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electrosurgical   devices   for   facelifts,   endoscopic 

brow lifts, chemical peels, dermabrasion for skin 

resurfacing,  and  other  traditional  non-laser 

techniques. 

 
Today, laser surgery is not taught in most medical 

schools  or  in  residency programs  in   most  of  the 

recognized medical specialties.              It is learned 

primarily in postgraduate education, much of which 

is offered by laser manufacturers themselves.  There 

are  unfortunately  many  scalpel-skilled  physicians 

who are not fully qualified to use lasers in surgery, 

despite  that  these  are  dangerous   machines  that 

require specialized knowledge of laser physics and 

training in order to be used safely and successfully. 

Our certification therefore fills this critical need. 

 
Advantages of Becoming a Full Diplomate 

 

Those who have passed the Board’s rigorous 

examinations  and  become  Diplomates  have  found 

that the Certificate of the ABLS is a valuable 

credential for them in attracting patients as well as 

demonstrating a greater depth of understanding of 

lasers and light-based technologies. 

 
In  the  first  decade  of the Board's  existence,  most 

Diplomates   came   from   the   United   States   and 

Canada.  In recent years, however, many have come 

from other countries.    The Board’s Certificate has 

been awarded to over 800 Diplomates worldwide, 

including Canada, Europe, South America, Egypt, 

Saudi  Arabia,  Iraq,  Japan,  Korea, Thailand, 

Malaysia and Australia among others, as well as the 

United States. Our Diplomates have found that 

studying  for  and  taking  the  examinations  is  a 

valuable learning experience.   In fact, the Cosmetic 

Physicians Society of Australasia adopted the 

examinations of the ABLS as their own in the year 

2000. In recent years, the ABLS has partnered with 

regulatory authorities and training seminar providers - 

both domestic and international -  to provide 

proficiency examinations in cosmetic laser and light 

procedures, laser dentistry and aesthetic gynecology.  
 

Diplomates of the Board are also often members of 

other  medical  societies  and  organizations.     Very 

few  major  medical  societies  or  institutes  that  we 

know of currently offer a laser course dealing with 

fundamentals related to medicine. Furthermore, no 

other organization worldwide offers board 

credentialing in laser science, bio-tissue interaction, 

ethics, laser safety and cosmetic laser and light 

procedures at this time. 

The  ABLS  is  the  sole  medical  specialty Board that 

offers the rigorous preparation, and written and oral 

examinations,  necessary  for  full  Board  certification. 

The ABLS has led the industry in doing so for 40 years. 

 
Role of the Study Guide and Related Materials 

for Full Certification as an ABLS Diplomate 
 

The traditional  ABLS  Study Guide  for  preparing for 

full Diplomate credentialing has a heavy emphasis on 

fundamental  laser  physics and  bio-tissue  interactions, 

and to a more in-depth degree than any other medical 

publication available that we know of.   That said, our 

candidates   must   bear   in   mind   the   importance   of 

understanding how lasers and other light-based devices 

work to maximize clinical success and patient safety. 

If this certification improves the outcome and safety of 

even a handful of patients, it is well worth it!     We 

believe  that it will have a far greater  impact  on our 

Diplomate’s careers. 

 
The Board’s full  Diplomate Certification for 

Practitioners Using Lasers, Light and Energy-

based Devices in Cosmetic Procedures, Dental 

Procedures and Aesthetic Gynecology  
 
A  growing  number  of  ABLS  candidates  for 

certification  are  practicing in  one  or  more  specialties 

using lasers, light and energy-based devices.   The Board 

recognizes that many cosmetic laser practitioners are 

concerned about the relevance of the full certification 

to their day-to- day clinical practice.     For that reason, 

the Board has developed certifications specific to the 

needs of these practitioners. 

 
For these certifications, the Board also includes 
additional   study   materials   that address   several   
important    disciplines in each venue.  
 
The Board strongly believes candidates will find these 
study materials of great value, as well as the challenge 
of  successfully completing the Written Examinations, 
as they seek to achieve the certification! 

Sincerely, 

 
Edward M. Zimmerman, M.D. 
Dianne Quibell, M.D. 
Warren B. Seiler III, M.D. 
Peter Vitruk, Ph.D. 
John C. Fisher, Sc.D.
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ABLS Study Guide Contents - Fundamental Laser Science and Laser Safety: 

 
 
 

Introduction to the Study Guide 
 
Chapter 1: The Fundamentals of Laser Physics, Optics and Operating Characteristics (the 
foundations of laser physics and beam delivery that are important for any laser medical discipline). 

 
Chapter 2: Surgical Delivery Systems (an essential foundation for all clinicians in the various 
methods of beam transmission, delivery and focusing). 

 
Chapter 3: Laser Biophysics, Tissue Interaction, Power Density and Ablative Resurfacing of Human 
Skin: Essential Foundations for Laser Dermatology and Cosmetic Procedures (focused on is 
ablative resurfacing which addresses the interaction of lasers and light with human skin, as an 
essential foundation for dermatology and cosmetics). 

 
Chapter 4: Commentary on Ethics in Cosmetic Laser Surgery (key considerations in providing 
optimum patient care). 

 
Chapter 5: The Safe Use of Lasers in Surgery (oriented to the needs of the actual practitioner as 
opposed to support personnel). 

 
Chapter 6:  Considerations in the Selection of Equipment. 
 
Appendices: Scientific Notations and Glossary of Terms 

 

 
 
 

NOTE: For candidates in one of these disciplines involving the use of lasers, light and energy 
devices - Cosmetic Procedures, Dental Procedures or Aesthetic Gynecology – the Board 
provides additional study materials ands exams specifically related to those procedures.  
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                               v = f λ (1-3)

When a ray of electromagnetic radiation
crosses the interface between two regions having
different indices of refraction, its speed of travel is
changed.  However, the frequency of the wave (the
number of full cycles passing a fixed point in space
in a unit of time) is constant, and so the wavelength
changes proportionally in Equation 1-3.

The Photon Theory of Electromagnetic Radiation

In 1905, Max Planck modified the wave
theory by postulating that the energy carried by an
electromagnetic wave cannot be endlessly
subdivided into ever smaller increments, but that
radiant energy consists of small, indivisible units.
Planck named such a unit a quantum of energy.

         In modern terminology, when speaking of
radiant energy, we would call it a photon. A photon
can be thought of as a massless particle of radiant
energy, which moves through space at the speed c
in straight lines.  Although it has no mass, it does
have the equivalent of momentum, or [MASS] x

[VELOCITY], and can exert a force on a
material body.  A photon can be considered as the
equivalent of a wavetrain of finite length in space,
or a wavelet, as shown in Figure 1-3.  At very low
radiant intensities, such as those received by an
astronomical telescope aimed at a distant star, light
actually does arrive in discrete quanta that can be
individually detected by a photon counter.

One important concept of Max Planck’s
quantum theory is that there is a definite value of
energy associated with each photon.  This photonic
energy is proportional to the frequency of the
equivalent wavelet:



ep  hf 
hc


(1-4)

In Equation 1-4,



ep  is the photonic energy, h

is Planck’s constant (h = 6.626 x 10-34 joule-
second), and f is the frequency of the wavelet.  This
fundamental equation of the photon theory of light
shows that photonic energy increases directly with
frequency, but increases inversely with wavelength.
Long-wave radiation is inherently less energetic
than short-wave and vice versa.

Figure 1-3.

A ray of light depicted as a stream of photons.  A photon is a quantum of radiant energy, equivalent to a wavelet;  a wavetrain of finite
length in space.  Only a few cycles of the E-wave in each wavelet are shown, for clarity.  Actual wavelets would have thousands or
millions of such cycles. Note that each wavelet has a damped amplitude envelope. Reprinted from Fisher JC. Basic laser physics and
interaction of laser light with soft tissue. In: Shapshay SM, ed. Endoscopic laser surgery handbook. New York: Marcel Dekker, 1987:20.

Unique Properties of Laser Light The light produced by laser has three special
characteristics not found in light from any other
source: (1) collimation, (2) coherence, and (3)
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monochromaticity.  We shall describe these
properties in the following sections.  Later, we shall
see that they are not all equally important for
surgery with lasers.

Collimation

Figure 1-9 shows four rays of light
emanating from a laser (at the left-hand side) and
traveling to the right at the speed c.  Collimation
means simply that these rays are all parallel to each
other.  This property of laser light makes it possible
to capture all the light emitted by a laser, because it
emerges in a beam of small diameter that has no
divergence or convergence, unless a lens or mirror
is placed in the path of the beam.

Figure1-9.
Schematic diagram showing four collimated (parallel), plane-polarized rays of light emanating from a laser on the left (not shown).
Spatial coherence is evident from the coincidence of the crests and valleys of the E-waves along lines perpendicular to the axes of the
rays.  Temporal coherence is evident from the fact that all of the rays have the same frequency, wavelength, and speed of propagation.
Monochromaticity is evident from the fact that all of the rays have the same wavelength.  Reprinted from Fisher JC.  Basic laser physics
and interaction of laser light with soft tissue.  In: Shapshay SM, ed.  Endoscopic laser surgery handbook.  New York: Marcel Dekker,
1987:72.

Coherence

Coherence means that the E-waves of the
light rays in Figure 1-9 are in phase with each other
in both space and time.  Spatial coherence means
that the crests and troughs of all the waves coincide
along lines perpendicular to the rays.  Temporal
coherence means that the frequency, wavelength,

and speed of travel are all constant, so that the value
of electric-field intensity at any point along the axis
can be predicted for any future instant of time by
knowing what it is now at some other point.

Monochromaticity



20
Monochromaticity means that the light rays

shown in Figure 1-9 have just one wavelength,
which is constant.  In the light of actual lasers there
is always some small spread of wavelength, as
previously discussed, but this is so small in most
lasers that it is less than 0.007% of the central
wavelength.  Gas lasers, like the carbon-dioxide and
the helium-neon, have the smallest spread in
wavelength, because the energy levels of atoms or
molecules in gases are sharp lines, not broadened
by the proximity of other individuals, except at high
pressures.  The wavelength spread of such lasers
results from the limited time required by an
individual to make the downward energy transition
that causes emission of laser light.  Only a transition
occurring over a very long time (continuously)
would produce a wavelet of light having just one
wavelength.  However, a typical transition time is in
the order of 1x10-8 second, and the corresponding
bandwidth of the light from a CO2 laser is only
0.0375 nm.  Lasers provide the highest spectral
purity of any known light sources.

Temporal Operating Modes of Lasers

If a laser delivers radiation continuously, it is
said to operate in the continuous-wave mode. Most
lasers are capable of continuous-wave (c.w.)
operation.  However, some, like the ruby and
neodymium:glass lasers, can be operated only in a
pulsed mode.  In the ruby laser, c.w. operation is
prevented by the problems of creating a continuous
population inversion. In the Nd:glass laser, it is
prohibited by the low thermal conductivity of glass.
In surgery with lasers, there are situations which
require that the laser light be delivered in pulsed
fashion. Several means are available for achieving
pulsed output from a c.w. laser.  These are called
mode locking, Q-switching, cavity-dumping, and
pump-pulsing.  It is possible also to produce
intermittent output from a laser by cyclically
opening and closing the shutter that is provided on
all medical lasers to cut off the beam when it is not
in use.  The first three techniques can produce very
short pulses, from picoseconds (1 ps = 1 x 10-12

second) to a microsecond (1 x 10-6 second).  Pump-
pulsing can produce output pulses ranging from one
microsecond to a large fraction of a second.  Cyclic
actuation of the shutter can produce pulses from

about 10 milliseconds (1 millisecond = 1 x 10-3

second) to a half-second or more.

Mode-locking, Q-switching, cavity-dumping,
and pump-pulsing can produce pulses whose peak
power is much higher than the average power
available from the same laser when it is operated in
the continuous-wave mode.

Mode-Locking

Mode-Locking is a method of clipping the
avalanche of wavelets, reflected back and forth
between the laser’s mirrors, in synchronism with
the reciprocating travel of these wavelets in the
optical cavity, so that only those wavelets whose
intensity is above a certain threshold are
transmitted.  It produces laser output in pulses of
picoseconds’ duration closely spaced in time under
an exponential amplitude envelope of nanoseconds’
duration.  The highest pulses of the train reach
many millions of watts in peak power, although the
energy per pulse is only a few millijoules.  These
pulses of laser light have very high spectral purity.

Q- Switching

This is a technique of cyclically or
intermittently spoiling the resonance of the optical
cavity by some electro-optical switching device,
while a large population inversion is maintained by
strong pumping.  While the spoiler holds the cavity
in a non-resonant condition, the laser produces no
output.  However, when the spoiler allows a
resonance suddenly to develop, a short, powerful
burst of light emerges from the laser through the
partially transmitting mirror.

Cavity-Dumping

As the name implies, this method creates a
large population inversion and a condition of strong
resonance in the optical cavity, but does not allow
any of the coherent light to escape from the
resonator except when an electro-optic switch is
activated.  This light then emerges from the laser in
a pulse of short duration and high intensity.

Pump-Pulsing

As the name suggests, this is a method of
cyclically or intermittently interrupting the flow of
power from the pumping source into the laser
resonator, by a mechanical, electric, electronic, or
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Figure 2-1.
Schematic diagram of an optical fiber, showing core and cladding. Rays of light entering the proximal end within the
acceptance angle (a) will be totally reflected internally at each incidence on the core-cladding interface. In any plane containing
the axis of the fiber (any diametric plane), the angle of incidence of the light ray on the core-cladding interface (i.e., the angle
between the ray and the radius to the point of incidence) must always be greater than the critical angle if total internal reflection
is to occur. This critical angle is given by the formula sin Өc = n1 I n2. This is always true for rays entering a straight fiber within
the acceptance angle. However, when a ray entering exactly at the acceptance angle strikes the core-cladding interface within a
bend in the fiber, the angle of incidence will be less than critical, and some of the intensity of that ray will be lost by transmission
through the interface. Thus, the outermost rays of the cone of light entering the proximal end of the fiber wilt be attenuated by
bends along the length of the fiber. Note that n0 < n1 < n2.

Figure 2-1 shows schematically alongitudinal axial-plane section of acylindrical optical fiber with a thin claddingclosely bonded to the core.  The diameter ofthe core in surgical fibers will be between 0.1millimeter (mm) and 0.8 mm, and the radialthickness of the cladding will be a smallfraction of the core diameter.  If the indices ofrefraction of the surrounding medium, thecladding, and the core are n0, n1, and n2,respectively (n0 < n1 < n2), then all the rays ofa conically converging beam of laser lightfocused at the center of the proximal end-faceof the fiber will be totally reflected internallyeach time a ray strikes the interface betweenthe core and cladding, provided that the half-angle of convergence of the conical enteringbeam is equal to or less than a, the acceptance
angle of the fiber, defined by…
(2-1)           sin a = (n22 – n12)1/2 / n0
              A ray of light striking the core-cladding interface will be totally reflected atevery such impingement, and finally emerge

from the distal end with an angle of departureequal to the proximal-end angle of incidence,so long as that angle does not exceed a, asgiven by Equation (2-1), and provided thatthe core is a perfect cylinder, the cladding isin intimate contact with the core at all points,and the fiber is straight over its entire length.If the fiber has several bends of shortradius, however, it is evident that theimpingement of the outermost rays of theconical entering beam on the core-claddinginterface within these bends will be morenearly perpendicular to that interface than itis for the inner rays, and so the outer rays willsuffer some attenuation because of partialtransmission through the cladding at thebends.  Even with a perfectly straight fiber,there is always some scattering of the rayswithin the core, and these scattered rays mayimpinge on the core-cladding interface atangles such that the reflection is less thantotal.  The internally scattered light escapingexternally from the cladding of the fiber canbe seen clearly with the eye for visiblewavelengths.  Even if scattering were absent,there would be some leakage across the core-cladding interface because of irregularities inthe geometry of the outer surface of the core,
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and imperfect contact (gaps) between thecladding and the core.Because the indices of refraction ofthe core and cladding decrease withincreasing wavelength, neither theacceptance angle, a, nor the critical angle ofincidence of rays at the core-claddinginterface is constant, but varies withwavelength.  Hence, the overall transmittanceof a clad fiber will change with wavelength.Another cause of attenuation inquartz optical fibers is absorption of the lightby the material of the core.  This is also afunction of wavelength.  For quartz, it is highin the far-ultraviolet, moderate in the visibleand near-infared, and high again in the mid-and far-infared.All of the foregoing factors contributeto attenuation of the transmitted laser beam.In general, the rays which enter the proximalend of the fiber at angles of incidence near theacceptance angle will be more severelyattenuated than those having small angles ofincidence.Throughout the range from 300 nm to1200 nm, the transmittance of modern quartzsurgical fibers is in the range of 50% to 80%in lengths of a few meters.For wavelengths shorter than 300 nmand longer than 2200 nm, quartz fibers, evenwith air cladding (bare fibers), haveunacceptable high attenuation of thetransmitted light.  Because of the precisesurgery that can be performed with thecarbon dioxide laser (wavelength: 10,600nm), attempts have been made in variouscountries to develop a suitable optical fiber to

transmit this wavelength. Until recently,attempts to produce commercially availablefibers having the required parameters ofsmall outside diameter, acceptably lowattenuation, small bend radius, long flex life,and low toxicity to living tissues have not metwith success.  However in 2007, OmniGuide,Inc. (www.omni-guide.com) announced thecommercial availability of its new OtoBeamflexible CO2 hollow core waveguide laser fiberand intuitive handpiece product line for usein otology procedures. (Note: Omniguide“fiber” is a hollow waveguide, not a solid corefiber).
             In 2009, Samuel R. Browed et al
described their initial experience with a CO2

laser fiber system in tethered spinal cord
surgery. They used a flexible fiber to conduct
CO2 laser energy to perform accurate micro-
neurosurgical dissection.  They described the
Beam-Path-Neurofiber as a hollow-core fiber
with dielectric mirror lining.2           LuxarCare Corporation manufactures aflexible hollow waveguide fiber designed as asingle anti-reflective dielectric coating over asingle highly reflective metal layer inside theelongated flexible hollow tube.  The metallicsurface is silver and the dialectric layer issilver halide.             Optimization of the Er:YAG laser forprecise incision has been tried in manymedical fields.  In 2010, Jörg Meister(Department of Conservative Dentistry,Periodontology and Preventive Dentistry,Medical Faculty, RWTH Aachen University,Aachen, Germany) described the first clinicalapplication of a liquid core light guideconnected to an Er:YAG laser for oraltreatment of leukoplakia.



Figure 2-2.
A typical surgical optical fiber is shown. Note the special coupling at the proximal end.  This is necessary to ensureproper optical alignment of the input end of the fiber with the lens system which focuses the incident laser beam.  Correctcoupling of the fiber to the laser is critical.

Transmission Systems Using Sequential
Mirrors

             A laser beam of almost any wavelengthcan be successfully transmitted from the exitaperture of a laser to target by means of asequence of plane mirrors, each positioned sothat it reflects the beam onto the center of thenext mirror.  A collimated beam is easiest totransmit in this way, because the size of themirrors is the same for all. Figure 2-3 showsschematically such a system.  If thereflectance of each mirror is R, and thenumber of mirrors is nm, then the ratio of thereflected radiant power at the distal end ofthe mirror-sequence to that which enters theproximal end is…
(2-2)          Po/Pi = Rnm              The importance of high reflectancecan be seen from Equation (2-2).  If thereflectance of each mirror is 0.90, and the

number of mirrors is 7, then Po/Pi is only47.8%!  However, if the reflectance permirror is 0.99, the transmissive efficiencyrises to 93.2%.
The mirror-sequence may bepermanently fixed in position, as it is in short-pulsed Nd:YAG lasers used for ophthalmicsurgery, or it may be mounted in a multiplyjointed elbow-and-tube structure having anover-all flexibility comparable to that of ahuman arm.  Such a transmissive system iscalled an articulated arm. Figure 2-4 showsschematically the essential elements of atypical articulated arm.  This assemblyconsists of seven rigid, metallic, 90º elbows,each with a plane mirror at its apex, set at 45ºto the axes of the elbow’s stubs, and two long,straight rigid tubes.  The first four elbows areconnected in two close-coupled pairs, and thelast three are connected as a close coupledtriplet.  Each elbow is free to rotate a full 360ºrelative to the elbow just proximal to it, whilealways maintaining coaxial alignment of the
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�T�h�e� �m�i�r�r�o�r�s� �h�a�v�e� �e�n�h�a�n�c�e�d� �r�e�f�l�e�c�t�i�v�e
�c�o�a�t�i�n�g�s� �v�a�c�u�u�m�-�d�e�p�o�s�i�t�e�d� �o�n� �t�h�i�c�k
�s�u�b�s�t�r�a�t�e�s� �o�f� �e�i�t�h�e�r� �f�u�s�e�d� �s�i�l�i�c�a� �o�r� �c�o�p�p�e�r�.
�T�h�e� �b�a�l�l�-�b�e�a�r�i�n�g�s� �t�h�a�t� �p�r�o�v�i�d�e� �r�o�t�a�t�i�o�n�a�l
�f�r�e�e�d�o�m� �m�u�s�t� �p�r�e�v�e�n�t� �a�x�i�a�l� �o�r� �r�a�d�i�c�a�l� �p�l�a�y� �o�f
�t�h�e� �e�l�b�o�w�s� �a�n�d� �t�u�b�u�l�a�r� �s�e�g�m�e�n�t�s�,� �y�e�t� �a�l�l�o�w
�r�o�t�a�t�i�o�n� �w�i�t�h� �m�i�n�i�m�u�m� �f�r�i�c�t�i�o�n�a�l� �t�o�r�q�u�e�.� � �T�h�e
�a�l�i�g�n�m�e�n�t� �o�f� �a�n� �a�r�t�i�c�u�l�a�t�e�d� �a�r�m� �i�s� �d�e�l�i�c�a�t�e�.
�B�u�m�p�i�n�g� �t�h�e� �a�r�m� �a�g�a�i�n�s�t� �h�a�r�d� �o�b�j�e�c�t�s� �m�u�s�t
�b�e� �c�a�r�e�f�u�l�l�y� �a�v�o�i�d�e�d� �t�o� �p�r�e�v�e�n�t� �j�a�r�r�i�n�g� �t�h�e
�m�i�r�r�o�r�s� �o�u�t� �o�f� �a�l�i�g�n�m�e�n�t�.� � �R�o�u�t�i�n�e� �s�y�s�t�e�m
�m�a�i�n�t�e�n�a�n�c�e� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�n�s�u�r�e� �p�r�o�p�e�r

�a�l�i�g�n�m�e�n�t� �o�f� �t�h�e� �m�i�r�r�o�r�s� �s�o� �t�h�a�t� �t�h�e� �l�a�s�e�r
�b�e�a�m� �i�s� �f�i�r�e�d� �p�r�o�p�e�r�l�y�.

�A�t� �t�h�e� �d�i�s�t�a�l� �e�n�d� �o�f� �t�h�e� �a�r�m�,� �a� �f�o�c�u�s�i�n�g
�h�a�n�d�-�p�i�e�c�e� �m�a�y� �b�e� �a�t�t�a�c�h�e�d� �f�o�r� �f�r�e�e�-�h�a�n�d
�s�u�r�g�e�r�y�,� �t�h�e� �a�r�m� �m�a�y� �b�e� �c�o�u�p�l�e�d� �t�o� �a
�m�i�c�r�o�m�a�n�i�p�u�l�a�t�o�r� �f�o�r� �u�s�e� �w�i�t�h� �a� �s�u�r�g�i�c�a�l
�m�i�c�r�o�s�c�o�p�e�,� �o�r� �t�h�e� �a�r�m� �m�a�y� �b�e� �c�o�n�n�e�c�t�e�d� �t�o� �a
�r�i�g�i�d� �e�n�d�o�s�c�o�p�e� �(�l�a�p�a�r�o�s�c�o�p�e�,� �b�r�o�n�c�h�o�s�c�o�p�e�,
�a�r�t�h�r�o�s�c�o�p�e�,� �e�t�c�.�)�.

�T�h�e� �m�a�j�o�r� �d�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �a�n
�a�r�t�i�c�u�l�a�t�e�d� �a�r�m� �a�r�e� �i�t�s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �i�m�p�a�c�t�s
�w�i�t�h� �h�a�r�d� �o�b�j�e�c�t�s� �a�n�d� �i�t�s� �r�e�l�a�t�i�v�e�l�y� �l�i�m�i�t�e�d
�f�l�e�x�i�b�i�l�i�t�y� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�a�t� �o�f� �a�n� �o�p�t�i�c�a�l
�f�i�b�e�r�.� � �I�t�s� �m�a�j�o�r� �a�d�v�a�n�t�a�g�e�s� �a�r�e� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y
�o�f� �t�r�a�n�s�m�i�s�s�i�o�n� �o�f� �l�a�s�e�r� �b�e�a�m�s� �o�v�e�r� �a� �b�r�o�a�d
�b�a�n�d� �o�f� �w�a�v�e�l�e�n�g�t�h�s�,� �p�r�e�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e
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coherence and TEM of the beam, and theability to transmit radiant power up tomillions of watts in pulses or hundreds ofwatts continuously, at safe power densitieson the mirrors.  The power density of thecollimated beam within the articulated armcan be controlled by appropriate choice of thediameter of the beam, which is at thediscretion of the designer.
Hollow Waveguides        In the latter half of the 1980s, severalcompanies introduced hollow tubes for thetransmission of light from the CO2 laser.  Suchtubular waveguides may be made of either ametal-like stainless steel or aluminum withthe interior surface highly polished, or of ametallic outer sheath lined with a close-fittingdielectric material.  The cross-section of suchwaveguides is usually circular.        Several metals, notably aluminum,polished until all superficial micro-irregularities are much smaller than thewavelength of the light, have high reflectanceover the sub-spectrum from mid-ultravioletto mid-infrared for rays impinging normal tothe surface.  Their reflectance rises toward100% for rays impinging on the surface atgrazing incidence (Ө →	 90o).  Therefore, aslender, hollow, cylindrical tube of metal withproper dielectric coating can transmit a beamof light with an efficiency in excess of 90%, ifthe following conditions are fulfilled:1. The beam is either collimated orslightly converging as it enters thetube, and the beam diameter isslightly smaller than the insidediameter of the tube;2. The cross-section of the beam is of thesame geometry as that of the tube(e.g. circular);3. The length of the tube is 10m or less.

Such a hollow waveguide transmits aconvergent laser beam by multiple grazing

reflections of the rays from its inner surface.The emerging beam at the distal end willalways have a small conical divergence, evenif the entering beam is perfectly collimated,because of diffraction.  For a convergententering beam, the emergent beam willdiverge because of the multiple glancingreflections of the outer rays within the tube.The divergence is typically between 4o and10o.A straight light-pipe has the highestefficiency of transmission for a given design.If it is even slightly curved, its efficiencydeclines sharply, because the number ofinternal reflections increases for each ray,and the reflectance at each impingementdecreases steeply for angles of incidenceslightly less than 90o. In the plane ofcurvature of a light-pipe, every angle ofincidence is reduced by an amount that isinversely proportional to the radius ofcurvature. In commercially available hollowwaveguides (or hollow waveguide fibers) thebending losses are controlled to less than10% attenuation relative to straightorientation.For a fixed geometry, a waveguide willexhibit an attenuation of laser-beam intensitythat is exponential with length, but theattenuation factor is much higher than that ofa true optical fiber of the same length andcore diameter.  Unfortunately, some of thecompanies offering light-pipes for sale referto them as “fibers”.  A more acceptable andwidely used terminology is “hollowwaveguide fiber” to reflect on both thehollow-core nature and high flexibility of suchdevices.The leader in the development of hollowwaveguides has been Luxar. The onlycompany presently offering a surgical CO2laser with 1.0m and 1.5m-long flexiblewaveguide fiber in place of an articulated armfor a widest range of FDA-cleared indicationsis Luxarcare of Woodinville, WA. Luxar Corppatents and technology have been acquired
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and improved upon by a new and differentcompany: LuxarCare. .
A Focusing HandpieceSuch a handpiece is usually available from themanufacturer of the laser in focal lengths of75, 125, and 150 millimeters, correspondingto respective focal-spot effective diameters ofabout 0.17, 0.28, and 0.33 mm.  A typicalsurgical handpiece has a single positive lens,made of zinc selenide, internally mountednear is proximal end in a cylindrical, anodizedaluminum housing, connected permanentlyor detachably to a conic distal portion thatmay be made of anodized aluminum or a rigidpolymer.  At the distal end of this cone, a

paraxial, offset tip may be fitted, so that whenthe end of the tip touches the target tissue,this tissue is at the focal plane of the lens.  Asmall metal tube enters the handpiece justbelow the focusing lens, and a small, flexiblehose connects to this tube to provide a flow ofcarbon dioxide gas across the distal face ofthe lens, for the purpose of cooling the lensand keeping it free of backstreaming tissuedebris from the target.  These details areshown schematically in Figure 2-8.

Figure 2-8.

Schematic diagram of the details of a typical surgical handpiece for a CO2 laser. The flexible tube attached at theupper end of the handpiece carries a flow of CO2 gas to keep tissue debris from splattering on the distal surface of thefocusing lens.
         As stated previously, the focusing

handpiece was historically used only with the
CO2 laser , however nowadays Er:YAG and

Nd:YAG lasers are also associated with the
focusing handpiece. This is customarily screwed
onto the distal end of the articulated arm of the
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laser. Such a handpiece is usually available from
the manufacturer of the laser in focal lengths
from 0.5 to 12mm, and some handpieces, as
those offered by Asclepion, are available with
integrated smoke evacuation.As an earlier example of a short,flexible waveguide tip for terminating anarticulated arm, Luxar Corporation offeredthis under the trade name Flexiguide.  Thistransmitted a maximum power of 30 W at10,600 nm through the 0.9 mm bore with anefficiency of 70% per meter if straight, or60% per meter if curved to a radius of 4inches.  The transmissive efficiency at 633 nm(He-Ne laser) was only 10% per meter,straight, and 5% per meter, curved.  The fullincluded angle of divergence of the emergingCO2 laser beam was 8o.  The outside diameterof the Flexiguide was 1.2 mm.  It is shown in
Figure 2-12.  More recently, LuxarCareintroduced the next generation of re-usable,flexible, hand-held fiber waveguidetechnology for CO2 laser surgery under theLightScalpelTM brand name. This is shown in
Figure 2-13.
MicromanipulatorsAs the name suggests, amicromanipulator allows the surgeon to steerthe beam of a laser with a high resolution ofmovement while watching the surgical targetthrough a microscope.  In this context, highresolution of movement means that theminutest controllable displacement of thefocal spot on the target is considerablysmaller than the diameter of the focal spot.Focal-spot diameters of modernmicromanipulators are adjustable, as is thefocal length of the device.  Since binocularsurgical microscopes, such as those made byZeiss and Wild, have focal lengths rangingfrom about 200 mm to about 500 mm, nearlyall makers of CO2 surgical lasers offer focal-length adjustability, either in steps orcontinuously, covering most of that range.The total range of focal-spot diameter

available (not always in the samemicromanipulator) is about 0.2 mm to 4.0mm or so.  In general, the smaller focal spotsare available only at the shorter focal lengths:A micromanipulator made by LaserEngineering, Inc. is shown in Figure 2-15.The distal end of the articulated arm attachesto the upper end of the micromanipulator bymeans of a fine-pitch threaded connector, andthe unit has clamping screws to hold it to theface of the surgical microscope.
Tissue-Contacting ProbesBecause the beam emerging from thedistal end of an optical fiber is divergent, withan included angle between 5o and 15o, it hasmaximum power density right at the distalend-face.  The divergence gives the surgeon ameans of reducing the power density on thetissue, simply by moving the tip of the fiberaway from the tissue.  However, there is nomeans of increasing the power density at thetissue except by raising the total power of thetransmitted beam.  If the surgeon wishes tocut or vaporize tissue with a fiber-deliveredbeam, it is necessary to apply a power densityabove a threshold value which depends uponthe absorption coefficient of the tissue at thatwavelength, and upon the thermalconductivity of the tissue.  In general, thisthreshold value is lowest for wavelengthsthat are strongly absorbed and for tissuesthat are poor conductors of heat, likeepidermis and collagen.  For wavelengthsbetween 400 nm and 1200 nm, aimed atlightly pigmented soft tissue having a high-water content, the threshold of power densityfor vaporization can be very high.  It ishighest at 1064 nm, the principal wavelengthof the Nd:YAG laser, because scattering isstrong (σ = 5/cm ↔ 15/cm), absorption inpigments like hemoglobin and melanin is thelowest in the whole laser spectrum (a =1.0/cm ↔ 3.5/cm), and absorption in water isweak (a = 0.2/cm).  Furthermore, thereflectance of most tissues at 1064 nm isbetween 40% and 50%.
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Introduction to Chapter 3
Understanding Laser Biophysics Is Vital to Optimal Laser Practice:

The Importance of a Complete Understanding of Chromophores & the
Absorption of Laser Light

 The ABLS Study Guide’s latest updates bring the latest in the scientific understanding of how
the chromophore concentration impacts the laser-tissue interaction. Also new in the updated
edition of Study Guide are the soft tissue’s Absorption/Attenuation Depths Spectra, Ablation
Threshold Fluence Spectra as well as Coagulation Depths spectra. The role of scattering in
modifying the laser-tissue interaction in the NIR is also updated.

Critical Factors in Selecting Lasers for Surgical Applications

Photothermolysis is the biophysical process by which most surgical lasers interact with living
tissue. Suitability is determined for thermolytic laser types by the absolute and relative
magnitudes of the absorption and scattering coefficients.  The choice of such a laser for a specific
surgical purpose may be influenced by secondary factors, such as transmissibility of its beam via
optical fiber, hollow mirrored wave guide or articulated arm, the spot size(s) generated, maximum
energy available, and the size and cost of the laser. However, if the choice is made objectively
and scientifically, the coefficients of absorption and scattering are the most critical.

Water is a very beneficial absorber for laser light in the human body, because it boils at a constant
temperature 100 degrees C dependent only upon the pressure at its surface.  The basic process by
which a thermolytic laser ablates tissue is flash boiling of histologic water to form expanding
steam.  Temperatures at points within the adjacent tissue remain at or below the boiling
temperature of the water.

There are numerous other absorbers, often called chromophores, in living tissue that absorb light
at various wavelengths.  Notable examples are pigments, such as melanin, hemoglobin,
xanthophyll, and bilirubin.  At wavelengths shorter than 319 nanometers, complex organic
molecules of many varieties are significant absorbers: collagen, fat, proteins and carbohydrates
are examples.

The most significant absorbers in the soft tissue in the visible and infrared spectral ranges, i.e.
water, melanin, hemoglobin and oxy-hemoglobin, are typically depicted in medical laser texts at
their respective maximum values:

 Liquid water at 100%;
 Hb in whole blood at 150g/L;
 HbO2 in whole blood at 150g/L;
 Melanin at 100% of volume fraction of melanosomes in the epidermis
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Many laser tissue interaction texts and articles assume these values, however in practice the
concentration of these chromophores is less, therefore having critical implication for both choice
of laser and the method and settings by which it is used.
Water is a very strong absorber of light at wavelengths greater than 2,500 nm. In pure water, or
normal saline, scattering is negligible and the absorption coefficient for water varies through
at least 8 orders of magnitude from ultraviolet through visible to far-infrared wavelengths.
However when water contains even a small fraction of particulate matter, it becomes a scattering
medium.  Blood is a good example of this.

The typical water content in soft tissue in fact is not 100%, and that needs to be reflected in the
absorption coefficient. Soft tissue with less than 100% water content absorbs light energy to a
lesser degree than the typical 100% spectral curve shown in most medical laser texts.

The hemoglobin (Hb) and oxyhemoglobin (HbO2) are present at their maximum concentration
150g/L only in whole blood. Photons encounter the full strong absorption of whole blood only
when they strike blood vessels. However the average Hb and HbO2 concentration in actual soft
tissue is significantly lower, because the volume fraction of blood is only a few percent in tissues.
Accordingly, the average Hb and HbO2 absorption coefficient that affects light transport is
relatively low, for example, for 10% average blood presence in the soft tissue.

Similarly to the hemoglobin, the melanin (inside the melanosomes in the epidermis) is a very
strong absorber of light. However, the volume fraction (fv) of melanosomes in the epidermis
varies widely between differently pigmented types of skin colors, affecting degree of absorption
of light energy.

Therefore, large differences exist between the absorption of melanin and hemoglobin at
many wavelengths. The implications are far-reaching, for example these differences offer the
opportunity to achieve selective destruction of either ectatic vasculature or melanocytic
lesions without significant damage to the other, simply by appropriate choice of a
wavelength in the visible part of the spectrum.

At wavelengths where pigments are the major absorbers, however, and water is relatively
transparent, the absorbing chromophores must transmit their heat to the aqueous histologic matrix
by thermal conduction, which requires a temperature difference between the absorbing particles
and the surrounding liquid.  Therefore, even though the water still boils at a constant temperature,
the absorbers must be higher in temperature than 100o C.

The spatial distribution, as well as the concentration of the absorbers, or chromophores, play
important role in how the absorbed laser light impacts the photo-thermal laser-tissue interaction.
While the concentration of water varies more or less smoothly throughout most of the soft tissue,
the hemoglobin distribution is limited to the whole blood inside the blood vessels, and the
melanin in the skin is confined to the melanosomes in the epidermis.
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Again, The extreme range of t h e  v a l u e  of a b s o r p t i o n  is at least 8 orders of magnitude,
for wavelength varying from 180 to 11,000 nm. This huge range emphasizes the need to
choose wavelength (i.e., the type of laser) properly for the tissue to be treated!

An Illustrative Case

A hemangioma treatment with NIR (800-1,000 nm range) laser:

Hemangioma is essentially a pool of blood with hemoglobin at 150g/L concentration, surrounded
by a regular soft tissue with 15g/L hemoglobin concentration (a network of small sub-50 micron
diameter capillaries). Such hemangioma has 10 times greater absorption coefficient, and 10 times
greater rate of heating, than surrounding soft tissue (assuming low melanin presence in epidermis
or epithelium). The attenuation depth (see Equation 3-2 from Chapter 3) for hemangioma can be
estimated (see Figure 3.8a from Chapter 3) at 0.5 mm, while the attenuation depth for
surrounding tissue can be estimated at 5 mm. When using the NIR (800-1,000 nm range) laser
power density at 10 W/cm2 (e.g. 2.5 Watt with area of 0.25 cm2 or 5mm x 5mm spot size), the
rate of hemangioma heating is 10 W/cm2 / (0.05cm)(1 g/cm3)(4.2 Joules/g C) = 48 C/sec while
the surrounding tissue can only heat up at approx 5 C/sec, which by the way does not take into
account the cooling of the irradiated hemangioma by the surrounding tissue. Thermal Relaxation
Time for NIR wavelengths in the soft tissue is in the range of seconds, and for 100% blood filled
hemangioma it is root square of 10 times less (see Chapter 3) i.e., is under 1 second, which means
that for several second long irradiation time of hemangioma the rate of heating will be
approximately half of 48 C/sec rate, at around 20 C/sec, i.e., several seconds worth of irradiation
time will result in hemangioma to over 60C heating and coagulation. For deeper than 0.5 mm
hemangiomas an extended irradiation time is needed. Clinical judgement as to the depth of
hemangioma is critical part of successful treatment.
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There are three fundamental biophysical processes
by which laser light causes histologic destruction.
Power density was introduced in Chapter 1 and
each of the biophysical processes has a
wavelength-dependent threshold of power density
below which it will not occur.  The prevalence of
one process over another is determined by the
range of power density in the tissue.

(1) Photochemolysis

This is the rupture of inter-atomic
(electronic) bonds in complex organic molecules
by the photonic energy of light at all wavelengths
shorter than 319 nanometers.  When the intensity
of such light exceeds a threshold level at which
the rate of bond rupture just equals the rate of
spontaneous bond repair, progressive
disintegration of molecular and histologic
structure occurs, with atoms, ions, and radicals
being ejected from the irradiated site. This occurs
at average power densities (averaged over time

and area) below 1 W/cm
2
.  At irradiances well

above the threshold, the velocities of the ejecta are
high enough that the process can resemble thermal
vaporization.  Low-level photochemolysis is the
major cause of actinic damage to the skin of
persons who regularly expose themselves to the
ultraviolet rays of the sun.

Unless the intensity of continuous-wave
irradiation exceeds the maximum level that can be
absorbed by organic molecules solely for rupture
of chemical bonds, in the order of 10 watts/cm2,
photochemolysis is a non-thermal process.  At
higher intensities of incident radiation, it can
cause heating of the irradiated substance.  When
radiant energy at 193 nm is delivered in short
pulses, the fluence (the time-integral of power
density) can go as high as 6 joules per square

millimeter without thermal damage to nearby
unablated tissue [5].

(2) Photothermolysis

This is the basic mechanism by which
most surgical lasers destroy tissue.  It is the
absorption of light by target materials
(chromophores) and conversion of this radiant
energy into thermal energy, i.e. heat.  Heat raises
the histologic temperature above its normal value.
If the resultant temperature is between 50o C and
100o C, the destructive effect on tissue is called
photopyrolysis: thermally induced necrosis.  As a
very general rule, significant photopyrolysis of
soft tissue (water content 75% or higher) occurs at
power densities of 1 W /cm2 to 100 W /cm2.

            When the temperature reaches 100o C, at
atmospheric pressure, and the energy is kept being
delivered, the intra- and extra-cellular water is
rapidly boiled to form steam, which ruptures cells
and destroys histologic architecture.  This process
is called photovaporolysis.  It is the mechanism by
which monopolar electrosurgical instruments cut
tissue.  Photovaporolic thresholds for strongly
absorbed wavelengths are between 100 W /cm2 to
1,000,000 W /cm2. Photovaporolysis is the
process by which lasers are suitable for facial
resurfacing remove the outer layers of the skin.

           For any wavelength that is absorbed in
water, there is a threshold of power density below
which the water in the target cannot be boiled by a
laser beam. The threshold value is lowest for
wavelengths that are strongly absorbed, and
highest for those that are poorly absorbed. The
threshold exists because the water in which the
beam is absorbed can transfer the absorbed
energy, converted into the form of heat, by
thermal conduction and /or convection to adjacent
masses of water not directly impacted by the laser
beam. When the rate of radiant energy input per
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unit volume of water is below the maximum
possible rate of thermal-energy removal per unit
volume, the water will be only warmed by the
absorbed radiation, but not to the boiling
temperature. At wavelengths for which there is
also significant scattering of the light within the
water, either by solutes or by suspended,
unabsorbing particulate matter, the power density
of the laser light within the water will be less than
that of the incident beam, making elevation of
temperature in the depths even more difficult in
terms of required power density in the incident
laser beam.

If the pressure on the tissue at the impact
spot of the laser beam exceeds 760 torr
(atmospheric pressure), the temperature of the
boiling tissular water can rise above 100o C, and
at high levels of irradiance the photovaporization
can cause shock waves and other explosive
effects, which are largely undesirable for surgery.

(3) Photoplasmolysis

This is the destruction of histologic
architecture by the photonic formation of a
plasma, a gas-like fourth state of matter in which
there are approximately equal concentrations of
free electrons and positive ions, having
temperatures of several thousand degrees C.  It
occurs only above radiant intensities in the order
of 10 billion watts/cm2 or above.  At such
intensities, the electric field of the light wave is
strong enough to pull outer-shell electrons out of
their atomic orbits, this causing ionization and
structural disintegration of any material substance.

(4) Lasers and Biophysical Processes

          For all of the lasers whose wavelengths
are greater than 319 nm, the conversion of

light to heat is the major means by which tissue
is destroyed. At 319 n m , t h e p h o t o n i c
energy is equal to the first ionization potential
of the element ces ium, 3.89 electron vo l t s .
Cesium has the lowest first ionization potential
of all the elements. Therefore, since
p h o t o n i c energy i n c r e a s e s wi th
decreasing wavelength, all lasers having
wavelengths shorter than 3 1 9 nm are
capable of producing photochemolysis at
relatively low power densities. Lasers currently
avai lable in that range of the spectrum are
the excimers, argon-fluoride (193 nm),
krypton-chloride (222 nm), krypton-fluoride
(248 nm), and xenon-chloride (308 nm).

          Photochemolysis can o c c u r  at a n y
wavelength for which t h e photonic energy is
equal to or greater than the bonding energy
between two linked a t o ms in a molecule.
This bonding energy may be lower than the
first ionization potential of cesium. However, a
convenient dividing wavelength between the
spectral range in which
p h o t o c h e m o l y s i s predominates and that
in which thermolysis predominates is 319
nm.

Even at these short-ionizing
wavelengths, if the average power density of
the beam far exceeds the th r e sho ld for
photochemolysis, the excess will be
converted to heat in the tissue, and then
thermolysis will o c c u r .

          Visible and infrared l a s e r s  can produce
chemolysis, but only at elevated temperatures
where the inter-atomic bonds in organic
compounds are ruptured by molecular
v i b r a t i o n s  and rotations.

The ultra-short-pulsed lasers used to
produce photoplasmolysis (chiefly the
Nd:YAG) also cause total destruction of
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molecular architecture in all compounds,
because of the near-total ionization of atoms
throughout the material and the high
temperatures attained in plasmas
(>15,000°C).

b. Unique Properties of Laser Light: Definition
of a Laser

The distinguishing characteristics of laser
light are monochromaticity, coherence, and
collimation. Monochromaticity is the property of
having just one wavelength.  Actually, no light
source produces just a single wavelength, but the
bandwidth of light from a surgical laser is less
than 0.1 nanometer. Coherence is manifested in
two ways: spatial and temporal. Spatial
coherence is the alignment of the crests and
troughs of the electric-field waves of the light rays
in a laser beam on lines perpendicular to the rays.
Temporal coherence is the constancy of the
frequency, wavelength, and speed of propagation
of the light waves. Collimation is the lack of
divergence or convergence of the rays of light in a
laser beam. They are all parallel to one another in
the primary beam emerging from the laser and
continue on in that fashion.

For the purposes of this discussion, a laser
may be defined as a source of radiant energy
having these unique properties.  There are
hundreds of physical materials that can be used to
produce laser light, including gases, liquids, and
solids.  The physical details of how Light
Amplification by Stimulated Emission of
Radiation, or LASER action, occurs within a laser
are not critically important to the cosmetic
surgeon. What is vitally important is an
understanding of how laser light interacts with
living tissue.

c. Basic Optical Phenomena of Laser Light in

Living Tissue

When a ray of laser light strikes the
surface of living tissue, four fundamental optical
phenomena occur.  These can be quantified in
terms of the intensity per unit area (power density)
at various points along a single ray of light, as it
passes from the air above into the depths of the
tissue.  They are:

1) Reflection and backscattering of the beam by
the surface of first incidence

2) Transmission into, or through, the tissue
3) Scattering within, and perhaps out of, the

tissue
4) Absorption by the tissue between scattering

points
Reflection is measured in terms of

reflectance: the ratio of the intensity of the
reflected fraction of a ray of light to the intensity
of the incident ray of light.  Reflectance is
independent of wavelength and tissue color for
wavelengths shorter than 300 nm and longer than
4,000 nm.  Between these limits, it is dependent
upon both wavelength and tissue pigmentation.

Figure 3-1 shows a plot of r e f l e c t a n c e
for normal incidence (0°) o f
monochromatic light on human skin.  Note
the steep peaks and valleys of both curves in the
range of 400 to 1500 nanometers. Note also the
pronounced differences between light and
dark skin in this same range of the spectrum.
In general, the reflectance of all living tissues
at normal incidence will show pronounced
variations within the spectral range from 400
to 1500 nm. The shape and maximum height
o f  the curve for each kind of tissue will be
strongly dependent on the pigments present
in that tissue. However, in the ranges of 100 to
300 nm and of 2,200 to 40,000 nm,
reflectance is "colorblind"
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Figure 3-1.

Variation of epidermalreflectancefor fair skin anddark skin with wavelengthfrom 0.2 to 45 „m. Notethat,
below 0.3 andabove4.0 „m, reflectanceis low, constant,and independentof wavelength.Reprintedfrom
FisherJC. Basiclaserphysicsand interactionof laserlight with soft tissue. In:ShapshaySM, ed. Endoscopic
lasersurgeryhandbook.New York: MarcelDekker, 1987:94.

Similarly, transmission is measured in
terms of transmittance: the ratio of the intensity of
the transmitted ray as it emerges distally from the
tissue to that of the same ray just after entering the
tissue. Scattering is actually a composite of
several distinct optical phenomena, but for the
purposes of laser surgery, it is defined as a change
in the direction of a ray of light without a change
in its wavelength. Absorption is defined as the
conversion, within tissue, of radiant energy into
other forms, such as heat.

          The mo s t s i g n i f i c a n t effect o f
reflection o f  laser light from living tissuesis

the reduction o f power density in the rays that
penetrateinto those tissues.Figure 3- 2shows,
schematically, a ray of laser light being
partially reflected from the surface of first
incidenceon a massof tissue.

Attenuation is a processof diminishing
the intensity of laser light as it travels deeper
into a mediumthat does not totally reflect the
radiation at its first surface.In particular,we
are interested in the attenuation in living
tissue.

          Figure 3-2 also shows schematically the
attenuation (diminution of intensity) that occurs as
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a ray of laser light penetrates into living tissue.
Both absorption and scattering contribute to the
process of attenuation.  In a homogeneous,
isotropic medium, such as hydrated gelatin, the
attenuation is exponential: the ray loses a constant
fraction of its intensity in the direction of

propagation in every unit distance of forward
travel.  In living tissue, which is neither
homogeneous nor isotropic, the attenuating
process can be described approximately as
exponential:

Figure 3-2.

Schematic diagram of the attenuation of a ray of laser light by absorption and scattering within living tissue.  This
process is exponential: each penetrating ray loses a constant fraction of its intensity in the direction of propagation
within each unit distance,‚ z, of forward travel.  The porcupine figures depict omni-directional scattering.

Reprinted from Fisher, J.C., Qualitative and quantitative tissular effects of light from important surgical lasers: optimal
surgical principles.  In: Wright, VC. and Fisher, JC., eds.Laser surgery ingynecology: a clinical guide.  Philadelphia:
W. B. Saunders, 1993: 65.
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d. Suitability of a Laser for a Particular
Surgical Application

As stated previously, suitability is
determined for thermolytic laser types by the
absolute and relative magnitudes of the
absorption and scattering coefficients, a and s
(as in Equation 3-2).  The choice of such a laser
for a specific surgical purpose may be
influenced by secondary factors, such as
transmissibility of its beam via optical fiber,
hollow mirrored wave guide or articulated arm,
the spot size(s) generated, maximum energy
available, and the size and cost of the laser.
However, if the choice is made objectively
and scientifically, only the coefficients of
absorption and scattering are important.

In the most general sense, the choice of
laser type should be made first on the basis of
the preferred mode of tissue destruction:
photochemolysis, photothermolysis, or
photoplasmolysis.  However, in the use of lasers
for resurfacing of skin, photothermolysis is
currently the preferred process.  Therefore,
selection of the laser type in this case is based
upon the magnitudes of a, s, and the ratio of a/s.

Using these factors, all types of surgical
lasers can be assigned to one of three categories:

WYSIWYG, the acronym for What
You See Is What You Get;

SYCUTE, for Sometimes You Can Use
Them Effectively; and

WYDSCHY, for What You Don’t See
Can Hurt You.

These categories are defined as follows:

WYSIWYG:     a > 100/cm; a/s > 10

SYCUTE:         1 < a < 100/cm; 0.1 < a/s < 10

WYDSCHY:     a < 1.0/cm; a/s < 0.1

WYSIWYG lasers are suitable for
precise surgery with minimum thermal damage
to adjacent tissue.  They are generally fair to
poor coagulators.  Examples are CO2 at 10,600
nm, Holmium:YAG at 2,100 nm and
erbium:YAG at 2,940 nm, and the argon-
fluoride (excimer) at 193 nm.

SYCUTE lasers are useful for color-
selective thermolytic destruction of pigmented
tissue.  The wavelength must be chosen for
strong absorption in the pigment of the target
tissue (chromophores).  These lasers have
wavelengths in the visible and near-infrared
regions of the electromagnetic spectrum.
Examples are KTP, pulsed dye, ruby, alexandrite
and diode lasers.

WYDSCHY lasers are well suited to
causing thermal necrosis for coagulation of
bleeding vessels or destruction of malignant
tumors.  They are useless for precise cutting or
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ablation with minimum thermal damage to
nearby tissue.  The outstanding example of this
type is the continuous-wave Neodymium:YAG
at 1,064 nm.  All of these lasers have
wavelengths in the near-infrared part of the
spectrum.  Their rays are strongly scattered and
weakly absorbed in most tissues, unless free
carbon from prolonged thermal necrosis is
present. Carbon strongly absorbs all
wavelengths, and causes any thermolytic laser to
cut like a WYSIWYG, but not without thermal
damage, which has already occurred by the time
that free carbon is present during laser
irradiation of living tissue.

e. Absorption & Scattering Coefficients for
Various Constituents of Tissue

(1) Absorption: There are several major
absorbers of light in living tissue, a m o n g the
more i m p o r t a n t of which are:

1. Water, which constitutes from 75% t o 85%
of soft tissue;

2. Pigments, such as bilirubin, melanin,
hemoglobin, and xanthophyll, especially
i mp o r t a n t at visible wavelengths;

3. Fat and lipids, especially at ultraviolet and
mid- to far-infrared wavelengths;

4. Other c o m p l e x o r ga n i c mo l e c u l e s ,
especially at u l t r a v i o l e t and mid-to-far-
infrared wavelengths;

5. Carbon, an a b u n d a n t constituent of all
living tissue, which is an end-stage
breakdown product of pyrolysis, and is a
strong absorber of light at all wavelengths.

          As said previously, the major constituent
of living tissue, in both plants and animals, is
water.  It is also a very strong absorber of light at
wavelengths greater than 2,500 nm: a > 100/cm.
In pure water or normal saline, scattering is
negligible by comparison with absorption in this
spectral range.  However, when water contains
even a small fraction of particulate matter, it
becomes a scattering medium.  Blood is a good
example. Figure 3-4 shows the spectral

variation of absorption coefficient for water,
Normal saline in the human body contains only
0.9% sodium chloride, but its absorption coefficient
is not significantly different from that of water over
the spectrum from 200 to 10,000 nm. Note that the
absorption coefficient for water varies through at
least 8 orders of magnitude (factors of 10) from
ultraviolet through visible to far-infrared
wavelengths.
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Figure 3-4.

Spectral variation of absorption coefficient for water. Note that the vertical axis shows variation over at least 8 orders
of magnitude.  Physiologic saline is a major absorber of radiation in living tissue from 2 to 11 micrometers.  The
absorption coefficient of water is not markedly different from that of normal saline.

Source: Absorption of electromagnetic radiation by water,
http://en.wikipedia.org/wiki/Electromagnetic_absorption_by_water, Wikipedia, 2012.

Water is a very beneficial absorber for
laser light in the human body, because it boils at
a constant temperature dependent only upon the
pressure at its surface.  That temperature is 100o

C when the pressure is 760 torr.  The basic
process by which a thermolytic laser ablates
tissue is flash boiling of histologic water to form

expanding steam.  While that water is boiling at
constant pressure, the impact surface of the laser
beam on the tissue is isothermal.  Therefore the
temperatures at points within the adjacent tissue
remain at or below the boiling temperature of the
water, irrespective of the power density of the laser
beam as long as liquid water is present in the tissue.



Biophysics of Laser Resurfacing of Human Skin 42
There are numerous other absorbers,

often called chromophores, in living tissue that
absorb light at various wavelengths.  Notable
examples are pigments, such as melanin,
hemoglobin, xanthophyll, and bilirubin.  At
wavelengths shorter than 319 nanometers,
complex organic molecules of many varieties
are significant absorbers: collagen, fat, proteins
and carbohydrates are examples.

At wavelengths where pigments are the
major absorbers, however, and water is
relatively transparent, the absorbing
chromophores must transmit their heat to the
aqueous histologic matrix by thermal
conduction, which requires a temperature
difference between the absorbing particles and
the surrounding liquid. Therefore, even though
the water still boils at a constant temperature,
the absorbers must be higher in temperature
than 100o C.

The spatial distribution, as well as the
concentration of the absorbers, or chromophores,
play important role in how the absorbed laser
light impacts the photo-thermal laser-tissue
interaction. While the concentration of water
varies more or less smoothly throughout most of
the soft tissue, the hemoglobin distribution is
limited to the whole blood inside the blood
vessels, and the melanin in the skin is confined
to the melanosomes in the epidermis. These
most significant absorbers in the soft tissue in
the Visible and Infrared spectral ranges, i.e.
water, melanin, hemoglobin and oxy-
hemoglobin, were depicted in Figures 3-3 and
3-4 at their respective maxima:

- liquid water, i.e. water at 100%;

- Hb in whole blood, i.e. at 150g/L;
- HbO2 in whole blood, i.e. at 150g/L;
- Melanin at 100% of volume fraction of

melanosomes in the epidermis (Jacques SL.
Origins of tissue optical properties in the
UVA, visible, and NIR regions. In: Alfano
RR, Fujimoto JG, ed. OSA TOPS on Advances
in Optical Imaging Photon Migration. Optical
Society of America 1996;2:364–69).

However, typical water content in the soft
tissue is not at 100%, which needs to be reflected in
the absorption coefficient. For instance, scaling the
pure water absorption by 75% mimics a typical soft
tissue with 75% water content – see Figure 3-4a. A
highly dehydrated tissue, e.g. tooth enamel with 4%
water content, will exhibit a 4% scaled absorption
coefficient of 100% water.

The hemoglobin (Hb) and oxyhemoglobin
(HbO2) are present at their maximum concentration
150g/L only in a whole blood (either de-oxygenated
or oxygenated) inside the blood vessel capillaries.
Photons encounter the full strong absorption of
whole blood, presented in Figure 3-3, only when
they strike blood vessels. In other words, the local
absorption properties (in Figure 3-3) govern light-
tissue interactions. However, the average Hb and
HbO2 concentration in the soft tissue is
significantly lower, because the volume fraction of
blood is only a few percent in tissues. Accordingly,
the average Hb and HbO2 absorption coefficient
that affects light transport is relatively low, as
shown in Figure 3-4a for 10% average blood
presence in the soft tissue (assuming 5 L of whole
blood in the average 70 kg human body: Alberts B,
Johnson A, Lewis J, Raff M, Roberts K, Walter P.
Molecular Biology of the Cell. 5th ed. New York,
NY: Garland Science; 2007:Table 23-1).
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Figure 3-4a. Absorption Coefficient Spectra for: 4%, 75% and 100% Water (green solid and dotted curves); 10% and
100% Whole Blood for HbO2 (red solid and dotted curves) and Hb (blue solid and dotted curves); 2-100% Melanin
(black solid and dotted lines).

Data are derived from: Jacques SL. Origins of tissue optical properties in the UVA, visible, and NIR regions. In:
Alfano RR, Fujimoto JG, ed. OSA TOPS on Advances in Optical Imaging Photon Migration. Optical Society of
America 1996;2:364–69. Jacques SL. Optical properties of biological tissues: a review. Phys Med Biol 2013 Jun
7;58(11):R37-61. Fisher JC. Basic laser physics and interaction of laser light with soft tissue. In: Shapshay SM. ed.
Endoscopic laser Surgery Handbook, New York, NY: Marcel Dekker 1987:101.  Fisher JC. Qualitative and
quantitative tissue effects of light from important surgical lasers. In: Wright CV, Fisher JC, ed. Laser surgery in
gynecology: a clinical guide. Philadelphia, PA: Saunders 1993: 68. Vitruk P. Oral Soft Tissue Laser Ablative &
Coagulative Efficiencies Spectra. Implant Practice US, 2014;7(6):22-27.
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(2) Scattering: Scattering of light in living
tissue is strongest at short wavelengths, and
diminishes with increasing wavelength. For our
purposes in surgery, we may define
scattering as a change in direction of a light ray
without a change in wavelength. Scattering, as
we observe it in living tissue, is a composite
of several distinct phenomena:

1. Diffuse reflection from irregular interfaces
between histologic m a t e r i a l s having
different indices of refraction and
physical d i m e n s i o n s much larger than
the wavelength.

2. Refraction o f light rays at interfaces
between his tologic materials o f
different i n d i c e s (lens effects) and
physical dimensions much larger than
the wavelength.

3. Reflection and diffraction of light waves
by discrete particles in the tissue, ranging
in size from organic molecules to cellular
inclusions.

4. Resonant absorption of light b y a toms
and molecules and re-emission at the
same wavelength but in different
directions.

Scattering by particles much smaller than
the wavelength is omni-directional and is called
Rayleigh scattering, after the British physicist
Lord Rayleigh (1842-1919).  It varies in
intensity inversely with the fourth power of
wavelength.  Scattering by particles greater in
size than the wavelength is predominantly
forward and is named after the German physicist
G. Mie.  It varies approximately with the inverse
square-root of wavelength.  The coefficient of
combined Rayleigh and Mie scattering in living
tissue ranges from a low of about 5/cm to a high
of about 50/cm for the types of tissue in the
human body, over the range from 10,000 to 100
nm.

Scattering coefficients have been examined
in studies of Halldorsson and Langerholc [15];
Gijsbers, Breederveld et al [16]; and van Gemert,
Cheong et al [17], among others. By searching the
literature, the following general facts can be
gleaned:

1. Scattering coefficients, as might be
expected, are highest at short
wave l en gths . This is so for several
reasons. First, the indices of refraction of
all materials, except near absorption bands,
are highest for the shortest wavelengths.
Second, a s  s t a t e d  b e f o r e , Rayleigh
scattering increases i n v e r s e l y w i t h  the
fourth p o w e r of the w a v e l e n g t h .
Third, M i e  scattering increases inversely
wi th  the 1/2-power of t h e wavelength.

2. In biologic t i s sue , R a y l e i g h scattering
is usually less important than Mie
scattering and diffuse reflection and
refraction at histologic interfaces in
changing the direction of light rays.

3. Scattering is most significant in relation to
absorption in the range of wavelengths
between 600 and 2200 nm. This is so
because s ≥ a for most tissues in this part of
the spectrum.

When scattering is much stronger than
absorption in living tissue, laser light within that
tissue is no longer collimated and spatially
coherent, but becomes randomly diffused radiant
flux (r.d.r.f.). This is characterized by rays of light
traveling with equal probability in all directions and
it is the exact antithesis of a laser beam.  R.d.r.f. is
useless for precise incision or vaporization of tissue,
but is very effective for coagulation.  It is what the
pilot of an aircraft sees when flying in dense fog
during daylight: it appears equally bright in every
direction.
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Conversely, when a laser beam enters a

medium in which scattering is insignificant by
comparison with absorption, then the beam
remains collimated within that medium, and
becomes less intense with increasing depth
below the first surface.  This is what occurs
when WYSIWYG lasers are used for surgery.

For surgery, the most important
consequence of scattering is the spatial
redistribution o f radiant power density, from what
would otherwise be a narrow pencil of light,
into a surrounding volume ofirradiated t i s s u e .

(1) Importance of Power Density:  Power
density is such an important operating parameter
of a surgical laser that it must be understood by
the surgeon in order to do laser surgery safely
and effectively. The concepts of energy and
power were discussed in Chapter 1, and the
reader should refer to those portions of Chapter
1 for definitions of these basic entities. The ideal
power-density profile of a laser beam for surgery
is the Gaussian, or TEMoo transverse mode,
discussed in Chapter 1. This is preferred because
it can be focused to the smallest effective
diameter on a target.

(2) Definition: Power density is defined as the
radiant power transmitted per unit area of cross-
section of a laser beam, or radiant power striking
the target of the beam per unit area of target
surface illuminated by the beam. In the study of
optics, power density is referred to as intensity.
Power density is proportional to the square of the
amplitude of the electric field of a light wave.

(5) Surgical Significance of Destruction of
Destructive Thresholds of Power Density: There
is a range of power density of a laser beam striking
living tissue within which certain physical effects
take place in that tissue. If the surgeon wishes to
have one effect predominate over all the others, the
power density in the beam of the surgical laser must
exceed the threshold at which that effect begins, but
not by so much that other effects occurring at
higher power densities set in because the next
threshold has been exceeded. These thresholds, as
already explained, are wavelength-dependent (Fig.
3-6).

           The important mechanisms by which most
surgical lasers destroy living tissue are
photopyrolysis and photovaporolysis, both of which
are included under the more general category of
photothermolysis.
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Figure 3-6.
Biologic effects of laser radiation between 100 nm and 10,600 nm asfunctions of average (over time and space) power
density in soft tissue. The sloping boundary lines between regions of different effects denote the fact that absorption
coefficient and/or photon energy vary with wavelength. The peak of each of the three lower boundary lines corresponds
to the wavelength having lowest absorption coefficient in a particular tissue and the shoulders of those lines to the
wavelength having the highest absorption coefficient. The uppermost boundary is nearly wavelength-independent, and
depicts the variation of threshold power density for optical breakdown as a function of pulse duration and focal
geometry of the laser beam. Reprinted from Fisher JC. Basic laser physics and interaction of laser light with soft tissue.
In: Shapshay SM, ed. Endoscopic laser surgery handbook. New York: Marcel Dekker, 1987: Fig. 29, p. 109.
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Figure 3-9.

Three-dimensional diagram of a gaussian CO2 laser beam being swept at constant linear speed,v, in the x-direction
across a spot on a flat tissue surface lying in the x-y plane, and having the same shape and size as the footprint of the
beam.  The width of the gaussian bell in the y-direction is equal to the boiling, i.e. ablation/vaporization, diameter of
the beam.  The length of the bell in the x-direction is 1.5 times the effective diameter, de, because within that span
almost 99% of the total power of the beam is transmitted.

Reprinted from Fisher, J.C.  Basic biophysical principles of resurfacing human skin by means of the carbon dioxide
laser. Journal of Clinical Laser Medicine and Surgery, 1996; 4:207.
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The biophysical mechanism by which a laser
beam ablates soft living tissue is sudden boiling
and vaporization of histologic water to form
steam, which expands rapidly, rupturing
individual cells, tearing contiguous cells apart at
their interstices, and ripping connective tissue
apart.  The solid residues of cells and connective
tissue are dehydrated, and ejected from the
impact zone of the laser beam with velocities up
to several meters per second.  The cumulative
effect on tissue structure is the same as if each
cell were implanted with a small explosive
charge that is ignited by absorption of the laser
light.  Without the histologic water there would
be no ablation (Latin, meaning “carrying
away”), only burning of tissue.

 2. SUPERPULSING AND ULTRAPULSING

l

f

f
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Figure 3-12.

Schematic diagram of a short-pulsed, ideal mesa-mode laser beam irradiating softtissue.  When the power density is
below the threshold of ablation (upper diagram), the laser rays penetrate into the tissue below the first surface, causing
instantaneous heating.  The temperature is highest at the surface, but below the boiling point, and declines
exponentially with depth, as shown at the right-hand side of the figure.  If the power density is raised above the
threshold of boiling (lower diagram), ablation of tissue begins at the surface, which moves downward, the incoming
rays are attenuated at the boiling surface to the threshold level, and they still penetrate into the tissue below.  The initial
slope of the curve of temperature vs. depth is such that the tangent to the curve at the surface intersects the z-axis (for
37o C) at a depth1/a in each case.  Inevitable thermal necrosis of subsurface tissue will occur to a depth at which the
temperature is equal to the necrotic value for short exposure.

Reprinted from Fisher J.C.;  Basic biophysical principles of resurfacing human skin by means of the carbon dioxide
laser;Journal of Clinical Laser Medicine and Surgery, 1996: 4:198.
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5. INEVITABLE THERMAL DAMAGE TO
SUBSURFACE TISSUE: GAUSSIAN
LASER BEAMS

When the laser beam is gaussian, and the
boiling diameter of the beam is comparable to the
effective diameter, then it will produce a crater in
the tissue that has a gaussian cross-section in any
plane passing through the axis of the beam.  This
situation is depicted schematically inFigure 3-13.

Figure 3-13.

Crater made by a short-pulsed WYSIWYG laser having a gaussian TEM and a boiling diameter comparable to the
effective diameter.  At the rim of the crater, the sub-threshold fringe of the beam causes heating of tissue below the
surface, having an exponential decline with depth (curve at the right-hand side).  Within the boiling diameter, the laser
rays striking the crater wall are refracted into the tissue, becoming more nearly perpendicular to the boiling surface.  At
the apex of the crater, the temperature decline with depth below the surface is exponential, starting at 100o C.  This
same variation of temperature occursalong each refracted ray within the tissue.  Because the refracted rays become
more nearly perpendicular to the boiling wall near the apex of the crater, the zone of inevitable thermal necrosis,
measurednormal to the surface, is thickest at the apex and thinnest at the original tissue surface.
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Historical Perspective               When the laser first appeared on thesurgical scene, the attention of a small groupof imaginative surgeons focused only on its
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less relevant to the operating room or office.Therefore, this chapter discusses those risksof lasers in surgery that are more likely tocause problems for the practitioner.
Misconceptions              Since the early days of lasers insurgery, certain false notions about thehazards of surgical lasers have appeared andsurvived.  Some of the more common onesare:
Are Lasers “Star Wars” Death Rays?

Do Lasers Cause Cancer?

Do Lasers Disseminate Viable Malignant
Cells?

Definition of Risk              Risk is an important concept in thestudy of safety. Risk can be high if a possiblehazardous event has a large probability ofoccurring, even though the consequences ofthat event are not very morbid, and neverfatal. It can be high also if the probability ofoccurrence is low, but the results are alwaysvery morbid or fatal. Therefore, we shalldefine the risk of an accident as follows:
Laser-Specific Hazards/Risks

1. Burns from Laser-Ignited Combustion

Fires in Elastomeric Endotracheal Tubes
Carrying O2Poster.

Figure 5-1. Mallinckrodt Laser Tube.  Source: Cardinal Health website, 2011.
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Use of Nitrous Oxide and Oxygen in Dental
Procedures

Burning of a Flexible Bronchoscope in O2

Ignition of Rectal Gas

Laproscopic Surgery

Ignition of Sterile Drapes or Pads

Combustion or Vaporization of Surgical or
Diagnostic Preparations

2. Accidental Laser Trauma to Untargeted
Body Parts

Perforation of Hollow Organs and Vessels

Injury to Nerves, Brain, and Spinal Cord

Injury to Cornea, Sclera, Lens, or Fundus of
the Eye

Sites of Ocular Damage in Relation to
WavelengthThe wavelength of light, from lasersor non-coherent sources (light or energybased devices), determines the site of damagein the eye.

1. MICROWAVES, X-RAYS, and GAMMARAYS pass through the eye with littleabsorption, but the radiant dose iscumulative for x-rays and gammarays, which can damage the entireeye. Microwaves cause near-uniformheating of the whole eye, but the doseis not cumulative from one exposureto the next.2. FAR ULTRAVIOLET (<300 nm) andFAR INFRARED (>7000 nm) areabsorbed at the scleral or cornealsurface.3. NEAR ULTRAVIOLET (300 to 400 nm)is absorbed by the cornea, sclera,aqueous humor, and crystalline lensof the eye. It is an important cause ofcataracts in people who spend timeoutdoors in sunny climates.4. VISIBLE and NEAR INFRARED (400 to700 nm and 700 to 1200 nm) arepartially absorbed in the anteriorstructures of the eye, and chiefly bythe fundus, notably the retina.
Protection of Eyes from Laser Light

Injury to All Other Parts of the Body,
Especially Skin

3. Inappropriate or Unskilled Use of Lasers

Laser Treatment of Lesions of Unknown
Cytology, Histology, or Spatial Extent, or
Lesions Not Fully Irradiable
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Excess Thermal Necrosis from Low Power
Density or Prolonged Exposure

Delayed Fistulae Caused byPhotodynamic
Therapy of Mural Tumors in Hollow
Organs Such As the Trachea, Esophagus,
Bladder, and Bowel

Uncontrollable Bleeding During Laser
Surgery

Choice of the Wrong Laser for a Given
Procedure

Inappropriate or Unskilled User of Lasers

4. Adverse Sequelae of Laser Surgery or
Therapy

Smoke and Vapor from the Surgical Target

Mechanism of Smoke Generation

Effects of Smoke on the Respiratory Tract

Viral Particles in Laser SmokeThe Need
for Adequate Evacuation of Smoke

Breakage of Laser Fibers During Surgery

5. Malfunction of Lasers and Related
Equipment

U.S. Federal Regulations
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The Plethora of Medical/Surgical
Lasers

Determining Which Type of Laser Is
Appropriate for the Intended Uses

Selecting the Appropriate Wavelength

     WYSIWYG Lasers

     WYDSCHY Lasers

SYCUTE Lasers

Choosing the Power Rating, Accessories,
and Special Features

Electric Input Power Required

Cooling Requirements

     Output-Power Rating and Accessories

     Accessories and Special Features

          Visible and Near-Infrared Lasers

Choosing the Manufacturer

Reputation and Longevity

The Company's Sales Force: Direct,
Distributors, or Representatives?

Warranty and Service after the Sale

Purchase Price of the Laser System

Initial Training Courses Offered by the
Manufacturer
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