, CN, CH, CO), and stable fragments (MMA-monomer, HCN,
benzene) were detected. It is interesting to add that the product composition
was found to be wavelength-dependent. Srinivasan et al. (1986b) found that
radiation at 248 nm generates fragments of a higher molecular weight than
does 193 nm radiation. Thus, the corresponding etched surface at 248 nm is
rougher and less predictable than at 193 nm.
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Moreover, it was observed that a certain threshold intensity must be ap-
plied to achieve photoablation. Above this intensity, a well-defined depth is
ablated, depending on the absorption coefficient and the incident intensity. At
the same time, an audible report is heard and visible fluorescence is observed
at the impact site. If the incident intensity is moderate and such that the
ablation depth is smaller than the corresponding optical absorption length,
subsequent pulses will enter partially irradiated tissue as well as unexposed
tissue underlying it. Therefore, only the first few pulses are unique. After
these, a linear relation between the number of applied pulses and the total
etch depth is obtained. In practice, the etch depths are averaged over sev-
eral pulses and noted as ablation depth per pulse. This value is reproducible
within an uncertainty of about 10 % for most materials which is an excellent
value when taking all the inhomogeneities of tissue into account. The physical
principles of photoablation are summarized in Table 3.10.

Table 3.10. Principles of photoablation

Absorption of high-energy UV photons

Promotion to repulsive excited states

4

Dissociation

4

Ejection of fragments (no necrosis)

a8
Ablation

We stated above that photoablation is a process which is restricted to the
application of UV light. However, it is not limited to excimer lasers, since
generating higher harmonics of other laser types can result in UV radiation,
as well. The 4th harmonic of a solid-state laser, for instance, also induces pho-
toablation as reported by Niemz et al. (1994b). In Figs. 3.34a—b and 3.35a-b,
a sample of corneal tissue is shown which was partially exposed to either the
second or the fourth harmonic of a Nd:YLF laser. In both cases, the pulse
duration at the fundamental wavelength was set to 30 ps. The higher har-
monics were induced by means of two BBO crystals. The pulse energies were
approximately 150 uJ in the green and 20 pwJ in the UV, respectively. The
laser beam was scanned over the surface within a 1x1 mm? pattern. Whereas
distinct impact sites of the focused laser beam are clearly visible in the section
exposed to the second harmonic, a clean and homogeneous layer is ablated
with the fourth harmonic. Only the latter belongs to the group of photoabla-
tion, whereas the other effect is attributed to plasma-induced ablation which
will be discussed in Sect. 3.4.
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Fig. 3.34. (a) Human cornea exposed to the second (right) and fourth (left) har-
monics of a Nd:YLF laser, respectively (pulse duration: 30 ps). (b) Enlargement of
the boundary with the adjacent zones
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Fig. 3.35. (a) Human cornea exposed to the second and fourth harmonics of
a Nd:YLF laser, respectively (left). Enlargement of area exposed to the second
harmonic (right). (b) Same view (left). Enlargement of area exposed to the fourth
harmonic (right)
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3.3.1 Model of Photoablation

In order to come up with a model which describes the dependence of ablated
depth on incident laser intensity, most research groups — such as Srinivasan
and Mayne-Banton (1982), Andrew et al. (1983), Deutsch and Geis (1983),
Garrison and Srinivasan (1985) — based their assumptions on the validity of
Lambert’s law of light absorption given by®

I(z) = Iy exp(—az) , (3.20)

where z denotes the optical axis, Iy is the incident laser intensity, and « is
the absorption coefficient of the tissue. To evaluate the decrease in intensity,
(3.20) has to be differentiated with respect to z which leads to

0z
Photoablation will take place only as long as the left side in (3.21) does not
drop below a certain threshold value oy, i.e.

al(z) . (3.21)

al(z) > alpy ,

where I}, is the threshold intensity of photoablation. This condition requires
that a certain amount of energy must be absorbed per unit volume and time
to achieve photoablation. The threshold intensity Iy, is determined by the
minimal number of bonds that have to be dissociated to yield decomposition.
We thus obtain

Iyexp(—az) > Ipp .
The ablation depth d, i.e. the depth at which I(z) = I}, should then be

1 Iy 2.3 Iy
d==1n-% ~ 22 1o 20
n a 0810 Iph

3.22
T (3.22)

This simple model describes photoablation very well, except for the
threshold I, at the onset of photoablation and the threshold I at the
onset of plasma generation. The ablation curve of rabbit cornea is shown in
Fig. 3.36 in a single-logarithmic plot. Usually, the ablation depth per pulse is
given as a function of the incident energy density Ey, where Ey = Ip7 and 7
is the pulse duration. The logarithmic dependence, i.e. the central and linear
part in Fig. 3.36, is in good agreement with theoretical predictions based
on (3.22). This section of the ablation curve is observed in almost any kind
of tissue. However, the threshold I, is not as sharp as predicted by (3.22),
i.e. the slope of the curve approaches zero when intercepting with the ab-
scissa. This result most probably stems from the inhomogeneity in fragment

8 For a complete mathematical description of photoablation, the temporal shape
of the applied laser pulses should also be taken into account. Further details are
found in the paper by Srinivasan (1986a).
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sizes. The threshold varies around an average value <I,,> according to the
size of the ablated fragment. Imagine that such a fragment was bound to
several molecules prior to ablation. As soon as a certain ratio of dissociated
molecules is reached, the fragment will be released. Because larger fragments
have a smaller “surface” compared to their “volume”, the threshold I, will
decrease with increasing size of the ablated fragment. Consequently, averag-
ing of various fragment sizes leads to a smooth intercept with the abscissa.
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Fig. 3.36. Ablation curve of rabbit cornea obtained with an ArF excimer laser
(pulse duration: 14 ns). Data according to Fantes and Waring (1989)

Above a second threshold I;,; — the threshold of plasma generation — the
ablation depth per pulse obviously saturates as shown in Fig. 3.36. This effect
stems from a well-known phenomenon called plasma shielding. Once a plasma
is ignited at high power densities due to the generation of a high electric field,
most of the succeeding laser radiation is absorbed by the plasma, thereby
heating it up and leading to additional thermal effects. All abundant energy
thus dissipates to heat and does not contribute to a further increase in abla-
tion depth. Therefore, the ablation curve saturates at high energy densities.
The absorption coefficient oy of the induced plasma is significantly higher
than the original absorption coefficient « of the tissue as will be evaluated in
Sect. 3.4. Hence, (3.20)—(3.22) are no longer valid. For a detailed discussion of
plasma parameters and plasma shielding, the reader is referred to Sect. 3.4.

In the 1980s, the question was raised whether photoablation is based
on a photochemical or a photothermal process. This discussion has led to
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much controversy. Andrew et al. (1983) and Brannon et al. (1985) claimed
UV ablation to be exclusively of thermal character, whereas Garrison and
Srinivasan (1985) tended to attribute it to photochemical effects. Today, it
is well accepted that photoablation — or the synonym ablative photodecom-
position in the sense of UV ablation — shall be considered as an interaction
mechanism of its own that can certainly be distinguished from pure photo-
chemical and thermal processes described in Sects. 3.1 and 3.2. However, due
to the dissociation of molecules during photoablation, a chemical transition is
involved which could also justify misleading terms like “photochemical abla-
tion”. But, with respect to the historical sequence, the term “photochemical”
should be reserved for pulse interactions with photosensitizers at long pulse
durations. And only an ablation caused by UV photons should be regarded
as photoablation?.

In order to distinguish photoablation or ablative photodecomposition from
thermal interaction, we take a closer look once more at the energy level dia-
gram shown in Fig. 3.33. In the case of photoablation, we concluded that
the energy of a single UV photon is sufficient to dissociate the former bound
molecule AB. In thermal interactions, the situation is completely different.
The photon energy is not high enough for the molecule to reach a repul-
sive state. The molecule is promoted only to a vibrational state within the
ground level or to a rather low electronic state including any of its vibra-
tional states. By means of nonradiative relaxation, the absorbed energy then
dissipates to heat, and the molecule returns to its ground state. Hence, the
crucial parameter for differentiating these two mechanisms — photoablation
and thermal interaction — is the photon energy or laser wavelength. Only if
hv > 3.6eV, or in other measures A < 350 nm, is the single photon disso-
ciation of C—C bonds enabled. Of course, several photons with hv < 3.5eV
can be absorbed. Then, these photons add up in energy and may thus lead to
a dissociated state, as well. However, during the time needed for such a multi-
photon absorption process, other tissue areas become vibrationally excited,
hence leading to a global increase in temperature and an observable thermal
effect (usually either vaporization or melting). If this effect is associated with
ablation, the whole process is called thermal decomposition and has to be
distinguished from pure ablative photodecomposition. These statements hold
true, unless ultrashort pulses with a pulse duration shorter than 100 ps are
used at pulse energies high enough to induce a localized microplasma. Then,
even VIS- and IR-lasers can interact nonthermally. But the discussion of this
mechanism shall be deferred to Sect. 3.4.

In reality, pure photoablation is only observed for the 193 nm wavelength
of the ArF excimer laser. Higher wavelengths are usually associated with
a more or less apparent thermal component. Sutcliffe and Srinivasan (1986)

9 Actually, the term “photoablation” itself is not well defined. It only states that
an ablation occurs which is caused by photons, but it does not imply any further
details. Photoablation in the common sense, though, is a very precise ablation
caused by UV photons.
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even postulated that the thermal component of the radiation from a XeCl ex-
cimer laser at 308 nm is 100 % thermal if its radiation is incident on PMMA.
In Fig. 3.37, the thermal components of three excimer lasers are compared
with each other. Obviously, each laser induces thermal effects at low energy
densities. In the cases of the ArF laser and the KrF laser, the slope of the
curve strongly decreases above a certain threshold, i.e. the threshold of pho-
toablation. Radiation from the XeCl laser, on the other hand, continues to
act thermally even at higher energy densities.
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Fig. 3.37. Thermal component of UV radiation from three different excimer lasers
(ArF laser at 193nm, KrF laser at 248 nm, and XeCl laser at 308 nm) in PMMA.
Data according to Sutcliffe and Srinivasan (1986)

The data presented in Fig. 3.37 are only valid for the target material
PMMA. They cannot be generalized to any biological tissue, since the ab-
sorption characteristics of PMMA and biological tissue are quite different.
However, the bottom line of the above observation — i.e. that the significance
of the thermal component increases with higher wavelengths — will be true in
biological tissue, as well. Therefore, we can conclude that ArF excimer lasers
are probably the best choice when aiming at photoablation. XeCl laser could
be used for thermal decomposition, although CW lasers might do a similar
job. KrF lasers offer both photoablative and thermal decomposition but are
less useful in medical applications as we will discuss next.
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3.3.2 Cytotoxicity of UV Radiation

It has been argued that the application of UV radiation for photoablative pur-
poses might induce mutagenic — and thus cytotoxic — effects within cells. This
statement has to be taken seriously, since laser surgery, of course, should not
evoke new maladies when eliminating others. It is a fact that DNA strongly
absorbs UV radiation, especially at approximately 240260 nm. And it is also
well known that this radiation can cause mutagenic alterations of cells, e.g.
exchanges of sister chromatids.

The effect of UV radiation on cells and biological tissue is initiated by
photochemical reactions of chromophores contained by them. Absorption of
UV photons by DNA causes alterations in the chemical structure of the DNA
molecule. The major chemical change is the formation of a dimer from two
adjacent pyrimidine bases. Other products are also synthesized in the DNA
that may have biological consequences. Cells are frequently able to repair
dimers before any adverse responses occur. This is an indispensable mecha-
nism of protection, since the DNA contains important genetic information.
Thus, if these photoproducts are not repaired, erroneous information may be
passed on to progeny cells when the cell divides. This event, finally, leads to
the process of mutagenesis.

Several studies have been done in order to evaluate potential hazards from
UV laser radiation. Usually, the effects of one or two excimer lasers were
compared to each other and to low-pressure Hg lamps. With these, most of
the UV spectrum is covered. In Table 3.11, the wavelengths of commonly
used UV sources are listed.

Table 3.11. Sources of UV radiation

Light source Wavelength (nm)
ArF laser 193
KrF laser 248
Hg lamp 254

Nd:YLF laser (4w) 263
Nd:YAG laser (4w) 266
XeCl laser 308
XeF laser 351

Cytotoxic effects of UV radiation have been investigated by several
groups, among them especially by Green et al. (1987), Kochevar (1989), and
Rasmussen et al. (1989). In general, it can be concluded that the relative
ability of excimer laser radiation to cause DNA defects decreases in the order
of 248 nm > 193nm > 308 nm. Only in some cases was radiation at 193 nm
found to be less cytotoxic than at 308 nm. In Fig. 3.38, the surviving fraction
of Chinese hamster ovary (CHO) cells after exposure to three different light
sources is shown as a function of incident energy density. Whereas the Hg
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Fig. 3.38. Surviving fraction of Chinese hamster ovary (CHO) cells after UV ir-

radiation. Light sources: ArF laser (193nm), Hg lamp (254nm), and XeCl laser
(308 nm). Data according to Rasmussen et al. (1989)
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Fig. 3.39. Sister chromatid exchanges per cell after UV irradiation. Light sources:
ArF laser (193nm), Hg lamp (254nm), and XeCl laser (308 nm). Data according
to Rasmussen et al. (1989)
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lamp induces measurable damage at 15J/m?, it takes a few hundred J/m?
of excimer laser radiation to cause a similar effect. When comparing the ArF
laser at 193 nm and the XeCl laser at 308 nm, the latter is less cytotoxic.

In the same study, the exchange of sister chromatids was measured. These
can either be repaired by the cell or, in severe cases, lead to irreversible
defects. In the latter case, either cell necrosis or uncontrolled cell proliferation,
i.e. certain types of cancer, can occur. The extent of sister chromatid exchange
was investigated for the same UV sources and is shown in Fig. 3.39. All three
radiations caused an increase in the incidence of sister chromatid exchange
but with different effectiveness. The required energy density at 254 nm, for
instance, is much less than at 193 nm or 308 nm. Moreover, the slope of the
curve at 254 nm is much steeper than the others. Thus, another proof is given
that radiation from a Hg lamp can be considered as being more mutagenic
than ArF or XeCl lasers. This is the main reason why there are no significant
medical applications for KrF lasers, since its wavelength at 248 nm almost
coincides with that of Hg lamps.

We conclude that radiation from excimer lasers is less mutagenic than
UV light from Hg lamps. This observation can probably be explained by
the existence of proteins in the cell matrix which strongly absorb radia-
tion at 193 nm, before it reaches the cell nucleus containing the DNA. Ac-
cording to Green et al. (1987), about 60 % of incident radiation is already
absorbed by only 1pm of cytoplasm. Hence, the sensitive DNA inside the
nucleus is shielded by the surrounding cytoplasm. However, potential risks
should never be ignored when using ArF or XeCl lasers. Actually, a few
altered cells might be enough to induce cancer in tissue. And, according to
Rasmussen et al. (1989), there is some preliminary evidence that fluorescence
emission around 250 nm occurs following absorption at 193 nm.

In general, the difficulty in judging the severity of mutagenic effects is
due to the long follow-up periods during which maladies can develop. For in-
stance, a haze inside the cornea is frequently observed within a few years after
refractive corneal surgery has been performed with excimer lasers. The origin
of this haze is yet unknown. It might well be attributed to cell alterations,
even if corneal tumors do not occur.

3.3.3 Summary of Photoablation

o Main idea: direct breaking of molecular bonds by high-
energy UV photons

o Observations: very clean ablation, associated with audible
report and visible fluorescence

o Typical lasers: excimer lasers, e.g. ArF, KrF, XeCl, XeF

e Typical pulse durations: 10 ... 100ns
e Typical power densities: 107 ... 10 W/cm?
e Special applications: refractive corneal surgery
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3.4 Plasma-Induced Ablation

When obtaining power densities exceeding 101* W/cm? in solids and fluids
— or 10" W/cm? in air — a phenomenon called optical breakdown occurs.
This effect is demonstrated in Fig. 3.40. One 30 ps laser pulse from a mode
locked and amplified Nd: YLF laser was focused on an extracted human tooth.
A bright plasma spark is clearly visible which is pointing toward the laser
source. If several laser pulses are applied, a typical sparking noise at the
repetition rate of the pulses is heard.

Fig. 3.40. Laser-induced plasma sparking on tooth surface caused by a single
pulse from a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1 mJ, focal spot size:
30 um, bar: 1 mm). With these parameters, a power density of about 5x 10'* W /cm?
is obtained

By means of plasma-induced ablation, very clean and well-defined removal
of tissue without evidence of thermal or mechanical damage can be achieved
when choosing appropriate laser parameters. The effects of plasma-induced
ablation on both soft and hard tissues are demonstrated in Figs. 3.41a-b. In
one case, a sample of corneal tissue was ablated with a picosecond Nd:YLF
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Fig. 3.41. (a) Excision in a human cornea achieved with a picosecond Nd:YLF
laser (pulse duration: 30 ps, pulse energy: 200 wJ, bar: 50 um). (b) Human tooth
exposed to 16000 pulses from a picosecond Nd:YLF laser (pulse duration: 30 ps,
pulse energy: 1mJ, pattern size: 1 x 1 mm?). Superficial cracking occurred as an
artefact during the preparation for electron microscopy
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laser by applying the pulses in a straight line pattern. The cross-sectional
view shows a very precise excision without mechanical ruptures. In the other
case, pulses from the same Nd:YLF laser were scanned over the surface of
atooth in a 1 x 1 mm? square pattern. In particular, the fairly smooth bottom
of the cavity and the steep side walls are very significant. Further details on
potential applications are given in Sects. 4.1 and 4.2.

Sometimes, plasma-induced ablation is also referred to as plasma-mediated
ablation. Tt was recently investigated and discussed by Teng et al. (1987),
Stern et al. (1989), and Niemz et al. (1991). Both synonyms express a gener-
ally well accepted interpretation that this kind of ablation is primarily caused
by plasma ionization itself. This is in contrast to a more mechanical process
called photodisruption which will be described in Sect. 3.5. The most impor-
tant parameter of plasma-induced ablation!? is the local electric field strength
FE which determines when optical breakdown is achieved. If E exceeds a cer-
tain threshold value, i.e. if the applied electric field forces the ionization of
molecules and atoms, breakdown occurs. The electric field strength itself is
related to the local power density I by the basic electrodynamic equation

1
I(r,z,t) = 5 gocE? | (3.23)

where g is the dielectric constant, and c is the speed of light. For picosecond
pulses, typical threshold intensities of optical breakdown are 10'* W/cm?.
Hence, the corresponding electric field amounts to approximately 107 V /cm.
This value is comparable to the average atomic or intramolecular Coulomb
electric fields, thus providing the necessary condition for plasma ionization.
Within a few hundred picoseconds, a very large free electron density with
typical values of 10*®/cm?® is created in the focal volume of the laser beam.
In general, plasma generation due to an intense electric field is called dielec-
tric breakdown. The term optical breakdown especially emphasizes that UV,
visible, and IR light are strongly absorbed by the plasma. The physical prin-
ciples of breakdown have been investigated in several theoretical studies, e.g.
by Seitz (1949), Molchanov (1970), Yablonovitch and Bloembergen (1972),
Bloembergen (1974), Epifanov (1981), and Sacchi (1991).

Fradin et al. (1973b) have measured the intensity of ruby laser pulses
transmitted through NaCl. They used a TEMgyy mode ruby laser with pulse
energies of 0.3 mJ and pulse durations of 15 ns which was focused with a lens
of 14 mm focal length. In Figs. 3.42a—c, the transmitted intensities are shown
as a function of time. Obviously, the shape of the transmitted pulse is not
altered in Fig. 3.42a, whereas the rear part of the pulse is strongly ab-
sorbed in Figs. 3.42b—c. Fradin et al. (1973b) concluded that the intensity
as in Fig. 3.42a was just below the threshold of optical breakdown, while it
was above in Fig. 3.42b, thereby damaging the NaCl sample. In Fig. 3.42c,
breakdown was achieved at the very peak of the laser pulse.

10 Throughout this book we will use the term plasma-induced ablation rather than
plasma-mediated ablation, since the first term emphasizes its primary cause.
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Fig. 3.42. (a—c) Ruby laser pulses transmitted through NaCl. Data according to
Fradin et al. (1973b)

The initiation of plasma generation can be two-fold and was described
in detail by Puliafito and Steinert (1984). It was observed that either Q-
switched pulses in the nanosecond range or mode locked laser pulses in the
picosecond or femtosecond range can induce a localized microplasma. In Q-
switched pulses, the initial process for the generation of free electrons is
supposed to be thermionic emission, i.e. the release of electrons due to ther-
mal ionization as shown in Fig. 3.43. In mode locked pulses, multi-photon
ionization may occur due to the high electric field induced by the intense
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laser pulse. In general, the term multi-photon ionization denotes processes
in which coherent absorption of several photons provides the energy needed
for ionization. Due to the requirement of coherence, multi-photon ionization
is achievable only during high peak intensities as in picosecond or femtosec-
ond laser pulses. Plasma energies and plasma temperatures, though, are usu-
ally higher in Q-switched laser pulses because of the associated increase in
threshold energy of plasma formation. Thus, optical breakdown achieved with
nanosecond pulses is often accompanied by nonionizing side effects and will
be deferred to Sect. 3.5.
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Fig. 3.43. Initiation of ionization with subsequent electron avalanche. Reproduced
from Puliafito and Steinert (1984) by permission. (©) 1984 IEEE

In either case, however, a few “lucky” electrons initiate an avalanche effect,
leading to the accumulation of free electrons and ions. A free electron absorbs
a photon and accelerates. The accelerated electron collides with another atom
and ionizes it, resulting in two free electrons, each of them with less individual
kinetic energy than the initial electron. Again, these free electrons may absorb
incoming photons, accelerate, strike other atoms, release two more electrons,
and so forth. The basic process of photon absorption and electron acceleration
taking place in the presence of an atom is called inverse Bremsstrahlung'!.
It is based on a free-free absorption, i.e. a transition, where a free electron
is present in the initial and final states. In order to fulfill the conservation
laws of energy and momentum, this event must necessarily take place in the
electric field of an ion AT or a neutral atom. The process is schematically
written as

hv+e+ At — e+ At + Eyin

1 In ordinary Bremsstrahlung, the opposite effect occurs, i.e. electrons are acceler-
ated in the electromagnetic field of an atom, thereby emitting radiation.
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In particular, the important feature of optical breakdown is that it ren-
ders possible an energy deposition not only in pigmented tissue but also in
nominally weakly absorbing media. This is due to the increased absorption
coefficient of the induced plasma. Thereby, the field of potential medical laser
applications is considerably widened. Especially in ophthalmology, transpar-
ent tissues — like cornea and lens — become potential targets of laser surgery.
It is also worthwile noting that during the process there is no restriction
of the photon energy involved. The electron may increase its kinetic energy
by means of absorbing any amount of energy, thus leading to a very short
risetime of the free electron density of the order of picoseconds. In order to
achieve optical breakdown, though, the irradiance must be intense enough to
cause rapid ionization so that losses do not quench the electron avalanche.
According to Smith and Haught (1966), inelastic collisions and diffusion of
free electrons from the focal volume are the main loss mechanisms during
avalanche ionization.

As already emphasized, the electric field strength F is the crucial param-
eter for the onset of plasma-induced ablation. In the following paragraphs,
a model of plasma-induced ablation is developed which is based on funda-
mental relations of electrodynamics and plasma physics. It derives a general
expression for the dielectric factor £ and culminates in a relation for the
absorption coefficient oy of the plasma. For visible and near infrared laser
wavelengths, the original absorption coefficient o of most tissues is quite low
compared to using UV light. However, calculations derived from the follow-
ing model will prove that ap >> «, thus leading to enhanced absorption and
efficient ablation.

3.4.1 Model of Plasma-Induced Ablation

Our model is based on Mazwell’s equations of electrodynamics relating the
electric and magnetic field strengths E and H to the electromagnetic in-
ductions D and B, respectively. In order to account for free electrons and
currents associated with plasma formation, the inhomogeneous version of
Maxwell’s equations is considered. In their differential form, these equations
are given by

0B

tE = — — .24

ro o (3.24)
oD

H = — ) .2
rot ot + 7, (3 5)
divD = p¢ , (3.26)
divB =0, (3.27)

where g denotes the density of all free electric charges, and j¢ the density
of all free electric currents of the plasma.
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The laser beam itself is approximated by a plane electromagnetic wave
E(r,t) = Eq exp[i(wt — kr)], (3.28)
H(r,t) = Hy exp[i(wt —kr)], (3.29)

where k is the propagation vector of the electromagnetic wave. Assuming the
relative magnetic permeability of the tissue to be pu = 1, the electromagnetic
inductions can be expressed by

B = uoH , (3.30)
D =eg0F (3.31)

where o and gg are the electromagnetic constants, and ¢ is the dielectric
factor of the plasma. Inserting (3.28)—(3.31) into the first two of Maxwell’s
equations leads to

kx E=wuyH ,
kx H=—weegE+ijs = —weggE+icE |

where o is the electric conductivity of the plasma. Hence,
kx (kxE)=—w?upeoE +iwpgoE ,

w? wo

kEx(kxE)=|—— i— | E 3.32

(hxB)= (-5 eisl) B, (3.32)

where ¢ = \/1/eoup is the speed of light. In electrodynamics, (3.32) is also re-

ferred to as the telegraph equation. Since electromagnetic waves are transver-
sal, i.e. kE = 0, the amount k = |k| can be expressed by

2
E=""¢', (3.33)

€

with the complex dielectric factor
o

"= —i—01:. 3.34
el =e—i (3.34)

In the case of negligible absorption, (3.33) reduces to the simple relation of
dispersion

k=2, (3.35)

where n is the index of refraction. However, since the plasma absorbs incident
radiation, (3.35) is replaced by

k=2 (n+ia), (3.36)

c
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where & is the index of absorption. Combining (3.33) and (3.36) leads to the
general expression

e/ = (n+ia)? . (3.37)
Moreover, the following two relations are derived from (3.36)

n =
d:

The absorption coefficient « — which is not to be mistaken for & — was defined
in the previous section by (3.20). Together with (3.23) and (3.28), we thus
obtain

2w

ap1:—21m(k):—7ap1,

which expresses the plasma absorption coeflicient oy, and the index of plasma
absorption ép in terms of each other. We may separate (3.37) into

Re(e’) =n®* - a2,

1
Im(e’) =2na, =  ap=— Im(e’).
2n
Hence,
w
=— 21 N, 3.38
ap = = - Tin(e") (339)

stating that the existence of an imaginary part of €’ evokes absorption.
Next, we will consider the equation of motion of a plasma electron. It is
given by
ov
mea—te = —eF — vgimeve (3.39)

where m, is the electron mass, v, is the electron velocity, e is the electron
charge, and v,; is the mean collision rate of free electrons and ions. Assuming
that the plasma electrons are performing oscillations induced by the incident
electromagnetic field at its frequency w, we obtain

iwmeve = —eE — VgiMee ,
e

— mge(uei i) (3.40)

Ve =
Together with the basic relation
jf = —Neve )

where N is the density of free electrons, (3.40) turns into
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. Ne?
Je= Me(Vei + 1w)
N 2
SR L — (3.41)
Me(Vei + w)
Inserting (3.41) into (3.34) leads to
, 't Ne? . wgl
E =" 1— —FF~ =& 11—,
weg Me(Vei + 1w) w(Vei + 1w)
w?w? Wleiw?
; pl eiWp]
©TET w22+t ' w2 +wt’ (342)
where wyp is the plasma frequency defined by
Ne?
2
= ) 3.43
wpl £0Me ( )

From (3.38) and (3.42), the plasma absorption coefficient is derived as

2 2
w WVelwpl Vei wpl

APl = T A e D2 (3.44)
nc wrg +w nc w* +vg

In cold laser plasmas, i.e. Vej << w, (3.44) can be simplified to

2
Vei Wpl

(3.45)

apl = — .
PL™ e w2
Therefore, plasma absorption is enhanced in the IR region of the spectrum.

And, since wgl ~ N and v, ~ N, we obtain the important relation

2
aplNN ’

stating that the absorption is a nonlinear function of the free electron density
and, thus, of the absorbed energy itself.

In Fig. 3.44, typical absorption coefficients c, for various incident power
densities have been collected. The plasma was induced in a cuvette filled with
distilled water by picosecond pulses from a Nd:YLF laser at a wavelength of
1.053 um. The absorption coefficient has already gained two to three orders
of magnitude if the incident energy density is twice the threshold value of
plasma generation. In the example shown in Fig. 3.44, the absorption coeffi-
cient increases from 0.1cm™! at low fluences to 100cm ™! at approximately
23 J/cm?. Therefore, the induced plasma serves as a shield for succeeding
laser photons. This phenomenon is referred to as the plasma shielding effect.
At higher pulse energies, its significance even increases and will be discussed
in Sect. 3.5. Primarily, the enhanced absorption of the plasma is caused by
the high density of free electrons capable of absorbing laser photons. Thus,
by means of plasma generation, a very efficient type of ablation is created.
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Fig. 3.44. Absorption of laser plasmas induced in distilled water by a Nd:YLF
laser (wavelength: 1.053 pm, pulse duration: 30 ps). Unpublished data
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The condition for plasma growth and sustainment is that losses — such as
inelastic collisions and free electron diffusion — do not quench the avalanche
process. As the free electron density N increases, photon scattering is en-
hanced. Consequently, laser photons are not only absorbed but also scattered
by the plasma. The critical density Nt at which a net amount of energy
is not converted any further to plasma energy is obtained when the plasma
frequency becomes equal to the frequency of the incident electromagnetic
wave!?. Mathematically, this condition is written as wp = w and, when in-
serting (3.43),

Eom
= ¢ Ww?. (3.46)

Ncrit =

For visible laser radiation, i.e. w ~ 10'® Hz, the electron density may thus
reach values of up to a few 10%°/cm?.

In the remaining part of this section, we will evaluate the threshold depen-
dence of optical breakdown on pulse duration of the laser. In several studies
— as discussed below — a square root dependence of the threshold power
density on pulse duration was observed when using picosecond or nanosec-
ond laser pulses. This relationship, however, was only known as an empirical
scaling law as stated by Koechner (1992). On the following pages, a novel
model is developed which illuminates its theoretical background.

12 Plasma oscillations are characterized by density-dependent eigenfrequencies. The
highest amplitude occurs at resonance, i.e. at wp = w. At wp > w, the plasma
oscillation is decelerated due to the phase shift of the external force.



3.4 Plasma-Induced Ablation 113

The temporal behavior of the free electron density N(t) is described by

O 18— AN N N (D) (3.47)
with the rate parameters 3 for avalanche ionization, v for inelastic collision,
and ¢ for electron diffusion. Avalanche ionization is a two-step process. First,
electrons gain energy in the electromagnetic field of the laser pulse, then
further electrons are dissociated by subsequent collisions with either atoms or
ions. According to Smith and Haught (1966 ), inelastic collisions and diffusion
of free electrons from the focal volume are the main loss mechanisms during
avalanche ionization. They are accounted for in (3.47) by negative signs.
The avalanche parameter [ primarily depends on the incident intensity I(t).
A reduced avalanche rate can be defined by

B'=B-7yN(),

which takes into consideration that some of the collisions are inelastic, i.e.
no additional electrons are released but kinetic energy is transferred to the
collision partners. This energy is lost for further avalanche processes and thus
reduces the effective rate parameter 8’. The rate parameter v is multiplied
by N (t), since the cross-section for the occurrence of inelastic collisions scales
linearly with N(t). By substituting u(¢) = 1/N(t), (3.47) turns into

Ju

E%—(ﬂ—é)u(t)—'yzo.

This differential equation has the following general solution

u(t) = cft) exp [— /0 ‘66 dt’] , (3.48)

c(t)zco—i-'y/o exp l/o (6—5)dt"] dt’ .

The initial condition is expressed by u(0) = 1/Ny. Hence, it follows that
co = 1/Np, where Ny is the initial electron density. After resubstituting N (¢)
in (3.48), the following general solution is derived

with

expf(ﬁ — ) dt
N(t) = 0

- p . (3.49)
¥+ 'ybfexp lf(ﬁ —9) dt”] dt/

0

We will now assume a laser pulse with duration 7 and constant intensity 1.
According to Molchanov (1970), the parameter 3 can be approximated by

Iy for 0<t<r
B_{go else o }’ (350)



114 3. Interaction Mechanisms

where 7 is called the ionization probability and is expressed in units of
(J/ecm?)~1. In our model, multi-photon processes are not taken into account.
It is rather assumed that the initial electrons for the avalanche are provided
by thermal ionization as stated by Bloembergen (1974) who estimated an
initial electron density of Ny ~ 10%-10'°cm™3 and a breakdown density of
N ~ 1088 cm 3.

— Case I: (0 <t < 7). By making the simplifying assumptions that the pa-

rameters 7 and 0 are not time-dependent, (3.49) reduces to
e(B—0)t

1+ 2% [eA-0t —1] |

N(t) = No

According to Bloembergen (1974), a certain threshold ratio s can be de-
fined for the occurrence of optical breakdown
Nin(t) e(B—0)t

s = ln = In .
YN _
No 14+ 375 [eB=9)t —1]

When assuming § >> §, we obtain

N
s=(8—08)t—1In {1 + V—%e@‘”t} . (3.51)
It is now supposed that optical breakdown occurs near the end of the laser
pulse, i.e. at t = 7, and that the free electron density saturates at this
threshold condition. Hence,

86—]:7 L= BN, —yN2 — 6N, ~0 with N, =N(r),

5L

1+ ;—Jf‘} BT ~ 1 4 f% AT~ 14 ngfa ~2. (3.52)
Therefore, (3.51) reduces to

s=(8-0)r—In <1 + g]f:;) . (3.53)

Because of (3.52), the logarithm in (3.53) is evaluated in a series at the
argument “2” up to the second term

s:(ﬂ—J)T—ln2—%[(1—1—541/}5)—2} ,

with the general solution

55 s+1n2—0.5+\/(s+ln2—0.5)2+'yNT |

2T 2T 2T
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The rate parameters for inelastic collision and diffusion are defined by
vy = (N.,-TC)71 and § = Tgl, where 7. and 74 are the respective mean
time constants. Then, together with (3.50), the following two relations are
obtained for the threshold parameters of plasma generation

s s\ 2 T T
Ep=— (7> T 54
1E4h 2Jr 2 +2TC+’Td (3.54)

52 1 1
) +=, (3.55)

2TT. T4q

S
I = — (
N1Lth 27_+

where Ey, and Iy, are the threshold values of incident energy density and
intensity, respectively. The term (In2 — 0.5) has been neglected, because
Bloembergen (1974) estimated a typical ratio of s = In(Ny,/Ng) ~ 18,
where Ny, is the electron density at the threshold of optical breakdown.

Case II: (t > 7). The integration in (3.49) is performed by means of

exp [}(ﬁ —o)dt’ + j(ﬂ —90) dt’}
N(t) — 0 T

— — (3.56)
N%)—!—wof exp lf(ﬁ—é)dt” dt’+ [ exp [f(ﬁ—(S)dt”] dt/

0 0

Keeping in mind that 8 = 0 for any ¢’ > 7, (3.56) can be written as

o(B=0)T o—0(t—7)
N(t) = N, , (3.57)

T t
1+ Ny [eB=0t" dt’ + yNy [ eB=0)7=0(t'=7) q¢/
0 T

with the final solution

eﬁ‘r—ét
N(t) = Ny . 3.58
®) 1+ g—]f‘(; [e(ﬁ—‘s)T — 1] — ’Y(Sﬂem(e—‘” —e97) (3:58)

The last equation generally describes the decrease in electron density after
the laser pulse due to collision and diffusion processes.

In Figs. 3.45 and 3.46, the threshold dependences of incident energy den-
sity and intensity on pulse duration are illustrated, respectively, assuming
7. = 1fs according to Bloembergen (1974) and 74 = 500 ps according to
Zysset et al. (1989). It is supposed that the electron diffusion time is of the

order of plasma lifetimes achieved with picosecond pulses. With these values,

r—1

numerical evaluation of (3.54) and (3.55) yields that Exp, ~ 7% and Iy, ~ 7

with

r<0.1 for 7 < 100fs ,
r=04...06 for 4ps<T<8us,
x> 0.8 for 7> 300us.
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Fig. 3.45. Threshold dependence of incident energy density on laser pulse duration.
A square root dependence is postulated for pulse durations between 4 ps and 8 us.
The parameter 7 is tissue-dependent and is expressed in units of (J/cm?)™!
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Fig. 3.46. Threshold dependence of incident intensity on laser pulse duration. An
inverse square root dependence is postulated for pulse durations between 4 ps and
8 us. The parameter 7 is tissue-dependent and is expressed in units of (J/cm?)™*
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Primarily, the two limits within the three time domains are determined
by the time constants of inelastic collision and diffusion modified by the
empirical threshold parameter s. There remains, of course, an uncertainty in
the absolute value of these time constants. This uncertainty is thus carried
forward to the domain limits, i.e. insertion of longer time constants would
shift the two limits to longer pulse durations, as well.

Indeed, the results of a series of experiments indicate a relationship of
the form Ey, ~ /7 for pulse durations in the picosecond and nanosecond
range. These studies have been made with a variety of anorganic target
materials such as NaCl and SiOs as performed by Fradin et al. (1973a),
Bloembergen (1974), Vaidyanthan et al. (1980), van Stryland et al. (1981),
Taylor et al. (1987), and Du et al. (1994). A similar threshold dependence
was obtained for various biological tissues as investigated by Stern et al.
(1989), Niemz et al. (1993a), and Vogel et al. (1994D).

In Table 3.12, the exponent in the relationship FEy, ~ 7% is listed for
various targets and pulse durations. They are calculated from threshold data
which were published by different authors. Obviously, most of the values fit
very well to the postulated relationship Fiy, ~+/7, i.e. z =~ 0.5, except the
data obtained by Zysset et al. (1989). The latter discrepancy might be caused
by performing the experiments at extremely small focal spot sizes and the
associated errors in threshold determination.

Table 3.12. Exponents in the relationship Ei, ~ 7% as calculated from published
threshold data. Pulse durations shorter than 1 ps were not considered to remain in
the time domain of the square root dependence

Target Reference Considered pulse durations =
H,O (distilled) Docchio et al. (1986) 30ps —T7ns 0.49
Zysset et al. (1989) 40ps —10ns 0.71
Vogel et al. (1994a) 30ps —6ns 0.54
Cornea Stern et al. (1989) lps —8mns 0.44
Niemsz et al. (1993a) 1ps —200ps 0.52
Vogel et al. (1994b) 30ps —6ns 0.47
Lens Vogel et al. (1994b) 30ps —6mns 0.46
Vitreous Vogel et al. (1994b) 30ps —6ns 0.48
Tooth unpublished 1.5ps—30ps 0.46

In Figs. 3.47a—b, the threshold dependence of the incident energy den-
sity is illustrated in corneal tissue and teeth. The data were obtained with
two different laser systems, a Nd:YLF laser and a Rhodamine 590 dye laser,
respectively. The dye laser was necessary to provide pulse durations in the
femtosecond range. From the slope of each curve, the corresponding expo-
nents z = 0.52 and x = 0.46 are calculated, respectively. At the shortest
pulse durations, both curves tend to decrease in slope.
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Fig. 3.47. (a) Threshold dependence of incident energy density on laser pulse
duration for corneal tissue. Measured with a Nd:YLF laser and a Rhodamine 590
dye laser, respectively. The slope of the linear section is 0.52. Data according to
Niemz et al. (1993). (b) Same dependence for teeth. The slope of the linear section
is 0.46. Unpublished data
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The ionization probability 1 was defined by (3.50). It is a tissue-dependent
parameter and must thus be evaluated from experimental data. Its signifi-
cance becomes evident when comparing different media with each other. In
Table 3.13, some values of 1 are listed as calculated from published thresh-
old data and (3.54). Obviously, the ionization probabilities of cornea and
tooth are significantly higher than the corresponding values of water, lens, or
vitreous. The accordance of values from different authors and experimental
conditions is fairly good.

Table 3.13. Ionization probabilities of various targets as calculated from
published threshold data

Target Reference Pulse duration 7 (J/cm?)™!

H,O (distilled) Docchio et al. (1986) 30ps 6.0
Tns 6.4
Zysset et al. (1989) 40 ps 2.2

10ns 0.71
Vogel et al. (1994a) 30ps 1.3

6 ns 0.95
Cornea Stern et al. (1989) 1ps 16.2
30 ps 12.9
Niemz et al. (1993a) 10 ps 8.0
30 ps 6.6
60 ps 7.3
200 ps 8.1
Vogel et al. (1994b) 30 ps 8.8
6 ns 9.7
Lens Vogel et al. (1994b) 30ps 2.7
6ns 3.1
Vitreous Vogel et al. (1994b) 30 ps 3.8
6 ns 3.9
Tooth unpublished 1.5ps 14.0
30 ps 13.2

According to (3.58), the temporal evolution of the free electron density
after the laser pulse can be approximated by

N(t) >~ Npax exp(— 0t) = Npax €xp (— :—d> .
For the same 74 = 500 ps as chosen above and a typical laser pulse duration
of 1ns, the temporal decrease in electron density is illustrated in Fig. 3.48. In
theory, the lifetime of the plasma is thus a few nanoseconds. Time-resolved
measurements of the plasma were performed by Docchio et al. (1988a-b) and
Zysset et al. (1989). The photon emission of a plasma induced by a 30 ps
pulse from a Nd:YLF laser is captured in Fig. 3.49. The upper and lower
traces represent laser pulse and plasma emission, respectively. Both signals
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Fig. 3.48. Temporal evolution of free electron density in a laser-induced plasma.
The simulation is based on a laser pulse duration of 1ns, i.e. the maximum value
Nmax of the electron density is reached after 1ns
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Fig. 3.49. Temporal traces of a Nd:YLF laser pulse (pulse duration: 30 ps, pulse

energy: 500 pJ) and plasma emission. The plasma signal was detected with a pho-
todiode at a risetime of approximately 1ns
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were detected with a photodiode at a risetime of 1 ns. Even though the laser
signal is broadened in time, the lifetime of the plasma can be determined to
be approximately 3 ns.

The model presented above finally explains the observed square root de-
pendence for the time domain 4 ps <7 < 8 us. It also indicates that femtosec-
ond pulses are not associated with a lower threshold energy compared to
picosecond pulses, thus providing no significant advantage to several medical
laser applications.

3.4.2 Analysis of Plasma Parameters

The interaction type of plasma-induced ablation can be used for diagnostic
purposes, as well. By means of a spectroscopic analysis of the induced plasma
spark, the free electron density and the temperature of the plasma can be
evaluated. Moreover, detailed information on the chemical consistency of the
target can be obtained, thereby allowing certain conclusions to be drawn
regarding the state of health of the investigated tissue volume.

One example for the analysis of laser-induced plasmas is the simultaneous
caries diagnosis and therapy developed by Niemz (1994a) which is based on
the detection of tooth demineralization and is enabled by the evaluation of
plasma spectra. A typical setup for such an experiment is shown in Fig. 3.50.
Optical breakdown is induced on the tooth surface by a picosecond Nd:YLF
laser. Then, the plasma is imaged on the entrance pupil of a spectrometer
and analyzed. Finally, the data are fed into a computer and processed.

BBO
Nd:YLF laser =|: Plasma
Filter
= I~ Qooo PMT
PC Oscilloscope Spectrometer

Fig. 3.50. Experimental setup for a computer-controlled spectroscopic analysis of
laser-induced plasmas
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Two typical plasma spectra are shown in Figs. 3.51a—b, one of which was
obtained from healthy tooth substance, the other from carious substance.
Calcium in neutral and singly ionized states and the major doublet of neutral
sodium is found in the spectra according to emission wavelengths listed by
Weast (1981). They are the minerals occurring most in dental hydroxyapatite
with the chemical formula Ca;o(POy4)s(OH)s. Phosphorus is also expected,
but neither of its strongest emission lines at 602.4nm and 603.4nm is ob-
served. This result most probably stems from the fact that the plasma tem-
perature is not high enough to transfer phosphate to its atomic constituents,
i.e. phosphorus and oxygen. The two lines between 390 nm and 400 nm proba-
bly result from neutral calcium (394.8 nm, 397.3 nm) and the major emission
of singly ionized calcium (393.3 nm, 396.8 nm). One strong peak can be seen
at about 526.5nm that partly arises from a multiplet of calcium lines and
from external second-harmonic generation (SHG). A few percent of the inci-
dent laser beam are converted to the second harmonic by means of a BBO
crystal as seen in Fig. 3.50. Therefore, in the spectra, this peak is labeled
“Ca & 2w”. SHG at the tooth surface is also conceivable, but its amplitude
is expected to be surpassed by the calcium multiplet. The detected signal at
526.5nm is normalized to unity. This normalization is useful when compar-
ing spectra of healthy and carious teeth. The latter spectra show a strong
decrease for all mineral lines due to the demineralization process induced by
caries. Slight deviations in the ratio of calcium and sodium intensities might
be observed because of different demineralization stages.

The normalization realized in this study is correct only if the diffuse re-
flectivities of healthy and carious teeth are the same for the second harmonic
at 526.5nm. This was tested by filtering out the fundamental wavelength,
thereby preventing plasma generation, and measuring the reflected signal
while moving different areas of the tooth through the focus. No significant
difference in the intensities was observed. However, since the intensities of
the calcium multiplet at 526.5nm are also decreased in carious teeth, the
ratio of SHG photons contributing to the normalization signal at 526.5 nm
varies. Therefore, a direct comparison of absolute intensities cannot be de-
rived from these spectra. For further details on the subject of simultaneous
caries diagnosis and therapy, the reader is referred to Sect. 4.2.

An exact evaluation of the plasma temperature is difficult due to the
short lifetime of the plasma. Temporal measurements are required to under-
stand the dynamic behavior of the plasma temperature and the free elec-
tron density. However, by comparing the intensities of two different calcium
lines, an estimate of a mean plasma temperature can be given. According to
Lochte-Holtgreven (1968), the following relation applies for two spectral lines
of the same atomic species in the same ionization stage

L A ( Ei-Ep
I, Asgah kT ’

(3.59)
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Fig. 3.51. (a) Spectrum of plasma on healthy tooth substance induced by
a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 500 uJ). Lines of neutral cal-
cium (Ca), singly ionized calcium (Ca™), and neutral sodium (Na) are seen. The
signal at 526.5 nm partly originates from calcium and from second harmonic gen-
eration (SHG) of the laser beam. (b) Spectrum of laser-induced plasma on carious
tooth substance. Due to the process of demineralization, the intensity of all mineral
lines is reduced. Data according to Niemz (1994a)
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Fig. 3.52. Calcium line at 422.7nm of a plasma on healthy tooth substance. The
plasma was induced by a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 500 p.J).
Unpublished data
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Fig. 3.53. Dependence of spectral width on plasma density and temperature ac-
cording to Saha’s equation (plasma temperature: as labeled). Given values apply
for the calcium line at 422.7nm. Unpublished data
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where [ is the detected intensity, A is the transition probability, g is the
statistical weight of the upper energy level, A is the detected wavelength, E
is the upper energy level, k is Boltzmann’s constant, and T is the plasma
temperature. By differentiating (3.59), we obtain

AT kT A(L/I)
T  Fi-E L/L

(3.60)

Hence, the accuracy of temperature determination can be improved by choos-
ing two upper energy levels far apart from each other. The accuracy of the
measured intensities is better for singlets. Because of these two reasons, it
is convenient to compare the intensities at the two calcium wavelengths of
A1 = 422.7nm and A2 = 585.7nm. According to Weast (1981), the corre-
sponding parameters are

A =218 x108s7t, g1 =3, E; =294eV,

Ay = 0.66 x 108 Sil, gs = 5, Ey =5.05€eV.
On average, the intensity ratio of the spectra shown in Figs. 3.51a-b is about
I, /15 ~ 4. Thus, the mean plasma temperature corresponding to these spec-
tra is about 5eV or 60000 K which is in good agreement with theoretical
predictions by Mulser et al. (1973). This plasma temperature is not to be
mistaken for the local tissue temperature, since it represents the kinetic en-
ergy of plasma electrons only.

In order to evaluate the free electron density of the plasma, the spec-
tral widths of singlet lines need to be measured. These experiments were
performed by Niemz (1994a) and yielded typical spectral widths of 0.15nm
for the calcium line at 422.7nm as shown in Fig. 3.52. From these, the free
electron density can be determined by applying Saha’s equation of plasma
physics. The derivation and significance of Saha’s equation is discussed in de-
tail by Griem (1964). Its physical interpretation is summarized in Fig. 3.53,
where the spectral width at a given wavelength — in this case the calcium
line at 422.7nm — is plotted as a function of electron density and plasma
temperature. In the example shown, a measured spectral width of 0.15nm
corresponds to a free electron density of approximately 1018 /cm?®. Moreover,
Fig. 3.53 illustrates that the free electron density shows a rather weak de-
pendence on plasma temperature.

3.4.3 Summary of Plasma-Induced Ablation

e Main idea: ablation by ionizing plasma formation

o Observations: very clean ablation, associated with audible
report and blueish plasma sparking

o Typical lasers: Nd:YAG, Nd:YLF, Ti:Sapphire

o Typical pulse durations: 100fs... 500 ps
o Typical power densities: 10*! ... 103 W /cm?
e Special applications: refractive corneal surgery, caries therapy
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3.5 Photodisruption

The physical effects associated with optical breakdown are plasma formation
and shock wave generation. If breakdown occurs inside soft tissues or fluids,
cavitation and jet formation may additionally take place. The meaning of
these terms will be discussed in this section. The ablative process due to
plasma ionization has already been described in Sect. 3.4. However, when
discussing plasma-induced ablation, we neglected any secondary effects of
the plasma. At higher pulse energies — and thus higher plasma energies —
shock waves and other mechanical side effects become more significant and
might even determine the global effect upon the tissue. Primarily, this is due
to the fact that mechanical effects scale linearly with the absorbed energy.
Then, because of the mechanical impact, the term disruption (from Latin:
ruptus = ruptured) is more appropriate.

The effect of rupturing becomes evident when looking at Figs. 3.54a—b.
These two photographs show a 90 um thick glass plate on which picosecond
pulses from a Nd:YLF laser were focused. Since glass is a simple detector for
shocks — it splinters above a certain threshold value — the mechanical impact
on the anterior and posterior surfaces are easily seen.

Cavitation is an effect that occurs when focusing the laser beam not on
the surface of a tissue but into the tissue. For instance, a cavitation within
a human cornea is seen in Fig. 3.55. It was generated by focusing a single pi-
cosecond pulse from a Nd:YLF laser underneath the epithelium. Immediately
after laser exposure, the tissue was fixated to prevent the cavitation bubble
from collapsing. The cross-section of the cavitation is elongated on an axis
determined by the orientation of the collagen fibrils, because shear forces can
readily split the tissue in this direction. Cavitation bubbles consist of gaseous
vapors — mainly water vapor and carbon oxides — which eventually diffuse
again into the surrounding tissue.

Photodisruption has become a well-established tool of minimally invasive
surgery (MIS), since it was introduced by Krasnov (1973) and then further
investigated by Aron-Rosa et al. (1980) and Fankhauser et al. (1981). Two of
the most important applications of photodisruptive interaction are posterior
capsulotomy of the lens — frequently being necessary after cataract surgery —
and laser-induced lithotripsy of urinary calculi.

During photodisruption, the tissue is split by mechanical forces. Whereas
plasma-induced ablation is spatially confined to the breakdown region, shock
wave and cavitation effects propagate into adjacent tissue, thus limiting the
localizability of the interaction zone. For pulse durations in the nanosecond
range, the spatial extent of the mechanical effects is already of the order of
millimeters even at the very threshold of breakdown. Actually, purely plasma-
induced ablation is not observed for nanosecond pulses, because the threshold
energy density of optical breakdown is higher compared to picosecond pulses
as shown in Fig. 3.45, and the pressure gradient scales with plasma energy.
Hence, for nanosecond pulses, optical breakdown is always associated with
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Fig. 3.54. (a) Anterior surface of a 90 um thick glass plate exposed to ten pulses
from a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1mJ, focal spot size:
30 pm). (b) Posterior surface of a glass plate after a similar experiment. Reproduced
from Niemz (1994a). (©) 1994 Springer-Verlag
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Fig. 3.55. Cavitation bubble within a human cornea induced by a single pulse
from a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1mJ, bar: 30 um)

shock wave formation even at the very threshold. Since adjacent tissue can
be damaged by disruptive forces, the presence of these effects is often an
undesired but associated symptom. In contrast, picosecond or femtosecond
pulses permit the generation of high peak intensities with considerably lower
pulse energies. With these extremely short pulse durations, optical breakdown
may still be achieved while significantly reducing plasma energy and, thus,
disruptive effects. Moreover, spatial confinement and predictability of the
laser—tissue interaction is strongly enhanced.

Since both interaction mechanisms — plasma-induced ablation as well as
photodisruption — rely on plasma generation, it is not always easy to dis-
tinguish between these two processes. Actually, in the 1970s and 1980s, all
tissue effects evoked by ultrashort laser pulses were attributed to photodis-
ruption. It was only because of recent research that a differentiation between
ablations solely due to ionization and ablations owing to mechanical forces
seems justified. For instance, it was found by Niemz (1994a) that, in the case
of picosecond pulses, ablation without mechanical side effects takes place
at incident power densities of a few times the plasma threshold. Based on
these findings and the theory describing the dependence of threshold pa-
rameters (see Figs. 3.45 and 3.46 in Sect. 3.4), approximate thresholds of
both interaction types are listed in Table 3.14. The data represent estimated
values for corneal tissue, assuming a mean ionization probability of about
n =10 (J/cm?)~! as obtained from Table 3.13.
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Table 3.14. Estimated parameters for the onset of plasma-induced ablation and
photodisruption in corneal tissue

Pulse duration Onset of plasma-induced ablation Onset of photodisruption
Energy density (J/cm?) Energy density (J/cm?)
100 fs 2.0 50
1ps 3.3 50
10 ps 8.0 50
100 ps 23 50
1ns - 72
10ns - 230
100 ns - 730
Power density (W/cm?) Power density (W/cm?)
100 fs 2.0 x 10" 5.0 x 10"
1ps 3.3 x 10*2 5.0 x 103
10ps 8.0 x 10" 5.0 x 10"?
100 ps 2.3 x 101! 5.0 x 10!
1ns - 7.2 x 10'°
10ns - 2.3 x 10"°
100 ns - 7.3 x 10°

The values listed in Table 3.14 are graphically presented in Fig. 3.56.
Obviously, plasma-induced ablation is limited to a rather narrow range of
pulse durations up to approximately 500 ps. At longer pulse durations, the
energy density necessary for achieving breakdown already induces significant
mechanical side effects.

In general, photodisruption may be regarded as a multi-cause mechanical
effect starting with optical breakdown. The primary mechanisms are shock
wave generation and cavitation, completed by jet formation if cavitations col-
lapse in fluids and near a solid boundary. In Fig. 3.57, a schematic sequence
of these processes is illustrated indicating their relations to each other. More-
over, the distinction between photodisruption and plasma-induced ablation
is emphasized.

The four effects — plasma formation, shock wave generation, cavitation,
and jet formation — all take place at a different time scale. This is schemati-
cally illustrated in Fig. 3.58. Plasma formation begins during the laser pulse
and lasts for a few nanoseconds afterwards as already mentioned when dis-
cussing Fig. 3.49. This basically is the time needed by the free electrons
to diffuse into the surrounding medium. Shock wave generation is associated
with the expansion of the plasma and, thus, already starts during plasma for-
mation. However, the shock wave then propagates into adjacent tissue and
leaves the focal volume. Approximately 30-50ns later, it has slowed down to
an ordinary acoustic wave. Cavitation, finally, is a macroscopic effect start-
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Fig. 3.57. Scheme of the physical processes associated with optical breakdown.
Percentages given are rough estimates of the approximate energy transferred to
each effect (incident pulse energy: 100 %). Cavitation occurs in soft tissues and fluids
only. In fluids, part of the cavitation energy might be converted to jet formation
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ing roughly 50-150 ns after the laser pulse. The time delay is caused by the
material during the process of vaporization. Usually, the cavitation bubble
performs several oscillations of expansion and collapses within a period of
a few hundred microseconds as will be shown below. Since the pressure in-
side the bubble again increases during collapse, each rebound of the cavitation
bubble is accompanied by another shock wave. Furthermore, every collapse
can induce a jet formation if the bubble is generated in the vicinity of a solid
boundary. Each of the effects contributing to photodisruption will be dis-
cussed in detail in the following paragraphs, because they all have their own
physical significance.

Jet formation D I:I 2nd

Cavitation | H] 2nd

I:’ Shock wave H 2nd
E Laser pulse

I 1 1 | | 1 I 1 1 I 1
1072 107° 107° 107%
Time (s)
Fig. 3.58. Approximate time scale for all processes contributing to photodisrup-

tion. Assumed is a 30 ps laser pulse. The first and second occurrences of shock wave,
cavitation and jet formation are indicated

3.5.1 Plasma Formation

The principles of laser-induced plasma formation have already been consid-
ered in Sect. 3.4. It should be emphasized, however, that the amount of
energy absorbed during photodisruption is typically two or more orders of
magnitude higher than during plasma-induced ablation. This is an immediate
consequence of the different energy densities associated with either process
as already emphasized in Fig. 3.1. Thus, the free electron density and the
plasma temperature are also higher than for purely plasma-induced ablation.
Therefore, in photodisruptive laser—tissue interactions, the following three
effects are enabled or become more significant:
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e plasma shielding,
e Brillouin scattering,
e multiple plasma generation.

Once formed, the plasma absorbs and scatters further incident light. This
property “shields” underlying structures which are also in the beam path. The
importance of the plasma shielding effect for medical laser applications was
first recognized by Steinert et al. (1983) and Puliafito and Steinert (1984).
In ophthalmology, the retina is considerably protected by this plasma shield
during laser surgery of the lens or the vitrous. In Fig. 3.44, we have already
encountered an increased absorption coefficient of the plasma. However, with
the conditions of plasma-induced ablation, a significant amount of laser en-
ergy is still transmitted by the plasma. During photodisruptive interactions,
thus at denser plasmas, the absorption coefficient is even enhanced, and the
plasma serves as a very effective shield.

In Brillouin scattering, incident light is scattered by thermally excited
acoustic waves and shifted in frequency corresponding to potential phonon
frequencies of the material. During the heating process of the plasma, acous-
tic waves are generated which lead to Brillouin scattering. When applying
even higher irradiances, the laser light itself may create alterations in optical
density by which, in turn, it is scattered. Accordingly, this effect is called
stimulated Brillouin scattering. It was described in detail by Ready (1971).

Finally, at the very high electric field strengths achieved during photodis-
ruption, multiple plasma generation is enabled. Whereas close to the ablation
threshold only one spark is induced at the very focus, several plasmas can
be ignited at higher pulse energies. In the latter case, only the first section
of the laser pulse will induce a plasma at the focal spot. Then, as the fluence
increases during the pulse, succeeding radiation may also generate optical
breakdown before reaching the smallest beam waist. Thus, a cascade of plas-
mas is initiated pointing from the focal spot into the direction of the laser
source. This effect is schematically illustrated in Fig. 3.59.

—

Laser beam

+“—r
fypically 50 um

Fig. 3.59. Cascade of laser-induced plasmas. A Gaussian-shaped laser beam is
incident from the left
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Plasma formation in distilled water has been extensively studied by
Docchio et al. (1986), Zysset et al. (1989), and Vogel et al. (1994a). Some of
their results were presented in Sect. 3.4 when discussing the threshold behav-
ior of laser-induced optical breakdown. Moreover, Vogel et al. (1994a) have
determined plasma sizes with time-resolved photography. They have observed
that the length of plasmas is strongly related to the pulse duration. Their
measurements are summarized in Fig. 3.60.
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Fig. 3.60. Plasma length as a function of incident pulse energy. Measured with
a Nd:YAG laser (pulse duration: as labeled, focal spot diameter: 4 pm) in distilled
water. Data according to Vogel et al. (1994a)

Obviously, plasmas induced by 30 ps pulses are approximately 2.5 times
as long as plasmas induced by 6ns pulses of the same energy. Only at the
respective thresholds of breakdown are the latter slightly longer. These differ-
ent plasma lengths — and thus volumes — result in a considerably lower energy
density of plasmas induced by picosecond pulses. Indeed, Vogel et al. (1994a)
have observed a significant difference in the corresponding intensities of visi-
ble plasma fluorescence. Moreover, the plasma volume determines the fraction
of incident energy to be converted to shock waves or cavitations. If the plasma
volume is larger — like in plasmas induced by picosecond pulses — more energy
is required for ionization and vaporization of matter. Hence, this amount of
energy can no longer contribute to the generation of potential shock waves or
cavitations. Therefore, we can conclude that plasmas induced by picosecond
pulses are less likely to cause mechanical tissue damage than plasmas from
nanosecond pulses.
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The overall sequence of plasma formation is summarized in Table 3.15.
In order to distinguish the physical parameters of plasma-induced ablation
and photodisruption, two typical pulse durations of 10 ps and 100 ns are con-
sidered. These correspond to typical values of mode locked or Q-switched
pulses, respectively. Energy densities and power densities at the threshold
of plasma formation apply for corneal tissue and are taken from Table 3.14.
Associated electric field strengths are calculated using (3.23). The critical
electron density at the plasma threshold is derived from (3.46). It is not di-
rectly related to the pulse duration of the laser but does depend on its wave-
length. In Sect. 3.4, we estimated typical densities of 10'® /cm? for visible
laser radiation. For the process of photodisruption, higher electron densities
were obtained by Boulnois (1986). Finally, the absorption coefficient of the
plasma is given by (3.45). It is also wavelength-dependent and determines the
extent of the plasma shielding effect. In the case of plasma-induced ablation,
some measured absorption coefficients are listed in Fig. 3.44. Although these
data apply for water only, similar values can be assumed for corneal tissue
because of its high water content. During photodisruption, higher absorption
coeflicients are accessible due to the increased electron density.

Table 3.15. Physical parameters of plasma formation in corneal tissue

Pulse duration 10ps 100 ns
Energyﬁdensity 8.0J/cm? 730 J /cm?
Powerl(liensity 8.0 x 10" W/cm? 7.3 x 10° W/cm?
Electric ﬁeﬁd strength 2.5 x 10" V/cm 2.3 x 105V /cm
Electron denlslity of plasma 10"8-10"? /em?® 10"%-10%° /cm?®
Nonlinear absorption of plasma 1-100/cm 1-10000/cm

(Plasma shielding)

The values listed in Table 3.15 provide a good estimate of the physical pa-
rameters associated with optical breakdown. In a first approximation, they
apply for other targets, as well. In order to achieve a similar plasma elec-
tron density, roughly 100 times the energy density is needed when applying
100 ns pulses rather than 10 ps pulses. Therefore, provided the same focus
size is chosen, plasmas induced by nanosecond pulses contain significantly
more energy. This additional amount of energy must somehow dissipate into
the surrounding medium. It is partly converted to the generation of shock
waves, cavitation, and jet formation as will be discussed next.
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3.5.2 Shock Wave Generation

As discussed in Sect. 3.4, laser-induced optical breakdown is accompanied
by a sudden adiabatic rise in plasma temperature to values of up to a few
10000 K. Primarily, this temperature can be attributed to the kinetic energy
of free electrons. Due to their high kinetic energy, the plasma electrons are
not confined to the focal volume of the laser beam but rather diffuse into
the surrounding medium. When the inert ions follow at a certain time delay,
mass is moved which is the basic origin of shock wave generation. This shock
wave soon separates from the boundary of the plasma. It initially moves
at hypersonic speed and eventually slows down to the speed of sound. In
Fig. 3.61, the geometry of shock wave generation is illustrated.

Tissue

Air

Plasma

—

Laser beam

v
N

Shock wave

Fig. 3.61. Geometry of shock wave generation

Laser-induced shock waves in water were first investigated by Carome
et al. (1966), Bell and Landt (1967), and Felix and Ellis (1971). Shock waves
differ from sonic acoustic waves by their speed. Whereas the speed of sound in
water, for instance, is 1483 m/s at 37°C, laser-induced shock waves typically
reach speeds of up to 5000 m/s at the very focus. Both hypersonic shock waves
and sonic acoustic waves are referred to as acoustic transients. In order to
derive a relation describing the pressure gradient at the shock front, let us
consider a slab of tissue with a cross-section Ay which is passed through by
a shock front at a speed ug as seen in Fig. 3.62. During a time interval of dt,
the shock front moves a distance of dxg, thus

u_dxs
STod

The pressure inside the medium and its density are py and g, respectively.
The shock front induces a sudden increase in local pressure from pgy to p; and
of the density from gg to ;. The conservation of mass demands compensation
by other particles intruding from the left side in Fig. 3.62. These particles
move at a particle speed u, which is usually lower than us. During a time
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Fig. 3.62. Geometry of shock front moving through a slab of tissue

interval dt, a mass of (91 — gp)Aodzs must be provided. This is achieved at
the particle speed up, from a zone with a higher'® density o1:

up01Aodt = (01 — 00)Aodzs .

Hence,

up = % Us . (3.61)

Beside the conservation of mass, the conservation of momentum must also
be fulfilled. A mass Apg1dzs begins to move at a speed u, and thus receives
a momentum Apo;updas. This momentum is provided by two means:

— The mass Ago1updt intrudes at a speed up, thereby supplying a momentum
of Ay gluidt.

— The shock front induces an increase in pressure from pg to p;. This pressure
gradient induces a mechanical force Ag(p; — po) which generates a momen-
tum Ag(p1 — po)dt during the time interval d¢.

The conservation law of momentum thus asks for

Aporupdes = Aoglugdt + Ao(pr — po)dt , (3.62)
or

P1 — Po = O1UplUs — Q1U12) . (3~63)
Inserting (3.61) into (3.63) leads to a pressure increase

P1 — Po = QoUpls - (3.64)

An empirical relationship between the shock speed us and particle speed u,
was first determined by Rice and Walsh (1957). For water at high pressures
exceeding 20 kbar, the following expression applies:

13 In our model, the shock front has just passed the left area in Fig. 3.62, thus
leaving a higher density o1 behind.
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s = 1483 +25.300 logy (1+ ;—11’9) : (3.65)

where u, and us must be inserted in units of km/s. For pressures lower than
20 kbar, an approximation was given by Doukas et al. (1991), i.e.

us = a + buy, | (3.66)

where a is the speed of sound and b is a dimensionless constant. In the case
of water, b = 2.07 was estimated by Zweig and Deutsch (1992). Assuming
a spherical shock wave with radius 7, the conservation of momentum (3.62)
leads to

47rr2g1upusAt =co,

where At is the risetime of the shock front, and ¢y is a constant denoting the
overall momentum. Replacing u, within the last equation by an expression
obtained from (3.66) yields

c
ug(us — a) = T—; ,

with
b
co=———c¢
! 4o At 0

and the final solution

a a? ¢

The parameter ¢; can be empirically obtained. The particle speed is derived
from (3.66)

up(r) =~y + A\l T+ o (3.68)
Finally, the resulting pressure is obtained by inserting the expressions for
particle speed u, and shock speed us into (3.64), i.e.
oc1 1

b r2’

From (3.64) and (3.65), we can also derive two relationships of the form

p1(r) = po(r) + (3.69)

us = us(p1) ,
Up = up(pl) )

respectively. In the case of water, they are graphically presented in Fig. 3.63.
At p; = Okbar, the shock speed us approaches 1483 km/s, whereas the par-
ticle speed up, remains at Okm/s. However, these relationships can also be
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Fig. 3.63. Shock velocities and particle velocities in water as a function of shock
wave pressure. Data according to Rice and Walsh (1957)
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Fig. 3.64. Calculated shock wave pressures after optical breakdown in water.
Breakdown was caused by pulses from a Nd:YAG laser (pulse duration: 30 ps, pulse
energy: 50 nJ) and a Nd:YAG laser (pulse duration: 6ns, pulse energy: 1mJ), re-
spectively. On the abscissa, the distance from the center of emission is given. Data
according to Vogel et al. (1994a)
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used to calculate the shock wave pressure p; as a function of shock speed
us. By this means, shock wave pressures — which are usually very difficult to
determine — can be derived from measured shock speeds.

Such calculations were performed by Vogel et al. (1994a) for shock waves
induced by picosecond and nanosecond pulses. Their results are summarized
in Fig. 3.64 where the shock wave pressure is shown in various distances
from the center of emission. The initial pressure at the boundary of the laser
plasma was 17 kbar for 50 uJ pulses with a duration of 30 ps, whereas it was
21 kbar for 1mJ pulses with a duration of 6ns. Although these values are
quite similar, the pressure decay is significantly steeper for those shock waves
which were induced by the picosecond pulses. In a distance of approximately
50 um from the center of the shock wave emission, their pressure has already
dropped to 1kbar, whereas this takes a distance of roughly 200 um when
applying nanosecond pulses.

Moreover, it was observed by Vogel et al. (1994a) that the width of shock
waves is smaller in the case of the picosecond pulses. They evaluated approx-
imate widths of 3 pm and 10 um for shock waves induced by either 30 ps or
6 ns pulses, respectively. Thus, the energies contained in these shock waves
are not the same, because this energy is roughly given by

ES =~ (pl _PO) As Ar ’ (370)

with shock wave pressure p;, shock wave surface area Ay, and shock wave
width Ar. Due to different plasma lengths as shown in Fig. 3.60, we obtain
initial values of As ~ 100 um? for 30 ps pulses and Ag ~ 2500 pm? for 6 ns
pulses when assuming a focal spot diameter of 4 pm. From (3.70), we then find
that Eg ~ 0.5 uJ for 30 ps pulses and F5 ~ 50 wJ for 6 ns pulses. Thus, only 1-
5% of the incident pulse energy is converted to shock wave energy, and shock
waves from picosecond pulses are significantly weaker than those induced by
nanosecond pulses with comparable peak pressures. From the corresponding
particle speeds, Vogel et al. (1994a) have calculated a tissue displacement of
approximately 1.2 um for 30 ps pulses and a displacement of roughly 4 pm for
6 ns pulses. These rather small displacements can cause mechanical damage
on a subcellular level only, but they might induce functional changes within
cells.

Primarily, there exist two types of experiments which are performed to
investigate the dynamics of shock wave phenomena: optical and mechanical
measurements. During optical measurements, the shock wave is detected with
a weaker probe beam after being generated by the main laser beam. In some
setups, an external helium—neon laser or dye laser is used as a probe beam.
In other cases, the probe beam is extracted from the main beam by means
of a beamsplitter and directed through an optical delay. A decrease in probe
beam intensity is detected with a fast photodiode as long as the shock wave
passes through the focus of the probe beam. By moving the focus of the probe
beam with respect to the site of plasma generation, the propagation of the
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shock wave can be monitored on a fast digital oscilloscope. Fast photodiodes
even enable a temporal analysis of the risetime of the shock front. Mechanical
measurements rely on piezoelectric transducers transforming the shock wave
pressure to a voltage signal. One commonly used detecting material is a thin
foil made of polyvinyldifluoride (PVDF) which is gold coated on both sides
for measuring the induced voltage by attaching two thin wires. The corre-
sponding pressure is monitored on a fast digital oscilloscope. Both types of
experiments are illustrated in Figs. 3.65 and 3.66.

Main laser beam

Filter Oscilloscope
Detector ©

000

O V] 200

PN —

Fig. 3.65. Probe beam experiment for the detection of shock waves. A laser-induced
shock wave deflects a second laser beam at the target. A fast photodiode measures
the decrease in intensity of the probe beam

Probe beam Target

Oscilloscope

OO0
/ \ 000
Laser beam
Tooth slice
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Fig. 3.66. PVDF experiment for the detection of shock waves. A laser-induced
shock wave hits a piezoelectric transducer which converts pressure into a voltage
signal. The voltage is measured with a digital oscilloscope
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In Figs. 3.67 and 3.68, typical results are shown concerning the detection
of acoustic transients. In Fig. 3.67, a shock wave was generated when inducing
a plasma inside water by a 30 ps pulse from a Nd:YLF laser. A helium—neon
laser served as a probe beam being focused at the depth of interest and
detected with a fast photodiode. The probe beam is deflected as the shock
wave passes through the focus of the probe beam, resulting in a decrease
in detected intensity. A steep shock front is seen lasting for approximately
10ns. After another 30 ns, the shock wave has completely passed. During its
overall duration of roughly 40 ns, the shock wave can hardly cause any gross
tissue displacement. Thus, further evidence is given that shock wave damage
is limited to a subcellular level.
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Fig. 3.67. Signal from a helium—neon laser serving as a detector for a shock wave
generated in water by a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1mJ)

In Fig. 3.68, on the other hand, the voltage signal from a PVDF transducer
is shown. In this case, a plasma was induced at the surface of a tooth slice
with a thickness of 0.5 mm. The detected PVDF signal arrives approximately
130 ns after the incident laser pulse, thus corresponding to a velocity of about
3800m/s which is the speed of sound in teeth. The acoustic transient is
reflected at the opposite surface of the tooth slice and is again detected after
about 2 x 130 ns = 260 ns. Taking the round trip through the tooth slice into
account, this time delay is related to the same speed of sound.

Since the shock wave loses energy when propagating through a medium, it
eventually slows down until it finally moves at the speed of sound. With probe
beam experiments as discussed above, traces of the shock wave at different
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Fig. 3.68. Temporal traces of a Nd:YLF laser pulse (pulse duration: 30 ps, pulse
energy: 500 wJ) and acoustic transient induced in a 0.5 mm thick tooth slice. The
shock wave is detected with a PVDF transducer
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Fig. 3.69. Temporal evolution of a shock front induced in water by a Nd:YLF

laser (pulse duration: 30 ps, pulse energy: 1mJ). The shock speed decreases from
4160 m/s to 1480 m/s. Unpublished data
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distances from its origin can be measured by moving the focus of the probe
beam away from the plasma site. Typical results for such an experiment are
shown in Fig. 3.69. From these data, a shock speed of approximately 4160 m/s
is calculated for the first 30 ns. According to Fig. 3.63, this value corresponds
to a shock wave pressure of approximately 60kbar. The shock wave then
slows down to about 1480 m/s — the speed of sound in water — after another
30 ns. Therefore, the spatial extent of shock waves is limited to approximately
0.2mm. Similar results were reported by Puliafito and Steinert (1984) and
Teng et al. (1987).

3.5.3 Cavitation

Historically, interest in the dynamics of cavitation bubbles started to rise af-
ter realizing their destructive effect on solid surfaces such as ship propellers
and other hydraulic equipment. Laser-induced cavitations occur if plasmas
are generated inside soft tissues or fluids. By means of the high plasma tem-
perature, the focal volume is vaporized. Thereby, work is done against the
outer pressure of the surrounding medium, and kinetic energy is converted
to potential energy being stored in the expanded cavitation bubble. Within
less than a millisecond, the bubble implodes again as a result of the outer
static pressure, whereby the bubble content — typically water vapor and car-
bon oxides — is strongly compressed. Thus, pressure and temperature rise
again to values similar to those achieved during optical breakdown, leading
to a rebound of the bubble. Consequently, a second transient is emitted, and
the whole sequence may repeat a few times, until all energy is dissipated and
all gases are solved by surrounding fluids.

Cavitation bubbles have long been studied by a variety of techniques. The
high-speed photographic technique was pioneered by Lauterborn (1972). It
is very helpful in visualizing the temporal behavior of the cavitation bubble.
High-speed photography is performed at framing rates with up to one million
frames per second. A typical sequence of growth and collapse of a cavitation
bubble is shown in Fig. 3.70. The bubble appears dark in front of a bright
background, because it is illuminated from behind and the light was deflected
by its wall. Through the center of the bubble, the illuminating light is trans-
mitted without deflection. In the case shown, a Q-switched ruby laser with
pulse energies ranging from 100mJ to 400 mJ was used to induce the cavi-
tation bubble. Its maximum diameter reaches a value of 2.05 mm at a time
delay of approximately 300 ps. The end of the first and second collapse is
seen in the eighth and thirteenth frames, respectively.

A theory of the collapse of spherical cavitation bubbles was first given by
Rayleigh (1917). He derived the relationship

(3.71)

T = tC
e 0915 Q/(pstat - pvap) ’
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Fig. 3.70. Dynamics of cavitation bubble captured with high-speed photography.
Pictures taken at 20000 frames per second (frame size: 7.3 mm x 5.6 mm). Repro-
duced from Vogel et al. (1989) by permission. (©) 1989 Cambridge University Press

where 7., is the maximum radius of cavitation, t. is the duration of the
collapse, o is the density of the fluid, pstat is the static pressure, and pyap
is the vapor pressure of the fluid. Thus, the time needed for each collapse is
proportional to its maximum radius. The latter, on the other hand, is directly
related to the bubble energy Ey by means of

4
Eb - g 7T (pstat - pvap) Tr:r)’lax s (372)

according to Rayleigh (1917). This equation states that the bubble energy is
given by the product of its maximum volume and the corresponding pres-
sure gradient. The bubble energy is thus readily determined when all kinetic
energy has turned into potential energy.

The temporal oscillation of the cavitation bubble can be captured in probe
beam experiments as shown in Fig. 3.71. Three complete oscillations are
seen. The period of subsequent oscillations decreases in the same manner
as their amplitude as already postulated by (3.71). In order to evaluate the
dependence of the radius of cavitation on incident pulse energy, probe beam
experiments have been performed similar to those discussed for shock wave
detection. In Fig. 3.72, some data for picosecond and nanosecond pulses were
collected by Zysset et al. (1989). Except for the lowest energy value, their
measurements fit well to a straight line with a slope of 1/3. Because of the
double-logarithmic scale of the plot, the relation given above by (3.72) is thus
experimentally confirmed.

The conversion of incident energy to cavitation bubble energy is summa-
rized in Figs. 3.73a—b. From the slopes, a conversion factor of approximately
19 % is obtained for picosecond pulses, whereas it is roughly 24 % when ap-
plying nanosecond pulses. Moreover, it was observed by Vogel et al. (1989)
that the average energy loss of the cavitation bubbles during their first cycle
is approximately 84 %. The major part of this loss is attributed to the emis-
sion of sound. These results were confirmed in theoretical work performed
by Ebeling (1978) and Fujikawa and Akamatsu (1980). From (3.72), it can
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Fig. 3.71. Detection of cavitation bubble by means of a probe beam experiment
with a helium-neon laser. Three complete oscillations of a cavitation bubble are
observed which was induced in water by a Nd:YLF laser (pulse duration: 30 ps).
Unpublished data
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Fig. 3.72. Maximum radius of cavitation bubble as a function of incident pulse
energy. Cavitations were induced in water by a Nd:YAG laser (pulse duration: as
labeled). Data according to Zysset et al. (1989)
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Fig. 3.73. (a) Cavitation bubble energy as a function of incident pulse energy
from a Nd:YAG laser (pulse duration: 30 ps). The slope of the fitted line is 0.19.
(b) Cavitation bubble energy as a function of incident pulse energy from a Nd:YAG
laser (pulse duration: 6 ns). The slope of the fitted line is 0.24. Data according to
Vogel et al. (1994a)
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also be concluded that bubble-induced damage — i.e. the linear extent of the
damage zone — scales with the cube root of the contained energy. This is of
importance when determining the primary cause of tissue damage. It was
observed by Vogel et al. (1990) that tissue damage also scales with the cube
root of pulse energy. Thus, cavitations are more likely to induce damage than
shock waves, since shock wave damage should be related to v/E as can be
derived from (3.70) when inserting Ag ~ r2.

It has been emphasized above that damage of tissue due to shock waves
is limited to a subcellular level due to their short displacement lengths of
approximately 1-4 pm. Since the diameter of cavitation bubbles may reach
up to a few millimeters, macroscopic photodisruptive effects inside tissues are
believed to primarily originate from the combined action of cavitation and
jet formation which will be discussed next.

3.5.4 Jet Formation

As recently stated by Tomita and Shima (1986), the impingement of a high-
speed liquid jet developing during the collapse of a cavitation bubble may lead
to severe damage and erosion of solids. Jet formation was first investigated
and described by Lauterborn (1974) and Lauterborn and Bolle (1975) when
producing single cavitation bubbles by focusing Q-switched laser pulses into
fluids. When cavitation bubbles collapse in the vicinity of a solid boundary,
a high-speed liquid jet directed toward the wall is produced. If the bubble
is in direct contact with the solid boundary during its collapse, the jet can
cause high-impact pressure against the wall. Thus, bubbles attached to solids
have the largest damage potential.

Jet formation has been thoroughly studied by means of high-speed pho-
tography as introduced above. The temporal behavior of cavitation and jet
formation is shown in Fig. 3.74. A cavitation bubble was generated near
a solid boundary — a brass block located at the bottom of each frame and
visible by a dark stripe — and captured with high-speed photography. Jet
formation toward the brass block is observed during the collapse of the bub-
ble. Jet velocities of up to 156 m/s were reported by Vogel et al. (1989). The
water hammer pressure corresponding to such a velocity is approximately
2kbar. If the distance between the cavitation bubble and solid boundary is
further decreased as seen in the bottom sequence of Fig. 3.74, a counterjet is
formed which points away from the solid boundary.

What is the origin of jet formation, and why does it only occur near a solid
boundary? To answer these questions, let us take a closer look at the collapse
of a cavitation bubble. When the bubble collapses due to external pressure,
the surrounding fluid is accelerated toward the center of the bubble. How-
ever, at the side pointing to the boundary there is less fluid available. Hence,
the collapse takes place more slowly at this side of the bubble. This effect
ultimately leads to an asymmetric collapse. At the faster collapsing side, fluid
particles gain additional kinetic energy, since the decelerating force — i.e. the
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Fig. 3.74. Bubble collapse with jet formation (top). Pictures taken at 20 000 frames
per second (frame size: 7.3 mm X 5.6 mm). Bubble collapse with counterjet forma-
tion (bottom). Reproduced from Vogel et al. (1989) by permission. (©) 1989 Cam-
bridge University Press

1 mm

Fig. 3.75. (a) Experimentally obtained pathline portrait of the flow around a col-
lapsing cavitation bubble near a solid wall. Bubble shape 0 represents the bubble
at maximum expansion, whereas shapes 1 and 2 correspond to later stages during
the collapse. (b) Calculated pathline portrait from Kucera and Blake (1988) for
several points on the wall of the collapsing bubble. Reproduced from Vogel and
Lauterborn (1988) by permission. (©) 1988 Optical Society of America
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force by the slower collapsing opposite wall — is delayed. This explains why jet
formation occurs toward the solid boundary. If the jet is relatively slow, the
velocity of the central part of the slower collapsing side might even be higher
than the jet itself. This is conceivable, because that side of the bubble is ac-
celerated until the very end of the collapse. In this case, a counterjet is formed
pointing in the opposite direction. Pathline portraits of the flow around col-
lapsing bubbles have been experimentally and theoretically determined by
Vogel and Lauterborn (1988) and Kucera and Blake (1988), respectively. In
Figs. 3.75a—b, two of them are shown which offer a good visualization of the
fluid flow during the collapse.

The damaging effect of jet formation is extremely enhanced if a gas bubble
remaining from an earlier laser pulse is hit by acoustic transients generated
by subsequent pulses. According to Vogel et al. (1990), the damage range
induced by a 4 mJ pulse can reach diameters of up to 2-3.5 mm if gas bubbles
are attached to the corneal tissue. Very small gas bubbles, however, quickly
dissolve due to their small volume and strong surface tension. Therefore, these
microbubbles should not cause any problem in achieving a certain predictable
effect if the repetition rate of the laser pulses is adequately chosen.

3.5.5 Summary of Photodisruption

e Main idea: fragmentation and cutting of tissue by
mechanical forces

e Observations: plasma sparking, generation of shock waves
cavitation, jet formation

o Typical lasers: solid-state lasers, e.g. Nd:YAG, Nd:YLF

Ti:Sapphire
o Typical pulse durations: 100fs... 100 ns
o Typical power densities: 10*! ... 106 W/cm?
e Special applications: lens fragmentation, lithotripsy

3.6 Questions to Chapter 3

Q3.1. Which energy density is typical for a laser—tissue interaction?
A:1J/m?.  B:1mJ/ecm?  C:1J/cm?

Q3.2. Which is toxic to a biological cell?

A: carotenoid.  B: excited singlet oxygen.  C: photosensitizer.

Q3.3. Coagulation occurs at approximately

A:60°C. B:80°C. C:100°C.

Q3.4. UV photons have an energy

A: <0.3eV. B:<3eV. C:>3eV.

Q3.5. In a plasma with electron density N, the coefficient of absorption is
A:~+/N. B:~N. C(C:~ N2
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Q3.6. Why should there be an appropriate time gap in photodynamic therapy
between application of a photosensitizer and laser exposition?

Q3.7. Two different laser pulses from a Nd:YAG laser are used to irradiate
living liver tissue: a 100 mJ pulse at a pulse duration of 1ms and a 100 pJ
pulse at a pulse duration of 1 ps. Both laser pulses have an average power of
100 W and are focused to a spot of 1 mm in diameter. How will the tissue
react in either case?

Q3.8. Why can a frequency-quadrupoled Nd:YAG laser at a wavelength of
266 nm induce photoablation, while a frequency-doubled Nd:YAG laser at
a wavelength of 532 nm cannot?

Q3.9. Which three processes determine the temporal behavior of the free
electron density in a plasma?

Q3.10. What is the basic physical mechanism that plasma-induced ablation
and photodisruption have in common, and which laser parameter has to be
altered to switch from one type of interaction to the other?
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In this chapter, we will discuss principal applications of lasers in modern
medicine. Due to the present boom in developing new laser techniques and
due to the limitations given by the dimensions of this book, not all disciplines
and procedures can be taken into account. The main intention is thus to
focus on the most significant applications and to evoke a basic feeling for
using certain techniques. The examples are chosen to emphasize substantial
ideas and to assist the reader in grasping some technical solutions. Potential
difficulties and complications arising from either method are addressed, as
well. However, we should always keep in mind that any kind of laser therapy
will not be indicated if alternative methods are available which offer a better
rate of success, are less dangerous to the patient, and/or easier to perform.

Because of the historic sequence, the first section will be concerned with
laser applications in ophthalmology. Even today, the majority of medical
lasers sold is applied in this field. Dentistry was the second clinical discipline
to which lasers were introduced. However, although considerable research
has been done, the results were not quite as promising in most cases, and
the discussion on the usefulness of dental lasers still proceeds. Today, the
major effort of clinical laser research is focusing on various kinds of tumor
treatments such as photodynamic therapy (PDT) and laser-induced inter-
stitial thermotherapy (LITT). These play a significant role in many other
medical disciplines like gynecology, urology, and neurosurgery. Due to recent
advancements in instrumentation for minimally invasive surgery (MIS), e.g.
the development of miniature catheters and endoscopes, novel techniques are
under present investigation in angioplasty and cardiology. Very interesting
laser applications were found in dermatology and orthopedics. And, recently,
successful laser treatments have been reported in gastroenterology, otorhino-
laryngology, and pulmology as discussed at the end of this chapter.

Thus, it can be concluded that — at the present time — laser medicine is
a rapidly growing field of both research and application. This is not at all
astonishing, since neither the development of novel laser systems nor the de-
sign of appropriate application units have yet come to stagnation. Moreover,
laser medicine is not restricted to one or a few disciplines. Instead, it has
meanwhile been introduced to almost all of them, and it is expected that
additional clinical applications will be developed in the near future.
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4.1 Lasers in Ophthalmology

In ophthalmology, various types of lasers are being applied today for either
diagnostic or therapeutic purposes. In diagnostics, lasers are advantageous
if conventional incoherent light sources fail. One major diagnostic tool is
confocal laser microscopy which allows the detection of early stages of retinal
alterations. By this means, retinal detachment and also glaucoma' can be
recognized in time to increase the probability of successful treatment. In
this book, however, our interest focuses on therapeutic laser applications.
The first indications for laser treatment were given by detachments of the
retina. Meanwhile, this kind of surgery has turned into a well-established
tool and only represents a minor part of today’s ophthalmic laser procedures.
Others are, for instance, treatment of glaucoma and cataract. And, recently,
refractive corneal surgery has become a major field of research, too.

The targets of all therapeutic laser treatments of the eye can be classified
into front and rear segments. The front segments consist of the cornea, sclera,
trabeculum, iris, and lens. The rear segments are given by the wvitreous body
and retina. A schematic illustration of a human eye is shown in Fig. 4.1. In
the following paragraphs, we will discuss various treatments of these segments
according to the historic sequence, i.e. from the rear to the front.

Vitreous body

Sclera

Trabeculum

Cornea S .
Refing Optic nerve

Fig. 4.1. Scheme of a human eye

1 Since glaucoma is usually associated with a degeneration of the optical nerve
fibers, it can be detected by measuring either the thickness of these fibers or
alterations of the optic disc. Further details are given by Bille et al. (1990).
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Retina

The retina is a part of the central nervous system. Its function is to convert
an optical image focused on it into nerve impulses of the optic nerve emerg-
ing from it. The retina is a thin and rather transparent membrane which is
permeated with blood vessels. According to Le Grand and El Hage (1980),
the thickness of the retina varies from 0.5mm near the papilla to 0.1 mm
at the macula®. Anatomically, the retina is subdivided into several different
layers, each of them having their own distinct function: pigment epithelium,
receptor layer, external limiting membrane, cell layer, nerve fiber layer, and
internal limiting membrane. A schematic cross-section of a human retina is
shown in Fig. 4.2.

Pigment epithelium

Recepftor layer

External limiting membrane

Cell layer

Nerve fiber layer
Internal limiting memibrane

Vitreous body

Fig. 4.2. Cross-section of a human retina

The pigment epithelium is strongly attached to the chorioidea. The re-
ceptor layer consists of two types of cells — rods and cones. Rods are used in
dim light and are primarily located around the macula. Cones are recepting
colors in good light and are found especially in the fovea. Obviously, light
has to pass through virtually the whole retina beyond the external limiting
membrane, before it can stimulate any receptor cells. This structural arrange-
ment is known as the “reversed retina” and can be explained by the fact that
the retina is an invagination of the embryonic cerebral wall. The cell layer is
made up of horizontal cells, bipolar cells, amacrine cells, and ganglion cells.

2 The papilla is a certain location where the optic nerve exits the retina. The
macula is the region with the highest density of color receptors. An image formed
on the fovea, the central section of the macula, is characterized by best vision.
Thus, macula and fovea are the most important segments of the retina.
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The main function of these cells is to serve as a first network with corre-
sponding receptive fields. Finally, the nerve fiber layer contains the axons of
the ganglion cells, whereas the internal limiting membrane forms a boundary
between the retina and vitreous body.

The ophthalmologist Meyer-Schwickerath (1949) was the first to inves-
tigate the coagulation of the retina with sunlight for therapeutic purposes.
Because of the inconvenient circumstances of this kind of surgery, e.g. the
necessity of sunshine, he continued his studies with his famous xenon pho-
tocoagulator as reported in 1956. Shortly after the invention of the laser
by Maiman (1960), first experimental studies with the ruby laser were per-
formed by Zaret et al. (1961). The first reports on the treatment of patients
were given by Campbell et al. (1963) and Zweng et al. (1964). They discov-
ered that the ruby laser was a very suitable tool when welding detached
segments of the retina to the chorioidea located underneath. However, it also
became evident that the ruby laser was not able to close open blood vessels
or stop bleeding. It was soon found that the argon ion laser is better suited
for this aim. Its green and blue wavelengths are strongly absorbed by the
hemoglobin of blood — in contrast to the red light from a ruby laser — which
finally leads to the coagulation of blood and blood vessels. At typical expo-
sure durations ranging from 0.1s to a few seconds, applied laser powers of
0.1-1 W, and spot diameters of approximately 200-1000 wm, almost all inci-
dent laser energy is converted to heat. Thus, coagulation of retinal tissue is
achieved by means of thermal interaction. As discussed in Sect. 3.2, proteins
are denaturated and enzymes are inactivated, thereby initiating the process
of congealment.

The surgeon conducts the laser coagulation through a slit lamp and a con-
tact glass. He approaches the necessary laser power from below threshold until
the focused area just turns greyish. Coagulation of the macula is strictly for-
bidden, since it would be associated with a severe loss in vision. The temper-
atures achieved should generally remain below 80°C to prevent unnecessary
vaporization and carbonization. A good localization of blood vessels, i.e. by
confocal laser microscopy, and a precise application of the desired energy dose
are mandatory when striving for satisfactory results.

At the beginning of the 1970s, the krypton ion laser became very signi-
ficant for ophthalmic applications. Its red and yellow wavelengths at 647 nm
and 568 nm, respectively, turned out to be very useful when trying to re-
strict the interaction zone to either the pigment epithelium or the chori-
oidea. Detailed histologic studies on this phenomenon were conducted by
Marshall and Bird (1979). It was found that the red line is preferably ab-
sorbed by the chorioidea, whereas the yellow line is strongly absorbed by the
pigment epithelium and also by the xanthophyll contained in the macula. Re-
cently, McHugh et al. (1988) proposed the application of diode lasers, since
their invisible emission at a wavelength of approximately 800 nm does not
dazzle the patient’s eye.
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There exist six major indications for laser treatment of the retina:

— retinal holes,

retinal detachment,

— diabetic retinopathy,

central vein occlusion,

senile macula degeneration,

— retinal tumors (retinoblastoma).

In the case of retinal holes, proper laser treatment prevents their further
enlargement which could otherwise lead to retinal detachment. Laser surgery
is performed by welding the retina to the underlying chorioidea within a nar-
row ring-shaped zone around the hole as shown in Fig. 4.3a. The attachment
of the coagulated tissue is so strong that further tearing is usually suppressed.
If necessary, however, the procedure can be repeated several times without
severe complications.

Retinal detachment is often a consequence of undetected retinal holes
or tears. It mainly occurs in myopic patients, since the vitreous body then
induces an increased tensile stress to the retina. Moderate detachments are
treated in a similar mode as retinal holes. In the case of a severe detachment,
the treatment aims at saving the fovea or at least a small segment of the
macula. This procedure is called panretinal coagulation and is illustrated
in Fig. 4.3b. Unfortunately, laser treatment of retinal detachment is often
associated with the formation of new membranes in the vitreous body, the
retina, or beneath the retina. These complications are summarized by the
clinical term proliferative retinopathy. A useful therapeutic technique for the
dissection of such membranes was given by Machemer and Laqua (1978).

Fig. 4.3. (a) Placement of coagulation spots in the case of retinal holes or moderate
detachments. (b) Placement of coagulation spots during panretinal coagulation
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Fig. 4.4. (a) Panretinal coagulation in a diabetes patient performed with an ar-
gon ion laser (power: 200mW). (b) Vaporization of cervical tissue with a COq
laser (power: 10 W). Photographs kindly provided by Dr. Burk (Heidelberg) and
Dr. Kurek (Heidelberg)
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Fig. 4.5. (a) Histologic section of a human tooth after exposure to 16 000 pulses
from a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 500 pJ, bar: 50 pm). The
junction of dentin (left) and pulp (right) is shown which was located next to the
application site. (b) Polarized microscopy of a human tooth slice after exposure to
16 000 pulses from the same laser (bar: 50 um). The junction of dentin (top) and
enamel (bottom) is shown which was located next to the application site
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When a patient is suffering from diabetic retinopathy, the concentration
of oxygen in the blood is strongly reduced due to disturbances in the body.
Because of the lack in oxygen, new blood vessels are formed which is called
neovascularization. Hemorrhages inside the vitreous body might then lead
to severe losses in vision. In order to prevent complete blindness, the whole
retina is coagulated except the fovea itself, i.e. a panretinal coagulation is
performed as in the case of a severe retinal detachment. By this means, it is
assured that the progress of neovascularization is stopped and that at least
the fovea does receive enough oxygen. The physiological mechanism of this
often successful treatment is not completely understood. Probably, a signifi-
cant percentage of the receptors which are consuming most of the oxygen pro-
vided is turned off. During the treatment, between 1000 and 3000 laser spots
should be placed next to each other according to Schulenburg et al. (1979)
and Hovener (1980). One section of a panretinal coagulation performed in
a diabetes patient is captured in Fig. 4.4a.

Central vein occlusion occurs in the eyes of older patients and is usually
restricted to one eye only. As an immediate consequence, retinal veins become
dilated and severe edema are formed in the region of the macula. Multiple
hemorrhages are associated with a strong decrease in vision. To prevent the
occurrence of a secondary glaucoma, the procedure of panretinal coagulation
is often performed as stated by Laatikainen et al. (1977).

Senile macula degeneration was recently increased among older patients.
According to Bird (1974), it is caused by neovascular membranes being
formed in the chorioidea. Subretinal fluids emerging from these membranes
might lead to severe edema in the region of the macula. Further neovascular-
ization can be prevented by coagulation with the green line of the argon ion
laser or the red line of the krypton laser, respectively. These wavelengths are
preferably absorbed by subretinal tissues in the pigment epithelium or the
chorioidea but not by xanthophyll contained by the macula itself.

Finally, laser treatment of retinoblastoma has also been investigated, e.g.
by Svaasand et al. (1989). Destruction of the tumor is obtained by converting
laser energy to heat. In the case of malignant tumors, however, mechanical
excisions or implants of radioactive substances are favored.

Vitreous Body

The vitreous body is a transparent gel that has a little greater consistency
than the white of a raw egg. Its water content varies from 98 % to 99.7 %
according to Le Grand and El Hage (1980), and it contains 7 g/l NaCl and
0.5 g/1 soluble proteins. The vitreous body of a child is very homogeneous,
whereas internal structures frequently appear in the vitreous body of an
adult. Many of these inhomogeneities do not really impair the degree of
vision. Most of the floating particles can be resorbed by biological mecha-
nisms. Major pathologic alterations, however, are given by the formation of
new membranes and neovascularizations extending from the retina into the
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vitreous body. Their occurrence has already been described when discussing
retinal detachment and diabetic retinopathy. It shall be added that only ther-
mally acting lasers should be used for treatment due to the direct vicinity of
the retina. Short pulsed lasers evoking photodisruptive effects may only be
used for lens surgery and the front segments of the eye.

Lens

The lens grows during the entire human life forming an onion-like structure of
adjacent shells. As a result of its continuous development and the associated
decrease in water content, the lens interior progressively hardens with age.
The bulk of the lens is formed by transparent lens fibers which originate from
the anterior lens epithelium. The lens interior is enclosed by a homogeneous
elastic membrane called the capsule. The capsule is connected to the ciliary
muscle which is essential for the eye to accommodate. In a cataract, the trans-
parency of the lens is strongly decreasing. The opaqueness is caused by either
age, disease, UV radiation, food deficiencies, or trauma. The changes in the
lens that lead to the formation of a cataract are not completely understood.
They are somehow related to common observations of reduced amounts of
potassium and soluble lens proteins which are associated with increased con-
centrations of calcium and insoluble lens proteins.

Beside retinal coagulation, cataract surgery of the lens is the other major
laser treatment in ophthalmology. In order to achieve acceptable vision, the
lens interior must be extracted. Conventional methods rely on fragmentation
of the lens by phaco-emulsification followed by aspiration of the fragments.
Afterwards, either an artificial lens made of silicon is inserted or the pa-
tient must wear special cataract glasses. This treatment has been proposed
and documented by Kelman (1967). The posterior lens capsule is retained to
prevent a collapse of the vitreous body and subsequent retinal detachment.
However, new lens fibers frequently emerge from this posterior capsule form-
ing a scattering membrane. This membrane must be removed during a second
invasive surgery.

Posterior capsulotomy with a Nd:YAG laser, on the other hand, is charac-
terized by the advantages of being both noninvasive and feasible during am-
bulant treatment. It was described in detail by Aron-Rosa et al. (1980) and
Terry et al. (1983). Usually, a helium—neon laser is used as an aiming beam.
The surgeon first focuses this laser on the posterior capsule and then adds
the cutting Nd:YAG laser beam as shown in Fig. 4.6 by pressing a footpedal.
Typically, pulse durations of 30ns, pulse energies of up to 5mJ, and focus
diameters of 50-100 um are used. With these laser parameters, local power
densities exceeding 1019 W /cm? are achieved, leading to the phenomenon of
optical breakdown as described in Sect. 3.4. After having placed several line
cuts, the posterior membrane opens like a zipper as illustrated in Fig. 4.7.
The whole procedure can be controlled through a slit lamp. The surgeon’s
eye is protected by a specially coated beamsplitter.



160 4. Medical Applications of Lasers

Laser beam

Comea

o

Plasma Lens

Fig. 4.6. Scheme of laser-performed posterior capsulotomy

Fig. 4.7. Lens before, during, and after posterior capsulotomy

Another laser treatment of the lens is the fragmentation of its interior
rather than using ultrasonic exclusively®. For this kind of treatment, picosec-
ond laser pulses are advantageous, because they are associated with a lower
threshold energy for the occurrence of optical breakdown if compared with
nanosecond pulses. Thus, more energy can be converted to the ionizing pro-
cess itself. In Fig. 4.8, the fragmentation of a human lens is shown which was
obtained by using a picosecond Nd:YLF laser. The surgeon steadily moves
the focus of the laser beam without injuring the capsule. During this treat-
ment, it is important to choose a pulse energy well above the threshold of
optical breakdown, because otherwise all laser energy will be absorbed by the
retina and other tissues lying underneath.

3 Laser fragmentation can significantly reduce the amount of necessary phaco time.
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Fig. 4.8. Fragmentation of a human lens using a picosecond Nd:YLF laser (pulse
duration: 30 ps, pulse energy: 1mJ)

Iris

The iris is a tissue which is pierced by a variable circular opening called the
pupil. Its diameter can vary from 1.5 mm to 8 mm, depending on brightness.
In moderate light, the pupil diameter measures approximately 4 mm. The
bulk of the iris consists of collagen fibers and pigment cells. The size of the
pupil is determined by the action of two smooth muscles — the sphincter
pupillae and the dilatator pupillae — which are responsible for contraction
and dilatation, respectively.

In an acute block glaucoma, the drainage of aqueous humor from the rear
to the front chamber is obstructed. Hence, the pressure in the rear cham-
ber increases and shifts the iris forward. This dislocation of the iris induces
a closed chamber angle which justifies the clinical term closed-angle glaucoma.
Thereby, aqueous humor is prevented from entering the trabeculum and the
canal of Schlemm. The inner eye pressure increases to values far above 20 mm
Hg, thus inducing strong headaches, severe edema, degeneration of retinal
nerve fibers, and a sudden loss in vision. A generally well-established proce-
dure is called laser iridotomy. It provides a high immediate success rate but
does not guarantee lasting cure. During this treatment, the iris is perforated
as shown in Fig. 4.9 to obtain an additional passage for the aqueous humor
to reach the front chamber and the trabeculum.
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Fig. 4.9. Iris before and after laser treatment

Laser iridotomy can be performed with either argon ion lasers or pulsed
neodymium lasers. Prior to laser exposure, the iris is medically narrowed.
If applying the argon ion laser, typical exposure durations of 0.1-0.2s, laser
powers ranging from 700-1500 mW, and spot diameters of 50 um are cho-
sen according to Pollack and Patz (1976), and Schwartz and Spaeth (1980).
Iridotomies induced by the argon ion laser are very successful if the iris is
dark and strongly pigmented. For bright irises, neodymium lasers with pulse
durations in the nanosecond or picosecond range and pulse energies up to
a few millijoules are better suited. Detailed data of the procedure are given in
the book by Steinert and Puliafito (1985). Perforations around the 12 o’clock
position should be avoided because of rising gas bubbles disturbing the sur-
geon’s vision. Therefore, iridotomies are usually placed between the 3 o’clock
and 9 o’clock positions. The use of a proper contact glass was recommended
by Roussel and Fankhauser (1983).

Laser iridotomy is a minor surgical treatment which can be performed
ambulantly. Only in rare cases, complications such as severe hemorrhages
or infections are induced. Prior to performing iridotomies, however, medica-
tional treatment is provided to set an upper limit for the eye pressure.

Trabeculum

Another type of glaucoma is called open-angle glaucoma. It is not induced
by a dislocation of the iris but a malfunction of the trabecular meshwork.
The drainage of aqueous humor can be improved by a treatment called laser
trabeculotomy during which the trabeculum is carefully perforated. First
results with ruby and argon ion lasers were published by Krasnov (1973)
and Worthen and Wickham (1974), respectively. Two years later, it was re-
ported by Ticho and Zauberman (1976) that in some cases a decrease in eye
pressure was obtained just by shrinking the tissue of the trabeculum in-
stead of perforating it. These observations have been the origin for another
treatment technique called trabeculoplasty which was described in detail by
Wise and Witter (1979).



4.1 Lasers in Ophthalmology 163

During trabeculoplasty, approximately 100 pulses from an argon ion laser
are applied to the surface of the trabeculum. Focusing of the laser beam
is facilitated by specially designed contact glasses. Typical focus diameters
are 50-100 um. The drop in eye pressure is assumed to arise from thermal
interaction, since the heat deposited by the argon ion laser causes a shrinkage
of the exposed trabecular meshwork. By this means, tensile forces are induced
capable of enlarging intermediate fluid canals located in between exposed
tissue areas. Moreover, these forces could possibly even widen the canal of
Schlemm. Thus, the drainage of aqueous humor is improved and the eye
pressure is kept at a moderate level.

Today, clinical data of follow-up periods as long as ten years are avail-
able. According to Wise (1987), trabeculoplasty has meanwhile developed
to a standard type of modern laser surgery. Especially in primarily chronic
glaucoma with eye pressures below 35 mm Hg, the therapy is very successful.
It was pointed out, though, that ruptures of the meshwork itself should be
avoided in any case.

Sclera

Among laser treatments of the sclera, external and internal sclerostomies are
distinguished. In either case, surgery aims at achieving a continuous channel
from the front chamber to the fluid beneath the conjunctiva. Again, this type
of filtration treatment is indicated in the case of an open-angle glaucoma®.

External sclerostomies start from the anterior sclera, thereby injuring the
conjunctiva. First laser sclerostomies in glaucomateous eyes were performed
by Beckman et al. (1971) using a thermally acting COq laser. The main dis-
advantage of this method is the need for dissection of a conjunctival flap
which frequently causes severe inflammation. Moreover, the low absorption
of scleral tissue at visible and near infrared wavelengths makes it extremely
difficult to apply neodymium lasers or other pulsed laser systems. A solution
to this problem was offered by L’Esperance (1983) when using exogeneous
dyes to artificially increase the absorption coefficient. By dyeing the sclera
with sterile india ink at the superior limbus, some fraction of the ink also
diffused deeper into the sclera. Then, when focusing an argon ion laser beam
on the trabecular meshwork, L’Esperance was able to cut through the tra-
beculum and the sclera starting from the interior. This was the first internal
sclerostomy ever performed. More recently, pulsed Nd:YAG lasers have been
used to improve filtration with the method of internal sclerostomy. With
a specially designed goniolens, the incident laser beam is redirected into an
acute angle inside the eye. Scleral perforation starts just next to the tra-
beculum and ends beneath the conjunctiva. A schematic illustration of the
surgical procedure is shown in Fig. 4.10.

4 If even this procedure does not stabilize the eye pressure, the ciliary body itself
must be coagulated which is the production site of the aqueous humor.
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Fig. 4.10. Scheme of internal sclerostomy

First experimental and histologic results on Nd:YAG laser sclerostomy
were described by March et al. (1984) and March et al. (1985). They found
that approximately 250-500 pulses with pulse durations of 12ns each and
energies ranging from 16 mJ to 53 mJ were required to achieve a complete
perforation of the sclera. With these laser parameters, thermal damage to
adjacent tissue was limited to a few hundred pm. A few years later, visible dye
lasers were also applied by again making use of different inks. The diffusion
of these inks into the tissue can be accelerated by means of electrophoresis
as reported by Latina et al. (1988) and Latina et al. (1990).

Cornea

Cornea and lens together account for the total refraction of the eye. How-
ever, since the anterior surface of the cornea is exposed to air with an in-
dex of refraction close to unity, refraction at the anterior surface of the
cornea represents the major part. A list of refractive properties of the hu-
man eye was first provided by Gullstrand at the beginning of this century.
A theoretical analysis of the refractive properties is found in the book by
Le Grand and El Hage (1980). Both sets of data are given in Table 4.1 to-
gether with a third column called the simplified eye. In the simplified eye, the
same principal planes and focal distances are assumed as for the theoretical
eye. However, a round value of 8 mm is chosen for the radius of curvature
of the anterior corneal surface. And, because also assuming the same indices
of refraction for the cornea and aequous humor, refraction at the posterior
corneal surface is neglected. From these data, it can be concluded that the
power of the cornea is approximately 42 diopters, whereas the total power of
the eye is roughly 59 diopters. Therefore, about 70 % of the overall refraction
arises from the cornea.



4.1 Lasers in Ophthalmology 165

Table 4.1. Parameters of the unaccommodated human eye. Data according to Le
Grand and El Hage (1980)

Gullstrand eye  Theoretical eye  Simplified eye

Index of refraction

Cornea 1.376 1.377 1.336
Aqueous humor 1.336 1.337 1.336
Lens 1.408 1.420 1.421
Vitreous body 1.336 1.336 1.336
Radius of curvature (mm)

Cornea (ant. surface) 7.7 7.8 8.0
Cornea (post. surface) 6.8 6.5 —
Lens (ant. surface) 10.0 10.2 10.2
Lens (post. surface) —6.0 —6.0 —6.0
Power (diopters)

Cornea 43.05 42.36 42.0
Lens 19.11 21.78 22.44
Total eye 58.64 59.94 59.64

The transparency of corneal tissue in the spectral region from 400 nm to
1200 nm can be attributed to its extremely regular microscopic structure as
will be discussed below. The optical zone of the human cornea has typical
diameters ranging from 2mm to 4mm and is controlled by the iris. The
overall thickness of the cornea varies between 500 um at the center of the
optical axis and 700 um at the periphery. Corneal tissue is avascular and
basically consists of five distinct layers: epithelium, Bowman’s membrane,
stroma, Descemet’s membrane, and endothelium. A schematic cross-section
of the human cornea is shown in Fig. 4.11.

Epithelium Bowman's membrane

Endothelium Descemet's membrane

Fig. 4.11. Cross-section of a human cornea
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According to Le Grand and El Hage (1980), the epithelium is made up
of two to three layers of flat cells which — in combination with tear fluid —
provide the smooth surface of the cornea. These cells are the only corneal
cells capable of regenerating. Bowman’s membrane consists of densely packed
collagen fibers. All these fibers are oriented in planes parallel to the corneal
surface, resulting in extremely high transparency. Due to its high density,
Bowman’s membrane is primarily responsible for the mechanical stability of
the cornea. Almost 90 % of the corneal thickness belongs to the stroma. It has
a structure similar to Bowman’s membrane but at a lower density. Since the
stroma contributes the major part of the cornea, refractive corneal surgery
relies on removing stromal tissue. Descemet’s membrane protects the cornea
from its posterior side. And, finally, the endothelium consists of two layers
of hexagonally oriented cells. Their main function is to prevent fluid of the
front chamber from diffusing into the cornea.

In general, two types of corneal surgeries are distinguished: removal of any
pathologic conditions and refractive corneal surgery. The first group includes
treatments of irregularly shaped corneas, e.g. keratoconus, externally induced
corneal injuries, and corneal transplantations. Prior to laser surgery, all these
treatments had to be performed with mechanical scalpels. Today, ophthalmic
lasers — among these especially the ArF excimer laser — offer a noninvasive
and painless surgery. Successful circular trephinations and smoothing of ir-
regular surfaces were, for instance, reported by Loertscher et al. (1987) and
Lang et al. (1989). Very clean corneal excisions can also be obtained when
using short pulsed neodymium lasers as shown in Figs. 4.12 and 4.13. The
dependence of the ablation depth on pulse energy is illustrated in Figs. 4.14
and 4.15.

The other group of corneal surgeries aims at an alteration of its refrac-
tive power. Although most cases of wrongsightedness cannot be attributed
to a pathologic condition of the cornea®, it is the corneal power which is
the easiest to change. First successful studies on refractive corneal surgery
were reported by Fjodorov and Durnev (1979) using a diamond knife. The
whole procedure is called radial keratotomy (from Greek: kepag = cornea,
Topaewy = to be cut). By placing radial incisions into the peripheral cornea,
tensile forces are rearranged which leads to a flattening of the central ante-
rior surface, i.e. a decrease in refractive power. Radial keratotomy has mean-
while been investigated by a variety of surgeons. Several profound reviews
are available today, e.g. by Bores (1983), Sawelson and Marks (1985), and
Arrowsmith and Marks (1988).

In the beginning of the 1980s, a novel method was developed which is ac-
tually removing part of the tissue with a laser. Thus, excisions are performed
instead of incisions. This surgical technique is therefore called radial kera-
tectomy (RK) (from Greek: ekTopaely = to be cut out). Actually, the con-

5 In most myopias, the bulbus is too long. Senile hyperopia is due to a decrease in
lens accommodity. Only astigmatism is frequently caused by the cornea itself.
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Fig. 4.12. Magnification (light microscopy) of a corneal excision achieved with
a Nd:YLF laser (pulse duration: 30 ps, bar: 10 um, original surface: horizontal,
laser excision: vertical)

Fig. 4.13. High magnification (transmission electron microscopy) of a corneal ex-
cision achieved with a Nd:YLF laser (pulse duration: 30 ps, bar: 1 pum)
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Fig. 4.14. Corneal excisions achieved with a Nd:YLF laser at different pulse ener-
gies (from left to right: 30 nJ, 50 nJ, 70 wJ, 90 pJ, and 110 nJ)

T T T T | T T LI

o)
R
S 10 ]
% K e © ]
g i . i
S - —
R L -
)
joX
5] - _
© [ J
C - -
R
)
o
el e o
<

1 _

[ | I ] | | Lo | a
10 100

Pulse energy (uJ)

Fig. 4.15. Ablation curve of corneal stroma obtained with a Nd:YLF laser (pulse
duration: 30 ps, focal spot size: 15 pm). Data according to Niemz et al. (1991)
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cept of reshaping the curvature of the cornea with a laser beam was initially
proposed by Keates et al. (1981). However, his original concept of applying
the CO; laser failed, and Trokel et al. (1983) first achieved a successful ker-
atectomy with an ArF excimer laser. Shortly afterwards, other groups also
published their results, e.g. Cotlair et al. (1985), Marshall et al. (1985), and
Puliafito et al. (1985). All these researchers focused on radial excisions for
the purpose of correcting myopia. Moreover, astigmatism can be corrected
by placing transverse excisions as reported by Seiler et al. (1988). Since ex-
cisions need to be of the order of 90 % of the corneal thickness — otherwise
no significant alteration of refractive power is observed — the initial rate of
corneal perforation was quite high. Today, however, perforation is usually
avoidable due to improved application systems and more accurate preoper-
ative measurements of corneal parameters. Detailed computer simulations
were described by Hanna et al. (1989a).

More recently, another laser technique called keratomileusis (from Greek:
Avewr = to detach) or photorefractive keratectomy (PRK) has been proposed
by Marshall et al. (1986). They recognized the superior quality of excimer
laser ablations and investigated the direct carving of the cornea to change
its optical power. During this treatment, large area ablations are performed
around the optical axis rather than linear excisions in the periphery. The
major advantage of keratomileusis over radial keratectomy is the ability to
achieve direct optical correction rather than depending on indirect biome-
chanical effects of peripheral excisions. However, the basic hopes for minimal
wound healing without opacification and for rapidly obtained stable refrac-
tion have not yet been supported by clinical experience. Corneal wound heal-
ing does occur in most cases, and it may take up to several months until
refraction is stabilized. Radial keratectomy and keratomileusis are compared
in a schematic drawing shown in Fig. 4.16.

N
O
O

Radial keratectomy Keratomileusis Keratomileusis
for myopia (only) for myopia for hyperopia

Fig. 4.16. Schemes of radial keratectomy and keratomileusis for the correction of
myopia and hyperopia, respectively. Anterior view and cross-section of the cornea
are shown. Dotted areas and dashed lines refer to the postoperative state
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In the following paragraphs, a geometrically derived instruction is given
of how the reshaping of a myopic eye has to be done. In Fig. 4.17, the pre- and
postoperative anterior surfaces of the cornea are shown together with other
geometrical parameters. The optical axis and an arbitrary axis perpendicular
to it are labeled x and y, respectively. The curvature of the cornea is given
by R, and the indices “i” and “f” refer to the initial and final states of the
cornea, respectively.

A y
T Yrmax
I Y R
f
I R
f ' . ¢i A ¢f
| X
dy) —»\ ‘&

Fig. 4.17. Geometry of performing keratomileusis in a myopic eye. The pre- and
postoperative anterior surfaces of the cornea are drawn as a solid curve and a dashed
curve, respectively. The alteration in curvature is exaggerated

The equations for the initial and final anterior surfaces of the cornea are
given by

w2 +y* =R?, (4.1)
(zs + Az)? +y? = R? | (4.2)

where (zi, y) and (zf, y) are the coordinates of the initial and final surfaces,
respectively, and Ax is the shift in the centers of curvature as shown in
Fig. 4.17. We thus obtain for the depth of ablation

dy) =2 — 2 = \/R? 32 — \/R — > + Au | (4.3)

The shift Az can be calculated from the sines of the angles 5 and v and is
expressed by



4.1 Lasers in Ophthalmology 171

Ar B (4.4)
siny  sinf
When using the following geometrical relations
sin 8 = sin (180° — ¢;) = sin ¢; ,
Y =¢i— ¢,
(4.4) can be turned into
Az = Ry sin (&1 — ¢r) . (4.5)

sin ¢i

Furthermore, we deduce from Fig. 4.17 the two expressions

. ymax
sin ¢; = ,
Ry
. ymax
sin¢p = —— ,
Ry

where ymax is the maximum radius of the optical zone to be altered. Hence,
substituting ¢; and ¢ in (4.5) leads to

_ RiR

yl’l’l ax

Ax

. . ymax . ymax
sin | arcsin =—— — arcsin . 4.6
(aresin 2 ) (46)

From (4.3) and (4.6), we obtain
d(y) Z\/R? —y? —\/R? —y?+

The highest ablation depth must be obtained at y = 0 with

R; Ry

ymax

sin  arcsin Ymax _ arcsin Ymax
R; Ry

Rin . < . Ymax . ymax>
d(0) =R; — R¢ + sin | arcsin — arcsin . 4.7
( ) Ymax Ri Rf ( )
In (4.7), the depth d(0) is given which the surgeon has to remove at the vertex
of the optical axis. The unknown parameter Ry is readily obtained from the
basic law of a curved refracting surface

AD = (ne — 1) (R% - n%) , (4.8)

where AD is the degree of myopia expressed in units of diopters, and n. is the
refractive index of the cornea. For an attempted correction of AD ranging
from 1 diopter to 10 diopters, the required values of Rf and d(0) are listed
in Table 4.2, assuming R; = 7.8 mm, n. = 1.377, and Ymax = 2.5 mm. From
these data, it can be concluded that for myopias up to 5 diopters less than
one tenth of the corneal thickness needs to be ablated.
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Table 4.2. Theoretical values of keratomileusis in the case of myopia.
Actual data might slightly differ due to a rearrangement in mechanical
stress. Assumed is an optical zone of 5 mm, i.e. Yymax = 2.5 mm

AD (diopters) R; (mm) d(0) (pm)
1 7.965 9.0
2 8.137 17.9
3 8.316 26.8
4 8.504 35.7
5 8.700 44.6
6 8.906 53.4
7 9.121 62.2
8 9.347 71.0
9 9.585 79.7

10 9.835 88.4

A similar calculation applies for the correction of hyperopic eyes. How-
ever, since a peripheral ring-shaped zone needs to be ablated, the diameter of
the optical zone is usually extended to 7-8 mm. It should be added that astig-
matism can also be corrected by means of keratomileusis. This is achieved by
simply aiming at two different values of R in two planes located perpendic-
ularly to the optical axis.

In the 1980s, i.e. during the early stage of performing keratomileusis,
this novel technique was further improved and corticosteroids were infre-
quently used. Early experiences were reported by Aron-Rosa et al. (1987)
and Taylor et al. (1989). Normal reepithelialization as well as mild subepi-
thelial haze were observed. McDonald et al. (1990) demonstrated the ability
to achieve a measurable myopic refractive correction. However, they also re-
ported on an initial regression and a poor predictability of the refractive
effect. Wilson (1990) distinguished between preoperative myopias with less
and more than 5.5 diopters. From his clinical observations, he concluded
that good predictions can be made in the first case only. Some of his results
are shown in Figs. 4.18a—b. Similar statements regarding predictability were
published by Seiler and Genth (1994).

Meanwhile, several variations of PRK are being studied all over the world.
The ArF excimer laser is well suited for this type of surgery because of its
ablation characteristics. As we have already encountered when discussing
Fig. 3.36, one pulse from this laser typically ablates 0.1-1 um of corneal
tissue which corresponds to 0.01-0.1 diopters. Usually, energy densities of
1-5J/cm? are applied in order to be less dependent on energy fluctuations,
since the ablation curve shown in Fig. 3.36 approaches a saturation limit.
Then, the correction of one diopter is achieved with approximately 10 pulses
which takes about one second at a repetition rate of 10 Hz. Although most
researchers agree that the ArF laser is well suited for PRK, the choice of
a proper delivery system is being controversely discussed. Most common are
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Fig. 4.18. (a) Results of ArF excimer laser keratomileusis performed in five cases
of myopia with attempted corrections less than 5.5 diopters. (b) Results of ArF
excimer laser keratomileusis performed in eight cases of myopia with attempted
corrections more than 5.5 diopters. During a follow-up period of six months, eyes
with more than 5.5 diopters of preoperative myopia appear to be less stable than
eyes with less than 5.5 diopters. Emmetropia is indicated by a dashed line. Data
according to Wilson (1990)
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the methods of using a scanning slit as described by Hanna et al. (1988) and
Hanna et al. (1989b), or a rotating disk mask with different apertures as used
by L’Esperance et al. (1989). In the first case, the cornea is exposed to radi-
ation from an ArF laser through a movable slit. If the slit is wider near its
center, i.e. if more tissue is removed from the central cornea, it can be used
for correcting myopic eyes. If the slit is wider near its ends, it is designed
for treating hyperopia. The rotating disk mask, on the other hand, consists
of several apertures with different diameters which are concentrically located
on a wheel. The patient’s eye is irradiated through one aperture at a time.
In between, the wheel is turned to the next aperture. By this means, it is
assured that the overall exposure gradually decreases from the center to the
periphery of the cornea. Thus, more tissue is removed from central areas, i.e.
myopia is corrected. Hyperopias cannot be treated using the rotating disk.
Either method is illustrated in Figs. 4.19a—c.

Initial surface Final surface

Fig. 4.19. (a) Scanning slit for correction of myopia and anterior view of cornea.
(b) Scanning slit for correction of hyperopia. (¢) Rotating disk mask for correction
of myopia. Initial and final surfaces are shown in a corneal cross-section

In Fig. 4.20a, a photograph is shown which demonstrates the removal of
corneal tissue after performance of keratomileusis. In order to visualize the
stair-like ablations, a large difference in aperture diameters was chosen. The
view of a treated eye through a slit lamp is captured in Fig. 4.20b. With
this device, the patient’s eye is illuminated by a slit which is positioned at
an angle to the optical axis. From its image on the cornea, information on
the corneal thickness can be derived. In the example shown in Fig. 4.20b, the
cornea appears thinner at its center. Thus, a myopic eye was treated.
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Fig. 4.20. (a) Stair-like ablations of corneal tissue after performance of ker-
atomileusis with an ArF laser. (b) View of a treated eye through a slit lamp.
Photographs kindly provided by Dr. Bende (Tiibingen)
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In a large group of keratomileusis treatments, good optical correction
is obtained after approximately six months. Despite several improvements,
however, two major disadvantages still remain:

— regression of the initially achieved refractive power,
— appearance of a subepithelial haze after the regression period.

The existence of a regression effect becomes obvious when looking at
Figs. 4.18a—b. Within the first three months after PRK, a regression of up
to three diopters has been observed. It is probably due to the processes of
corneal wound healing and reepithelialization. Therefore, the patient’s eye
is usually transferred to a hyperopic state immediately after surgery. It is
hoped that refraction stabilizes at emmetropy after the period of regression.
This procedure, of course, requires a lot of patience since the patient has to
use several pairs of glasses during the first months after surgery. Subepithe-
lial haze has not been found in all patients but is a frequent consequence. It
disturbs vision especially in darkness when the pupil widens. The primary
cause of this haze is yet unknown. It might arise from a rearrangement of
collagen fibers inside Bowman’s membrane and the stroma. However, haze
could also be induced by the toxic UV radiation. As stated in Sect. 3.3, cyto-
toxicity and mutagenicity cannot be excluded for the ArF laser wavelength at
193 nm. It is generally believed that corneal tumors do not occur. Cytotoxic
effects, though, might cause a reduction in corneal transparency.

Infrared lasers have also been proposed for refractive corneal surgery, es-
pecially erbium, holmium, and neodymium lasers. When using erbium and
holmium lasers, thermal degradation of corneal tissue is attempted, leading
to a shrinkage of the involved collagen fibers. By this means, tensile stress is
induced inside the cornea evoking a change in refractive power. Actually, this
method is based on earlier studies performed by Gasset and Kaufman (1975)
who used conventional heat sources in the treatment of severe keratoconus.
Since thermal effects are associated with opacification, the laser energy is
usually applied to a peripheral ring of the cornea. With this method, cor-
rections of hyperopia were observed as reported by Householder et al. (1989)
and Brinkmann et al. (1994).

An interesting and challenging technique for refractive corneal surgery
has emerged at the beginning of the 1990s. It is called intrastromal ablation,
and its basic principle is illustrated in Fig. 4.21. By means of focusing a laser
beam inside the cornea, either a continuous disk-shaped or a ring-shaped
cavity is generated, depending on the type of correction needed. When the
gaseous vapor inside these cavities has diffused into the surrounding medium,
the cavity collapses. It is expected that the removal of stromal tissue then
induces a stable change in curvature of the anterior corneal surface. The
main advantage of this technique is that the original layers of epithelium and
Bowman’s membrane are not injured. Thus, the stability of the cornea is less
affected, and corneal haze is less likely to occur.
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Fig. 4.21. Schemes of intrastromal ablation

Intrastromal ablations were first reported by Héh (1990) when focusing
a Q-switched Nd:YAG laser beam inside the stroma. A more detailed study
followed soon after by Niemsz et al. (1993a) using picosecond pulses from
a two-stage Nd:YLF laser system. It was shown for the first time that a con-
tinuous intrastromal cavity can be achieved which is located approximately
150 um beneath the epithelium. A typical example of such a laser-induced
cavity inside the stroma of a human cornea is shown in Fig. 4.22. This pho-
tograph was obtained with a scanning electron microscope. Due to shrinking
processes during the preparation, the cavity appears closer to the epithelium
than 150 pm. The collapse of an intrastromal cavity is captured in Fig. 4.23
which was taken with a transmission electron microscope. In this case, fixa-
tion took place one hour after laser exposure. Two vacuoles are still visible
which have not yet collapsed. According to Vogel et al. (1994b), endothelial
damage does not occur if the focus of the laser beam is placed at least 150 pm
away from the endothelium.

Meanwhile, preliminary intrastromal ablations have been performed which
lead to alterations in refractive power of up to 5 diopters. In addition, ex-
tensive theoretical models have been proposed for this kind of surgery, e.g.
by Hennighausen and Bille (1995). Using the algorithm of finite elements,
certain predictions can be made concerning any changes in refraction. The
method of finite elements is a very powerful tool of modern engineering sci-
ence. Reshaping of the cornea by mechanical alterations is a typical prob-
lem of a special branch called biomechanics or bioengineering. Mechanical
properties of the cornea have been reported by Jue and Maurice (1989). Its
governing equations have been discussed by Fung (1981).

When applying the method of finite elements, the object, e.g. the cornea,
is subdivided into a certain number of finite elements. The size of these el-
ements is chosen such that each of them can be characterized by constant
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Distance = 76.0pm

Fig. 4.22. Intrastromal cavity achieved with a Nd:YLF laser (pulse duration: 30 ps,
pulse energy: 140 wJ)

Fig. 4.23. Collapse of an intrastromal cavity achieved with a Nd:YLF laser (pulse
duration: 30 ps, pulse energy: 100 pnJ). The two vacuoles which have not yet col-
lapsed measure about 20 pm
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physical parameters. The advantage of this procedure is that all governing
equations are readily solved within each element. Then, by implementing
proper boundary conditions, each element is related to its adjacent elements
which finally leads to a physical description of the whole object. Any alter-
ation of a single element consequently influences other elements, as well. In
our example shown in Fig. 4.24, two intrastromal elements within the optical
zone are removed. Using iterative calculations on fast processing computers,
the deformed postoperative state of the cornea is simulated. In order to ob-
tain reliable results, such a model should comprise the following properties
of the cornea:

— anisotropy,

— incompressibility,

— nonlinear stress—strain behavior®,
— nonuniform initial stress distribution.

Fig. 4.24. (a—c) Simulation of an intrastromal ablation by twelve finite elements.
One half of the corneal cross-section is shown. (a) Preoperative state. (b) Intrastro-
mal ablation (immediate postoperative state). (c) Steady postoperative state

Today, the standard technique for refractive corneal surgery beside PRK is
called laser in situ keratomileusis (LASIK). This kind of treatment basically
consists of three steps shown in Fig. 4.25: cutting a flap into the anterior
section of the cornea with a surgical knife or a femtosecond laser, removing
intrastromal tissue with an ArF laser or a femtosecond laser according to
Table 4.2, and pulling the flap down again with surgical tweezers. No sewing
is necessary after the treatment, since the flap immediately sticks again to the
tissue underneath due to adhesive forces. The removed tissue volume causes
a similar change in refraction as in the case of the intrastromal ablations
described above, but LASIK provides the high precision achievable with ArF
or femtosecond lasers.

5 Most biological tissues do not obey Hooke’s law of elasticity.
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Fig. 4.25. LASIK technique based on three steps: cutting a flap into the anterior
section of the cornea, removing intrastromal tissue, and pulling the flap down again

comea

In Fig. 4.26, a high-magnification photograph of LASIK treatment is
shown. With a Nd:Glass femtosecond laser, a flap was cut into the cornea and
pulled upward. Furthermore, a disc-shaped volume of intrastromal tissue was
excised and put aside. This fascinating photograph proves the high accuracy
associated with this technique. Since LASIK has just recently been devel-
oped, of course, not much data are available so far. However, as progress
with excimer laser surgery has demonstrated, research in this field con-
tinues to grow rapidly. Details are given by Pallikaris and Siganos (1994),
Knorz et al. (1996), Farah et al. (1998), Patel et al. (2000), Lipshitz et al.
(2001), and Rosen (2001). A reasonable judgement of this alternative for
refractive corneal surgery should be possible in the near future.

Fig. 4.26. High-magnification photograph of LASIK treatment performed with
a Nd:Glass laser (pulse duration: 500 fs, pulse energy: 3 1J)



4.2 Lasers in Dentistry 181

4.2 Lasers in Dentistry

Although dentistry was the second medical discipline where lasers were ap-
plied, it basically remained a field of research. Especially in caries therapy
— the most frequent dental surgery — conventional mechanical drills are still
superior compared to most types of lasers, particularly CW or long-pulse
lasers. Only laser systems capable of providing ultrashort pulses might be an
alternative to mechanical drills as was recently shown by Niemz et al. (1993b)
and Pioch et al. (1994). However, many clinical studies and extensive engi-
neering effort still remain to be done in order to achieve satisfactory results.
We should keep in mind that mechanical drills have improved over several
decades until the present stage was reached, and that the development of
suitable application units for laser radiation also takes time. Other topics of
interest in dentistry include laser treatment of soft tissue as well as laser-
welding of dental bridges and dentures. In some of these areas, research has
been very successful. In this section, laser treatment of hard tooth substances,
soft dental tissues, and filling materials will be addressed.

The Human Tooth

Before going into the details of laser dentistry, a brief summary of the
anatomy of the human tooth as well as its physiology and pathology shall
be given. In principle, the human tooth consists of mainly three distinct seg-
ments called enamel, dentin, and pulp. A schematic cross-section of a human
tooth is shown in Fig. 4.27.

Enamel
Dentin
Gingiva Pulp
Root canal
Blood vessel
Bone

Fig. 4.27. Cross-section of a human tooth
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The enamel is the hardest substance of the human body. It is made of
approximately 95 % (by weight) hydroxyapatite, 4 % water, and 1% organic
matter. Hydroxyapatite is a mineralized compound with the chemical formula
Ca10(POy4)(OH)s. Its substructure consists of tiny crystallites which form so-
called enamel prisms with diameters ranging from 4 pm to 6 pm. The crystal
lattice itself is intruded by several impurities, especially C1~, F~, Na™, KT,
and Mg?t.

The dentin, on the other hand, is much softer. Only 70 % of its volume
consists of hydroxyapatite, whereas 20 % is organic matter — mainly collagen
fibers — and 10 % is water. The internal structure of dentin is characterized
by small tubuli which measure up to a few millimeters in length, and between
100nm and 3 pm in diameter. These tubuli are essential for the growth of
the tooth.

The pulp, finally, is not mineralized at all. It contains the supplying blood
vessels, nerve fibers, and different types of cells, particularly odontoblasts
and fibroblasts. Odontoblasts are in charge of producing the dentin, whereas
fibroblasts contribute to both stability and regulation mechanisms. The pulp
is connected to peripheral blood vessels by a small channel called the root
canal. The tooth itself is embedded into soft tissue called the gingiva which
keeps the tooth in place and prevents bacteria from attacking the root.

The most frequent pathologic condition of teeth is called decay or caries.
Its origin lies in both cariogeneous nourishment and insufficient oral hygiene.
Microorganisms multiply at the tooth surface and form a layer of plaque.
These microorganisms produce lactic and acetic acid, thereby reducing the
pH down to values of approximately 3.5. The pH and the solubility of hy-
droxyapatite are strongly related by

Cayg(PO4)(OH)y + 8HT «— 10Ca®T + 6 HPO? ™ + 2H,0 .

By means of this reaction, the enamel can be demineralized within a few
days only. Calcium bound to the hydroxyapatite is ionized and washed out by
saliva. This process turns the hard enamel into a very porous and permeable
structure as shown in Fig. 4.28. Usually, this kind of decay is associated with
a darkening in color. Sometimes, however, carious lesions appear bright at the
surface and are thus difficult to detect. At an advanced stage, the dentin is
demineralized, as well. In this case, microorganisms can even infect the pulp
and its interior which often induces severe pain. Then, at the latest, must
the dentist remove all infected substance and refill the tooth with suitable
alloys, gold, ceramics, or composites. Among alloys, amalgam has been a very
popular choice of the past. Recently, though, a new controversy has arisen
concerning the toxicity of this filling material, since it contains a significant
amount of mercury.

The removal of infected substance is usually accomplished with conven-
tional mechanical drills. These drills do evoke additional pain for two rea-
sons. First, tooth nerves are very sensitive to induced vibrations. Second,
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Fig. 4.28. High-magnification photograph of caries taken with a scanning electron
microscope. Reproduced from Niemz (1994a). (© 1994 Springer-Verlag

tooth nerves also detect sudden increases in temperature which are induced
by friction during the drilling process. Pain relief without injection of an
anaesthetic was the basic ulterior motive when looking for laser applications
in caries therapy. However, it turned out that not all types of lasers fulfill
this task. Although vibrations are avoided due to the contactless technique,
thermal side effects are not always eliminated when using lasers. CW and
long-pulse lasers, in particular, induce extremely high temperatures in the
pulp as shown in Figs. 4.29a-b. Even air cooling does not reduce this tem-
perature to a tolerable value. Thermal damage is negligible only when using
ultrashort pulses according to the statements given in Sect. 3.2.

Meanwhile, other advantages are being discussed which could even be
more significant than just pain relief”. Very important among these are the
so-called conditioning of dental substance and a possibly more precise pro-
cedure of caries removal. Conditioning provides additional protection of the
tooth by means of sealing its surface. Thereby, the occurrence of caries can
be significantly delayed. Improved control of caries removal, e.g. by a spec-
troscopic analysis of laser-induced plasmas as shown in Figs. 3.51a-b, could
minimize the amount of healthy substance to be removed. Then, indications
for expensive dental crowns or bridges are effectively reduced.

7 It should be kept in mind that pain relief alone would not justify the application
of more expensive machines.
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Fig. 4.29. (a) Mean temperatures in the pulp during exposure to a CW CO; laser
(power: 5 W) without and with air cooling, respectively. (b) Mean temperatures in
the pulp during exposure to a CW Nd:YAG laser (power: 4 W) without and with
air cooling, respectively. Data according to Frentzen and Koort (1992)
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Laser Treatment of Hard Tooth Substance

First experiments with teeth using the laser as a surgical tool were per-
formed by Goldman et al. (1964) and Stern and Sognnaes (1964). Both of
these groups used a pulsed ruby laser at a wavelength of 694 um. This laser
induced severe thermal side effects such as irreversible injury of nerve fibers
and tooth cracking. Thus, it is not very surprising that these initial studies
never gained clinical relevance. A few years later, a CO5 laser system was in-
vestigated by Stern et al. (1972). However, the results did not improve very
much compared with the ruby laser. These observations are due to the fact
that both ruby and COy lasers are typical representatives of thermally act-
ing lasers. Thus, it was straightforward to conclude with Stern (1974) that
without being able to eliminate these thermal effects, lasers would never turn
into a suitable tool for the preparation of teeth.

Meanwhile, several experiments have been conducted using alternative
laser systems. At the end of the 1980s, the Er:YAG laser was introduced
to dental applications by Hibst and Keller (1989), Keller and Hibst (1989),
and Kayano et al. (1989). The wavelength of the Er:YAG laser at 2.94 pm
matches the resonance frequency of the vibrational oscillations of water
molecules contained in the teeth as described in Sect. 3.2. Thereby, the ab-
sorption of the Er:YAG radiation is strongly enhanced, resulting in a high ef-
ficiency. However, the sudden vaporization of water is associated with a pres-
sure gradient. Small microexplosions are responsible for the break-up of the
hydroxyapatite structure. High-magnification photographs of a human tooth
after Er:YAG laser exposure were shown in Sect. 3.2 in Figs. 3.11a-b. The
coincidence of thermal (e.g. vaporization) and mechanical (e.g. pressure gra-
dient) ablation effects has led to the term “thermomechanical interaction” as
used by Frentzen and Koort (1991).

Initially, Er:YAG lasers seemed to be very promising because of their high
efficiency in ablating dental substances. Meanwhile, though, some indication
has been given that microcracks can be induced by Er:YAG laser radiation.
It was found by Niemz et al. (1993b) and Frentzen et al. (1994) — using scan-
ning electron microscopy and dye penetration tests — that these fissures can
extend up to 300 pm in depth. They could thus easily serve as an origin for
the development of new decay. External cooling of the tooth might help to
reduce the occurrence of cracking but further research needs to be performed
prior to clinical applications.

Even worse results were found with the Ho:YAG laser as reported by
Niemz et al. (1993b). High-magnification photographs of a human tooth after
laser exposure were shown in Figs. 3.13a—b. Severe thermal effects including
melting of tooth substance were observed. Moreover, cracks up to 3mm in
depth were measured when performing dye penetration tests.

Dye penetration tests are suitable experiments for the detection of laser-
induced tooth fissures. After laser exposure, the tooth is stained with a dye,
e.g. neofuchsine solution, for several hours. Afterwards, the tooth is sliced
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Fig. 4.30. Results of dye penetration tests for three different solid-state lasers
and the mechanical drill. Listed are the maximum penetration depths inside the
enamel of human teeth. Pulse durations: 250 us (Ho:YAG), 90 us (Er:YAG), and
30ps (Nd:YLF). Data according to Niemz (1993b)

using a microtome, and the maximum penetration depth of the dye is deter-
mined. The results of some representative measurements are summarized in
Fig. 4.30. Obviously, tooth fissures induced by Ho:YAG and Er:YAG lasers
must be considered as a severe side effect.

Another laser type — the ArF excimer laser — was investigated by Frentzen
et al. (1989) and Liesenhoff et al. (1989) regarding its usefulness in dentistry.
Indeed, initial experiments proved that only very slight thermal effects were
induced which was attributed to the shorter pulse duration of approximately
15ns and the gentle interaction mechanism of photoablation. However, the
ablation rate achieved with this laser, i.e. the ablated volume per unit time, is
too low for clinical applications. Although very successful in refractive corneal
surgery because of its high precision, it is exactly this accuracy with ablation
depths less than 1 um per pulse and the rather moderate repetition rates
which pull the ablation rate down. This ineffectiveness and the general risks
of UV radiation are the major disadvantages concerning the use of the ArF
laser in dentistry.

A second UV laser — the frequency-doubled Alexandrite laser at 377 nm —
was studied by Steiger et al. (1993) and Rechmann et al. (1993). It was ob-
served that this laser offers a better selectivity for carious dentin than the
Er:YAG laser, i.e. the required fluence at the ablation threshold of healthy
dentin is higher when using the Alexandrite laser, whereas the thresholds for
carious dentin are about the same.
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Recently, a novel approach to laser caries therapy has been made by Niemz
et al. (1993b) and Pioch et al. (1994) when using picosecond pulses from
a Nd:YLF laser system. Although, at the early stage of experiments, uncer-
tainty predominated concerning potential shock wave effects, it has mean-
while been verified by five independent tests that mechanical impacts are
negligible. These consist of scanning electron microscopy, dye penetration
tests, hardness tests, histology, and polarized microscopy. Latest results have
been published by Niemz (1995b).

Scanning Electron Microscopy. In Figs. 4.31a-b, two SEM are shown
demonstrating the ability of a picosecond Nd:YLF laser to produce ex-
tremely precise tetragonal cavities in teeth. The cavities are located in healthy
and carious enamel, respectively. Both of them have lateral dimensions of
1 x 1mm? and a depth of approximately 400 um. They were created by dis-
tributing 1mJ laser pulses onto 40 lines over the tooth surface with 400
lasered spots per line, and repeating this procedure ten times for the cavity
shown in Fig. 4.31a and only once for the cavity in Fig. 4.31b. Thus, a total
number of 160000 laser shots was necessary for the cavity in healthy enamel,
and only one tenth of this number was needed to achieve a similar depth in
carious enamel. This observation already indicates that the ablation rate of
demineralized enamel is about ten times higher than that of healthy enamel,
i.e. the Nd:YLF laser provides a caries-selective ablation.

In Figs. 4.32a-b, the cavity wall and bottom are shown, respectively.
The cavity wall is extremely steep and is characterized by a sealed glass-like
structure. This is of great significance for the prevention of further decay. The
roughness of the cavity bottom is of the order of 10-20 um and thus facilitates
the adhesion of most filling materials. The scanning ablation becomes more
evident when using fewer pulses to produce a shallow cavity as shown in
Fig. 4.33a. In this case, a circular ablation pattern with 2500 pulses was
selected. In Fig. 4.33b, the effect of a conventional drill on the cavity wall is
demonstrated. Deep grooves and crumbled edges are clearly visible.

Dye Penetration Tests. The results of dye penetration tests after exposure
to a picosecond Nd:YLF laser have already been presented in Fig. 4.30. Laser-
induced fissures typically remained below 20 um. This value is of the same
order as fissure depths obtained with the mechanical drill. One potential
cause for the extremely small dye penetration might be the sealing effect
demonstrated in Fig. 4.32a.

Hardness Tests. One obvious test for the potential influence of shock waves
is the measurement of hardness of a tooth before and after laser exposure. In
hardness tests according to Vickers, the impact of a diamond tip into a tooth
surface is determined. Softer material is characterized by a deeper impact of
the diamond tip — and thus a larger impact diameter. The hardness itself is
defined as

K
Hy = 18544 =5 |
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Fig. 4.31. (a) Cavity in healthy enamel achieved with 160000 pulses from
a Nd:YLF laser (pulse duration: 30ps, pulse energy: 1mJ). (b) Cavity in cari-
ous enamel achieved with 16 000 pulses from a Nd:YLF laser (pulse duration: 30 ps,
pulse energy: 1mJ)
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Fig. 4.32. (a) Cavity wall in healthy enamel achieved with a Nd:YLF laser (pulse
duration: 30 ps, pulse energy: 1 mJ). (b) Cavity bottom in healthy enamel achieved
with a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1 mJ)
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Fig. 4.33. (a) Cavity in carious enamel achieved with 2 500 pulses from a Nd:YLF
laser (pulse duration: 30 ps, pulse energy: 1mJ). (b) Cavity wall achieved with
a conventional diamond drill
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where K = 5.0 x 10*N, and D is the impact of a diamond tip cut at an
angle of 136° and expressed in millimeters. The results of hardness tests after
exposure to picosecond Nd:YLF pulses are presented in Table 4.3. According
to Niemz (1995c), no significant alteration in hardness is observed in exposed
and unexposed enamel. As expected, though, dentin appears much softer due
to its lower content of hydroxyapatite.

Table 4.3. Mean hardness values of teeth before and after exposure
to a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1mJ)

D (mm) Hy (N/mm?)
Exposed enamel 5.9 2660
Unexposed enamel 5.8 2760
Unexposed dentin 11.5 700

Histology. The most important touchstone for the introduction of a new
therapeutic technique is the biological response of the tissue, i.e. the survival
of cells. Histologic sections enable specific statements concerning the con-
dition of cells due to highly sophisticated staining techniques. In Fig. 4.5a
(page 157), the dentin—pulp junction of a human tooth is shown. It was lo-
cated underneath a 1 x 1 mm? area exposed to 16 000 pulses from a Nd:YLF
laser. Along the junction, several odontoblasts are clearly visible. They have
not intruded into the dentin and have a similar appearance as in unexposed
teeth. Thus, potential shock waves do not have a detectable impact on the
pulp — not even on a cellular level.

Polarized Microscopy. Polarized microscopy is an efficient tool for detect-
ing alterations in optical density which might arise from the exposure to
shock waves. If these shock waves are reflected, e.g. at the enamel-dentin
junction, such alterations might even be enhanced and should thus become
evident. For polarized microscopy, exposed teeth are dehydrated in an up-
graded series of ethanol. Afterwards, they are kept in fluid methacrylate for
at least three days. Within the following period of seven days, polymeriza-
tion takes place in a heat chamber set to 43°C. Then, the embedded samples
are cut into 100 um thick slices using a saw microtome. Finally, the slices
are polished and examined with a polarized light microscope. In Fig. 4.5b
(page 157), the enamel-dentin junction of a human tooth is shown. It was
located underneath a 1 x 1 mm? area exposed to 16 000 pulses from a Nd:YLF
laser. In the top and bottom parts of the picture, dentin tubuli and enamel
prisms are found, respectively. Due to the different optical densities of dentin
and enamel, these two structures appear blue and yellow in the correspond-
ing color photograph. However, no substantial alteration in color is observed
within either the dentin or the enamel. Hence, no evidence of an altered
optical density due to laser-induced shock waves is given.
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From the results of the above tests, i.e. the negligibility of mechanical
effects, it can be concluded that the cavities shown in Figs. 4.31a—b were
produced by means of plasma-induced ablation as discussed in Sect. 3.4. The
main reason for these observations is that the applied pulse energies were
just slightly above the threshold energy of optical breakdown. In Fig. 4.34,
the ablation curves of healthy enamel, healthy dentin, and carious enamel
are given, respectively. In healthy enamel, plasma sparking was already vis-
ible at approximately 0.2mJ. Then, when taking the corresponding focal
spot size of 30 pm into account, the ablation threshold is determined to be
about 30J/cm?. For carious enamel, plasma generation started at roughly
0.1mJ, i.e. at a threshold density of 15J/cm?. In the range of pulse energies
investigated, all three ablation curves are mainly linear. Linear regression
analysis yields that the corresponding slopes in Fig. 4.34 are 1um/0.2mJ,
3um/0.2mJ, and 8 um/0.2 mJ, respectively. Thus, the ablation efficiency in-
creases from healthy enamel and healthy dentin to carious enamel. From the
ablation volumes, we derive that — at the given laser parameters — approxi-
mately 1.5mm? of carious enamel can be ablated per minute. To cope with
conventional mechanical drills, a ten times higher ablation efficiency would be
desirable. It can be achieved by increasing both the pulse energy and repeti-
tion rate. Then, the Nd:YLF picosecond laser might represent a considerable
alternative in the preparation of hard tooth substances. The potential real-
ization of such a clinical laser system is currently being evaluated.
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Fig. 4.34. Ablation curves of carious enamel, healthy dentin, and healthy enamel,
respectively, obtained with a Nd:YLF laser (pulse duration: 30 ps, focal spot size:
30 um). Data according to Niemz (1994a) and unpublished data
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The results with the Nd:YLF picosecond laser described above have
proven that ultrashort laser pulses are a considerable alternative to the me-
chanical drill for the removal of caries. Due to the recent progress in the
generation of even shorter laser pulses, femtosecond lasers have become very
promising tools, as well. First experiments with these ultrashort pulse dura-
tions have been reported by Niemz (1998). The cavity shown in Fig. 4.35 was
achieved with 660 000 pulses from a Ti:Sapphire femtosecond laser at a pulse
duration of 700 fs. The geometrical accuracy of the cavity and its steep walls
are fascinating.

Fig. 4.35. Cavity in healthy enamel achieved with a Ti:Sapphire laser (pulse dura-
tion: 700 fs, pulse energy: 100 wJ). Photograph kindly provided by Dipl.-Ing. Bauer
(Hannover), Dr. Kasenbacher (Traunstein), and Dr. Nolte (Jena)

In Fig. 4.36, a similar cavity was produced with the same laser but at
a larger spacing of adjacent laser pulses. The impacts of individual line scans
are clearly visible at the bottom of the cavity. The cavity itself is very clean
and of superior quality, if compared to results achievable with conventional
diamond drills. Finally, Fig. 4.37 demonstrates the extremely high precision
provided by femtosecond lasers. In between exposed areas, unexposed bars
remain with a width of less than 10 um. No mechanical drill is able to achieve
similar results. Furthermore, Fig. 4.37 provides the ultimate proof that me-
chanical shock waves are negligible when applying femtosecond laser pulses
at a suitable energy.
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Fig. 4.36. Cavity in healthy enamel achieved with a Ti:Sapphire laser (pulse dura-
tion: 700 fs, pulse energy: 100 wJ). Photograph kindly provided by Dipl.-Ing. Bauer
(Hannover), Dr. Kasenbacher (Traunstein), and Dr. Nolte (Jena)
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Fig. 4.37. Cavities in healthy enamel achieved with a Ti:Sapphire laser (pulse dura-
tion: 700 fs, pulse energy: 100 wJ). Photograph kindly provided by Dipl.-Ing. Bauer
(Hannover), Dr. Kasenbacher (Traunstein), and Dr. Nolte (Jena)
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One very important issue associated with dental laser systems is the tem-
perature increase inside the pulp where odontoblasts, blood vessels, and tooth
nerves are located. Only increments below 5°C are tolerable, otherwise ther-
mal side effects might occur as discussed in Sect. 3.2. Moreover, the feeling
of pain is induced at pulp temperatures which exceed approximately 45°C.
It is thus very important to remain below these temperatures when striving
for clinical applicability. In Fig. 4.38, the temperature increments induced
by a picosecond Nd:YLF laser at a repetition rate of 1kHz are summarized.
For this experiment, human teeth were cut into 1 mm thick slices. On one
surface of these slices, the laser beam was scanned over a 1 x 1 mm? area,
while the temperature was measured at the opposite surface by means of
a thermocouple. The observed temperature increments depend on the num-
ber of consecutive pulses as well as on the total duration of exposure. We
have already stated in Sect. 3.2 that high repetition rates can also induce an
increase in temperature even when using picosecond pulses. Hence, a higher
temperature is obtained when applying 30 instead of only 10 consecutive
pulses before moving the focal spot to the next position. The total duration
of exposure also affects the final temperature, although the increase during
the first minute is most significant. From these results, we can conclude that
up to approximately 10 consecutive pulses may be applied to a tooth at a rep-
etition rate of 1kHz if the temperature in the pulp shall not increase by more
than 5°C.
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Fig. 4.38. Increase in temperature in a distance of 1 mm from cavities achieved
with a Nd:YLF laser (pulse duration: 30 ps, pulse energy: 1mJ, repetition rate:
1kHz). Unpublished data
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A novel dental application of lasers has recently been proposed by
Niemz (1995d). Using a confocal laser scanning microscope, the space to be
occupied by dental fillings can be very precisely determined. The confocal
principle requires that only light reflected within the focal pane is detected.
Thereby, very high axial resolutions can be obtained compared to conven-
tional microscopy. With the confocal microscope, several layers of the cavity
to be filled are scanned. From the reflected intensities, a three-dimensional
plot of the cavity is calculated as shown in Fig. 4.39a. These data can be
inverted to form a direct pattern for the milling of inlays or crowns with
a CNC-machine as demonstrated in Fig. 4.39b.

Fig. 4.39. (a) Three-dimensional plot of a laser-induced cavity captured with
a confocal laser scanning microscope. The cavity was achieved with a Nd:YLF laser
(pulse duration: 30 ps). (b) Inverted image of the same cavity as calculated with
a computer. Reproduced from Niemz et al. (1995d). (© 1995 Springer-Verlag
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Laser Treatment of Soft Dental Tissue

Several studies have been reported on the use of a COy laser in the man-
agement of malignant, premalignant, and benign lesions of the oral mucosa,
e.g. by Strong et al. (1979), Horch and Gerlach (1982), Frame et al. (1984),
and Frame (1985). Since the oral environment is very moist, radiation from
the CO4 laser is predestined for such purposes because of its high absorp-
tion. When treating a soft tissue lesion inside the mouth, the surgeon has
a choice of two techniques — either excision or vaporization. It is usually
preferable to excise the lesion because this provides histologic evidence of
its complete removal and confirmation of the preceding diagnosis. During
vaporization, a risk always remains that not all altered tissue is eliminated.
Hence, if a pathologic lesion is vaporized, a biopsy should be obtained from
the adjacent tissue after the treatment.

The COg laser is particularly useful for small mucosal lesions. Most of
them can be vaporized at a power of 5-10 W in pulsed or CW mode. After
laser treatment, the wound is sterile and only minimal inflammatory reactions
of the surrounding tissue occur. One major advantage is that there is no need
to suture the wound, since small blood vessels are coagulated and bleeding is
thus stopped. The wound edges can even be smoothed with a defocused beam.
Wound healing usually occurs within a period of two weeks, and the process
of reepithelialization is complete after about 4-6 weeks. Frame (1985) states
that patients tolerate the procedure well and initially complain of little pain.
However, the treated area may become uncomfortable for approximately 2—3
weeks.

Cases of leukoplakia are difficult to treat by conventional surgery, since
they are frequently widespread inside the mouth. The lesion is usually out-
lined with a focused CO5 laser beam for easy visualization. Afterwards, it is
vaporized with a defocused beam at a power of about 15-20 W. According
to Horch (1992), laser-treated leukoplakias heal very well, and there is only
little evidence of recurrence. Even leukoplakias on the tongue and lips can be
treated without losses in performance of these organs.

Malignant lesions require a higher laser power of approximately 20-30 W
to deal with the bulk of the tumor. Lanzafame et al. (1986) state that the
recurrence of local tumors is reduced when using the CO5 laser rather than
a mechanical scalpel. The thermal effect of the radiation is made responsible
for this observation. However, it is questionable whether laser treatments of
malignant oral tumors are successful during a longer follow-up period, since
metastases have often already spread to other parts of the body. In these
cases, laser application is restricted to a palliative treatment. A specimen,
for biopsy can also be excised with a COs laser as one would do with a con-
ventional scalpel. More recently, Patel (1988) reported on the application of
a Nd:YAG laser in the treatment of oral cancer. However, in the treatment
of soft dental tissues, this laser has not gained clinical relevance so far.
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Lasers in Endodontics

Endodontics is concerned with the treatment of infections of the root canal.
These arise from either a breakthrough of decay into the pulp or from plaque
accumulation beneath the gingiva and subsequent bacterial attacks of the
root. In either case, once the pulp or the root canal are infected by bacteria,
the only treatment is to sterilize both pulp and root, thereby taking into
account the associated death of the tooth. However, even a dead tooth may
reside in place for years.

The mechanical removal of bacteria, plaque, infected root cementum,
and inflammated soft tissues is regarded as an essential part of systematic
periodontal treatment. The excavation of the root itself is a very compli-
cated and time-consuming procedure, since roots are very thin and special
tools are required. The procedure can be supported by antimicrobial chem-
icals to ensure sterility which is a mandatory condition for success of the
treatment. Along with the rapid development of medical laser systems, it
has been discussed whether lasers could improve conventional techniques
of endodontics, especially in removal of plaques and sterilization. First ex-
perimental results using CO5 and Nd:YAG lasers in endodontics were pub-
lished by Weichmann and Johnson (1971) and Weichmann et al. (1972). By
means of melting the dentin next to the root, the canal wall appears to be
sealed and thus less permeable for bacteria. Indeed, Melcer et al. (1987) and
Frentzen and Koort (1990) stated that lasers may have a sterilizing effect.
Sievers et al. (1993) observed very clean surfaces of the root canal after ap-
plication of an ArF excimer laser. However, both the COs laser and the ArF
laser will not gain clinical relevance in endodontics, since their radiation can-
not be applied through flexible fibers. Even other laser systems will not be
applicable exclusively, since suitable fiber diameters of 400 pm are still too
large for unprepared roots. Thinner fibers are very likely to break inside the
root causing severe complications and additional mechanical operation.

Laser Treatment of Filling Materials

In dental practice, not only tooth substance needs to be ablated but also
old fillings have to be removed, e.g. when a secondary decay is located un-
derneath. For the removal of metallic fillings, infrared lasers cannot be used,
since the reflectivity of these materials is too high in that spectral range.
Amalgam should never be ablated with lasers at all. In Figs. 4.40a—b, two
samples of amalgam are shown which were exposed to a Nd:YLF' laser and
an Er:YAG laser, respectively. During irradiation, the amalgam has melted
and a significant amount of mercury has been released which is extremely
toxic for both patient and dentist. For other filling materials, e.g. composites,
little data are available. Hibst and Keller (1991) have shown that the Er:YAG
laser removes certain kinds of composites very efficiently. However, it is quite
uncertain whether lasers will ever be clinically used for such purposes.
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Fig. 4.40. (a) Removal of amalgam with a Nd:YLF laser (pulse duration: 30 ps,
pulse energy: 0.5mJ). (b) Removal of amalgam with an Er:YAG laser (pulse dura-
tion: 90 pus, pulse energy: 100 mJ)
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Another very interesting topic in dental technology is laser-welding of den-
tal bridges and dentures. It can be regarded as an alternative to conventional
soldering. During soldering, the parts to be joined are not melted themselves
but are attached by melting an additional substance which, in general, is
meant to form an alloy between them. Laser-welding, on the other hand,
attaches two parts to each other by means of transferring them to a plas-
tic or fluid state. This is achieved with high power densities in the range
10%-10° W/cm?. According to van Benthem (1992), COs lasers and Nd:YAG
lasers are preferably used. Since the reflectivity of metals is very high in the
infrared spectrum, it must be assured that either a laser plasma is induced
at the surface of the target or that the target is coated with a highly absorb-
ing layer prior to laser exposure. Dobberstein et al. (1991) state that some
laser-welded alloys are characterized by a higher tear threshold than sol-
dered samples as shown in Fig. 4.41. However, van Benthem (1992) argues
that such behavior cannot be observed in all alloys, but tear thresholds in
laser-welded alloys can definitely reach the same values as the original cast.
According to his studies, the major advantages of laser-welding are: higher
resistence against corrosion, the ability to weld different metals, the ability
to weld coated alloys, and lower heat load. Moreover, the reproducibility of
laser-welded alloys is significantly higher than during soldering. For further
results, the interested reader should consult the excellent review given by
van Benthem (1992).
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Fig. 4.41. Tear thresholds of laser-welded and soldered dental alloys (KCM: cobalt-
based alloy, NCA: nickel-based alloy, Sipal: silver-palladium-based alloy). Data ac-
cording to Dobberstein et al. (1991)
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4.3 Lasers in Gynecology

Beside ophthalmology, gynecology is one of the most significant disciplines
for laser applications. This is mainly due to the high success rate of about
93-97% in treating cervical intraepithelial neoplasia (CIN), i.e. uncommon
growth of new cervical tissue, with the COs laser. CIN is the most frequent
alteration of the cerviz and should be treated as soon as possible. Otherwise,
cervical cancer is very likely to develop. The cervix represents the connective
channel between the vagina and uterus. The locations of the cervix and
adjacent organs are illustrated in Fig. 4.42.
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Fig. 4.42. Scheme of female reproduction organs

The CO, laser is the standard laser in gynecology. Beside treating CIN,
it is applied in vulvar intraepithelial neoplasia (VIN) and vaginal intraepi-
thelial neoplasia (VAIN). Depending on the type of treatment, COs lasers
can be operated in three different modes — CW radiation, chopped pulse,
and superpulse — as shown in Fig. 4.43. Chopped pulses with durations in
the millisecond range are obtained from CW lasers when using rotating aper-
tures. Superpulses are achieved by modulation of the high voltage discharge.
Thereby, pulse durations less than 1ms can be generated. The peak power
is inversely related to the pulse duration. The mean powers of CW radiation
and chopped pulses are nearly the same, whereas it decreases in the case of
superpulses. As discussed in Sect. 3.2, shorter pulse durations are associated
with a reduction of thermal effects. Hence, by choosing an appropriate mode
of the laser, the best surgical result can be obtained.
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Fig. 4.43. CW, chopped pulse, and superpulse modes of a CO3 laser. Dashed lines
denote mean powers

Beside selecting the temporal mode, the surgeon has to decide whether
he applies a focused or defocused mode as shown in Fig. 4.44. Only in tightly
focused mode are deep excisions achieved. In partially focused mode, less
depth but a larger surface is vaporized. In defocused mode, the power density
decreases below the threshold of vaporization, and tissue is coagulated only.

Focusing Defocused Partially Tightly
lens focused focused
CO, Laser —

Coagulation  Vaperization Deep excision

Fig. 4.44. Coagulation, vaporization, and excision modes of a COx laser, depending
on a defocused, partially focused, or tightly focused beam
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In gynecology, there exist several indications for laser treatment:

— vulvar intraepithelial neoplasia (VIN),
— vaginal intraepithelial neoplasia (VAIN),
— cervical intraepithelial neoplasia (CIN),
— endometriosis,

obstruction of the uterine tube,

— sterilization,

— twin-twin transfusion syndrome.

Vulvar Intraepithelial Neoplasia (VIN). As already mentioned above,
neoplasia generally describes uncommon growth of new tissue. In the case of
VIN, intraepithelial tissue of the vulva is significantly proliferated. After his-
tologic examination, the altered tissue is usually vaporized with a CW COxq
laser in a partially focused mode. According to Baggish and Dorsey (1981),
typical power densities of 100 W/cm? are applied to achieve vaporization
depths of about 3—4 mm. In the event of bleeding, the laser beam is immedi-
ately switched to a defocused mode.

Vaginal Intraepithelial Neoplasia (VAIN). VAIN is a similar diagnosis
as VIN, except that it occurs inside the vagina. Initial studies using the
CO; laser were reported by Stafl et al. (1977). Due to the thinner and more
sensitive vaginal tissue, slightly lower power densities are applied. The use of
a proper surgical microscope is indicated.

Cervical Intraepithelial Neoplasia (CIN). The tissue at risk for the de-
velopment of cervical cancer is the columnar epithelium which is located in
the transformation zone. This type of epithelium can migrate up and down
the endocervical channel. Therefore, it is very important to determine its ex-
act location prior to any treatment. This is usually achieved with a colposcope
which essentially is an endoscope specially designed for gynecologic purposes.
The extent of columnar epithelium is relatively constant. Thus, the more it
is exposed at the ektocervix, the less likely is the existence of diseased tissue
inside the channel. In order to exclude any potential inflammation, a biopsy
specimen is obtained and a second or third control examination is performed
after 3—6 months. According to the histologic evaluation of the biopsy, three
grades of CIN (I-III) and cervical carcinoma are distinguished, depending
on the progress of neoplasia. If the biopsy reveals the presence of cervical
carcinoma, a complete resection of the cervix is indicated. At a late stage
of cancer, adjacent organs such as the uterus or vagina might have to be
removed, as well.

In the case of CIN I, the columnar epithelium is usually located at the
ektocervix as shown in Fig. 4.45a. The ablated epithelium is vaporized in
a similar fashion as in VIN or VAIN. According to Wright et al. (1983), the
procedure should aim at a treated depth of approximately 6 mm. Fast move-
ments of the laser beam cause a more homogeneous distribution of heat and
thus reduce the probability of carbonization. Scanning mirror devices are
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available to assist the surgeon in steadily moving the beam. In Fig. 4.4b
(page 156), a vaporization of cervical tissue is shown as achieved with a COq
laser at a power of 10 W. Escape of smoke is usually inevitable during surgery,
but can be managed with specially designed suction tubes.

a b
Endocervical canal
/ \_______‘ ~20 mm
O NG N A
s e ] I
00| 20 ol !
o (=1 1 - * -
a{ Qo i | e
= = | - -
o0 02 %9 "
=1 (=1 - - !
00 Oo :.‘ ..:
o ~emm -3
ol ____Jo e .
P =T | - -
e .' .. AR ,.' 'o,
1 - - I le =11
\eosty N oo Neosfed -2 Neleos/

Ektocervix Ektocervix

Fig. 4.45. (a) CO; laser treatment in the case of CIN I. Diseased epithelium
is illustrated by filled ovals. Dashed lines indicate the dome-shaped volume to be
vaporized. (b) COg laser treatment in the case of CIN II or CIN III. Dashed lines
indicate the cylindrical volume to be excised
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Fig. 4.46. Alternative CO; laser treatment in the case of CIN II or CIN III.
Diseased epithelium is illustrated by filled ovals. Dashed lines indicate the cone-
shaped volume to be excised (left). The excised cone is unzipped for histologic
examination (right)
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If CIN II or CIN IIT is diagnosed, parts of the cervix must be re-
moved to reduce the probability of recurrence. Two different treatment tech-
niques were proposed by Dorsey and Diggs (1979) and Wright et al. (1983).
Either surgery is performed only after careful evaluation of the obtained
biopsy and determination of the cervical length with a micrometer probe.
Dorsey and Diggs (1979) suggest excising a cone-shaped volume out of the
cervix with a focused CO; laser as demonstrated in Fig. 4.46. The angle of
the cone can be adjusted to individual extents of neoplasia. The procedure
itself is called laser conization. The excised cone is then unzipped for histo-
logic examination as shown in Fig. 4.46. By this means, it can be determined
whether all altered tissue has been removed.

An alternative method was proposed by Wright et al. (1983) which is il-
lustrated in Fig. 4.45b. Instead of a cone-shaped volume, a cylindrical volume
is removed. The vertical cylindrical excisions are achieved with a focused CW
COg, laser, whereas the horizontal excision inside the cervix is performed with
either a mechanical scalpel or the same CO4 laser in superpulse mode. Af-
ter excision of the complete cylinder, the remaining surface is coagulated
by defocusing the CW laser beam to achieve local hemostasis. According to
Heckmann (1992), cylindrical excisions are better adjusted to individual cases
than cone-shaped excisions. In either case, most of the cervical tissue regen-
erates after being removed. A ten-year review on the treatment of CIN with
the COs laser was published by Baggish et al. (1989). In Table 4.4, typical
cure rates after one laser treatment are summarized.

Table 4.4. Results of CIN treatment with the CO5 laser.
Data according to Baggish et al. (1989)

Vaporization Conization
Number of patients 3070 (100 %) 954 (100 %)
Cured 2881 (93.8%) 925 (97.0%)
Persistent 189 (6.2 %) 29 (3.0%)

According to Wright et al. (1983), laser surgery is an excellent modality
for treating CIN when compared to conventional techniques, e.g. cryotherapy.
Recently, however, it has been demonstrated by Baggish et al. (1992) that
high-frequency electric currents can do the same job as COs lasers. When
using thin loops of 10-15 mm in height, similar thermal damage was observed
as with a 40 W COx4 laser. Profound studies with low voltage loop diathermy
have already been reported by Prendeville et al. (1986) for the purpose of
taking cervical biopsies. Since electrically induced excisions are faster and
less expensive equipment is required, they probably represent the preferred
choice in the near future. This is one of the few applications, where lasers
can — and should — be replaced by simpler surgical tools.
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Endometriosis. The cyclic growth of uterine-like mucosa outside the uterus
is called endometriosis. It appears as dark burns, deep nodules, or vesi-
cles. Endometriosis can be either coagulated, vaporized, or excised. In the
1980s, Keye and Dixon (1983) reported on the use of an argon ion laser in
coagulating endometriosis. Further studies soon followed by Feste (1985) and
Lomano (1985) using COs and Nd:YAG lasers, respectively. However, treat-
ment of endometriosis with the Nd:YAG laser involves the risk of injuring
deeper structures because of the low absorption coefficient at this wavelength.
Nevertheless, this laser is being clinically applied in cases of endometriosis
which are associated with infertility, and reasonable success rates have been
reported, e.g. by Corson et al. (1989) and Shirk (1989). Deeply located en-
dometriosis is usually excised rather than vaporized. A scalpel is still neces-
sary to cut off the distal end.

Obstruction of the Uterine Tube. Tubal obstructions can be caused by
either adhesions, proliferated growth of tissue, or tubal pregnancies. In the
case of adhesions, salpingolysis is performed, i.e. the recanalization of the
salpinz (from Greek: caAmiy{ = trumpet). By means of COy or Nd:YAG
laser radiation, the adhesions are vaporized to obtain a free tubal lumen.
Care should be taken not to traumatize the endothelium of the tube, since
this can cause troublesome bleeding as well as damage to the tube. In the
presence of proliferated growth of tissue, additional openings of the tube
can be generated in a treatment called salpingostomy. Tubal pregnancies can
usually be managed by either salpingostomy or salpingectomy. Salpingectomy
denotes the complete removal of one tube. Successful laser treatment of tubal
pregnancies was reported by Huber et al. (1989).

Sterilization. A sure way to achieve sterilization is to artifically occlude
both uterine tubes. This is performed by either suturing the tube or by coag-
ulating it with a Nd:YAG laser. According to Bailer (1983), safe sterilization
is obtained when coagulating both tubes on a length of about 1 cm.

Twin-Twin Transfusion Syndrome. This syndrome is caused by a mis-
placed shunt vessel between the twins. It usually leads to an unbalanced blood
supply and is often lethal to both twins. In pilot studies, De Lia et al. (1995)
and Ville et al. (1995) have just recently demonstrated that occlusion of this
vessel by means of coagulation with a Nd:YAG laser is technically feasible.

Gynecology comprises a wide range of potential laser applications. An ex-
cellent review is found in the book by Bastert and Wallwiener (1992). Several
minimally invasive techniques have already been described above, but others
are yet to be developed. Very promising is the recently established method of
laser-induced interstitial thermotherapy (LITT) which can be used to coag-
ulate malformations inside the uterus by means of thin optical fibers. Initial
studies have already been reported by Wallwiener et al. (1994). Thus, lasers
might turn into irreplaceable gynecologic tools, especially in the presence of
pregnancies where conventional surgery is often lethal to the fetus.
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4.4 Lasers in Urology

The workhorse lasers of urology are primarily COg, argon ion, Nd:YAG, and
dye lasers. CO, lasers are best in precise cutting of tissue as already discussed
in Sect. 3.2. Argon ion lasers and Nd:YAG lasers are used for the coagulation
of highly vascularized tumors or malformations. Among these two lasers,
the Nd:YAG laser is preferably applied for the coagulation of large tissue
volumes because its radiation deeply penetrates into tissues. Moreover, Q-
switched Nd:YAG lasers which interact in the photodisruptive mode have
become a standard tool in lithotripsy beside ultrasound fragmentation. Dye
lasers have not been investigated until recently in lithotripsy and in photo-
dynamic therapy.

After the development of the first fiberoptic endoscope by Nath et al.
(1973), Staehler et al. (1976) performed initial experimental studies with the
argon ion laser in urology. Meanwhile, the indications for urologic laser treat-
ments have significantly increased. They extend from the ezternal genital, the
lower urinary tract (urethra), the bladder, the upper urinary tract (ureter),
all the way up to the kidneys as shown in Fig. 4.47. In addition, very promis-
ing results have already been achieved in treating benign hyperplasia of the
prostate which embraces the urethra. Various laser therapies for all these dif-
ferent organs require specific strategies and parameters. They shall now be
discussed in the above order.

Kidneys

Upper urinary fract (Ureter)

Bladder
Prostate

Lower urinary tract (Urethra)

Fig. 4.47. Scheme of male urinary tract
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The most frequent malformations of the external genital are called condy-
lomata acuminata. These benign warts must be treated as early as possible,
because they tend to be very infectious and degenerating. After circumcision
and application of 4% acetic acid to suspected areas, they are coagulated
with either Nd:YAG or CO; lasers. Occasional recurrences cannot be ex-
cluded, especially in the treatment of intraurethral condylomata. With both
laser types, however, the rate of recurrence is less than 10 % as reported by
Baggish (1980) and Rosemberg (1983). Hemangiomas of the external genital
should be treated with radiation from Nd:YAG lasers because of its higher
penetration depth. Hofstetter and Pensel (1993) stated that additional cool-
ing of the tissue surface may even improve the procedure. Carcinoma of the
external genital are best treated with a Nd:YAG laser if they are at an early
stage. This significantly reduces the risk of having to perform a partial ampu-
tation. According to Eichler and Seiler (1991), powers of 40 W and focal spot
sizes of 600 um are usually applied. At an advanced stage, the tumor is first
mechanically extirpated. Afterwards, the remaining tissue surface should be
additionally coagulated.

Frequent diseases of the lower urinary tract are stenoses induced by either
inflammation, tumor growth, or unknown origins. In these cases, urethrotomy
by endoscopic control is usually performed as proposed by Sachse (1974).
During this conventional technique, stenotic material is removed with a cold
scalpel. Unfortunately, restenoses often occur due to scarring of the tissue.
Further urethrotomies are not of great help, since they only enhance ad-
ditional scarring. The first recanalizations of urethral stenoses with an ar-
gon ion laser were performed by Rothauge (1980). However, the results ob-
tained were not as promising as initially expected. Then, no further progress
was made until Wieland et al. (1993) recently published first results using
a Ho:YAG laser. Meanwhile, follow-up periods of 20 months after Ho:YAG
laser treatment were reported by Nicolai et al. (1995). They concluded that
this technique is a considerable alternative to mechanical urethrotomy in
virgin stenoses as well as restenoses. The probability for the occurrence of
laser-induced restenoses is approximately 10 % only. In Figs. 4.48a-b, the ef-
fects of the Ho:YAG laser on the urethra and ureter are shown, respectively.
In both samples, thirty pulses with an energy of 370 mJ and an approximate
duration of 1 ms were applied.

Tumors of the bladder are very difficult to treat, since they tend to recur
after therapy. It is yet unknown whether this is due to metastasation induced
either prior to or by the treatment. Unfortunately, bladder tumors also eas-
ily break through the bladder wall. Thus, a treatment is successful only if
it completely removes the tumor, does not perforate the bladder wall, and
does not damage the adjacent intestine. Frank et al. (1982) have compared
the effects of CO5, Nd:YAG, and argon ion lasers on bladder tissue. Among
these, the Nd:YAG laser has proven to be best suited in coagulating bladder
tumors. Argon ion lasers are applicable only in superficial bladder tumors.
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Fig. 4.48. (a) Effect of thirty pulses from a Ho:YAG laser (pulse duration: 1ms,
pulse energy: 370 mJ, bar: 250 um) on the urethra. (b) Effect of thirty pulses from
a Ho:YAG laser (pulse duration: 1ms, pulse energy: 370mJ, bar: 250 pm) on the
ureter. Photographs kindly provided by Dr. Nicolai (Regensburg)
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According to Hofstetter et al. (1980), the rate of recurrence after laser treat-
ment is approximately 1-5 %, whereas it ranges from 40-60 % if conventional
transurethral resection (TUR) is performed. Even advanced tumors can be
efficiently removed with Nd:YAG lasers, since the hemostatic treatment guar-
antees best vision. Pensel (1986) suggests the application of 30-40 W of laser
power and a working distance between 1 mm and 2mm. The tumor should
be irradiated until it visibly pales. Afterwards, coagulated necrotic tissue is
mechanically removed. For safety reasons, the remaining tissue surface should
be coagulated, as well.

It was emphasized by Hofstetter and Pensel (1993) that tumors can still
be graded and staged by biopsies after coagulation. Usually, control biopsies
should be obtained within the next 3—6 months. The laser treatment itself is
extremely safe, since perforations of the bladder wall are very unlikely, and
the function of the bladder remains unaffected. All transurethral treatments
are performed with a rigid cytoscope and a flexible fiber. In most cases, local
anesthetization is sufficient.

Recently, photodynamic therapy (PDT) has gained increasing significance
in the treatment of bladder tumors. First endoscopic applications of HpD
have already been investigated by Kelly and Snell (1976). Several clinical re-
ports on PDT are available, e.g. by Benson (1985), Nseyo et al. (1985), and
Shumaker and Hetzel (1987). A complete treatment system including in vivo
monitoring and dose control was decribed by Marynissen et al. (1989). A list
of potential complications arising when using dihematoporphyrin ether was
given by Harty et al. (1989). Today, photodynamic therapy is considered as
a useful supplement to other techniques, since it enables the resection of tu-
mors which are not visible otherwise. The ability of simultaneous diagnosis
— by means of laser-induced fluorescence — and the treatment of tumors is
thus one of the key advantages of photodynamic therapy. So far, red dye
lasers at 630nm and energy densities between 10-50J/cm? are usually ap-
plied. In most cases, laser treatment is still restricted to superficial tumors
due to the limited penetration depth at the specific wavelength. However, the
recent discovery of novel photosensitizers like 5-aminolaevulinic acid (ALA)
— as already discussed in Sect. 3.1 — will certainly improve photodynamic
therapy in urology during the next few years.

Lithotripsy of urinary calculi is often based on ultrasound techniques.
However, not all calculi are equally indicated for such an external therapy. In
particular, those calculi which are stuck inside the ureter are in an extremely
inconvenient location. In these cases, laser-induced lithotripsy offers the ad-
vantage of directly applying energy to the vicinity of the calculus by means
of a flexible fiber. First experiments regarding laser lithotripsy have already
been performed by Mulvaney and Beck (1968) using a ruby laser. From to-
day’s perspective, though, it is quite obvious that these initial studies had to
be restricted to basic research, since they were associated with severe ther-
mal side effects. Watson et al. (1983) first proposed the application of a Q-
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switched Nd:YAG laser. Shortly after, pulsed dye lasers were investigated
by Watson et al. (1987). With the decrease in pulse durations, additional
complications arose concerning induced damage of the fiber. Extensive cal-
culations of the limits of fiber transmission were published by Hering (1987).
The advantages of different approaches like bare fibers or focusing fiber tips
were studied by Dorschel et al. (1987) and Hofmann and Hartung (1987).
Furthermore, a review of 20 years of laser lithotripsy experience was given
by Dretler (1988).

Today, dye lasers and Nd:YAG lasers are preferably used for lithotripsy of
urinary calculi inside the ureter. A detailed description of the procedure was
given by Hofstetter et al. (1986). Typically, pulse energies of 50-200 mJ and
pulse durations between 10ns and 1 us are applied. The diameter of the opti-
cal fiber varies between 200 pm and 600 um. With these parameters, optical
breakdown is achieved close to the target. As described in Sect. 3.5, plasma
formation at high pulse energies is associated with shock waves, cavitations,
and jets. This photodisruptive interaction finally leads to the fragmentation
of urinary calculi.

Since the 1980s, research in urology has increasingly focused on various
treatments of the prostate. This very sensitive organ embraces the urethra.
Diseases of the prostate, e.g. benign hyperplasias or carcinoma, thus often
tend to handicap the discharge of urine. A profound analysis of the develop-
ment of benign prostatic hyperplasia (BPH) was given by Berry et al. (1984).
Several conventional therapies are available, e.g. the initial application of
phytopharmaka or transurethral resection in severe cases. Other techniques
such as cryotherapy or photodynamic therapy have also been investigated,
e.g. by Bonney et al. (1982) and Camps et al. (1985). A complete list of po-
tential treatment methods was provided by Mebust (1993). During the first
few years, research was restricted to the treatment of prostatic carcinoma.
Bowering et al. (1979) were the first to investigate the effect of Nd:YAG laser
radiation on tumors of the prostate. Shortly after, several detailed reports fol-
lowed, e.g. by Sander et al. (1982) and Beisland and Stranden (1984). The
latter study pointed out the extreme importance of temperature moni-
toring of the adjacent rectum. Extensive clinical results were reported by
McNicholas et al. (1988). Usually, indication for laser treatment is given only
if the tumor cannot be completely resected otherwise.

At the beginning of the 1990s, the demand for minimally invasive tech-
niques significantly increased. In the treatment of BPH, two milestones
were achieved with the development of improved surgical techniques called
transurethral ultrasound-guided laser-induced prostatectomy (TULIP) and
laser-induced interstitial thermotherapy (LITT). The idea of TULIP was pro-
posed by Roth and Aretz (1991) and Johnson et al. (1992). Detailed clini-
cal results were published by McCullough et al. (1993). The key element of
TULIP is to position a 90° prism inside the urethra by ultrasound control.
Thereby, the precision in aiming at the target is strongly enhanced.
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In other studies, Siegel et al. (1991) have shown that hyperthermia alone,
i.e. temperatures up to 45°C, is not sufficient in treating BPH. This has
led to the idea of LITT as already described in Sect. 3.2. During LITT,
the tissue is completely coagulated, i.e. temperatures above 60°C are ob-
tained. The technical realization of suitable ITT fibers was discussed by
Hessel and Frank (1990). In urology, initial experimental results with LITT
were published by McNicholas et al. (1991) and Muschter et al. (1992). With
typical laser powers of 1-5 W, coagulation volumes with diameters of up to
40 mm are achieved. Meanwhile, Muschter et al. (1994) have reported on clin-
ical studies with approximately 200 patients. Roggan et al. (1994) have de-
termined the optical parameters of prostatic tissue for diode lasers at 850 nm
and Nd:YAG lasers at 1064 nm, respectively. Their data are found in Ta-
ble 2.3. Moreover, they observed that the scattering coefficient of prostatic
tissue increases during coagulation by an appoximate factor of two. With
these data and appropriate computer simulations, they were able to optimize
the parameters for an efficient procedure.

In Fig. 4.49, the most significant postoperative results of LITT in the
treatment of BPH are summarized. According to Muschter et al. (1993), the
peak urinary flow rate increased from 6.6 ml/s to 15.2ml/s two months after
treatment, whereas the residual urinary volume decreased from 206 ml to
38 ml. The mean weight of the prostate dropped from 63g to 44 g during
the same period. These data are based on mean values obtained from 15
patients. Severe complications were not observed. From these results, it can
be concluded that LITT is an excellent therapy for BPH.
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Fig. 4.49. Peak urinary flow and mean residual urinary volume after LITT of
benign prostatic hyperplasia. The data represent mean values from 15 patients.
Data according to Muschter et al. (1993)
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4.5 Lasers in Neurosurgery

Neurosurgery deals with diseases of the central nervous system (CNS), i.e.
the brain and the spine. Surgery of brain tumors is very difficult, since ex-
tremely localized operations are necessary due to the complicated structure
and fragility of the brain. Moreover, the tumor itself is often not easily ac-
cessible, and very important vital centers are situated beside it. Therefore,
it is not surprising that a considerable amount of research funds is currently
being spent in this field, especially since any kind of brain tumor — even be-
nign tumors — are extremely life-threatening. This is because space inside the
skull is very limited. Hence, growth of new tissue increases the pressure inside
the brain which leads to mechanical damage of other neurons. A schematic
cross-section of the brain is shown in Fig. 4.50.
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Fig. 4.50. Scheme of a human brain

The major parts of the brain are the cerebrum, diencephalon, cerebellum,
and brainstem. The diencephalon can be further divided into the hypotha-
lamus, hypophysis, thalamus, and epiphysis, whereas the brainstem consists
of the mesencephalon, pons, and medulla oblongata. Usually, tumors of the
brainstem are highly malignant and, unfortunately, they reside in an inacces-
sible location. In general, brain tissue can be divided into gray matter and
white matter which are made up of cell nuclei and axons, respectively. Blood
perfusion of gray and white matter differs remarkably. The corresponding
ratio is about five to one.
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The application of lasers in neurosurgery has been extremely slow com-
pared with other medical fields, e.g. ophthalmology. This was mainly due to
two reasons. First, studies by Rosomoff and Caroll (1966) revealed that the
ruby laser was not of great help in neurosurgery. Second, initial experiments
with the CO4 laser were performed at too high energy levels, e.g. by Stellar
et al. (1970), which was dangerous and completely unnecessary. It then took
some time until Ascher (1979), Beck (1980), and Jain (1983) reawakened in-
terest in neurosurgical lasers, especially moderate CO5 lasers and Nd:YAG
lasers. The principal advantages of lasers in neurosurgery are evident. Lasers
are able to cut, vaporize, and coagulate tissue without mechanical contact.
This is of great significance when dealing with very sensitive tissues. Simulta-
neous coagulation of blood vessels eliminates dangerous hemorrhages which
are extremely life-threatening when occurring inside the brain. Moreover,
the area of operation is sterilized as lasing takes place, thereby reducing the
probability of potential infections.

According to Ascher and Heppner (1984) and Stellar (1984), the main ad-
vantage of the COq laser is that its radiation at a wavelength of 10.6 um is
strongly absorbed by brain tissue. By this means, very precise cuts can be
performed. However, CO4 lasers are not appropriate for the coagulation of all
blood vessels. In particular, arteries and veins with diameters > 0.5 mm tend
to bleed after being hit by the laser beam. Nd:YAG lasers, on the other hand,
are effective in coagulating blood vessels as stated by Fasano et al. (1982)
and Wharen and Anderson (1984b). Ulrich et al. (1986) even observed very
good results on both ablation and coagulation when combining a Nd:YAG
laser emitting at 1.319 um and a 200 um fiber. The biological response of
brain tissue to radiation from Nd:YAG lasers was extensively studied by
Wharen and Anderson (1984a). A preliminary report on the clinical use of
a Nd:YAG laser was given by Ascher et al. (1991). Moreover, neurosurgical
applications of argon ion lasers had been investigated by Fasano (1981) and
Boggan et al. (1982), but they seem to be rather limited, since radiation from
these lasers is strongly scattered inside brain tissue.

The main problem with CW lasers is that they do not remove brain tumors
but only coagulate them. Necrotic tissue remains inside the brain and can
thus lead to the occurrence of severe edema. Moreover, adjacent healthy tissue
might be damaged due to heat diffusion, as well. Recently, two alternative
lasers have been investigated concerning their applicability to neurosurgery:
Er:YAG and Nd:YLF lasers. Cubeddu et al. (1994) and Fischer et al. (1994)
have studied the ablation of brain tissue using free-running and Q-switched
Er:YAG lasers. They observed limited thermal alterations of adjacent tissue.
However, mechanical damage was very pronounced. Since the Er:YAG laser
emits at a wavelength of 2.94 um, its radiation is strongly absorbed in water
as already discussed in Sect. 3.2. Thus, soft brain tissue — having a high water
content — is suddenly vaporized which leads to vacuoles inside the tissue with
diameters ranging up to a few millimeters. In Fig. 4.51a, mechanical damage
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Fig. 4.51. (a) Brain tissue after exposure to an Er:YAG laser (pulse duration:
90 us, pulse energy: 60 mJ). Mechanical damage is evident. (b) Voluminous ablation
of brain tissue achieved with the same laser. Reproduced from Fischer et al. (1994)
by permission. (©) 1994 Springer-Verlag
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up to a depth of at least 1.5 mm is clearly visible. Therefore, it is not very
helpful that even large volumes of brain tissue can be ablated with Er:YAG
lasers as shown in Fig. 4.51b.

The ablation of brain tissue with a picosecond Nd:YLF laser system was
investigated by Fischer et al. (1994). In Fig. 4.52, the ablation depths of white
and gray brain matter are given, respectively. Obviously, there is no sig-
nificant difference in ablating either substance. It is interesting to observe,
though, that there is no saturation in ablation depth even at energy densities
as high as 125 J/cm?. Thus, higher laser powers will probably enable ablation
depths > 200 pm. Fischer et al. (1994) state that the corresponding ablation
threshold is at approximately 20J/cm?.
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Fig. 4.52. Ablation curve of white and gray brain matter obtained with a Nd:YLF

laser (pulse duration: 30 ps, focal spot size: 30 um). Data according to Fischer et
al. (1994)

Two samples of brain tissue which were exposed to the Nd:YLF laser
are shown in Figs. 4.53a—b. A rectangular ablation geometry was achieved
by scanning the laser beam. The lesion in Fig. 4.53a is characterized by
steep walls and is approximately 600 um deep. In Fig. 4.53b, a histologic
section of an ablation edge is shown as obtained with the Nd:YLF laser.
The tissue was stained with cluever barrera to visualize any thermal effects.
There is no evidence of either thermal or mechanical damage to adjacent
tissue. Hence, removal of tissue can be attributed to the process of plasma-
induced ablation as described in Sect. 3.4. Nonthermal ablation of tissue is
a mandatory requirement for precise functional surgery of the brain.
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Fig. 4.53. (a) Brain tissue after exposure to a picosecond Nd:YLF laser (pulse
duration: 30 ps, pulse energy: 0.5mJ). (b) Histologic section of brain tissue after
exposure to the same laser (bar: 50 pm). Reproduced from Fischer et al. (1994) by
permission. (©) 1994 Springer-Verlag
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A very precise technique is called stereotactic neurosurgery which was
described in detail by Kelly et al. (1982). It requires a so-called stereotactic
head ring made of steel or carbon fibers which is tightly fastened to the pa-
tient’s skull by several screws. This ring defines a coordinate system which
serves as a valuable means of orientation during surgery. The head ring ap-
pears on CT or magnetic resonance images (MRI) and thus determines the
coordinates of the tumor. Various kinds of aiming devices can be mounted
to the ring allowing for precise operation in all three dimensions. The main
goal of stereotactic neurosurgery is to plan a suitable penetration channel
in advance of surgery, set its coordinates with respect to the head ring, and
then keep this channel during surgery. By this procedure, the risk of hitting
a vital center within the brain can be significantly reduced, and the success
of a treatment becomes more predictable.

The concept of stereotactic laser—neurosurgery according to Bille et al.
(1993) is illustrated in Fig. 4.54. By means of a stereotactic head ring, a laser
probe is inserted into the brain. CT and NMR data are used to correctly
position the distal end of the probe inside the tumor. A schematic drawing
of the laser probe is given in Fig. 4.55. It basically consists of a conical tube
which contains a rotating mirror at its distal end, a movable focusing lens,
and additional channels for aspiration and rinsing. Aspiration is necessary to
maintain a constant pressure at the site of operation. The laser probe is rinsed
to remove debris from the rotating mirror and to increase the efficiency of the
ablation process. The rotating mirror deflects the laser beam perpendicularly
to the axis of rotation. Tissue is thus ablated in cylindrical layers as shown
in Fig. 4.55. Furthermore, it is planned to integrate a confocal laser scanning
microscope into this system for the automatic detection of blood vessels as
illustrated in Fig. 4.56.
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Fig. 4.54. Concept of stereotactic laser—neurosurgery



4.5 Lasers in Neurosurgery 219

C > Rotation
TN

M— ]

D

Laser probe

Focusing lens
Geometry of ablation

Up and down ' .'.

movement
V Optical
breakdown

Fig. 4.55. Schematic drawing of laser probe

Laser probe

Blood
vessel

Plasma-induced
ablation

Detfection and
coagulation of
blood vessels

Fig. 4.56. Topology of tumor ablation



220 4. Medical Applications of Lasers

It should be mentioned that stereotactic neurosurgery is already a well-
established clinical discipline. Stereotactic techniques are not only applied
in combination with lasers but with alternative therapies, e.g. insertion of
radioactive seeds (°*Co or 12°J) and high-frequency coagulation, as well. In
general, any of these procedures alone might not lead to a complete necrosis
of all tumor cells. In these cases, however, the stereotactic concept provides
a useful combination of several treatment techniques by simply exchanging
the surgical equipment mounted to the head ring of the patient. The principal
advantages of stereotactic surgery, of course, are its high precision — within
tenths of a millimeter — in aiming at the tumor and the ability to manage
surgery with a tiny hole in the skull of less than 1cm in diameter®. Stereo-
tactic surgery thus certainly belongs to the favored treatments of minimally
invasive surgery (MIS).

An exciting technique of sutureless microvascular anastomosis using the
Nd:YAG laser was developed by Jain (1980). It is performed in some cases
of cerebrovascular occlusive disease. During anastomosis, a branch of the
superficial temporal artery is connected to a cortical branch of the middle
cerebral artery. Typical laser parameters are powers of 18 W, focal spot sizes
of 0.3 mm, and single exposure durations of 0.1s. This method is considerably
faster than conventional suture techniques, it does not induce damage to the
endothelium of the vessel, and it can be performed on relatively small and/or
deeply located blood vessels, as well. The mechanism of vessel welding is not
completely understood but is believed to rely on heat-induced alterations
in collagen of the vessel. First clinical results had already been reported by
Jain (1984a), but a high rate of associated complications soon slowed down
the initial euphoria. Later, Neblett et al. (1986) and Ulrich et al. (1988) com-
bined the application of a Nd:YAG laser with conventional techniques of
anastomosis, and they achieved more promising results. In blood vessels with
diameters of 0.8—1.2 mm, neither short-term nor long-term complications oc-
curred.

Spinal surgery is the other principal field of neurosurgical treatments.
According to Jain (1984b), the COx laser has proven to be useful in treating
tumors of the spinal cord. Such tumors can be coagulated without severe
complications. Ascher and Heppner (1984) have reported on the successful
dissection of intramedullary gliomas of the spinal cord with a pulsed COq
laser. Moreover, some basic procedures concerning pain relief of the spinal
cord can be performed with this laser. Spinal laser surgery is still in its
infancy, and considerable progress is expected within the next few years when
miniaturized surgical instruments become available, e.g. in the technique of
laser-assisted nerve repair as already proposed by Bailes et al. (1989). The
combination of highly sophisticated endoscopes and appropriate laser systems
might then turn into a powerful joint venture.

8 Conventional craniotomies usually require openings in the skull of at least 5cm
in diameter.
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4.6 Lasers in Angioplasty and Cardiology

Angioplasty is concerned with the treatment of blood vessels which are nar-
rowed by atherosclerosis?. The obstructions stem from the formation of an
anorganic plaque inside the vessels which reduces or even completely sup-
presses the blood flow. The degree of a so-called stenosis is determined by

intimal area
% stenosis = 100

intimal area + lumen area ’

where the areas are obtained from a cross-sectional view of the vessel, the
intima is the interior wall of the vessel, and the lumen is the space available
for blood flow.

The promotion factors of plaques are not completely understood. The
formation of a plaque might be favored at sites of a local vessel injury where
cells capable of repairing the vessel wall tend to gather. If some of the secreted
products of these cells are not carried away, a plaque is formed. After the cells
have died, primarily anorganic concrements with a high content of calcium
are left behind.

The non-surgical treatment of atherosclerosis was introduced by Dotter
and Judkins (1964) when performing angioplasty of femoral arterial stenoses
with a specially designed dilatation catheter. In the 1970s, Griintzig (1978)
and Griintzig et al. (1979) modified this technique to enable its application in
coronary arteries, i.e. the blood vessels supplying the heart itself. Atheroscle-
rotic plaques inside these vessels are extremely life-threatening, since their
obstruction necessarily induces myocardial infarction. Percutaneous translu-
minal coronary angioplasty (PTCA) has since been used in many patients
with angina or acute myocardial infarction, and a large variety of balloon
catheters is available today. In general, the method of PTCA has been
widely accepted, and several reviews have already been published, e.g. by
Griintzig and Meier (1983) and Landau et al. (1994).

The main mechanisms by which PTCA increases the size of the vessel
lumen are cracking, splitting, and disruption of the atherosclerotic plaque.
Resorption of plaque material is also initiated by simply pushing it into the
vessel wall. All these effects are evoked by inflation of a balloon placed in-
side the blood vessel. According to Waller (1983), balloon inflation may be
deleterious, however, causing plaque hemorrhage, extensive dissection of the
vessel wall, and thrombus formation. Therefore, the treatment needs to be
performed extremely carefully and by X-ray control. Aspirin and heparin are
usually administered to reduce the incidence of thrombosis.

Although PTCA is generally safe, some short-term and long-term com-
plications do occur. Among the first, arterial dissection and intracoronary
thrombosis are most severe. On the other hand, a recurrence of the original
stenosis may take place even months after the treatment. This process of

9 The term arteriosclerosis applies in arteries only.
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so-called restenosis has been extensively studied by Lange et al. (1993) who
also considered it as the “Achilles’ heel” of coronary angioplasty. Serruys
et al. (1988) reported on the occurrence of restenoses in 30% of patients
treated with PTCA. Restenoses are believed to be initiated by accidental
injury of the vessel wall, resulting in the subsequent release of thrombo-
genic, vasoactive, and mitogenic factors. Endothelial damage, in particular,
leads to the activation of macrophages and smooth muscle cells as stated by
Austin et al. (1985). Thereby, growth factors are released which in turn may
promote their own synthesis. Thus, a self-perpetuating process is initiated
which is associated with a thickening of the intima, i.e. the interior part of
the vessel wall. Finally, the vessel is obstructed again. Since the occurrence
of these restenoses is not predictable, extensive follow-up studies are usually
performed. According to Hombach et al. (1995), there is a slight decrease in
the probability of restenoses when implanting specially designed mechanical
stents inside the vessel wall immediately after balloon dilatation.

Beside PTCA, other surgical treatments are available in cases of coronary
arteriosclerosis. These are bypass surgery, atherectomy, and high-frequency
rotational coronary angioplasty (HFRCA ). Among these, only bypass surgery
is performed during complete anesthetization. It is a very complicated type
of surgery, since the chest must be opened and the heart beat is interrupted.
Atherectomy is a more rigorous version of PTCA, where the plaque is addi-
tionally planed away by means of mechanical abrasion. Finally, in HFRCA,
a miniaturized mechanical drill called a rotablator is used for vessel recanal-
ization as described by Tierstein et al. (1991).

First experiments regarding laser angioplasty were performed by Macruz
et al. (1980), Lee et al. (1981), Abela et al. (1982), and Choy et al. (1982).
While these in vitro studies left no doubt that laser light could ablate athero-
sclerotic plaque, it was quite uncertain whether such a treatment could be
transferred to in vivo surgery. Choy et al. (1984) and Ginsburg et al. (1985)
were the first to try clinical laser angioplasties. Laser light was applied to
the plaque by means of optical fibers. However, only thermally acting lasers
— i.e. argon ion, COs, and Nd:YAG lasers — were investigated at that time
which induced severe thermal injuries such as extensive coagulation, necrosis
of vascular tissue, and perforation of the vessel wall. In addition, mechanical
perforations often occurred due to the bare distal end of the optical fibers. All
these complications turned out to be extremely critical when applying laser
angioplasty to coronary arteries as initially suggested by Selzer et al. (1985)
and Sanborn et al. (1986).

It was Hussein (1986) who developed a novel tip design, the so-called hot
tip. It consists of a simple metal cap which completely encloses the distal end
of the fiber, thereby converting all laser energy to heat by means of absorp-
tion. Instead of using a tightly focused laser beam, plaques are removed by
homogeneously distributed heat as shown in Fig. 4.57. Usually, CW argon ion
lasers and Nd:YAG lasers are applied, although any kind of laser radiation
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could be used which is absorbed by the metal cap. Detailed measurements of
the temperature distribution associated with various parameters were per-
formed by Labs et al. (1987). According to Cumberland et al. (1986), the
concept of using a hot tip diminishes the incidence of thermal perforations
to a degree that makes it acceptable for many cases of peripheral angio-
plasty. However, the method of thermal angioplasty has led to considerable
controversy, as well. Other groups, e.g. Diethrich et al. (1988), observed the
occurrence of so-called vasospasm — i.e. thermally induced shrinkage of the
vessel wall — when using a hot tip applicator. In general, these vasospasms
are not predictable, and they can induce severe secondary obstructions.
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Fig. 4.57. Scheme of a laser-driven hot tip for vessel recanalization

The common denominator of the above concerns is that laser-induced
thermal injury is a virtually unavoidable by-product of CW lasers. Basic
improvement could not be achieved until moving from one laser—tissue in-
teraction to another. As discussed in Sect. 3.2, only pulsed lasers with pulse
durations shorter than 1 us provide nonthermal ablation.

Grundfest et al. (1985) first demonstrated that pulsed XeCl excimer
lasers are capable of performing efficient plaque ablations with only mini-
mal thermal injury of adjacent tissue. These studies were done shortly after
the description of the photoablative interaction mechanism by Srinivasan
and Mayne-Banton (1982). Thus, it was straightforward that researchers
also focused on other applications for excimer laser radiation. Unfortunately,
though, an unpredictable type of complication occurred as discussed below
which soon slowed down initial enthusiasm. Karsch et al. (1989) were the
first to report on clinical results of percutaneous coronary excimer laser angio-
plasty. In this study, thirty patients were treated with a 1.3 mm laser catheter
consisting of twenty 100 um quartz fibers. These fibers were located concen-
trically around a 0.35 mm thick flexible guide wire as shown in Fig. 4.58.
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Fig. 4.58. Scheme of laser angioplasty for vessel recanalization

After moving the guide wire into the coronary artery, the catheter was
guided into the correct position. The fibers were coupled to a XeCl excimer
laser emitting at a wavelength of 308 nm and pulse durations of 60ns. Typi-
cal energy densities of up to 5J/cm? were applied. The mean percentage of
stenosis fell from 85 % initially to 41 % immediately after laser treatment, and
the primary success rate was as high as 90 %. In twenty patients, subsequent
balloon dilatation was additionally performed. Perforations of the vessel wall
did not occur in any of the patients. However, it was only shortly after when
Karsch et al. (1991) published a second report admitting that one patient
suddenly died two months after laser treatment. Postmortem histologic ex-
amination proved that a severe restenosis had occurred which had led to an
acute myocardial infarction.

In Figs. 4.59a-b, two photographs are shown demonstrating the re-
moval of atherosclerotic plaque with a XeCl excimer laser. For this ablation,
Hanke et al. (1991) have applied pulse durations of 60 ns at a repetition rate
of 20Hz. An enlargement of the plaque itself is captured in Fig. 4.59a. On
the right half of the picture shown in Fig. 4.59b, parts of the plaque have
already been removed without injuring the vessel wall.

Today, it is well accepted that restenoses are extremely pronounced fol-
lowing excimer laser angioplasty. Their occurrence can be attributed to an
enhanced proliferation of smooth muscle cells as has been demonstrated by
Hanke et al. (1991). Most of these cells undergo DNA synthesis during two
weeks after laser treatment, resulting in intimal thickening within the first
four weeks. Obviously, the mechanism of photoablation is more stimulating
than only mechanical cracking or abrasion. Thus, even though photoablation
is a rather gentle technique for removing plaques, its long-term effects forbid
its use for the purpose of vessel recanalization. Therefore, excimer laser an-
gioplasty is generally being rejected today, and it is rather doubtful whether
it will ever gain clinical relevance.
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(a) Histologic section of atherosclerotic plaque inside a blood vessel

(bar: 150 pum). The vessel wall is located at the bottom of the picture. (b) Ablation
of atherosclerotic plaque with a XeCl excimer laser (pulse duration: 60 ns, repetition

59.

Fig. 4

ablation: right). Photographs kindly provided
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Meanwhile, other laser types have also been investigated concerning their
application in angioplasty and cardiology. One of them is the Ho:YAG laser
which has been studied in detail by Hassenstein et al. (1992). However, an
extensive increase in intimal thickening was observed within the first six
weeks after laser treatment. And, again, the proliferation of smooth muscle
cells seems to be responsible for this effect. Thus, the clinical use of holmium
laser angioplasty appears to be extremely limited.

More promising are COq laser systems which can be used to create ad-
ditional channels for the blood supply of the heart. These channels originate
from the epicardium, i.e. the periphery of the heart, and remain open after
laser treatment. This technique is called transmyocardial laser revasculariza-
tion (TMLR) and was initially proposed by Mirohseini et al. (1982). Shortly
after, first clinical experiences were reported by Mirohseini et al. (1986).
Yano et al. (1993) have confirmed the effect of revascularization. Other inves-
tigators, though, could not verify their results, e.g. Whittaker et al. (1993).
Recently, Horvath et al. (1995) were able to judge treatment effects by mea-
suring the local contractility of the heart muscle. They concluded that acute
infarcts treated by TMLR show improved contractility both in the short- and
long-term. Moreover, they observed diminished areas of necrosis. However,
further studies regarding blood flow and recovery need to be performed prior
to the general acceptance of TMLR.

Even if therapeutic laser treatments of blood vessels should never be-
come a safe procedure, laser diagnostics will always play a significant role
in angioplasty and cardiology. Apart from X-ray and ultrasound angiogra-
phy, Doppler angiography and laser endoscopy are very sensitive techniques.
A typical example of a laser endoscope is shown in Fig. 4.60. Visible laser
radiation is emitted from the distal end of a flexible fiber and illuminates
the area of interest. Modern engineering science has meanwhile enabled the
design of extremely miniaturized and highly sophisticated laser endoscopes.

Rinsing
Rinsing fluid
/ Wave guide

Viewing opfics
Fig. 4.60. Scheme of laser endoscope for angioplasty
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4.7 Lasers in Dermatology

In dermatology, thermal effects of laser radiation are commonly used, espe-
cially coagulation and vaporization. Since the optical parameters of skin, i.e.
absorption and scattering, are strongly wavelength-dependent, various kinds
of tissue reaction can be evoked by different laser systems. In clinical prac-
tice, mainly five types of lasers are currently being used: argon ion lasers, dye
lasers, COg lasers, Nd:YAG lasers, and ruby lasers.

A schematic cross-section of the human skin is given in Fig. 4.61. The skin
grossly consists of three layers: epidermis, dermis, and subcutis. The outer
two layers — epidermis and dermis — together form the cutis. The epidermis
contains so-called keratocytes and melanocytes which produce keratin and
melanin, respectively. Both keratin and melanin are important protective
proteins of the skin. Most of the dermis is a semi-solid mixture of collagen
fibers, water, and a highly viscous gel called ground substance. The complex
nature of the skin creates a remarkable tissue with a very high tensile strength
which can resist external compression but remains pliable at the same time.
Blood vessels, nerves, and receptors are primarily located within the subcutis
and the dermis.

e s 6 8 5 s e s s Epidermis
Receptors

’ , Dermis

Nerves Subcutis

Fig. 4.61. Cross-section of human skin

On a microscopic scale, the air—skin interface is quite rough and there-
fore scatters incident radiation. Absorption of light by chromophores such
as hemoglobin or melanin give skin its unique color. Optical scattering by
collagen fibers in the ground substance largely determines which fraction of
incident light penetrates into connective tissues. Detailed studies regarding
the optical parameters of skin were performed by Graaff et al. (1993b).
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Radiation from the argon ion laser is strongly absorbed by hemoglobin
and melanin as already illustrated in Fig. 2.4. This laser is thus predestined
for superficial treatments of highly vascularized skin. Apfelberg et al. (1978)
and Apfelberg et al. (1979a) investigated laser-induced effects on various ab-
normalities of the skin. The most frequent indications for the application of
argon ion lasers are given by port wine stains (naevi flammei). Earlier meth-
ods of treating these malformations — e.g. cryotherapy, X-ray, or chemical
treatment — had failed, and patients were advised to accept their misery.
The idea of removing port wine stains with argon ion lasers has led to the
most significant progress of lasers in dermatology so far. The treatment itself
requires a lot of patience, since several sessions are necessary over a period
of up to a few years. The faster the treatment is to come to an end, the
higher is the probability for the occurrence of scarring. However, “patient”
patients are usually rewarded with an acceptable outcome. In Figs. 4.62a-b,
two photographs of the pre- and postoperative states of a laser-treated port
wine stain are shown.

Treatment of port wine stains with argon ion lasers is usually performed in
several sessions. First, a small test area of approximately 4 mm? is irradiated.
During this test, a suitable laser power is determined by gradually increasing
it until the skin visibly pales. According to Dixon and Gilbertson (1986) and
Philipp et al. (1992), laser powers of 2-5 W are applied during an exposure
time of 0.02-0.1s. Immediately after laser exposure, inflammation of the skin
frequently occurs. After four weeks, the test area is checked for recanalization
and scarring. And after another four weeks, a second test area is treated. If
both tests lead to acceptable results, the whole stain is exposed. Multiple
exposures of the same area should be avoided in any case. Laser treatment
may be repeated after a few years, but it is advisable to choose pulsed dye
lasers for the second time. Haina et al. (1988) did not recommend treatment
of patients up to 16 years of age, since otherwise severe scarring might occur.
Laser radiation is usually applied by means of a flexible handpiece. In the
treatment of facial stains, the eyes of both patient and surgeon must be
properly protected. One disadvantage of treating port wine stains with argon
ion lasers is that it is rather painful to the patient. Depending on the location
and spatial extent of the stain, treatment is performed during either local or
complete anesthetization.

Less painful and probably even more efficient is the treatment of port
wine stains with dye lasers. Although quite expensive, these machines have
recently gained increasing significance in dermatology, especially in the treat-
ment of port wine stains and capillary hemangiomas. Detailed studies were re-
ported by Morelli et al. (1986), Garden et al. (1988), and Tan et al. (1989).
Frequently, Rhodamine dye lasers are used which emit radiation at wave-
lengths in the range 570-590 nm. Typical pulse durations of 0.5 ms and en-
ergy densities of 4-10J/cm? have been recommended. About 20-60s after
laser exposure, the color of the treated skin turns red, and after another few
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Fig. 4.62. (a) Preoperative state of a port wine stain. (b) Postoperative state of the
same stain after several treatments with an argon ion laser (pulse duration: 0.3,
power: 2.5 W, focal spot size: 2mm). Photographs kindly provided by Dr. Seipp
(Darmstadt)
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minutes livid blue. Although pain is less pronounced as with argon ion lasers,
patients frequently talk of triple pain perception: mechanical impact during
the light flash, stabbing pain shortly afterwards, and finally a longer last-
ing heat wave within the skin. The irradiated area itself might be irritating
for several days. One major advantage of treating port wine stains with dye
lasers is that this procedure can be successfully performed among children as
reported by Tan et al. (1989).

The basic mechanism by which pulsed laser radiation can cause selective
damage to pigmented structures in vivo has been termed selective photother-
molysis and was thoroughly described by Anderson and Parrish (1983). It
requires the presence of highly absorbing particles, e.g. pigments of the skin.
Extensive experimental and theoretical studies were recently performed by
Kimel et al. (1994) and van Gemert et al. (1995). With their results, treat-
ment of port wine stains will be further improved in the near future.

In dermatology, the CO4 laser is used for tissue vaporization. Compared
to the conventional scalpel, it offers the possibility of precise tissue removal
without touching the tissue. Thus, feeling of pain is significantly reduced. Ex-
ternal ulcers and refractory warts are common indications. In warts, however,
deep lesions should be performed to reduce the probability of recurrence.

Recently, argon ion and CO; lasers have also gained attention in efficiently
removing tattoos. Clinical studies were reported by Apfelberg et al. (1979b)
and Reid and Muller (1980). Today, ruby lasers are commonly used for tattoo
removal as stated by Scheibner et al. (1990) and Taylor et al. (1990). Indeed,
good results can be obtained, although they do depend on the dyes used in
the tattoo. It is extremely important that all dye particles are removed during
the same session. In Figs. 4.63a—b, two photographs are shown which prove
the efficiency of laser-induced tattoo removal.

Radiation from the Nd:YAG laser is significantly less scattered and ab-
sorbed in skin than radiation from the argon ion laser. The optical pene-
tration depth of Nd:YAG laser radiation is thus much larger. According to
Seipp et al. (1989), major indications for Nd:YAG laser treatments in der-
matology are given by deeply located hemangiomas or semimalignant skin
tumors. However, argon ion and COgs lasers should never be replaced by
Nd:YAG lasers when treating skin surfaces.

Dermatology is one of the few medical disciplines where biostimulative
effects of laser radiation have been reported. Positive stimulation on wound
healing is one of the current topics of controversy as discussed in Sect. 3.1.
A considerable number of papers has been published, but most of the re-
sults could not be reproduced, and initial claims could thus not be verified.
Moreover, the principal mechanisms of biostimulation have not yet been un-
derstood. In general, one should be very careful when using laser radiation
for such purposes, especially when applying so-called “soft lasers” with ex-
tremely low output powers which most probably do not evoke any effect at
all other than additional expenses according to Alora and Anderson (2000).



4.7 Lasers in Dermatology 231

Fig. 4.63. (a) Preoperative state of a tattoo. (b) Postoperative state of the same
tattoo after six complete treatments with an argon ion laser (pulse duration: 0.3,
power: 3W, focal spot size: 0.5 mm). Photographs kindly provided by Dr. Seipp
(Darmstadt)
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4.8 Lasers in Orthopedics

Progress in surgical medicine is often related to an improved technique of
performing osteotomies, i.e. bone excisions. Standard tools in orthopedics are
saws, milling-machines and mechanical drills. All of them operate in contact
mode and possibly induce severe mechanical vibrations and hemorrhage. It
is thus straightforward to ask whether lasers might represent a considerable
alternative in orthopedic surgery.

Bone fulfills three major functions: mechanical support of the body, pro-
tection of soft tissues, and supply of minerals and blood cells. The hardness
of bone results from a complex structure of hydroxyapatite, water, soluble
agents, collagen, and proteins. The chemical composition of bone is listed
in Table 4.5. The high water content is responsible for strong absorption of
infrared radiation. Therefore, CO4, Er:YAG, and Ho:YAG lasers are predes-
tined for the efficient treatment of bone.

Table 4.5. Mean composition of human bone

Matter Percentage Constituent
Anorganic 50-60 % Hydroxyapatite
15-20% Water
5% Carbonates
1% Phosphates
Organic 20 % Collagen
1-2% Proteins

In the 1970s, Moore (1973), Verschueren and Oldhoff (1975), and Clay-
man et al. (1978) reported on osteotomies performed with CO4 lasers. Ex-
tensive studies on bone healing were published by Gertzbein et al. (1981) and
Pao-Chang et al. (1981). All researchers agreed on a delayed healing process
compared with conventional osteotomies. Thermal damage of the bone rim is
exclusively made responsible for this time delay. Detailed data on the abla-
tion characteristics were given by Kaplan and Giler (1984) and Forrer et al.
(1993). The ablation curves of fresh and dried bone obtained with the CO,
laser are illustrated in Fig. 4.64a. From the above, we could conclude that
CO4, lasers always evoke severe thermal side effects in bone. This statement,
however, is not generally true. Forrer et al. (1993) have also demonstrated
the potential of COs lasers for bone ablation with very little thermal dam-
age. When selecting the laser transition at 9.6 um, a pulse duration of 1.8 us,
and an energy density of 15J/cm?, they found thermally altered damage
zones of 10-15 um only. In this case, both wavelength and pulse duration
play a significant role. First, the absorbance of bone at 9.6 pm is higher than
at 10.6 pm. Second, shorter pulse durations tend to be associated with less
thermal damage as already discussed in Sect. 3.2.
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Fig. 4.64. (a) Ablation curves of fresh and dried bone obtained with a CO2 laser
(pulse duration: 250 us, wavelength: 10.6 um). Due to its higher water content, fresh
bone is ablated more efficiently. Data according to Forrer et al. (1993). (b) Ablation
curve of bone obtained with an Er:YAG laser (pulse duration: 180 s, wavelength:
2.94 pm). Data according to Scholz and Grothves-Spork (1992)
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In the 1980s, research focused on laser radiation at a wavelength of
approximately 3 um which is strongly absorbed by water. For instance,
Wolbarsht (1984) compared the effects induced by CO, lasers at 10.6 um
and HF* lasers'® at 2.9 um with each other. From his observations, he con-
cluded that the latter wavelength is better suited for orthopedic applica-
tions. Similar results were published by Izatt et al. (1990). Unfortunately,
though, HF* lasers are very unwieldy machines. Walsh and Deutsch (1989),
Nelson et al. (1989a), and Gonzales et al. (1990) reported on the application
of compact Er:YAG lasers at a wavelength of 2.94 um. They stated that this
radiation efficiently ablates both bone and cartilage. The ablation curve of
bone obtained with the Er:YAG laser is illustrated in Fig. 4.64b.

Another promising laser in orthopedics is the Ho:YAG laser which emits
at a wavelength of 2.12 pm. Nuss et al. (1988), Charlton et al. (1990), and
Stein et al. (1990) have investigated acute as well as chronic effects of bone
ablation with this laser. Its major advantage is that its radiation can be effi-
ciently transmitted through flexible fibers. However, thermal effects are signi-
ficantly enhanced compared to those induced by Er:YAG lasers at a wave-
length of 2.94 um as observed by Romano et al. (1994). They found that
thermal damage is extremely pronounced when applying 250 us pulses from
a Ho:YAG laser. At an incident energy density of 120 J/cm?, a thermal dam-
age zone of roughly 300 um is determined. On the other hand, pulses from an
Er:YAG laser are associated with very little thermal damage. At an energy
density of 35J/cm?, a damage zone of only 12 um is estimated. The corre-
sponding histologic sections are shown in Fig. 4.65a-b. In the case of the
Er:YAG laser, a lower energy density was chosen to obtain a similar ablation
depth as with the Ho:YAG laser. One potential application field of erbium
lasers is microsurgery of the stapes footplate in the inner ear. This treat-
ment belongs to the discipline of otorhinolaryngology, and it will therefore
be addressed in Sect. 4.10.

Due to their high precision in removing tissues, excimer lasers have also
been proposed for the ablation of bone material, e.g. by Yow et al. (1989).
However, it was soon observed that their efficiency is much too low to jus-
tify their clinical application. Moreover, osteotomies performed with XeCl
lasers at 308 nm are associated with severe thermal damage as reported by
Nelson et al. (1989b). As in the case of COq laser radiation, these thermal
effects are believed to be responsible for the manifest delay in healing of the
laser-induced bone excisions.

An interesting approach to determine laser effects on bone has recently
been reported by Barton et al. (1995) and Christ et al. (1995). By using
a confocal laser scanning microscope, they were able to analyze ablation
rate and morphology as a function of incident pulse energy from a Ho:YAG
laser. They concluded that scattering is a dominant factor in the interaction
of Ho:YAG laser radiation and bone.

10 Hydrogen fluoride lasers.
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Fig. 4.65. (a) Histologic section of bone after exposure to a Ho:YAG laser (pulse
duration: 250 ps, energy density: 120J/cm?, bar: 100 um). (b) Histologic section
of bone after exposure to an Er:YAG laser (pulse duration: 250 us, energy density:
35J/cm?, bar: 200 um). Photographs kindly provided by Dr. Romano (Bern)
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Another discipline for laser applications within orthopedics is arthroscopy.
Preliminary results regarding laser meniscectomy, i.e. the treatment of the
meniscus, have already been reported by Glick (1981) and Whipple (1981)
when using Nd:YAG and CO; lasers, respectively. At that time, though,
suitable delivery systems were not available. Moreover, the CW mode of
these lasers led to unacceptable thermal damage. Katsuyuki et al. (1983) and
Bradrick et al. (1989) applied Nd:YAG lasers in arthroscopic treatment of
the jaw joint. Significant improvements were not achieved until O’Brien and
Miller (1990) made use of specially designed contact probes consisting of
ceramics. Limbird (1990) pointed out the necessity of blood perfusion mea-
surements after surgery. Major limitations for all infrared lasers in arthro-
scopic surgery arise from the optical delivery system. Transmission through
flexible fibers can be regarded as a mandatory requirement for an efficient
surgical procedure. Therefore, CO5 lasers will never gain clinical relevance in
arthroscopic treatments.

A new era of laser arthroscopy began with the application of holmium
and erbium lasers. Trauner et a. (1990) reported promising results when us-
ing the Ho:YAG laser for the ablation of cartilage. Recently, Ith et al. (1994)
have investigated the application of a fiber-delivered Er:YSGG laser emitting
at a wavelength of 2.79 um. The transmittance of novel zirconium fluoride
(ZrF4) fibers at this specific wavelength is satisfactory. Ith et al. (1994) have
used fresh human meniscus from the knee joint which was obtained during
surgery. They have observed a thermally damaged zone of 60 m when expos-
ing the tissue in air to five laser pulses at a pulse energy of 53 mJ and a pulse
duration of 250 us. On the other hand, when exposing the tissue through
water at a slightly higher energy of 65 mJ, thermal damage extended to only
40 um close to surface and was even negligible elsewhere. In either case —
whether exposed in air or through water — a crater depth of roughly 1 mm
was achieved. The surprising result of this study is that laser radiation at
2.79 um can be effectively used for tissue ablation, although it should be
strongly absorbed by surrounding water. Thus, Ith et al. (1994) concluded
that light — after exiting the fiber — is guided through a water-vapor chan-
nel created by the leading part of the laser pulse. The period during which
this channel is open was found to be dependent on the duration of the laser
pulse. For pulse durations of 250-350 us, most of the laser energy is trans-
mitted through the water-vapor channel to the target.

The experimental results mentioned above encourage the application of
holmium and erbium lasers in arthroscopic surgery. Nevertheless, further in-
vestigations need to be performed regarding both thermal and mechanical
side effects associated with laser exposure. From today’s perspective, though,
it is already obvious that arthroscopy belongs to those medical disciplines
where minimally invasive techniques based on laser radiation will turn into
unrenouncable surgical tools.
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4.9 Lasers in Gastroenterology

Gastrointestinal diseases primarily include ulcers and tumors of the esopha-
gus, stomach, liver, gallbladder, and intestine. The intestine further consists
of the jejunum, ileum, colon, and rectum. According to the position of these
organs, the gastrointestinal tract is subdivided into an upper and a lower
tract. Both tracts are schematically illustrated in Fig. 4.66. Most intestinal
tumors are reported to occur inside the colon or the rectum.

Esophagus

Upper fract

Stomach
Liver
Gallbladder

Jejunum ——

Kolon
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lleum

Rectum

Fig. 4.66. Cross-section of the upper and lower gastrointestinal tracts. The upper
tract includes esophagus, stomach, liver, and gallbladder, whereas the lower tract
primarily consists of the intestine
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In general, any kind of ulcer or tumor can be treated with lasers if it is
accessible with endoscopic surgery. Ulcers and tumors tend to occupy ad-
ditional space and are thus likely to induce severe stenoses. According to
Sander et al. (1990), short and scarred stenoses of the lower tract are bet-
ter suited for treatment than long and inflammable stenoses of the upper
tract. If a tumor itself is no longer completely resectable due to its rather
late detection — which unfortunately is quite often the case — laser applica-
tion is restricted to a palliative treatment. The major concern of a palliative
treatment is to provide an improved quality of the remaining life which also
includes pain relief.

Gastroenterology is one of the major domains of the CW Nd:YAG laser.
Only in photodynamic therapy are dye lasers applied. There exist mainly
two indications for laser therapy: gastrointestinal hemorrhages and benign,
malignant, or nonneoplastic'® stenoses. Since the CW Nd:YAG laser is act-
ing thermally, it can stop bleeding by means of coagulation. At higher power
levels, i.e. in the vaporizing mode, it may serve in recanalization of stenoses.
The application of other lasers was also investigated, e.g. the argon ion laser
by Prauser et al. (1991), but was not associated with any significant advan-
tages so far. The CO4 laser is not suitable for clinical gastroenterology, since
it is not transmitted through optical fibers which belong to the mandatory
equipment of successful endoscopic surgery.

Stenoses of the esophagus are a common indication for laser treatment,
since lasers can assist the surgeon in opening the stenosis. If even endoscopes
cannot pass the stenosis, it must first be mechanically widened with specially
designed dilatators. Afterwards, the stenotic tissue may be coagulated using
a Nd:YAG laser and a flexible fiber. Frequently, quartz fibers with a diameter
of 600 um are used. The fiber is protected by a Teflon tube with diameters of
1.8-2.5mm. CO; gas is provided to cool the fiber tip and to keep debris away
from the tissue. During coagulation, the tissue significantly shrinks, thereby
reducing the occupied lumen inside the esophagus. If the stenosis was induced
by a tumor, the fiber should be placed inside the tumor — by endoscopic
control — and the tumor is coagulated starting from its interior. Induced
bleeding can be stopped by a temporary increase in laser power. Dilatation
of the stenosis and coagulation of the tumor are usually performed during the
same session. Up to 30kJ may be necessary during one treatment as stated
by Semler (1989). Remaining necrotic tissue is usually repelled during the
next few days, resulting in a further widening of the available lumen of the
esophagus.

Unfortunately, restenoses of the esophagus frequently occur after a few
weeks. According to Bader et al. (1986), they can be efficiently prevented by
a second treatment called afterloading. This treatment involves a radioactive
source, e.g. 192Ir, which is placed inside the esophagus for a few minutes
by means of a computer-controlled probe. Between three and five of these

11 Stenoses which are not related to tumor formation are called nonneoplastic.
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afterloading treatments are normally performed starting approximately two
weeks after laser coagulation. In malignant esophagus tumors, the mean sur-
vival rate is extremely low, since most of them are diagnosed at a very late
stage. Treatment can then only be of a palliative character according to
Fleischer and Sivak (1985), and esophagectomy, i.e. the complete or partial
removal of the esophagus, must be performed. Afterwards, an artificial tube
can be implanted.

Laser treatments of tumors belonging to the lower gastrointestinal tract
were described by Hohenberger et al. (1986) and Kiefhaber et al. (1987). The
conventional technique is called cryotherapy, since it induces tumor necrosis
by freezing the tissue to temperatures of approximately —180°C. In contrast
to laser and afterloading therapy, it can be performed only during a complete
anesthetization of the patient. Especially among older patients, this is one of
the major disadvantages of cryotherapy. On the other hand, laser therapy is
associated with an enhanced formation of edema. However, such edema can
be treated with proper medicamentation.

Nonneoplastic stenoses of the lower gastrointestinal tract are treated by
applying 80-100 W of laser power to an optical quartz fiber and slowly moving
this fiber backwards out of the stenosis. Thereby, 1-2 mm deep grooves along
the stenosis are induced according to Sander et al. (1990). After 3-5 days the
grooves have dilated to a permeable path, and endoscopic passage is possible
without mechanical pressure. In extended and inflammated stenoses, several
treatments may be necessary.

The first laser therapy in gastroenterology was performed in the case of
a massive hemorrhage by Kiefhaber et al. (1977). Since then, several exten-
sive studies have been reported, e.g. by Rutgeerts et al. (1982), Macleod et
al. (1983), and Swain et al. (1986). In general, it can be summarized that
all localized and acute hemorrhages are suitable for laser coagulation. Inside
the rectum and stomach, powers of 50-70 W and 70-100 W, respectively, are
applied. After a complete clearance of the bleeding source, the tissue is coagu-
lated from a distance of 5-10 mm by performing circularly shaped movements
of the laser beam. There is no time limit for this procedure. The operation is
stopped by releasing a footpedal if the desired effect is achieved. Patients are
normally supervised by intensive care for at least three days following laser
treatment.

An improved technique for the laser treatment of ulcers or hemorrhages
was developed by Sander et al. (1988). It is based on a combination of laser
beam and water jet. The laser beam is guided through a water jet to the
site of application. First results reported by Sander et al. (1989) have shown
that — using this technique — the percentage of successful hemostatic treat-
ments could be raised from 82 % to 93 %. Moreover, fewer emergency surgeries
needed to be performed and less mortality was observed. Sander et al. (1990)
added that this technique has proven to be useful for other kinds of tissue
coagulation, as well.



240 4. Medical Applications of Lasers

Despite early expectations concerning the potential of lasers in gastroen-
terology, e.g. by Fleischer et al. (1982), they could only partially be fulfilled
so far. It is not obvious that the Nd:YAG laser at a wavelength of 1.064 um
provides the optimum radiation for gastrointestinal diseases. An extensive
analysis of potential complications arising from the use of this laser was given
by Mathus-Vliegen and Tytgat (1990). In the near future, alternative lasers
with different wavelengths will certainly be investigated, as well. The surgical
results obtained with these lasers must be compared to those achieved with
the Nd:YAG laser. Most probably, not just one single laser will then prove
to be best in the treatment of all diseases. There will rather be a variety of
different lasers which — in combination with alternative treatments — should
be used in specific cases.

One important branch of modern gastroenterologic treatment — which
has not been addressed yet — is based on photodynamic therapy (PDT).
The procedure of PDT has already been described in detail in Sect. 3.1.
After injection of an appropriate photosensitizer and a time delay of ap-
proximately 48-72 hours, tumors of the gastrointestinal tract are exposed
to a dye laser, e.g. a Rhodamine dye laser pumped with an argon ion laser.
The clearance of the photosensitizer leads to a concentration gradient among
benign and malignant tissue ranging from about 1:2 to 1:4. Meanwhile,
several reports on PDT in gastroenterology have been published, e.g. by
Barr et al. (1989), Barr et al. (1990), and Karanov et al. (1991). The success
is inversely related to the tumor size at the time of treatment. According to
Gossner and Ell (1993), tumors are curable only if their infiltration depths
remain below 5-10 mm. Overholt et al. (1993) have shown that normal epi-
thelium might then cover the interior of the esophagus again. The extent of
a tumor is usually determined by ultrasound techniques. If a tumor is dia-
gnosed at an early stage, more than 75 % of cases can be completely cured.
In advanced cancer, the corresponding rate is less than 30 %. Tumors of the
stomach are often more difficult to access for PDT due to wrinkles of the
mucosa. Thus, treatments of the stomach are frequently associated with the
application of higher energy doses. One major advantage of PDT is that
fewer endoscopic sessions are usually required compared to treatments with
the Nd:YAG laser. Hence, the overall duration of a PDT treatment is signi-
ficantly shorter and easier to tolerate, as well.

In general, PDT is applied at early stages of cancer and in otherwise
inoperable patients, e.g. if alternative methods are associated with a high risk
for the patient. At advanced stages of esophagus cancer, PDT usually cannot
provide a complete cure. However, it might significantly facilitate the act of
swallowing. With the development of novel photosensitizers having a higher
efficiency in the red and near infrared spectrum, additional applications of
PDT might be indicated in the near future. Then, after careful evaluation of
clinical studies, improved treatments characterized by even higher cure rates
might be achievable.
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4.10 Lasers in Otorhinolaryngology and Pulmology

Otorhinolaryngology is concerned with diseases of the ear, the nose, and the
throat. So far, the most significant application of lasers in otorhinolaryngology
aims at microsurgery of the larynz, e.g. in stenoses or laryngeal carcinoma.
Stenoses of the larynx can be inherent or acquired. In either case, they are
often associated with a severe impairment of the airway and should be treated
immediately. Laryngeal carcinoma are the most frequent malignant tumors
of the throat. The five major origins of these carcinoma are illustrated in
Fig. 4.67. Diagnosis and treatment of laryngeal carcinoma are performed by
means of a laryngoscope which consists of a rigid tube being connected to
a surgical microscope. During treatment, the patient must be intubated as
demonstrated in Fig. 4.68.

Vestibulum

Ventriculis laryngis
Glottis (vocal cord)
Infraglottis

Fig. 4.67. Origins and directions of growth of laryngeal carcinoma

It has already been shown by Jako (1972) and Strong et al. (1976) that
benign and malignant lesions of the glottis, i.e. the vocal cords, can be more
saferly removed with the CO laser rather than mechanically. In laryngeal
carcinoma, a complete resection is ascertained if histopathology proves the ab-
sence of tumor cells in adjacent tissue. If the tumor is already at an advanced
stage, however, laser therapy aims at a palliative treatment only. Complica-
tions arise when the laser treatment requires complete anesthetization of the
patient, since the associated gases are inflammable. For a proper operation
of the intubation tube, different materials are currently being investigated.
Among these, metal tubes probably provide highest security.
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Fig. 4.68. Direct laryngoscopy with simultaneous intubation. Reproduced from
Boenninghaus (1980) by permission. (©) 1980 Springer-Verlag

It was demonstrated by Holinger (1982) and Duncavage et al. (1985) that
COq lasers are superior to conventional therapy when treating laryngeal or
subglottic stenoses. However, Steiner (1989) emphasizes that not all kinds of
stenoses are equally indicated for laser treatment. In particular, large stenoses
which extend over several centimeters in size should always be assigned to
conventional surgery.

Major indications for laser treatment of the nose are highly vascular-
ized tumors such as hemangiomas or premalignant alterations of the mucosa.
The principal advantage of lasers is again their ability to simultaneously
perform surgery and coagulate blood vessels. Lenz and Eichler (1984) and
Parkin and Dixon (1985) have reported on argon ion laser treatments in vas-
cular surgery of the nose. In proximal nose segments, Steiner (1989) suggests
the application of a COs laser which is connected to a surgical microscope.
By means of tissue coagulation, even chronic nose-bleeding can be efficiently
and safely treated.

Another very useful laser application in otolaryngology has been devel-
oped in the treatment of otosclerosis which is a bone disease of the inner
ear. Otosclerosis usually affects the stapes shown in Fig. 4.69 and ultimately
leads to its fixation. It is often associated with hearing impairment, because
a movable stapes is necessary for the physiologic transport of sound to the
cochlea. Two potential treatments are called stapedectomy and stapedotomy.
In stapedectomy, the stapes footplate in the inner ear is mechanically removed
and replaced by an artificial implant. In stapedotomy, a hole is drilled into the
stapes to improve the propagation of sound to the oval window. Perforation
of the stapes is achieved with either miniaturized mechanical drills or with
suitable lasers and application units. Laser stapedotomy can be considered
as a typical method of minimally invasive surgery (MIS).



4.10 Lasers in Otorhinolaryngology and Pulmology 243

Bone

Ear canal

Auricle

F P RENAAD o i,
s L e,

>

-

R T, ST
P RIS ES

Fig. 4.69. Anatomy of outer and inner ear
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Stapedotomy seems to be a predestined treatment for laser radiation, since
it requires least mechanical damage. It is generally accepted that a noncon-
tact method is certainly the best choice in preventing the inner ear structures
from externally induced compression. Perkins (1980) and Gantz et al. (1982)
performed the first stapedotomies with an argon ion laser. A few years
later, Coker et al. (1986) investigated the application of a COs laser for
the same purpose. Finally, Lesinski and Palmer (1989) compared surgical re-
sults achieved with the COs laser, argon ion laser, and a frequency-doubled
Nd:YAG laser. The main disadvantage of radiation from the CO5 laser is that
it cannot be guided through optical fibers. On the other hand, radiation from
argon ion or frequency-doubled Nd:YAG lasers is strongly absorbed only in
highly pigmented tissue. The efficiency of these lasers in ablating cortical
bone is thus rather weak. Due to the low absorption, their radiation might
even induce severe lesions in adjacent tissue.

Recently, Frenz et al. (1994) and Pratisto et al. (1996) have studied stape-
dotomies performed with Er:YAG and Er:YSGG lasers, respectively. Radia-
tion from erbium lasers combines the advantages of being strongly absorbed
in bone and of being transmitted through zirconium fluoride (ZrF,) fibers.
In Figs. 4.70a-b, a perforation of the stapes is shown which was induced by
only five pulses from an Er:YAG laser at a rather moderate fluence of only
10J/cm?. The edge of the perforation is very precise and does not indicate
any mechanical damage. In Fig. 4.71, the ablation curve of cortical bone ob-
tained with the Er:YSGG laser is shown. Due to the high ablation depths
achieved with erbium lasers, only a few pulses are necessary to perforate the
stapes. According to Pratisto et al. (1996), the ablation threshold was less
than 5.J/cm?.

Potential risks in laser-assisted stapedotomy evolve from either an exces-
sive increase in temperature of the perilymph or too high pressures induced
inside the cochlea of the inner ear. It was found by Frenz et al. (1994) that the
temperature at the stapes increases by only less than 5°C if the power output
of the Er:YAG laser is limited to 10 J/cm?. In a specially designed ear model,
the temperature increase in the perilymph was even negligible. The pressure
inside the cochlea during the laser treatment is very important, since the ear
is a very sensitive organ. Frenz et al. (1994) have measured pressure signals
in their ear model using a PVDF foil as described in Sect. 3.5. The PVDF
foil was located 3 mm below the exposed area. The corresponding pressure
data are presented in Fig. 4.72. Frenz et al. (1994) have compared these data
with maximum tolerable sound pressures as published by Pfander (1975).
They stated that erbium lasers permit a safe pressure level if their fluence is
limited to 10J/cm?.

We conclude that laser-assisted stapedotomy has meanwhile become
a considerable alternative to mechanical drills. Erbium lasers, e.g. Er:YAG
or Er:YSGG lasers, are capable of performing safe and very precise stapedo-
tomies with negligible thermal damage.
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Fig. 4.70. (a) Stapedotomy performed with five pulses from an Er:YAG laser
(pulse duration: 200 us, fluence: 10J/cm?). (b) Enlargement of the perforation.
Reproduced from Frenz et al. (1994) by permission. (©) 1994 Verlag Huber AG
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Fig. 4.71. Ablation curve of cortical bone obtained with an Er:YSGG laser (wave-
length: 2.79 pm, pulse duration: 200 pus). Data according to Pratisto et al. (1996)
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Fig. 4.72. Pressure in the perilymph of the inner ear during Er:YAG laser (wave-

length: 2.94 pm, pulse duration: 200 us) irradiation of the stapes footplate. Data
according to Frenz et al. (1994)
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Pulmology is concerned with diseases of the lung. In the western civilized
world, tracheobronchial tumors are the primary cause of death due to cancer.
According to Macha (1991), only less than 6-8 % of patients survive the next
five years after diagnosis, because the tumor is often diagnosed at a rather late
stage. The resection of tracheobronchial tumors is conventionally performed
with a rigid bronchoscope. Severe and life-threatening hemorrhage is often in-
evitable. Beside mechanical removal, electrocoagulation and cryotherapy are
performed. Dumon et al. (1982) and Hetzel et al. (1985) have investigated
the application of a Nd:YAG laser and a flexible fiber in the treatment of
tracheobronchial lesions. Since the Nd:YAG laser provides the surgeon with
the ability of immediate coagulation, the occurrence of severe hemorrhage
can be significantly reduced. Moreover, Macha et al. (1987) have proposed
a combined therapy of a radioactive source, e.g. 1°2Ir, and laser radiation to
improve the surgical result.

In summary, the Nd:YAG laser is a valuable supplement in the therapy of
tracheobronchial tumors, although it is usually limited to a palliative treat-
ment. However, patients soon perceive pain relief during breathing. Further
clinical studies with alternative lasers and sophisticated application units are
badly needed. Preliminary results concerning photodynamic therapy in the
treatment of lung cancer have already been published by Hayata et al. (1982).
Meanwhile, this technique has been investigated in head and neck surgery,
as well, e.g. by Feyh et al. (1990).

4.11 Questions to Chapter 4

Q4.1. During the treatment of hyperopia with PRK, the curvature of the
anterior corneal surface must

A: be flattened.  B: remain unchanged.  C: be steepened.

Q4.2. Er:YAG lasers are not suitable for the treatment of caries because of
A: cytotoxicity.  B: low efficiency.  C: thermal effects.

Q4.3. Angioplasty with excimer lasers is likely to induce

A: atherosclerosis.  B: restenoses.  C: thermal injury.

Q4.4. In stapedotomy with Er:YAG lasers, the fluence should be limited to
A:1J/em?.  B:10J/cm?  C:100J/cm?.

Q4.5. The deepest layer of the skin is called

A: dermis.  B: epidermis.  C: subcutis.

Q4.6. Why is LASIK less sensitive to scattering effects than PRK?

Q4.7. Why is laser dentistry with picosecond or femtosecond pulses painfree?
Q4.8. What is the workhorse laser in gynecology?

Q4.9. How can BPH be treated optically?

Q4.10. What is the purpose of a stereotactic ring?



5. Laser Safety

Most parts of this chapter are adapted from the booklet “Laser Safety Guide”
(Editor: D.H.Sliney, 9th edition, 1993) published by the Laser Institute of
America, Orlando, Florida, USA. The permission obtained for reproduction
is gratefully acknowledged.

5.1 Introduction

The increasingly widespread use of lasers requires more people to become fa-
miliar with the potential hazards associated with the misuse of this valuable
new product of modern science. Applications exist in many technologies, in-
cluding material processing, construction, medicine, communications, energy
production, and national defense. Of recent importance from a safety con-
sideration, however, is the introduction of laser devices into more consumer-
oriented retail products, such as the laser scanning devices, office copy and
printing machines, and audio/visual recording devices. Most devices in these
markets emit relatively low energy levels and, consequently, are easily engi-
neered for safe use.

5.2 Laser Hazards

The basic hazards from laser equipment can be categorized as follows:

Laser Radiation Hazards

Lasers emit beams of optical radiation. Optical radiation (ultraviolet, visible,
and infrared) is termed nonionizing radiation to distinguish it from ionizing
radiation such as X-rays and gamma rays which are known to cause different
biological effects.
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— Eye hazards: Corneal and retinal burns (or both), depending upon laser
wavelength, are possible from acute exposure; and corneal or lenticular
opacities (cataracts), or retinal injury may be possible from chronic expo-
sure to excessive levels.

— Skin hazards: Skin burns are possible from acute exposure to high levels
of optical radiation. At some specific ultraviolet wavelengths, skin carcino-
genesis may occur.

Chemical Hazards

Some materials used in lasers (i.e. excimer, dye, and chemical lasers) may be
hazardous and/or contain toxic substances. In addition, laser-induced reac-
tions can release hazardous particulate and gaseous products.

Electrical Hazards

Lethal electrical hazards may be present in all lasers, particularly in high-
power laser systems.

Other Secondary Hazards

These include:

cryogenic coolant hazards,

— excessive noise from very high energy lasers,

— X radiation from faulty high-voltage (> 15kV) power supplies,
explosions from faulty optical pumps and lamps,

— fire hazards.

5.3 Eye Hazards

The ocular hazards represent a potential for injury to several different struc-
tures of the eye. This is generally dependent on which structure absorbs the
most radiant energy per volume of tissue. Retinal effects are possible when
the laser emission wavelength occurs in the visible and near infrared spectral
regions (0.4 pm to 1.4 um). Light directly from the laser or from a specular
(mirror-like) reflection entering the eye at these wavelengths can be focused
to an extremely small image on the retina. The incidental corneal irradiance
and radiant exposure will be increased approximately 100000 times at the
retina due to the focusing effect of the cornea and lens.

Laser emissions in the ultraviolet and far infrared spectral regions (outside
0.4 pum to 1.4 um) produce ocular effects primarily at the cornea. However,
laser radiation at certain wavelengths may reach the lens and cause damage
to that structure.
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Optical Radiation Hazards

Effects of optical radiation at various wavelengths on various structures of the
eye are shown in Figs. 5.1a—c. Actinic-ultraviolet, at wavelengths of 180 nm
to 315 nm, is absorbed at the cornea. These wavelengths are responsible for
“welder’s flash” or photokeratitis. Near ultraviolet (UV-A) radiation between
315nm and 400nm is absorbed in the lens and may contribute to certain
forms of cataracts.

Radiation at visible wavelengths, 400nm to 780 nm, and near infrared
wavelengths, 780nm to 1400 nm, is transmitted through the ocular media
with little loss of intensity and is focused to a spot on the retina 10 um to
20 um in diameter. Such focusing can cause intensities high enough to dam-
age the retina. For this reason, laser radiation in the 400 nm to 1400 nm
range is termed the retinal hazard region. Wavelengths between 400 nm and
550 nm are particularly hazardous for long-term retinal exposures or expo-
sures lasting for minutes or hours. This is sometimes referred to as the blue
light hazard.

Far infrared (IR-C) radiation with wavelengths of 3 um to 1mm is ab-
sorbed in the front surface of the eye. However, some middle infrared (IR-B)
radiation between 1.4 um and 3 pum penetrates deeper and may contribute to
“glass-blower’s cataract”. Extensive exposure to near infrared (IR-A) radia-
tion may also contribute to such cataracts.

The localization of injury is always the result of strong absorption in the
specific tissue for the particular wavelength.

5.4 Skin Hazards

From a safety standpoint, skin effects have been usually considered of sec-
ondary importance. However, with the more widespread use of lasers emitting
in the ultraviolet spectral region as well as higher power lasers, skin effects
have assumed greater importance.

Erythema®, skin cancer, and accelerated skin aging are possible in the
230nm to 380nm wavelength range (actinic ultraviolet). The most severe
effects occur in the UV-B (280-315nm). Increased pigmentation can result
following chronic exposures in the 280 nm to 480 nm wavelength range. At
high irradiances, these wavelengths also produce “long-wave” erythema of
the skin. In addition, photosensitive reactions are possible in the 310 nm to
400 nm (near ultraviolet) and 400 nm to 600 nm (visible) wavelength regions.
The most significant effects in the 700 nm to 1000 nm range (infrared) will be
skin burns and excessive dry skin.

! Sunburn.
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5.5 Associated Hazards from High Power Lasers

Some applications of high-power lasers, especially in materials processing,
can give rise to respiratory hazards. Laser welding, cutting, and drilling pro-
cedures can create potentially hazardous fumes and vapors. Fortunately, the
same localized and general ventilation procedures developed for similar con-
ventional operations apply to this type of laser application.

The most lethal hazards associated with the laser involves electricity.
There have been several fatal accidents associated with lasers due to electro-
cution. These occurred when commonly accepted safety procedures were not
followed when individuals were working with dangerous, high-voltage com-
ponents of a laser system. Proper electrical hazards controls should be used
at all times when working with laser systems.

Fire hazards may exist with some high-power laser devices, normally those
with continuous wave (CW) lasers having an ouput power above 0.5 W. An-
other hazard sometimes associated with high-power laser systems involves
the use of cryogenic coolants used in the laser system. Skin contact can cause
burns, improper plumbing can cause explosions, and insufficient ventilation
can result in the displacement of oxygen in the air by liquefied gas vaporizing
(most commonly nitrogen). Cryogenic hazards are normally, but not exclu-
sively, limited to research laboratories. Noise hazards are rarely present in
laser operations.

5.6 Laser Safety Standards and Hazard Classification

The basic approach of virtually all laser safety standards has been to classify
lasers by their hazard potential which is based upon their optical emission.
The next step is to specify control measures which are commensurate with
the relative hazard classification. In other words, the laser is classified based
upon the hazard it presents, and for each classification a standard set of
control measures applies. In this manner, unnecessary restrictions are not
placed on the use of many lasers which are engineered to assure safety.

This philosophy has given rise to a number of specific classification
schemes such as the one employed in the American National Standards Insti-
tute’s (ANSI) Z136.1 Safe Use of Lasers (1993) standard. This standard was
developed by the accredited standards committee Z136, and the Laser Insti-
tute of America is the secretariat. The standard has been used as a source
by many organizations including the Occupational Health and Safety Agency
(OSHA) and the American Conference of Governmental Industrial Hygienists
(ACGIH) in developing their laser safety guidelines?.

2 Meanwhile, major parts of the ANSI classification scheme have been adapted by
most European safety organizations, as well.
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The ANSI scheme has four hazard classifications. The classification is
based upon the beam output power or energy from the laser (emission) if
it is used by itself. If the laser is a component within a laser system where
the raw beam does not leave the enclosure, but instead a modified beam is
emitted, the modified beam is normally used for classification. Basically, the
classification scheme is used to describe the capability of the laser or laser
system to produce injury to personnel. The higher the classification number,
the greater is the potential hazard. Brief descriptions of each laser class are
given as follows:

— Class 1 denotes lasers or laser systems that do not, under normal operating
conditions, pose a hazard.

— Class 2 denotes low-power visible lasers or visible laser systems which, be-
cause of the normal human aversion response (i.e. blinking, eye movement,
etc.), do not normally present a hazard, but may present some potential
for hazard if viewed directly for extended periods of time (like many con-
ventional light sources). Safety glasses are required for prolonged viewing
only.

— Class 3a denotes the lowest class of lasers or laser systems that always
require protective eyewear. These lasers would not injure the eye if viewed
for only momentary periods (e.g. within the aversion response period of
approximately 0.25s) with the unaided eye, but may present a greater
hazard if viewed using collecting optics or if viewed without the possibility
of an aversion response (as for UV or IR radiation).

— Class 3b denotes lasers or laser systems that can produce a hazard if viewed
directly. This includes intrabeam viewing of specular reflections. Normally,
Class 3b lasers will not produce a hazardous diffuse reflection. Protective
eyewear is always required.

— Class 4 denotes lasers and laser systems that produce a hazard not only
from direct or specular reflections, but may also produce hazardous diffuse
reflections. Such lasers may produce significant skin hazards as well as fire
hazards. Protective eyewear is always required.

Although the process of laser hazard evaluation does not rely entirely on
the laser classification, the laser classification must be known. If the laser
classification has not been provided by the manufacturer (as usually required
by law), the class can be determined by measurement and/or calculation.
A list of typical laser classifications is found in Table 5.1. Since the relative
hazard of a laser may also vary depending upon use and/or environmental
effects, measurements and/or calculations may be necessary to determine the
degree of hazard in such cases.
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Table 5.1. Typical classifications for selected CW and pulsed lasers, assuming that
both skin and eye may be exposed (beam diameter: 1.0 mm)

Laser (CW) Wavelength  Class 1 Class 2 Class 3b  Class 4
(nm) (W) (W) (W) (W)
Nd:YAG (4w) 266 <9.6x107° — <0.5 > 0.5
Argon ion 488/514 < 0.4x107° <1073 <05 > 0.5
Krypton ion 530 <0.4x10°¢ <1073 <05 > 0.5
Nd:YAG (2w) 532 <0.4x107° <107® <05 > 0.5
Dye 400-550 < 0.4x107° <1073 <05 > 0.5
He-Ne 632 <7x1076 <1073 <05 > 0.5
Krypton ion 647 <11 x10°° <1073 <0.5 > 0.5
Diode 670 <24 x10°¢ <1073 <0.5 > 0.5
Diode 780 <0.18x107% — <05 > 0.5
Diode 850 <025%x107% - <05 >0.5
Diode 905 <032x107% — <0.5 > 0.5
Nd:YAG 1064 <064x107% — <05 > 0.5
Ho:YAG 2120 <9.6x1073 - <05 > 0.5
Er:YAG 2940 <9.6x1073 — <0.5 > 0.5
CO, 10600 <9.6x1073 — <05 > 0.5
Laser (pulsed) Wavelength  Duration  Class 1 Class 3b  Class 4
(nm) (s) (W) (W) (W)
ArF 193 20x 1072 <23.7x107% <0.125 >0.125
KrF 248 20107 <23.7x107% <0125 >0.125
Nd:YAG (4w) 266 20x107°  <23.7x107% <0125 >0.125
XeCl 308 20x107°% <526x10°% <0125 >0.125
XeF 351 20x 107 <526x107% <0.125 >0.125
Dye 450-650  107° <02x107%  <0.03 > 0.03
Nd:YAG 532 20%x107% <0.2x107% <0.03 > 0.03
Ruby 694 1073 <4x107° <0.03 > 0.03
Ti:Sapphire 700-1000 6 x 10~° <0.19x107% <0.03 > 0.03
Alexandrite 720-800 0.1x107% <0.76x107°% <0.03 > 0.03
Nd:YAG 1064 20x 1072 <2x107° <0.15 >0.15
Ho:YAG 2120 025 x 1072 <9.7x107% <0.125 >0.125
Er:YAG 2940 025 x107% <6.8x107% <0.125 >0.125
CO, 10600 01x107% <097x107% <0.125 >0.125
CO- 10600 1073 <96x107% <0125 >0.125
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The term limiting aperture is often used when discussing laser classifica-
tion. Limiting aperture is defined as the maximum circular area over which
irradiance and radiant exposure can be averaged. It is a function of wave-
length region and use.

In the ANSI classification system, the user or the Laser Safety Officer uses
his judgement to establish the longest reasonable possible exposure duration
for a CW or repetitively pulsed laser. This is called the classification duration
tmax Which cannot exceed an eight hour day equal to 3 x 10* seconds.

Very important is the so-called MPFE value which denotes maximum per-
missible exposure. The MPE value depends on both exposure time and wave-
length. In Fig. 5.2, some typical MPE values for maximum ocular exposure
are graphically presented. The respective values for skin exposure are usually
higher, since skin is not as sensitive as the retina. A comparison of ocular and
skin exposure limits is provided in Table 5.2. For pulse durations shorter than
1ns, the damage threshold of the energy density scales approximately with
the square root of the pulse duration as discussed in Sect. 3.4. For instance,
when evaluating an appropriate exposure limit for laser pulses with a dura-
tion of 10 ps, the energy densities listed for 1ns pulses should be multiplied
by a factor of 1/4/100 = 1/10.
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Fig. 5.2. Visible and near-IR MPE values for direct ocular exposure. Note that
the correction factors (C) vary by wavelength. Ca = 102(A=0-700) £4r 0.700-1.050 pm.
Ca =5 for 1.050-1.400 um. Cg =1 for 0.400-0.550 um. Cg =10*>*~0-550) for 0.550—
0.700 um. ¢; = 10 x 102°A=0:550) for 0.550-0.700 pm. Co = 1 for 1.050-1.150 pm.
Ce=10"A"1150) 41 1.150-1.200 um. Cc =8 for 1.200-1.400 pm
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Table 5.2. Ocular and skin exposure limits of some representative lasers. Repetitive
pulses at rates less than one pulse per second were assumed for any repetitive
exposures. Higher repetition rates require more adjustment of the exposure limits.

7: pulse duration

Laser type

Wavelength (nm)

Ocular exposure limit* (MPE value)

Argon ion

He-Ne

Nd:YAG

Diode

CO2

488/514

632.8

1064

910

10600

0.5 1J/cm? for 1ns to 18 us
1.87%*mJ/cm? for 18 us to 10s
10mJ/cm? for 10s to 10000s
1uw/ cm? for greater durations
0.5 wJ/cm? for 1ns to 18 us
1.873/*mJ/cm? for 18 us to 430's
170mJ/cm? for 430s to 10000s
17 uW /em? for greater durations
5uJ/cm? for 1ns to 50 s

9734 mJ/cm? for 50 us to 1000s
1.6mW /cm? for greater durations
1.3 wJ/cm? for 1ns to 18 us
4.573/*mJ/cm? for 18 us to 1000s
0.8 mW /cm? for greater durations
10mJ/cm? for 1ns to 100ns

0.56 71/4 J /ecm? for 100 ns to 10s
0.1 W/cm? for greater durations

Laser type

Wavelength (nm)

Skin exposure limit® (MPE value)

Argon ion

He-Ne

Nd:YAG

Diode

CO2

488/514

632.8

1064

910

10600

0.02J/cm? for 1ns to 100 ns
1.17Y%J/em? for 100ns to 10s
0.2W/cm? for greater durations
0.02J/cm? for 1ns to 100ns
1.17Y4J/em? for 100ns to 10s
0.2W/cm? for greater durations
0.1J/cm?® for 1ns to 100 ns
5.57/4J/cm? for 100ns to 10s
1.0 W/cm? for greater durations
0.05J/cm? for 1ns to 100 ns
2.871/4J/cm? for 100 ns to 10's
0.5 W /cm? for greater durations
10mJ/cm? for 1ns to 100 ns
0.56 7% J/cm? for 100ns to 10s
0.1 W/cm? for greater durations

# The exposure limit is averaged over a 7mm aperture for wavelengths between
400 nm and 1400 nm, and over 1.0 mm for the CO4 laser wavelength at 10.6 pm.

> The exposure limit is defined for a 3.5 mm measuring aperture.
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Any completely enclosed laser is classified as a Class 1 laser if emissions
from the enclosure cannot exceed the MPE values under any conditions inher-
ent in the laser design. During service procedures, however, the appropriate
control measures are temporarily required for the class of laser contained
within the enclosure. In the United States, a Federal government safety stan-
dard for laser products, which regulates laser manufacturers, was developed
by the Center for Devices and Radiological Health (CDRH).

5.7 Viewing Laser Radiation

From a safety point of view, the laser can be considered as a highly collimated
source of extremely intense monochromatic electromagnetic radiation. Due to
these unique beam properties, most laser devices can be considered as a point
source of great brightness. Conventional light sources or a diffuse reflection
of a Class 2 or Class 3 laser beam are extended sources of very low brightness
because the light radiates in all directions. This is of considerable consequence
from a hazard point of view, since the eye will focus the rays (400-1400 nm)
from a point source to a small spot on the retina while the rays from an
extended source will be imaged, in general, over a much larger area. Only
when one is relatively far away from a diffuse reflection (far enough that the
eye can no longer resolve the image) will the diffuse reflection approximate
a “point source”. Diffuse reflections are only of importance with extremely
high-power Class 4 laser devices emitting visible and IR-A radiation between
400 nm and 1400 nm.

Different geometries of ocular exposure are demonstrated in Figs. 5.3-5.6.
Intrabeam viewing of the direct (primary) laser beam is shown in Fig. 5.3.
This type of viewing is most hazardous. Intrabeam viewing of a specularly
reflected (secondary) beam from a flat surface is illustrated in Fig. 5.4. Spec-
ular reflections are most hazardous when the reflecting surface is either flat
or concave. On the other hand, intrabeam viewing of a specularly reflected
(secondary) beam from a convex surface is less hazardous, since the diver-
gence of the beam has increased after reflection (see Fig. 5.5). Finally, Fig. 5.6
illustrates extended source viewing of a diffuse reflection. Usually, diffuse re-
flections are not hazardous except with very high power Class 4 lasers.

Eye

Laser

Fig. 5.3. Intrabeam viewing of a direct beam
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Flat
reflector

Laser

Eye

Fig. 5.4. Intrabeam viewing of a specularly reflected beam from a flat surface

Convex
reflector

Laser

Eye

Fig. 5.5. Intrabeam viewing of a specularly reflected beam from a curved surface

Diffuse
reflector

Laser

Eye

Fig. 5.6. Extended source viewing of a diffuse reflection
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5.8 Eye Protection

Although engineering controls, such as enclosure of the laser beam, are far
more preferable than the use of laser eye protection, there are instances when
the use of laser eye protection is the most effective safety measure. It is
important that the eye protection be clearly marked to insure that it is not
used for protection against laser wavelengths for which it is not intended. If
the eye protection is used outdoors it should employ curved-surface lenses to
eliminate the additional hazard of generating collimated specular reflections.
Table 5.3 provides a simplified approach for determining the optical density
requirements for contemplated exposure conditions. A detailed discussion of
safe eye protection was given by Sliney and Wolbarsht (1980).

Specifying Protective Filters

How does one properly specify protective eyewear? The optical density OD(\)
of protective filters at a specific wavelength A is given by the equation

Hy

MPE ’

where H is the anticipated worst case exposure (expressed usually in units of
W /cm? for CW sources or J/cm? for pulsed sources). The MPE is expressed
in units identical to those of Hy.

As an example, consider a single-pulse Nd:YAG laser operating at a wave-
length of 1064nm with an emergent beam diameter of 2mm and a beam
divergence of 1.0 mrad. The output is a TEMyy pulse of 80 mJ delivered in
a pulse duration of 15ns. The MPE is 5 x 1075J/cm?. The most likely ex-
posure is intrabeam viewing of the raw beam, i.e. Hyay =~ 2.55J/cm? (the
fluence of the 80 mJ pulse in the 2 mm beam diameter). Since ANSI values of
the MPEs are determined using a limiting aperture of 7mm (maximum pupil
size), the value of H for beams smaller than 7mm should be calculated as
though the beam were distributed over the limiting aperture (which is the
worst case exposure, since larger beam diameters are focused to smaller spot
sizes on the retina), thus

80mJ 2
= —~021J .
07 7 (0.35cm)? /em

OD(X) = logy

The required optical density would be

0.21

= log, W ~46 at A=1064nm .

OD(\)

Thus, a direct exposure into the eye would require a filter density of nearly
5 to reduce the incident radiant exposure to the “safe” MPE level.



5.8 Eye Protection

261

Table 5.3. Simplified method for selecting laser eye protection intrabeam view-

ing for wavelengths between 400 nm and 1400 nm. Data from American National
Standards Institute’s (ANSI) Z136.1 (1993)

Q-switched lasers Non-Q-switched lasers Attenuation
(1ns to 0.1ms) (0.4ms to 10 ms)
Maximum Maximum Maximum Maximum Attenuation OD
output radiant output radiant factor
energy exposure energy exposure
() (J/em?) ) (J/cm?)
10 20 100 200 108 8
1 2 10 20 107 7
107! 2x 107! 1 2 10° 6
1072 2% 1072 1071 2x 107" 10° 5
1073 2x 1078 1072 2 x 1072 10* 4
1074 2 x107* 1073 2 x 1073 10? 3
107° 2x107° 1074 2x 1074 10? 2
107° 2x107° 107° 2x107° 10! 1
CW lasers CW lasers Attenuation
momentary long-term staring
(0.25s to 10s) (greater than 3 hours)
Maximum Maximum Maximum Maximum Attenuation OD
output irradiance output irradiance factor
power power
(W) (W/em?) (W) (W/cm?)
NR NR NR NR NR NR
NR NR NR NR NR NR
NR NR 1 2 10° 6
NR NR 107" 2 x 107" 10° 5
10 20 1072 2 x 1072 10* 4

1 2 10°? 2x1073 10° 3
1071 2 x 107" 1074 2 x 107" 10? 2
1072 2x 1072 107° 2x107° 10" 1

OD: optical density.
NR: not recommended.
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5.9 Laser Beam Calculations

Only two laser beam calculations are provided in this section, since these are
the most commonly encountered.

The emergent beam diameter is an important parameter in classifying
a laser and in evaluating a hazard to the eye or skin. Most laser manufacturers
specify output beam power or energy and generally provide the emergent
beam diameter. It is often left to the user to calculate the output irradiance
(intensity) in units of W/cm? and radiant exposure (fluence) in units of J/cm?
for comparison with protection standards like the MPE values defined by
ANSI.

The beam diameter specified by many laser manufacturers is the diameter
of an aperture that will just accept 90 % of the output energy of a pulsed
laser or 87 % of the output power of a CW laser having a Gaussian beam
(also known as 1/e? points). Regrettably for safety purposes it is necessary
to calculate or measure peak radiant exposure or irradiance for a large beam
diameter, or the fraction of power or energy passing through a specified “lim-
iting aperture”.

For ocular exposure limits in the visible and near infrared (400-1400 nm)
spectral region, the limiting aperture is 7mm corresponding to the dilated
pupil. For ultraviolet and most of the infrared spectral regions, this aperture is
normally 1 mm or 3.5 mm. Ounly for the extreme infrared region (0.1-1.0 mm),
a limiting aperture of 1cm is assumed.

Using a laser power meter at two distances z; and zy with a fixed aper-
ture, one can determine the change in beam radius w to calculate the beam
divergence @ by means of

2w(zg) — 2w(z1) 24w

b

29 — 21 Az

where w and z are in units of cm, and & is in units of radians®.

The other beam calculation concerns the central-beam values of intensity
and fluence, since they are usually the highest and thus determine potential
hazards. Often, these values are not provided in the specification of a laser.
However, if the laser has a Gaussian-shaped beam profile and emits in the
fundamental TEMy, mode, the corresponding central-beam values can be
obtained from the beam radius w /. specified at the 1/e points. This beam
radius is defined as the radius of an aperture that will just accept 63 % of the
incident power, i.e. 1/e of the incident power is blocked.

3 More accurately, the beam radius of a Gaussian beam changes with distance
according to a hyperbolic function rather than linearly. When the beam waist
occurs at or near the exit port of the laser, the correct equation for the beam
radius is w(z) = y/wg 4+ ($/2)? 22, where wo is the smallest beam waist. Only
at distances far apart from the smallest beam waist may wo be omitted without
loss of accuracy.
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The relations for the central-beam intensity Iy and fluence Ey can then be
expressed by

P
Iy = —5—,
Twe),
Ey = Q2 ’
Tw,

where P is the radiant power in units of W, and @ is the radiant energy in
units of J.

Often, the beam radius is specified at the 1/e? points rather than at
the 1/e points, so that the above relations would provide lower values than
the central-beam values. In this case, the radius specified at the 1/e? points
should be divided by v/2 to obtain the corresponding 1 /e value, hence

wl/e2

wl/e: \/5

=~ 0.707 wy ez -

5.10 Questions to Chapter 5

Q5.1. Which is the lowest laser class that always requires the use of safety
glasses?

A: Class 2. B: Class 3a.  C: Class 3b.

Q5.2. Which radiation is able to burn the fovea?

A: UV-B. B:VIS. C:IR-C.

Q5.3. Which radiation is able to cause skin cancer?

A: UV-B. B:VIS. C:IR-C.

Q5.4. Typical CW lasers in Class 4 have an output power

A:<05W. B:>05W. C:>1kW.

Q5.5. When comparing the MPE values for eyes and skin, then

A: MPEqye < MPEgin. B: MPEgye = MPEgin.  C: MPEgye > MPEgy,.
Q5.6. Which are the three basic hazards from laser equipment?

Q5.7. Why is a collinear, visible or near infrared laser beam most dangerous
to our vision?

Q5.8. Why is there no ultraviolet or infrared Class 2 laser?

Q5.9. What laser class is a high power 100 W Nd:YAG laser at a wavelength
of 1064 nm that is completely enclosed?

Q5.10. An ophthalmologist uses a 200 mW argon ion laser at a wavelength
of 514 nm to perform a retinal coagulation. The procedure takes ten seconds.
What is the optical density needed in his eyewear to protect his eyes from
accidental damage (consider Fig. 5.2)7
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A.1 Medical Neodymium Laser System

Several of the tissue samples shown throughout this book were exposed to
a picosecond Nd:YLF laser. Actually, Nd:YLF as well as Nd:YAG lasers are
very versatile medical laser systems, since they can be used for inducing
almost any type of laser—tissue interaction described in Chap. 3. Plasma-
induced ablation and photodisruption are evoked by mode locking of these
lasers. Photoablation occurs with their fourth harmonic, i.e. after two times
frequency-doubling. Thermal effects are induced under either CW or Q-
switched operation. Photochemical effects were also investigated as listed in
Table 3.2. Moreover, both Nd:YLF and Nd:YAG lasers are solid-state lasers
with several additional advantages for clinical applications, e.g.

— nontoxic laser media,

— low maintenance,

— compactness,

— operation in fundamental laser mode.

For the reasons just stated, a detailed description of the picosecond Nd:YLF
laser system is given in this appendix. The other medical lasers mentioned in
this book are described elsewhere.

The Nd:YLF laser system discussed below combines short pulse durations
with moderate pulse energies and high repetition rates. It is designed as
a two stage oscillator /regenerative amplifier combination to provide laser
pulses with durations down to 30 ps and energies up to 1 mJ at a wavelength
of 1053nm. This arrangement was developed by Bado et al. (1987). First
medical applications were reported by Niemz et al. (1991). A scheme of the
complete laser system is shown in Fig. A.1.

The laser crystal in the oscillator is pumped with a temperature tuned
1 watt diode laser (DL) using beam shaping and collimating optics (CO). An
acoustooptic mode locker (AOM) is placed near the flat 10 % output coupler
(OCQC). For active amplitude modulation, an amplified 80 MHz RF signal is
applied to this device generating a train of short laser pulses with typical
durations of 25 ps each as illustrated in Fig. A.2. A real-time autocorrelation
system allows for continuous supervision of the pulse width. To select the
1053 nm transition, a Brewster plate polarizer (BP) is added to the cavity.



266 A. Appendix

- Control

ocC L1 Nd:YLF
BS BP CO
Mi F ~ N T 1:{o
H / U - -
AOM pmmmmmm e mmm—m—
L2 L3 L4 Tissue !
Aut P !
toee Je—/ e w_ | |
HwWP : |
|-| WV VTV — !
N " . 3
M2 Ll M3(4%R) Application  unit

CM1 PC QWP A CM2

|-| Nd:YLF
[l == ]
-

-»[RF divider}»{ Pockels e =
imer ) enable/disable
Fig. A.1. Complete picosecond Nd:YLF laser system consisting of laser oscilla-

tor (top part), regenerative amplifier (bottom part), and application unit. Layout
according to Niemz (1994a) and Dr. Loesel (Heidelberg)
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Fig. A.2. Autocorrelation trace and Gaussian fit of a 25 ps pulse
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At the half-wave plate (HWP), the 160 MHz pulse train consisting of
0.2nJ pulses experiences a 90° rotation of the polarization vector. Using a
4% reflecting mirror (M3) and a polarizing beamsplitter (P), the oscillator
pulses are then injected into the regenerative amplifier unit. A 76 mm ampli-
fier Nd:YLF rod is pumped with a single xenon lamp controlled by a standard
power supply. The cavity employs two highly reflecting mirrors with a radius
of curvature of 1 m each. Applying a 2kV voltage signal at a repetition rate
of up to 1kHz to a LiNbOg3 Pockels cell (PC) provides half-wave retardation
per round-trip. In combination with the double-pass half-wave retardation
of the intracavity quarter-wave plate (QWP), a selected oscillator pulse is
seeded and trapped in the amplifier unit. The driving of the Pockels cell is
synchronized to the mode locking process by feeding the 80 MHz RF sig-
nal into a special divider and timer logic. After about 100 roundtrips in the
cavity, the seeded pulse reaches its saturation limit. At maximum gain, the
Pockels cell driver switches back to 0V causing no retardation. The polariza-
tion vector is now rotated by 90° as the pulse double-passes the quarter-wave
plate and the Pockels cell in the left part of the cavity. Consequently, the
amplified pulse is then reflected at the polarizing beamsplitter and dumped
out of the regenerative amplifier as shown in Fig. A.3. By this means, the
pulse energy can be boosted up to 1 mJ corresponding to an amplification of
108 of the oscillator output energy. Installation of an aperture (A) restricts
the laser operation to the fundamental TEMgy, mode.

o
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Fig. A.3. Amplification of a seeded pulse inside the regenerative amplifier unit.
When reaching the limit of energy saturation, the pulse is dumped out of the cavity
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After dumping the pulse out of the regenerative amplifier, mirror M3 is
now transmitting 96 % of the amplified pulse energy. Using mirror M4, the
pulse train is finally injected into a specially designed application unit as
shown in Fig. A.1. Autocorrelation of the amplified pulses yields that their
pulse duration slightly increases to about 30 ps due to dispersion inside the
amplifier cavity. In Table A.1, the parameters of both laser oscillator and
regenerative amplifier are listed.

Table A.1. Parameters of the picosecond Nd:YLF laser system. Data
according to Niemz (1991)

Parameter Laser oscillator Regenerative amplifier
Wavelength 1053 nm 1053 nm

Pulse energy 0.2nJ 1mJ

Pulse duration 25 ps 30ps

Repetition rate 160 MHz 1kHz

Mean output power 32mW 1w

The application unit basically consists of delivering optics, focusing op-
tics, and a computer controlled three-dimensional translation stage. After
expanding the laser beam four times with the lenses L2 and L3, it is tightly
focused on the tissue sample with lens L4. The diameter of the focus spot
can be measured with the knife edge method. For a dumped beam diameter
of 2mm and a focal length of 50 mm of lens L4, a focal spot of approximately
30 um is obtained. Stepping motors connected to the translation stage allow
precise spot-to-spot movements of the tissue sample at an accuracy of 1 pm.
A software package gives the user a choice of different ablation patterns. The
motor control software also has the capability of enabling and disabling the
dumping mechanism of the Nd:YLF amplifier, thus providing the ability of
exact single-shot operation. The optical parameters of the application unit
and the focus parameters are summarized in Table A.2.

Table A.2. Parameters of application unit and focus parameters

Parameter Value
Beam diameter (amplifier output) 2mm
Focal length of L2 50 mm
Focal length of L3 200 mm
Focal length of L4 50 mm
Diameter of focal spot 30 pm
Peak energy density 1407/ cm?

Peak power density 4.7 x 10" W/cm?
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The laser system shown in Fig. A.1 can also be operated using Nd:YAG
crystals. Actually, Nd:YLF is a solid-state optical gain medium closely re-
lated to Nd:YAG, but without some of its undesirable features. Unlike
Nd:YAG, it is only weakly affected by thermal birefringence as reported by
Murray (1983). Hence, a simpler cavity design and a higher ratio of TEMgq to
multi-mode average power can be achieved according to Pollak et al. (1982).
Nd:YLF also has a longer upper-level fluorescence lifetime compared to
Nd:YAG which enables greater energy storage and thus higher peak pulse
powers under Q-switched or mode locked operation. The physical parame-
ters of both Nd:YLF and Nd:YAG are compared in Table A.3.

Table A.3. Comparison of Nd:YAG and Nd:YLF parameters. Data according to
Koechner (1992), Murray (1983), and Dallas (1994)

Parameter Nd:YAG Nd:YLF

Chemical formula Nd:Y3Al5012 Nd:LiYF4
Wavelength 1064 nm 1053/1047 nm
Bandwidth 140 GHz 420 GHz

Pulse duration (theoretical limit) 7.1ps 2.4ps

Fluorescence lifetime 230 us 480 us

Cross section (stimulated emission) 2.8 x 1079 cm? 1.2-1.8 x 107*° cm?
Thermal conductivity (at 300 K) IBWm tK™! 6Wm 'K*
Thermal lensing® 0.12 diopters < 0.006 diopters

& Measured at 633nm for 10 mm rods pumped at 700 W average power.

A.2 Physical Constants and Parameters

In Table A.4, physical constants are listed as they appear in the book.

Table A.4. Physical constants

Quantity Symbol Value

Speed of light in vacuum c 2.9979 x 108m s~ *
Planck’s constant h 6.6256 x 10734 J 57!
Boltzmann’s constant k 1.38 x 1072* J K™!
Electron mass Me 9.1091 x 103! kg

Gas constant R 8.3143J K~ mol™*
Dielectric constant ) 8854 x 10712 As V! m™!

Permeability constant 1o 471077 Vs A"t m!
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In the literature, the use of radiometric parameters is not always uniform.
For the purpose of selecting the appropriate term, a list of all significant para-
meters and their units® is given in Table A.5. The other physical parameters
used throughout this book are listed in Table A.6.

Table A.5. Radiometric parameters and units

Parameter Symbol Unit
Exposure time T S

Beam radius w m
Beam divergence b -
Wavelength A m
Electromagnetic frequency w Hz
Propagation vector k m~?
Radiant power P A%
Power density, intensity, irradiance I W cm ™2
Radiance J Wem 2 srt
Vector flux F W cm 2
Heat source S W cem 3
Radiant energy Q J
Energy density, fluence, radiant exposure FE Jem™2
Energy dose q Jem™3
Maximum permissible exposure MPE Jem™2 or W em ™2
Damage threshold (power density) Iin W cm ™2
Damage threshold (energy density) B Jcm™?
Reflectance, transmittance R;, T} -
Kubelka—Munk coefficients Axm, SkMm cm !
Absorption length L cm
Absorption coefficient of tissue « cm ™!
Absorption coefficient of plasma Qpl cm™!
Scattering coefficient of tissue Qs cm !
Attenuation coefficient of tissue o cm !
Index of absorption & —
Albedo a —
Optical depth d —
Coefficient of anisotropy g —

Index of refraction n —
Scattering phase function P —

! While the meter is the preferred unit of length throughout the MKS system, the
centimeter is the most commonly used unit of length for power densities, energy
densities, and absorption coefficients when dealing with cm-sized tissues.
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Table A.6. Nonradiometric parameters and units

Parameter Symbol Unit
Arrhenius’ constant A st
Transition probability A; gt
Magnetic induction B Vs m~2
Specific heat capacity c Jkg™ ' K!
Ablation depth d m
Dielectric induction D As m~?
Electric field strength E Vm!
Energy level E; eV
Statistical weight gi -
Magnetic field strength H Am!
Electric current J A m™2
Density of free electric currents Je A m™?
Heat flow Ja W m™2
Heat conductivity k Wm ! K!
Mass m kg
Density of free electrons N m3
Pressure Di N m—?
Heat content Q J
Direction vector s -

Time t S
Temperature T K
Particle speed Up m s
Shock front speed Us ms !
Speed of light in medium v ms !
Coordinates Ty Y, 2, T m
Thermal penetration depth Ztherm m

Rate parameter for avalanche ionization Je] g~!
Rate parameter for inelastic collision 0% cm?® 57!
Rate parameter for electron diffusion 1) g ?
Dielectric factor € -
Complex dielectric factor e’ -
Temperature conductivity K m? s~ !
Relative permeability W -
Collision frequency (electron—ion) Vei Hz
Mass density p kg m—3
Particle density o m—3
Density of free electric charges pf Asm™3
Electric conductivity o AVim!
Time constant of inelastic collision Te s

Time constant of diffusion T4 S
Thermal relaxation time Ttherm S
Plasma frequency Wpl Hz

271



B. Solutions

The solutions given here are not arranged by chapter. B2.1. is the solution
to question Q2.1.

B2.1.
B3.1.
B4.1.
B5.1.
B2.2.
B3.2.
B4.2.
B5.2.
B2.3.
B3.3.
B4.3.
B5.3.
B2.4.
B3.4.
B4.4.
B5.4.
B2.5.
B3.5.
B4.5.
B5.5.

2
B2.6. R, ~ Ry ~ (}g;}) ~ 4%. Since the laser beam is reflected at both

glass surfaces, the total loss in intensity is approximately 8 %.

B3.6. An appropriate time gap is needed for the photosensitizer to be mostly
cleared from healthy tissue, while it is still present in tumor cells at a high
concentration.

B4.6. Since the corneal surface after a LASIK treatment is the same natu-
ral surface as before the treatment, irritations due to scattering effects are
significantly reduced.

B5.6. Laser radiation hazards, chemical hazards, and electrical hazards.
B2.7. I(1mm) = 5mW x exp(—10cm~! x 0.1cm) ~ 1.8 mW.

POQOQppmTmOQrrermeQOQO@mOQTmOQAO =
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B3.7. The 1ms pulse will locally coagulate the tissue, while the 1ps pulse
will not induce a significant effect.

B4.7. Because thermal effects are negligible.

B5.7. Because only visible or near infrared wavelengths are transmitted to
the retina, and because a collinear beam is focused to a tiny spot on the
retina.

B2.8. I(532nm) ~ 16 [;(1064 nm).

B3.8. Because only UV photons provide an energy sufficient for the photodis-
sociation of molecular bonds, which is the basic mechanism of photoablation.
B4.8. The CO; laser.

B5.8. Visibility is a mandatory requirement of a Class 2 laser beam, because
its definition is based on the normal human aversion response (blinking of
the eye), which is available for visible laser beams only.

B2.9. a = 5200 ~ (.9926.

B3.9. Avalanche ionization, inelastic collisions, and electron diffusion.
B4.9. By either transurethral ultrasound-guided laser-induced prostatectomy
(TULIP), laser-induced interstitial thermotherapy (LITT), or photodynamic
therapy (PDT).

B5.9. Class 1.

B2.10. At 60°C, the coagulation of egg white strongly increases its scattering
coefficient, thus giving it a white appearance.

B3.10. Both types of interaction are based on the formation of a plasma.
The laser pulse energy has to be increased to switch from plasma-induced
ablation to photodisruption.

B4.10. A stereotactic ring defines a coordinate system which serves as a valu-
able means of orientation during surgery.

B5.10. From Fig. 5.2 we find that MPE = 10 mJ/cmz. Hence:

LUmw VS 2 mJ/cm?
Hy = iO(()OBVSVcilO)? ~5200mJ/cm” and OD = log;, % ~27.

Therefore, a filter with an optical density of 3 is required.
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Ablation

— pattern, 88, 268

— photoablation, see Decomposition
— plasma-induced, 103-125
— plasma-mediated, 105

— thermal, see Decomposition
Absorbance, 15, 37
Absorption

— coefficient, 15, 37, 65, 96

— index, 110

— length, 16, 65

— of dyes, 18

— plasma, see Plasma
Adding—doubling, 35, 87
ALA, 54-56, 210

Albedo, 25, 28, 32, 36
Alexandrite laser, 3
Amalgam, 182, 198-199
Amido black, 18

Amplifier

— regenerative, 265—268
Anastomosis, 220
Angiography, 226

Anisotropy

— coefficient, 23, 37

ANSI classification, see Laser
Aorta, 16, 42

ArF laser, 3, 65, 92, 98, 100-102
Argon ion laser, 3, 57, 65, 92
Arrhenius’ constant, 79
Arrhenius’ equation, 77, 79
Arteriosclerosis, 221
Arthroscopy, 236
Astigmatism, 166, 172
Atherectomy, 222
Atherosclerosis, 221
Attenuation

— coefficient, 25, 27, 32, 37
Autocorrelation, 265
Avalanche, see Electron

Backscattering, 15

Balloon dilatation, 221

Bandwidth, 4-5, 58

BBO, 93, 122

Beer’s law, 15

Benign prostatic hyperplasia (BPH),
211-212

Biostimulation, 57-58, 230

Bismarck brown, 18

Bladder, 42, 207208, 210

Blood, 42

— coagulation, 81

— perfusion, 69, 83

Bone, 42, 232-234, 242-246

— ablation, 233, 246

Bowman’s membrane, 165-166

Brain, 42, 49, 69, 81, 213-220

— ablation, 214-217

— gray matter, 213

— white matter, 213

Brainstem, 213

Breakdown, see Optical breakdown

Breast, 42

Bremsstrahlung, 107

— inverse, 107

Brewster angle, 12

Brewster plate, 265

Brilliant black, 18

Brillouin scattering, see Scattering

Bypass surgery, 222

Cancer, 49, 102, 197, 201, 203, 240, 247

Capsulotomy, 126

Carbonization, 41, 58-59, 62, 77-78,
80-81

Caries, 182-183

— diagnosis, 121-123

— therapy, 185-192

Carotenoid protection, 48-49, 54

Cartilage, 234, 236

Catalyst, 48
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Cataract, 159-161, 250-251

Catheter, 81-82

Cavitation, 126-131, 143-147

Cell

— critical temperature, 78

— immobility, 77-78

— necrosis, see Necrosis

— nucleus, 102

— oxidation, 47-49

— proliferation, 58, 102, 224

Cerebellum, 213

Cerebrovascular occlusive disease, 220

Cerebrum, 213

Cervical intraepithelial neoplasia
(CIN), 201, 203-205

Cervix, 201, 203—205

Chorioidea, 152, 154

Chromophore, 16, 47, 100

Clearance, 49

COz laser, 3, 65, 80, 92

Coagulation, 18, 41, 58-60, 77-82, 154,
202, 214

Collagen, 16, 57, 126

— denaturation, see Denaturation

Collision

— inelastic, 64, 108, 112-117

Colon, 237

Color

— body, 15

— surface, 15

Computer simulation, 33, 83

Condylomata acuminata, 208

Confocal microscopy, 152, 196, 234

Conization, 205

Cornea, 108, 119, 129, 134, 152,
164-180

— ablation, 60, 88, 94-95, 97, 117-118,
128, 168

— absorption, 16

— hazard, 250-251

— refractive surgery, 89, 166—180

Coulomb field, 105

Counterjet, 147-149

Cr:LiSAF laser, 5

Craniotomy, 220

Cryotherapy, 205, 211, 228, 239, 247

Cutis, 227

Cytotoxicity, 100-102

Damage

— degree, 79

— irreversible, 78-80, 102

— mechanical, 133, 141, 147-149

— reversible, 80

— thermal, 72-80, 82

Decay

— fluorescence, 52-55

— non-radiative, 48, 64

— radiative, 48

— thermal, 64

— tooth, see Caries
Decomposition

— energy diagram, 91

— photoablative, 59, 88-99

— thermal, 59, 72, 77-78, 98-99
Dehydration, 43
Denaturation, 77-78, 81
Dental alloy, 200

Dentin, 181-182, 192

Depth

— ablation, 88, 93, 96-97

— optical, 26, 28

Dermis, 227

Descemet’s membrane, 165-166
DHE, 56

Diabetic retinopathy, 156, 158
Diagnosis

— of caries, see Caries

— of tumor, see Tumor
Diathermy, 205

Dielectric breakdown, 105
Diencephalon, 213

Diffusion

— approximation, 31-32, 35, 87
electron, 108, 113-117
heat, see Heat

length, 32

Diode laser, 3, 57, 65, 80-81, 92, 265
Dispersion, 19, 109, 268
Dissociation energy, 92

DNA, 100, 102

Doppler angiography, 226
Doppler effect, 22

Dumping, 267

Dye laser, 3—4, 18, 47, 139
Dye penetration test, 185-187

Ear, 246

Edema, 56
Electrocoagulation, 247
Electron

— avalanche, 107, 113

— diffusion, see Diffusion
Electrophoresis, 18, 164
Enamel, 181-182, 192
Endodontics, 198



Endometriosis, 206
Endoscope, 226

Enzyme activity, 77-78
Eosin, 59

Epidermis, 227

Epiphysis, 213

Er:YAG laser, 3, 65-66, 74, 92
Er:YLF laser, 66

Er:YSGG laser, 3, 66, 74
Erythrosine, 18

Esophagus, 237

Excimer laser, 88, 92, 98-102
Exposure limit

— eye, 257

— skin, 257

Eye, 152

— protection, 13, 261

Fiber

— bare, 81

— frosted, 81-82

Fibroblast, 57, 182

Finite differences, 74, 83

Finite elements, 177-179
Fluorescence, 48-49, 52-55, 93, 102
Flux theory, 29-31

Fovea, 153

Franck—Condon principle, 91
Free electron laser, 3, 74
Frequency-doubling, 93, 122, 265
Fresnel’s laws, 9, 12

Gallbladder, 42, 237
Gaussian beam, 67, 262
Gingiva, 181182
Glaucoma, 152, 161-163
Glottis, 241

Greens’ function, 71

Half-wave plate, 267
Hardness test, 187-191
Heat
— capacity, 68
— conduction, 68-75
—— equation, 70-71, 74, 83
— conductivity, 69
— convection, 68
— diffusion, 70-75
— effects, 77-80
— generation, 68, 75
— radiation, 68
source, 6870
- transport 68-75
Helium—cadmium laser, 57
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Helium-neon laser, 3, 57, 65, 92, 139
Hematoporphyrin, see HpD
Hematoxylin, 59

Hemoglobin, 16, 64

Hemorrhage, 81, 158, 162, 214, 221, 232

HF™ laser, 234

Hg lamp, 100-102

High-frequency rotational coronary
angioplasty (HFRCA), 222

High-speed photography, 143, 147-148

Histology, 59, 157, 191

Ho:YAG laser, 3, 65-66, 92

Hot tip, 222-223

HpD, 49-56

— absorption, 52-53

— concentration, 52, 54-55

— consistency, 50-52

— energy diagram, 53

— fluorescence, 52-55

Hydroxyapatite, 59, 122, 182, 232

Hyperopia, 166, 169, 172, 174

Hyperthermia, 77-80

Hypophysis, 213

Hypothalamus, 213

Ileum, 237

India ink, 18

Integrating sphere, 37-38

— double, 39

Intersystem crossing, 48, 53

Intestine, 237

Intrastromal ablation, 176179

Inverse Bremsstrahlung, see
Bremsstrahlung

Tonization, 46, 105-107, 113, 128

Tonization probability, 113-114, 119

Iridotomy, 161-162

Iris, 152, 161-162

Jejunum, 237
Jet formation, 129-131, 147-149

Keratin, 227

Keratoconus, 166
Keratomileusis, 169-176
Kidney, 69, 207

KrF laser, 3, 65, 92, 99-100, 102
Krypton ion laser, 3, 18
Kubelka—Munk

— coefficients, 29, 40

— theory, 29-31, 35, 40-41, 87

Lambert’s law, 15, 29, 32, 64, 96
Lambert—Beer law, 16
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Larynx, 241

Laser

— bandwidth, see Bandwidth

— chopped pulse, 201-202

— classification scheme, 7, 253-258

— continuous wave (CW), 3, 58, 99,
201202, 253, 265

— maintenance, 265

— mode locking, 4-5, 74, 106, 134,
265267

— Q-switch, 5, 106, 134, 265, 269

— superpulse, 201-202

Laser-induced interstitial thermo-
therapy (LITT), 77, 81-87, 206,
211-212

Laser-welding, 200

LASIK, 179-180

Lens, 108, 117, 119, 152, 159-161

Lens fragmentation, 161

Leukoplakia, 197

Lithotripsy, 126, 210-211

LITT, see Laser-induced interstitial
thermotherapy

Liver, 42, 81, 83-85, 237

Lung, 42, 247

Macula, 152-153

— degeneration, 155, 158

Magnetic resonance, 82, 218

Maxwell’s equations, 27, 108-109

Medium

— opaque, 15

— transparent, 15

— turbid, 25, 28, 33, 43

Medulla oblongata, 213

Melanin, 16, 64, 227

Melting, 58-59, 63, 77-78, 80

Membrane permeability, 77-78

Meniscectomy, 236

Meniscus, 236

Mesencephalon, 213

Methylene blue, 18, 51

Minimally invasive surgery (MIS), 2,
81, 126, 151, 220, 242

Mode locking, see Laser

Monomer, 89-90

Monte Carlo simulation, 33-35, 87

— condensed, 35

MPE value, 258, 260

mTHPC, 54-56

Miiller matrix, 35

Multi-photon

— absorption, 98

— ionization, 106—-107

Muscle, 42, 69
Mutagenesis, 100-102
Myocardial infarction, 221
Myocardium, 42

Myopia, 166, 169, 172-174

NaCl, 105, 117

Naevus flammeus, 228-230

Naphthalocyanin, see Phthalocyanin

Nd:YAG laser, 3, 57, 65, 80-81, 92, 100,
260, 265, 269

Nd:YLF laser, 3, 65, 92, 100, 265—269

Necrosis, 2, 49-50, 54-56, 77-83, 102

Neoplasia, 201

Neovascularization, 158

Nigrosine, 18

OD value, 260-261

Odontoblast, 182

OPO, 74

Optical breakdown, 4, 18, 103-121,
130-134

Osteotomy, 232

Ovarium, 201

Oxygen

— singlet, 48-49, 54

— triplet, 48-49

Pain relief, 57, 183, 220, 238, 247

Palliative treatment, 238-239

Panretinal coagulation, 155-156, 158

Papilla, 152-153

Pathline portrait, 148-149

PDT, see Photodynamic therapy

Percutaneous transluminal coronary
angioplasty (PTCA), 221-222

Perfusion, see Blood

Phase function, 23-28, 33, 37

— ¢6—Eddington, 23

— Henyey—Greenstein, 23-25, 34, 37

— Rayleigh—Gans, 23

— Reynolds, 23

Phase transition, 68, 77

Phorbide, 54

Phosphorescence, 48-49

Photodecomposition, see Decomposi-
tion

Photodynamic therapy (PDT), 49-56,
210-211, 240

Photokeratitis, 251

Photorefractive keratectomy (PRK),
see Keratomileusis

Photosensitizer, 47-56

Photosynthesis, 47



Photothermolysis, 230

Phthalocyanin, 54

Piezoelectric transducer, 140

Pigment, 16-18, 64, 108

Plaque

— blood vessel, 221-224

— tooth, 50, 182, 198

Plasma

— absorption, 97, 108-111, 134
— analysis, 121-125

— conductivity, 109

— dielectric factor, 109

— electron density, 105-108, 111-125,
131-134

— frequency, 111-112

— generation, 96-97, 103-111, 128-134

— ionization, 105-108, 128

— length, 133

— lifetime, 115, 120

— shielding, 97, 111, 132

— spark, 103, 120, 121

— spectrum, 121-125

— temperature, 107, 121-125, 131
— threshold, 96-97, 105, 112-121, 129

PMMA, 89-90, 99

Pockels effect, 5, 267

Polarization, 117 35, 58

Polarized microscopy, 157, 191

Polyimide, 89

Polymer, 89-90

Pons, 213

Porphyrin, 49-56

Port wine stain, see Naevus flammeus

Posterior capsulotomy, 159-160

Probe beam experiment, 139-141,
144-145

Prostate, 42, 81, 207

Protein, 16-18, 64, 102

— denaturation, see Denaturation

Pulp, 181-182; 195, 198

Pulse

— femtosecond, 4, 106, 121

— microsecond, 4, 73-75

— nanosecond, 73, 88, 106, 117, 126,
133, 139

— picosecond, 4, 73, 105-106, 115-121,
126, 133, 139, 265-268

Pupil, 161, 176

PVDF, 140-142

Pyrimidine, 100

Q-switch, see Laser
Quarter-wave plate, 267
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Radial keratectomy (RK), 166-169
Radial keratotomy, 166
Radiation
— infrared (IR), 64, 98, 249-251
— ionizing, 56, 249
— non-ionizing, 249
— ultraviolet (UV), 7, 64, 88-93,
98-102, 249-251
— visible (VIS) 64, 98, 249-251
Random walk, 33
Rayleigh scattering, see Scattering
Rayleigh’s law, 19-21
Reactive black, 18
Recanalization, 223-224
Rectum, 237
Reflectance, 11-14, 39
Reflection
— angle, 10-12
— diffuse, 10, 39, 258
— specular, 10, 39, 258
— total, 11
Reflectivity, 11
Refraction
— index, 11, 14
Refractive power, 165
Regenerative amplifier, see Amplifier
Repetition rate, 75
Restenosis
— arterial, 222, 224
— gastrointestinal, 238
— urethral, 208
Retina, 74, 81, 132, 152-158
— detachment, 155
— hazard, 250-251
— hole, 155
Retinoblastoma, 155, 158
Retinopathy, see Diabetic retinopathy
Root canal, 181-182, 198
Rotating disc mask, 174
Ruby laser, 2-3, 57, 65

Saha’s equation, 124-125
Salpingectomy, 206
Salpingolysis, 206
Salpingostomy, 206
Salpinx, 206

Scanning slit, 174
Scattering

— angle, 21, 23, 34

— anisotropic, 23, 32

— backward, 23

— Brillouin, 22, 132

— coefficient, 20, 27, 37
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— elastic, 19, 22
— first-order, 29, 87
— forward, 23
— inelastic, 19, 22
— isotropic, 23, 32, 81
— Mie, 22-23
— phase function, see Phase function
— Rayleigh, 19-23, 65
Schlemm’s canal, 161 164
Schrodinger function, 91
Sclera, 18, 152, 1637164
Sclerostomy, 18, 163-164
Seeding, 267
Shock wave, 126-143
Similarity relation, 32
Singlet state, 48, 53
SiO9, 117
Sister chromatid, 100-102
Skin, 42, 69, 227-230
— absorption, 16
— cancer, 250
— edema, 56
— erythema, 251
— hazard, 250-251
— photosensitization, 54
— wound healing, 57
Slit lamp, 154, 174-175
Snell’s law, 11
Soft laser, 230
Speed
— of light, 11, 109
— of particle, 135
— of shock wave, 135, 142-143
— of sound, 135, 141
Spike, 5
Spinal cord, 220
Stefan—Boltzmann law, 69
Stenosis
— arterial, 221, 224
— gastrointestinal, 238-239
— laryngeal, 241-242
— urethral, 208
Stereotactic neurosurgery, 218-220
Sterilization, 197-198, 206, 214
Stokes vector, 35
Stomach, 237
Streptococcus sanguis, 50
Striae of Retzius, 59
Subcutis, 227

Tatrazine, 18
Tattoo, 230231
Telegraph equation, 109

Temperature

— conductivity, 69

— tissue, see Tissue

Thalamus, 213

Therapeutic window, 16, 29

Thermal birefringence, 269

Thermal penetration depth, 72

Thermal relaxation time, 72

Thermionic emission, 106-107

Thermomechanical interaction, 59, 185

Thrombosis, 221

Thyroid gland, 69

Ti:Sapphire laser, 3, 5

Tissue

— ablation, see Decomposition

— cooling, 77

— damage, see Damage

— in vitro, 43

— in vivo, 43

— inhomogeneity, 10, 16, 43, 89, 93

— measurement of properties, 37-43

— necrosis, see Necrosis

— optical properties, 64, 84

— temperature, 77-79
— thermal properties, 64

Tooth, 119, 121-125, 141, 181-196

- ablatlon 61-63, 76, 103 104,
11771187 192

— pain relief, 57

Trabeculoplasty, 162-163

Trabeculum, 152, 162-163

Transition probability, 125

Transmittance, 10, 39

Transmyocardial laser revascularization
(TMLR), 226

Transport equation, 27, 87

— vector, 35

Transurethral resection (TUR),
210211

Transurethral ultrasound-guided laser-
induced prostatectomy (TULIP),
211

Triplet state, 48, 53

Tuba uterina, 201, 206

Tubal pregnancy, 206

Tumor

— diagnosis, 54-55

— necrosis, 2, 49-50, 54-56, 81-83

— treatment, 49-52, 81-82, 158, 197,
208, 210, 213, 218, 238-241, 247

Twin-twin transfusion syndrome, 206

Type I reaction, 48-49

Type II reaction, 48-49



Ultrasound, 82, 226

Units, 270-271

Ureter, 207-209

Urethra, 207-209
Urethrotomy, 208

Urinary calculi, 126, 210211
Urinary tract, 207

Uterus, 42, 60, 62, 81, 201

Vagina, 201, 203
Vaginal intraepithelial neoplasia
(VAIN), 201, 203

Vaporization, 58-59, 61, 75, 77-78, 80,

156, 202
Vascularization, 57, 81
Vasospasm, 223
Vein occlusion, 155, 158
Vitreous body, 117, 119, 152, 158
Vulva, 201, 203

Vulvar intraepithelial neoplasia (VIN),

201, 203

Index

Water

— absorption, 64—66

— breakdown threshold, 117

— cavitation, 145

— content, 68

— heat conductivity, 69

— ionization probability, 119

— plasma absorption, 112

— reflection, 14

— refraction, 14

— shock wave, 135-143

— thermal penetration depth, 72
— vaporization heat, 75, 77

Wound healing, 57-58, 230

X-ray, 221, 226, 228, 249
XeCl laser, 3, 65, 92, 99-102
XeF laser, 3, 65, 92, 100
Xenon lamp, 1, 5, 267

Zirconium fluoride fiber, 236
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