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Foreword

One of the first applications of lasers was for surgery on the retina of the eye.
That, and the evident analogy to the old dreams of powerful heat rays, led
many to predict that lasers would quickly be used for all kinds of cutting and
welding, including surgical applications. It was soon apparent that laser sur-
gery could be performed in ways that caused little bleeding. Nevertheless,
other surgical applications have been slower to arrive.

One difficulty has been the enormous range of possibilities provided by
the many different kinds of lasers. Infrared, visible, and ultraviolet light
beams each interact very differently with human tissues. Light pulses of enor-
mously great peak powers became available from lasers, but their effects dif-
fered in surprising ways from those obtained with continuous beams. That
provided both opportunities (i.e., treating or removing a very thin surface
layer without affecting the underlying tissue) and problems with undesired
side effects. Moreover, techniques were needed to deliver a precisely con-
trolled amount of energy just where it was desired. Lasers also had to be
engineered and manufactured with the desired power levels and a high
reliability.

Thus, it has required the combined efforts of surgeons, medical scien-
tists, physicists, and engineers to overcome these difficulties and to make las-
ers the increasingly useful surgical tools that they have become. Dr. Bellina
is one of the leading pioneers of gynecologic laser surgery. He is a founder
of the Gynecologic Laser Society, which has very successfully brought
together people of various disciplines to develop and understand the new tools
and their possibilities.
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Foreword

It is entirely possible that future progress in this field will be even more
dramatic than anything envisioned now. Surely anything that can be done
will rest on the foundation that Dr. Bellina and his colleagues have created,
and on the cooperative efforts they have fostered. But the techniques that are
available now are dramatically powerful, and deserve the widespread appli-
cation that this book will help to make possible.

Arthur L. Schawlow
Nobel Laureate
Stanford University
Stanford, California
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Preface

The past decade has witnessed the proliferation of several types of lasers, as
well as applications for these instruments in medicine. This text will primar-
ily address the molecular gas laser (and provide a brief overview of additional
laser models), with particular attention being given to the carbon dioxide
laser, as applied to gynecologic procedures.

It was in view of the recent explosive growth in the number of surgical
procedures, which have embraced the advantages of the laser, and the unto-
ward effects which can result from limited knowledge of the tool, that we
were prompted to write this book. The laser must be approached with respect
and caution, and one should be meticulously prepared before attempting to
use it. It is with this approach that we have undertaken to prepare this tuto-
rial. We have assumed that the reader knows little or nothing about lasers or
their application to surgery and, thus, we have addressed such basic questions
as What is a laser? How and in what circumstances may it be used? and What
are the advantages of using a laser over other modes of treatment? In pursuit
of answers to these questions, we have endeavored to begin by presenting the
laser physics theory in a readily digestible form and to progress to the
advanced theory, offering a menu to suit a variety of palates.

The major thrust of the research is the clinical investigation of the car-
bon dioxide laser and its effect on neoplasias, vulvar dystrophies, and other
premalignant diseases of the external genital tract. Step-by-step, both ver-
bally and graphically, the reader will be taken through the selection of laser
surgery candidates; preoperative, operative, and postoperative treatment; and
management of the patient. We will address the action, reaction, and inter-
action effects of laser-treated tissues. And, in like fashion, the reader will be
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Preface

guided through the technical aspects of preparing the surgical suite, selection
of instruments, and ancillary personnel requirements. Safety and biological
considerations are outlined and a review of federal and local regulations is
included, as well as instructions for obtaining certification.

We hope the text Wwill serve as a source of reference and a stimulus to
advance laser surgery to the status of an exact technique in all branches of
medicine. It was our intention to make this book readable, practical, and
concise, while providing a comprehensive guide to surgical care of the gyne-
cologic patient with this advanced, less traumatic, and most modern of sur-
gical techniques.

Joseph H. Bellina
Gaetano Bandieramonte
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An Introduction to Lasers

1.1. General Information

The tools of surgery did not undergo significant modifications until this cen-
tury. As the scalpel, scissors, and saw belong to the earliest period of medi-
cine, high-frequency bipolar cautery and cryosurgery are tools of modern
medicine, but generally all lack precision of application. The impetus of pre-
cise tissue removal and the tendency toward conservative treatments have
stimulated innovative surgeons to investigate new surgical modalities—
hence, a rapid proliferation of new surgical instruments described as LASERS.
What is a laser? What role does the laser play in modern medicine? Will the
laser be of benefit to my patient? These questions are being asked each day
in medicine in advertisements and courses, and, the public media cry out:
Why not use the laser?

LASER is the acronym for light amplification (by) stimulated emission
(of) radiation. A similar acronym is RADAR or radio detection and ranging.
LASER is simply a name for a family of systems used in energy transfer.

Investigation into the use of the carbon dioxide laser as a totally new
surgical mode has been underway since 1967. The CO, laser has been dem-
onstrated to have unique capabilities for surgical procedures and excellent
results have been observed. Since completion of the experimental research
phase around 1972,'* the use of the CO, laser beam has rapidly spread, and
now it is routinely used in a number of disciplines, for a number of proce-
dures, in a variety of institutions throughout the world. Moreover, surgically,
it can be used for cautery and to vaporize or excise diseased tissue. The devel-
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Chapter 1

opment of surgical applications has to be considered rapid in relation to the
short period of time in which instrumentation has been available. Now there
are more than 20,000 clinically documented cases in which the laser was the
primary mode of treatment.

To report briefly on the number of disciplines and the variety of proce-
dures now embracing the versatility of the laser, a number of examples may
‘be cited. In otorhinolaryngology, excellent results have been obtained in the
treatment of laryngeal papillomas and in tumor tissue resections of the phar-
ynx, oral cavity, nose, and sinuses’ *—including microsurgical procedures.’
In thoracic surgery, the CO, laser has been used to perform thoracotomies
and has provided a less traumatic and more efficient mode of treating benign
tumors of the trachea and bronchi.'” Benign and malignant dermatologic
tumors,'! hyperplastic scars, keloids, burns,'>~'* and tattoos have been suc-
cessfully treated with the CO, laser. Additionally, several authors have
reported on the advantages of using the laser in neurosurgical and micro-
surgical techniques.!>~!® and since 1974, others have described the surgical
application of the CO, laser in intra-abdominal disease and in the lower gen-
ital tract.'” In gynecologic surgery, the laser can be attached to a surgical
arm and handpiece, or to an operative microscope or colposcope for micro-
surgery. and, properly used, it can destroy or excise an extremely small or
extremely large area of tissue to any depth.

The cervix, vulva, and vagina appear to be useful models in demonstrat-
ing the expediency of the CO, laser in the treatment of patients with neo-
plastic disease in an easy but effective way, when compared to more conven-
tional methods. Hysterectomy is now considered to be overtreatment for
many neoplastic cervical lesions and the gynecological surgeon chooses not
to sacrifice large areas of normal tissue in order to excise a focal area of
disease. This accounts for the increasing use of cervical cryodestruction and
diathermy under colposcopic direction. Consequently, it has been demon-
strated that hysterectomy and even cone biopsy can be avoided in many cases
and laser procedures can be performed on an outpatient basis with minimal
discomfort.

Since the layers of damaged cells after laser treatment are often merely
a few cells in width and depth, laser surgery represents the epitome of con-
servatism and has revolutionized the management of gynecologic disorders,
including malignancies and premalignancies. It has the added benefit of the
exclusive and precise removal of the diseased area, respecting and preserving
the adjacent healthy tissue. Nevertheless, lack of familiarity with this instru-
ment can create skepticism. A misunderstanding of the role and the practical
principles of physics of the CO, laser not only can lead to disappointing
results and deviation from the exact application of this newest surgical mode,

2



An Introduction to Lasers

but may also inhibit the recognition of its enormous potential in surgery and
prohibit beneficial exploitation of this instrument. Thus, principles of physics
pertinent to the application of the CO, laser will be summarized, in addition
to the effects of tissue irradiation, in order to identify the advantages of using
the laser in gynecologic procedures.

1.2. Theoretical Background

A young, brilliant scientist, whose name is synonomous with E = mc’>—
Einstein—Iliterally changed the course of history with his theoretical basis of
laser action—stimulated emission of radiation—which he first proposed in
1917.'® Early in his thinking, he noted that light and color were the result of
wave properties and interaction with photons. The photon is the “other”
property given to light when the wave theory fails. Interestingly, today, sci-
entists are still discussing What is light? ... wave or particle?* It can be
assmed that both can be correct under given circumstances. With this basic
assumption in mind, we delve into the realm of physics.

First, we begin with a single atom with the electron cloud and nucleus
in harmony at the resting state. This resting state of the electron cloud, or
ground zero, is assigned a quantum number to indicate that the system
(nucleus and electron) is resting or at the lowest energy level. Now consider
what would happen if the electron orbit becomes disturbed and shifts away
from the nucleus. In order to achieve this new suborbit, energy must be sup-
plied to overcome the nuclear pull on the electron. This energy can be sup-
plied by applying heat to stimulate the atom’s electron cloud. This phenom-
enon is easily seen by heating an iron skillet. The resting cold (skillet) iron
molecules are black and solid, but as you heat the skillet it becomes hotter
until it is red in color. The electrons have gained energy from the fire so that
they are no longer resting and black but now move at red-hot speed. Further
heating or stimulation results in white-hot electrons where the electron
energy has shifted to yield all visible wavelengths (i.e., white spectrum). This
phenomenon represents the electron orbit shift during heating and cooling.
As the skillet cools, the stimulated orbits return to a resting state and the
black color returns. We have now seen quantum shifts and the effect they
demonstrate by direct observations. The colors described were produced by

*Christian Huygens (1629-1695), physicist; proposed wave theory of light. Sir Isaac New-
ton (1642-1727), mathematician and physicist; proposed particle theory of light.
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Figure 1.1. The electromagnetic spectrum spans from gamma rays into the long-range radio
waves. The human eye can detect electromagnetic wavelengths from 390-780 nm.

the photons or symphony of wavelengths released in the heating and deex-
citation processes.

With this background, let us take a step further. Each color we observed
while heating the skillet (i.e., stimulating process) resulted in our retina
detecting the colors (photon emissions) whose wavelengths were either red
(600-650 nm) to white or a mixture of all color, including wavelengths of
(400-780 nm in length). This means that color is related to wavelengths and
changes in energy stages. Some colors are detectable, others are invisible.
Our retina can detect between 390 and 780 nm in wavelength. However,
other wavelengths exist, such as infrared or ultraviolet. How far can we take
this model if we could see all the waves known to man? The electromagnetic
spectrum ranges from + rays to radiowaves (Fig. 1.1) and each wavelength
has a particular property and each photon has a predictable color or effect.
For example, X rays have one effect while radiowaves have another. The
effect is a function of the wavelength and the energy stored in the photon.
Again, we must consider each case separately.

Let us first discuss the X-ray photon. This photon has a wavelength that
is extremely small (i.e., 1 X 10~* um). Compare this to the radiowave of 1
X 10° um. Now remember that all light travels at the same speed; in the air
the velocity is ~3 X 10'° cm/sec. In this model, you should envision a very
small and a very large wave moving in space. As you travel on this wave in
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your mind’s eye you come upon an atom with many clouds of electrons such
as the iron atom. What will happen? Due to the extremely small wavelength,
the X ray flies past the outer electron clouds of the atom until it approaches
the small compact clouds around the nucleus and here it collides similarly to
billiard balls. And, as with billiard balls, something has to give: a particle (an
electron) is dislodged and sent into space. This altered state results in ioniza-
tion, a phenomenon well known to radiotherapists. Now consider the large
radiowave. As you travel on this wave, you approach millions of atoms per
second. The wave gently distorts this sea of atoms and the result is music or
sound. By carefully exploring the total electromagnetic spectrum you can go
from X ray to radiowave and predict the properties based on wavelength and
photon energy.

Now that this basic physics has been mastered, let us return to the stim-
ulated atom. We understand that the stimulation effect is predictable; that
is, X amount of heat to make red hot, ¥ amount of heat to make white hot.
This predictable property (X or Y) is a quantum of energy. Each atom shift
occurs in a predictable fashion and will reverse in a predictable fashion. The
reversibility or release of stored energy (quantum) is a major premise in the
making of a laser. Assume that if two stimulated atoms collide, each will
release its quantity of energy simultaneously and in equal amounts. This
simultaneous release of energy is known as temporal behavior—this denotes
that all the photons (waves) are coherent or marching together like waves on
the sea. This phenomenon was described by Einstein as stimulated emission
of radiation. Remember, radiation relates to electromagnetic radiation (i.e.,
X ray to radiowave) and that it is a physical term to denote movement.

To complete the laser, it is necessary to amplify the light or waves. This
is easily accomplished by placing mirrors in the path of the waves and adjust-
ing the mirror surfaces to reflect the waves back and forth. This amplification
causes the waves to be in time (temporal), equally spaced (spatial), and of
the same wavelength (quantum). We now have coherent or laser light. How
do we get the light past the mirrors? The easiest and most effective way is to
simply make one of the mirrors 90% reflective. This means that 10% of the
light will pass through the mirror and, thus, a laser is born. Finally, as all
light behaves according to the natural laws of physics, it can be reflected or
refracted in a predictable fashion. This means that electromagnetic waves
produced by lasers can be focused, reflected by appropriate surfaces, and
even put into wave guides or light pipes. Today there are solid, liquid, and
gas lasers. Atoms, molecules, and solid state materials can be made to laser.
The same properties of stimulating the atom, distorting the molecule, or cre-
ating stress in semiconductors can result in a predictable quantum change in
energy, which, if properly harnessed, can be used to benefit mankind.
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At this point, we wish to apologize to physics and engineering students
for the oversimplification of the laser, but we must confess that this is the
way we came to understand lasers. Now, let us return to advancing our
understanding of light and its properties.

1.3. Historical Data

The concept and mathematical principles for lasers were set forth by
Einstein. In 1954,'° Gordon and colleagues, as well as Basov and Prokhorov,?
set forth the physical principles of the MASER (microwave amplification by
stimulated emission of radiation). This work revealed that wavelengths of
various sizes could be made to act in accordance with Einstein’s principles of
stimulated emissions. In 1958 Schawlow and Townes extended the principle
of the maser into the optical frequency range.”’ Maiman, in 1960, created
the first working ruby laser. This laser, a most complex system, was com-
posed of a synthetic ruby made of an aluminum oxide crystal, into which a
small amount of ionic chromium had been introduced as an impurity in the
medium. The first gas laser, a helium-neon (HeNe) laser, was created by
Bennett and co-workers in 1961.2 In the same year, Johnson and Naussau
developed the neodymium-yttrium-aluminum-garnet (Nd-YAG) laser. In
1964, C. K. N. Patel created the CO, laser for Bell Laboratories.?* The CO,
laser was designed for rapid communication, using the 10.6 um wavelength
as the carrier signal. In 1968, at the American Optical Laboratories, Bred-
meier and Polanyi, in collaboration with Jako, began animal experimentation
with the CO, laser.”® The CO, system was modified to be used in conjunction
with an operating microscope and the first description of this system in gyne-
cologic surgery was described by Bellina.'’

The extraordinary characteristics of laser stirred the imagination of
researchers and raised the hope that lasers would offer help in the fight
against cancer. As with all new modalities, success tempered with moderate
disillusionment was the rule. With the advent of the carbon dioxide laser,
again new hopes rose in he field of surgical ablation of neoplastic tissue
(Table 1.1).

1.4. Basic Physics of Generating Laser Energy

To explain in full detail how a laser works, a great deal of advanced
physics and mathematics is required; but for a qualitative picture, one needs
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Table 1.1. Historical Data
Year Investigator(s) Discovery

1667 Isaac Newton Corpuscular light theory

1670 Christian Huygens Wave theory

1917 Einstein Stimulated emission

i953 Weber Population inversion

1954 Gordon, Zeiger, Townes, Basov, Proposed principles of MASER

and Prokhorov

1958 Townes and Schawlow Initially proposed principle of laser

1960 T. Maiman Constructed the first pulsed ruby laser

1961 Bennett, Herriott, and Javan First gas laser at the Bell Laboratories
(He-Ne gas)

1961 Johnson and Naussau Developed the neodymium-HAG (Nd-
YAG) laser

1962 Bessis and Coll First microscope coupled with the ruby
laser for cellular microsurgery

1964 Patel Investigated molecular gas laser for
communication purposes using
monatomic, diatomic, and other
molecular media for a laser effect
(Bell Laboratories, New Jersey)

1964-1966 Yahr and Strully Application of ruby laser. First
investigations of surgical properties of
CO, laser. Ruby was later abandoned
(heavy impact of this pulsed laser
caused spreading of viable tumor cells
in the tissue surrounding the tumors)
because of the appearance of argon,
CO,, and Nd-YAG (American
Optical)

1966 Appearance of argon laser and
application in experimental
ophthalmology

1968 Patel Built the first CO, laser

1968 Polanyi, Jako, and Bredemeier =~ Micromanipulator adaptation for
microsurgical use

1970 Appearance in the commercial market
of argon as photocoagulator

1971 Hall defined the effects of CO, laser on
tissues

1972 Jako CO;, laser began to be used in laryngeal
surgery in humans (American
Optical, Boston)

1973 Verschueren CO;, laser in tumor surgery

1974 J.H. Bellina CO, laser in gynecologic surgery

1977 Proliferation of techniques in gynecology
throughout the world

1980 CO, laser used in a number of medical

centers around the world for surgical
procedures
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only to accept some of the results of the advanced theories, which can be
simplified and in most cases easily visualized.

1.4.1. Energy Levels in Atoms

Light can be generated in atomic processes, which will be reviewed
briefly; laser light is a consequence of these atomic processes.

The atom consists of a small, positively charged nucleus and of nega-
tively charged electrons. The nature of the systems of nuclei and electrons
cannot be described by the familiar Newtonian laws of classic mechanics,
which apply to ordinary bodies and to the sun and planets. For the submi-
croscopic particles of atomic size, a new type of mechanics is used that is
called quantum mechanics. The most important concept of quantum
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Figure 1.3. Energy level diagram.

mechanics is that the energy values of an atom are discrete; they cannot have
any arbitrary value. These specific values or energy levels are characteristic
for each atom. Atomic species differ from each other by the number of elec-
trons and the charge of the nucleus. As the number of electrons increases,
the structure of the energy levels becomes more and more complex, but the
basic fact that the possible energies of atoms are discrete remains true in all
cases.

One can visualize the concept of energy levels with the analogy of a ball
on a staircase (Fig. 1.2). The (potential) energy of the ball on a step will have
only the discrete values given by the heights of the steps above ground level;
of course, these steps need not be equally spaced. Usually, one makes a dia-
gram of the energy levels of an atom by drawing straightline segments one
below the other, each segment denoting a possible energy level for the atom
(Fig. 1.3). When the ball is on the ground-level step, it cannot go any lower.
The atom is said to be at the ground level or in the ground state when it has
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its lowest possible value of energy. When the atom is not at its ground level,
it is said to be excited; in Fig. 1.2, levels E, . . . E, correspond to excited levels
of the atom, E, to the ground level. Ordinarily, atoms are in their ground
state.

1.4.2. Generation of Light

The production of light by a quantum system (an atom) is intimately
related to the energy levels of the system, because light which has frequencies
only in the vicinity of certain characteristic values can be generated, and each
of these characteristic frequencies, v, for example, is connected to two
energy levels of the atom by the simple relation first discovered by Neils
Bohr:

E,— E
Vap = ——h—” (1)

Here E, and E, are allowed energies of the atom. The 4 is called Planck’s
constant; the value is 6.63 X 1073* J-sec.

1.4.3. Emission and Absorption

Under what circumstances will light be produced by an atom? How does
light interact with the atom? Einstein answered these questions in the early
part of this century. He deduced that there are three distinct processes
possible:

a. Spontaneous emission
b. Absorption
c. Stimulated emission

1.4.3.a. Spontaneous Emission Imagine that an atom is in one of its
excited energy levels, E, (see Fig. 1.4A). After a time, the atom has under-
gone a transition to one of its levels of lower energy, E, and accompanying
the energy loss (E, — E}) suffered by the atom is the appearance of light of
frequency v, as given in Eq. (1), (see Fig. 1.4B). This light contains an
amount of energy equal to that given up by the atom; energy is conserved in
the various atomic processes, just as in the more familiar Newtonian mechan-
ics. Thus, the atom has undergone a spontaneous transition to a lower level
and in so doing, has spontaneously emitted light.

10



An Introduction to Lasers

Ea 4 Eq

./J Photon (Light)
A-B of Frequency ab
Ep Ep g
(a) (b)
Spontaneous Emission
c-D Ea Ea ® After absorption.

Photon (light) has disappeared

and the atom has been raised to

Light of / the higher energy level E,
Frequenc
ab q Yy E b @ E b

(c) (d)

Absorption

-@- ﬂ

E-F (e) Photon of

Frequency ab

-~ A

Light of [0}
Frequency ab

Stimulated Emission

Figure 1.4. Interaction of light and atoms. (A,B) Spontaneous emission of pho-
tons; (C,D) absorption of a photon; (E,F) stimulated emission.

1.4.3.b. Absorption Now imagine that the atom is initially in the level
of lower energy E, and is, in addition, being irradiated with light of the same
frequence v, (Fig. 1.4.). In time, the atom will remove the energy (E, — E})
from the light and make a transition to the level of energy E, (Fig. 1.4). The
atom has been stimulated by the light irradiating it to undergo the transition
to the higher energy level, thereby absorbing some of the light. Objects have
color because some constituent colors of (usually) white light are absorbed,
as just described. Then the light not absorbed, which we see, is no longer
white.

1.4.3.c. Stimulated Emission To understand the third process, imag-
ine that the atom is in the upper energy level E,. As we have just pointed
out, sometime later on the atom can make a spontaneous transition to the
lower level and emit light. We find that the introduction of light frequency
va increases the likelihood of the transition to the lower level. The atom is
stimulated to emit by the external light. The energy difference (E, — E}) is
delivered as light, which adds to the incident light. The process, called stim-
ulated emission of light, is illustrated in Figure 1.4.

1.4.3.d. Additional Characteristics At this point we need to mention
certain other details of these three processes:

Spontaneous Emission The light produced in spontaneous emission is
emitted with equal probability in all directions. The frequency of sponta-
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neously emitted light is not precisely v, but is spread out over a narrow range
centered at v,

Absorption In the absorption process the light need not have a fre-
quency of precisely v,,. However, the effectiveness of the light in stimulating
the absorption diminishes rapidly as its frequency departs progressively from
Vab-

Stimulated Emission Light stimulating the atoms to emit also need
not have a frequency of precisely »,,. However, in this process the effective-
ness of the light in stimulating the emission diminishes rapidly as it departs
progressively from »,,. Light from stimulated emission has the precise fre-
quency and direction of the stimulating light; furthermore, it adds energy
(constructively) to the stimulating light, thus increasing its intensity.

Stimulated Emission—Absorption Probability For incident light of a
given intensity, the chance or probability that an atom in the lower level will
be stimulated to absorb in a certain time is equal to the chance that an atom
in the upper level will be stimulated to emit in the same time.

Absorption and Amplification of Light Moving a little closer to the
laser by extending the phenomena discussed so far, we consider the case of a
collection of identical atoms. We shall continue to refer to the same pair of
excited energy levels, the upper one of energy E, and the lower one of energy
E,;, we consider two special cases.

All the atoms in the collection are in the lower level and light having a
frequency close to v, is propagating through the medium (a collection of
solid, liquid, or gaseous atoms). Under these conditions, we know that atoms
will be stimulated to absorb some light, and we expect that, as the light prop-
agates, its intensity will decrease as its energy is being absorbed by the atoms.

Alternatively, let us start with all the atoms in the upper level: light will
stimulate atoms to emit and the result will be an increase in intensity of the
light as it propagates; the light has been amplified.

In general, whether the light intensity decreases or increases simply
depends on the difference in the densities of atoms in the two levels. (This is
just a consequence of the equal probability for absorption and stimulated
emission stated above.) If the density of atoms in the lower level is greater
than the density of atoms in the upper level, the medium will absorb the light
of the right frequency. If, on the other hand, the density of atoms is greater
in the upper level, the medium will amplify the light. If the densities of atoms
in the two levels happen to be equal, the light will propagate unchanged in
intensity as if there were no matter present at all. From these statements, we
can predict that the ability of the medium to absorb or amplify the light will
depend on the frequency of light. The absorption of amplification properties

12
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of the medium will be greatest for light of frequency v,, and will decrease
rapidly as the frequency of the light deviates progressively from this value.

Population Inversion Usually, light absorption and light transmission
are everyday phenomena, but this is not so in the instance of light gain or
amplification because, under most circumstances, there are far more atoms
in the ground state than in any excited state. The higher the energy level, the
Jfewer are the atoms in it. To produce a laser, light gain is necessary. The
major problem in designing a laser is in finding those rare cases of atomic
systems (materials) in which it is possible, by some means, to accumulate
more atoms in a higher level than in a lower one; this is called establishing a
population inversion. Such an atomic system, whether it be gaseous, solid,
or liquid, can have light gain and can produce a laser.

1.4.4. The Laser

1.4.4.a. Active Medium, Pumping The laser has two basic compo-
nents: an amplifying medium, as discussed previously, and an optical cavity
(Fig. 1.5). Laser scientists call the amplifying medium an active medium (an
active medium results, as stated earlier, when there is a greater density of
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Figure 1.5. Laser optical cavity.
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atoms in an upper excited level than in some lower level). This population
inversion is characteristic of every active medium.

A source of energy is required to produce and maintain an active
medium, because normally, each atom will be in its lowest energy level. The
source of energy must not only raise atoms to excited levels, but it must also
create a population inversion. This process is called pumping of the laser (Fig.
1.6). Many ingenious schemes have been proposed for doing this and many
have been realized in practice. The pumping of the medium by the energy
source must be continued if the population inversion is to be maintained, for
if the pumping should be stopped, the atoms would rapidly return to their
lowest energy level through the process of spontaneous emission.

1.4.4.b. Optical Cavity The second basic component of every laser is
a cavity in which the active medium is contained. Rather than discuss laser
cavities in general, we shall discuss the role played in the laser process by the
particular cavity used in the American Optical laser, which is formed by two
mirrors carefully aligned in such a way as to have a common optical axis
(Fig. 1.7). Plane mirrors or slightly curved mirrors can be used for the cavity.

If light strikes one mirror perpendicularly at its center, it will be
reflected to strike the second mirror similarly and, again, be returned to the
first mirror, continuing to infinity. Consider what happens when an active
medium is placed between two such mirrors. Initially, light is emitted in all
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]
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Figure 1.6. Population inversion is created by intense pumping to the
highest energy state, followed by a fast decay to a metastable state (E,).
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Figure 1.7. Optical cavity, simplified.

directions spontaneously by the atoms in the upper level of energy (E,). The
transitions which end up in the lower laser level of energy (E;) produce light
which has a frequency in the vicinity of v, and this particular light will be
amplified as it moves through the active medium. The small fraction of light
which is emitted spontaneously along the axis of the cavity (directed so that
it is reflected back and forth between the two mirrors) will pass many times
through the active medium. The light stimulated by this small initial amount
of spontaneous emission always has the right frequency and the right direc-
tion to stimulate additional light and thus, the intensity of light increases with
each traversal through the active medium. Thus, laser light is born.

1.4.4.c. Loss and Gain Phenomenon Let us go back a few steps now
to consider in finer detail several aspects of the laser process. To begin with,
not all of the light that strikes the mirrors is returned to the active medium.
Some of it is transmitted or is scattered in some other direction. Indeed, in
most lasers, it is the light transmitted through the mirrors that forms the
useful output. But the fact that light is lost at the reflecting phase creates the
condition on the active medium for the laser effect to occur. The amount by
which the light is amplified each time it makes a round trip in the cavity must
be great enough to make up for the losses of light suffered at the two mirrors
during the round trip. Hence a minimum population inversion is required for
lasering to occur. It should also be obvious, from what was stated previously
about the frequency dependence of amplification, why the frequency or laser
light is restricted to a narrow range about v,. Remember that light having
a frequency exactly equal to v, is amplified best. When the frequency has
deviated sufficiently from v, so that the round trip amplification of the light
no longer exceeds the round trip losses, then the laser effect will not be
possible.
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Figure 1.8. Standing wave inside optical cavity (L, length of optical cavity; m, number of
waves; A, wavelength).

1.4.4.d. Steady State It is not clear, from the account of the laser
process given so far, why a steady state should ever come about. What pre-
vents the light in the cavity from continuing to grow in intensity indefinitely?
As the laser output beam’s intensity increases, the amplification of the
medium is decreased due to depopulation of the higher energy excited state
(E,); however, continued pumping repopulates the state £,. When the rate
of pumping energy input is exactly equalled by the output of laser light (plus
energy losses) a steady state condition is achieved. In the steady state, the
round trip light amplification balances the round trip light losses (here
including the laser output beam).

1.4.4.e. Standing Waves One more important aspect of the laser pro-
cess must be mentioned before we conclude the discussion of how a laser
works. We have seen that the frequency of the laser light is limited to a
narrow band centered about v, but within this band, the frequency is even
further restricted. Consider light of a given frequency contained in an optical
cavity between two mirrors. It consists of two waves traveling in opposite
directions, resulting in a stationary wave pattern, or standing wave. When a
mirror reflects an electromagnetic wave, a node (or zero of intensity) of the
wave must be situated right at the surface of the mirror (Fig. 1.8). But in
the laser cavity, we have two mirrors, and a node must be located at the
surface of each. This condition puts a restriction on the possible wavelengths.
If the mirrors are a distance L apart, then to get a node at each mirror only
those wavelengths (\) are allowed such that an integral number (#2) of half-
wavelengths is contained in L:

L=m%\ (2)

Wavelength and frequency are related to the speed of light (¢):
16
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N=c 3)

By substituting ¢/» for A in Eq. (2) the possible frequencies can be obtained
from Eq. (4):

3
S

v="1 4

h

We already know that the frequency must have a value in the vicinity
of vz which, in the case of red light, is about 5 X 10'* Hz. This means that,
for a mirror spacing of 1 m, m is a fairly large integer: 3 X 10° in this case.
An equivalent way of reaching this conclusion may be more enlightening.
From the original definition of m, it is clear that m + 1 is the number of
nodes between the mirrors, each separated by A/2 from the next. In the case
of red light, it is approximately equal to 6 X 107 cm; so for L = 100 cm,
there are going to be many of these nodes—approximately 3 million of them.
The answer is the same.?

1.5. The Molecular Gas Laser (Carbon Dioxide Laser): Energy Levels
in Molecules

As with atoms, energy levels can be changed in molecules. With proper
excitation, molecular gases can shift to higher energy levels. This energy is a
shift in the rotational and vibrational configuration of the component atoms.
The configurations that the linear carbon dioxide molecule can assume are
depicted in Fig. 1.9.

1.5.1. Ground Level at Zero Energy Level

In this spatial arrangement, the molecule is at a resting or ground state.
The CO, molecule has equispaced electron orbits at equispaced distances
from the carbon electron orbits.
1.5.2. Excited Level (V;) or Symmetrical Stretch Mode

In this arrangement, the atoms move in a symmetrical fashion. This
level of energy is designated V.
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Figure 1.9. Vibrational energy transfer. (a) Ground level at 0
energy level; (b) excited level (V,) or symmetrical stretch mode;
(c) excited level (V,) or bend mode; (d) excited level (V;) or
asymmetrical stretch mode.

1.5.3. Excited Level (V,) or Bend Mode

In this arrangement, the interatomic axis is “bent” or distorted. This
level of energy is designated V.
1.5.4. Excited Level (V3) or Asymmetrical Stretch Mode

In this arrangement, the interatomic distances are asymmetrically
placed and this level of energy is designated V.
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1.5.5. Energy Transfer

In order to comprehend the photon emission in the various energy levels
(V1, V>, V3), an explanation of energy transfer is presented.

In quantum mechanics, the designators shown in Table 1.2 are used to
quantitate the energy states.

From inspection, the CO, (001) vibrational energy state will decay to
CO; (100) and CO, (020), releasing electromagnetic energy of wavelengths
10.6 um and 9.6 pm.”’

In the optical cavity, the addition of nitrogen gas (N,), a diatomic mol-
ecule, allows the excited vibrational energy of the N, molecule to be trans-
ferred directly to CO,. This transfer is a selective CO, excitation of CO,
(000) to CO, (001). Thus, there is a high degree of efficiency in generating
CO, (001). Furthermore, N, (0) is easily stimulated to N, (1) in one step.
Remember, this molecule has only one degree of vibration, unlike CO,, which
has three.

CO, (000) + N, (1) — CO, (001) + N, (0)

Now, we have two modes of stimulating a CO, (000) to CO, (001) level:

1. CO, (000) + electron + kinetic energy — CO, (001) by electrical
discharge (low-efficiency energy transfer)

2. N, (0) + electron + kinetic energy — N, (0) then N, (1) + CO,
(001) (high-efficiency energy transfer)

Finally, if the number of collisions per second of kinetic energy is
increased, the population inversion of CO, (000) to CO, (001) would
increase, thus achieving greater laser energy. It was found that pure CO, has
approximately 100 collisions/sec; while N, (nitrogen under 1 ton of pressure)
has 4000 collisions/sec. Thus, the increased number of collisions, with a high
efficiency in N, transfer of energy to CO,, completes the system; the final

Table 1.2. Basic Energy Levels

Designator of Designator of Relative
Configuration energy* spacial configuration energy
Asymmetrical mode 001 V, Highest
Bend mode 100 vV, Higher
Symmetrical mode 020 Vi Low
Ground state 000 Vo Zero

%The designator CO; (001) is the highest energy level.

19



Chapter 1

formula requires N,, He, and CO, for an efficient CO, laser system.

The element helium is added to the above mixture because of its ability
to transfer heat. In the decay process, heat is produced. This heat is efficiently
transferred to the He atom and thence to the wall of the optical cavity. This
is why the laser tube must be added. Water is usually used to conduct heat
away from the optical cavity, however, air can be used. Remember that the
laser’s efficiency is dependent upon heat exchange, thus, each rise in external
heat is equivalent to a loss in internal laser effect.

1.6. The Liquid Laser

Although not as common as the solid or gas laser, liquid lasers possess
unique advantages for certain applications. Of the various types of liquid las-
ers, the dye laser is the most significant. The dye laser was discovered by
Sorokin in 1965 at IBM Laboratories, and led to tunable outputs over a sig-
nificant frequency range.?® It differs from gas or solid lasers, which have a
very narrow wavelength profile. Tunable lasers provide researchers with very
narrow bands of highly coherent light. Such light is desirable in applications
such as spectroscopy, cell sorting and counting devices, and isotope separa-
tion, as well as in the determination of molecular dissociation and energy of
activation.

The active medium consits of organic dyes dissolved in solvent. When
the dye is excited by external sources of a short wavelength, it emits radiation
at longer wavelengths, or fluoresces. Dye lasers and fluorescence are now
being used to investigate cancers. When the patient is premedicated with
hematoporphyrins, the cancer will, when exposed to selective wavelengths,
internally fluoresce, an oxidative process. This process causes cellular enzyme
deactivation and death.?

In a similar and even more spectacular fashion, the krypton laser, using
computer-accentuated imaging, can detecta 1 mm X 70 um pulmonary car-
cinoma in situ.3°

1.7. The Solid-State Laser

Solid-state lasers are made from crystalline or amorphous materials
which incorporate unique ions whose physical properties allow an energy
state transition. The ions, when excited by external pumping, change quan-
tum states. Crystals, such as the ruby (Cr**: ion-activated aluminum oxide
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A1,05) or Nd-YAG laser (Nd**: ion-doped yttrium aluminum oxide
Y,A150;,) can be used to create lasers. Mirrors at the poles of the crystal
intensify (i.e., amplify) the laser effect.?®

1.8. The Semiconductor Laser

Semiconductor lasers are the least expensive of all lasers available com-
mercially because they can be mass-produced using the same techniques as
for transistors. Because semiconductor lasers are efficient and of very small
size (one could fit on your fingertip) they are well-suited as light sources for
fiberoptic communications.

The name conductor implies the ability to carry a free charge or current.
In semiconductors containing certain impurities, a stuation develops which
allows for a shift of energy into the band gaps (spaces between the periodic
crystal lattice structure of the atoms in a solid into which electrons can shift
energy levels). There are two types of shifts: an n-type (negative) and a p-
type (positive), and semiconductors can be of either type (Fig. 1.10). The
shift of a semiconductor laser has a very narrow wavelength when compared
to that of the LED (light-emitting diode) crystal (Fig. 1.11).

1.9. General Characteristics of Lasers in Medicine

Laser surgery must be approached in a responsible and conscientious
manner, beginning with the education and training of the surgeon. It would
be unthinkable to attempt to use a laser without a thorough working knowl-
edge of the equipment and the biophysical properties of the wavelength cho-
sen. To do so would be akin to being a Piper Cub pilot and thinking you were
capable of confidently flying an X-15. Beware of the sales pitch: “This is so
easy, all you have to do is press the red button, aim, and fire!”” Hindsight can
be very expensive, so in order to use a laser system properly in medicine, the
following must characterize each application:

Delivery system promoting ease of application
Defined biophysical characteristics

Finite controls

Safety and fail-safe mechanisms

Proper physician training and education
System quality control

Sk wh e~
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Table 1.3. Surgical Lasers in Use

Penetration
Laser Wavelength  Power output  depth (skin)
type (um) (W) (mm) Main applications
CO, 10.6 =500 0.05 Cutting and vaporizing
Argon 0.488-0.514 =20 0.2 Coagulation of retinal vessels
and superficial skin lesions;
neurosurgery
Nd-YAG 1.06 <100 0.8-2.0 Coagulation of gastrointestinal
tract bleeding tract bleeding
Ruby 0.6943 >10% Ophthalmology; dark skin
lesions
HeNe 0.633 0.8-2.0 — Finder beam

Today, medicine is utilizing many laser systems, notably the ruby,
argon, Nd-YAG, and CO, lasers (Table 1.3). Each system must have a deliv-
ery mechanism to direct the energy into precise areas for irradiation, and,
even though manufacturers have improved the housing and delivery systems,
much more work remains to be done (i.e., flexible, tunable systems and
microprecision lasers).

Most of the laser models available today are more compact, with the
chassis being mounted on wheels, making them easily transportable; thus,
they are designed either for endoscopic surgery through an operating micro-
scope or for surgery with an articulated arm. Also, a number of improve-
ments have been incorporated which make lasers easier and less expensive to
operate while allowing photographic and video documentation of surgical
procedures.

The biophysical properties of the current wavelengths used in medicine
are, in general, well defined, but additional work must be done in the areas
of heat decay and transfer. The relationship of the transverse electromagnetic
mode (TEM) to cutting or vaporizing versus injury and necrosis requires fur-
ther research. Studies in acoustic properties of current medical frequencies
are presented in this monograph (see Section 3.3).

The power output of lasers currently available in the United States is
low and should be 100 to 300 W terminal output. Concepts in “core” type
operating room lasers need to be expanded. Manufacturers have addressed
the safety and fail-safe mechanisms, as defined by the Bureau of Radiological
Health (see Section 2.4).
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1.9.1. The Ruby Laser

The ruby laser (A = 694 nm, visible, red) is a solid-state laser that was
used early in ophthalmology for photocoagulation of retinal hemorrhages.
Currently, it is being used extensively in the treatment of portwine stain
lesions of the skin. This laser system is difficult to maintain but can result in
exceptional cosmetic treatment of disfiguring lesions.

Ketchan used this laser in melanoma animal studies with poor thera-
peutic results.>’ However, the poor therapeutic outcome was the result of
another property of pulsed lasers, the photoacoustic phenomenon: the shock
wave (mechanical effect) resulting from the impact of very-high-energy
pulsed photons on tumor cells. The ruby laser’s usual power is between 10
and 100 mJ per pulse, and sufficient kinetic energy can be present to drive
viable tumor cells deeper into tissues, which can result in rapid metastasis.
The concept is similar to that of a small-caliber bullet fired from a high-
powered rifle hitting bone—massive shattering occurs, usually causing loss
of the limb and, occasionally, internal injuries from the shock wave effect.
Compare this to the impact of a slow-moving bullet (i.e., a BB), in which
tissue and bone damage is minimal. Thus “Q” switching or pulse lasers
should not be used in tumor surgery unless a complete analysis of the pho-
toacoustic profile is known. On the other hand, the carbon dioxide laser is a
continuous-waveform laser which, like the BB, has a negligible to absent
shock wave phenomenon. Ketchan’s experiment demonstrates the absolute
necessity for the surgeon to know all the properties of a laser system before
surgery.

1.9.2. The Argon Laser

The argon laser (A = 488-515 nm, visible blue-green) is an ion-gas
laser. This sytem is currently in use in the fields of dermatology, urology,
gastroenterology, otorhinolaryngology, and ophthalmology. Because of the
wavelength property, fiber delivery systems are available which afford the
surgeon a tremendous advantage. Argon’s biophysical properties allow for
photocoagulation of tissues and, under certain circumstances, tissue cutting.
This laser is a continuous-waveform laser, unlike the pulsed ruby laser, but
again the surgeon must have a thorough working knowledge of the wave-
length properties before attempting to use this laser. The laser is from <1
to 20 W
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1.9.3. The Neodymium-YAG Laser

The ND-YAG laser (A = 1060 nm, invisible, near infrared) is also a
solid-state laser. It is principally used in neurosurgery, urology, oncology, and
gastroenterology. The best description of this laser and its properties was

written by Hofstetter and Frank.’? The laser output can vary from 1 to
100 W.

1.9.4. The Carbon Dioxide Laser

The carbon dioxide laser (A = 10,600 nm, invisible, midinfrared) is a
molecular gas laser (see Section 1.5). The remainder of this book will detail
the biophysical effects of, animal experimentation with, and clinical results
of the use of the carbon dioxide laser. This laser has a medical range of out-
put from <1 to 300 W.
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Carbon Dioxide Laser
Instrumentation

2.1. General Description

The CO, laser’s energy is supplied by passing an electrical current (DC)
through a mixture of helium, nitrogen, and carbon dioxide (this is in contrast
to the ruby laser, which is excited by powerful flash lamps) that is contained
in a cylinder with reflective mirrors at the end known as an optical cavity.
The mirrors are aligned in such a manner as to have a common optical axis,
whereby if a photon strikes one mirror it will be reflected to the second mirror
and return in a similar fashion. Each pass through the optical cavity may
result in photon absorption and yield stimulated emissions. In a short time,
a population inversion and a laser effect are achieved. If a small optical open-
ing is created in one mirror (i.e., a semitransparent mirror) a stream of pho-
tons that has the unique properties of being parallel and of the same fre-
quency will exit. The energy density in the beam cross section is extremely
high, and if this energy is passed through a lens system of appropriate mate-
rial, an even greater cross-sectional density of energy can be achieved at the
focal point. Using a system of gimbaled mirrors outside the optical cavity
and on appropriate lens, the carbon dioxide laser has been harnessed for pre-
cision surgery (Fig. 2.1).

One of the carbon dioxide surgical laser systems used in our studies
(American Optical Corporation) has been described in detail by Polanyi and
colleagues.' To date, models of other water-cooled CO, lasers are of a similar
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Figure 2.3. Control panel of a surgical system.

mechanical design. A standard electronic cabinet contains the gas supply for
the laser, vacuum pump, power pack, operating controls, and safety inter-
locks. The water cooling system is self-contained; only a connection for the
electric power source is needed. The laser beam is issued from the optical
cavity and is directed into a beam-manipulating arm that contains several
mirrors in rotating joints with a focusing lens at the beam exit. This arrange-
ment allows the surgeon to apply the focused laser beam, which may be
directed to any point within a large area, from any direction (Fig. 2.2).

When not in use the beam is deflected into a heat sink by a reflecting
shutter. This shutter is opened by a foot switch to allow the laser beam to
reach the target, which is pinpointed by a luminous spot or helium neon laser
(i.e., the target beam). Either continuous exposure or time exposure can be
used, and the power can be varied from zero to its maximum, about 25 W,
by adjusting a knob on the control panel (Fig. 2.3).

For microsurgery, the colposcope or operating microscope is attached to
both the manipulator and a special gimbaled mirror. The narrow laser beam
entering from above strikes a gimbal-mounted mirror which is located
between the optical axes of the stero microscope. The mirror is positioned at
45° to the primary incident laser beam and deflects the energy along the
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Figure 2.4. Micromanipulator with internal focusing lens. (Reproduced with permission:
Bellina JH: The carbon dioxide laser in gynecology, Part 1, in Leventhal JM (ed): Cur-
rent Problems in Obstetrics and Gynecology. Vol. 4, Chicago, Year Book Medical Pub-
lishers, 1981, pp 1-34.)

viewing axis of the microscope. Apertures in the mirror permit normal view-
ing with the microscope. A lens located in the primary incident laser beam
focuses the energy to a spot at a distance equal to the working distance of
the microscope objective. By appropriate lens selection (i.e., germanium, gal-
lium arsenide, or zinc selenide) this distance can be varied from 10 to 50 cm
or more (Fig. 2.4). The gimbal-mounted mirror permits steering of the beam
to any location within +3° of the central axis of the microscope. The diam-
eter of the working area is, therefore, about one tenth of the working dis-
tance. To move the mirror about the gimbal axis, a joystick type of control
is provided in a convenient location a few inches to the right or middle of the
microscope. The mechanical linkage between the joystick and the gimbal is
arranged to make the motion of the beam directly proportional to the same
joystick movement with a demagnification of seven to one. The sensitivity and
naturalness of this adjustment allow the surgeon to position the beam with
confidence and precision at any preselected location.

One additional feature is necessary to predict with accuracy, prior to
exposure, where the focused energy will make contact with the work site. A
marker system projects a visible image of a light source into the focal plane
of the microscope eyepiece. If the marker light from a beam splitter attached
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to and located in the same plane as the metal mirror which directs the laser
beam is reflected, the image of the visible marker appears on the work sur-
face and moves in a one-to-one relationship with the impact point of the laser
beam. A similar arrangement, but using a helium-neon laser, is coupled to
the other laser systems. The markers coincide with the CO, laser impact
point.

2.2. Biophysical Data

2.2.1. Terminology of Laser Irradiation

In order to converse with the physicist, the physician must speak the
same language. Table 2.1 shows a simple but precise outline of the physical
parameters one must understand.

The term power (P) is related to the watts or heat output produced by
the system. This measurement is taken using a power meter. Most, if not all,
laser systems have a power meter built into the system. A rheostat controls
the voltage input and/or the gas flow to the optical cavity and allows the
surgeon to vary the laser output power (Fig. 2.3).

Energy (E) is a term related to the time of exposure to power. Energy
is the product of power (W) and time (sec). The time-related nature of
energy is illustrated in Table 2.2, while different combinations of power and
time that will create the same quantity of energy are given in Table 2.3.

Since energy is time- and power-dependent, tissue injury is not directly
related to energy but rather to time and power interdependently. In partic-
ular, time is of maximum importance and power of less importance. The
reader must fully understand this concept, as the remainder of this text will
expand upon this basic concept. The following is a simple example of this

Table 2.1. Variables Used in Laser Terminology

Term Symbol Unit
Power P W (watt)
Time t sec (second)
Energy E=PX'! W-sec = J (joule)
Area A cm?
Power density I1=P/A W/cm?
Energy density L=E/A W-sec/cm? = J/cm?
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Table 2.2. Relationship of Constant Power and Time to

Energy
Power (W) Time (sec) Energy (W-sec or J)
20 1 20
20 0.5 10
20 2 40

Table 2.3. Relationship of Variable
Power and Time to Energy

Time Energy (W-
Power (W) (sec) sec or J)
20 1 20
40 0.5 20
10 2 20

principle. A hot skillet is touched by your finger for a moment. Assume the
skillet has 40 W of power and your touch is for 0.5 sec or 20 J of energy
exposure. The burn on your finger is scant and well defined (i.e., small blis-
ter). The extent of injury is related to the short time of heat transfer. Now
assume you put a soldering iron on your finger and then plug it in. As the tip
begins to heat from ambient temperatures, the energy is transfered gradually
until 20 J have been transferred. During the heating, you must keep your
finger in place until it receives a total of 20 J. During each second of contact
the amount of tissue heating and energy transfer is resulting in a large burn.
Thus, by the time 20 J have been received the burn could be two to three
times as great as that from the 0.5-sec contact at 40 W.

2.2.2. Absorption and Reflection

Since human tissue is 70-90 % water, the absorption of the carbon diox-
ide in tissue can be related to the water content of the tissue. From Fig. 2.5,
one can evaluate the absorption of various wavelengths in aqueous media.’
Argon (A = 0.488-0.515 um) requires approximately 1000 mm of water,
while CO, (A = 10.6 um) requires approximately 0.01-0.1 mm of water to
reduce the incident energy to 90% of its original energy. This stopping or
absorbing of energy is related to the absorption coefficient. This property fol-
lows the Beer—-Lambert law:
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Figure 2.5. Absorption coefficient and extinction lengths of wavelengths from <<0.8 to 10.6
pum. (Adapted from Bayly JT et al: Infrared Physics 3:211, 1963.)

I = Ioe—(a+b)x

where I is the intensity at depth, I, is the incident intensity, a is the absorp-
tion coefficient, b is the reflectance coefficient, x is the depth, and e is the
base of the natural logarithm (2.71828).

Applying this law with the coefficients given in Table 2.4 to tissue at
depth x, one can appreciate the effects of the different lasers. The extinction
length (L) of the radiation in water is related to the wavelength and expresses
the thickness of water that absorbs 90% of the incident radiation (Table 2.5).
For comparison, a 300-mm layer of water is required to absorb 90% of the
radiation of the argon laser, while only 60 mm of water absorbs 90% of the

Table 2.4. Absorption and Scattering
Coefficients for Water at Different

Wavelengths
Absorption Reflectance
Laser (cm™) (cm™)
CO, 200 0
Nd-YAG 0.23 21
Argon 0.03 >3
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Table 2.5. Properties of Lasers

Laser Wavelength, A (um) Extinction length, L (mm)
Nd-YAG 1.06 60
CO, 10.6 0.03
Argon 0.488-0.515 230

radiation from the Nd-YAG laser. In contrast, only 0.02 mm of water is
required for the carbon dioxide laser beam. Because human tissue is com-
posed of 70-90% water, precise control of the depth of destruction is possible.

2.2.3. Significance of Coefficients

1.

*Reflectance = 21 cm™

one.
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CO, laser energy is totally absorbed within a depth of 90 um. The
energy remains where the beam strikes the tissue, because lateral
scattering or reflectance is negligible. This property makes the CO,
laser eminently suitable for precise surgical removal of tissue, since
typical lesions are less than 2 mm in diameter. However, it makes
the CO, laser poorly suited for coagulating deep or broad areas of
tissue (Fig. 2.6).

The energy of the beam of a Nd-YAG laser is totally absorbed within
a 30-mm depth in water, whereas in tissues it is totally absorbed
within a few millimeters. A significant part of the energy is scattered
laterally.* These facts make it well suited to deep coagulation of tis-
sue, as in gastrointestinal bleeding, but poorly suited to precise local
excision of tissue (Fig. 2.6).

. The energy of the beam of an argon laser is totally absorbed within

a depth of 230 mm, whereas about 100 times as much energy is scat-
tered laterally as is directly absorbed. Hemoglobin absorbs at the
argon laser’s wavelength, thus in vascular tissue the argon laser will
be absorbed in the first few millimeters. The argon laser is well suited
to either retinal coagulation or coagulation at any site, but its color-
sensitive absorption in living tissue and inherently deep penetration,
combined with significant lateral scattering, make it poorly suited to
precise surgical procedures (Fig. 2.6).

1, so the irradiated volume is greater than the definable geometrical
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The unique properties of the CO, laser allow for precise vaporization of
surface epithelium with a limited zone of injury. The argon and Nd-YAG
can penetrate beyond the target surface; however, the forward scattering
effect can, and occasionally does, result in additional injury to adjacent
organs. But the CO, laser effect is precise and can be easily limited to the
irradiated surface, because the scattering effect seen in argon and Nd-YAG
lasers is not a characteristic of the CO, lasers. However, one must consider
reflected energy: if the irradiated surface is reflective to the 10.6-um wave-
length, the ray can be deflected. Since polished surfaces, regardless of color,
will reflect the CO, laser, nonreflective instruments or instruments of absorp-
tive materials must be substituted for the usual highly polished stainless steel
instruments. Nonflammable plastics, dulled metallic surfaces, or wet surfaces
also absorb or fail to deflect the 10.6-um wavelength. Glass contact lenses or
plastic goggles will protect the eyes from accidentally reflected beams (see
Section 2.4).

CO, Laser Argon Laser Nd-YAG Laser
Back-scattering

o— Tissue
v
Forward-scattering/ ‘ \
a >1 a =1 a <1
B B B
Surface Absorption Volume Absorption Volume Absorption
(Low Penetration)  (High Penetration)

Figure 2.6. CO, laser vs. argon laser vs. Nd-YAG. Note the absence of
reflection with CO, and the large amount of forward scatter with argon
and Nd-YAG lasers. (Reproduced with permission: Bellina JH: The car-
bon dioxide laser in gynecology, Part I, in Leventhal JM (ed): Current
Problems in Obstetrics and Gynecology. Vol. 4, 1981, pp 1-34.)
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Figure 2.7. CO, beam diameter varies with focal length. Power densities
are equal if beam diameters are equal.

2.2.4. Power Density

When the operating temperature has stabilized, most practical lasers
will operate in a combination of lower-order transverse modes (the average
net profile of power density across the beam will have low values near the
edge of the beam, but comparatively higher values near the center), provided
the mirror positions and other parameters have been properly adjusted.
Because it is hopeless to attempt an analytical description of all the possible
theoretical modes and combinations thereof, we shall consider only the most
fundamental transverse mode, the transverse electromagnetic mode
(TEMy,). For this mode, the variation of power density across any diameter
of the beam is as shown in Fig. 2.7. In a gaussian (TEMy) laser beam, the
power density (PD) at any point can be calculated by the following formula:

W,
PD = PDO—H7° e2- 27

where PDy is the power density of the diameter of the beam axis at the waist,
W is the radius at which the E field falls to 1 /e of its value at the center (the
so-called half-width of the beam), W, is the half-width of the diameter of the
beam at the waist, r is the radius to the point at which PD is measured, e is
the base of the natural logarithm (2.71828), and K is a phase constant depen-
dent primarily on the axial location of the cross section relative to the diam-
eter of the waist of the beam, and in the radius of curvature of the phase-
front of the beam.

The most important parameters of a surgical laser, operating at a given
wavelength, are power density, which is expressed as watts/cm? [or, in sim-
ple algebra, PD = (watts X 100)/(spot size in mm)?®] and time exposure,
or the amount of time a given spot is exposed to the laser beam. However,
since the time exposure depends on the speed of incision, power density is the
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single most important factor when choosing a machine of lesser power. Later,
we shall see that the range of power density employed determines whether a
laser will coagulate, vaporize, or cut into living tissue.

How can power density be measured? Unfortunately, because the focal
spots of most lasers used in surgery are less than 2 mm in diameter, actual
measurement of the point-to-point power density of a real surgical laser is
very difficult. However, total power of the beam and average power density
are relatively easy to measure. Except in the case of a stationary beam, where
peak power density determines the maximum depth of ablation, it is more
useful to know average power density, which determines both the central
depth and the rate of mass removal from the furrow made by a moving beam.
Average power density can be determined rather easily by measuring the
effective spot diameter and the total power of the beam if we assume a gaus-
sian distribution (TEMg, mode). Even if this is not valid for all lasers, it is a
plausible assumption for well-adjusted lasers at stable operating tempera-
tures, depending on lasing cavity and defective optical components. The
beam’s spot diameter at a given wavelength and power output is a function
of the focal length of the lens of the beam divergence and of the diameter of
the beam before the focusing lens. The depth of the focus is determined by
the square of the focal length; the longer the focal distance of the lens, the
larger the spot size (i.e., for a 400-mm length spot size = 0.8 mm, where as
for a 50-mm length spot size = 0.1 mm). Furthermore, for constant power
output, the smaller the spot size produced by the laser beam, the higher the
power density per unit area. Thus power density is a function of both spot
size and power, and it varies inversely with the square of the focal length of
the lens. The relationship of power density, wattage, and spot size is illus-
trated in Figure 2.8. Therefore, the higher the power density capability of
the CO, laser, the greater its versatility of application in performing opera-
tions. Moreover, since the focused beam’s spot has an unequal cross-sectional
distribution of energy (produced by the different mirror alignment and geo-
metric patterns within the laser resonator cavity) the power density describes
only the average power density, while the “shape” of the beam is determied
by the TEMy,. Other power-density profiles will, of course, yield different
average values with a given total power and spot diameter, but stable modes
of well-adjusted lasers will not produce drastically different average power
densities than that of TEMy,, even though, for a given total power and spot
size, they must cause higher peak power densities (Fig. 2.9).

The above discussion and formula are difficult to integrate into a gyne-
cologist’s daily working practice. Thus, the exponential formula was con-
densed. Recall the simple algebraic expression PD = (watts X 100)/(spot
size in mm)2. The calculation of power density is straightforward, and the
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surgeon need only know the wattage of the laser, read from the inline power
meter, and the diameter of the focal spot of the laser. The focal spot diameter
can be easily measured by means of a millimeter ruler. The laser can be
focused on any surface where an imprint can be measured. From this spot
diameter in millimeters (SD) and the inline power meter on the laser instru-
ment (W), the average power density (PD) to the tissue surface in watts/
cm? can be calculated as follows:

watts X 100

PD = SD?

where SD is the focused spot size diameter of the laser in millimeters.

Although 7r? is the formula for calculating surface area, it has been
found that the surface area does not need to be used to compensate for gaus-
sian or average power distribution. The diameter of the spot size will give an
excellent approximation when substituted in the formula. (The average
power densities may also be determined from the chart in Fig. 2.10.)

Power is measured in watts, and energy is measured in joules. Energy
equals power times duration of exposure. It follows then that power, energy,
and tissue destruction are all directly proportional. The time of exposure is
controlled by a shutter activated by a foot pedal. The great number of vari-
ations in combining power settings and duration of exposure allows the sur-
geon great flexibility in the application of laser energy. Different settings are
appropriate for different surgical situations and produce different effects. A
power density chart, showing the most utilized CO, combinations, is shown
in Fig. 2.8.

If it is assumed that tissue reacts to laser impact as does water (due to
its high water content) then, theoretically, when CO, laser energy is applied
to this tissue, a cylindrical section with a diameter equal to the focal spot
diameter of the laser beam would be vaporized. The depth of tissue destruc-
tion is precisely controlled by varying the power density of the beam and the
duration of time for which the beam is applied. This assumes that all of this
energy is used to vaporize tissue and that laser energy is evenly distributed
over the area of the focal spot. In reality, however, some energy is reflected
by the target tissue, and the energy distribution within the laser beam, which
does vary due to a number of factors such as the shape and reflectivity of the
mirrors and changes in temperature within the laser tube, causes expansion
and contraction of its various elements. In small commercially available sur-
gical lasers it would be difficult to eliminate these variations without tremen-
dous expense. Fortunately the surgeon is usually not hampered by these
deviations from the ideal, but recognizing the characteristics of the beam will
allow for its optimum use.
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P, = Total Power required in a gaussian laser beam to achieve specific values of average power density

Paw = Average power density in the laser beam within the effective diameter, 2w, in W/cm?

10 S50 100 200 300 400 500 600 700 80 900 1,000 1,500 2,000

0.1 0.001 0.005 0.009 0.018 0.027 0.036 0.045 0.055 0.064 0.073 0.082 0.091 0.136 0.182
0.2 0.004 0.018 0.036 0.073 0.109 0.146 0.182 0.218 0.255 0.291 0.327 0.364 0.546 0.728
0.3 0.008 0.041 0.082 0.164 0.246 0.327 0.409 0.491 0.573 0.655 0.737 0.819 1.228 1.637
0.4 0.015 0.073 0.146 0.289 0.437 0.582 0.728 0.873 1.019 1.164 1310 1.455 2.183 2911
0.5 0.023 0.114 0.227 0.455 0.682 0.910 1.137 1.364 1.592 1.819 2047 2274 3411 4.548
0.6 0.033 0.164 0.327 0.655 0.982 1.310 1.637 1.965 2292 2.620 2.947 3.274 4912 6.549
0.7 0.045 0.223 0.446 0.891 1.337 1.783 2228 2.674 3.120 3.565 4.011 4.457 6.685 8914
0.8 0.058 0.291 0.582 1.164 1.764 2.328 2911 3.493 4.075 4.657 5.239 5821 8.732 11.642
0.9 0.074 0.368 0.737 1.473 2210 2947 3.684 4.420 5.157 5.894 6.631 7.367 11.051 14.735
1.0 0.091 0.455 0.910 1.819 2.727 3.638 4.548 5.457 6.367 7.276 8.186 9.096 13.643 18.191
1.1 0.110 0.550 1.101 2.201 3.302 4.402 5.503 6.603 7.704 8.805 9.905 11.006 16.509 22.011
1.2 0.131 0.655 1.310 2.620 3.929 5.239 6.549 7.859 9.168 10.478 11.788 13.098 19.647 26.195
1.3 0.154 0.769-1.537 3.074 4.611 6.149 7.688 9.223 10.760 12.297 13.834 15.372 23.057 30.743
1.4 0.178 0.891 1.783 3.565 5.348 7.131 8.914 10.696 12.479 14.262 16.045 17.827 26.741 35.655
1.5 0.205 1.023 2.041 4.093 6.140 8.186 10.233 12.297 14.326 16.372 18.419 20.465 30.698 40.930
1.6 0.233 1.164 2.328 4.657 6.985 9.314 11.642 13.971 16.299 18.628 20.956 23.285 34.927 46.569
1.7 0.263 1.314 2.629 5.257 7.886 10.515 13.143 15.772 18.400 21.029 23.658 26.286 39.429 52.573
1.8 0.295 1.473 2.947 5.894 8.841 11.788 14.735 17.682 20.629 23.576 26.523 29.470 44.205 58.940
1.9 0.328 1.642 3.284 6.567 9.851 13.134 16.418 19.702 22.985 26.268 29.552 32.835 49.253 65.670
2.0 0.364 1.819 3.638 7.276 10.915 14.553 18.191 21.829 25.468 29.106 32.744 36.382 54.574 72.765
2.1 0.401 2.006 4.011 8.022 12.033 16.045 20.056 24.067 28.078 32.089 36.100 40.112 60.167 80.223
2.2 0.440 2.201 4.402 8.805 13.207 17.609 22.011 26.414 30.816 35.218 39.620 44.023 66.034 88.045
2.3 0481 2.406 4.812 9.623 14.435 19.246 24.058 28.869 33.681 38.492 43.304 48.116 72.174 96.232
2.4 0.524 2.620 5.239 10.478 15.717 20.956 26.195 31.434 36.673 41.913 47.152 52.391 78.586 104.781
2.5 0.568 2.842 5.685 11.370 17.054 22.739 28.424 34.109 39.793 45.478 51.163 56.848 85.271 113.695
2.6 0.615 3.074 6.149 12.297 18.446 24.595 30.743 36.892 43.040 49.189 55.338 61.486 92.229 122.973
2.7 0.663 3.315 6.631 13.261 19.892 26.523 33.153 39.748 46.415 53.046 59.676 66.307 99.460 132.614
2.8 0.713 3.565 7.131 14.262 21.393 28.524 35.655 42.786 49.917 57.049 64.179 71.310 106.964 142.619
2.9 0.765 3.825 7.649 15.299 22.948 30.598 38.247 45.896 53.546 61.192 68.845 76.494 114.741 152.988
3.0 0.819 4.093 8.186 16.372 24.558 32.744 40.930 49.116 57.302 65.488 73.674 81.860 122.791 163.721

2w = Effective diameter of laser spot in millimeters

Figure 2.10. Interrelationships of spot size, laser power setting, and average power density.
Py = 0.0090956 X (paw in W/cm?) X (2w in mm)?, where P, is the total power of the beam
in watts. p. = 254.65P;/(2w in mm)* = 2.3162p,,, where p. is the power density at the
center.

2.2.5. Transverse Electromagnetic Mode and Its Significance

The fluctuations in cross-sectional energy distribution can readily be
demonstrated if one examines the imprint made by short bursts of laser
energy on a tongue depressor. Some areas within the focal spot are obviously
more scorched or burned than others. Often, energy density is higher at the
center of the beam than at the periphery. Cross-sectional energy distribution
in the laser beam is referred to as transverse electromagnetic mode (TEM).
Usually the energy is most intense in the beam center, decreasing in intensity
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toward the periphery of the beam. This is best described in two dimensions
by the gaussian distribution (Fig. 2.11). Other TEMs can occur in surgical
lasers, as demonstrated in Fig. 2.12, and it is necessary for the surgeon to
recognize the variations of energy distribution of his instrument in order to
understand the anatomic configurations and pathology of the resulting laser
lesions.?

2.2.6. Laser Modes and Effects of Temperature on Mode Stability

The term mode refers essentially to the geometric patterns of coherent
radiation both inside the laser resonator, where reflections and amplification
occur, and outside the laser, where the beam of radiation is used for some

Beam Axis

Intensity

e —

Distance From Beam Center
Figure 2.11. Two-dimensional intensity profile of the laser beam. The distri-

bution is gaussian and beam intensity diminishes in a reciprocal exponential
function as distance from the beam axis increases.
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TEMOO(Gaussmn)

TEM (Donut)
o1

TEM10

TEM11

Figure 2.12. Different energy profiles of various laser instruments
as demonstrated by their impact craters.

external purpose (Fig. 2.12). By geometric patterns, we mean not only the
gross three-dimensional direction of the resonator, but also the density or
distribution of the rays over any cross-section perpendicular to the axis of the
resonator. Modes may be divided into longitudinal and transverse. Longitu-
dinal modes relate to the number of half-wavelengths which can exist
between the mirrors and the amplification and losses associated with each of
these wave patterns. The longitudinal mode(s) of a laser determine the pre-
dominant wavelength(s) at which it will operate. The transverse modes of a
laser determine the radial distribution of power across the laser beam. Each
possible mode of a laser has an amplification factor and a loss factor associ-
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ated with it. Each mode draws its power from the total inverted population
of excited atoms or molecules available as the result of the “pumping” of
these potential emitters of coherent radiation. In an ideal resonator, each of
the possible modes is independent of all the others, but in real lasers, there is
coupling between modes. Those modes which have high amplification and
low loss will predominate. The resonator is often designed to accentuate cer-
tain modes and suppress the others, particularly those axial modes which
generate wavelengths from the most desirable beam of the laser. Most prac-
tical lasers, or multimode lasers, will operate simultaneously in only a few
axial modes and in several transverse modes. Each of the separate modes will
augment the total output power of the laser, provided that there is a sufficient
population of excited atoms so that power flowing into one mode does not
deplete that flowing into the other modes.

For many physical and medical purposes, it is desirable to have only one
axial mode, so that all of the output power of the laser can be concentrated
at one wavelength, and to have only one transverse mode, so as to achieve a
smooth variation of radiant-power density over the cross section of the beam.
The former condition is relatively easy to achieve, but the latter is rather
difficult.

The purpose for which the laser is to be used will determine the selection
of the TEM. Fidler* has demonstrated that less power is required with a
single-mode beam than with a multimode beam to achieve the same power
density. This is due to the greater possibility of obtaining a smaller spot size
because of easier focusing. Actually when a surgeon deals with a sophisti-
cated biophysical instrument, he must recognize the concepts concerning all
parameters of surgical lasers. Their energy delivery systems must be com-
pletely understood.

Energy distribution in the section of the beam does vary considerably
from manufacturer to manufacturer and from CO, laser unit to CO, laser
unit; in fact, some units are less stable than others and vary from minute to
minute, primarily in temperature. This mode variation may not be significant
when we consider that we define the working area or focus spot size as 2 mm;
but in general, as the spot size diminishes, the TEM biological effect becomes
more pronounced. When only total quantity of energy in watts is known, the
physician can easily read the inline meter power output and obtain the watts
being delivered by the source.

The transverse mode of the laser is most readily measured in practice
by the profile of power density (power per unit area) across the beam. It is
intuitively evident that this will be affected by the shape of the mirrors (i.e.,
plane, spherical, etc.) and by the variation of reflectivity across the surface
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of each mirror. In all real lasers of high output power (=5 W or so), heat is
generated by the pumping system, and the temperature of the resonator will
change from point to point and from time to time. Changes of temperature
cause expansion and /or contraction of the laser tube or rod, the mirrors, and
the supporting structures. These small thermal movements, in turn, cause
shifting of the transverse modes of the laser. Only by very elaborate struc-
tural schemes, which are often prohibitively expensive and bulky, can these
thermal shifts be minimized. Therefore, the surgeon must be aware that they
exist, and modify his technique to accommodate them. One simple way to
minimize thermal mode-shifts is to operate the laser at the desired power
level for a period of 30-60 min before surgery to allow all parts of the laser
to reach stable temperatures. Furthermore, one must remember that the
transverse electromagnetic modes of a real laser cannot always be described
by the the theoretical modes designated as TEM,,,, where m and n are
integers.

2.2.7. Biophysical Parameters of CO, Surgical Lasers and Dosimetry

Wavelength = A = 10.6 um (far infrared).
Power output = 0-100 (maximum obtainable 300 W-9 kW) continuously
adjustable or pulsed. Class IV = high-power system.
Beam spot size = 0.1- to 2-mm diameter (function of the focal length and
the mode).
Divergence = angle by which the laser deviates from parallelism.
Exposure time = intermittent emission (duration less than 0.25 sec) or con-
tinuous wave (cw) emission (duration more than 0.25
sec) function of speed of incision.
————Powerd?“tp“t — 0-2000 W /cm? (maximum, 106 W/cm?).
TEM = gaussian (00) or multimode.
Focal length = 50-500 mm.
Absorption coefficient = a = 200/cm in water (Beer-Lambert law:
I = Ioe‘“")
Helium-neon: Guide light (finder beam) = 632.8-mm wavelength (or other
guide light). Power 0.8 — 2 mW; spot size~1 mm.

Power density =
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2.2.8. Clinical Conclusions

The conclusions to be drawn from the foregoing analysis are as follows:

1.

The total mass ablated by a laser beam which strikes a target body
in one fixed place is directly proportional to the total power of the
beam, and to the length in time of application, and inversely propor-
tional to the energy per unit mass needed to preheat and vaporize the
material, starting from its initial temperature.

The total mass ablated by a moving laser beam depends upon the
same factors as for a stationary beam, but will be somewhat less,
even if the total beam power and length in time of application are
the same as for the stationary beam, since it depends on cutting
speed.

. The depth of ablation produced by a stationary beam is directly pro-

portional to the maximum power density multiplied by the length in
time of application, and inversely proportional to the energy per unit
volume needed to reheat and vaporize the material, starting from its
initial temperature.

The depth of ablation produced by a moving laser beam is directly
proportional to the average power density of the beam diameter mul-
tiplied by the effective diameter of the beam, and inversely propor-
tional to the velocity at which the beam sweeps across the surface, as
well as to the energy per unit volume needed to heat and vaporize
the material.

. To avoid furrowing the crater when an area of surface must be

ablated, it is essential that the beam be swept across the area in at
least two directions, whose lines are mutually perpendicular. This is
especially important in dealing with dysplastic tissue with oncogenic
potential, because the small islands of unvaporized tissue formed by
the ridges between adjacent parallel grooves can contain viable cells.
To insure destruction of all viable tissue in a dysplastic lesion, the
margin (periphery) and the depth of the ablated volume must be
greater than those of the lesion itself, insofar as this can be achieved
without unacceptable destruction of adjacent healthy tissue.

The best procedure is to use the highest average power density that
the surgeon can control without causing undesirable damage to prox-
imal healthy tissue.

. When the laser is used for coagulation, rather than vaporization, the

average power density should not be more than 150 W/cm?. This can
be achieved by adjusting the focus to increase the spot size or reduc-
ing the total beam power, or both.
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2.3. Current CO, Laser Models

2.3.1. Introduction

The following companies offer equipment for gynecologic surgery that

is presently on the United States market:

Cavitron Lasersonics
88 Hamilton Avenue
Stamford, Connecticut 06906

Merrimack Laboratories

34 Tower Street

P.O. Box 357

Hudson, Massachusetts 06149

Metricon, Ltd.
1931 Old Middlefield Way
Mountain View, California 94043

Advanced Biomedical Instruments
4 Plympton Street
Woburn, Massachusetts

Coherent

3270 West Bayshore Road
P.O. Box 10321

Palo Alto, California 94303

Advanced Surgical Technologies
Sharplan CO, Lasers

27 Wells Road

Monroe, Connecticut 06468

Valfivre Laser Surgical Systems
Via Panciatichi 70
50127 Florence, Italy

American Optical Corporation
P.O. Box 123
Buffalo, New York 14240

Biophysics Medical S.A.
10, Rue Des Barres
75004 Paris, France

Nippon Infrared Industries
4-8-8 Roppongi Minato-Ku
Tokyo 106, Japan

Cooper Medical Devices
600 McCormick Street
San Leandro, California 94577

Xanar, Inc.
2860 S. Circle Drive, Ste. 2203
Colorado Springs, Colorado 80906

Each system has its own peculiarities, but in general, the following dis-
cussion will be sufficient to understand the generalities of each machine

(Figs. 2.13-2.20).
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Figure 2.13. Cavitron Model 300 laser.
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Figure 2.14. Advanced Surgical Technologies—Sharplan Model 733 laser.
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Figure 2.15. Merrimack laser.
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Figure 2.16. Coherent Model 400 laser.
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Figure 2.17. Xanar Model 370 laser.
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Figure 2.18. Advanced Biomedical Instruments—Biolas 40.
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Figure 2.19. Valfivre Model LSSS50.
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Figure 2.20. NIIC laser 130YZ.

The basic equipment is composed of an electrical cabinet housing, the
high-voltage power supply, cooling pumps, and vacuum pumps (Fig. 2.21).
The laser head is attached to the colopsocope by either a fixed mounting (Fig.
2.22) or a manipulator adaptor (Fig. 2.23). The surgeon controls the laser
beam by manipulating a joystick. This lever system articulates a gimbaled
mirror which reflects the laser energy. The surgeon, through the colposcope,
under magnification, can constantly monitor the laser—tissue interaction.

In order to begin the activation sequence, the paramedical personnel
should perform the following steps:

1. Open the access door in the rear or side of the electrical cabinets
(Fig. 2.24) where a large bottle of premixed gas is stored (make sure
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Figure 2.21. Basic laser electrical housing.

55



56

Figure 2.22. Laser head is attached to colposcope. (Reproduced with permission:
Bellina JH, Dorsey JH: Physics and bioeffects of gynecologic surgical lasers, in
Bellina JH (ed): Gynecologic Laser Surgery, Proceedings of International Con-
gress on Gynecologic Laser Surgery and Related Works, New Orleans, LA, Jan-
uary 1980. Plenum Press, New York, 1981.)
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Figure 2.23. Laser head is attached to micromanipulator.

the proper gas mixture ratio is present, because each manufacturer
uses a slightly different proportion of N,, CO,, and He).

Check the radiator water; if it is low, add distilled water. The cooling
system needs periodic flushing and the engineer or paramedical per-
sonnel must be familiar with the manufacturer’s manual.

If safety circuits are present, they must be placed in the on position.
The gas tank control valves must be opened. Usually there is a main
control valve indicating inner tank pressure and a second valve indi-
cating outflow in liters/min (Fig. 2.25). The flow rate gauge can be
controlled by a second needle valve handle. It should be turned until
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Figure 2.24. Access door to laser cabinet.
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Figure 2.25. Gas pressure gauge and flow rate gauge.

the flow rate or pressure is proper, because each manufacturer may
have a different setting. Consult your manual.

In order to activate the laser system electrically, the following general
rules apply (there are slight variations from manufacturer to manufacturer).
The control panel contains a keyed lock for maximum safety (Fig. 2.26) and
the key should be kept in a safe place. Once activated, the electrical circuits
can be turned on by the manual switch. Usually a power on light will indicate
the system is activated. Next the laser switch is pushed to charge the optical
cavity. A red light or warning signal indicates that the system is activated.
The power in the system can now be controlled by turning the power level
knob. The laser power is recorded on the power meter on the instrument
panel. Finally, the time interval can be chosen.

The mode, continuous or pulsed, and the repetition rate are selected.
Power output is expressed in watts (J/sec). Pulsed repetition rate (pps) and
single pulse duration (sec) are specified when the output beam is emitted in
the pulsed mode. The laser usually has a manual safety shutter (Fig. 2.27).
When it is closed, the HeNe laser pointer cannot be seen. This safety feature
allows the surgeon to stop the laser manually should an electrical circuit fail.
To date, we know of no shutter failure; the shutter mechanism is one of the
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Figure 2.26. Control panel with keyed lock for maximum safety.

Figure 2.27. Manual safety shutter noted above laser aperture sign.
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Figure 2.28. Laser hand assembly.

most tested systems in manufacturing. Once the manual safety shutter is
opened, the laser can be activated by the foot pedal.

The laser head can be used with a free-hand piece scalpel or with an
operating microscope (colposcope). The free-hand arrangement, available on
most of the laser instruments, allows the surgeon to apply the focused laser
beam to any point in a large area, and to remove tissue lesions selectively,
since the laser beam is directed through the internal mirror system of a mul-
tiarticulated surgical arm. For microsurgery the colposcope or operating
microscope is directly attached to the laser head and manipulator' by a sim-
ple snap lock connector.

Should the surgeon be using the laser hand scalpel (Fig. 2.28), then the
appropriate lens must be chosen. Usually the manufacturer supplies a 125-
mm and 50-mm focal length lens system. Each system has an extension rod
to indicate the focal point. The entire hand assembly can be wet-sterilized.
Do not autoclave the lens. The ethylene oxide will reduce the specialized lens
coating and the focusing efficiency will be diminished. Finally, remember to
attach the nitrogen lens jet wash tubing (Fig. 2.29). The lens is very expen-
sive and should be handled accordingly. The jet wash protects the lens from
spattering debris which could damage it. If it becomes necessary to clean the
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Figure 2.29. Nitrogen jet tubing attached to hand piece. (Reproduced with permission:
Bellina JH, Dorsey JH: Physics and bioeffects of gynecologic surgical lasers, in Bellina
JH (ed): Gynecologic Laser Surgery, Proceedings of International Congress on Gyne-
cologic Laser Surgery and Related Works, New Orleans, LA, Jan 1980. Plenum Press,
New York, 1981.)

lens by means other than the jet wash, consult the manufacturer, who will
usually recommend absolute ethyl alcohol or acetone. Do not scrape the lens
or wash it in detergent! The mirrored surface of the articulating arms or the
micromanipulator is cleaned in a similar fashion. When in doubt, call the
manufacturer.

2.3.2. Troubleshooting the System

Because lasers can be temperamental, you should have a thorough work-
ing knowledge of what can go wrong with the system and what you can do
to rectify it.

First, the system should be checked prior to the anesthetization of the
patient. Check the gas supply. If the intertank pressure is <500 psi, have a
reserve bottle on hand. Check the water; if it is low, fill with distilled water.
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Turn the laser on. Adjust the power supply to check your power output. Turn
to the lowest setting and to the highest setting. If the laser output does not
fluctuate properly, cancel the surgery. This problem cannot be easily cor-
rected; you need the service representative.

Test fire the laser on a tongue blade. Did the laser impact coincide with
the HeNe pointer? If not, an adjustment must be made by the company.
Look carefully at the laser impact. Is the char equally distributed? If not,
turn off the laser and check the mirror surfaces and the lens. If either is dirty,
clean with the appropriate solvents. Remember to allow time for the volatile
solvents to evaporate as the laser can ignite these materials.

During the surgery, if the temperature light is activated, there are prob-
lems in the radiator system. A trick to help “get you off the table” is to add
ice cubes to the water reservoir, but as soon as the surgery is finished, call
the company.

Occasionally, the shutter will “override” and a “reset” button or switch
must be depressed to recycle the system.

2.3.3. Basic Office System

In establishing an office-based system, the physician must do the
following:

1. Select a large room, preferably 12 X 12 ft or greater (Fig. 2.30),
which has a window or easy access to the outside for plume exhaust.

2. Purchase or make an adequate suction system (Fig. 2.31).

3. Purchase or acquire a table that can be put in the Trendelenburg
position and completely elevated.

4. Acquire the correct nonflammable or dulled speculum (Fig. 2.32).

5. Test the entire system.

6. Set up a system of recording data.

2.3.4. Office Suite Operating Room Supplies

The office set-up should contain Mayo stand and a tray with the follow-
ing items (Fig. 2.33):

1. Bivalved speculum (nonflammable or dulled)
2. Biopsy forceps
3. Acetic acid solution (3%)
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Figure 2.30. Properly equipped examination room.

Figure 2.31. Adequate suction system must be
available (Biovac® instrument).
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Figure 2.32. Nonflammable speculum.

Figure 2.33. Properly equipped office laser tray.
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Lugol’s solution

Gloves

Ring forceps

Cotton pledgets

Suction apparatus, if not attached to speculum (see Fig. 2.31)

N0 s

In addition, appropriate anesthetic solution should be available. We pre-
fer to use a 30-gauge needle for injection of small lesions.

Draping is not used; instead the area is cleaned with a nonflammable
antiseptic.

2.3.5. Operating Suite System

Prior to beginning the operation, the staff should be thoroughly trained
in equipment handling and maintenance, and the operating room tray, which
contains instruments similar to those provided in the office set-up, should be
appropriately placed on a Mayo stand.

A periodic inspection of the laser system must be performed by the
biomedical department, because a log must be kept of maintenance and it
must be available for federal inspectors.

The maintenance department should install an in-line fiberglass filter
system to prevent the wall suction from becoming clogged with vapor tars. A
simple and very effective system is to put a fiberglass filter in the plastic
canister used to trap fluids.

The proper size of Bureau of Radiological Health signs for Class IV
lasers must be installed. (We also use a system of lighted signs to notify
entering personnel that a Class IV laser is in operation.)

Glasses (or plastic eye covering) should be worn, or made available to,
all operating room personnel. If possible, the operating room table should be
positioned to face away from a door opening.

If television or recording devices are used, they should be tested before
beginning each case to prevent loss of documentation.

If a vulvar procedure is to be undertaken, a high-frequency coagulator
with disposable probe should be at hand. However, the probe should not be
opened unless it is in fact needed, to spare the patient unnecessary cost.

Questions are frequently asked about the use of draping, but we do not
drape for vaginal, cervical, or vulvar procedures, because the cloth or paper
drapes can create more problems than they solve, and they may be flamma-
ble. The areas to be irradiated should first be cleaned with nonflammable
solution.
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2.3.6. Recording System

The Zeiss system operating microscope can be fitted with a beam splitter
to create 35-mm still photographs, video tapes, and 16-mm motion picture
documentation. In our operating room system, we have chosen to use the 50/
50 beam splitter fitted to both a 35-mm automatic camera and a video
recorder. The 35-mm camera should be motor driven and fitted with an elec-
tronically controlled shutter. A data bank should be used to record patient
information. Cameras, such as described, are available through all camera
stores. The film should be tungsten ASA 160 pushed two f-steps. The cost of
the video system is not critical. Remember, order the correct adaptors from
Zeiss. Zeiss can supply the necessary equipment, including cameras, if
desired, and, even though it is slightly more expensive, you are assured of a
properly integrated system (Fig. 2.34).

2.3.7. Ancillary Equipment

Figure 2.35 shows the current ancillary equipment for laser surgery in
gynecology. The modified Graves bivalved speculum contains dual suction
tubes and a dual fiberoptic light bundle and was designed for cervical and
vaginal work. The suction tubes allow the surgeon to manipulate the specu-
lum while having constant suction. The added fiberoptic light bundles are
used for photographic illumination. The instrument to the right is a special
detachable suction which clips on to a speculum rim, and has the advantage
of being attachable to any speculum.

2.3.7.a. Evacuation System Currently, the only available commercial
evacuation system is produced by Biovac. This is a complete system. The
inline charcoal tank absorbs the odor generated in tissue vaporization.

Another evacuation system can be homemade using a standard vacuum
pump and an inline fiberglass filter. This filter prevents the pump mechanism
from clogging. The fumes are then piped through a window (Fig. 2.36).

Still another system, for rooms without windows, is to pipe the exhaust
into the water sink drain. By adjusting the cold water tap, a flow rate can be
achieved that will wash the fumes into the drain. This type of apparatus is
similar to those used in chemistry laboratories. It is inexpensive, simple, and
never clogs (Fig. 2.37).

Whichever system you use, it is very important to exhaust or trap the
fumes, as the effect of long-term exposure is not yet known. Besides, the odor
can become quite irritating to you and to your patients.
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Figure 2.34. Operating microscope with complete photographic instrumentation includ-
ing 35-mm still photography and video recording system by Zeiss.

Figure 2.35. Ancillary equipment by Narco Pilling Company.



Figure 2.36. Inexpensive fiberglass filter.

Figure 2.37. Water trap to remove vapors
and odors.
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2.3.7.b. Waveguides The carbon dioxide laser requires a specialized
waveguide or light pipe. Hughes Laboratory, in association with the Ameri-
can Hospital Supply Company, has developed the thallium-bromide-clad
waveguide. Specialized exit ports are required to refocus the laser. Wave-
guides and light pipes may cause a modification of the TEM. The current
waveguide ranges in O.D. from 125 um to 2 mm. Advances in waveguides
will create new possibilities in endoscopic surgery.

2.4. Laser Safety

2.4.1. General Information

Lasers have been used for therapeutic purposes for nearly 20 yr on thou-
sands of patients. There are more than 20,000 clinically documented cases.
The number of known or documented injuries in operations performed with
lasers is less than 100, or 0.5%—a very respectable safety record. However,
the total number of surgical lasers in use today, worldwide, is approximately
1000, and the total number of physicians using lasers in surgery (exclusive
of retinal therapy) is less than 1000 worldwide. As surgical and therapeutic
lasers become more numerous and more widely used by more physicians, the
number of accidents is sure to increase, even if the rate remains the same.

To avoid increased governmental intervention in medical affairs, and to
avoid restricting the development of new medical lasers and new beneficial
applications of this unique form of energy, it is imperative that every present
and future user of lasers in medicine apply this promising medical device
with the most careful regard for the safety of patients, physicians, and med-
ical personnel. Manufacturers must also bear their share of responsibility for
the safety of medical lasers. They are now quite closely regulated by the
federal government as well as by state and municipal regulations with regard
to many classes of medical devices. As new and more sophisticated medical
lasers become available, their manufacturers must carry the primary respon-
sibility for educating the medical community in the safe and proper operation
of their products.

Lasers are potentially dangerous devices. They are capable of concen-
trating large amounts of power or energy into very small, well collimated
beams. They have an enormous potential for therapeutic benefit, as well as
for destruction. Like any medical device, the laser must be used with skill,
discretion, and common sense, and those who use medical lasers must always
adhere to the following general rules:
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1. Never operate any laser until you have read and understood the oper-
ator’s manual furnished by the manufacturer.

2. Never fire any laser at any target until you know the complete path
of the beam and are sure that no unintended targets lie in that path.

3. Never fire a therapeutic laser at any living target until you have been
instructed by a competent teacher in both the correct operational
procedures of the laser and the proper technique for application of
the laser energy to the tissue to be treated.

4. Never use a laser for surgery until you have practiced its use on inan-
imate targets, cadaver parts, and/or laboratory animals.

5. Always take seriously the safety precautions specified by the manu-
facturer of the laser whenever you use it for any purpose.

6. Never use a laser on human patients until you have taken a course
of instruction on laser surgery.

7. Always request that a qualified instructor for the manufacturer give
you and your operating room service personnel training prior to using
the laser on humans. Nurses have to be properly prepared for special
surgery instrumentation care and only the minimum number of peo-
ple required should be present in the operating room.

8. Always ask that a qualified operating room instructor in laser oper-
ation be present to advise you when you first use the laser on human
patients. The laser must only be activated by the surgeon who is
responsible for the safety system and has custody of the master key.

Remember that lasers, when properly used, are as safe as any device
known to man. Do not be frightened by the laser; use it wisely and correctly.
Anything can be dangerous if used improperly: pure water is lethal if used
as a dialysis fluid for a kidney patient.

2.4.2. Hazards of Medical Lasers

The hazards of medical lasers jeopardize patients as well as the medical
personnel who apply laser therapy. In general, there are three major cate-
gories of hazards:

1. Injury by primary action of the laser beam
2. Injury by secondary effects of the laser beam
3. Electrocution by high voltage within the laser

Hazards 1 and 2 threaten both patients and operators. Hazard 3 threat-
ens only the operators or those who service the laser. Injuries resulting from
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the primary action of the laser beam can be caused by a direct beam or by
its reflections. Injuries from secondary effects are usually caused by the
action of the direct beam on materials in its path.

2.4.2.a. Injury by Primary Action of the Laser Beam

1. Damage to eyes

2. Damage to skin and underlying tissue

3. Damage to tissue of an unintended target (i.e., excessive, uncon-
trolled)

2.4.2.b. Injury by Secondary Effects of the Laser Beam

1. Burns caused by ignition of flammable materials

2. Mechanical trauma caused by explosion of flammable gas

3. Thermal trauma to healthy tissue adjacent to the intended target
zone

4. Mutagenic effect of healthy tissue adjacent to the intended target
zone

5. Toxic or pathogenic effect on healthy tissue caused by smoke or
vapor from the intended target zone

In addition, an accurate air exchange system has to be present and func-
tioning in order not to accumulate toxic laser-active gas (CO,-N,-He). Dis-
connection of power for all nonoperational equipment is recommended. A
recently developed resin power checker at the focusing head can be useful.’

When using the operating microscope, the surgeon is in no danger since
the glass optic components of the microscope located between the eyes and
the beam’s path fully protect him from the CO, laser energy. Neither the
operator’s hand nor flammable objects, including certain surgical preparation
solutions, should be exposed. Plastic or rubber anesthetic tubes must be pro-
tected with a coating that will reflect and fissue any CO, laser energy, since
such tubes constitute a serious hazard of explosion.®~® Cotton wet gloves,
plastic speculums, or dulled metallic (chrome-covered) instruments are
recommended.

2.4.2.c. Protecting the Patient’s Eyes from Laser Radiation The
carbon dioxide laser beam is invisible at its wavelength of 10,600 nm. The
beam reflects from metallic objects and the corneal epithelium (defined as a
critical organ) absorbs totally even the reflected beams (Fig. 2.38). It can be,
therefore, severely damaged by a thermal mechanism.’~!! Therefore, the
patient and all personnel in the operating room, when the laser apparatus is
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Figure 2.38. Ocular absorption is wavelength-dependent.
(A) Retinal: visible, near infrared; (B) corneal: far
infrared, medium ultraviolet; (C) crystal lens: near ultra-
violet, medium infrared.

connected to the electrical main supply, must wear plastic or glass eye pro-
tection of proper optical density'*'® in order to prevent accidental corneal
damage. Even the visible HeNe laser beam can cause eye injuries.

If the patient is conscious (not under general anesthesia) during laser
treatment, he or she should be required to put on the same protective eyewear
that the attending medical personnel are using. However, if the patient is
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under general anesthesia, place protective eyewear of some suitable kind over
the patient’s eyes, and tape it securely in place. If a far-infrared laser is being
used anywhere on a patient’s head, neck, or upper thorax, tape the patient’s
eyelids shut, cover the lids with several layers of wet cotton or gauze, and be
sure to remoisten these pads frequently with clean water or sterile saline. If
the patient is conscious while the far-infrared laser is being used anywhere
below the midthorax, require the patient to put on the same eyewear used by
the attending medical personnel. These measures may seem unnecessarily
strict; however, a conscious patient can move suddently, and a laser beam
can be reflected into the patient’s eyes by a metal instrument. Eye damage
caused by laser radiation is usually irreparable.

2.4.2.d. Damage to Skin and Underlying Tissues Damage to super-
ficial tissues of the body by direct or reflected laser radiation is usually a
much less serious problem than damage to eyes, because skin and underlying
tissues will regenerate. Injury by laser beams to skin and underlying tissue is
usually accompanied by pain; pain causes reflexive muscular action which
usually withdraws the exposed part from the beam. Burns can be produced
by high power densities or photosensitization can occur at low power den-
sity.'"* Thus the manual shutter at the laser head has to be opened at the end
for all positioning on the target area.

2.4.2.e. Protecting Skin and Underlying Tissues For both patients
and attending medical personnel, if there is a clear hazard of inadvertent skin
exposure to a laser beam (and this cannot easily be eliminated because of the
particular circumstances of the application), cover or wrap the site(s) at risk
with rumpled heavy-gauge aluminum foil and tape it in place. In the case of
far-infrared lasers (e.g., CO,) put several layers of water or saline soaked
gauze or cotton on the skin under the foil. Avoid any clothing or skin cover-
ings which can easily be ignited if struck by infrared laser beams, design your
surgical application of the laser to minimize the risk of inadvertent skin expo-
sure, and conduct the surgery with skill and common sense.

Injury caused by explosion or combustion of flammable materials can
be avoided by adhering to careful rules of operation. You should never oper-
ate an infrared laser in the presence of flammable anesthetics, or combustible
gases, vapors, or liquids. Nor should you fire an infrared laser at any solid,
liquid, or gas which is combustible in air, or which is in contact with medical
oxygen. Always protect healthy tissue, if possible, by covering it with gauze
or cotton soaked in sterile water or saline solution. The high absorption of
water for laser energy at this wavelength range offers full protection. The
reflective beam is usually harmless because it diverges beyond the point of
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the focus; however, the beam should not be directed outside the operating
area.

Cover the margins of the operative fields with rumpled aluminum foil.
Use neurosurgical cottonoid patties, if possible, to protect healthy tissue adja-
cent to intended target sites, because these patties have strings attached
which allow them to be withdrawn when they become dried out. Also, never
use an infrared laser in the mouth, larynx, trachea, or esophagus when an
endotracheal tube carrying oxygen is present, unless the endotracheal tube is
of the all-metal variety or, if elastrometric, is carefully wrapped with alu-
minum sensing tape (available from Radio Shack). Wrap it full-length with
50% overlap. You should always require that a patient upon whom you are
using an infrared laser to treat vaginal, vulvar, or rectal lesions have the lower
bowel evacuated prior to laser surgery to avoid ignition or explosion of rectal
gas. Never fire an infrared laser at any tissue which has been moistened with
alcohol or a volatile solvent.

2.4.21. Toxic or Pathogenic Effect of Smoke or Vapor from the
Intended Target When infrared lasers are used at high power densities to
cut or vaporize tissue, the solid residues of these tissues will burn when they
pass through the laser beam in air, causing a thick, malodorous smoke. In
theory, malignant cell particles might be contained in the fumes restulting
from tumor vaporization. In scrupulously structured experiments by Bellina
et al.!’, the smoke plume from a malignant lesion being vaporized by a CO,
laser beam has never been found to contain any viable malignant cells. Use
a suction tip of adequate size and of nonflammable material, with a suction
system of adequate capacity, to remove the smoke and vapor, as close to the
laser impact site as possible to allow good visualization of the operative field.
There is no evidence for possible direct carcinogenic properties of any laser
beams used in medicine today, as with gamma or roentgen radiations.

The CO, surgical laser can be used with absolute safety if one is aware
of the potential dangers and follows the precautions described here and in
the manufacturer’s guidebook. Extended details for safety precautions are
available in the American National Standard for the Safe Use of Lasers
(ANSI)'® which was written by an organization of experts to provide infor-
mation on current operating standards for lasers.

Finally, in some centers laser surgery is still regarded as experimental
and a special consent form has to be signed by the patient. The Food and
Drug Administration (FDA) cleared the CO, laser energy transfer system
for use in human subjects in 1976. Thus, CO, laser instruments are no longer
considered to be investigational tools and should, therefore, be considered
routinely when one is selecting instruments for microsurgery.
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2.4.3. Government Regulations for Laser Safety

2.4.3.a. Federal Regulations Federal regulations are promulgated
and enforced for the use of lasers by the Bureau of Radiological Health
(BRH) of the FDA. It is expected that at some time in the future the Occu-
pational Safety and Health Administration of the Department of Health and
Human Services will also promulgate a set of standards and rules, primarily
for lasers used in commerce and industry.

The Bureau of Medical Devices of the FDA also has some jurisdiction
over the use of lasers, namely those used in medical applications. The gov-
erning document for regulation by the BRH is the Federal Register, Volume
40, Part II, of July 31, 1975: “Laser Products—Performance Standards.”
The BRH classified all lasers into Classes I, II, ITI, and 1V, according to their
power levels of accessible radiation. Class I lasers are incapable of emitting
radiation at levels considered to be hazardous; they are exempt from any
controls.

All lasers currently in use in medical applications for direct therapy are
of sufficient power output to be put into Class IV (most hazardous). There
are presently no upper limits of power output for Class IV, and hence no
Class V. Any laser having accessible radiation above the limits for Class I11
is put into Class IV. The BRH regulations require that certain warning labels
be put on the outside of lasers.

A light and/or acoustical signal should be placed on the door of the
room where the instrument is located to indicate when the laser is in use. The
door should be kept closed while the laser is in use. There are CAUTION labels
for Class II and Class IIla and DANGER labels for Class I1Ib and Class 1V
lasers.

Attached to the laser:

DANGER
VISIBLE AND INVISIBLE LASER RADIATION
AVOID EYE OR SKIN EXPOSURE TO DIRECT OR SCATTERED RADIATION
CLASS IV LASER PRODUCT

Outside the door of the laser controlled area:

DANGER
CO, LASER
RESTRICTED ACCESS
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Outside the operating room:

DANGER
CO, LASER
RESTRICTED ACCESS WHEN LIGHT IS ON

BRH regulations also require that the aperture(s) of the laser, through
which the coherent radiation is emitted, be clearly marked with the legend
LASER APERTURE, or something equivalent.

The Bureau of Medical Devices classifies lasers into three categories:

Class I includes those devices which are of long-standing use and whose
established applications are widely known, where life support is not a func-
tion, and where general controls on manufacturing, labeling, and packaging
are sufficient to ensure the safety of patients and users.

Class II includes those devices which must meet not only the general
controls of Class I but also prescribed performance standards. They must be
made under the federal requirements known as Good Manufacturing Prac-
tices. Life support is not a function. The argon laser for ophthalmic use and
the CO, laser for use in otorhinolaryngology, gynecology, and related fields
are put into Class II by the Bureau of Medical Devices. It is very probable
that the CO, laser will be formally put into Class II, for virtually every sur-
gical application for which it is used is now well documented.

Class I1I includes those devices which are used for life support or whose
use in particular applications is still investigational. Such devices are subject
to general controls, Good Manufacturing Practices, and Investigational
Devices Regulations. These include operation of the devices under specific
protocols by well qualified operators in institutions whose regulatory com-
mittees for such activities have granted approval for these investigations, and
have obtained informed consent for the use of such devices upon human
patients.

In general, federal regulations impose requirements upon manufactur-
ing, product performance, periodic reporting, and record-keeping. The intent
of these is to insure the safety and quality of laser products for medical uses.
Some states impose regulations on the use of lasers while others do not. Those
which do have regulations impose differing requirements upon both manu-
facturers and users of laser products. Some states, such as New York, spe-
cifically exempt lasers used for therapeutic purposes in medicine by licensed
practitioners from the other laser regulations. As with most regulatory mat-
ters left to states, there is no consensus regarding laser regulations. Medical
practitioners using lasers should inquire of their own state governments as to
the applicable regulations, if any.
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2.4.3.b. Local Regulations Local regulations are even more diverse
than those of the states. Whether or not they apply to lasers as generators of
coherent radiation, they do usually require that lasers as medical devices
meet certain standards, which are usually based upon two sets of industrial
requirements promulgated by organizations dedicated to the safety of com-
mercial, industrial, and medical products: Underwriters’ Laboratories—UL
544, and National Fire Protection Association—NFPA 76B.

Some cities, such as Chicago and Los Angeles, require certification for
each laser installed in a hospital, that it meets the prescribed safety regula-
tions. Los Angeles requires recertification of every laser model each year.
Virtually every hospital has a governing committee, which must approve each
laser model brought into the hospital for conformance to standards such as
electrical leakage (from UL 544). Often, this committee also sets the require-
ments as to who is qualified to operate the laser.
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3.1. Introduction

The coherent monochromatic CO, laser beam can be precisely focused
through an optical lens system (of appropriate material) so that high cross-
sectional energy density can be achieved at the focal point in a spot of less
than 1 mm. The high-energy laser beam passes through air and is absorbed
as it hits liquid or solid objects, so that it can be used for precise surgical
work for tissue incisions, vaporization, and coagulation. The reflectivity of
the laser decreases as the wavelength increases for all substances other than
surface-polished metals at wavelength of 10.6 um. Because of its 80-90%
water content, body tissue acts as a black body and will rapidly absorb this
energy. For this reason, CO, lasers can be used in surgery. The energy of a
continuously emitted CO, focused laser beam creates an incision by tissue
vaporization. The defocused beam has a lower energy density and produces
rapid thermal increase, with gradual fluid vaporization, dehydration, and
carbonization causing the cells to shrink and having a coagulative effect.!?
The shape of the crater of the vaporized tissue and of the adjacent necrotic
zone is in direct relation to the transverse electromagnetic mode (TEM) of
the laser beam.’

For comparison, a 230-mm layer of water is required to absorb 90% of
the radiation of the argon laser, while only 60 mm of water absorbs 90% of
the radiation from the Nd-YAG laser. In contrast, only 0.1 mm of water is
required for the carbon dioxide laser beam. Because of the high tissue water
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content, the CO, laser beam is absorbed by a very thin layer of tissue, and
precise control of the depth of destruction is thus possible during surgery.

3.1.1. Experimental Studies

The thermal properties of the carbon dioxide laser were investigated
with multiple analytic models.? The analysis was divided into two phases:

1. Human cervical sampling

a. Cytologic analysis

b. Histologic analysis

¢. Scanning electron microscopic (SEM) analysis
2. Heat transfer analysis

a. Theoretical model

b. Experimental model

The cytologic, histologic, and standard scanning electron microscopic
studies were carried out from 1976 to 1978. Fourteen cases of severe cervical
dysplasia to carcinoma in situ (CIN III), confirmed by histopathology, were
chosen for this study.

A standard quantity of CO, laser energy was applied to the cervical
epithelium. The standard energy was 250 W /cm? applied for 0.1 sec (i.e., 25
J/cm?). If the lesion was large, multiple exposures at the same quantity of
energy were used to eradicate the cervical disease.

3.1.2. Clinical Studies

3.1.2.a. Cytologic Analysis Cytologic samples were obtained daily on
every other patient so as to give a complete review of healing from the first
day of treatment to the 21st day. All samples were submitted for analysis by
standard cytopathological techniques.

The cytologic pattern immediately after treatment revealed elongated
cells resembling fibrocytes, whose histogenesis made it possible to define
them as columnar cells by comparing them with previous biopsy specimens.
Changes appeared to be the result of thermal coagulation, with lengthwise
destruction of the stromal cells. Epithelial cells were absent; only carbon res-
idue remained.

On the first day following treatment, a large number of acute inflam-
matory cells were visible. However, by the seventh to ninth days, this reaction
subsided, and many multinucleated epithelioid cells were noted. The appear-
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ance of these giant cells heralds the rapid squamous cell replacement phase.
By the 21st day, the cytologic smear returned to normal.

3.1.2.b. Histologic Analysis Histologic samples were obtained on the
first day of treatment, the 10th day after treatment, and the 21st day after
treatment. Tissue samples were taken with a Jako microlaryngeal biopsy for-
ceps and were examined by standard histopathological techniques.

The histologic pattern, immediately after treatment, revealed a total
absence of epithelium. The lateral demarcation of tissue removal was sharp
and perpendicular to the basal cell layer; adjacent normal epithelium
remained undisturbed. Thermal injury could be observed for an additional
50-100 um and terminated abruptly in a plane bordering the stroma. Occa-
sionally, a small amount of carbon residue was noted in the bottom of the
shallow crater formed by the laser impact.

On the 10th day, the histologic pattern was one of normal, reepithelial-
ized tissue. Below the surface of the new epithelium, multinucleated giant
cells should be seen. Cellular maturation, polarity, and cytoplasmic—nuclear
ratios were remarkably normal.

Mature squamous epithelium was noted on the 21st day. The cellular
polarity, maturation, and cytoplasmic-nuclear ratios were normal. There was
usually an absence of inflammatory cells in the adjacent stroma. Tensile
strength of this new tissue appeared to be normal.

All energy is predominantly absorbed by the water in the first 100 um
of tissue in an exponential fashion according to Beer’s Law. A second zone
of injury may occur and varies proportionally with the time exposure of
power over the tissue.* This zone, however, has a maximum width of 200
pum and is less than 500 um in depth as a result of tissue protein denaturation
by heat.** With ultra-high-speed color cinematography, Hall®’ demonstrated
that in the first 30 um of tissue, 90% of the energy is transferred as heat to
adjacent tissue. This results in boiling of intra- and extracellular water; as
cellular temperature approaches 100°C, steam forms and the cells expand
and then explode. The measurement of the velocity at which the steam
expands from the point of laser impact has revealed that pressure exerted on
adjacent tissue by cell disruption is small and unlikely to cause damage by
shock waves or the splattering of viable malignant materials to adjacent sites.
This kind of disruption of tissue architecture and the ablation of the tissue
debris from the wound result in a three-dimensional incision and tissue
removal. At a power output of 20 W, approximately 10 mm? of tissue can be
vaporized in 1 sec.

There is no selective absorption of the CO, laser beam by tissues with
different color and pigmentation as there is with some surgical lasers that
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emit shorter wavelength radiations. In fact, for the laser producing visible
light the absorption coefficient is strongly dependent on the color of the tissue.
For example, the blue-green light of the argon laser is readily absorbed by
hemoglobin. In addition, the scattering coefficient or damage to surrounding
tissues is larger for visible lasers than for infrared-wavelength lasers, such as
CO,. For the CO, lasers, the lateral-and backscattering coefficient is negli-
gible.® Nevertheless, the thermal effects of the CO, laser beam are different
for various tissues. The choice of power output, therefore, has to be related
to the tissue characteristics, the amount of tissue to be removed, and the
speed of the incision.

Capillaries of dermal and subepithelial tissue (0.5-1 mm in diameter)
revealed thrombosis when irradiated with the CO, laser. This small zone of
coagulation necrosis provides a relatively bloodless wound, since capillaries
and small vessels are sealed. In contrast, most vessels that are 2 mm or larger
will need to be clamped and ligated.’ !

Since long-term exposure leads to high heat conduction, short-term
exposure of the CO, laser beam can be used for the destruction or removal
of superficial lesions of small microscopic dimensions, and low power density
(150-200 W /cm?) is effective for coagulation of small bleeding vessels and
fragile tissues. High power densities (1000-2000 W /cm?) can decrease the
required time exposure and, consequently, remove larger masses with
reduced thermal damage to the adjacent tissues. The speed of tissue vapori-
zation, hence the speed of crater extension, is directly influenced by the power
density variations multiplied by the effective beam diameter. Actually the
higher the speed, the lower the total thermal damage.

Although the margins have a small nonviable zone, as demonstrated by
histologic studies,>'>!? the laser impact site shows no zone of ischemia. His-
tochemical and biochemical studies showed that cellular enzymes, during the
healing process, behave in a normal fashion.'*'* Moreover, pain is minimal
because of the small extent of contiguous tissue damage. Therefore, the heal-
ing process develops without any problems in soft tissue, especially mucosa.

3.1.2.c. Scanning Electron Microscopic Analysis Tissue samples
were obtained with a Jako microlaryngeal biopsy forceps, on the day of treat-
ment, the 10th day after treatment, and the 21st day after treatment, then
submitted for analysis by standard SEM techniques.

The SEM pattern immediately after treatment, at 25 J/cm?, revealed a
shallow crater in the form of an oblate hemispheroid (Fig. 3.1). The periph-
eral borders were slightly elevated. The rim of this crater showed fused
microridges and loss of intercellular bars. The heating effect was greatest on
the plane orthogonal to the axis of the crater. The adjacent cellular surface
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Figure 3.1. Scanning electron micrograph: laser impact site of 25 J/cm?® Vaporization
created an oblate hemispheroid geometric configuration (X 200). (Reproduced with
permission: Bellina JH, Seto YJ: Pathological and physical investigations into CO,
laser—tissue interactions with specific emphasis on cervical intraepithelial neoplasm.
Lasers Surg Med 7:47-69, 1980.)

returned to a normal architectural pattern within 100 um from the crater
surface. Previous electron microscopic and histochemical studies illustrated
special sensitivity of the epithelial cells, showing a necrotic zone of 200-250
um, whereas desmosome collagen fibers and erythrocytes were found struc-
turally preserved 30-50 nm away from the thermal cut.'®~'® Analysis of the
internal portion of the crater revealed complete absence of epithelial elements
(Fig. 3.2). The underlying supporting stroma showed few entrapped red
blood cells.

SEM analysis on the 10th day demonstrated a remarkably intact sur-
face epithelium. Large flat squamous epithelium, with microridge formation
and early intercellular bar formations, was noted (Fig. 3.3). Microvilli were
seen in 39% of the scanned cells. The epithelium again revealed poor cohe-
siveness and large tissue plaques could be seen. The plaques were avulsed
during preparation, indicating low tensile strength.
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Figure 3.2. Scanning electron micrograph: internal cavity of laser impact site. Absence of
epithelium cellular elements is noted (X 1500). (Reproduced with permission: Bellina JH,
Seto YJ: Pathological and physical investigations into CO, laser—tissue interactions with
specific emphasis on cervical intraepithelial neoplasm. Lasers Surg Med 1:47-69, 1980.)

Figure 3.3. Scanning electron micrograph: epithelial regeneration 10 days after laser treat-
ment. Metaplastic epithelium is present (X 3000). (Reproduced with permission: Bellina
JH, Seto YJ: Pathological and physical investigations into CO, laser—tissue interactions with
specific emphasis on cervical intraepithelial neoplasm. Lasers Surg Med 1:47-69, 1980.)



Bioeffects

Figure 3.4. Scanning electron micrograph: epithelial regeneration 21 days after
laser treatment. Normal, mature epithelium is present (X 1200). (Reproduced
with permission: Bellina JH, Seto YJ: Pathological and physical investigations into
CO, laser-tissue interactions with specific emphasis on cervical intraepithelial
neoplasm. Lasers Surg Med 1:47-69, 1980.)

On the 21st day after treatment, the surface topography appeared to be
normal. Mature epithelial cells, with well defined microridges, prominent cel-
lular bar formation, scant microvilli, and small nuclei convexities, were noted
throughout the surfaces studied (Fig. 3.4). The tensile strength appeared to
be normal, as free plaque formation was not present.

3.1.2.d. Clinical Findings Healing of laser-treated tissue is appar-
ently a function of the size of the treated area and the depth of cellular
destruction. Intensive cytologic, histologic, and SEM studies suggest that the
water content of the laser-treated cells affects the heat transfer within them.
The superficial squamous cells have a relatively low water content. The
deeper intermediate, parabasal, basal, and stromal cells have progressively
higher water content. Thus, one would expect the tissue destruction to be
greatest for any given power in the superficial layer and to diminish rapidly
as the stromal layers are approached. If, in theory, the energy transport is
greatest in the X-Y axis and least in the Z axis, an oblate hemispheroid
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would be generated. In actuality, a shallow crater, whose internal volume
conforms to the theoretical oblate hemispheroid, was observed by SEM at
the laser impact site. As the energy is rapidly dissipated in the cells with
higher water content, adjacent tissue necrosis is minimal to absent. Thus, as
observed, few macrocytes and fibroblasts are present during the healing
phase. This may account for the minimal scar formation and rapid healing
time.

3.1.3. Theoretical Analysis and Experimental Verification

3.1.3.a. Theoretical Analysis of Heat Transfer—General To explain
some of the clinical observations delineated above, a theoretical model of
CO-laser-produced heat transfer in tissue was developed. The theoretical
mode, admittedly still relatively crude, was judged to be more realistic than
most of the models proposed in the current literature.

For the theoretical analysis, we adopted and generalized the multilayer
skin model of Stohivijk and Hardy. We assume an N-layer tissue model in
which the i = 1 layer was eqivalent to the first epithelial layers of Stohivijk
and Hardy." As illustrated in Fig. 3.5, the model depicts varying thicknesses
and different thermal properties for each layer. The total thickness (L), of
the entire tissue (i.e., L = N Az;), however, was assumed to be large enough
that the tissue temperature at the Nth layer would not be affected by the
laser heat input at the i = 1 layer. This assumption was equivalent to having
restricted the laser input to finite laser energy and finite impact time.

Other assumptions required by this model were that (1) thermal prop-
erties of tissue within each layer are homogeneous and isotropic, and (2) sub-
mucosal cooling via blood flow is absent.

The N-layer tissue model results in N second-order differential equa-
tions with 2(/V + 1) boundary conditions to be simuitaneously solved. Invok-
ing circular cylindrical coordinate systems (r, 8, z) and observing a symme-
try, the NV differential equations are given symbolically:

18 8T, 8T, 13T, _ 4 0
ror or 6z? k; ot K;

where the subscript i = 1, ..., N denotes the ith layer, and k; and K; are
the thermal diffusivity and conductivity, respectively. T; (7, z, ) is the tem-
perature at some point (7, z) and time (¢) at the ith layer, and 4; (7, z, ) is
the heat source at point (7, z) and time (#), which is determined by the energy
distribution in the laser beam and the absorption, scattering, and extinction
coefficient of the ith layer tissue. The 2(N + 2) boundary conditions are:
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Figure 3.5. N-layer tissue model. Each layer Z; . .. Z, is given a mathematical repre-
sentation that approximates its biological properties. (Reproduced with permission: Bel-
lina JH, Seto YJ: Pathological and physical investigations into CO, laser-tissue inter-
actions with specific emphasis on cervical intraepithelial neoplasm. Lasers Surg Med
1:47-69, 1980.)
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where H is the tissue surface radiation cooling coefficient.
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Applying the Hankel transform for r-variation and the Laplace trans-
form for t-variation and using matrix manipulation, Egs. (1) and (2) could
be solved with an N-fold iterative method. In principle, within the constraints
of the assumption, the solution becomes more representative of human tissue
as NV increases. For large N, the iterative method requires a computer for
numerical solution.

3.1.3.b. Theoretical Analysis—Closed-Form Solution The iterative
method, as presented above, facilitates numerical solution to arbitrary
degrees of accuracy. Numerical solutions, however, are possible only on a.
case-by-case basis where tissue properties are specified. To extract analytical
general information, one needs a closed-form solution. For NV = 1, [i.e., z;
= [, providing that L is large so that at z = L, T (L, r, t) is constant] a
closed-form solution can be readily deduced from its general solution. With-
out loss of generality, one may assume a TEM mode laser beam with gaus-
sian distribution and an infinitely short extinction length. The N = 1 solution
for an impulse source formation is found to be

2d°k exp—(z*/4kt)  Hm

— - 2
G(r,z, t) = I % Akt > exp(H, + H"kt)
z | H (—r*/4kt + &)
erfc <4kt + > 4kt> exp Akt & 3)

where erfc (x) is the complementary error function of x. Since there is only
one layer, the subscript i has been dropped. Equation (3) is called Green’s
function because it is the response to an impulse function, i.e., the absorbed
laser energy at z = 0 being an impulse:

A(r,0,¢t) = A(r, 0) 6 (2)

For TEMy, mode, assuming the laser beam is centered at » = 0, the gaussian
distribution yields:

A(r, 0) = T2

where d is the half-power width of the laser beam, and /; is the intensity
absorption at r = 0.

Green’s function is useful in its application to obtain temperature dis-
tribution for any temporal variation of the laser energy. If the laser temporal
variation is 8(¢)—i.e., A = A(r, 0)8(t)—the temperature distribution in the
tissue can be obtained through the following convolution integral:
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v
T(r, z, t) = fo 0(t)g(r, z, t — t)dr 4)

On the other hand, Green’s function is convenient in that if the extraction of
information at a higher level of generality is needed, it is necessary just to
examine Green’s function without having to carry out the integral in Eq. (4).

3.1.3.c. Experimental Verification The experiments on heat conduc-
tion in tissues were performed using tissue samples from excised abdominal
walls of Sprague-Dawley rats. The temperature in the tissue was monitored
using three Yellow Spring 507 miniature thermistor probes. Because of vari-
ations in individual thermistor characteristics, the probes were not electri-
cally interchangeable. A drive circuit for each probe, consisting of a simple
resistance bridge, was constructed in such a way that the values of the resis-
tors were adjusted to yield comparable voltage output versus temperature
characteristics. For measurements, the output voltages of the probes were
recorded simultaneously by a two-beam, dual-trace (a sum of four traces)
Tectronix RM3565 oscilloscope. Permanent records were obtained by an oscil-
loscope-mounted Polaroid Land Camera.

The depth of each probe in the tissue was measured by a tubular
micrometer. The micrometer was mounted vertically on the head of a micro-
scope stand which supported the tissue samples. This micrometer has a sen-
sitivity of 0.0127 mm and a needle point. The depth of a probe inside the
tissue was determined by first taking the micrometer reading while the needle
was at the tissue surface. The needle was then inserted into the tissue, and
another reading was taken at contact with the thermal probe. The difference
in the two micrometer readings represented the probe depth.

The lateral distance of each probe head from the edge of the crater
formed by the laser firing was measured by a traveling micrometer micro-
scope. The complete objective eyepiece system of the traveling microscope
could move horizontally by a micrometer to the microscope stand supporting
the tissue sample. The objective-eyepiece system had a crossed-hair align-
ment. One reading of the micrometer was recorded when the crossed hairline
was aligned with the crater edge. The object eyepiece was then moved lat-
erally until the hairline coincided with the tip of the probe, then a second
reading was recorded. The difference between the two readings represented
the horizontal location of the probe. This instrument was also used in mea-
suring the size of the crater. The sensitivity of the micrometer was 0.005 mm
(Fig. 3.6).

With the above-described experimental set-up, temporal variations of
temperature at three different locations in tissue can be simultaneously
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Figure 3.6. Experimental apparatus for the thermal measurements: Oscilloscope, thermal
probes, tissue sample, and beam reflector. (Reproduced with permission: Bellina JH, Seto
YJ: Pathological and physical investigations into CO, laser—tissue interactions with specific
emphasis on cervical intraepithelial neoplasm. Lasers Surg Med 1:47-69, 1980.)

recorded. The recordings of such temporal responses for any given laser
energy can be compared with theoretical responses as calculated from Egs.
(3) and (4) by appropriate substitution of probe locations in Eq. (3).

Since precise values of diffusivity and conductivity for rat abdominal
wall are not known, the following values for averaging tissues were used in
the theoretical calculation:

k = 0.001 cm?/sec
K = 025W/em — °K

The focused laser beam was set at 10 W for a half-width of 4 = 0.05 cm at
the surface of the tissue, and the laser impact time was set at 1 sec; that is:

Lo<i<1

b(1) = 0, > 1
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The laser power for each impact was incorporated in the power absorption
parameter I, by assuming 100% power absorption in tissue.

A comparison of theoretically predicted to experimentally measured
temperature responses in more than 50 subjects yields quantitative and sta-
tistical agreement. Quantitative differences between theoretical and experi-
mental responses are attributable to the choice of diffusivity and conductivity
values and to the accuracy of experimental measurements. A typical com-
parison of responses is shown in Fig. 3.7.

3.1.3.d. Summary of Theoretical Findings The second term in Eq.
(3) is interpreted as a surface radiation cooling term. If one assumes no sur-
face cooling effect (i.e., H = 0), the entire second term can be omitted. For
extraction of general information in cases where no forced air surface cooling
is involved, examination of the first term in Eq. (3) suffices. The following is

a summary of the analytical characteristics of temperature responses in tis-
sue under typical laser impacts:

1.04
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o 0.754
2
d
[}
o
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Figure 3.7. Graphic illustration of experimental data compared to theoretical data.
(Reproduced with permission: Bellina JH, Seto YJ: Pathological and physical inves-

tigations into CO, laser—tissue interactions with specific emphasis on cervical intra-
epithelial neoplasm. Lasers Surg Med 1:47-69, 1980.)
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Figure 3.8. Gaussian distribution of thermal decay of laser induced
tissue heating. (Reproduced with permission: Bellina JH, Seto YJ:
Pathological and physical investigations into CO, laser—tissue inter-
actions with specific emphasis on cervical intraepithelial neoplasm.
Lasers Surg Med 1:47-69, 1980.)
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Figure 3.9. Measured thermal pattern of the carbon diox-
ide laser, oblate hemispheroid. (Reproduced with permis-
sion: Bellina JH, Seto YJ: Pathological and physical inves-
tigations into CO, laser-tissue interactions with specific
emphasis on cervical intraepithelial neoplasm. Lasers Surg
Med 1:47-69, 1980.)
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1. The analytical model quantitatively predicts heat transfer responses

2.

in tissue as verified by detailed experimental comparisons.

At any given time, the laser-induced temperature distribution decays
radially outward from the point of impact. The decaying temperature
function obeys a gaussian distribution function rather than simple
exponential decay (Fig. 3.8).

. For the same distance from the point of impact, at any given time ¢

> d?/4k, a point lying on the surface of the tissue will have a tem-
perature higher than a point lying directly under the laser’s point of
impact. An alternative interpretation of this observation for ¢ > d?/
4k is that the equal temperature surfaces would take oblate hemi-
spheroidal shape as shown in Fig. 3.9. This is far different from deep
cutting temperature distribution in tissue as given by Bodecker and
colleagues.”’ For comparison, their equal temperature surfaces are
resketched in Fig. 3.10. The temperature difference between a sur-
face point and a point directly under the impact point at equal dis-
tance rapidly decreases as time progresses beyond ¢ > d?/4k. This
means that equal temperature surfaces in tissue will ultimately
approach concentric hemispheres.
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Figure 3.10. Comparison of theoretical and experimental mea-
surements are in agreement with a hemioblate spheroid geome-
try. (Reproduced with permission: Bellina JH, Seto YJ: Patho-
logical and physical investigations into CO, laser—tissue
interactions with specific emphasis on cervical intraepithelial neo-
plasm. Lasers Surg Med 1:47-69, 1980.)
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Figure 3.11. Maxwellian distribution function illustrates temporal variation pattern as mea-
sured in the experiments. (Reproduced with permission: Bellina JH, Seto YJ: Pathological
and physical investigations into CO, laser-tissue interactions with specific emphasis on cer-
vical intraepithelial neoplasm. Lasers Surg Med 1:47-69, 1980.)
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4. At any given point in tissue, the temporal variation of temperature

5.

resembles a Maxwellian distribution function (Fig. 3.11).

One can consider the CO,-laser-induced heat conduction in tissue as
a radially outward-propagating temperature pulse much like a poten-
tial pulse propagating along a nerve system. At points near the point
of impact, the pulse has a sharp rise time, high peak temperature,
and relatively long decay time. As the pulse propagates outward, the
peak temperture decays as described below, and the sharp curve
shape of the pulse becomes flattened. By examining Eq. (3), one can
deduce that the speed of the pulse is inversely proportional to the
distance from the point of impact, that is:

Vp o 1 Vp 1

r z
Thus, the temperature pulse is seen to propagate relatively rapidly at
the vicinity of the impact point, but the speed is reduced as it prop-
agates outward.

6. The model predicts approximately that the peak of the temperature
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pulse is, at any point, inversely proportional to the cube of the dis-
tance between that point and the laser impact site. This holds as long
as 4kt > d°.

3.1.3.e. Conclusion The analytical model in our study predicted that
(1) an oblate hemispheroid configuration of constant temperature surfaces in
tissue results from impact of an ideal CO, laser system; (2) the temperature
distribution decays radially outward from the point of impact in a gaussian
form; and (3) the surface or lateral thermal pulse peak, 7, decreases
inversely proportionately to the cube of the distance traveled.

The SEM observations of laser impact sites reveal an internal cavity
whose geometric configuration is an oblate hemispheroid. The limit of the
lateral thermal cellular damage is finite and well-demarcated. This phenom-
enon is explained by the rapid reduction of the peak temperature as it travels
radially outward, T, ~ 1/r°. The SEM observations appear to confirm the
predicted thermal pattern.

Histologic evidence of limited stromal necrosis conforms to the heat-
transfer properties predicted in the model and measured in our experiments.

Thus, it is our conclusion that the rapid reepithelialization noted by
cytologic, histologic, and SEM analysis is due to the thermal interaction pat-
terns of the CO, laser (Fig. 3.12).

Minimal stromal damage results from laser application and, as the heat
radiates in a lateral fashion, the greatest thermal damage occurs in the epi-
thelial layer. This layer heals rapidly in a centripetal and reserve cell fashion.
As the application of CO, laser energy to tissues creates minimal adjacent
tissue necrosis, replacement of the epithelium occurs without extensive
phagocytosis. This is in contradistinction to hot cautery or other volumetric
destructive modalities. The zone of injury created by the laser is minimal to
absent at 50 um or less in thickness. The zone of injury and necrosis created
by other treatments varies from millimeters to centimeters in thickness.

In conclusion, we have attempted to explain the rapid reepithelialization
occurring on the cervix following laser vaporization. We believe that the bio-
physical properties of this infrared energy can and do advance our under-
standing of the tissue healing phase.

3.2. Plume Emission Analysis

As previously discussed, the 10.6-um wavelength is exponentially
absorbed by the water molecule. Absorbed photons at this wavelength can
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Figure 3.12. Biothermal effects of laser gave impetus to rapid healing of the epithelium. The
oblate hemispheroid thermal configuration explained the residual tumor problem. Minimal
stroma damage results from the laser. To avoid residual disease, the stroma must be removed
to a depth of 2 mm. (Reproduced with permission: Bellina JH, Seto YJ: Pathological and
physical investigations into CO, laser-tissue interactions with specific emphasis on cervical
intraepithelial neoplasm. Lasers Surg Med /:47-69, 1980.)

transfer their energy (Av) through vibrational shifts in the triatomic water
molecule, thereby creating heat. The rapid temperature elevation of intra-
cellular water results in cellular wall disruption. Cellular water vaporization
produces a plume containing intracellular components which are further
heated by the 1500° C radiant beam. The major question concerning the sur-
geon and patient is the possibility of DNA transfer to the surgeon’s lungs or
the splattering of vapor containing oncogenic DNA from the wound site. We
undertook a study to analyze both problems carefully.

Hoye, in his work with pulsed laser systems, described viable tumor cells
in the laser plume.?! Oosterhuis, using trypan blue vital stain, described what
he considered to be nonviable (morphologically intact) cells after CO, laser
irradiation of melanotic lesions.”> However, the in vivo inoculum in Ooster-
huis’s study failed to produce a melanotic tumor. Serial passage of the debris
in tissue culture showed no cellular propagation.?
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The study was designed to investigate the plume debris at the molecular
level, using techniques described by Stjernholm.? The degree of enzymatic
function was assessed by the ability of the debris to utilize ['*C]glucose
for energy metabolism. Additional studies were performed to detect
possible DNA replication or RNA transcription using [*H]thymidine
and [*H]uridine.

Tumors from patients infected with papovavirus were used as the tumor
model. This virus is sexually transmitted and results in a wartlike growth
known as condyloma acuminata. The virus has also been identified as the
etiologic agent for laryngeal papilloma usually seen in young children.? It is
hypothesized that vaginal transmission to the aerodigestive tract of the infant
occurs at parturition. In women, coital exposure to this virus results in a gen-
ital papillary growth within 60-90 days of exposure. As this virus is a DNA
virus, it is a good tumor model, with known transmissible traits in the human.
If the debris contained viable biological material, then the surgeon and
patient could be at risk for tumor development.

After appropriate analysis, all samples failed to demonstrate viability.
Evaluation of metabolic activity using ['*C]glucose showed no activity. Sim-
ilarly, labeled nucleosides failed to demonstrate replication or transcription
activity. The presence of intact but dehydrated cells suggested the possibility
of intact cytoplasmic or nuclear pathways. However, in this study® no cyto-
plasmic or nuclear activity could be detected. If a hazard exists, it may
appear after long-term exposure.

Previous research?’ demonstrated the denaturation of DNA molecules
by the laser, so that phagocytic cells would not incorporate the entire particle,
which could represent a potential danger for neoplastic recurrence during the
healing process. Goldman?® has studied this question for more than five years
and has found no evidence linking laser-exposed tissue to the development of
malignancies.

3.3. Photoacoustic Properties

Photoacoustic properties of lasers are very important in dealing with
oncogenic tumors. Should an acoustic wave be generated with sufficient
strength to displace a tumor cell, then rapid metastases could occur.

Using a Michelson interferometer, the impact of CO, photons was mea-
sured as the displacement of a pivoted mirror. The interference pattern gen-
erated by a properly balanced pivotal mirror resulted in a shift of interference
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Figure 3.15. Experimental data on black-body movements revealed that wet paper

had maximum motion due to water jet vaporization phenomenon while tissue had
least amount of moment.

fringe pattern (Fig. 3.13). This shift was recorded via the phototransistor and
displayed on a cathode ray tube (Fig. 3.14).

The experimental study investigated black-body absorption, wet-paper
absorption, and tissue absorption. The final conclusion was that the photon
moment was negligible and constant at 60 Hz as related to the 60-Hz cycle
of the laser. The effect on wet paper was largely the result of water vapor-
izing, the downward force resulting from the ejected vapor. The maximal
displant was negligible, <<0.15 um. This photon moment was slightly
increased when the time of exposure was increased. We concluded that the
photon moment in vivo is less than for a black body but significantly less than
for wet paper (73.3 um) (Fig. 3.15). Thus, acoustic wave or photon impact
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should be of negligible clinical significance. Additional studies are needed
using holograms to document vibrations in each direction of impact, prefer-
ably real-time, double-exposure holograms.

3.4. Photon-Tissue Interaction

The argon laser (A = 0.488-0.515 nm) was used to evaluate tissue pho-
tobiology as a function of (1) power density, (2) energy density at constant
velocity, and (3) delayed tissue photobiodynamics as a function of (1) and
(2). Rabbit fallopian tubes were used as models. Our interest was not only
in the initial incision effect of this wavelength, but also, and more impor-
tantly, in the return of organ function over time.

The animals were divided into three test groups, each containing 10 ani-
mals. Group I was treated with a power density of 1000 W/cm? at a linear
velocity of 1.0 cm/sec (energy density, 100 J/cm?). Group II was treated
with a power density of 1000 W/cm? at a linear density of 1.5 cm/sec
(energy density, 75 J/cm?).

From each group, two animals were sacrificed at days 0, 5, 10, 15, and
20. Tubal segments 1.5 cm long were taken for analysis and placed in 10%
formalin. The tissues were dehydrated and embedded in Paraplast®. Sections
from 5 to 8 um in thickness were affixed to albumin-coated slides, stained
with van Gieson’s solution, and counterstained with Gray’s Celestine Blue.
When this preparation is used, cellular nuclei stain blue to blue-green, col-
lagen stains magenta, muscle stains brownish yellow, and keratin and eryth-
rocytes stain brilliant yellow.

3.4.1. Experimental Design

A Spectra-Physics Model 770 argon photocoagulator was used as the
wavelength source. The laser was focused to a diameter of 0.10 cm at the
tissue irradiation site. A mechanical device constructed by the investigators
was used to produce a constant linear velocity over the test tissue site. To
insure precise dimensions of the linear cut, a mask was constructed which
allowed passage of the incident energy for a fixed distance of 1 cm. The
device was also constructed to hold the focal distance of the laser at a con-
stant distance from the tissue.
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3.4.2. Results

The findings were similar at all three linear velocities although the
changes were more marked when the linear velocity was 2.0 cm/sec. Initially
(day 0), a thermal effect is seen at the impact site involving the serosa and
underlying muscularis. The capillaries of the underlying submucosa were
contracted and filled with hemolyzed erythrocytes. By day 5, the site of
injury showed a zone of fibrosis in the serosa and muscularis and thrombosis
in the capillaries of the submucosa. By days 10-15, there was fibrosis in the
serosa, atrophy and fibrosis in the muscularis, atrophy of the submucosa, and
hyperplasia at the site of the injury. By day 20, the changes were accen-
tuated, with fibrosis of the serosa and muscularis, dilated large venules, col-
lagen and hemorrhage in the serosa, with increased fibrosis in the submucosa
and hyperplasia of the mucosa. The mucosal hyperplasia was contra-coup in
nature (i.e., appeared most extensive directly opposite the site of laser
irradiation).

3.4.3. Discussion

When the known effects of photon-tissue interaction were explored, it
was found that photobiological effects can be divided into two major cate-
gories; linear effects and nonlinear effects. Linear effects are comprised of
the direct or observed heating, vaporization, and plume phenomena. The non-
linear effects are more theoretical but may help to explain some of our exper-
imental results. Nonlinear effects can include in situ generation of elastic
waves by (1) radiation pressure, (2) electrostriction, (3) self-trapping, and
(4) stimulated Brillouin scattering. Nonlinear effects can also include in situ
generation of ionizing radiation by (1) multiphoton effect, (2) harmonic gen-
eration, (3) stimulated Raman scattering, and (4) electric breakdown.?

In both nonlinear pathways the end product or observed effect is heating
by either photon absorption or electron absorption, resulting in tissue vapor-
ization. However, the by-products of nonlinear pathways may give rise to
secondary tissue effects in the form of ionization, plasma production, and in
situ generation of ionization radiation from UV to X rays. Their effects may
or may not be of biological significance.

The thermal effects of laser photobiology have been amply elucidated,
with major references to the CO, wavelength of 10.6 um, by many
authors.>'2!"% To draw conclusions, we shall compare and contrast the
known properties of the carbon dioxide wavelength of 10,600 nm to the argon
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wavelength of 488 nm. Furthermore, we shall use certain mathematical
models to validate our observations. The formulas are self-explanatory and
do not require an extensive mathematical background.

When one compares the thermal effect of the argon wavelength to the
CO, wavelength, the first discrepancy appears in the tissue absorption coef-
ficiency. The adipose tissue absorption coefficient is 1.5 cm™' at 488 nm and
that for skin is 60 cm™', whereas most tissue at 10,600 nm has an absorption
coefficiency of =200 cm™'. Using the absorption coefficiency in Beer’s expo-
nential law of absorption:

I = Iyexp(—aZ) (5)

where o represents the absorption coefficient of the tissue at the laser wave-
length, it becomes readily apparent that « of 1.5 cm™' when compared to «
of 200 cm ™! will result in a greater penetration of the argon laser when com-
pared to the CO,; laser. In fact, the incident CO, laser energy is 90%
absorbed by less than the first millimeter of fat while >1 cm will be required
to absorb 90% of the argon incident laser energy. Thus, it becomes apparent
that even a sharply focused argon laser will theoretically have a potential for
distant photon penetration.

Next, considering the quality of energy necessary to vaporize a tissue,
one is again struck by the fact that a simple inspection of a balanced energy
equation reveals another major discrepancy.

Using the balanced heat equation:

_ (O —Rpmt (I — RMAPT
ApJ(L + cAT) wd*pJ(L + cAr)

(6)

where the absorption depth of the tissue is assumed to be 0.02 cm, R is the
reflectivity of rat skin (at 10,600 nm this is less than 5%), P is the average
laser power (W), A is the area of the focused laser beam (wd/4)* (cm?), p is
the density of the tissue (1.2 g/cm?), n is a gas law constant derived from
the formula I = Iy exp (—aZ), J is Joule’s constant (4.185 J/cal), L is the
latent heat of the tissue (540 cal/g), c is the specific heat of the tissue (0.86
cal/g°C), AT is the temperature rise to the vaporization point (100°C —
36.5°C = 63.5°C), t is the time to vaporize the small volume to the absorp-
tion depth (sec), T is the total time of exposure (T = nt), d is the focused
laser spot diameter (cm), and X is the nz total depth of the incision (cm).
The value of R (reflectivity) is greater for argon (>>1) when compared
to that for CO, (<1). As R is in the numerator, the value of X or energy
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required to vaporize a given quality of tissue, will be increased in direct pro-
portion to an increase in R as long as all other variables are held constant.
Indeed, this is the case with the argon/CO, “X” evaluation. Thus, the argon
laser should require a greater power output to achieve the same vaporization
volume when compared to the CO, laser. However, experimentally, when
power densities were held constant, the vaporization volume reported by Bog-
gan et al.*® was slightly greater in the argon test group. In their experiments,
power densities were corrected by beam diameter rather than input power.
Thus, the greater or lesser the surface area of impact, the greater or lesser
the effects of reflectivity R.

There is a theoretical minimal surface at which R becomes negligible.
However, as the focus becomes minimal, the other effects come into exis-
tence. In nature, all substances are bound by atomic interactions. The forces
binding atoms are electromagnetic fields defined in V/cm. When the field
strength surrounding a molecule exceeds 10° V/cm, an instantaneous mas-
sive redistribution of the electrical system can occur with production of free
electrons, ionized atoms, and possible X rays from bremsstrahlung (i.e.,
plasma formation).

To determine if, in medicine, the argon or CO, laser could achieve this
electromagnetic field strength, solve the following equation:

E=2wt (7)
€

where uo/€o = 37.6 Q, W is the power density (W /cm?), and, E is the electric
field strength (V/cm).

Solve for E or E = 27.4 (w)'/?, and then substitute for E, 10° V/cm.
In solving, we now discover that both the argon and CO, laser at 1.3 X 10°
W /cm? could produce undesirable ionization effects. Thus, if we can develop
power of 1.3 X 10° W/cm?, stimulated Raman and Brillouin scattering and
field stripping effects become possible. However, to develop power densities
of this order of magnitude, we must either develop very powerful input volt-
ages or critically focus the laser to a very small diameter. Theoretically, a
laser could be critically focused to a diameter equal to the wavelength of the
exacting media. However, the mirror properties of the laser optical cavity
(Fabry-Perot resonant cavity), prevent this focus minimum. This is referred
to as diffraction limitation.

The emission from a diffraction-limited laser can be focused to a diam-
eter approaching the order of magnitude of its wavelength. The equation for
this focusing is defined by:
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2.44f\
dreEme = Df (8)

where drEm, iS the diameter at the tissue, A is the laser wavelength, D is the
diameter of the laser beam exiting from the optical cavity, and, f'is the focal
length of the lens.

Using the ideal “f number” ratio of f/0 = 1, the minimum is dtgypg =
2.44\, and we can calculate the minimum-focused “diameter.” The CO,
laser can be focused to a theoretical spot size of 25,864 nm, while the argon
laser can be focused to a theoretical spot size of 1190.72 nm.

Now, using these diffraction-limited minima-focused “diameters” we
can solve for the power requirement of each laser to generate field strength
in excess of 10® V/cm by using a power density formula:

_ 100 X watts of output
(diameter of “spot size” in millimeters)?

PD )

This power density formula is an approximation to correct for a beam profile
of gaussian distribution (i.e., TEMg). Using this method, we discover that
our CO, laser power supply would require an output of 8696 W while the
argon laser power supply would only require 18.43 W of output. There are
no CO, lasers existing in medicine today with power supplies of this order of
magnitude, but power outputs of 18 W could be achieved with argon. Thus,
nonlinear effects are no longer theoretical when an argon laser focal spot size
approaches 1.2 um. There is currently, however, no medical system that can
deliver this spot size in the argon wavelength.

Thus, the theoretical properties of nonlinear reactions should not be
encountered at power densities from 1 X 10 to 5 X 10° W/cm? with either
the argon or the CO, laser, as most undesirable effects begin near power
densities at 1.3 X 10° W/cm?, which could generate electromagnetic fields
of 10° V/cm.

However, in our experiments we noted tissue reaction in excess of those
expected. In evaluating the mathematical models, we noted the major area
of discrepancy to be in the absorption coefficiency of both lasers. The argon-
reflective properties are probably minimal when focused below 100 um but
at 1 mm must be taken into consideration. The CO, laser is not reflected.

We are left with but one explanation for our experimental results;
absorption and scattering of the argon photon causes additional photobio-
logical effects. The results, noted in our study, revealed delayed tissue
changes associated with fibrosis. These changes are believed to be related to
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direct heating effect of the argon wavelength on tissue through vibrational
energy translation and photochemical chemical changes not fully elucidated.
The first effect of healing has a well defined geometry and a random healing
pattern due to scatter and reflected argon photons.

In our fallopian tube model, the primary pigmentation is from the hemo-
globin molecule, and secondary pigmentation is from the myoglobin mole-
cule. Argon photons are strongly absorbed by the hemoglobin and oxyhem-
oglobin molecules. The hemoglobin molecule acts as the limiting factor in
absorption and scatter. The fallopian tube is relatively transparent to 488 nm
except for its angioarchitecture. A focused argon laser will cut by Eq. (6),
but by Eq. (5) deeper photon penetration due to the lower absorption coeffi-
cient must result. Intercellular reflection will occur where reflection is in
excess of the absorption. One can postulate that scattering of the argon pho-
tons to distant sites could lead to additional tissue changes. Indeed in our set
of experiments additional photobiological effects were noted. Delayed necro-
sis appeared to be directly related to an intravascular microcoagulation.

We hypothesize that at the primary focus vaporization occurs, with a
resulting scatter of 488-nm photons. The scatter photons are distributed in
the surrounding tissue on a more or less random basis depending on the inci-
dent angle of the primary argon beam, cellular reflectivity, absorption, and
the angioarchitecture of the organ. As is the case with certain organs, critical
vascular supplies are of the terminal capillary type with limited collateral
circulation.

Should an intravascular event lead to a rise in plasma temperature,
endothelial damage could result in a microvascular clotting event. As the
principle mechanism for photon energy dissipation is thermal, “hot” eryth-
rocytes could heat and damage the endothelial surfaces. These “hot” or dam-
aged erythrocytes would be immediately swept away from the injury site by
the plasma flow. Thus, early review of tissue would not demonstrate tissue or
vessel damage. However, as the endothelial layer is avulsed by additional
trauma from passing erythrocytes and lysozyme activity, intracellular throm-
boplastin could start a process of clotting. Should this intravascular clot be
in a critical pathway, one with minimal to no collateral circulation, terminal
arteriole necrosis would result. This process was observed in our model. The
immediate injury was of a limited and well defined area. However, by the
10th day, delayed intravascular clotting was noted, with tissue necrosis devel-
oping as late as the 15th day. Large wedges of tissue necrosis suggested a
terminal arteriole occlusion, healing and repair occurring thereafter until the
21st day of study.

In the set of experiments by Boggan et al.,*® cerebral tissue was exposed
for very short intervals (0.2 sec) to the argon and CO, wavelengths. The
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effects of scatter were minimal due to the very short exposure of peripheral
hemoglobin to scattered photons. In fact, their set of experiments showed no
apparent delayed effects. When the argon laser was used to cut neural axons,
the delayed effects were evident, but only indirect in the healing process.
They found that nerves cut with the continuous wave (cw) argon “healed
faster.” In contrast, the CO,-laser-cut nerves showed “delayed healing” and
took a prolonged interval to achieve normal tensile strength. Is it possible that
the “rapid healing” and tensile strength were the results of an increase in
tissue destruction stimulating an increase in fibroblastic activity? Other
argon tissue experiments revealed an increased proliferation of fibroblastic
activity.’! A more appropriate test of axon recovery would be the return of
normal function. In fact, experience with experimental animal models as well
as human subjects reveals this return to normal function to be due apparently
to the reduction in reparative collagen deposition. The greater the collagen
deposition in the healing phase, theoretically the greater the probability of
poor organ function. This is particularly true with fallopian tubes, whose
function depends not only upon the return of normal neural function but also
on tissue flexibility and mobility.

These results are thought to be the first evidence of the existence of
nonlinear effects of argon wavelength on tissue. We believe that the vascu-
larity and collateral circulation of the vascular tumors and retinal diseases
on which the argon laser was primarily used in the past prevented these
observations. Similarly, in otorhinolaryngology the relatively avascular tym-
panic membrane and ossicles failed to reveal this delayed phenomenon.

Of importance was the discovery of mucosal hyperplasia. This phenom-
enon suggests a photochemically induced response of this cell layer. It is also
most interesting to note that the hyperplasia is discrete in location and
appears to be in those sites directly exposed to a high density of photons.

In conclusion, surgeons employing new techniques of laser surgery must
be cognizant of the possibility of delayed effects from various wavelengths.
As new instrumentation is developed, variable operating beam diameters will
become available. However beam diameter alone will not solve all the prob-
lems facing the laser surgeon. A careful study of all beam diameters and new
techniques is very important to laser surgery and the surgeon.
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4

Applications in Gynecology with
Emphasis on the Cervix

4.1. Introduction to Laser Surgery

The bioeffects of the CO, surgical laser have been described; it is now nec-
essary to examine the advantages of this new surgical tool which have
allowed the development of its practical applications in surgery, and how its
biophysical properties may be used advantageously (Table 4.1). The surgeon
can easily learn this new technique with training and practice. When one uses
a knife, the depth of incision is controlled by the pressure applied to the scal-
pel. In contrast, using a laser instrument is a unique experience: the tissue is
not touched and the desired effects are obtained by varying the biophysical
parameters (Table 4.2) in freehand surgery as well as microscopic surgery.
Precise power and beam spot size settings, appropriate speed of incision, and
control of secondary burn effects from the heat energy of the beam by cooling
methods are necessary for optimizing laser techniques. In spite of the dis-
advantage cited in Table 4.3, the precision of the laser instrument allows
more conservative surgery and the characteristic of the hemostatic incision,
with its self-sterilizing operative field, must be considered of essential impor-
tance in modern general surgery and especially useful for gynecologic appli-
cations (Table 4.4). The broad spectrum of continuous power output setting
and exposure time allows the surgeon high flexibility of application. Laser
surgery usually requires a combination of coagulation, excision, and vapori-
zation techniques.

111



Chapter 4

Table 4.1. Advantages in Surgery with CO, Laser Application

Reduced operative time

Reduced hospital stay

Minimal operative and postoperative complications

Reduced postoperative pain

Minimal adjacent tissue damage

Lymphatic and small blood vessels are sealed
Microscope-integrated system allows for precision microcutting
of tissues or exact vaporization of tumors

Table 4.2. Basic Concepts for CO, Laser Surgical Application

Stationary beam (cw) Moving beam (cw)
Volume of tissue to be ablated is function of Depth of ablation is proportional to power
the energy and the exposure time density and beam spot diameter
Depth of ablation is power-density- and time- Depth of ablation is inversely
dependent proportional to lasing speed
At constant power density, depth is time- At constant lasing speed, depth is
dependent proportional to power output

At constant power output, depth is
inversely proportional to lasing speed

Table 4.3. Disadvantage of Laser Surgical Application

Loss of proprioception sense (absence of physical contact)

Table 4.4, Specific Indications for CO,
Laser Application in Gynecology

Intraabdominal

Pelvic neoplasia

Fallopian tube obstruction
Cervical

Viral disease

Cervical intraepithelial neoplasia
Vaginal

Viral disease

Vaginal intraepithelial neoplasia
Vulvar

Viral disease

Vulvar intraepithelial neoplasia

Dystrophia
Perineum
Anus
Breast
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Speed 3.5 mm/sec

Depth (mm)
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0 20 40 50
Power (watts c.w.)

Figure 4.1. At constant lasing speed, the depth of penetration is proportional to the
power.

The technology of laser surgery provides the surgeon with an impressive,
versatile tool which permits the removal of small areas of neoplastic tissue,
even in the most inaccessible anatomic regions, or the complete destruction
of large neoplastic masses (i.e., tumor debulking) and separation of tissues
with precise margins. The CO, laser energy necessary for tissue mass
destruction appears to be directly related to the volume of the mass.! The
power density determines how much tissue will be destroyed or how deep the
incision will be (Fig. 4.1). The speed of movement of the laser determines
the amount of energy which is transmitted to the tissue. The longer the beam
is focused on one spot, the greater the amount of energy that will be delivered
to the tissue. The more vaporization of the tissue that occurs, the deeper will
be the destruction of that tissue (Fig. 4.2). Excisional laser surgery is
reported with increasing frequency. Some laser procedures report results
superior to conventional scalpel surgical procedures. High power density is
required for excisional laser application (i.e., 1400-3000 W/cm?). Spot
diameter, which can be reduced to a fraction of a millimeter, is used for rapid
cutting, with minimal thermal tissue damage, and consequently reduced
healing time. Particular advantages have been reported? for the excisional
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Power =20 watts

Depth (mm)

Lasing speed mm/sec

Figure 4.2. At constant power, the depth of penetration is
inversely proportional to the square of the lasing speed.

application of postirradiated thoracic and vulvar tissue. Chronically
inflamed, infected, or rigid tissues are generally difficult to cut through. In
these cases the CO, laser provided satisfying technical results. No delay was
reported in the healing process even when grafts for reconstructive surgery
were performed after laser excision.

The coagulative property of the defocused laser beam with a larger spot
size and reduced power density seals the lymphatic channels as well as the
small vessels (<2 mm diameter), thereby obstructing the path for metastatic
tumor cell migration and preventing lymphorrea and bleeding.’ Thus, it
allows the surgeon to remove vascular tumors and highly vascularized tissues,
and to cut or resect parenchymal organs by varying the power settings and
focal distances, and by using both focused and defocused beams. Moreover,
the absence or near-absence of bleeding during surgery creates a bloodless
field that enables the surgeon to pinpoint abnormalities clearly, which bene-
fits the patient and avoids blood transfusions.* Under these conditions, it is
possible to operate on high-risk patients with hemophilia or hemopathies or
on those who are on anticoagulant therapy. Other categories of high-risk
patients that are suitable for laser surgery include cardiac patients with pace-
makers, because they do not run the risk correlated with electrical discharge
interferences, nor do electrical disturbances occur during cardiographic and
encephalographic monitoring.

Another of the advantages of laser surgery is in treating infected tissue.
Since laser surgery and the “no-touch procedure” are self-sterilizing, bacte-
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ria are destroyed by the high temperature of the beam directed over the tis-
sue, making this method the ideal technique for treating infected lesions.’~’
Since CO, laser heat destroys conventional fiberoptics, no endoscopic appli-
cation is available to date for CO, laser surgery. Argon and Nd-YAG lasers,
however, can be used for this purpose.®”' American'' and Japanese'”
researchers are currently working to develop new fiberoptic laser models. In
fact, laser technology improves continuously, and as new delivery systems
become available, lasers will be applied more effectively and efficiently.

4.2. Clinical Applications in Gynecology

In recent years, economic pressures have given rise to a change in social
behavior that is playing a definite role in the natural history of the reproduc-
tive female. Today, with the ever-increasing pressure to sell by sex, our young
women are being subjected to subtle and overt demands to “become a total
woman.” This change, coupled with the preferred use of the birth control pill
over the condom as a contraceptive, has led to higher incidences of venereal
disease. The protective sheath that once inhibited or prevented physical
transmission of disease is no longer at work, and this has aided in the dra-
matic increase in benign and premalignant cervical, vaginal, and vulvar dis-
ease. The changes encompass viral and oncologic pathologic processes. The
process is now being observed in our young women of 13-14 years of age.
The problem of management becomes immense when dealing with a pre-
malignant cervical pathology in a prereproductive female.'® The conventional
approach of conization can lead to sterilization, cervical stenosis, and obstet-
rical complications. New and better modalities are needed to preserve female
reproductive ability better. The problem of the costs must be weighed against
the real advantages in terms of early and late complications and recurrence
rates of disease. The social commitments of the new biomedical technology
are approached by diminishing the drawbacks related with old procedures.
Laser technology has demonstrated the capabilities of replacing the old
systems.

4.3. General Considerations of Applications in Cervical Intraepithelial
Neoplasia

When the laser was first adapted to surgical procedures, one of the first
medical specialties to embrace the technique was gynecology. At the onset
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physicians primarily used the CO, laser for treating cervical intraepithelial
neoplasms with favorable, documented results. Even though the principal
application of CO, laser gynecologic surgery appears to be in premalignant
and neoplastic diseases, other common benign gynecologic diseases can be
successfully treated. From a technical point of view, two main types of pos-
sible operative procedures can be distinguished, which will be discussed in
detail: (1) the vaporization mode, with or without microscopic aid (i.e., free
hand) and (2) the excisional mode, with or without microscopic aid (i.e., free
hand). These modes have different indications with regard to the disease enti-
ties one is going to treat. Moreover, both modes can be used for the treatment
of superficial, intravaginal, or intraabdominal lesions.

Microscopic procedures are available for all applications with the laser
and it allows the ablation of tissue to a precise depth, even in areas which
are inaccessible by conventional surgical procedures. Furthermore, in most
cases, it is not necessary for the patient to be hospitalized nor are the unto-
ward effects of general anesthetics a risk.

End-stage laser therapy should be attempted only by a skilled surgeon;
in untrained hands, as with any surgical tool, the CO, laser is potentially
hazardous to the patient, surgeon, and ancillary personnel. Therefore, when
it has been established that laser surgery is the appropriate mode of treat-
ment, the following prerequisites must be fulfilled before using the tech-
nique:

1. The physician must be knowledgeable in gynecologic pathology and
must be experienced in colposcopic examinations; accurate geometric
evaluation of the lesion and the approach to treatment with the laser
are dependent upon such background skills.

2. Precise and detailed technical knowledge of the powerful energy
source is equally important.

3. The physician must understand the biophysical principles of laser—
tissue interaction.

4. The physician must be well trained in the applications of basic laser
microsurgical techniques.

5. The physician must have a thorough understanding of the instrument
and the hazards that can be associated with laser surgery.

6. Guidelines for preparation of laser patient and appropriate preoper-
ative therapy have been developed and should be followed rigidly.

7. The postoperative follow-up examination schedule is a critical part
of the treatment for the patient and the physician as well.
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4.4. Cervical Applications

Since cervical disease is considered the most frequent lesion of the
female genital tract, especially in young women, preliminary epidemiologic
and pathologic tests are necessary before treating the condition.

4.4.1. Epidemiology

Recent reports!>!* have shown that the overall mortality rate for carci-
noma of the cervix has significantly decreased in the screening areas during
the past three decades, whereas the incidence rate of women recognized as
having the precursors of the disease has increased considerably.'” The pre-
cancerous, noninvasive lesions occur approximately nine times more com-
monly than cancer of the cervix. The data and rescreening studies (Fig. 4.3)
of Christopherson'® also suggest a higher incidence of the early disease. How-
ever, the modern association of the cytologic and colposcopic diagnostic
methods allows earlier diagnosis,'” and effective therapy can be consequently
applied before a life-threatening form of the disease develops (Table 4.5).
Furthermore, the age-related incidence rate peak of curves of premalignant
and in situ lesions of the cervix has demonstrated a decrease in the age at
which it appears (Fig. 4.4).'37%
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Table 4.5. Ideal Management of CIN,
VIN, VAIN

Accurate diagnosis

Easy execution of therapy

Low morbidity

Low cost

Preservation of sex and fertility functions
Successful long-term results

Besides the previously mentioned epidemiologic studies, the results of
basic biochemical research support the thesis that cervical cancer can be con-
sidered a sexually transmitted disease. Sperm cells?’"?* and viral
particles®*~?’ are considered among the most common etiologic factors. Thus,
the earlier the age of first sexual intercourse, the earlier the appearance of
cervical dysplastic disorders.!%:23-28-30

4.4.2. Pathology

The ecto- and endocervical mucosa can be considered a steady-state sys-
tem, with changes in the position of the junction relating to physiological and
pathologic conditions (Fig. 4.5).
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Figure 4.5. Anatomical distribution of endocervical glandular tissue with respect to age.

It is considered a regular anatomic condition, even if not usually found,
for the squamous epithelium to meet the columnar epithelium at its last
gland, at exactly the external uterine orifice.

Ectropion or ectopia occurs when the frontier of the two epithelia has
shifted downward on the ectocervix, while the length of endocervical mucosa
from the isthmus to the last gland remains constant.!

Entropion, frequent in advanced postmenopausal women, occurs when
squamous cell epithelium moves upward into the cervical canal.®

The distribution of endocervical glands follows the shift of columnar epi-
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thelium. Furthermore, the squamous cell epithelium can partially cover the
endocervical mucosa and glands, not only in its ectopic portion, but also in
the cervical canal. Metaplasia originates from the reserve basal cells which
are located in the stroma under the endocervical columnar cells.**** These
reserve basal cells can proliferate under chemicophysical stimulation. The
dysplastic process can occur during both the dynamic transition and the pro-
liferation of the metaplastic (i.e., squamous) cells,?® and it usually occurs at
the squamocolumnar junction and border and in the squamous exocervical
epithelium.>® In the so-called glands and in the area below the isthmic part
of endocervical mucosa, the dysplastic processes may develop more
slowly*’3® and the dysplasia does not overcome the early phase in a multifocal
fashion, as demonstrated by electron microscopic studies.’*#!

The alterations of the differentiation of the cervical epithelium, as a con-
tinuous pathologic process**~** are precursors of in situ and invasive*®*’ car-
cinoma, irrespective of the speed of evolution.”* The spectrum of the path-
ologic process progresses from mild to moderate to severe dysplasia and then
to carcinoma in situ and invasive cancer. The term cervical intraepithelial
neoplasia (CIN) has been used to describe any degree in the entire spectrum
(Fig. 4.6).**>! Spontaneous regression of dysplastic disorders can occur.**%
Topographically, cervical intraepithelial neoplasia can occur in the squamo-
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Figure 4.6. Cervical intraepithelial neoplasia (CIN) includes all degrees of dysplasia and
carcinoma in situ.
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columnar and ectocervical portions or in the endocervical canal, and tends to
involve the entire thickness of the epithelium.>? Multicentric development has
also been recognized. The endocervical extension of the dysplastic disorders
has been frequently demonstrated to be directly related to age.>*

Cervical intraepithelial neoplasia, which involves the endocervical exten-
sion, can easily be detected by cytologic examination. A colposcope-directed
biopsy is mandatory for accurate histopathologic diagnosis. This will deter-
mine the degree of cellular changes in order to establish a correlation with
cytology and to classify the lesion as being mild, moderate, or severe dyspla-
sia or carcinoma in situ (CIS).>* The colposcopic examination can localize
the lesion as a “transformation zone,” but cannot determine the extension
beyond the external uterine orifice.>> The normal mucosal depth in the fertile
age is 1.2-3.5 mm, and ranges from 3 to 6 mm during pregnancy at the third
quarter.>®"7 In addition, the possibility of glandular involvement in dysplastic
lesions to a depth of more than 5 mm has been reported,’>®!%? and cellular
changes can be present in the basal layer. Almost 70% of the cases of cervical
dysplasia had glandular involvement, while glandular involvement was noted
in 87% of the cases of carcinoma in situ>?"?; therefore, the depth of destruc-
tion must be the same in every case. Furthermore, since the extension of CIN
can be considered a large field of disease beyond the microscopic lesion, a 5-
mm margin of tissue should be destroyed adjacent to the transformation
zone.’>**~% These observations are important when considering conservative
management of cervical malignant disease. Anderson® (and Przybora®?)
studied the histologic penetration of CIN in extirpated specimens. Three
hundred forty-three conization specimens, with 15 sections per cone, were
examined for a total of 5250 sections. A linear-graduate measurement was
used to determine the depth of the deepest crypt. The measurements were
taken perpendicular to the target line on the surface epithelium. The mean
depth of glandular involvement was 1.24 mm, and the mean depth of unin-
volved crypts was 3.38. Thus, a theoretical destruction to 2.92 mm (£1.96
S.D.) would approach 95% eradication.

Although 99.7% of the cases do not have crypt involvement greater than
3.8 mm beneath the surface of the cervix,®' the exact gland extension and
the exact depth cannot be determined with certainty. Therefore, somewhat
deeper destruction or removal, involving the layer below the lamina propria,
is necessary in order to insure destruction of any potential gland extension.
This work defined the theoretical depth limits of cervical intraepithelial
dysplasia.

Anderson’s work, coupled with the studies on surface extension, led to
the hypothesis that if one eradicates an area 5 mm beyond the surface bor-
ders and to a depth of 5-7 mm, to correct for the 3.8 mm (£ 3 S.D.), then
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Figure 4.7. Depth of destruction must be 5~7 mm below a line tan-
gent to the cervical epithelium; CIN, cervical intraepithelial
neoplasia.

one could expect to approach a 99% “cure rate” (Fig. 4.7). Failure to do so
will leave residual lesions.®® The key words to the arguments are beyond the
boundary and below the lesion. This requires that the surgeon be totally com-
petent in colposcopy, that he have taken a colposcope-directed biopsy, and
that the histology be in agreement with the cytology and the colposcopic
appearance.

These assumptions may seem trite, but they are the hallmark of success
or failure with any treatment mode. If you treat (1) without knowing the
extent of the lesion in three dimensions, (2) without knowing the histology,
and/or (3) using a system that does not remove or eradicate the total lesions,
then by definition you have failed. This failure may not always be evident in
CIN, as the natural history of this disease may give the appearance of a false
success, since dysplastic lesions are known to involute spontaneously. This,
along with the difficulty in grading the dysplasia, gives rise to error in accu-
rate diagnosis. If a slide was read as CIN III and in fact was a CIN I, the
probability of failure or invasion is slight. Conversely the CIN I, misdi-
agnosed and undertreated, could lead to an invasive carcinoma. CIN lesions,
given the appropriate environment and time, can lead to invasive carcinoma.
The statistical probability of a CIN 1 progressing to invasive carcinoma is
slight, but real, whereas the statistical probability of a CIN III lesion pro-
gressing is much greater (Fig. 4.8). From the time-dependent and disease-
dependent graph you can appreciate this phenomenon. The probability of
CIN 1, over five years, becoming invasive is less than that for a CIN II over
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three years, but it still exists. Likewise the CIN III has a much greater prob-
ability of progressing to an invasive lesion.

This is a probability phenomenon; thus, we must strive for “cures” and
reduce the probabilities. Therefore, we need a system which can treat CIN
I, II, and III on an outpatient basis effectively, relatively painlessly, and with
reduced short-term and long-term complications, and which is acceptable to
the patient.

The above argument is quite important when one considers the varia-
bility in histologic diagnosis made from the same slide by various observers.
Recently we concluded a two-year study® in which highly respected gyne-
cologic pathologists were asked to review a set of cervical biopsy specimens.
The conditions imposed reflected the “real-life” situation faced by each prac-
ticing gynecologist: a patient has an abnormal cytology; colposcope her cervix
and obtain a biopsy specimen from the appropriate site; then evaluate the
slide and render a verdict. The question is Is it a just verdict? To answer, we
submitted the same slide to the same pathologist twice (at a >6-month inter-

Probability
of Invasion

CIN Grade

Figure 4.8. Time vs severity in probability of invasive carcinoma.
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Table 4.6. Interobserver Agreement of Diagnoses at First Reading

Classifications
Classifications more than 2
Identical within 1 grades .
classification grade different Correlation
Observer of diagnoses
combinations No. % No. % No. % )
A-B 13 50 19 73 7 27 0.51
A-C 10 38 22 84 4 16 0.75
A-D 13 50 22 84 4 16 0.46
B-C 19 73 24 92 2 8 0.65
B-D 13 50 20 76 6 24 0.55
C-D 10 38 20 76 6 24 0.34
Overall 78 50 127 81 29 19

Table 4.7. Consistency of Diagnoses between Observations for Each Pathologist

Identical Within 1 2-3 grades
diagnoses grade disparate
Correlation of first and
Pathologist No. % No. % No. % second diagnoses (7)
A 20 77 23 88 3 12 0.71
B 18 69 25 96 1 4 0.72
C 19 73 24 92 2 8 0.81
D 17 65 25 96 1 0.70
Overall 74 71 97 93 7 6.7

Table 4.8. Colposcopic Terminology*

Normal colposcopic findings
Original squamous epithelium
Columnar epithelium
Transformation zone

Abnormal colposcopic findings
Atypical transformation zone

White epithelium

Punctuation

Mosaic

Keratosis (leukoplakia)

Abnormal blood vessels
Suspect cervical carcinoma

Unsatisfactory colposcopic findings

Other colposcopic findings
Vaginocervicitis
True erosion
Atrophic epithelium
Condyloma, papilloma

“The nomenclature for colposcopy was approved by the Com-
mittee on Terminology of the Second World Congress of
Cervical Pathology and Colposcopy, October 1975, Graz,
Austria.
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val) and then to three additional gynecologic pathologists in the same fash-
ion. Table 4.6 shows the interobserver agreement in diagnosis at first reading
and Table 4.7 shows the consistency of diagnosis between observations for
each pathologist.

Immediately, there is an awareness of the variety of diagnoses and the
severity of discrepancies between diagnoses by the same and different observ-
ers. Thus, the gynecologists, until the pathologists can produce more reliable
data, must treat for maximum cure while attempting to preserve reproductive
function with the least amount of treatment complications. This is where the
CO, laser appears to have a significant place in the management of CIN.

4.4.3. Preoperative Analyses

Diagnosis of the disease must be accompanied by knowledge of the
topography of the lesion and, since a high incidence of endocervical extension
involvement and misdiagnosis has been reported,>$%¢ the following criteria
must be met before treatment is undertaken:

1. Cytologic examination is the preliminary test and is necessary to
determine the degree of cellular changes. The Papanicolaou cytologic
test can detect abnormal cervical, vaginal, and, occasionally, endo-
metrial disorders.

2. A colposcopic biopsy specimen will determine the ectocervical topog-
raphy of the lesion(s). Since colposcopic terminology must be clearly
defined to avoid ambiguity, for the purposes of this text, the authors
have chosen to use the terminology of the American Society of Col-
poscopy and Cervical Pathology (Table 4.8).

3. Histologic studies of the biopsy specimen and of the endocervical
curettage are considered a fundamental part of the evaluation pro-
cess. In this way, invasive lesions can be diagnosed with 92.5%
accuracy.**°

For the sake of clarity, the following terms shall be considered
Synonymous:

CIN I: Mild dysplasia
CIN II: Moderate dysplasia
CIN III: Severe dysplasia and carcinoma in situ

Furthermore, we shall define disease as any abnormal cytologic or histologic
pathology exclusive of atypical, secondary to bacterial infection. Finally,
CIN cannot be classified as “cured” unless the results of cytologic, colpos-
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copic, and histologic examinations, when indicated, remain normal for more
than 25 months. Rigid classifications ensure that statistical calculations are
meaningful and not merely numbers which reflect manipulation of the
variables.

Today, invasive carcinoma cannot be treated by CO, laser methods; a
less conservative treatment is necessary. “Warty dysplasia” is considered to
be frequently associated with a cervical dysplasia,”’ thus, in this case, it
should be treated similarly. This term is indicative of the viral changes seen
in conjunction with a papovavirus infection, suggestive of condylomatous
changes.

Moreover, an endocervical curettage should be performed routinely fol-
lowing the colposcopic assessment, even if the upper limits of the lesion are
seen, in order to determine the endocervical extension. In fact, although
treatment of CIN with limited endocervical canal extension has been
reported using a contact hysteroscope,®’ there is not sufficient evidence to
date to consider that this extensive mode of treatment be given primary
consideration.

All preoperative parameters must be in complete agreement: Cytology
+ Colposcopy + Histology.

If we do not have a correct preoperative diagnosis, we must not and
cannot proceed with therapy. The failure of physicians to follow the above
“law” is the reason for articles recently reported in our literature regarding
invasive carcinoma following conservative management.®6-6%

To omit any of the steps—cytology, colposcopy, or biopsy—could con-
stitute malpractice. Abnormal or atypical Pap smears treated, without col-
poscopy or biopsy, by cryosurgery have been demonstrated to lead to ineffec-
tive results and failures.”’ In fact, the College of Obstetrics and Gynecology
Committee on Gynecological Practice has issued the following statement on
the use of cryotherapy to treat CIN III:

The Committee on Gynecological Practice believes that patients with potential
CIN should be fully evaluated with endocervical curettage and cervical biopsies
prior to any treatment. Until additional information is available, the Committee
has serious concerns regarding the use of cryotherapy in the presence of CIN III.
[September 8, 1978 (ACOG Newsletter, November 1978)]

In conclusion, when conservative management is desirable, or when sur-
gery is contraindicated and when the diagnosis has been made based on a
correlation among cytologic, histologic, and colposcopic tests, and when the
patient is considered to be reliable with regard to regular follow-up visits,
laser surgery can be performed confidentially.
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Table 4.9. Patient Selection for Cervical Procedures

Age Conditions Suggested treatment
Reproductive age Desires children; CO, vaporization (conservative)
(< 40yr) ectocervical lesion
Desires children; lesion Conization (CO, laser or cold
extended into cervix knife)
Does not desire children; Individualized (conservative to
ectocervical lesion hysterectomy)
Perimenopausal age Does not desire children; Individualized (conservative to
(> 45yr) ectocervical and/or hysterectomy)

endocervical lesion

Preoperative evaluation: identify all lesions with colposcope:

1. Cervix
2. Vagina
3. Urethra
4. Vulva

5. Rectum

Obtain histologic confirmation.

4.4.4. Patient Selection

If the patient is of childbearing age, treatment with the CO; laser should
be considered. As illustrated in Table 4.9, if the lesion is only in the ectocer-
vix, then the vaporization procedure can be used. If the lesion extends into
the endocervix but its boundaries are completely visible, then a conization is
performed. For women who do not desire children or who are over 45 years
of age, the treatment regimen needs to be individualized. If the lesion is ame-
nable to conservative treatment with the CO, laser, the patient must be will-
ing to comply with the follow-up schedule.

4.5. Technical Approach to CIN Lesions

4.5.1. Microsurgical Procedures

The surgical CO, laser has the exclusive capabilities of being suitable
for vaporization techniques, or it can be used as an effective method for excis-
ing cervical tissue to obtain a cone biopsy specimen of any size. The physician
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must possess exact knowledge of the cell population at risk, as well as of
cervical anatomy and pathology, and he must especially have a complete
understanding of the method of destruction with regard to the geometrical
distribution of the lesion. It can be useful to calibrate the instrument for
microsurgical procedures on cervical tissue by using surgical specimens, cut-
ting in the fashion of a conization and scrutinizing for the depth of destruc-
tion. All laser treatment for cervical lesions can be carried out under direct
colposcopic visualization and by micromanipulation of the laser beam.

The treatments can be performed on either an outpatient or an inpatient
basis. Colposcopy units should be available where patients can be referred
for such examinations. The proliferative phase of the menstrual cycle is con-
sidered to be the most suitable for both the diagnostic and the therapeutic
procedures. Before a detailed description of the two microsurgical procedures
and their specific indications is presented, it is useful to point out the exact
meaning of the terminology used.

The term laser conization has been used for different procedures per-
formed on the cervical tissue. Actually, if a completely visible area of CIN
is deeply destroyed by vaporization, then, in a certain sense, a limited coni-
zation has been done. Furthermore, a more extended vaporization—conization
can be performed by destroying a cone-shaped volume of tissue upward into
the endocervical canal. Using this procedure, there is no specimen available
for pathologic examination. Thus, a third type of conization can be per-
formed with the CO, surgical laser by using the focused beam as a scalpel
and obtaining a cone biopsy specimen when there are indications that a more
detailed pathologic examination is required.

4.5.2. Instruments, Equipment, and Patient Preparation for Cervical
Microsurgery

The basic set-up for laser surgery consists primarily of the laser and
suction apparatus (Fig. 4.9). Instruments include gloves, Jako microlaryn-
geal biopsy forceps, cotton balls, a plastic or nonflammable speculum, acetic
acid, Lugol’s solution, and sponge forceps. Plastic is used because it reduces
the hazards posed by the laser beam being reflected off metal surfaces. Acetic
acid is used as it permits the physician to identify the diseased area precisely.
The mildly acidic solution, with its mucolytic agent, removes cervical mucus
and engorges the epithelial cells, increasing the density of the nuclei. Cotton
balls are used to dry the surface of the cervix. All instruments and equipment
should be set up prior to bringing the patient into the operating room. The
patient is then brought in, placed on an operating room table, and encouraged
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Figure 4.9. Basic tray for office laser surgery.

to relax. A full explanation of the procedure, along with active attention to
the patient’s concerns and a response to those concerns, will usually decrease
the patient’s anxiety about the impending surgery. The patient is placed in
the dorsal lithotomy position. The cervix is exposed by inserting a bivalved
speculum that has a nonreflective surface or is made of nonflammable plastic.
A suction apparatus must be attached to evacuate the vapor plume generated
by the laser-tissue interaction. The cervix is then cleaned with 3% acetic acid
and the colposcope, with laser attached, is positioned for firing.

At this point, the physician will reevaluate the preoperative findings,
redetermine the exact limits of the lesion, and take colpophotographs. It is
preferable to record all preoperative colpophotographs in cases where a resid-
ual, recurrent, or new lesion has occurred. These permanent documents allow
the surgeon to evaluate the technical approach. Should the original lesion be
in the same location as the residual, then he can be sure that the lesion was
not vaporized to the correct depth, while a lesion on the periphery would
indicate that an appropriate margin of excision was not ablated. Both errors
are correctable, but only with permanent records can the surgeon document
a competent self-assessment program. Once the cervix has been cleaned, col-
poscoped, and photographed, the procedure can begin.
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The physician, sitting at the foot of the examination table, visualizes the
target area with the colposcope, and, based on his previous decision as to type
of operation, begins the surgery. The nurse directs the suction cannula into
the operating field to remove the vapors caused by the laser surgery. Depend-
ing upon the length of the procedure, it may become necessary to change the
CO, cylinder in the laser. When procedures are long, an excessive amount of
vapor is produced and the suction apparatus may become clogged. All that
is necessary in this case is to change the suction bottle.

4.5.3. Anesthesia

Some patients may require anesthesia, but usually neither anesthesia
nor analgesics are required for work behind the hymenal ring, in vaginal pro-
cedures, or for cervical laser treatments. Some testing shots at increasing
power from 5 to 20 W can help the doctor to understand the patient’s sen-
sitivity for pain. However, below the hymenal ring, for vulvar, urethral ori-
fice, and perineal operation, anesthesia is required because these areas are
more sensitive. In such cases local, regional, or general anesthesia may be
required. For the conization procedure, a paracervical block may be neces-
sary. This can be determined by testing the patient’s sensitivity with short
bursts of laser energy prior to surgery.

4.6. Vaporization Procedure

Cervical vaporization is usually performed at 20-25 W of energy out-
put, which corresponds to a power density of approximately 500-1200 W/
cm? when the beam spot diameter is 1.5-2 mm. Since the higher the power
density, the faster the beam has to be moved in order to avoid uncontrolled
tissue boundary destruction, the high-power-density mode should not be used
until skillful control of the manipulation has been achieved.

Actually, lower power densities or pulsed emission modes increase the
risk of recurrences®”’® because of incomplete destruction of the basal layer
of the cervical lesion in the same plane. The continuous operating mode is
preferable in order to obtain a greater depth of destruction and to yield the
most easily controlled and gentlest form of tissue removal. The rules of appli-
cation are given in Table 4.10.

Laser vaporization is performed by initiating at a margin of safety of 5
mm from the visible borders of the lesion and the transformation zone.
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Table 4.10. CO, Laser Cylinder Vaporization of CIN: Rules of Application

Physical
Instruments Laser CO,, colposcope, micromanipulator, suction device,
caliper
Power output 20-25 W
Power density 800-1400 W /cm?
Spot size 1.5-2 mm diameter
Focal length 275-400 mm
Operating mode Continuous
Clinical
Conditions No invasivity; identify complete boundaries of lesions, verify
with histology, do not treat endocervical extensions
Depth of destruction 6-7 mm
Width of destruction
Marginal 4-5 mm beyond the visible border of the lesion
(transformation zone outlined with Schiller test)
Internal Angle of reflection (create a cylinder vaporization not cone
geometry)

The endocervical canal is then circumscribed using the continuous
power mode (Fig. 4.10A). Next, the outer limits of the transformation zone
are identified and circumscribed in a similar fashion (Fig. 4.10B).

When this topographic outline is completed, Lugol’s solution is applied
to the entire upper vagina and ectocervix. This staining will help to clarify
any remaining lesions. If these are present, the additional pathology should
be outlined. The beam can be directed by the micromanipulator concentri-
cally or by quadrants (Fig. 4.10C) but it is necessary that the beam be swept
across the area twice and that the lines be in a mutually perpendicular pat-
tern so that, layer by layer, the desired critical depth can be uniformly
treated.

The preferred path is a raster of X-Y-Z (Fig. 10D-F). This procedure
is continued until the desired depth is achieved. This rapid movement has a
twofold effect. The first is that the core temperature of the cervix remains
normal (a rise in cervical core temperature results in uterine contractions and
discomfort), and the second is that the rapid movement reduces the heat
transfer to surrounding normal tissue (this aids in a rapid healing phase).

A word of caution: Acute cervical bacterial or parasitic infections should
be pretreated appropriately; otherwise, bleeding and discomfort may be
increased.

Once the inflammatory process subsides, management of the dysplasia
can be continued. The major question is How do I know that I am 7 mm
below the surface epithelium? Sharp’’ has developed a system of drill holes
which appears to have merit. However, by inserting a small needle marked
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Figure 4.10. Vaporization conization. (A) Outline endocervical canal; (B) outline outer
limits of transformation zone; (C) divide cervix into quadrants (center) and overlock beam
diameter during raster X-Y-Z: (D) Y-raster; (E) X-raster; (F) Z-raster. (Reproduced with
permission: Bellina JH: The carbon dioxide laser in gynecology, Part II, in Leventhal JM
(ed): Current Problems in Obstetrics and Gynecology, Vol. 5, Chicago, Yearbook Medical
Publishers, 1981, pp 1-35.)

at 7 mm into the cervix, or by using a proper caliper with a micrometer, it is
possible to determine exactly the depth of laser tissue destruction (Fig. 4.11).
Once the desired depth is achieved, the rule is put in place and the measure-
ment is read through the colposcope. The adjacent quadrants are then man-
aged in similar fashion. The cylindrical crater is recalibrated until the sur-
geon is satisfied (Fig. 4.12). Should bleeding occur during the procedure, the
following technique can be used to control most, if not all, cases. Upon first
encountering a vascular droplet, immediately turn the laser to 800 W/cm?
and burn out the area of bleeding. In 90% of the cases this is effective.
Although high power densities of the laser beam will coagulate small blood
vessels, and there is less bleeding than with a scalpel, vessels less than 1-1.5
mm in diameter can be more easily sealed by circularly applying the defo-
cused laser beam at a lower wattage. Occasionally one must use a cotton
swab containing ferrosulfate (Monsel’s solution). This astringent will control
99% of the remaining bleeding, but, should it fail, microfibrillar collagen may
be employed. When all else fails, use a suture.

Based on clinicopathologic considerations and previous experience,’>’® a
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Figure 4.11. Cervical ruler to determine depth of destruction.
(Reproduced with permission: Bellina JH: The carbon dioxide
laser in gynecology, Part I1, in Leventhal JM (ed): Current Prob-
lems in Obstetrics and Gynecology, Vol. 5, Chicago, Yearbook
Medical Publishers, 1981, pp 1-35.)
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Figure 4.12. Completed vaporization procedure. (Reproduced
with permission: Bellina JH: The carbon dioxide laser in gyne-
cology, Part II, in Leventhal JM (ed): Current Problems in
Obstetrics and Gynecology, Vol. 5, Chicago, Yearbook Medical
Publishers, 1981, pp 1-35.)



Applications in Gynecology

depth of more than 4 mm and at least 6—7 mm is required in order to destroy
the possible involvement of the cervical crypts. It must be emphasized that
the microscopic or subjective elements for the evaluation for the depth of
destruction can lead to inadequate treatment of the cervical lesions. In fact,
the absence of mucus production does not correspond to total gland destruc-
tion, since in advanced lesions CIN involvement may totally replace the
mucus-secreting columnar cells. Furthermore, the level of the lymphatic
weeping, even though indicative of the subepithelial stroma penetration, does
not insure that one has achieved complete crypt destruction. Finally, the pro-
gression of the destruction in depth may require a continuous adjustment of
the colposcope focus; here it is suggested that the speculum be pushed against
the vaginal fornices early in the surface phase focusing and thereafter that
the speculum and the cervix progressively be brought together as well. In
order to maintain the beam in focus at the desired level, the colposcope
should not be moved. The whole procedure usually does not require more
than 15-20 min. Once the diseased tissue has been removed, the procedure
is concluded.

In order to differentiate a persistent lesion from a recurrent one, a ter-
minal biopsy specimen from the base of the lasered area may be useful for
histologic examination, especially at the border of the healthy tissue. Since
the biopsy may be accompanied by bleeding, a properly quantitated depth of
destruction can be considered as sufficient for completely eliminating crypt
residual disease, and a proper width of destruction, including the metaplastic
marginal areas, insures that there will be no proliferation at the borders.

4.7. Excisional Conization

Conization of the cervix is a surgical procedure that was described more
than a century and a half ago.” Over the years, the indications and tech-
niques for the procedure have varied. Although the operation was first
employed as therapy for invasive cervical cancer, it rapidly became apparent
that it was inadequate when used to treat an aggressive disease that had the
capability for early lymphatic involvement. The emergence of modern con-
cepts of the natural history and pathophysiology of cervical intraepithelial
neoplasia has provided a logical application for cervical conization. This oper-
ation offers accurate diagnosis of the intraepithelial nature of cervical neo-
plasia, eradicates preinvasive neoplasia, and still preserves reproductive capa-
bility. Until relatively recently, total hysterectomy was the preferred
procedure for therapy of CIN. Although there is no doubt that this approach
to the disease will result in a cure in an overwhelming majority of cases, it is
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Table 4.11. Conization (Cylinder) Procedure: Rules of Application®

Instruments Laser CO,, colposcope, micromanipulator, laser scalpel,
suction device, caliper, pickups, scissors
Spot diameter 0.050-0.125 mm (laser scalpel)
0.400-0.700 mm (micromanipulator)
Speed of incision 3.5 cm/sec
Power output 25-30 W
Power density 1400 W/cm?
Hemostatic measures Pitressin infiltrations, lateral sutures (optional)

“Depth and width of the cylinder related to lesion topography (colposcopic determination, possible contact hystero-
scopic evaluation).

certainly radical therapy for a premalignant condition which often affects
young women.

The use of the laser to excise cervical tissue surgically has been
neglected in the literature. J. Dorsey® first described this procedure and suc-
cessfully demonstrated its applicability by performing serial biopsies on
selected patients at the Greater Baltimore Medical Center. After this report,
several additional authors described laser conization and results, both with
microsurgical and free-hand techniques.®”** A preoperative Pap smear, col-
poscope-directed cervical biopsy, and endocervical curettage are currently
performed. No additional equipment is required for these procedures. Thus,
modern CQO, laser instruments with medium power output, colposcopic
attachments, and micromanipulator are sufficient. The rules of application
are given in Table 4.11.

4.7.1. Technical Approach

The vast majority of these operations can be done as outpatient proce-
dures using either paracervical or general anesthesia. Patients are allowed to
go home 4 hr after completion of the operation. Excisional laser conization
uses smaller focal spot diameter and higher power density than do cervical
vaporization procedures.

It has been shown that lateral heat conduction from the laser impact
site into the surrounding tissue increases with the time spent in lasing.®!%?
High power density and small spot size produce rapid cutting and very little
thermal damage, thus, it follows that the rapid incision made by small spot
size and high power density minimizes the heat effect in the cervical stroma.
Since it is most important for the pathologist to interpret both the degree of
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the neoplasia and the involvement of the margins of the coned specimen,
there must be little or no thermal artifact present to distort tissue. A spot
size diameter of 1.5-1.7 mm and power density of approximately 1400 W/
cm? will produce a satisfactory specimen with the proper operative technique.

After the preparation of the patient, supplementary procedures are
needed in order to provide adequate mobility and proper cutting angles at
the cervix. Thus, a weighted posterior vaginal retractor and a single-toothed
tenaculum for grasping the cervix allow gentle retraction downward and
toward the targeted portion of cervix.

Much of the hemostatic effect of laser surgery is produced by heat coag-
ulation of the cut ends of small vessels in the surrounding stroma. With high
power densities, the hemostatic effect of the laser beam is reduced. It is there-
fore necessary to use additional methods of hemostasis when performing an
excisional laser conization.

Dorsey® reported that hemostasis can be adequately controlled by plac-
ing chromic O sutures at an appropriate depth, bilaterally, in order to occlude
descending cervical vessels and accelerate the operation time. This method
of excisional laser conization has been modified slightly since it was first
described.®®®® Lateral cervical sutures are no longer used for temporary
hemostasis as, occasionally, there was delayed bleeding from the suture sites.
Ten milliliters of a dilute solution of vasopressin (1.5%) injected into the cer-
vical stroma in the approximate location of the laser incision will give excel-
lent initial hemostasis.

It is important to plan the size of the cone carefully. Adequate margins
at the borders of the visible lesion are necessary for pathologic interpretation.
Since the incision width corresponds to the beam spot diameter (approxi-
mately 1.5 mm) and the thermal artifact is equal to 1 mm in histologic slides,
the incision must be at least 2.5 mm from the free border. Actually, for per-
forming a radical conization it is best to excise S mm from the border of the
lesion, in order to obtain a biopsy specimen border which is free from the
thermal artifact and suitable for diagnostic interpretation. At S mm from the
outer margins of the lesion, the circumference of the cone is then outlined on
the cervix using short bursts of laser energy at 25-27 W power setting and
high power densities (Fig. 4.13A). The short bursts will also serve as indi-
cators to the surgeon of the pain tolerance level of the patient, which, in turn,
will provide guidelines for the selection of anesthesia. Relatively high power
densities of 1110-1400 W /cm? allow one to excise cervical cone biopsy spec-
imens with high-speed cutting so that the lateral heat and thermal artifact
can be minimized.

A location for the apex of the cone may be determined either by sound-
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Figure 4.13. Laser conization procedure. (A)The outer margins of the cone have been
marked by bursts of laser energy. (B,C,D)The incision has been made and deepened to 2
mm so that the cone specimen may be grasped with forceps. (E)The laser beam is angled
towards the apex of the cone. Gentle traction on the specimen aids in laser beam cutting.
(F,G,H)The specimen is developed in the four quadrants so that movement of the laser and
colposcope is minimized. (I)The cone specimen is removed. The last few millimeters may be
taken with a knife. The apex of the incision may be biopsied to show free margins. This cone
bed is then lased with power density for hemostasis.
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ing the cervix with a probe, in order to identify the internal os, or, more
accurately, by using the contact endoscope to judge the appropriate location.

A continuous operating mode is used to incise the cervix circularly
straight down into the stroma to a depth of at least 2 mm (Fig. 4.13B-D).
That initial incision allows one to obtain a good lip of cervical stroma for
grasping with the forceps and proceeding with the conization. Rather than
continue to develop the circular incision equally throughout its circumfer-
ence, we use a four-quadrant approach. The superior quarter of the incision
is first deepened until the canal is entered at the anterior edge of the cone
apex (Fig. 4.13E). The laser is then repositioned and the right, left, and infe-
rior portions of the incision completed. The four-quadrant approach, similar
to the vaporization technique, is recommended to continue the incision more
easily through the stroma of the endocervical canal. As the incision pene-
trates into the depth of the canal, the developing cone is pulled medially,
quadrant by quadrant, so that changes in the position of the forceps and the
laser beam are minimal (Fig. 4.13F-H).

Because bleeding may decrease the efficiency of the laser energy, due to
its absorption of the heat, it must be prevented by sealing vessels throughout
the procedure by lower power densities of the defocused laser beam. Rarely,
a triple O catgut suture is necessary for the control of bleeding from major
arterioles.

Usually the apex of the cone that has to be approached is located several
millimeters into the canal beyond the internal os. Since the diameter of the
cone specimen decreases toward the apex and, consequently the distance
from the central endocervical canal also decreases, the last few millimeters
of the cone should be taken with cold knife or scissors in order to avoid the
thermal artifact in a tissue of shorter diameter and to insure the pathologist
a reasonable margin free of thermal damage (Fig. 4.131). Furthermore, the
“shrinkage effect” on the laser-excised cone must be taken into account,
because the greater the cone, the more precise the microscopic interpretation
of the specimen. The cone is removed with the knife so there is absolutely no
thermal artifact present.

At this point, the power density is reduced by reducing the laser wattage
and, if the surgeon desires, defocusing the laser beam. The cone is then lased
for hemostasis. Lower power density, large spot size, and slow vaporization
impart heat to the cervical stroma so that blood vessels and lymphatics are
sealed. The end result of this operation is, therefore, very similar to the end
result of a laser vaporization procedure for CIN (i.e., there is a cone-shaped
cervical defect consisting of a laser stroma separating the squamous epithe-
lium from the apical endocervical columnar epithelium). The average blood
loss from the technique of conization is usually less than 5 cc.
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Figure 4.14. The cone specimen has been opened.The mucosal surface is sectioned so as
to show the margins. If sections are taken vertically through the specimen, margins will
be falsely interpreted. Section 2 would be interpreted by the pathologist as intraepithelial
neoplasia involving the lower margin of the cone. Thermal artifact is shown on the
stromal margin, but not on the mucosa of the cone.

4.7.2. Pathologic Examination

The conization specimen must be properly sectioned by the pathologist
in order to evaluate the margins of excision. Any method of cutting the spec-
imen which does not allow complete visualization of the apical margins of
the cone will not yield the all-important information on the adequacy of the
conization (Fig. 4.14).

4.7.3. Combined Procedures

Excisional laser conization is a technique which we have often combined
with laser vaporization procedures. In women with intraepithelial neoplasia,
where a large part of the portio vaginalis of the cervix as well as the endo-
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cervical canal is involved, excision of all dysplastic areas would remove a
large volume of cervical tissue, producing an end result anatomically and
physiologically similar to total cervicectomy. The endocervical extensions of
these giant lesions can be evaluated and treated by an excisional conization
of small diameter, but appropriate depth, while peripheral cervical and/or
vaginal extension may be treated by laser vaporization.’8°

Again, the excisional conization must be suitable for pathologic evalu-
ation of the apical margin, but the colposcopically visible ectocervical margin
will be positive for neoplasia. Vaporization of this remaining cervical intra-
epithelial neoplasia, which has been thoroughly evaluated by biopsy, is then
carried out to the appropriate depth. In this manner the endocervical canal
is evaluated and, it is hoped, rid of the disease. The more peripheral lesion is
vaporized and the normal functional architecture of the cervix is preserved.

The CO, laser affords a highly accurate microsurgical method of attack
on CIN. If one uses a combination of the techniques of vaporization and
excision, effective diagnostic as well as ablative operations may be combined
for therapy of cervical vaginal intraepithelial neoplasia. In the hands of a
trained colposcopist and laser surgeon, cure rates should exceed 95%.

4.8. Postsurgical Care

During the laser microsurgical procedure of vaporization or conization,
if the surgeon is patient and allows the heat to dissipate from the tissue, the
treatment will be very easily tolerated. If opportunely advised by the nurse
in the pretreatment conference, the patient will not be surprised about the
steam and the fumes emitted from the vagina. However, this event can be
minimized by the suction device which eliminates the odor of burning tissue.
Patients describe their sensation during laser treatment as a pinching heat
which is felt only when high power densities are used.

Pain is minimal (i.e., uterine cramps) or nonexistent after laser treat-
ment, even during pregnancy, and very few postoperative analgesics are
needed. Some patients may have some spotting during the first 10 days post-
surgically, but since bleeding is not usually a problem, neither intraopera-
tively nor after the treatment, vaginal packing is not used. In the rare case
of bleeding, silver nitrate application can be used on an outpatient basis.

Morbidity associated with excisional conization has been low, and the
only significant problem to date has been delayed postoperative bleeding.
Most patients will develop minor amounts of vaginal spotting or bleeding;
approximately 10% of women complain of bleeding which develops between
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the 4th and 10th postoperative-days and is in excess of their usual menstrual
flow. The pattern of this bleeding is intermittent and, almost invariably, it
can be controlled by colposcopically directed application of silver nitrate to
the small bleeding vessel. Sutures for an occasional bleeding vessel in the
cervix are 3-0 chromatic catgut.

The patient is instructed to expect a watery discharge for 24-48 hr, or
at maximum, during the first postoperative week. Sanitary napkins rather
than tampons are recommended. No vaginal cream or douche should be used.
The patient should avoid vaginal contamination or sexual intercourse for 4
weeks after surgery.

Lastly, since no pelvic infections have been reported, prophylactic anti-
biotics are not recommended.

4.9. Evaluation of Healing

The healing process is directly related to the amount of tissue destruc-
tion (i.e., the depth and surface of the treated area).’”®**#” There is minimal
to absent fibroblastic activity during the repair state, and thus the healed
epithelium fails to show scar formation, stenosis, or adhesions. Therefore,
large areas of cervical lesions can also be treated.

Previous papers®® report early detailed follow-up of the first 50
patients who were treated by laser cervical vaporization. During the first 48
hr, maximal sloughing of the necrotic tissue was noted, and the discharge
had an average duration of 24 hr (much shorter than after cryosurgical treat-
ment) and in all cases it was related to the size of the surgical site. In the
early phase, the base of the treated area appeared reddened and leukorrhea
was present on the surface. Spotty bleeding was noted in 10% of cases, but
in none of the patients was it necessary to resort to sutures or vaginal packing
as there was no persistent hemorrhaging. The next 48 hr were characterized
by peak of discharge and the beginning of remission of symptoms. After 8
days a clear, circumscribed, treated area with yellowish fibrin covering the
reddened depression was seen. The border remained pink and no vascular
hyperemia, bleeding, or leukorrhea was noted. A thin layer of squamous met-
aplastic epithelium was apparent after 10 days and a complete cover of young
squamous epithelium appeared after 2 weeks. After 3 weeks healing was
complete. By 21 days, most of the inflammatory cells had disappeared and
the cytologic examination revealed primarily squamous epithelial cells.
Finally, after 4 weeks, the treated area was not recognizable because the
epithelium appeared normal.
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Healing after laser conization is relatively rapid and presents some par-
ticularities when compared with healing after vaporization. Most patients
experience spotting for 1 week to 10 days following conization, but no copious
discharge is present. Delayed hemorraging can be avoided if hemostatic mea-
sures of vasopressin and lateral sutures are used.

Since no technical attempt is made to reconstruct the cervical wound, a
large area of laser-incised cervical stroma forms, which separates the ecto-
cervical squamous epithelium from the endocervical columnar epithelium
high into the canal at the cone apex. The cervical wound appears clean after
1 week of the postoperative course and in the second and third weeks the
colposcopic examinations reveal the crater to be covered by a thin necrotic
inflammatory pseudomembrane, which disappears gradually during the
fourth week. A delicate epithelium covers the entire wound and the margin
of the ectocervical incision becomes smooth and rounded where the epithe-
lium migrates on the incised stromal area. The reepithelialization of the cra-
ter consists primarily of the progressive proliferation downward of the colum-
nar epithelium and the growth of the squamous epithelium upwards until a
new squamocolumnar junction is realized.

Histologic examination of biopsy specimens from the margins confirms
the normal evolution of mature squamous epithelium on the granulation tis-
sue, while endocervical border specimens show the columnar cell dipping
downward and is well established after the pseudomembrane disappears. The
new squamocolumnar junction, which can be clearly visualized, is found close
to the origin of the incision rather than deep in the crater.

4.10. Follow-up Examinations

After tissue healing examinations, in order to identify the persistence or
recurrence of cervical premalignant or neoplastic treated lesions, a schedule
of follow-up examinations is recommended after laser treatment. Addition-
ally, we must define our limits when discussing residual disease, persistent or
recurrent disease, and new pathology:

Residual disease: <12 months
Recurrent disease: 13-24 months
New disease: >25 months

Moreover, if no persistent disease has been identified by the second complete
3-month followup examination, the chance of identifying persistent disease
after that time appears to be minimal.”® If early colposcopic and cytologic
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follow-up within the fourth week reveals persistent disease (atypical
changes), retreatment with further CO, laser vaporization at a radial dis-
tance of 2 cm or more from the previous border is indicated. It is
recommended'® that the cytologic examinations be repeated after 1 month,
because there is the possibility of finding ambiguous pathology in the late
healing phase.

It is suggested that the novice laser surgeon first perform a colposcopic
examination after 3 weeks, then a monthly examination for 3 months and,
thereafter, quarterly examinations until the end of the first year, after which
time follow-ups can be performed every 6 months.”® Other follow-up sched-
ules that have been suggested'>®! consist of only a quarterly cytologic and
colposcopic examination during the first year, then every 6 months.

4.11. Current Research on CIN

To demonstrate the effectiveness of the CO, laser surgery for CIN, a
survey of available reports from the literature was conducted. However, since
the authors do not report completely comparable series, only partial conclu-
sions can be drawn. Also, long-term follow-up is required to determine the
ultimate value of CO, laser treatment.

In a series of 247 cases of CIN (67 of them were CIS) treated with laser
vaporization, an overall persistence rate of 4.4% was reported®®*® considering
both benign and preinvasive disease. Dividing the treated cases into subse-
quent periods of 6 months, this paper reports a decreasing recurrence rate as
far as the surgical experience progressed, approaching a 2% recurrence rate
in the last period. The CIN subcategories do not show a significant difference
in recurrence rate. Actually, mild dysplasia recurred at a rate of 2/45
(4.4%), moderate dysplasia at 4/147 (2.7%), and severe dysplasia and car-
cinoma in situ at 3/55 (5.5%).

Baggish,* in a series of 115 treated cases of CIN with age varying from
18-82 and a follow-up ranging from 8-24 months, reported an overall recur-
rence rate of 4.34%, whereas the majority of persistent disease was noted
during the first year, primarily due to lack of experience on the part of the
surgeon with regard to the depth and lateral extent of tissue destruction
required.

Stafi®? treated 42 cases of CIN and reported an overall 10% recurrence
rate, which persisted within 3 months. He used a lower output (i.e., 7 W)
with short exposure times.
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Krantz’® reported treating 73 cases of CIN; three patients were
retreated in a 6-month follow-up for persistence.

Carter®® described a series of 45 selected young patients, treated for
CIN with a follow-up of more than 2 years. Clear colposcopic visibility of
ectocervical lesions without extension into the canal and well defined bound-
aries of the CIN were the conditions for treating with CO, laser vaporization
to a depth of approximately 5 mm. The overall recurrence rate was 6.6%
after 2 years and seven cases of retreatment for persistent lesions in the early
phase of the trial. After the surgeon became more familiar with the instru-
ments, the margins of the evident area of lesion were better outlined, the time
exposure was lessened, and a significant decrease in residual cervical disease
was noted.

More recent reports of the same authors® reported a 10% recurrence
rate in a series of 230 CIN-bearing patients with 5-year follow-up after CO,
laser vaporization. The original treatment plan was modified by treating the
entire transformation zone instead of only visible lesion. The continuous oper-
ating mode with a power density greater than 2000 W/cm? and a depth of
destruction of 5-7 mm were recognized as definitive technical parameters for
CO, laser surgery in order to optimize the clinical results.

Jordan® treated more than 400 cases of premalignant lesions of the cer-
vix and vagina. Most had a follow-up ranging from 15 months to 3 years.
Even though some of those patients were treated more than once for persis-
tent disease, the overall recurrence rate was found to be less than 6%.

Burke®® reported a study group of 60 patients and identified subgroups
in which there was a major incidence of recurrence when improper technique
and insufficient depth of destruction had been used.

Popkin®® reported a 92% cure rate in a preliminary study of a series of
13 CO, laser-treated patients. The results of treatment were assessed by
examining cone biopsy specimens 3-8 months after therapy.

Some of the above-mentioned series have been studied to analyze the
results. Persistent disease rates following primary laser application appear to
have a direct relationship to the depth of destruction in every series and for
every grade of CIN (Tables 4.12-4.14). Some of the patients in all of those
series required more than one treatment. This should not be considered to be
a failure of the CO, laser treatment since the follow-up is adequate for
detecting persistent lesions after a few months, and a second or even a third
laser treatment can be performed which will usually eradicate the disease
completely. With CO, laser treatment, one achieves the minor overall recur-
rence rates as seen in patients who were treated with the conservative
methods.%%%

Tables 4.12-4.14 cite those investigators whose experiences reflect the
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Table 4.12. Persistent Disease Rates for CIN I Following Primary Laser
Application by Depth of Destruction as Reported in the Gynecologic Literature

Contributing
Depth (mm) No. cases Persistent disease rate (%) author(s)“
1-2 6 50.0 Jordan
2-4 27 37.0 Jordan
5+ 259 4.3 Baggish, Jordan

Bellina, Wright

9Bellina J H (ed): Gynecologic Laser Surgery, Proceedings of the International Congress on Gynecologic Laser Sur-
gery and Related Works, New Orleans, LA, Jan 1980. New York, Plenum Press, 1980.

Table 4.13. Persistent Disease Rates for CIN II Following Primary Laser
Application by Depth of Destruction as Reported in the Gynecologic Literature”

Depth (mm) No. cases Persistent disease rate (%) Contributing author(s)
1-2 7 86.7 Jordan
2-4 18 38.9 Jordan
5+ 307 6.2 Baggish, Jordan

Bellina, Wright

“Follow-up range: 3—42 months

Table 4.14. Persistent Disease Rates for CIN III Following Primary Laser
Application by Depth of Destruction as Reported in the Gynecologic Literature

Depth (mm) No. cases Persistent disease rate (%) Contributing author(s)
1-2 26 84.6 Jordan
2-4 60 66.7 Jordan
4-5 20 30.0 Jordan
5+ 328 14.0 Baggish, Jordan

Bellina, Wright

Table 4.15. Summary of Persistence
Rates at 5+ mm Depth*

CIN Persistent disease(%)
I 4.3
11 6.2
III (includes CIS) 14.0

AWright recently published a survey [Wright C V: Use of the
CO; in treatment of CIN (abstact), in Popkin DR et al
(eds): Second International Congress on Gynecological
Laser Surgery, Montreal Quebec, Canada, May 1982.
Plenum Press, 1982.] with meticulous preparation and fol-
lowing with a 98% cure rate, or 2% persistence.

146



Applications in Gynecology

Table 4.16. Guidelines for Reporting Treatment Success

Power density

Pulsed or continuous mode

Depth of destruction

Peripheral destruction beyond lesion borders

Disease category reported separately

Follow-up interval and mean

Patient disease rates for first and second retreatments

state of the art in laser management of CIN lesions. It becomes quite appar-
ent that the depth of destruction continues to be the hallmark for a successful
outcome (Table 4.15).

Even though other case reports are available in the literature, most of
them report a limited number of treated cases, lack of standardized methods
of laser calibration and of definition of the depth of penetration into the cer-
vical tissue, and disregard the recording of the power densities used and of
the long-term follow-up. They therefore do not allow up-to-date documen-
tation of the real effectiveness of CO, laser treatment. In order to approach
exact evaluation of comparable data, a guideline for reporting treatment suc-
cess is suggested (Table 4.16).

No long-term results of the conization procedure have been reported to
date in a treated series. Minimal discomfort for the treated patients and
reduced intra- and postoperative bleeding have been emphasized in the Dor-
sey series”’ even in the 28 patients operated on as outpatients. Vaginal dis-
charge has not been a problem nor have any clinically apparent systemic or
local infections been noted.

A more recent series, presented at the last International Congress,
reported generally positive results of the conization procedure. Grundsell and
colleagues®® reported a randomized study consisting of 110 treated patients.
Bleeding complications were found in 1.8% in the laser group, whereas bleed-
ing occurred in 14.6% of the group treated with the cold knife technique.

Technical differences have been also pointed out by Sadoul and
associates® in a recent study of 40 treated cases, comparing CO, laser micro-
surgery and free-hand techniques. Conclusions are that the handpiece has
been found to have several advantages when compared to the microsurgical
method. Shortening of the operative time, perfect control of the hemostasis,
cleaner and faster cutting, and fast healing time have been reported as the
main advantages of CO; laser surgery.
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4.12. Complications

Papers dealing with vaporization of CIN reported absence of significant
complications following the treatment and the results have been very encour-
aging. Bellina’s®® series of 256 cases reports some cases of bleeding within
the first 10 days after therapy. This bleeding was usually described by the
patient as ““spotting” or a flow similar to a light menstruation. Two patients
required an outpatient application of silver nitrate to the laser wound for
hemostatic effect. One patient required suturing of a small arterial bleeding
point under anesthesia. No cases of pelvic infection have occurred. Antibiot-
ics were neither prescribed prophylactically nor were they required following
therapy.

Particular attention has been given to recent reports of the early and
late complications associated with the use of CO, laser surgery.'® In exam-
ining a series of 215 patients treated with CO, laser vaporization for CIN,
out of 624 gynecologic surgical operations for various diseases, a total of 53
hemorrhagic complications have been found. No treatment was required in
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