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ABSTRACT OF DISSERTATION

SKIN TISSUE OPTICAL AND THERMAL REACTIONS TO PULSE SEQUENCES

OF THULIUM YTTRIUM ALUMINUM GARNET LASER IRRADIATION

The increasing interest in new lasers operating in the mid-infrared region has
produced a need for better understanding of tissue reactions for safety purposes. One of
the lasers of interest for skin irradiation is the Tm:YAG which produces 2.0 micron
wavelength light. However, there are many vital pieces of knowledge missing to
calculate thermal effects of two micron light interactions with human skin. This work
aims to fill several of these deficiencies. The first unresolved issue is the fundamental
optical absorption coefficient of skin layers for 2.0 um because current published values
span two orders of magnitude. A new method for measuring optical absorption rates
which avoids most of the factors introducing uncertainties in current approaches is
therefore presented. The second issue unaddressed in literature is the effect of delivering
the laser energy in multiple pulses which nullifies the normal assumption of thermal
confinement. The third issue that published literature leaves confused is the values of
thermal constants used in heat modeling. The wide ranging values of these constants is

shown to allow models to drastically differ from measured temperatures. The final issue
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to be resolved for the first time is the effective depth of measurement of thermal imaging

non-contact temperature measurement instruments.

David Nicholas Schaaf Jr.
Department of Environmental and
Radiological Health Sciences
Colorado State University

Fort Collins, CO 80523

Summer 2010
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Chapter 1
SKIN TISSUE OPTICAL AND THERMAL REACTIONS TO PULSE
SEQUENCES OF THULIUM YTTRIUM ALUMINUM GARNET LASER

IRRADIATION

1.1 Introduction

The profession of Health Physics combines scientific research and understanding
with their practical application for protection of people from radiation. Radiation is
most commonly thought of as x-rays, gammas and particles such as alphas and betas.
However, the Health Physics Society and the National Council on Radiation Protection
and Measurements both consider non-ionizing radiation to also be within the field of
Health Physics. The safe use of infrared lasers is the particular Health Physics sub-field
of this proposal. A laser (Light Amplification by Stimulated Emission of Radiation) is
an optical amplifier which produces a coherent beam of light. In North America. laser
safety is primarily governed by regulations of the Food and Drug Administration’s
Center for Devices and Radiological Health (CDRH) and the Department of Labor’s
Occupational Safety and Health Administration (OSHA). OSHA implements its
regulations concerning lasers, found in 29CFR1910 subpart I, with its standard

Guidelines for Laser Safety and Hazard Assessment.'! The CDRH issues many guidance



documents for users and manufacturers including the classification criteria. The federal
regulations of the CDRH concerning lasers are found in 21CFR1040. Both CDRH and
OSHA recognize and utilize the recommendations of the American National Standards
Institute which publishes the “Safe Use of Lasers™ series of standards in ANSI Z136.2

A laser is a unique instrument in that it can transfer energy in very short times
and in very confined volumes. The benefits of energy transfer to tissue was recognized
soon after the debut of lasers. Lasers were quickly applied in such endeavors as surgical
incisions® or medical coagulation to stop bleeding. The laser has also been identified as
a precise tool in neurological research.’ Analogous to the evolution of discovery and
utilization of ionizing radiation, lasers were also recognized to present health hazards
soon after their first appearance. Within the first year after Maiman published the
invention of the first laser,® accidental eye injuries from lasers had been reported in
literature.’ After just two more years, skin injuries had been investigated on rabbits and
humans.*

As with most activities in Health Physics, this work crosses disciplines to
investigate methods to predict and measure infrared laser thermal effects in human skin

while avoiding the permanent effects of laser interactions.

1.2 Laser Background

The now common laser can be considered an amplifier of a particular type of
energy, Electro-Magnetic energy in the optical region of the spectrum, through the
conversion of input energy. The theory of this process was first proposed by Einstein in

one of his many seminal papers.’ Einstein described the phenomena of blackbody



radiation in terms of discrete energy levels as postulated by Max Planck.'” Einstein’s
description first proposed the ability of incident energy to stimulate an atom to produce
an exact duplicate quanta of radiated energy by dropping its own energy level. The
probabilities of this stimulated emission of energy, and of the atom’s ability to absorb or
spontaneously emit a particular packet of energy have become known as the Einstein 4
and B coefficients. The first demonstration of the theoretical stimulated emission of
energy was produced not with light but with microwaves by Charles H. Townes and
colleagues in 1955."" The principle of stimulated emission was then successfully
transferred into the optical portion of the electro-magnetic spectrum when Theodore H.
Maiman produced the first stimulated optical radiation with a ruby crystal.® However.
other labs were also thinking of stimulating light emission. The lab notebook of Jack
Gould in fact contains the earliest mention of the acronym LASER, which he wrote for
Light Amplification by Stimulated Emission of Radiation on the 13th of November
1957."

Since this first demonstration of the theory, lasers have become common,
ubiquitous instruments in a wide variety of fields from academic research such as Raman
Spectrosco;ay” to nano-scale imaging,I4 household entertainment, and a wide variety of
medical diagnosis and treatment.'> '8 Many lasers have been used in neurological
research looking at variables such as reaction times'® and small-diameter afferent nerve
fiber viability in patients with peripheral neuropathies.”’ Treede et al found at least 20
different medical diagnoses are possible using Laser Evoked Potentials (LEP) in brain
activity. The conditions can arise from a variety of causes such as lesions on the spinal

column or brainstem, diabetes, and dementia.>' The laser is the instrument of choice in



these studies because electrical and mechanical stimulation methods preferentially excite
the large-diameter afferent nerves, while laser parameters can be selected to activate
both A8 and C receptors.”

The uses and types of lasers continue to grow. From the maser in the low-
frequency microwave portion of the spectrum up to low-energy x-rays, a laser can
produce almost any frequency of radiation. The specific laser type of interest in this
project provides infrared light at a wavelength of 2.01 microns. The 2-micron
wavelength is important because it is close to the peak photon absorption in water at
1.94 microns.”* For this reason, the Ho:YAG laser at 2.12 micron wavelength has
found popularity in soft tissue medical applications such as urological procedures.*
Recently, the introduction of commercially available Tm:YAG lasers at 2.01 micron
wavelength has opened even more possibilities for near-infrared laser uses.2’ A thulium-
doped fiber laser operating at 2-micron wavelength was first reported in 1990%* with
Jackson and King surpassing the single Watt power output level in a laboratory eight
years later.”” Jackson and King also established the method of adjusting the wavelength
of thulium fiber lasers by means of changing fiber length.

The laser produces several unique characteristics in its amplified emission. The
output energy from a laser is bound within a very narrow bandwidth. The output waves
all have a uniform polarization. The light waves are traveling in the same direction, with
a relatively small angle of divergence, depending on the laser cavity and wavelength.
The light waves are in the same phase, which is called coherent light.*’

Lasers can be produced in many configurations from gas, liquid, amorphous

solids, and crystals. The first laser was produced by coating two parallel surfaces of a



ruby crystal with metal to reflect some light, and pumping it with an external flashlamp.°
Today, lasers are made of a wide variety of materials and powered with many types of
energy pumps, including other lasers. Table 1.1 lists a representative sampling of the
common types of lasers, their pumping mechanism, and significant characteristics as
described by Pedrotti*” and by Niemz.*

The optical laser beam is characterized by six major parameters. These include
the duration of the beam, the wavelength of the beam, the beam diameter and shape, the
beam divergence, the polarization of the light, and the beam’s Transverse Electro-
Magnetic (TEM) mode(s).

The laser beam duration is generally considered to be continuous if it remains on
and constant for longer than one quarter second.’ It is said to be pulsed if it is on for less
than one quarter second, either in a single burst or in a repetitive pattern. The pulsed
beam may be created by external control of the input pump energy. a mechanical shutter
on the beam exit, or induced by internal conditions of the laser. In the first case the
pump energy is turned on and off at the desired times. each time creating a new
population inversion. For the third case the laser pump energy remains constant while
an internal switch creates the conditions to lase and then turns the lasing action off. This
is generally done by creating a high loss condition in the beam path which can be
quickly switched to low loss. This is called Q-switching because the amount of loss in
the cavity is called the Quality of the cavity. The special case of creating a low loss
condition or phase modulation at the internal round trip time of the internally reflected
beam is known as mode-locking.”' The mode-locked pulse is a very short pulse

(typically less than a microsecond down to picoseconds) with a very large intensity.



The beam wavelength, or alternatively the frequency, describes the energy of the
photons produced by a laser. The photon energy is determined by the energy states of
the gain medium and the input pump. Each laser system will naturally tend to lase at a
single wavelength. However, a particular gain medium can have multiple energy levels
which can lase under different cavity and pump conditions. The common HeNe laser
with its industry standard visible red beam can also produce a green light with changes
to the pump and cavity. The spread of wavelengths from a laser, its bandwidth, is very
low in comparison to other amplifying systems.

The beam diameter and shape are determined by the gain medium, mirrors, and
optical components of the laser. Most beams have a Gaussian shape in the transverse
plane. A small aperture, in relation to the natural beam size, can produce the “top hat”
laser beam shape which approximates a square wave shape. However, far from the
aperture, the top hat beam from this method will return to a Gaussian shape. A “top hat™
beam cross section can also be achieved by mixed TEM modes. The beam radius is
usually called the spot size. It is normally reported as the width of the beam at 1/e2 of its
maximum intensity. However, in the context of laser safety, a beam size is described at
the 1/e intensity level. This provides a margin of safety as the total beam energy is then
considered to be concentrated in the smaller area, triggering safety precautions based on
aerial energy levels.?

The beam divergence is a function of the minimum beam radius and the beam
wavelength, before beam focusing with lenses. One of the singular features of a laser is

the ability to produce a very low rate of beam divergence. However, some lasers, such



as most diode lasers, can have a very large angle of divergence which is overcome with a
strong lens.

The light from a laser is usually polarized, which is to say all the light has the
same orientation of its transverse electric field. The laser may operate in different
transverse electro-magnetic (TEM) modes with different optical cavity configurations.
Most commercial lasers operate predominantly in the lowest order,TEMg, mode which
produces the single circular beams familiar today. The lasers used in this study all

operated in the TEMgp mode with a circular shape and Gaussian intensity distribution.

1.3 Laser Radiation Interactions With Tissue - Health Physics

Laser radiation, whether it is visible, UV, or IR, can deliver enough energy, in
very little time, to living tissue to produce transient and permanent effects. Examples of
temporary effects are induction of pigmentation production and swelling from capillary
dilation. Some permanent effects include heating, burning, coagulation of blood or
proteins, and tissue ablation. A laser can deliver energy at a rate which overwhelms the
ability of the local tissue to dissipate the heat. The primary interaction of concern for
this dissertation is thermal interactions utilizing medium laser power levels with
millisecond scale pulses. The distinction between heating and burning is determined by
the rate of heating relative to the rate of heat removal. Generally, if human tissue is
heated to above 50° it will be destroyed as the cellular material begins to break down.*
Moritz (Figure 1.1) showed that, the threshold for skin burns depends upon a
combination of time and temperature.”> Modern lasers in fact can easily deposit energy

so quickly that the reciprocal relation of time and temperature to produce injury as



described by Moritz and Henriquez is invalid.** The extreme power can create
vaporization and mechanical shocks in addition to heat.

Laser energy can induce blood to coagulate when several hundred to a few
thousand J/cm? are applied at a rate of a few Watts and produce a temperature rise to 60
~70°C.* The human body can maintain a thermal equilibrium with no external heat
removal for up to about six hours when the tissue temperature remains no higher than
44°C.** This is the maximum temperature of most hot tubs. A laser can deliver energy
at a rate which overwhelms the ability of the local tissue to dissipate the heat.

Early investigation into cellular damage from ruby lasers concluded that necrosis
was caused by denaturation and coagulation of cell proteins, combined with vaporization
of intercellular and intracellular water.*® This suggests the injury is also power
dependent. Rate process models of thermal denaturation predict that the complete
temperature history over time governs the degree of denaturation rather than just the
peak temperature attained.”” Albumins begin to coagulate between 45 °C and 60 °C.**
Studies then showed that in addition to protein denaturation, DNA and RNA melting
also contributes to cellular death at temperatures as low as 43 °C.** Continued interest
into the cellular thermal effects confirm the 43 °C temperature for cell killing, but also
discovered potential heat resistance induced by so called Heat Shock Proteins (HSP).*
The resistance has been termed thermo tolerance and is defined as a transient resistance
to cell death from heat induced by prior exposure to thermal stress.*' The activation
energy for killing cells has been reported to be approximately 600 kJ.*

There are five general categories of laser tissue interactions, as described by

Niemz.*® These include photochemical, thermal, photoablation, plasma-induced



photoablation, and photodisruption. The first involves all processes where light imparts
energy for chemical reactions, usually with the help of a photosensitizer.*
Photochemical processes use low power irradiations (less than 1 W/cm?) for several
seconds. Thermal interactions can produce a range of effects from coagulation,
vaporization, carbonization, and melting. Coagulation, the denaturing of proteins and
collagen, will be induced at temperatures exceeding 60°C. Coagulated tissues appear
opaque white and will become necrotic.

Photo-ablation, or more commonly ablation, is the process of removing tissue as
water expands into gas as it boils, generally at 100°C. The sudden expansion of
vaporized water produces microscopic explosions from the pressure which eject particles
of the tissue. Photo-ablation is a distinct removal of tissue with minimal coagulation,
charring or other thermal damage in surrounding tissue. It is used for laser incisions.
skin resurfacing, and dental drilling with laser pulses on the order of nanoseconds and
megawaltts per square centimeter. Studies of ablation generally report the depth of
ablation craters per incident laser energy per unit area.

Carbonization occurs in tissue which exceeds 150°C. Melting can occur in hard
tissues such as teeth and bone when temperatures of a few hundred degrees Celsius are
reached. Thermal effects are associated with power density up to | MW/cm®. Power
density exceeding 10'" W/cm? can produce a state of matter called plasma, when the
energy produces an optical breakdown of atoms producing a cloud of free electrical
charges. The plasma ionization can produce very clean ablation cavities, even in tissue
which is not absorptive of the particular light. The optical breakdown is usually created

using picosecond scale pulses from mode locked lasers. Photo-disruption is a term



applied to laser energy inducing mechanical effects such as shock waves or cavitation
splitting or breaking tissue. Photo-disruption is produced with femtosecond scale pulses.
A common use of this phenomenon is laser lithotripsy of kidney and gall stones.”® This
work will be concerned with the thermal laser-tissue interactions.

Laser irradiation can quickly induce temperature increases which will produce a
burn in the tissue. While most commonly thought of as a danger to eye tissue, lasers are
also known to cause accidental burns to other tissue. A recent review of the three most
prominent laser injury and incident databases found that 35% of 551 injuries since the
early 1960s have been to tissue other than the eye.”” Skin burns are one of the primary
hazards of laser use, as these burns are difficult injuries to treat. Treatment of burns is
among the earliest form of medical care recorded, with evidence of Neanderthals using
plant juice and Egyptians experimenting with milk treatments.** Lasers can deliver
energy to a very small portion of an organism, with beams that can be much smaller than
the spacing of vasculature or other structures of the skin such as sweat glands or hair

follicles.

1.4 Anatomy and Physiology

The skin is a very complex organ which performs many different functions and
varies in structure at different locations.”> Skin is also a large organ, with surface area of
1.2-2 m’ and fractionally accounting for 12 to 16% of a human’s mass.*® While the
skin type of interest is human, in this study pig skin was used as a substitute during
irradiation experiments.”’ Several structures of the skin, such as hair follicles and sweat

glands, are often not considered in modeling as their concentration, location, and



influence vary tremendously. Sweat glands are distributed within the human skin with
an average of 92 glands cm™ for females and 77 glands cm™ for males.*® But the density
of the glands can vary to extremes of 360 glands cm™ on the forehead and a maximum
concentration of over 600 glands cm™ on the sole of the feet.**>° The human skin also
contains hair at an areal density of 40 hairs cm™ on males and 45 hair cm™ on female
arms.”’ The average thickness of the hairs is approximately 18 pm.”> The skin also
contains many nerves, with one study quoting 23% of the skin surface area containing
nerve fibers.” Pig skin is considered a suitable substitute for laser exposure
experiments.*”>*%°

The relevant anatomic features to this study for modeling temperatures are the
distinct layers of the skin: the stratum corneum, the epidermis, and the dermis, from
exterior inward, as shown in Figure 1.2. The stratum corneum is the outermost layer and
is composed of cells ready to be sloughed off. It provides the first layer of protection
from incident light. Early studies of skin that included the stratum corneum are Kligman
in 1964°” and Holbrook in 1974.%" Several other skin studies have also reported stratum
corneum thickness for a variety of sites and from various populations, which will be
discussed in detail in Chapter 2. The typical thickness given for stratum corneum is 10 —
20 pm. Depending on the author and perspective, the stratum corneum is sometimes
considered the first layer of the epidermis.

The epidermis of the skin is characterized by the absence of blood vessels. The
different sub-layers of the epidermis are fed by diffusion from the capillaries beneath.

The layers include, from the exterior inward, the stratum lucidum, stratum granulosum,

stratum mucosum (sometimes referred to as spinosum), and stratum germinativum. The
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stratum germinativum is significant to this study as it is the layer which re-populates an
injured epidermis. The undulations of the stratum mucosum are relevant in the geometry
of heating in that the location of the stratum germinativum is not at a fixed depth. The
lack of vasculature is significant to the transport of heat as there is no convection in the
epidermis. The epidermis also contains no nerve fibers. The epidermis is composed
almost entirely of live cells. One other potentially significant skin property for optics is
the presence of melanin in the epidermis. Melanin absorbs light at different wavelengths
as a function of the individual pigment particles’ size, but does not absorb infrared light
so will not be considered further.””* There have been numerous studies measuring the
thickness of the epidermal layer of human skin, which will be presented in Chapter 2.
The typical epidermal typical thickness is 50 — 100 pm.

Underneath the epidermal layer is the dermis. The dermal layer of the skin is
significant as it is the location of blood vessels and capillaries, sweat glands, hair
follicles and nerve endings in the skin. The volume density of vasculature within the
dermis has been found to be 22.4% in the forearm, 31.1% in the shoulder and 29.6% in
the buttocks.”> In contrast to the cells of the epidermis, the dermis is primarily proteins
making up the elastins and collagen fibers (which are about 70% by weight of the
dermis).*® The reported thicknesses of the dermis from the ICRP varies from one to two
and a half millimeters depending on anatomic location.®’ Results of specific studies of

human dermis thickness will be presented in Chapter 2.

1.5 Dissertation Research and Presentation



The objective of this dissertation is to investigate human skin tissue reactions
from 2-um IR laser irradiation. Each chapter addresses a particular gap in the scientific
body of knowledge in this field. The chapters are presented in the format of individual
works because the chapters have been or will be submitted as papers to scientific
Journals or presented at scientific conferences. Therefore they all have the structure of a
stand-alone paper including an Introduction, Materials and Methods, Results, and
Discussion sections. Due to the shared goal of describing 2-pm laser irradiation of
tissue, some background material may be found to overlap in the multiple chapters. The
data and analyses are unique for each chapter.

The first step toward this goal was to clarify discrepancies between absorption
coefficients of skin, particularly the epidermis, at the 2-um wavelength. Investigation
was required into the absorption rate of IR radiant energy and subsequent conversion to
thermal energy within live skin tissue. Specifically, the first efforts centered on
supplying a novel approach to measuring the optical absorption rate of two micron IR
light in epidermis by growing optically thin layers of epidermis in culture. This work
has been published in the Journal of BioPhotonics.*®

The next chapter focuses on the ability to measure skin temperature in vivo
during 2-um IR laser irradiation. Investigations were made into the capabilities and
limitations of several thermal measurement instruments. The market offers a variety of
non-contact temperature measurement instruments with a large range of capabilities. As
many authors from a wide range of disciplines have used these instruments without
verification of their readings, the second set of experiments thoroughly evaluated the

temperature measurement instruments available. The goal was to establish the

13



capabilities and limitations of two types of instruments suitable for measuring human
skin temperature while being heated by IR lasers. Parts of Chapter Three have been
presented at the SPIE Conference in San Jose in January 2009.

The fourth chapter’s area of investigation was in measuring the temperature of a
series of pulse sequences of 2-pm laser irradiation on skin using ex vivo pig skin. While
there have been studies which recorded the surface temperature during single pulses of
Tm:YAG laser 2.01 um irradiation, measurement at both surface and depth within skin
is unavailable. This section has produced the first simultaneous temperature
measurements at multiple skin depths during laser irradiation. This work is the first
comparison of multiple millisecond-scale pulse-sequence effects on maximal
temperature rise of laser irradiation of skin. This work has been accepted for publication
in the Journal of Biomedical Optics.

The methods of chapter four were continued on further pig skin samples to obtain
measurements at more depths and across the beam profile to optimize theoretical models
of skin heating from laser irradiation. A variety of analytical solutions to the air-
interface bioheat condition were considered, including several forms of Green’s
function. Because all analytical solutions utilize the optical absorption coefficient and
various thermal properties of skin, several published values were evaluated and the
combination best matching measured values were identified. While the laws of physics
readily describe, and often can predict, the transfer of energy in inanimate materials,
living biological tissue presents a large variety of heat dissipation mechanisms.

Therefore, experimental measurements matching the model are necessary to validate a



model for specific conditions. This work is being prepared for submission to the Journal
of Biomedical Optics for publication.

The results of these modeling investigations were combined to compare surface
and depth temperatures during laser irradiations. The non-contact temperature
instrument’s measurements were found to correspond to temperatures within pig skin
from a region between 50 and 120 microns deep rather than at the air-skin interface as
assumed by most authors. This depth was determined considering both the wavelength
of the incident laser and also the spectral region of the far IR to which the detector is
sensitive, as well as the particular type of tissue being irradiated. This work is to be

prepared for submission to the Journal of BioPhotonics for publication.
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Table 1.1. Examples of types of lasers.

Type Gain Medium Pump Wavelength (nm) Typical
Power

Gas, Atomic Helium-neon electric discharge 632.8 0.1-50mW

Gas, lon Argon electric discharge 488,514.5 20W

Gas, Molecular Carbon Dioxide electric discharge 10,600 20kW

Gas, Excimer  Argon Fluoride electric discharge 193 50W avg.

Liquid various Dyes laser, flashlamp tunable 1W

Solid State Nd:YAG flashlamp, diode laser 1,064 10kW

Solid State Ho:YAG diode array 2,100 W

Solid State ErYAG flashlamp, diode 2,940 10W

Amorphous Er:glass flashlamp 1,540 10W

Fiber Tm:YAG diode array 2,010 20W

Semiconductor InGaAsP electric current 1,100 — 1,600 W
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Figure 1.1. Time-temperature threshold for irreversible epidermal injury in porcine skin
(dash line). Threshold for epidermal necrosis in porcine skin (solid line). (Reprinted
from Moritz in Am. J. Pathol, 23(5):679-693, 1947, with permission from the American
Society for Investigative Pathology).

23



Stratum Corneum
Stratum Lucidum

Figure 1.2 Structure of typical human skin. Photo original magnification is 400X.
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Chapter 2

Cultured Human Keratinocytes for Optical Transmission Measurement

2.0 Abstract

The challenges of measuring optical properties of human tissues include the
thickness of the sample, homogenization, or crystallization from freezing of the tissue.
This investigation demonstrates a method to avoid these problems by growing optically
thin samples of human keratinocytes as a substitute for ex vivo epidermis samples.
Several methods of growth were investigated. Resulting samples were measured on a
spectrophotometer for transmission between 300 nm and 2600 nm. The efficacy of the
cell growth was confirmed with histological examination of several cultured
keratinocyte samples. Limitations were the requirement to measure samples
immediately after removal from the incubation environment, and the absence of the

irregular structures of normal skin such as hair and glands.

2.1 Introduction

The attenuation and scatter of light by human skin has been studied for many
years for optical therapy,'~ diagnosis,*® cosmetics,” and safety.*” The first surgical use
of laser light was reported'® just four years after the first demonstration of a working

laser."" The transmission and scatter through the human skin are of vital importance for
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non-invasive procedures and diagnostics. Many methods have been developed for
directly and indirectly determining the absorption and scattering properties of skin.'*""
The recent interest in mid-infrared light'* has revealed a lack of accepted absorption and
scattering data in the 2 pm region of the spectrum. Several published reviews of tissue
optical properties do not include absorption or scattering coefficients between 1.064 um
from the Nd:YAG and 10.6 pm from the CO, laser.">"®

There have been many methods described to measure light transport in biological
tissue from interstitial probes, time resolved. variable distance probes, goniometers,
spectrophotometers, and integrating spheres. Measuring the fundamental optical
properties has been described as the most difficult task of tissue optics.'” Most methods
involve measuring the total reflected light intensity, the total transmitted light intensity
(which includes forward scattered light), and the ballistic transmitted light intensity
(which excludes scattered light)."”"* From these measurements, several calculation
methods may be utilized to determine the optical properties of scattering coefficient p,
absorption coefficient p,, scattering anisotropy g, and index of refraction n. Chen also
introduced a method to calculate the attenuation coefficient of skin from thermal
imaging of skin heating during irradiation.*

In order to avoid introducing uncertainty by using modeling to render the optical
properties, a direct measurement is appealing. The limiting factor for direct
measurement is the requirement for an optically thin sample.*’ An optically thin sample
is defined as one in which there is only one scattering event likely before exiting the

sample. This generally limits the sample to roughly 10 pm.*" In order to prepare such