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Preface

The science and practice of photodermatology has been largely based on knowl-
edge derived from white skin. Therapeutic modalities based on lasers and light
sources are often based on protocols that have been utilized in Caucasian popula-
tions. The biologic effects of light in pigmented skin are not as well understood.
Consequently, we are just beginning to elucidate mechanisms and develop treat-
ment strategies that are more specifically tailored to darker skin types. The writ-
ing of this book has been a challenge primarily because there is not yet sufficient
information in the literature to arrive at concrete recommendations as far as treat-
ing pigmented skin with lasers and light sources. The information presented here
represents what is currently known, as well as what needs to be further investi-
gated. Although this book aims to discuss therapy, it is important to not overlook
some basic foundations in photobiology, such as principles of optics, biology of
photodamage and photoaging, protection afforded by endogenous pigmentation,
and the issues surrounding the use of photoprotective agents in nonwhite skin.
These topics are discussed in the first part of the book. Practical information on
the use of specific treatment modalities and the approach to specific dermatologic
conditions, which are either more common or more problematic in dark-skinned
patients, such as vitiligo, follicular disorders, pigmentation, among others,
are then provided in the second part of the book. It is our hope that this book
would help dermatologists and other health care providers in understanding and
managing patients with pigmented skin.

Cleveland, OH Elma D. Baron
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Chapter 1
Principles of Light-Skin Interactions

Marjorie F. Yang, Valery V. Tuchin, and Anna N. Yaroslavsky

1.1 Introduction

Skin is the largest human organ. It covers between 1.5 and 2 m?, comprising about
one-sixth of total body weight. Skin performs a complex role in human physiology.
It serves as a barrier to the environment and acts as a channel for communication
to the outside world. For example, skin protects us from water loss, ultraviolet (UV) rays
of the sun, friction, and impact wounds. It also helps in regulating body temperature
and metabolism. All photobiological responses are influenced heavily by the optical
properties of skin. Therefore, for the successful development of photomedicine,
in-depth knowledge and understanding of light-skin interactions, specifically known
as skin optics, is required. The transfer of optical radiation into human skin depends
on the absorption and scattering properties of three functional skin layers: epidermis,
dermis, and hypodermis. The structures and component chromophores of these layers
determine the attenuation of radiation in skin. The enhanced penetration of optical
radiation as well as selective targeting of pathology can be achieved by studying
and analyzing the wavelength-dependent interactions of light with skin. For example,
considering that melanin exhibits maximum absorption in the UV and blue spectral
ranges, whereas blood preferentially absorbs blue and yellow light, the treatment
protocol have been devised that target pigmented and vascular lesions, respectively.'
The chromophores, such as melanin, blood, water, and lipid determine skin absorption.
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Scattering largely determines the depths to which light penetrates through skin, as
it dominates absorption in the visible and near-infrared (NIR) spectral ranges by at
least one order of magnitude. It has also been shown that light scattering from dermal
collagen significantly modifies skin color.? Thus, detailed information on scattering
is required for the accurate estimation of the light penetration through skin. An optical
“window” between 600 and 1300 nm offers the possibility of treating large tissue
volumes® and using exogenous chromophores/fluorophores for contrast-enhancing.**
Optical imaging and spectroscopy allow for noninvasive assessment of skin pathology
and treatment efficacy.” In particular, reflectance imaging and spectroscopy provide
information on the distribution and quantities of the scatterers and chromophores,'°
whereas fluorescence responses determine the biochemical composition of the
interrogated biotissue.!'? The development of lasers and light-based medical
devices has been stimulated by the achievements of diagnostic and therapeutic
photomedicine.*> This chapter provides a brief summary and description of the
properties of light, its interaction with human skin, the list of the medical light
sources, and the diagnostic and/or therapeutic uses of currently available light-based
devices within the visible to NIR spectral range in dermatology.

1.2 Fundamental Properties of Light

Light can be described as the energy that is carried in the form of traveling wave
composed of electric and magnetic fields. Electric and magnetic fields vary in
intensity and are at right angles to each other and to the direction that the wave is
propagating (Fig. 1.1a). These fields propagate until energy of wave is converted
into other form of energy. The electromagnetic (EM) wave is characterized by its
wavelength, A, period, T, frequency, f, and speed of propagation, v. The distance
between neighboring crests is called the wavelength, A (Fig. 1.1b). The time that is
required for a crest to travel distance A is called the period, T. The number of com-
pleted periods per unit time (or the number of crests that pass by per unit time)

Fig. 1.1 (a) Propagating electromagnetic wave. Arrow points toward the direction of the propaga-
tion. (b) The wavelength, A, is the distance between neighboring crests
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is called the frequency, f = 1/T. The speed of propagation of the electromagnetic
wave is calculated as v = /T = fA. In vacuum, the electromagnetic waves propagate
with the speed of ¢ = 299,792 km/s. In the media, such as skin, the speed of light
is lower, v = ¢/n, where n is the absolute refractive index of the medium. Polarization
is yet another important property of any transverse wave. It describes the orienta-
tion of the oscillations in the plane perpendicular to the wave’s direction of travel.
Polarization characterizes electromagnetic waves, such as light, by specifying the
direction of the wave’s electric field. Natural light is not polarized. When the elec-
tric field vector of the electromagnetic radiation (EMR) oscillates in a single, fixed
plane all along the beam, the light is said to be linearly polarized; when the plane
of the electric field rotates, the light is said to be elliptically polarized because the
electric field vector traces out an ellipse at a fixed point in space as a function of
time; and when the ellipse happens to be a circle, the light is said to be circularly
polarized (Fig. 1.2). Electromagnetic waves in the wavelength range from 400 to
750 nm are visually perceived as different colors, including violet, 400-450 nm;
blue, 450-480 nm; green, 510-560 nm; yellow, 560-590 nm; orange, 590-620 nm;
and red, 620-750 nm (Fig. 1.3). Initially, light was defined as the electromagnetic
waves in the visible spectral range. At present, however, light is defined as electro-
magnetic radiation between 100 and 10,000 nm. In photomedicine, this spectral
range is subdivided in the following ways: UV light: UVC, 100-280 nm; UVB,
280-315 nm; and UVA, 315-400 nm; visible: 400-780 nm (violet, 400-450 nm;

=
A/

Fig. 1.2 The evolution of the electric field vector (blue), with time (the vertical axes), as a par-
ticular point in space, along with its x and y components (red/left and green/right), and the path
traced by the tip of the vector in the plane (purple). (a) Linearly polarized light. (b) Circularly
polarized light. (¢) Elliptically polarized light
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Fig. 1.3 Electromagnetic spectrum

blue, 450-480 nm; green, 510-560 nm; yellow, 560-590 nm; orange, 590-620 nm;
and red, 620-780 nm); infrared (IR) light: IRA, 0.78—-1.4 um; IRB, 1.4-3.0 um; and
IRC, 3-1000 pm. In physics, the light is classified as UV, 100-400 nm; visible,
400-800 nm; NIR, 0.8-2.5 pm; middle-IR (MIR), 2.5-50 um; and far-infrared
(FIR), 50-2000 pm.

Simultaneously, light can also be described as a stream of particles, photons,
which have a rest mass of zero, are electrically neutral, and carry certain amount of
energy. In other words, the energy that is transported by EM wave is not continuously
distributed over the wave front defined by crests. Energy is located at discrete points,
photons, along the wave front. Photons are created inside the atoms of radiating
body from which they receive their energy content. Photons move with velocity of
light. When photons are absorbed by atoms of the matter, they lose their identity by
transferring their energy to an atom. Energy content in photon is inversely propor-
tional to its wavelength: E, .., = hc/A, where c is the velocity of light, A the photon
wavelength, 1 = 6.626 x 10* Js the Planck’s constant. Energy is measured in joules
(J). Energy characterizes the ability of light to produce some work. Power is the rate
of the energy delivery. It is normally measured in watts (W), that is, joules (J) per
second (s). The efficiency of light—tissue interaction depends on the energy density,
also called fluence. Light fluence is the energy, which propagates through a unit
area, which is perpendicular to direction of light propagation. Fluence is measured
in J/m?. Power density is power of light wave, which propagates through a unit area
which is perpendicular to direction of propagation of light wave. A power density
or intensity is measured in W/m?. Fluence (F) and intensity (/,) are proportional:
F=1 T, where T, is the length of pulse (pulse width) or exposure time. Another
important parameter that characterizes light is its fluence rate that is defined as the
sum of the radiance over all angles at a point T and is measured in W/m?.
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1.3 Interactions of Light with Skin

1.3.1 Optical Interactions

When the light is incident on the turbid medium, such as skin, it can be reflected or
refracted. After that the light propagates through the medium, being elastically and
inelastically scattered and absorbed along the way (Fig. 1.4). Reflection is the
change in direction of the light propagation at an interface between two media with
different indices of refraction, so that it returns into the medium from which it
originated. Light can be reflected specularly (mirror-like) and diffusely. Skin exhibits
a combination of specular and diffuse reflection. If the skin is rough and uneven,
it has a higher proportion of diffuse reflection. Smooth and polished skin has a
greater proportion of specular reflection. According to the law of the specular
reflection, the angle of incidence equals to the angle of reflection (Fig. 1.5a).

/ Incident beam
A Reflected light

/| Diffusely reflected light

+ Surface reflection/refraction

Fluorescence
+ Elastic scattering

Inelastic scattering:
fluorescence, Raman

+ Absorption

\I Diffusely transmitted light

Thermal energy dissipation
L P \‘ Directly transmitted light

Fig. 1.4 Light propagation in skin

a b
IncidentLight | Reflected Light
Incident Light Reflected Light
01
8. &
Reflected Light

Fig. 1.5 (a) Specular reflection of light, ©,=0,. (b) Diffuse reflection of light
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In contrast, the diffuse reflection happens in a broad range of directions (Fig. 1.5b).
In the most general case, a certain fraction of the light is reflected from the inter-
face, and the remainder is refracted. The light refraction is the change in direction
of a ray of light in passing obliquely from one medium into another in which light
speed is different. Light refraction is characterized by index of refraction, n, indi-
cating the speed of light in a given medium as either the ratio of the speed of light
in a vacuum to that in the given medium (absolute index of refraction) or the ratio
of the speed of light in a specified medium to that in the given medium (relative index
of refraction), m = ”1/”2- For different human skin components, refractive index in
the visible/NIR wavelength range varies from a value a little bit higher than for
water due to influence of some organic components ~1.35 for interstitial fluid to
1.55 for the stratum corneum. Snell’s law, also known as Descartes’ law or the law
of refraction, is used to describe the relationship between the angles of incidence
and refraction. It states that the ratio of the sines of the angles of incidence and refrac-
tion is equivalent to the ratio of the light velocities in the two media, or equivalent
to the opposite ratio of the indices of refraction: (sin6,/sin 6,) =v /v,=n /n,, where
91 and 62, v, and vy, 1, and n, are the angles, the velocities of light, the refractive
indices of incidence and refraction, respectively. The Snell’s law demonstrates that
when light moves from a medium with a higher refractive index (dense medium)
into the medium with the lower refractive index (less dense medium), the resolved
sine value can be higher than 1. At this point, light is reflected in the incident
medium. This phenomenon is known as the total internal reflection (Fig. 1.6).
Before the ray totally internally reflects, the light refracts at the critical angle, 6_,
= sin”! (n, /n,), when it travels directly along the surface between the two media.
When the light propagates in the turbid medium, it is being absorbed and scattered.
The energy of absorbed photons is thermally dissipated. However, in most cases in
the optical wavelength range, scattering dominates absorption by at least one order

a b
Incident Light IncidentLight Reflected Light
oai
8,
nl N2 o » (]
n, N1 Refracted Light
(]
Refracted Light

Fig. 1.6 (a) Refraction of light, n,>n,. (a) Total internal reflection of light, n>n , 6_, -critical
angle of incidence when the light is propagating along the boundary of the two media
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of magnitude. More than 99% of light is scattered elastically or without the change
of wavelength (or frequency). The lifetime, 7, of the elastic scattering process is
usually very short on the order of 1075 s. A small fraction is scattered inelastically,
that is, with the change of wavelength. Inelastic scattering includes fluorescence,
phosphorescence, and Raman. The cross sections of the inelastic processes are
generally very low. For example, the cross section of fluorescence is approximately
1 x 1076, whereas the Raman cross section is approximately 1 x 107, which means
that the probability of these processes is much lower, as compared to elastic
scattering. The fluorescence and phosphorescence processes are illustrated in the
Jablonksi diagram (Fig. 1.7). Once a photon has transferred its energy to the molecule
of the medium, there are a number of routes by which it can return to ground state,
the statistically most populated energy state for room temperature. If the photon
emission (shown in blue in the diagram) occurs between states of the same spin
state, for example, S1 - SO, the process is termed fluorescence. If the spin state of
the initial and final energy levels is different, for example, T, - SO, the emission is
called phosphorescence (shown in red). Since fluorescence is statistically much
more likely than phosphorescence, the lifetimes of fluorescent states, 7, are very
short (1 x 107 to 10" s) and phosphorescence, 7, somewhat longer (1 x 10~ s to
min or even hours). Three nonradiative deactivation processes are also significant:
internal conversion (IC), intersystem crossing (ISC), and vibrational relaxation.
Examples of the first two can be seen in the diagram. Internal conversion is the
radiationless transition between energy states of the same spin state. Intersystem
crossing is a radiationless transition between different spin states. Raman scattering
is yet another type of inelastic scattering process (Fig. 1.8). In Raman scattering,

excited vibrational states
(excited rotational states not shown)

n

— A= photon absorption

F = fluorescence (emission)
P = phosphorescence

2 S = singlet state

Ic T = triplet state

IC = internal convyersion
ISC = intersystem crossing

W T,

W o

Energy ——»
2
| |

h 4
electronic ground state

Fig. 1.7 Jablonski diagram
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Fig. 1.8 (a) Stokes Raman scattering. (b) Anti-Stokes Raman scattering. The energy difference
between the incident and scattered photons is represented by the arrows of different lengths

the incident photon energy excites vibrational modes of the molecules, yielding
scattered photons that are diminished in energy by the amount of the vibrational
transition energies (Stokes lines). If there is significant excitation of vibrational
excited states of the scattering molecules, then the scattering at frequencies above
the incident frequency are observed, as the vibrational energy is added to the incident
photon energy. These lines are called anti-Stokes lines. The lifetime of Raman
scattering, T, is less than 1 x 10714,

1.3.1.1 The Structure and Optical Properties of Skin

Light propagation in and interaction with turbid media, such as skin, is determined
by their intrinsic optical properties.'® Those are the absorption coefficient u , the
scattering coefficient i, the scattering phase function f(1t) (i is the cosine of the
scattering angle), and the refractive index. In the cases when multiple light scattering
is of importance, the reduced or transport scattering coefficient is considered. It is
determined as (' = u_(1-fr), where [l is the average cosine of the scattering angle.
Absorption and scattering coefficients are defined as the probability for the photon
to be absorbed and scattered per unit length, respectively. They are measured in
1/m. The angular distribution of the scattered light is called the scattering phase
function. The information on the light propagation and interaction with turbid
media is imperative for accurate dosimetry of light treatments, as well as for the
evaluation of treatment efficacy. Therefore, the optical properties of skin have been
studied extensively over the last 30 years.!”

Skin consists of three functional layers: epidermis, dermis, and hypodermis. In all
three layers, the epidermal appendages, such as nails, hair, and glands, can be found
(Fig. 1.9a). As the outermost skin layer, the epidermis forms the actual protective
covering against environmental influences. The average thickness of epidermis is
approximately 0.1 mm (Fig. 1.9b). However, on the face it maybe as thin as 0.02
mm, while on the soles of the feet it is as thick as 1-5mm. The epidermis consists
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a b StratumCorneum, ~20um

Epidermis, ~50-100um

Papillary Dermis, ~100um

Upper Blood Plexus, ~60pm

Reticular Dermis, 1500um

‘Deep Blood Plexus, ~220pum

SubcutaneousFat

Fig. 1.9 (a) Human skin. (b) The model of human skin

of up to 90% keratinocytes, which functions as a barrier, keeping harmful sub-
stances out and preventing water and other essential substances from escaping the
body. The other 10% of epidermal cells are melanocytes, which manufacture and
distribute melanin, the protein that adds pigment to skin and protects the body from
UV rays. Melanin is one of the strongest skin chromophores with the absolute
refractive index of 1.7. Absorption and scattering of epidermis in the visible and
NIR spectral ranges are defined almost exclusively by its melanin and water contents,
respectively. Dermis is composed of gel-like and elastic materials, water, and, prima-
rily, collagen. Embedded in this layer are systems and structures common to other
organs such as lymph channels, blood vessels, nerve fibers, and muscle cells, but
unique to the dermis are hair follicles, sebaceous glands, and sweat glands. Blood
and water content define the absorptive properties of dermis in the visible and NIR
spectral ranges, respectively. The hypodermis consists of spongy connective tissue
interspersed with energy-storing adipocytes (fat cells). Fat cells are grouped
together in large cushion-like clusters held in place by collagen fibers called con-
nective tissue septa or sheaths. The hypodermis is heavily interlaced with blood
vessels, ensuring a quick delivery of stored nutrients as needed.

Absorption and scattering coefficients of skin layers are shown in Figs. 1.10-1.13.%
The graphs demonstrate that the scattering of skin layers decreases with the increas-
ing wavelength. The scattering of epidermis is noticeably higher than the scattering
of dermis and subcutaneous fat in the entire wavelength range. It is known that opti-
cal properties of epidermis in the range 370-1200 nm are determined by melanin
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Fig. 1.10 (a) Optical properties of epidermis, Triangles — reduced scattering coefficients, circles
absorption coefficients, bars — standard errors. Averaged over 7 samples. (b) Typical confocal
image of epidermis; arrows point to hair follicles
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Fig. 1.11 (a) Optical properties of dermis. Triangles — reduced scattering coefficients, bars —
standard errors. Averaged over eight samples. (b) Typical confocal image of dermis; gray arrow
points to collagen-elastin bundle, black arrow points to sebaceous gland, dashed arrow points to
hair shaft

content (Fig. 1.10),> which exhibits high relative refractive index of approxi-
mately 1.3 with respect to the surrounding medium.? Therefore, light scattering
in the epidermis is significantly higher as compared to the other skin layers. In
the dermis, scattering is predominantly caused by collagen fibers and their associ-
ated small structures.>* The bundles of thick collagen and elastin fibers can be
clearly seen in the confocal image of the dermis (Fig.1.11, the gray arrow points
toward the fibers). The scattering properties of subcutaneous fat are also affected
by the presence of connective tissue septa composed of collagen and elastin. In the
confocal image of subcutaneous fat (Fig. 1.12), the septum separating conglomerates
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Fig. 1.12 (a) Optical properties of subcutaneous fat. Triangles — reduced scattering coefficients,
circles — absorption coefficients, bars — standard errors. Averaged over ten samples. (b) Typical
confocal image of subcutaneous fat; gray arrows point to fat cells—adipocytes, black arrow points
to connective tissue septum

of fat cells — adipocytes — is shown with black arrows. Scattering properties of fat
differed depending on the body area. The collagen—elastin net appears thicker and
denser in the subcutaneous fat samples obtained from the facial or scalp area
(Fig. 1.13a), collagen bundles are shown with black arrows. The presence of
collagen and elastin resulted in increased scattering coefficients (Fig. 1.13c). Skin
excisions taken from the back of the subjects revealed fat with large multilocular
adipocytes and very thin connective tissue septa (Fig. 1.13b). In this case, scattering
was much lower (Fig. 1.13c¢).

The knowledge of the skin optical properties allows for the estimation of the
light-effective penetration depth, 1 ., which depends on the wavelength, the absorption
and the transport scattering coefficients. In the diffusion approximation, it is given
by the formula:

In the Appendix we present the summary of the optical properties of human skin
layers together with the corresponding effective penetration depths for the visible
and NIR spectral ranges.*

1.3.1.2 Skin Chromophores

In the visible wavelength range, melanin determines absorption in the epidermis.
Absorption of melanin is monotonously decreasing with the increase of the wave-
length. Therefore, the effect of melanin on epidermis absorption properties is more
pronounced at shorter wavelengths. Hemoglobin dominates absorption properties
of dermis and fat in the visible spectral range. Hemoglobin absorption peaks
around 410 and 540 nm appear. Absorption of the epidermis, dermis, and fat in the
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subcutaneous fat
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Fig. 1.13 (a) Confocal image of subcutaneous fat sample taken from facial area, with dense
connective tissue septa separating multilocular adipocytes. (b) Confocal image of subcutaneous
fat sample, taken from the back, without the septa. Gray arrows point to fat cells—adipocytes,
black arrows point to connective tissue septum. (c¢) Scattering properties of subcutaneous fat.
Circles —reduced scattering coefficient of fat with dense connective tissue septa, triangles — reduced
scattering coefficient of fat without the septa

NIR region is determined by water and lipid content. In the proximity of 1200 nm,
water and lipid absorption bands overlap. Therefore, this peak is more pronounced
for the subcutaneous fat as compared to the epidermis and dermis. At the same
time, the epidermis and dermis exhibit stronger absorption in the range from 1350
to 1600 nm.

The spectral ranges of the major skin chromophores are summarized in Fig.
1.14.212153035 T gkin, the strongest chromophores in the visible spectral range are
melanin and hemoglobin. In the IR spectral range, water and lipids are the main
absorbers (Fig. 1.15). Chromophores exhibit characteristic bands of absorption at
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Fig. 1.14 Absorption spectra of major skin chromophores. (1) DOPA — melanin (in H,0), (2)
oxyhemoglobin (in H,0), (3) deoxyhemoglobin (in H,0), (4) bilirubin (in CHCL,). Source:
Anderson RR, Parrish JA. The optics of human skin
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Fig. 1.15 Absorption of water and human fat

specific wavelengths. Melanin is located in the epidermis, occupying the top
50-100 pm of the skin. Oxy- and deoxyhemoglobins are present in the microvas-
cular network of the dermis, typically 50-500 um below the epidermal surface.
Other chromophores may be present in the skin in pathological conditions such as
bilirubin (Fig. 1.14), giving the skin the characteristic yellow color of jaundice, which
has a broad absorption band at 460 nm.*
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Melanin synthesis occurs in the melanosomes, which are organelles found in the
melanocytes. Human skin is characterized by variable concentration of melanin,
ranging from very low in fair-skinned individuals (skin type I) to very high in black
African skin individuals (skin type VI). Although absorption of epidermal melanin
is highest in the UV spectrum, it is also significant in the visible and NIR regions.”’
At 600-1100 nm range, together with a decrease in dermal scattering and decreased
absorption by both hemoglobin and melanin, there is markedly increased skin
penetration. The major cutaneous chromophore within the highly penetrating
600-1100 nm region is melanin. The Q-switched 532 nm (green), 694 nm (red),
and 1064 nm (NIR) regions have been used to treat pigmented lesions.

Blood, more specifically oxy-, deoxy-, carboxy-, and methemoglobins, is
absorbed in the blue, green, and yellow bands (Fig. 1.16).® Methemoglobin (met-Hb)
has an additional maximum around 630 nm. Oxy- and met-Hbs also exhibit a weaker
absorption band in the NIR spectral range, with the maximum around 940 nm.
Despite the higher extinction coefficient at the Soret absorption band around 415
nm, the penetration of photons into the dermis at this wavelength is insufficient,
because of the high attenuation of the incident light by the melanin of epidermis. At
577-595 nm, melanin absorption and scattering are reduced and tissue penetration is
increased. In addition, the epidermal damage is less at this wavelength and more
energy is transmitted to the blood vessels. Beyond 600 nm, there is a steep decrease
in the absorption by hemoglobins, except met-Hb, which comprise 0.5% of the total
hemoglobins content. Heating of blood to 50-54°C causes partial oxidation of oxy-
hemoglobin, which leads to met-Hb formation. Optical absorption of met-Hb in the
NIR spectral range is much higher than that of either hemoglobin or oxyhemoglobin.*
Several in vitro studies have demonstrated that when blood is photocoagulated by
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Fig.1.16 Absorption of hemoglobin derivatives. Source: Van Assendelft, Spectrocscopy of Hemoglobin
Derivatives
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1064-nm neodymium:yttrium aluminum garnet (Nd:YAG) laser pulses, absorption
at 1064 nm increases on the millisecond timescale by a factor of about 3, which can
be explained by partial conversion of oxyhemoglobin to met-Hb.**#! Formation of a
coagulum is also accompanied by loss of water from lumen blood, resulting in a
higher concentration of chromophores. Optical scattering also increases in thermally
coagulated blood. Black et al** reported that photocoagulation of human blood
results in increased absorption by a factor of 2—-10 and increased scattering by a factor
of 2—4 in the wavelength range from 500 to 1100 nm.*

Water does not absorb light in the visible spectral range. However, at the
wavelengths longer than 1100 nm, it becomes the major tissue chromophores. The
light from resurfacing lasers, which include the erbium:YAG (Er:YAG) 2940 nm
and carbon dioxide (CO,) 10600 nm lasers, is mainly absorbed by water.

Lipids exhibit several sharp absorption bands around 915, 1205, 1715, and 2305
nm.* At these wavelengths, absorption of subcutaneous fat dominates that of the
overlying skin layers, that is, epidermis and dermis. Therefore, selective and non-
invasive fat removal by light should be possible.

1.3.1.3 Skin Fluorophores

The list and the emission spectral ranges of the major skin fluorophores are
summarized in Fig. 1.17.'1:12153935 Native fluorophores in human skin include
collagen, elastin, tryptophan, tyrosine, NADH, NAD, FAD, and porphyrins.
Because emission spectra are sensitive to the changes in the fluorophore environ-
ment, fluorescence spectroscopy can be used for in vivo noninvasive evaluation of

Porphyrins —
FAD* R —

NADH*

Elastin*

NAD* ——

Collagen
Tryptophane* ————

Tyrosine* —
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Fig. 1.17 The emission spectral ranges of the major skin fluorophores. For the fluorophores
marked with the asterisk, the range is determined as half width at half the maximum
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human skin structure, pathology, chronological, and sun-induced skin aging. In
particular, the signals from tryptophan and collagen can be used for delineating
nonmelanoma skin cancers.!! It has also been demonstrated that quantification of
the fluorescence spectra of collagen and tryptophan can serve as the markers for
photoaging and natural aging.*

1.3.2 Photothermal Effects

As light is absorbed into the skin, it is absorbed and converted to energy, mostly in
the form of heat. The temperature within the tissue influences the biological effect
(Table 1.1). At temperature increases, cell injury, inflammation, and repair may
occur.** When temperatures reach 60°C, protein denaturation is complete, while
DNA denaturation occurs above 70°C.* Above 100°C, vaporization and ablation
occur as intracellular water exceeds the boiling point. The rapid increase in pressure
causes damage to the cells and blood vessels. Further heating over 100°C leads to
charring and desiccation. At about 120°C, thrombosis of the blood vessels and necrotizing
vasculitis have been demonstrated.* The Arrhenius model demonstrates that the
rate of denaturation rises exponentially with temperature, thus the accumulation of
denatured material also rises proportionally with time.®® This accounts for the
boundaries of dermal coagulation and laser-induced thermal injury. The influence
of light energy heating a chromophore and the spread of heat to adjacent tissues by
conduction constitutes the photothermal effect. This is influenced first by the height
of temperature achieved, followed by the length of time the target is at that tempera-
ture. When light is absorbed, heat is lost by conduction to adjacent tissues in all
directions, known as thermal relaxation. The thermal relaxation time (TRT) of the
tissue is defined as the time it takes for a structure to cool to half the temperature
to which it has been heated. Smaller objects have a shorter TRT than larger objects.
For example, melanosomes measuring 0.5-1.0 um have a TRT of approximately 1
ps, while capillaries measuring 10-100 um have a TRT of approximately 1 ms.

1.3.2.1 Selective Photothermolysis

Introduced in the early 1980s, Anderson and Parrish developed a theory based on
the preferential absorption by blood in the 577 nm, which led to the discovery of

Table 1.1 Thermal effects of light with human skin

Temperature (°C) Effect

>60 Protein denaturation; melting of type 1 collagen
(increased likelihood of scarring)

>70 DNA denaturation

>100 Vaporization, ablation

120 Blood vessel thrombosis, necrotizing vasculitis
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Table 1.2 Thermal relaxation times (TRT) of target
chromophores in the skin

Target chromophore ~ Diameter (um) TRT

Tattoo particle 0.1 10 ns
Melanosome 0.5 250 ns
Melanocyte 7 1 ps
Microvessel 50 1.4 ms
Blood vessel 150 12.8 ms
Terminal hair follicle 300 100 ms

selective laser treatment for vascular malformations. The theory of selective photo-
thermolysis involves preferential absorption of a laser pulse shorter than the time
associated with passive cooling of the target vessels by thermal conduction. Heat is
produced in dermal microvessels at a rate faster than it is removed. For selective
photothermolysis to occur, three components have to be taken into account:
(1) wavelength, (2) fluence, and (3) pulse width (7). The wavelength must be absorbed
by the target chromophore more avidly than by other optically absorbing molecules.
Using the optimal fluence to deliver enough energy to thermally alter the target
tissue to achieve the desired tissue effects is important. 7 must be less than TRT
(i.e. 7< TRT) to spare the surrounding tissue. 7 must be determined based on the
working knowledge of the TRT of the target structures. For most tissues, TRT of a
given target chromophore in seconds is approximately equal to the square of the
diameter of the target in millimeters (Table 1.2). With longer laser exposure, most
of the heat diffuses away from the target chromophore; hence, the absorbed energy
is almost uniformly heating the target and its surrounding tissue. There is less spatial
confinement and selectivity with longer 7, resulting in nonspecific thermal damage
to adjacent structures. Conversely, shorter 7 confine the energy to smaller targets
with more spatial selectivity.

Altshuler et al’! developed a new theory of selective thermal damage specifically
for nonuniformly pigmented structures called the extended theory of selective
photothermolysis (ESP). They demonstrated that primary targets can be used as
subsurface heat sources to denature nearby tissue constituents. Thermal damage
time (TDT) is the time required for irreversible target damage with sparing of the
surrounding tissue. With ESP, the TDT can be longer than the TRT of the entire
target. ESP is best illustrated with laser hair reduction. During LHR, the melanin in
the hair shaft is the absorber. Although there is much controversy about the location
of the follicular stem cells, data suggest that they are located either in the upper hair
bulb or the bulge.”>* The authors assume that the bulge or vessels nearby the bulb
should be destroyed for successful long-term laser hair removal. There is efficient
heat transfer between absorber (hair shaft) and target (bulge, bulb) using longer
pulses. TDT, in the case of the hair shaft, is defined as the minimum time that
allows for simultaneous critical heating of the bulge without exceeding an absorber
temperature that would result in fundamental changes in its optical thermal proper-
ties and loss of efficient heat transfer to surrounding tissue. The theory infers that
the optimal 7 should be between the TRT and the TDT. The authors infer that for
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nonuniformly pigmented targets, 7 nearer the TDT will allow for maximal efficacy
as well as optimized epidermal cooling. Another potential application of this theory
is photosclerotherapy. The absorber for spider veins is hemoglobin. Controversy
also exist as to how permanent vessel closure is achieved for optimal treatment
effects, either denaturation of the endothelium or denaturation of the vessel wall
structure.’>* The vessel structures do not contain any strong absorber and can be
damaged by heat diffusion from blood. This theory provides new recommendation
for hair removal and treatment of spider veins.

1.3.3 Photomechanical Effects

When the pulse duration is shorter than the TRT of the target chromophore, spatially
localized heating occurs causing a sudden thermoelastic expansion. The sudden
expansion generates acoustic or shock waves, damaging the surrounding structures.
The rate of temperature increases can be notably remarkable with very short pulses,
causing a steep temperature gradient between the target and the surrounding tissues.
The mechanical damage can be illustrated in the treatment of pigmented lesions and
tattoos using the Q-switched lasers.””® Cavitation is another form of mechanical
damage that is attributed to the dominant mechanism of vessel rupture. The precipi-
tous rise in temperature may be responsible for initiating pressure waves which
vaporizes water, developing a vapor bubble that expands and collapses violently.
Cutaneous vessels treated with the pulsed dye laser at 1.5 ps pulse duration causes
vessel rupture.®

1.3.4 Photochemical Effects

The vast majority of photobiological reactions that occur in dermatology are attributed
to photochemical processes. Psoralen ultraviolet A (PUVA), extracorporeal photo-
pheresis (ECP), and photodynamic therapy (PDT) are examples of treatments utilizing
photochemical effects. PUVA and ECP are beyond the scope of this chapter, and
will be discussed throughout this book. PDT utilizes a combination of a photosensitizer
drug, light energy, and molecular oxygen to selectively destroy pathological cells.
The photosensitizers in the cells, which are wavelength specific, act as the chromophore.
The objective of PDT is selective destruction of abnormal cells, with preservation
of normal adjacent structures. The excited photosensitizer transfers its energy with
a molecular oxygen to produce highly reactive singlet oxygen to induce cytotoxicity
(Box 1.1). The sequence of events occurs without the generation of heat. Although
PDT can produce apoptosis, necrosis, or a combination, it is highly efficient in
inducing apoptosis. The primary role of PDT is to kill unwanted cells in the vast
majority of clinical applications (Box 1.2). Photosensitizers such as methylene blue
derivative, Photofrin, and silicon phthalocyanine Pc 4, known to localize in mito-
chondria are reported to be more efficient in inducing apoptosis than those found at
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Box 1.1 Sequence of Events in PDT

Photosensitization of neoplastic or pathological cells

Absorption of light energy

Transformation of the photosensitizer to a singlet state

Singlet state either returns to the ground state or to an excited triplet state
Photosensitizer at the excited triplet state interacts with molecular oxygen
Photo-oxidative reactions to induce cytotoxicity

Box 1.2 Key mechanisms of PDT on Tumor Destruction

Direct cell destruction
Vascular damage leading to tissue infarction
Immune activation against tumor cells

other cellular sites. With mitochondrial damage, the intrinsic pathway for apoptosis
is activated, releasing cytochrome c, followed by activation of the caspase series,
which play a central role in PDT apoptosis.5®¢!

1.4 Medical Light Sources

1.4.1 Spontaneous and Stimulated Emission

Light is emitted by atoms (molecules) from a light source material that can be either in
the form of gas, liquid, or solid. The energy of an electron cannot change continuously.
It changes in finite steps. The positions of the electrons with respect to the nucleus
depend on their energy and are called energy levels and sublevels. Under normal
conditions, most atoms and molecules exist in their ground states, that is, the lowest-
energy states. Excitation of atoms (molecules) results by either heating, producing
electrical discharge, or by optical pumping. Excitation is an elevation in energy of
the system, such as an atom or molecule, above the ground state. An excited atom
(molecule) returns to its ground state with time. In other words, the excited state has
a lifetime that is defined by the time the atom (molecule) stays in its excited state
before emitting a photon spontaneously. The schematic demonstrating spontaneous
emission is shown in Fig. 1.18a. An atomic optical transition is typically an electronic
transition, where energy is emitted as an electromagnetic radiation in the optical range.
Direction of spontaneously emitted photons is random and frequency (wavelength)
is random too in the limits of the bandwidth of luminescence of the excited transition.
As a result, most spontaneous emitting light sources have an isotropic direction of
emission and a wide range of frequencies (polychromatic).
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Fig. 1.18 Spontaneous (a) and stimulated (b) emission

Stimulated emission of light by group of atoms (molecules) can occur when the
higher energy levels of these atoms are populated more than the lower ones. The
phenomenon is called inversed population. Such inversion of population can
be achieved by different methods including two component gas systems with coinciding
energy levels but with different relaxation rates. Stimulated emission is characterized
by generation of a new photon, which is identical to the excitation photon that initially
interacted with the atom (Fig. 1.18b). As a result, the emitted photons have the
same wavelength (energy), phase, and direction of propagation. Stimulated emission
in active medium with inversed population is developed as photon avalanche
with identical directions of propagation, frequencies, and polarizations.

1.4.2 Collimated and Diverging Light Beams

Light as an electromagnetic wave can be characterized by a wave front. Wave front
is a surface where electromagnetic field oscillates in the same phase. The propagating
light beam can be approximated by a family of rays. These rays are always perpen-
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dicular to the wave front. If these rays are parallel to each other, the light beam is
collimated. Lasers often emit collimated beams. Collimated beam can be formed
using other light sources, such as lamps. However, it will require the use of the
optical elements, such as lenses, and may imply significant loses of energy.

Laser beam is a group of nearly parallel rays generated by a laser. The “spreading”
of a light beam as it moves away from the laser or light source is called beam diver-
gence. The initial beam divergence of the light source is important for light beam
focusing and for controlling the diameter of a light on the target surface. Typically,
in order to control light treatment effects, light beam is focused onto the target
surface by a lens and the distance between output lens and target surface varies to
provide needed light spot size and power density within the area of treatment.
Radius of the beam in the focal plane of the lens with a focal length f'is given by:
w = f-0, where 0 is the beam divergence angle and w is the size of the beam at the
source. Single mode lasers and/or single mode fibers have a minimal beam
divergence and can provide minimal light spot size.

1.4.3 Continuous Wave and Pulsed Light

Light-tissue interactions depend on the temporal parameters of light. A continuous
wave (CW) mode means that emitted waves follow one another without any interval
of time between them. Pulsed light can be produced as a single pulse of duration T
which is called pulse width, and is measured in seconds (s). It can also be produced
as successive trains of pulses with some repetition frequency rate, fp , which is measured
in hertz (1/s). Lamps can generate light pulses of duration 7 in millisecond (ms)
(1073 s), microsecond (us) (107 s), or nanosecond (ns) (10 s) ranges, and only
lasers can generate shorter pulses, that is, in picosecond (ps) (10712 s) and femtosecond
(fs) (1071° s) ranges with a high repetition rate fp up to 100 MHz.

Pulsed light can be described by the pulse energy E, peak power P (power within
the individual pulse) and average power for a train of pulses. Peak power is calculated
as P = Ep/ T Thus, for ultrashort pulses, peak power can be extremely high even for
low or moderate light energies and tissue breakdown can be expected. However, aver-
age power of light, which is calculated as P, = E x fp , can be comparatively low. For
example, if a light source generates pulses with an energy of E = 0.01 J, at a rate of
fp = 10 Hz (ten per second) and duration of T = 1 ns, then Pp = Ep/ T = 10" W =10
MW, whereas the average power is only P, = E x fp =0.1 W, or 100 mW.

1.4.4 Coherence and Monochromaticity

Two waves are said to be coherent if they have constant relative phase over a certain
time interval, which implies that they have the same wavelength. Coherence length
of a light source characterizes the degree of temporal coherence of the emitted
light, lC= CTes where c is the light speed and T is the coherence time, which is
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approximately equal to the pulse duration of the pulsed light source or inversely
proportional to the wavelength bandwidth A4 of a CW light source, 7 ~ A%/(cAA).
For example, a single-frequency CW gas-discharge He-Ne laser with a narrow
bandwidth AA = 10-° nm and wavelength 4 = 632.8 nm has a coherence length /..~
400 m; a multimode diode laser with AA = 30 nm and A = 830 nm has /. = 23 pum;
for a titanium sapphire laser with A = 820 nm, the bandwidth may be as big as 140
nm, therefore coherence length is very short /. ~ 2 pm; the shortest [, = 0.9 um is
for a white light source (AA = 400 nm).

Monochromatic light is light of one wavelength or frequency. Quasi-monochro-
matic light is the light that has a very narrow wavelength (frequency) bandwidth.
Nonmonochromatic (polychromatic) light has a broad wavelength bandwidth.

1.4.5 Halogen Lamps

In halogen lamps, a tungsten filament is heated by electric current until it glows or
emits light. A halogen lamp is an iodine-cycle tungsten incandescent lamp that emits
the visible and NIR (360 nm to >1 pm) light. These lamps are widely used for spec-
trophotometry and phototherapy. Tungsten electrode can be heated up to 4000 K.
The maximum of the emission spectrum for tungsten lamps is about A =750 nm.
About 30% of the total power is emitted at the wavelengths shorter than A4 and
70% of the total power is emitted at the wavelengths longer than 4__ .

1.4.6 Arc Lamps

An arc or flash lamp is a lamp that uses heat emission of plasma bridge formed in
a gap between two conductors when they are separated. A mercury arc lamp is a
discharge arc lamp filled with mercury vapor at high pressure. It emits UV, visible
light, and NIR light. Another arc lamp that produces the IPL (intense pulsed light)
is a xenon or krypton lamp that is filled with xenon or krypton. It is often used in
tissue spectroscopy and dermatology. It emits UV, visible, and IR light in the range
from 200 nm to >3.0 um. The output spectrum of an arc lamp is a mix of plasma
emission spectrum and spontaneous fluorescence of plasma ions. For a high energy
short pulse, the temperature of arc lamp plasma should be very high (6000-10000
K). For CW or long pulse mode, the temperature of the arc lamp plasma is relatively
low (3000-6000 K).

1.4.7 Light-Emitting Diodes

Light-emitting diode (LED) is a semiconductor device.!® It consists of a chip of
semiconducting material treated to create a structure called a p—n (positive—negative)
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junction. When connected to a power source, current flows from the p-side or anode
to the n-side or cathode, but not in the reverse direction. Charge carriers (electrons
and electron holes) flow into the junction from electrodes. When an electron meets
a hole, it returns to a lower energy state and releases the energy in the form of a
photon (light). The specific wavelength or color emitted by the LED depends on the
semiconductor used. The LED light output power ranges from milliwatts to watts.
Their typical light beam divergence is approximately +120°. However, it can be as
small as approximately +5° for the special constructions. LEDs are very cheap and
popular light sources. They are widely used in photomedicine. LEDs convert elec-
trical energy to light with high efficiency and have a long lifetime (more than 10°
h). They are the light sources that are available in a wide range of wavelengths from
UV to IR, including multicolor and white light LEDs. To increase the output power,
the LED arrays with 2—60 chips in one unit were designed.

1.4.8 Superluminescent Diodes

A superluminescent diode is a very bright diode light source with a broad band-
width. It is usually manufactured using a laser diode technology, but without
reflecting mirrors. Its main difference from an LED is that it has a uniform wave
front of the output radiation, which allows to couple its radiation into a single mode
fiber. Superluminescent diodes are used in medical optical coherence tomography
(OCT) systems.

1.4.9 Lasers

Laser is an acronym for light amplification by the stimulated emission of radiation.
Laser is a device that generates a beam of light that is collimated, monochromatic,
and coherent. A laser is an active medium with inversed population that is placed
between two paralleled mirrors. During lasing, the photon avalanche is propagating
between two mirrors and is amplified each time it traverses the active medium. As
a result, laser beam is forming with a very low divergence and single wavelength
(monochromatic beam).

Laser radiation is characterized by its wavelength, power, and pulse- or
CW-mode of generation. Normally, lasers are characterized by the output wave-
length (nm or pum), spectral bandwidth (nm), energy characteristics, such as power
(mW, W, kW) for CW laser, and energy per pulse (J), pulse width (ns, ps, ms, s),
repetition rate (Hz), and average power (mW, W, kW) for pulse lasers. Important
practical characteristic of a laser is its efficiency, which is the ratio of the output
laser power to the input electrical power of laser pumping and expressed in percent-
age. In general, lasers with higher efficiency have the smallest size and low cost.
There is a huge variety of lasers and laser systems available in the market. Lasers
can be classified according to the active media. For example, a gas laser is a laser
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whose active medium is a gas or mixture of gases. There exist gas, solid, liquid, and
semiconductor (diode) lasers. The most popular medical lasers are described
below.'*6263 Most lasers emit at a particular wavelength (Fig. 1.19). In tunable
lasers or laser systems with nonlinear conversion (Fig. 1.20), one can vary the
wavelength over some spectral range.

CO, laser is a laser whose lasing medium is CO, gas with an IR emission from
9.2 to 11.1 um with the maximal efficiency at 10.6 pm, and a power from a few
watts to a few kilowatts. Both CW and pulsed regimes are available. Lasers are
tunable in the limits of CO, molecules spectral range (from 9.2 to 11.1 um). CO,
laser has an efficiency of up to 40%. Because of a high water absorption in this
wavelength range, CO, laser is mostly used for tissue ablation.

The lasing medium of an excimer laser is an excited molecular complex, an
excimer (molecule dimer). Examples of excimer lasers are: ArF laser, 193 nm; KrF
laser, 248 nm; XeCl laser, 308 nm; and XeF laser, 351 nm. These lasers are tunable
within 10-20 nm. Because of a high tissue absorption and scattering in the UV
range, excimer lasers are widely used for eye refractive surgery, psoriasis treatment,
and ablation with high precision.

The lasing medium of a dye laser is a liquid dye. Dye lasers emit in a broad
spectral range and are tunable. Its wavelengths range is from 340 to 960 nm, at
optical frequency doubling from 217 to 380 nm, and at parametric conversion from
1060 to 3100 nm. Its emitted energy is from 1 mJ to 50 J in periodic pulse mode.
The mean power is from 0.06 to 20 W. Pulse duration is from several nanoseconds
to several microseconds, and pulse frequency from a single pulse to 1 kHz. A train
of microsecond pulses can be used to generate millisecond pulses. These lasers are
used for spectroscopy and photochemistry of biological molecules. This is one of
the best lasers for targeting blood vessels. Therefore, pulsed dye lasers are widely
used in dermatology for treating portwine stains (PWSs).

A solid-state laser has an active medium as a matrix of a crystal, glass, or ceramic
doped by active ions. Crystal matrices such as sapphire, YAG, alexandrite, yttrium
scandium gallium garnet (YSGG), and others are used in lasers. Active ions, such as
Nd (neodymium), Cr (chromium), Er (erbium), Ho (holmium), Tm (thulium), in
combination with different matrices provide a range of emission wavelengths. For
example, Cr**-doped sapphire (ruby laser) emits at 694 nm, whereas Cr**-doped
alexandrite crystal (alexandrite laser) emits at 755 nm. Solid-state lasers are pumped
by optical radiation from a flash (arc) lamp or from the other laser. The efficiency of
a flash lamp pumped laser is about 0.1-5%. Pumping with the diode laser increases
the efficiency to 10-50%.

Nd:YAG laser is one of the most efficient solid-state lasers whose lasing medium
is the crystal Nd:YAG with emission in the NIR at 1064 nm, other emission lines
are at 946, 1319, 1335, 1338, 1356, and 1833 nm. The second harmonic (532 nm)
and the third harmonic (355 nm) of this laser are also widely used in photomedicine.
Both CW and pulsed regimes are available. Typical power of the main harmonic
(1064 nm) is from a few watts to a few hundred watts in CW mode. Pulsed lasers
are characterized by the high repetition rate of up to 300 Hz. Their pulse duration
varies from few nanoseconds to hundred milliseconds, and the pulse energy is between
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Fig. 1.20 Spectral ranges of tunable coherent light sources

0.05 and 100 J. The pulse power of such lasers can reach several megawatts (MW),
and an average power up to 1000 W.

Er:YAG laser is a solid-state laser whose lasing medium is the Er: YAG crystal.
Its emission is in MIR region, around 2.79-2.94 um. It is one of the most effec-
tive lasers that are used for ablation of biotissue, including skin. It can be used
for hard tissues as well, as its emission wavelength coincides with the strongest
absorption band of water (2.94 um). Typical power range of this laser is from
watts to tenths of watts. For miniature systems (a crystal 4 mm in diameter and
75 mm long), the pulse duration is in the microsecond range with the pulse-rep-
etition rate of 25 Hz, pulse energy of a few joules, and average power of a few
watts. In the Q-switching regime, the pulse duration is in the nanosecond range
with pulse energy of ~100 mlJ.

Diode laser is a semiconductor laser. One of the widely used diode lasers is gal-
lium arsenide (GaAs) laser. Its emission is in the NIR, at about 830 nm. To obtain
the broad range of emission wavelengths, more complex compositions are availa-
ble. For example, GaP As,__lasers emit light from 640 (x = 0.4) to 830 nm (x = 0).
The maximum output power of a single diode laser emitter is in the range from 0.5
to 10 W. High-power diode lasers (laser bars) usually comprise 10-90 single laser
emitters. Maximum output power of a diode laser bar is in the range from twenty
to several hundred watts. Diode lasers are the most efficient lasers with efficiency
up to 70%. The divergence of most diode lasers is in the range from 50° to 90°.
Diode laser can work in the CW mode or in the pulsed mode. Diode lasers are often
used for pumping other lasers, such as a diode-pumped Nd:YAG, which is an inte-
grated solid-state laser with an Nd:YAG crystal as a lasing medium and optical
pumping provided by a single diode lasers or by a diode bars. Table 1.3 summarizes
some wavelength related parameters of the lasers that are used in medicine.
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Table 1.3 Wavelengths, wave numbers, and quantum energies of some lasers

N hv
Laser A (nm) v x10% (cm™) hv x 107° (J) hv (eV) (kAcallmole) hvlk x 103 (K)
He—Ne 543.3 18.4 3.65 2.28 52.5 26.3
632.8 15.8 3.14 1.96 45.0 22.6
1152.3 8.7 1.72 1.08 24.7 12.4
3391.2 2.9 0.59 0.37 8.4 4.2
Ar* 351.1 28.5 5.66 3.53 81.2 40.7
363.8 27.5 5.46 341 78.3 39.3
488.0 20.5 4.07 2.54 58.4 29.3
514.5 19.4 3.86 2.41 55.4 27.8
Kr* 647.1 15.5 3.07 1.92 44.0 22.1
He-Cd 325.0 30.8 6.11 3.82 87.7 44.0
441.6 22.6 4.50 2.81 64.5 324
Co, 9600 1.0 0.21 0.13 3.0 1.5
10600 0.9 0.19 0.12 2.7 1.3
CcO 5500 1.8 0.36 0.22 5.2 2.6
N, 337.1 29.7 5.89 3.68 84.5 424
ArF 193 51.8 10.29 6.42 147.7 74.1
XeCl 308 32.5 6.45 4.03 92.5 46.4
XeF 350 28.6 5.67 3.54 81.4 40.8
Rodamin dye 600 16.7 3.31 2.07 47.5 23.8
Ruby 694.3 14.4 2.86 1.79 41.0 20.6
Nd:YAG 1064 9.4 1.87 1.17 26.8 134
Alexandrite 760 13.2 2.61 1.63 37.5 18.8
Ho:YAG 2088 4.8 0.95 0.59 13.6 6.8
Er:YAG 2940 3.4 0.68 0.42 9.7 4.9
LiF -F, 1000 10.0 1.99 1.24 28.5 14.3
GaAs 830 12.0 2.39 1.49 343 17.2
CH,I 1.25x10° 8 x 107 1.6 x 1073 99x10* 0.2 1.1 x 10?2

v =3x10"/A, Hz; v =v/c = 107/A, cm™" hv = (1986/1) x 1072, erg = (1986/4) x 107",

J =1240/A, eV; N, hv = (28.5/2) x 107, kcal/mole; hvik = (14.3/4) x 10°, K, where A is the
wavelength (nm), c is the light speed (cm/c), & is the Planck’s constant, N, is the Avogadro’s
number, and k is the Boltzmann’s constant

1.5 Light Applications in Dermatology

1.5.1 Diagnostic

Skin biopsy remains to be the mainstay for diagnosis and occasionally is also used
for monitoring treatment response in dermatology. There are currently available
optical devices which are used clinically and in research to aid in the noninva-
sive diagnosis of dermatological diseases, following disease progression and/or
treatment effects over time. Interest in skin optics is enhanced with available
optical devices, which provide useful information about the physiology, morphol-
ogy, composition, and perhaps mechanistic and therapeutic responses. Optical
spectroscopy, confocal microscopy, polarization imaging (PLI), and OCT will be
discussed here.
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1.5.1.1 Optical Spectroscopy

Diffuse reflectance spectroscopy has been widely used in dermatology, particularly
looking at the hemodynamics of the skin, skin pigmentation, and inflammation.
Diffuse reflectance spectroscopy can be used as a tool to quantitatively measure
melanin and hemoglobin content of the skin. Reflectance measurements can also be
used to provide information about the light scattering properties of the skin. For
example, scattering properties can reveal information about the morphology and
architecture of the skin such as the arrangement and density of the collagen fibers.
In vivo and ex vivo measurements can be done to gather useful information to aid
in the assessment and diagnosis of a variety of dermatological conditions. Diffuse
reflectance spectroscopy have been used to determine skin hyperpigmentation and
hypopigmentation (pigmentation index),* inflammation, erythema (erythema
index), occlusion, and hemodynamic response (i.e. reactive hyperemia) after occlusion
by means of hemoglobin content and oxygen saturation level !¢ Pre- and post-
treatment diagnostics for photochemical and photothermal procedures have also
utilized spectroscopic measurements.

1.5.1.2 Confocal Microscopy

The confocal microscope was invented by Marwin Minsky in 1957. Initial experi-
ments were performed in vitro using a bright mercury lamp light source.
Following advances in light sources, scanning, and computer technologies, in
vivo tissue imaging emerged in the 1980s. In vivo imaging of skin began in the
early 1990s. In 1995, confocal laser scanning microscopy was introduced for
rapid in vivo imaging of human skin.®’” The laser light utilizes the NIR wavelengths
to provide high illumination power and deeper penetration. With this device,
high-resolution images at the nuclear and cellular level in vivo with good correlation
to conventional histology were achieved.®® The optical section is oriented parallel
to the skin surface. The optical section in confocal microscopy contrasts with the
conventional orthogonal sections of histopathology, which are oriented perpen-
dicular to the skin surface. The confocal microscope images a series of parallel
planes tacked vertically in depth with a very thin section and high lateral resolution.
Melanin is the strongest endogenous contrast source for confocal imaging. The
present commercially available confocal laser microscope uses a deeper penetrating
NIR wavelength of 830 nm (diode laser) with an illumination power of 1-5 mW.
Confocal microscopy is superior to ultrasound scanners and conventional OCT
with regard to the resolution. Reflectance mode confocal microscopy offers the
highest resolution imaging down to 0.5 um comparable to routine histology.%®
However, imaging is limited to the superficial dermis due to tissue-induced
scattering and aberrations, its depth of penetration to at most 300-400 pm.”
Imaging of benign and malignant skin conditions have been reported with good
histopathological correlations which include psoriasis,” irritant contact dermatitis,’
discoid lupus erythematosus,” sebaceous hyperplasia,” cherry angioma,’ actinic
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keratosis,’”” basal cell carcinoma,’ squamous cell carcinoma,’®’ and melanoma. 4!
Recently, multimodal reflectance fluorescence and fluorescence polarization
confocal detection of skin cancers was reported by Al-Arashi et al.* Real-time
in vivo imaging offers the advantage of viewing cellular details in human skin
safely and rapidly, which aid in the diagnosis and management of several derma-
tological diseases.

1.5.1.3 Polarization Imaging

PLI is an optical technique that is capable of obtaining superficial images of thick
tissue layers. When the light incident on the sample is linearly polarized, subtraction
of two images acquired with the copolarized and cross-polarized light can be used
to largely isolate the single-scattered component, which arises mainly from superficial
skin layers. The advantages of the polarized light imaging include the ability to image
comparatively thin tissue layers (~75-200 um in the visible spectral range) and to
retain a large field of view. It is relatively insensitive to small shifts in the position
of the imaged object. Combination of the large field-of-view and sufficient lateral
resolution enables rapid examination of large surfaces, thus facilitating tumor
margin delineation.>*%? It has been shown to successfully discriminate malignant
and benign pigmented skin lesions>$%? and to accurately delineate nonmelanoma and
melanoma skin cancer margins.>683-%

1.5.1.4 Optical Coherence Tomography

OCT was introduced in 1991 and was first demonstrated for cross-sectional retinal
imaging. Since then, it has been used by different medical and surgical specialties
including dermatology. OCT utilizes NIR light that maps depth-wise reflections
from tissue to capture high-resolution, cross-sectional images at the micrometer
scale.® OCT is an interferometric imaging technique that enables noninvasive, two-
to three-dimensional cross-sectional imaging of microstructural morphology in
biological tissue in situ. Conventional OCT has a lateral resolution of 10-15 pm,
and a field of view covering several millimeters. Depending on the light source
used, with emission centered at around 800-1310 nm, the penetration depth ranges
from about 0.7 to 1.4 mm.** Epidermal and dermal layers can be delineated, and
skin appendages which include hair follicles and eccrine ducts can be identified.®-*!
Doppler OCT has also emerged as a powerful skin imaging modality capable of
demonstrating microvascular blood flow at flow rates as low as 20 pm/s, which is
up to approximately 100 times more sensitive than Doppler ultrasound. Applications
of this technique can be used to monitor changes in blood flow and vessel structure
following laser treatment,” PDT, and pharmacological intervention.”™ Birefringence
in the skin is attributed to the regular arrangements of collagen fibers in the dermis.
Polarization-sensitive OCT is able to quantify and detect changes in the structural
integrity of collagen scaffolding, which is demonstrated in thermally damaged
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skin.®® New areas of investigation are spectroscopic OCT and OCT elastography.
Spectroscopic OCT might serve as a type of “spectroscopic staining” analogous to
staining in histology and elasticity imaging, while OCT elastography serves to
detect alterations in the elastic modulus of the extracellular tissue matrix as seen in
tissue edema, fibrosis, and calcification.

1.5.2 Therapeutic

1.5.2.1 Pigmented Lesions and Tattoos

Pigmented lesions include endogenous (melanin) and exogenous (tattoo particles,
carbon, etc.) absorption band of melanin which stretches from UV to NIR region.
Melanin is contained in melanosomes, 0.5—1.0 pum in size, with a 7 between 70 and
250 ns. Tattoo particles usually range from 0.5 to 100 pm in size, with a 7
between 10 and 50 ns. Black tattoo pigments are most responsive to laser treat-
ment. Green, red, yellow, orange, purple, white, and flesh pigments are more resist-
ant to laser treatment. Q-switched lasers in the green, red, and NIR wavelengths
have been used to treat a wide variety of pigmented lesions which include lentigines,
ephelides, nevus of Ota, and tattoos. Broadband light sources alone or combined
treatment with Q-switched lasers have also demonstrated good results on lentigines,
ephelides, and acquired bilateral nevus of Ota-like macules (also known as Hori’s
nevus). Disruption of melanosomes occurs during Q-switched laser treatment, pro-
ducing a cavitation or shock wave due to the thermal expansion or the temperature
gradient across pigmented cells. Tattoos, on the other hand, release fragmented ink
particles, and are lost either in an epidermal crust, in the lymphatics, or phagocy-
tosed by melanophages.*®

1.5.2.2 Vascular Lesions

Hemoglobin, particularly oxyhemoglobin, is the main target for treating vascular
lesions. PWS vessels range from 50 to 150 pum with a 7 between 0.45 and 50 ms.
Other vascular lesions that have shown good results with laser or light treatments
include hemangiomas, spider angiomas, telangiectasias, venous lakes, poikilo-
derma of civatte, and a variety of dermatological conditions involving blood vessel
formation. With hemoglobin’s absorption peaks at 418, 542, and 577 nm, the light
sources in the visible spectrum would be well absorbed at these wavelengths.
Lasers and light sources in the blue, green, yellow, red, and NIR spectrum have
been used successfully to treat vascular lesions. Pulsed dye lasers (yellow, 585-600
nm) remain to be the gold standard of treatment for PWS, hemangiomas, and tel-
angiectasias. Since epidermal melanin is also absorbed during pulsed dye laser
treatment, epidermal cooling is empiric to minimize epidermal damage. The use of
long-pulsed alexandrite (755 nm), diode (800 nm), and Nd:YAG (1064 nm) lasers
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have been used with good results for deeply penetrating PWS lesions, venous lakes,
leg veins, and other deeper vascular lesions. With deeper penetrating light sources,
aggressive tissue cooling has to be done because of the risk of scarring.

1.5.2.3 Hair Removal

The chromophore for hair removal is the melanin-bearing structures, which include
the hair shaft and the matrix cells. The other follicular tissues, which include the
stem cells located in the bulb or bulge, around 1.5 mm and 2-7 mm in depth,
respectively, do not contain an appreciable amount of any chromophore that
absorbs in the red or NIR region. The target structures, which include the bulge and
bulb, are damaged by heat diffusion from the hair shaft or matrix cells. Considering
the depth of penetration required for hair removal, the most efficient light sources
are long-pulsed light sources with optimized epidermal cooling in the red and NIR
wavelengths which include the ruby, alexandrite, diode, and Nd:YAG lasers.
Broadband light sources such as the IPLs have been used, but usually require more
treatment visits.

1.5.2.4 Rejuvenation

Rejuvenation is achieved by both ablative and nonablative means. Carbon dioxide
laser (FIR) and erbium laser (MIR) are used in ablative resurfacing. These are
high-energy, short-pulsed lasers, which vaporize thin layers of tissue used to treat
wrinkles, scars, and superficial lesions. In ablative resurfacing, water is the primary
target chromophore. Light sources used for nonablative rejuvenation include the
broadband light sources, fractional lasers in the visible and infrared (NIR to MIR)
spectrum. Nonablative skin rejuvenation is a noninvasive approach to skin rejuvena-
tion, eliminating the extended recovery period of traditional ablative resurfacing
procedures. The nonablative approach primarily targets the subsurface, stimulating
a wound healing response in the dermis. Fractional photothermolysis is a new concept
in cutaneous remodeling where laser-induced microscopic zones of thermal injury,
also known as microscopic treatment zones, are surrounded by normal, viable tissue.
This unique thermal damage pattern allows tissue reepithelialization in less than 24 h
without losing the epidermal barrier function.”® Although effects are subtle and
requires multiple treatments, nonablative rejuvenation has a high patient acceptability
and satisfaction. Lasers and broadband light sources in the visible to MIR spectrum
that are currently used for rejuvenation are listed in Table 1.4.

1.5.2.5 Acne Vulgaris

Light sources that are used to treat acne vulgaris act by destroying either (1) the
sebaceous glands,” (2) the entire pilosebaceous unit, or (3) Propionibacterium
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Table 1.4 Therapeutic applications in dermatology.

Application

Chromophore

Commonly used light devices

Pigmented lesions, tattoos

Vascular lesions

Hair removal

Rejuvenation
Ablative

Nonablative

Ablative/Nonablative

Acne (See also PDT)

Psoriasis

Melanin, tattoo
ink particles

Hemoglobin

Melanin
(hair shaft)

Water

Unknown
Unknown
Unknown
Hemoglobin

Q-switched Nd:YAG (532, 1064 nm)
Q-switched alexandrite (755 nm)
Q-switched ruby (694 nm)
Pulsed KTP (532 nm)
Alexandrite (755 nm)

Diode (800-980 nm)

Nd:YAG (1064-1320 nm)
Pulsed light (400-1400 nm)
Alexandrite (755 nm)

Diode (800-980 nm)

Nd:YAG (1064—-1320 nm)
Pulsed light (400-1400 nm)

Er:YAG (2940 nm)
CO, (10600 nm)
Pulsed KTP (532 nm)
Pulsed dye (585-600 nm)
Alexandrite (755 nm)
Nd:YAG (1064-1320 nm)
Pulsed light (400-1400 nm)
Diode (5321450 nm)
Erbium glass (1540 nm)
LED (417-880 nm)
IR light (1100-1800 nm)
Q-switched Nd:YAG (532, 1064 nm)
Q-switched ruby (694 nm)
RF, monopolar (RF current bipolar)
REF, bipolar (RF current bipolar)
RF, unipolar (RF EMR)
Fractional

Diode (532 nm)

1320-2940 nm

IR light (850-1350 nm)

CO, (10600 nm)
Pulsed dye (585-600 nm)
Nd:YAG (1064-1320 nm)
Diode (808-1450 nm)
Erbium glass (1540 nm)
Pulsed light (4001400 nm)
Q-switched Nd:YAG (532, 1064 nm)
LED (414-880 nm)
Blue light (405-420 nm)
Red light (660 nm)
Fractional

CO, (10600 nm)
RF, monopolar (RF current bipolar)
UVB (280-320 nm); NB-UVB (311-313 nm)
UVA (320-400 nm); PUVA
Excimer (308 nm)
Pulsed dye (585-600 nm)

(continued)
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Table 1.4 (continued)

Application Chromophore Commonly used light devices

Vitiligo Unknown UVB (280-320 nm); NB-UVB (311-313 nm)
Unknown UVA (320-400 nm); PUVA
Unknown Excimer (308 nm)
Hemoglobin Pulsed dye (585-600 nm)

PDT Photosensitizer Blue light (417 nm)

Red light (up to 740 nm)
Pulsed dye (585-600 nm)
Pulsed light (400—-1400 nm)

Nd: YAG neodymium yttrium aluminum garnet, K7P potassium titanyl phosphate, Er: YAG erbium-doped
yttrium aluminum garnet, CO, carbon dioxide, LED light-emitting diode, IR infrared, RF radiofre-
quency, EMR electromagnetic radiation, NB-UVB narrowband UVB, PUVA psoralen + UVA

acnes (P. acnes) through a PDT reaction with protoporphyrin IX (PpIX) and copro-
porphyrin and/or the addition of topical photosensitizers which include 5-aminole-
vulinic acid (ALA) and the methyl ester of ALA. As P. acnes proliferate,
transforming noninflammatory to inflammatory lesions, PpIX and coproporphyrin
IIT are produced. These porphyrins have an absorption in the near-UV and visible
spectrum, with major absorption peaks at 415 (Soret band, blue light) and 630 nm
(red light). Light devices that are used to treat inflammatory acne vulgaris by
destroying the sebaceous glands include the NIR lasers and radiofrequency (RF)
devices. Light devices that destroy P. acnes bacteria include blue, green, red, yel-
low, and RF sources. The addition of exogenous photosensitizers (ALA, methyl
ester of ALA) with PDT has demonstrated a synergistic effect on the treatment of
inflammatory acne vulgaris.®>*

1.5.2.6 Photodynamic Therapy

PDT involves a photosensitizer (chromophore), light (at wavelengths absorbed by
the chromophore), and molecular oxygen to generate a photochemical reaction.
The photosensitizers clinically approved by the US FDA for PDT of various indica-
tions are Photofrin, benzoporphyrin derivative (Verteporfin), and ALA. In Europe,
methyl aminolevulinate (MAL), the methyl ester of ALA marketed as Metvix®, is
currently the drug of choice for PDT. ALA and MAL are not photosensitizers, but
are prodrugs that are transformed into a highly photoactive endogenous porphyrin
derivative, PpIX via the heme biosynthetic pathway. PpIX can be activated by a
blue or red light source for tissue destruction.”” ALA-PDT has been studied and
used successfully for the prevention and treatment of premalignant and non-
melanoma skin cancers which include actinic keratosis,””' Bowen’s disease
(squamous cell carcinoma in situ),'”'""" and superficial basal cell carci-
noma.?”9100.109-116 PPT jg also used for the treatment of cutaneous T-cell lym-
phoma,'” acne,’*!® and photorejuvenation.!'*!?° For the treatment of nonmalignant
skin conditions, PDT is used for the stimulation of immunomodulatory effects in



34 M.F. Yang et al.

contrast to the induction of necrosis and apoptosis as produced in the treatment of
skin tumors. Other diseases where PDT has been reported to have some improve-
ment were verruca vulgaris,'?'?> condyloma acuminata,'? sebaceous hyperpla-
sia,'?*1% nevus sebaceous, % psoriasis, 112771% squamous cell carcinoma, 101 11.112.114.116
hidradenitis suppurativa,'> and PWS.!*

1.5.2.7 Others

Lasers and light sources have been used to treat other dermatological conditions which
include psoriasis, vitiligo, precancerous lesions, and nonmelanoma skin cancers.

1.6 Summary

Rapid development and success of photomedicine is determined by the multifaceted
variety and specificity of light-skin interactions. In particular, light provides more specific
interactions with biological systems as compared to the short-wavelength X-ray
and y-radiation or longer wavelengths radiowaves. The wide variety of interactions
of light with biological molecules include, but are not limited to, the dissociation,
electronic excitation, vibrational, and rotational excitations. Low-energy photons
(FIR, terahertz, and microwaves) may have some selective interaction with biologi-
cal molecules due to the excitation of rotational levels, mechanical vibrations of
molecules, or acoustic vibrations in the cell membranes. However, in general, their
action is nonspecific and is related to thermal interaction. Photons of X-rays and
shorter wavelengths have extremely high energy that can ionize any biological
molecule with similar efficiency. Thus, their interaction with molecules of complex
biological matter does not depend on the chemical structure of molecule. Therefore,
skin optics is highly dynamic with a multitude of factors contributing to the skin’s
highly specialized functions. In the epidermis, melanin plays a major chromophore
in light absorption, while in the dermis, hemoglobins are the major light absorbers
except for the NIR wavelengths, where water and lipids are the major absorbers.
The optics of the dermis is dominated by light scattering. In the red and NIR wave-
length ranges, the scattering is reduced, enabling deeper light penetration. In the
MIR, absorption by water becomes the dominant attenuation mechanism. The least
penetrating wavelengths are in the far-UV and FIR regions. Research aimed at
understanding skin optics has broadened the clinical applications of lasers and light
sources. Real-time, noninvasive, in vivo optical imaging offers the unique advan-
tage of viewing details of the human skin morphology and biochemistry on the
subsurface safely and rapidly, which aids in the evaluation, diagnosis, and manage-
ment of several dermatological diseases. Lasers and light sources for clinical appli-
cations are constantly being developed and upgraded to offer safe, efficacious, and
innovative treatments. Spectacular advances in technology will improve the depth
of penetration, portability, ease of use, and lower the cost of light treatments and
devices in dermatology.
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Appendix Optical properties of human skin measured ex vivo (standard error values are given in

parentheses)
Effective penetration
Tissue A(nm)  pa (mm™) us’ (mm™")  depth (mm)
Epidermis 370 1.35(0.16) 11.56(1.25) 0.14
420 1.20(0.12) 9.82(0.99) 0.16
470 0.84(0.06) 7.96(0.82)  0.21
488 0.76(0.07) 7.41(0.74)  0.23
514 0.63(0.07) 6.67(0.66)  0.27
520 0.60(0.07) 6.51(0.64)  0.28
570 0.39(0.08) 5.52(0.55)  0.38
620 0.28(0.07) 4.900047) 048
633 0.26(0.07) 4.76(0.45)  0.51
670 0.26(0.08) 4.48(0.43)  0.52
720 0.24(0.07) 4.11(0.39)  0.56
770 0.19(0.06) 3.79(0.37)  0.66
820 0.15(0.06) 3.60(0.35)  0.77
830 0.14(0.06) 3.56(0.35)  0.80
870 0.10(0.05) 3.41(0.34) 097
920 0.07(0.04) 3.32(0.34) 1.19
970 0.06(0.03) 3.15(0.34) 1.32
1020 0.04(0.03) 3.02(0.33) 1.64
1064 0.02(0.02) 2.97(0.32)  2.38
1070 0.02(0.02) 2.97(0.32)  2.38
1120 0.02(0.02) 2.86(0.32)  2.38
1170 0.06(0.04) 2.71(0.31) 1.41
1220 0.07(0.04) 2.63(0.31) 1.33
1270 0.06(0.04) 2.62(0.31) 1.45
1320 0.11(0.05) 2.53(0.30) 1.08
1370 0.56(0.14) 2.50(0.31) 044
1420 2.36(0.35) 3.01(0.41)  0.16
1470 2.96(0.42) 3.08(0.45)  0.14
1520 1.89(0.29) 2.66(0.39)  0.20
1570 1.01(0.20) 2.39(0.34)  0.31
Dermis 370 0.98(0.14) 8.76(1.36)  0.19
420 0.85(0.11) 6.85(0.89)  0.23
470 0.43(0.06) 5.36(0.60)  0.37
488 0.36(0.05) 4.90(0.51)  0.42
514 0.31(0.04) 4.32(0.41)  0.48
520 0.30(0.04) 4.20(0.39)  0.50
570 0.22(0.03) 3.50(0.31)  0.64
620 0.15(0.02) 3.07(0.28)  0.83
633 0.15(0.02) 2.99(0.27)  0.84
670 0.15(0.02) 2.78(0.26)  0.87
720 0.15(0.02) 2.54(0.24) 091
770 0.13(0.02) 2.33(0.24) 1.02
820 0.11(0.02) 2.18(0.23) 1.15
830 0.11(0.02) 2.15(0.23) 1.16
870 0.09(0.02) 2.05(0.22) 1.32
920 0.08(0.02) 1.99(0.23) 1.43
970 0.08(0.02) 1.90(0.22) 1.45
1020 0.07(0.02) 1.84(0.22) 1.59

(continued)
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Effective penetration

Tissue A(nm)  pa (mm™) us’ (mm™")  depth (mm)
1064 0.05(0.02) 1.80(0.21) 1.89
1070 0.05(0.02) 1.79(0.21) 1.89
1120 0.06(0.02) 1.74(0.21) 1.75
1170 0.12(0.02) 1.69(0.20) 1.23
1220 0.13(0.02) 1.65(0.20) 1.20
1270 0.10(0.02) 1.63(0.20) 1.39
1320 0.15(0.03) 1.61(0.19) 1.12
1370 0.48(0.04) 1.66(0.19) 0.57
1420 1.76(0.18) 2.03(0.21) 0.22
1470 2.19(0.20) 2.13(0.21) 0.19
1520 1.41(0.11) 1.87(0.20) 0.27
1570 0.85(0.07) 1.65(0.19) 0.40
370 1.18(0.21) 5.27(0.69) 0.21
420 1.65(0.33) 4.59(0.59) 0.18
470 0.75(0.09) 3.92(0.50) 0.31
488 0.63(0.08) 3.69(0.47) 0.35
514 0.47(0.07) 3.37(0.43) 0.43
520 0.44(0.07) 3.31(0.42) 0.45
570 0.31(0.09) 2.89(0.36) 0.58
620 0.15(0.03) 2.59(0.31) 0.90
633 0.14(0.03) 2.54(0.30) 0.94
670 0.13(0.03) 2.40(0.27) 1.01
720 0.12(0.02) 2.22(0.24) 1.09
770 0.11(0.02) 2.07(0.21) 1.18
820 0.10(0.02) 1.98(0.20) 1.27
830 0.10(0.02) 1.96(0.20) 1.27
870 0.09(0.02) 1.89(0.19) 1.37
920 0.09(0.02) 1.81(0.18) 1.39
970 0.09(0.03) 1.76(0.18) 1.41
1020 0.08(0.02) 1.72(0.16) 1.52
1064 0.07(0.02) 1.69(0.15) 1.64
1070 0.07(0.02) 1.68(0.15) 1.64
1120 0.08(0.02) 1.65(0.15) 1.56
1170 0.14(0.03) 1.63(0.15) 1.16
1220 0.15(0.03) 1.61(0.15) 1.12
1270 0.10(0.03) 1.59(0.14) 1.41
1320 0.12(0.03) 1.58(0.14) 1.28
1370 0.27(0.04) 1.60(0.15) 0.81
1420 0.93(0.14) 1.77(0.18) 0.36
1470 1.08(0.18) 1.81(0.19) 0.33
1520 0.70(0.12) 1.70(0.17) 0.45
1570 0.43(0.07) 1.60(0.16) 0.62

Infiltrative basal cell carcinoma 370 0.68(0.08) 6.52(0.92) 0.26
420 0.67(0.11) 5.89(0.52) 0.28
470 0.33(0.04) 4.88(0.36) 0.44
488 0.29(0.05) 4.50(0.33) 0.49
514 0.26(0.06) 4.04(0.30) 0.55
520 0.25(0.06) 3.95(0.30) 0.56
570 0.20(0.07) 3.33(0.28) 0.68
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Effective penetration

Tissue A(nm)  ua (mm™) us’ (mm™)  depth (mm)
620 0.15(0.06) 2.90(0.28) 0.85
633 0.15(0.05) 2.81(0.28) 0.87
670 0.14(0.05) 2.59(0.28) 0.93
720 0.13(0.05) 2.35(0.28) 1.02
770 0.11(0.04) 2.12(0.26) 1.16
820 0.09(0.04) 1.96(0.25) 1.35
830 0.09(0.04) 1.92(0.25) 1.35
870 0.07(0.03) 1.80(0.24) 1.59
920 0.06(0.03) 1.66(0.20) 1.79
970 0.08(0.03) 1.50(0.15) 1.61
1020 0.07(0.03) 1.36(0.11) 1.82
1064 0.08(0.04) 1.26(0.09) 1.75
1070 0.08(0.04) 1.25(0.09) 1.75
1120 0.10(0.06) 1.19(0.09) 1.61
1170 0.16(0.07) 1.15(0.09) 1.27
1220 0.17(0.09) 1.09(0.10) 1.25
1270 0.18(0.12) 1.05(0.11) 1.22
1320 0.27(0.15) 1.04(0.10) 0.97
1370 0.69(0.27) 1.09(0.10) 0.52
1420 2.21(0.46) 1.54(0.25) 0.20
1470 2.75(0.54) 1.66(0.32) 0.17
1520 1.90(0.47) 1.33(0.27) 0.23
1570 1.12(0.31) 1.11(0.16) 0.36

Nodular basal cell carcinoma 370 0.87(0.29) 4.62(0.61) 0.26
420 0.73(0.20) 4.36(0.38) 0.30
470 0.40(0.12) 3.85(0.22) 0.44
488 0.34(0.12) 3.60(0.20) 0.50
514 0.28(0.11) 3.27(0.18) 0.58
520 0.27(0.11) 3.20(0.18) 0.60
570 0.18(0.09) 2.71(0.16) 0.80
620 0.13(0.06) 2.34(0.13) 1.02
633 0.12(0.06) 2.27(0.12) 1.08
670 0.09(0.05) 2.07(0.11) 1.32
720 0.07(0.04) 1.84(0.10) 1.59
770 0.04(0.03) 1.66(0.09) 222
820 0.02(0.02) 1.52(0.07) 3.33
830 0.02(0.01) 1.49(0.07) 3.33
870 0.01(0.01) 1.40(0.07) 4.76
920 0.01(0.00) 1.31(0.06) 5.00
970 0.01(0.01) 1.25(0.06) 5.26
1020 0.00(0.00) 1.20(0.06) -
1064 0.00(0.00) 1.16(0.06) -
1070 0.00(0.00) 1.15(0.06) -
1120 0.00(0.00) 1.09(0.05) -
1170 0.01(0.01) 1.04(0.04) 5.56
1220 0.02(0.01) 1.01(0.04) 4.00
1270 0.01(0.01) 1.00(0.04) 5.88
1320 0.05(0.01) 0.97(0.04) 2.56
1370 0.32(0.03) 1.03(0.06) 0.88
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Effective penetration

Tissue A(nm)  ua (mm™) us' (mm™)  depth (mm)
1420 1.46(0.20) 1.44(0.13) 0.28
1470 1.86(0.16) 1.59(0.15) 0.23
1520 1.19(0.07) 1.31(0.10)  0.33
1570 0.67(0.04) 1.06(0.08) 0.54

Squamous cell carcinoma 370 0.94(0.20) 4.36(0.61) 0.26
420 12100.23)  421(0.50)  0.23
470 0.41(0.06) 3.38(0.47) 0.46
488 0.34(0.05) 3.13(0.43) 0.53
514 0.32(0.04)  2.80(0.39)  0.58
520 0.32(0.04) 2.74(0.38) 0.58
570 0.29(0.04) 2.35(0.32) 0.66
620 0.14(0.02) 1.95(0.26)  1.06
633 0.13(0.02) 1.88(0.25) 1.12
670 0.11(0.02) 1.71(0.23) 1.30
720 0.09(0.02) 1.52(020)  1.52
770 0.07(0.02) 1.35(0.18) 1.82
820 0.05(0.02) 1.24(0.16) 2.27
830 0.05(0.02) 1.2200.15)  2.27
870 0.04(0.01) 1.16(0.14) 2.63
920 0.03(0.01) 1.09(0.13) 3.13
970 0.04(0.02) 1.0200.12)  2.78
1020 0.04(0.02) 0.94(0.12) 2.94
1064 0.04(0.02) 0.88(0.12) 3.03
1070 0.04(0.02)  0.88(0.12)  3.03
1120 0.04(0.02) 0.85(0.12) 3.03
1170 0.10(0.03) 0.84(0.11) 1.89
1220 0.110.03)  0.81(0.11) 1.82
1270 0.11(0.03) 0.78(0.11) 1.85
1320 0.17(0.04) 0.77(0.11) 1.45
1370 0.43(0.05) 0.85(0.11) 0.78
1420 1.70(0.12) 1.29(0.18) 0.26
1470 2.35(0.21) 1.44(0.23) 0.19
1520 1.50(0.15) 1.16(0.16) 0.29
1570 0.92(0.12) 0.92(0.13) 0.44
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Chapter 2
Photoaging in Skin of Color

Mary F. Bennett and Kevin D. Cooper

2.1 Introduction

Chronological (intrinsic) aging is that associated with the passage of time and a
consequent decline in biological functions. This form of aging has a signature in
the skin, evident clinically as fine wrinkling and/or skin laxity. Photoaging occurs
concurrently with chronological aging but only on sun-exposed sites, and is induced
by repeated exposure to ultraviolet (UV) radiation. Chronically, sun-exposed skin
has distinctive changes including coarse wrinkles, dyspigmentation, telangiectasias,
and a propensity to develop precancerous lesions and subsequent skin cancer.
Anecdotally, people of skin of color tend to “age better” than their white counterparts.
At the same age, people with black skin are thought to have fewer wrinkles compared
to those with lighter skin.! Differences in the structure and physiology of skin of
color may account for observed differences in incidence and presentation of photo-
aging in people of color. In darker skin, the melanosomes are larger, more oval, and
nonaggregated and along with a higher total melanin content, may confer an
increased natural photoprotection from UV radiation.?

Studies exist to support the observation of decreased signs of aging in skin of
color; however, evidence is hampered by the multitude of confounding factors that
play a role in aging of the skin, including dietary intake and exposure to environ-
mental toxins, such as smoking. Indeed, the primary environmental insult to the
skin, UV radiation, is extremely difficult to match when studying different populations,
confounded by differing latitude and sun exposure habits.

Demographic changes in westernized countries, including increasing life span and
ethnic diversity, mean that photoaging in skin of color will become of greater relevance
to a larger segment of the population than ever before. The age of the population is
increasing rapidly. It is estimated that by the year 2040, over 30% of the US population
will be older than 55 years old, over twice the current level.* The American population
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classified as white will decrease from 75% to less than 50% by the year 2050,
Hispanics and Latinos will constitute 25%, African-Americans 14%, and Asians 8%
of the population.* This is likely to include a growing number of cosmetic concerns
associated with photoaging in people with darker skin, whose complaints will differ
from those of white patients. In general, white patients seek cosmetic procedures
most frequently to reduce the signs of aging, that is, wrinkles, whereas African-
Americans are more frequently concerned with dyschromic pigmentation.’

Habits such as sun-protective behavior may be culturally determined. What
constitutes beauty is influenced by ethnic and cultural patterns. In the 1920s, a
tanned complexion became desirable for white Caucasians but this trend did not
follow in all cultures. In fact, attempts to lighten the skin tone in Asia and Africa
has led to several cases of excessive use of inappropriate agents.® Asian women
often avoid sun exposure to achieve a pale complexion.” With diversification of the
American standard of beauty to include ethnic features comes a proliferation of
products and services marketed toward the ethnic population wishing to enhance,
not mask, these distinctive features.® Also differential skin care needs dictate pref-
erences for different vehicles across skin types among other parameters.’

Our knowledge of the process of photoaging in the skin has greatly expanded
with an intense interest in the area of prevention and treatment, not only for the
purposes of cosmesis but also in the development of skin cancer. In white skin,
wrinkling and telangiectasia are associated with increased risk of actinic keratosis
and nonmelanoma skin cancers (age adjusted odd ratio, 2-9) (Fig. 2.1).1%!2 The
presence of actinic keratoses is strongly associated with an increased risk of squamous
cell carcinoma (SCC).!* Skin cancer, although traditionally felt to be uncommon in
people of skin of color, has a distinctive pattern of expression in certain ethnic
groups. Risk factors associated with skin cancer are different in darker-skinned
individuals, and although UV radiation is not always implicated, it still plays a role
in many skin cancers seen, particularly in those with lighter complexions. The der-
matologist needs to be cognizant of these patterns, and study of the risk factors
associated with cancer development may lead to greater insights into the process of
carcinogenesis. Skin cancer, in particular melanoma, presents late in African-Americans
and Hispanics, who are less likely to perform self-skin examinations. !

Once melanoma is diagnosed in a patient or their family member, African-
Americans do not adopt significant sunscreen use, whereas Mexican Americans adopt
sunscreen habits similar to that of Caucasians (Summers and Cooper, in prepara-
tion). Thus, a concerted and ethnically tailored effort needs to be made to educate
people with skin of color on the prevention and detection of skin cancer.

2.2 Pathophysiology of Photoaging

Aging of the skin is a function of the combined effects of genetics and the environ-
ment. The most important environmental inducer of skin aging is UV radiation. The
main clinically relevant components, UVA and UVB, exert distinct effects on the
skin. The contribution of each to aging is the cause of much debate. Traditionally,
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Fig. 2.1 Actinic keratoses and nonmelanoma skin cancers on a Caucasian male who had signifi-
cant sun exposure in the past

UVA is felt to induce pigmentation and UVB causes sunburn predominantly but
both are involved in the production of reactive oxygen species (ROS) and cellular
damage. UVB absorption by DNA causes cross-linking of adjacent pyrimidines,
whereas UVA chromophores transfer energy to oxygen to generate ROS, which
oxidize cellular components including DNA, proteins, and lipids. UVB (290-
320 nm) penetrates the epidermis and induces in DNA damaging both the keratino-
cytes and the melanocytes, leading to the release of soluble products into the
dermis. UVA (320-400 nm) penetrates more deeply and has direct effects on both
the epidermis and the dermis. Given the known association between UVA and pig-
mentation, it may be theorized that UVA is an important factor in the dyschromia
associated with photoaging in skin of color.

Although chronological and photoaging produce a distinct clinical picture, the
two processes share many fundamental molecular pathways.!® Cellular changes
occur that alter the balance between synthesis and degradation of structural proteins
in the skin, reducing its strength and resiliency. UV radiation leads to a broad activa-
tion of cell surface growth factor and cytokine receptors, inducing many downstream
signaling pathways, which converge on the transcription factor AP-1. AP-1 regulates
the expression of many matrix metalloproteinases (MMPs) and type I procollagen.
Chronological aging is also associated with increased AP-1 activity, increased MMP
expression, impaired TGF- signaling, enhanced collagen degradation, and decreased
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collagen synthesis. In chronological aging, ROS are thought to cause an accumulation
of cellular damage. The production of ROS following UV irradiation of the skin has
been well documented and again intrinsic and photoaging converge to alter gene and
protein expression and function leading to the photoaged phenotype.

In skin of color, larger melanin granules are present throughout the epidermis
and thus impede the penetration of UV photons through to the nuclei of basal layer
keratinocytes and beyond. Only a small fraction of photons penetrates into the dermis
leading to connective tissue damage and vascular ectasia. It is perhaps this responsive,
labile nature of protective melanin production that can lead to dyschromia in these
skin types and indeed, pigmentary change is a documented feature of photoaged skin
in people of color. Increased levels of melanogenesis genes [e.g. tyrosinase (TYR),
dopachrome tautomerase] and alterations in the epidermal-melanin axis and Factor
XIIIa melanophages have been shown to be present in UV-induced solar lentigines
(“age” or “liver spots™).!>22

2.2.1 UV-Induced Damage to Cellular Genetic Components

DNA may directly absorb UVB, resulting in DNA photoproducts, cyclobutane
pyrimidine dimers, particularly thymine dimers and pyrimidine (4—6) pyrimidone
photoproducts. UVA can also generate thymine dimers.?*?* These DNA changes are
constantly repaired by nucleotide excision repair.”® Signature C to T and CC to TT
mutations occur in UV photodamage when repair is incomplete. ROS generated by
UV (see Sect. 2.2.5) also induce characteristic mutations through 8-hydroxygua-
nine, during replication G:C to T:A transversions, by pairing of adenine, instead of
cytosine.” These are primarily repaired by the base excision repair system. Dermal
fibroblasts in elderly subjects have been shown to have decreased transcripts of
DNA repair synthesis-related genes.”” This reduced capacity of DNA repair seen in
aging may be associated with accumulation of UV-induced abnormalities leading
to the photodamage phenotype.

If genomic damage is extensive, pS3 acting as “the guardian of the genome,” and
its associated proteins induce apoptosis of keratinocytes. p53 mutations may occur
following UV irradiation, thus this genome checkpoint is lost and clonal expansion
of irradiated, mutated keratinocytes may give rise to actinic keratoses.? If a second
p53 allele is mutated, SCC will arise. DNA photodamage is undoubtedly implicated
in skin carinogenesis, but it also triggers many molecular responses such as release
of cytokines, activation of inflammatory responses, apoptosis, and pigmentation
which contribute to clinically evident photoaging.

2.2.1.1 Telomeres

Telomeres are tandem repeats of a short sequence, accounting for several thousand
base pairs at the end of chromosomes.?’ They serve to protect regulatory sequences
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and proximal genes. They have been termed the cell’s “biological clock” preventing
indefinite serial divisions of cells and thus are likely to have an anticancer effect.*
Research over the last decade has established a central role for the telomere in
maintaining genomic integrity. Telomere disruption, whether due to acute DNA
damage or progressive telomere shortening, is the initial event that triggers multiple
DNA damage responses. Telomeres are normally in a loop configuration with the
double-stranded chromosome folded back on itself*! and the loop secured by
insertion of the 3’ overhang into the proximal double-stranded DNA where it is held
in place by binding proteins, notably telomere repeat factor 2.3> Acute DNA damage,
such as UV irradiation with production of photoproducts, distorts the telomere loop
and exposes the TTAGGG repeat sequence. Tandem repeats of TTAGGG can be
provided as a signal in the absence of DNA damage by exogenously provided
telomere homologue oligonucleotides, “T-oligos.”* Both cultured human
melanocytes and intact guinea pig skin have been shown to respond to thymidine
dinucleotide pTT (the thymine dimers that account for approximately 75% of all
UV-induced DNA damage) treatment with dramatic increases in melanin production,
precisely mimicking UV-induced tanning clinically and histologically.* pTT is able
to induce photoprotective tanning and increase DNA repair capacity at least in part
via the p53 signaling pathway.*® Treatment of mammalian cells with T-oligos also
initiates signaling through the ATM (ataxia telangiectasia-mutated), ATR (ATM-
related, Sickle cell), and/or DNA-PK kinases, which in turn activates p5S3 and other
effector proteins.* T-oligo treatment at low dose and/or short duration results in
reversible cell cycle arrest, often with evidence of adaptive differentiation, such as
enhanced melanogenesis in pigment cells, whereas higher doses or longer duration
of therapy may push cells to the same cell-type-specific biological endpoints of
apoptosis or senescence as observed after serial cell passage, acute DNA damage,
or experimental telomere loop disruption.*’

A Japanese study showed that telomere lengths in the epidermis and in the dermis
was reduced with age, and average telomere shortening rates in the epidermis and
in the dermis were 9 and 11 base pairs pear year, respectively. Unexpectedly, telomere
length was not significantly different between epidermis from sun-exposed sites
and from sun-protected sites, and hence, they were unable to show that telomere
shortening is associated with photoaging of the skin.*

2.2.1.2 Mitochondrial DNA

Mitochondria are the main energy source that generates ATP through oxidative
phosphorylation in mammalian cells.* The mitochondrial respiratory chain is the
major source of intracellular ROS and free radicals. Each mitochondrion contains
multiple copies of mitochondrial DNA (mtDNA), which codes for 13 polypeptides
which form the respiratory enzyme complexes required for normal functioning of
the oxidative phosphorylation system.*® A wide spectrum of alterations in the mito-
chondria and mtDNA is associated with chronological aging, including increased
production of ROS, accumulation of point mutations in mtDNA, decline in mitochondrial
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respiratory function, and so on. Photoaged skin has been shown to exhibit mutations
in mtDNA.*42 A common 4977 bp deletion has been shown to be increased by
tenfold in photoaged skin.* Repeated sublethal doses of UVA to cultured primary
human dermal fibroblasts have also been shown to induce mutations in mtDNA.*
In vivo studies have shown that 2 weeks of repeated UVA exposure leads to an
increase in the level of this common mutation by approximately 40% and that these
changes persisted for at least 16 months postirradiation.*> ROS induce further
mtDNA mutations exacerbating ROS production. This chronic cellular damage due
to mitochondrial dysfunction has been termed as the “defective powerhouse model”
with the formation of a vicious cycle of inadequate energy production and chronic
oxidative stress.*

2.2.2 Connective Tissue Remodeling

The hallmark changes that occur in photoaged skin are found in the connective tissue.
In photoaged skin, collagen fibrils are abnormal and elastotic material accumulates.*’
The dermis becomes strikingly filled with an amorphous mass of deranged elastic tissue
with a grenz zone in the superficial papillary dermis due to decreased volume of collagen
bundles. Collagen type I and III are reduced and elastin is increased.”®* Oxidative
stress results in a dose-related increase (up to 1.8-fold) in the level of elastin mRNA in
cultured human dermal fibroblasts, accounting for elastotic changes seen in the photo-
aged dermis.* In chronically photodamaged skin, collagen synthesis is downregulated
compared with photoprotected skin.’! This may be related to the fact that fibroblasts
from photoaged skin show less interaction with intact collagen.®> The induction of
MMPs has been shown to follow UV irradiation and is an important factor in the
observed connective tissue changes. MMPs are a group of zinc-dependent endopepti-
dases capable of degrading the extracellular framework of the skin. MMP-1 initiates
the cleavage of fibrillar collagen types I and III in the dermis, which is then further
degraded by MMP-2 and -9.% UVB has been shown to induce the production of MMP-
1, -3, -9 in normal human epidermis and UVA induces MMP-1 expression in dermal
fibroblasts.>*>5 Solar irradiation may exacerbate chronological aging by further
increasing elevated levels of MMPs in aged skin, confounded further by decreased
levels of tissue inhibitors of metalloproteases.* In vivo comparison between lightly
pigmented subjects and darkly pigmented subjects revealed that twice the UV expo-
sure in lightly skinned individuals produced only modest MMP-1 mRNA expression
induction and DNA photoproducts in the darkly pigmented group.”” Not unexpectedly,
DNA photoproducts in the lightly pigmented group were observed in cells throughout
the layers of the epidermis and in the upper dermis. Whereas, in the darkly pigmented
group, the modest level of increase in photoproducts was seen in the postmitotic cells
of the upper epidermis, owing to the attenuation of UV penetration by melanin.
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2.2.3 Vascular Changes

Clinically photoaged skin shows vascular changes in the form of telangiectasias,
whereas chronologically aged skin does not. Comparison of the photoaged, dermal
vasculature in different skin colors does not exist to date. A diminution of the cuta-
neous microvasculature occurs with age with a consequent decline in nutritional
support for older skin.**% Altered architecture of the dermal vascular plexus occurs
due to vascular obliteration in photoaged skin in contrast to intrinsically aged
skin.’®¢! In mildly photodamaged skin, there is thickening of the venule walls. In
the severe form, there is thinning of the vessel walls and perivascular veil cells are
reduced in number.®? In a study of Korean adults, it was shown that in photoaged
skin, there is a progressive loss of dermal blood vessels associated with a reduction
in vessel size, especially in the upper dermis, features that do not occur in sun-
protected skin.® Intrinsically aged skin did show significantly reduced average
vessel size, possibly accounting for the pallor, decreased temperature, and reduced
UV-induced erythema seen in aged skin.®

UVB radiation causes an acute upregulation of proangiogenic and proinflamma-
tory mediators, including vascular endothelial growth factor (VEGF), with
increased vascular permeability, activation of proteases, degradation of extracellular
matrix molecules, vascular proliferation, and influx of inflammatory cells. Several
angiogenic factors including VEGEF, basic fibroblast growth factor (b-FGF), and
interleukin-8 (IL-8) are upregulated after acute UVB irradiation of the skin.®% The
expression of the angiogenesis inhibitor, thrombospondin-1, is downregulated by
UVB irradiation, contributing to the angiogenic switch and the creation of a proan-
giogenic environment.®” Hence, it is felt that pro-angiogenic factors are involved in
acute and subacute UV damage and the absence of normally present angiogenesis
inhibitors results in enhanced dermal photodamage.%%

In transgenic mice that overexpress VEGF, a 10-week course of irradiation with
a subthreshold dose of UVB, resulted in the formation of cutaneous wrinkles and
in the classical features of chronically UVB-damaged skin.”” These features
included epidermal hyperplasia, degradation of collagen and elastic fibers within
the dermis, and inflammatory cell infiltration. Transgenic overexpression of throm-
bospondin 1 in the mouse epidermis reduced dermal damage, wrinkle formation,
and angiogenesis after chronic UVB irradiation.®

2.2.4 Chronic Inflammation

UV radiation is a potent inducer of the inflammatory response designed to protect
the skin from damage. Local defenses are brought into play, with the infiltration and
activation of myeloid monocytic cells and macrophages (Mphs), for the “cleanup”
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of UV-induced apoptotic cells and cells displaying photooxidation. However, the
immune system, the protector of the skin, may in actuality be promoting aging
through the generation of ROS and UV-induced immunosuppression.”! Chronic solar
damage may result in chronic infiltrates that derive from repeated cycles of leuko-
cytic infiltration after each acute exposure. Chronically sun-exposed skin contains
more infiltrating mononuclear cells than sun-protected skin.”> In contrast to the
infiltrate present in the skin shortly after acute UV, chronically sun-exposed dermis
shows an increased number of mast cells, Mphs, and CD4+ CD45RO+ T cells and
in sun-exposed epidermis, higher numbers of CD1a+ dendritic cells.”” The popula-
tion of cells that influx into skin 6-72 h post-UV irradiation of human skin are
myeloid monocytic cells, many of which undergo differentiation into activated
Mphs.”7 These cells are a major source of IL-10 but fail to secrete IL-12, and play
a critical role in the UV-induced immune suppression and tolerance,” including
migration to regional lymph nodes, where they modify the T-cell sensitization envi-
ronment by altering the cytokine milieu.” Activated Mph may be needed to phagocy-
tose UV-induced apoptotic cells, and their production of IL-10 may help to modulate
inflammation and prevent autoimmunity. These cells likely represent a blood-
derived population of newly infiltrating monocytic cells that undergo transient arrest
from dendritic cell differentiation with concomitant promotion of differentiation
toward phagocytic, activated Mph.””® When complement C3 is converted into iC3b, it
induces ligation of the monocytes’ $2-integrin receptors, thus, transforming CD11b+
monocytic cells into activated Mph with the consequent generation of MMPs and
ROS.* Langerhan’s cells (LCs) move to the draining lymph nodes immediately
following UV damage, but within a few hours, the main antigen presenting cell that
carries antigen to the draining lymph node is the tolerance-inducing, IL-10 high, IL-12
low, monocytic/macrophagic population that was activated through CD11b and
other UV-induced skin cytokines critical for immunosuppression, such as IL-6.768!
Although the immune system is poised to defend our skin from environmental
insults, cumulative damage occurs not only due the oxidative effects of UV but also
due to the oxidative milieu generated by inflammatory cells. Resultant immunosup-
pression may also contribute to the increased propensity of photoaged skin to
developed skin cancers due to decreased tumor surveillance.

2.2.5 Reactive Oxygen Species

ROS are implicated in the aging process and this fact has been utilized by the
cosmetic industry with the marketing of an array of antioxidant products aimed at
countering the effects of aging. ROS are highly reactive molecules that include
singlet oxygen (O,), superoxide (O,"), hydrogen peroxide (H,0,), and hydroxyl
radical (HO®). They strongly attract electrons from DNA, cell membranes, and
proteins, which leads to damage of those components. Protein, carbohydrate, lipid,
and DNA oxidation occur. Lipid peroxidation causes loss of integrity of the cellular
membrane with leakage of cellular components and ultimately cell death. The skin
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is particularly vulnerable to lipid damage, being rich in unsaturated fatty acids. The
damage done by free radicals contributes to aging. Both chronological and photo-
aging generate free radicals either through the process of oxidative metabolism or
through UV radiation.®? Additionally, the respiratory burst of infiltrating polymor-
phonuclear leucocytes and Mphs, following UV exposure, contributes to ROS
production. DNA damage can be incurred indirectly through the generation of
ROS, following either UVB or UVA, and this includes mtDNA mutations, generat-
ing a vicious cycle.*#

Repeated doses of UV radiation (UVA and UVB) to fibroblasts in culture causes
an increase in oxidized proteins, which has been shown to occur in vivo also. ROS
can modify proteins in tissue to form carbonyl derivatives.* These carbonyls accu-
mulate in the papillary dermis of photodamaged skin as demonstrated by increase
in oxidatively modified proteins in the skin, particularly the upper dermis, in skin
biopsies demonstrating solar elastosis.®> The proteosome is responsible for the deg-
radation of oxidized proteins in the cell and its function declines with age, resulting
in the accumulation of these oxidized proteins.

Proteomic profiles of immortalized kerationcytes in response to UV alone, dini-
trobenzenesulfonic acid (DNBS) alone, and combined exposures showed a marked
upregulation of memberane NOXS5 (a potent producer of ROS), redox proteins, and
cytosolic calmodulin (which functions as a switch in response to oxidative stress)
when cells were treated with the immunosuppressive sequence of UV followed by
an antigen (DNBS), but not with either agent alone.® These data are indicative of
overwhelmed oxidative defenses. Thus, further evidence that there are at least two
sources of ROS following exposure to UV irradiation: direct photon-induced ROS
from lipid and other macromolecule photophysical interactions, and keratinocyte or
fibroblast production of ROS.

2.2.6 UV-Induced Melanogenesis

Aging results in a decline in functional melanocytes in both the skin and the hair.
The number to dopa-positive melanoctyes decreases with age by approximately
10-20% per decade.’”#® The decrease in melanocytes occurs in both sun-exposed
and sun-protected areas. Paradoxically, pigmentation is a feature of chronically sun-
exposed skin, possibly explained by the greater functional activity in older melano-
cytes after years of cumulative sun exposure.® With long-term sun exposure, the
density of melanocytes increases and is about twice as high as sun-protected sites.®
UV induces pigmentation in the skin through a myriad of intracellular signals.
UV increases the transcription of the TYR gene and the function of MC1-R on
melanocytes. Keratinocyte and melanocyte proopiomelanocortin expression and its
derivative peptides are increased. A range of UV-induced cytokines are produced
by keratinocytes, including b-FGF, nerve growth factor, endothelin-1 (ET-1), and
the proopiomelanocortin-derived peptides, MSH, ACTD, 3-LPH, and B-endorphin.
These act to stimulate melanocyte mitosis, increase melanogenesis, enhance
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melanocyte dendricity, and prevent apoptosis.”® UV also induces nitric oxide pro-
duction and increases cGMP. Inflammatory mediators formed during UV exposure
such as leukotriene C1 stimulate growth of melanocytes and modifications in the
normal melanocyte phenotype.’! Telomere changes, as discussed in Sect. 2.2.1.1,
including selective excision of thymidine oligonucleotides during the repair of
UV-induced DNA photoproducts, have been shown to stimulate melanogenesis in
mammalian pigment cells and intact skin, mimicking the direct effect of UV.?? This
mechanism may be through the activation of p53 and protein kinase cascades.”>**

Interesting studies, documenting the expression profiles of solar lentigines, have
increased our insight into the changes in melanogenesis associated with photoaging.®
There is a twofold increase in TYR-positive cells per length of dermoepidermal
interface in solar lentigos compared to unaffected skin.!” ET-1 and stem cell factor
(SCF) are key regulators in the development of hyperpigmentation in solar lenti-
£0s.7%°7 Exposure to UV results in an increased secretion of ET-1 from keratinoc-
ytes, which stimulates melanin production by melanocytes, via signaling through
PKC and MAPK. SCF, which is also produced by keratinocytes, binds to c-kit
receptors on melanocytes and thus activates intrinsic tyrosine kinase activity.’®*
Keratinocytes in solar lentigos are able to produce significantly more ET-1 than
those in perilesional unaffected skin and ET receptor mRNA is increased in the
lentigo.!*1% The ET-1-inducible cytokine, tumor necrosis factor-a., is also consist-
ently upregulated in lesional solar lentigo epidermis.!® Solar lentigos have increased
transcript and protein levels of SCF in the epidermis, as the membrane-bound
form.? The number of melanophages in the dermis of solar lentigos has been
shown to be increased compared to unaffected skin.?!

Although UV increases expression of melanogenic genes similarly in skin of
different racial/ethnic groups,'” there are significant differences including melanin
redistribution, protection against DNA damage, and induction of apoptosis in
melanin-containing keratinocytes.!0%1%

2.3 Histological Features of Photoaged Skin

Distinct histological characteristics are evident in photoaged skin compared to skin
subject to chronological aging only.®® Most studies that have catalogued these dif-
ferences were done in white skin, where differences are most dramatic. In intrinsic
aging, there is both epidermal and dermal atrophy, with flattening (loss of undulation)
of the dermoepidermal junction. Epidermal atrophy occurs due to the reduction of
keratinocytes in the rete ridges, as well as melanocytes and LCs. Dermal atrophy is
attributed to loss of fibroblasts, elastic fibers, vasculature, and appendages. In adults,
the amount of collagen decreases by 1% per year due to decreased collagen synthesis
and increased collagenase mRNA.!%4195 A oss of elastic fibers occurs with fragmen-
tation of elastin fibers. The loss of skin appendages is due to a decrease in the
number of hair follicles and in eccrine and apocrine gland size. There is also a
decrease in the number of melanocytes in the hair bulb.
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In contrast to sun-protected epidermis, epidermal thickness is increased in sun-
exposed skin.! The stratum corneum of photodamaged skin is compact and lami-
nated.!”” The transition between the stratum lucidum and the stratum corneum is
often indistinct.!”” The stratum lucidum is thicker compared with normal epidermis,
with two or more cell layers. In the epidermis, there is increased cell heterogeneity,
vacuolization, dysplasia, and necrosis.!”” The epidermis contains intercellular and
intracellular vacuoles in the basal and spinous layers. Fewer LCs are present in
severely photodamaged skin compared with normal skin.'””

Increased collagen fragments are also a prominent feature in photodamaged
skin. Procollagen gene and protein expression are significantly reduced in the upper
one-third of the dermis, reflecting UV penetrance.* In photoaged dermis, large
quantities of abnormal, thickened, tangled, and nonfunctional elastic fibers are
seen, which eventually degenerate into a nonfibrous, amorphous mass, a finding
known histologically as solar elastosis.!®® In areas with enlarged, knotted, elastic
fibers and rounded elastotic masses, fragmentation of fibers is found. The lower
papillary and upper intermediate dermis of sun-exposed skin have numerous reticulin
fibers accompanying the fibers of the elastotic masses.

In regard to pigmentary changes, in both photoaged and normal skin, basal and
suprabasal keratinocytes contain more melanosomes.!®” In darkly pigmented areas
of the skin, melanosomes are present through all the cellular layers of the epidermis,
including corneocytes.'%’

Several investigators have evaluated the histological changes associated with
photodamaged skin in diverse racial groups, utilizing various techniques.!07-10%-112
A number of features that are found on skin biopsies of photodamaged white skin
are not present in black skin, reflecting the clinical phenotype. Asian skin with
actinic damage has more features in common with white skin, and in one study of
Asians from Thailand, similarities were noted between white and Asian skin.!'"* In
a small study of sun-exposed skin of 19 African-American and 19 white women,
it was reported that, after long-term sun exposure, striking racial differences are
present in the skin of whites and African-Americans.!'? The epidermis of African-
American skin showed only minor changes compared with the profound altera-
tions that occurred in white skin. The epidermis was entirely normal histologically
in most of the African-American women, with a limited few containing vacuoles
and with dyskeratosis in the malpighian layer. In contrast, white epidermis was
substantially altered, with many focal areas of atrophy and/or necrosis present.
Only one of the 19 African-American women had mild epidermal atrophy. In
unexposed skin, white and black, the stratum lucidum consisted of one or two thin
layers. In photodamaged white skin, the stratum lucidum had increased cell layers.
However, the stratum lucidum in African-American skin remained unaltered and
compact.

In this study, the entire epidermis of photoaged African-Americans contained
melanosomes in both the younger and older age groups. In white photodamaged
skin, only a few melanosomes were seen in the basal layer. Melanophages in
African-American photoaged dermis were more numerous and larger than that in
white dermis.
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African-American photoaged dermis contained close stacking of the small collagen
bundles, running parallel to the surface of the epidermis. In white skin, collagen
fibers were diffuse and many fragments were present in the dermal interstices.

Solar elastosis was not observed in the specimens of any of the African-
American subjects. In white skin, variable amounts of moderate-to-extensive elastosis
were observed with more elastic fibers in the dermis compared with African-
American skin. In the reticular dermis of older African-American subjects, there
was an increase in the number and thickness of elastic fibers. Thicker braid-like
configurations of elastin were seen in African-Americans over 50 years of age.

A study of photodamage in 61 Asian women of Thai descent, with skin type IV,
revealed epidermal atrophy, atypia, and dysplasia.''” Basal layer keratinocytes contained
dense clusters of highly melanized melanosomes. There was an overall increase in
melanin in the keratinocytes. Numerous large, melanophages were identified in the
dermis in most women. Moreover, marked elastosis presenting as twisted fibers in
various stages of amorphous degeneration were noted.

Although this data is useful, few large-scale studies have been done to assess these
histological differences and additionally, there is a complete lack of data in other ethnic
groups, that is those of Hispanic, Native American, Asian-Indian origin, etc, reflecting
the paucity of clinical data on the features of photoaging in other skin colors.

2.4 Clinical Features of Photoaged Skin

The changes that occur at a molecular and histological level, following chronic UV
exposure, are evidenced clinically by wrinkles and solar lentigines; these are accen-
tuated in the habitually exposed skin of the face and backs of the hands. The clinical
characteristics of photoaged skin are more pronounced compared with those
observed in intrinsic aging and as a result, the actinic changes are often of cosmetic
concern to many individuals. In intrinsic aging, the skin has a pale appearance with
fine wrinkling. This is due to the fact that the dermis thins by 20% with intrinsic
aging, with greatest thinning occurring after 70 years of age. °*!!* Melanocytes also
decrease during adulthood, with an estimated decrease of 10% per decade.*

All skin, including skin of color, is subject to the effects of intrinsic aging such
as thinning of the epidermis, flattening of the dermoepidermal junction, and reduc-
tion of extracellular matrix components.!'*!!5> The impact of chronic sun exposure
leading to photoaging, although attenuated in skin of color, undoubtedly contrib-
utes to the signs of aging, not only in subjects with white skin but also in Asian and
African-American subjects.!->110.116-119

Natural pigmentation of the skin influences the manifestations of photoaging.
The protective nature of melanin retards the photoaging process, with signs occur-
ring at a later age in African-American subjects than in white subjects.’ But it is this
responsive nature of the pigmentary system in people with skin of color that leads
to the manifestation of increased pigment irregularities in both black and Asian
subjects compared to white subjects."!"”:!"® In intrinsically aged skin, pigmentary
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changes are not prominent, compared with photoaged skin. UV is the classic envi-
ronmental agent that produces pigmentary abnormalities, whereas although pollution
and smoking contribute to aging; resulting in wrinkling, pigmentation is not a feature.
There are several different manifestations of pigmentary alterations associated with
photoaged skin. These include mottled hyperpigmentation, solar lentigines, diffuse
hyperpigmentation, pigmented seborrheic keratoses, and guttate hypopigmentation
(idiopathic guttate hypomelanosis).!?* There are differences in the presentation of
photodamage between and within racial groups, forming a spectrum of findings with
most changes seen in lighter-skinned individuals.

Coarse wrinkling occurs in photoexposed areas in skin of color. Matrix degrada-
tion triggered by solar radiation causes the wrinkled phenotype, including facial
wrinkles, and loss of volume with cheek sagging.’>2! Well-defined furrows occur
around the neck due to solar elastosis, a condition termed cutis rhomboidalis
nuchae.

Although skin cancer is less common in people of skin of color than in whites,
there is now a trend toward increased skin cancer rates in most ethnic groups. UV
radiation is often not implicated in patients of color presenting with SCC and
melanomas, as they tend to occur on nonexposed sites. However, UV is a definite
etiological factor in basal cell carcinomas (BCCs) in all ethnic groups and UV
becomes of increasing relevance, particularly in fair-skinned Asians and Hispanics
with actinic damage.'* Increased skin cancer rates can be attributed to childhood
sun exposure, increased outdoor recreational activities, and destruction of the ozone
layer. It is important to remember that people of color usually have higher morbidity
and mortality rates for several types of skin cancer as compared with their white
counterparts. This is probably secondary to late presentation and treatment and
clinicians should focus on preventative measures, screening, and earlier diagnosis
in these patients.

2.4.1 African-American Skin

Given the photoprotective effect of melanin, African-Americans display fewer
changes associated with photoaging than white individuals. On the average, five
times as much UV light (UVB and UVA) reaches the upper dermis of Caucasians
as reaches that of blacks.!”> Melanin acts as a neutral density filter, reducing all
wavelengths of light equally. The superior photoprotection of black epidermis is
due not only to increased melanin content but also to other factors related to pack-
aging and distribution of melanosomes. As a result of these qualities, the onset of
photoaging occurs at a later age in African-Americans compared to whites and may
not appear until the fifth or sixth decade.'® Nonetheless, photoaging is still seen,
especially in lighter-skinned individuals.'

The most frequently encountered manifestation of photoaging in African-
Americans includes fine wrinkling, skin textural changes, benign cutaneous
growths, and pigmentary abnormalities.!?



58 M. E. Bennett and K.D. Cooper

Fig. 2.2 82 year old African-American women with wrinkles on the forehead and neck and
prominence of the nasolabial folds, but lateral canthal wrinkles and fine wrinkling are not a fea-
ture. Some generalized hyperpigmentation of the face and neck is present with lighter pigmenta-
tion on the anterior chest secondary to photoprotection

Patterns of wrinkling have been shown to be somewhat different in African-
Americans, with wrinkling beside the lateral canthi of the eyes and at the corners of
the mouth occurring less often when compared to whites of a similar age (Fig. 2.2).!12
There is a slower loss of dermal volume in the facial skin of young and middle-aged
African-American women than in white women at that age, who tend to have more
prominent facial sagging (Fig. 2.3).'?

Pigment dyschromia is the most common reason for African-Americans to seek
cosmetic procedures.’ Pigment abnormalities due to actinic damage may present as
focal areas of hyperpigmentation, either mottled or more confluent, resulting in an
uneven skin tone, which is a common concern for African-American women. Solar
lentigines are not a feature of African-American photoaging in general but a diffuse
darkening of the facial skin can occur, compared with sun-protected areas.
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Fig. 2.3 Prominent wrinkling and sagging in a Caucasian woman who had significant sun exposure

Guttate hypomelanosis (also known as disseminate lenticular leukoderma) is
another clinical entity seen in photoaging in African-Americans, and is character-
ized by multiple, small, depigmented macules on the anterior surface of the legs,
lower abdomen, and arms (Fig. 2.4).1?*13 The macules are circular with well-
defined borders. The differential diagnosis in this group would include vitiligo.
Histologically, there is a decrease in pigment granules. Ultrastructural studies have
shown a loss of melanocytes lacking mature melanosomes.!?

Benign pigmented lesions are commonly found in skin of color patients, with
61% having ten or more seborrheic keratoses in one study.'?’ Seborrheic keratoses
can occur on sun-exposed as well as sun-protected areas and the reticulated sebor-
rheic keratosis is the form most often found on sun-exposed skin. These lesions are
papillomatous epithelial proliferations containing horn cysts without any tendency
toward malignancy. Seborrheic keratoses are less common in populations with dark
skin compared to those having white skin; however, black individuals develop a
variant of seborrheic keratoses termed dermatosis papulosa nigra. These lesions
affect the face, especially the upper cheeks and lateral orbital areas (malar regions),
as well as the neck (Fig. 2.5). They are small, pedunculated, and heavily pigmented
papules with a minimal keratotic element. The onset of these lesions generally is



Fig. 2.4 Idiopathic guttate hypomelanosis (depigmented macules) on the upper arm of an
African-American patient

Fig. 2.5 80 year old African American male with multiple seborrheic keratoses on photoexposed
areas, forming a pattern consistent with dermatitis papulosa nigra on the malar areas
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earlier than that of ordinary seborrheic keratoses, being present in about 5% of black
people in the tenth decade, rising to over 40% by the third.!?® These lesions appear
to be caused by a nevoid developmental defect of the pilosebaceous follicles.
Histologically, they show irregular acanthosis and hyperkeratosis.!?

The average natural sun-protective factor of African-American skin is approxi-
mately 13.4,'2 making sun-induced skin cancers less prevalent. SCC is the most
common cutaneous malignancy in African-Americans at 30% of total skin cancers in
this group.'*!?*B! SCC mostly occurs on sun-protected sites, anogenital areas, legs,
and feet suggesting distinct causative factors other than UV radiation, for instance
scarring or chronic inflammation often precedes SCC formation. 1612132136

The prevalence of BCC in African-Americans averages 1-2% per year.'?*!3
BCC is primarily related to long-term intensive UV exposure and this is the case
for all skin colors.'* Other risk factors in African-Americans include albinism,
scars, ulcers, chronic infections, sebaceous nevus, arsenic ingestion, immunosup-
pression, previous radiation, xeroderma pigmentosum, and trauma.'* Some studies
have shown an association with BCC in African-Americans with other malignancies.
Transurocanic acid, which is a photoreceptor in the skin, involved in UV immuno-
suppression, has been found to be at higher concentrations in African-Americans
and may, in part, explain the observed phenomenon of increased frequency of second
malignancies seen in patients with BCCs.!37 A subset of African Americans demon-
strate immunosuppression from UV exposure; these subjects correlate with those in
whom redness can be induced in the skin by UV exposure.'®® (Selgrade et al);
whether this trait correlates with cancer risk or photoaging risk is unknown.

Over 90% of melanomas occur in sun-exposed skin in the white population.'*
About 67% of melanomas in people of color arise in non-sun-exposed areas (i.e.
palmar, plantar, subungal, and mucosal) without exhibiting usual risk factors asso-
ciated in white people;'* therefore, UV radiation is felt to be less important as an
etiological agent in theses cases.'* African-Americans have an incidence of malignant
melanoma 5-18 times less than whites.'*® The acral lentiginous form of melanoma
was once thought to be found more commonly in African-Americans than whites,
but in more recent studies, there was no significant difference found.'*! Lenitigo
maligna melanoma is very rare in African-Americans, although it has been
described on the face.'*? Early detection and recognition are key steps in the
improvement of prognosis of African-Americans with melanoma.

2.4.2 Asian Skin

The population of Asia is more than half the total population of the Earth. The
people of Asia are primarily of Mongolian extraction, this includes the people of
China, Japan, and Korea. These three countries account for one-fourth of the
world’s population.'** For the purpose of clarity, the people of Central Asia and
India (who are Caucasian but with brown skin) and Pacific Islanders are excluded
from this discussion.



62 M. E. Bennett and K.D. Cooper

In contrast to other skin colors, there is substantial data on photoaging in Asians.
Many authors define pigmentary change as the primary manifestation of photodamage
in Asians, rather than wrinkles but more and more studies are also documenting the
presence and patterns of wrinkle formation.!*!4¢ Relative pigmentation between
subjects may be an important variable in the study of aging Asian skin. In a study
of 404 Chinese females, skin phototyping showed the predominant skin type to be
type III (71.4%), followed by type II and then type IV, but some studies in Asian
patients have shown that constitutive skin color does not always correlate with skin
response to UV radiation. 47148

In a study of 1,500 people from China, Indonesia, and Malaysia of skin types III
and IV, hyperpigmentation was found to be an early and prominent feature of pho-
toaging.'* Coarse and fine wrinkling came later and was more inconspicuous.
Wrinkling and dyspigmentation were the primary characteristics of photodamage
in 407 Koreans between the ages of 30 and 92 years.!'® Dyspigmentation was of
two types: hyperpigmented macules on sun-exposed skin and pigmented seborrheic
keratoses. In those over 60 years of age, seborrheic keratoses were more common
in men than women. Pigmented macules were more common in women at 50 years
and older. A direct correlation with UV irradiation was shown, with wrinkling
present in 19.2% of Koreans with a daily exposure of 1-2 h per day, compared with
64.6% of those that had more than 5 h per day. Smoking was also shown to multiply
this risk. In another study of Koreans (40-70 years of age), men were found to have
seborrheic keratoses on sun-exposed skin, with the majority on the face and dorsa
of hands and the prevalence increased with age. Both chronological aging and
cumulative sun exposure were independent variables for the development of sebor-
rheic keratoses.'* Figure 2.6 is an example of seborrheic keratoses on the neck of
an elderly Asian woman.

Comparing Japanese (n = 258) versus French (n = 280) women, pigment spots
were found to occur at higher grades and earlier in life in Japanese women than
French. However, wrinkles including expression lines on the forehead, frown lines,
crow’s feet, wrinkles under the eyes, and wrinkles on the upper lip were more pro-
nounced at an earlier age in French women than in Japanese women.'* Figure 2.7
shows some pigmentation and mild fine wrinkling on the cheek of an elderly Asian
woman.

Nonmelanoma skin cancer is relatively uncommon in Asians. The incidence of
BCC, SCC, and Bowen’s disease in the Japanese population in Kauai, Hawaii is 12, 4,
and 11 times lower, respectively. than whites in the area.'s' But those rates are at
least 45 times higher than for Japanese in Japan.'>! More intense UV radiation and
greater outdoor activities may account for this. The incidence of actinic keratoses,
a premalignant form of SCC, in Japan is approximately 414 per 100,000, with a
sharp increase from 1987 to 1996.'5'5* This may reflect a more westernized life-
style with vacations to sunny climates.'>! Suzuki et al found that the presence of
seborrheic keratoses may be a risk factor for actinic keratoses among Japanese.'*

The incidences of BCCs in Asians per 100,000 population have been reported as
follows: Chinese men (6.4), Chinese women (5.8), Japanese (15-16.5), Japanese
residents of Kauai, Hawaii (29.7), Japanese residents of Okinawa (26.1).15134157
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Fig. 2.6 Seborrheic keratoses on the neck of an elderly Asian woman

Fig. 2.7 Pigmentation and fine wrinkling on the cheek of an elderly Asian woman
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In Japan and Singapore, data suggest that there is an increasing trend in the incidence
of BCCs.15615813 Ap analysis in Singapore showed that fairer-skinned Chinese had
a twofold increased incidence of BCC compared with darker-skinned Malays and
Indian.!*® BCC occurs most often in persons after the fifth decade on sun-
exposed areas of the head and neck, regardless of the degree of pigmentation of the
skin.!61162 BCCs in Asians have been reported clinically to appear brown to glossy
black and have the so-called “black pearly” appearance, a characteristic clinical
feature of BCC in Asian races.!®!¢! Pigmentation is present in more than 50% of
BCCs in Japanese.!* In contrast, only 6% of BCCs in Caucasians are pigmented.'
In Asians, nodular BCC is the most common histopathological type of BCC.!6%16!

SCC is the second most common skin cancer in Chinese Asians and Japanese.!3!%
The incidence of SCC among Chinese Asians, which is reported to range from 2.6
to 2.9 per 100,000, has decreased 0.9% annually from 1968 to 1997.15¢

In Asians, the incidence of melanoma, is similar to those in African-Americans,
ranging form 0.5 to 1.5 per 100,000.%* Acral-lentiginous melanoma (ALM) is the
most common histological subtype in Asians.!* ALM represented 50% of melano-
mas in a study form Japan between 1987 and 1996.!%* However, there has been an
increase in superficial spreading melanoma in Japan, again in keeping with the
increased incidence of actinic keratoses and perhaps associated with vacationing
abroad and a tanning culture.!>!’

2.4.3 Hispanic Skin

The Hispanic population is the fastest growing minority in the USA. The nation’s
Hispanic population increased by 1.4 million to reach 45.5 million on July 1,
2007, totaling 15.1% of the estimated US population of 301.6 million.!®* With a
3.3% increase between in the preceding 12-month period, Hispanics were the
fastest-growing minority group. Hispanics and Latinos have a wide range of skin
phototypes and pigmentation due to their ancestral diversity. The term Hispanic is
considered as an ethnicity by the US Census Bureau, to identify people who indicate
that their origin is from a Spanish-speaking country. Their countries of origin
range from Mexico to South and Central America to Spain and the Caribbean
Islands of Peurto Rico, Dominican Republic, and Cuba. In some of these countries,
mestizos, persons of Native American and European ancestry predominate, whereas
mulattos, persons of African and European descant predominate in others. Given
the ancestral diversity and wide range of skin types in these patients, the study of
photoaging is difficult in this group. As a result, there is little published information
regarding photoaging in Hispanics. Halder and Ara observed that those who have
had many years of exposure during outdoor occupations can exhibit marked deep
wrinkling.""” Anecdotally, Hispanic people can develop seborrheic keratoses and
solar lentigines in sun-exposed sites, with lighter-skinned individuals at greatest risk
for the latter (Figures 2.8, 2.9).

The rising incidence of skin neoplasms in the Hispanic population has been
identified as an emerging concern. BCC is the most common skin cancer in
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Fig. 2.8 Hispanic woman with multiple solar lentigines on the face and dyspigmentation

Hispanics with an incidence of 113-171 per 100,000 in New Mexican Hispanics.'**
Pigmented BCCs are more common in Hispanics than non-Hispanics, which is
probably related to their darker skin color or possibly some genetic predisposition.'s3
SCC has a reported incidence of 21 per 100,000 in New Mexican Hispanics and
13.8-32.9 per 100,000 in Hispanic residents of southeastern Arizona.!'®® In some
provinces in Argentina, Chile, Mexico, Bolivia, and Peru, BCCs and SCCs are seen
in association with chronic arsenic exposure.'®’

The incidence of melanoma in Hispanics is three to seven times less than
whites.!* Malignant melanoma has been reported in both the Southeastern and
Southwestern Hispanic populations.'®®! Data from the California Cancer Registry
reported that rates of invasive melanoma have increased markedly among Hispanics
since 1988.!7° The incidence of melanoma in Puerto Ricans increased from 0.92 to
1.59 per 100,000 from 1977 to 1987." Light-skinned Hispanics do have a lower
incidence of melanoma, 4.3 compared with 20.8 per 100,000 white Caucasians.
However, sun protection advice is still imperative in the prevention of melanoma in
these individuals. Especially given the findings that Hispanic high school students
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Fig. 2.9 Hispanic man with some solar lentigines and textural changes. There is a small scar on
the right side of nose from a previous excision of a pigmented basal cell carcinoma

are 2.5 times more likely to use tanning beds, less likely to use sunscreen, and
unaware of skin self-examination compared to their white Caucasian peers.!”>!7

2.5 Prevention of Photoaging

2.5.1 Photoprotection

Protection from the sun at any age reduces the risk of actinic keratoses and SCC
and the progression of photoaging.!”*'7® However, BCC risk reduction is dependent
on reducing sun exposure during childhood.'” Prevention of photoaging involves
sun avoidance when possible, wearing protective clothing and daily use of sun-
screens. Patients should not only avoid excessive intermittent sun exposure, as in
intentional sunbathing, but also minimize the cumulative daily UV exposure.
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2.5.2 Sunscreens

There is evidence to suggest that, apart from a preventative role, sunscreens may
permit photodamaged skin to repair itself.!”® In animal studies, the use of sun-
screen led to the improvement of preexisting damage and prevention of further
changes induced by UV radiation.!”>!”® Histological features were stabilized in
patients following a 2-year application of sun protection factor (SPF) 29, con-
trasted with progressive changes in the placebo group.!’® The use of broad-spectrum
sunscreens for up to 4.5 years has been shown to reduce the incidence of actinic
keratoses by approximately 40% and SCC by 25%.'%"!3! The internationally recog-
nized standard of measuring the efficacy of sunscreen, the SPF, may be a poor
indicator of a sunscreen’s effectiveness in preventing photodamage. SPF is defined
as the minimal erythema dose ratio between sun-protected and -unprotected skin,
that is SPF 2 equals a 50% block, SPF 15 equals a 93% block, and SPF 45 equals
a 98% block. As UVB is 1,000 times more capable of inducing erythema than
UVA, SPF really reflects protection against UVB only. In vivo testing methods for
UVA exist but are cumbersome or impractical compared to UVB testing.
Immediate pigment darkening, persistent pigment darkening (PPD), and the pro-
tection factor in the UVA (PFA). IPD describes the immediate brown pigmentation
of the skin caused by oxidation of preformed melanosomes in the skin.'®? It can
only be tested in skin types III-V. PPD measures melanin photooxidation between
2 and 24 h postexposure and can be tested in skin types II-IV but exposure times
need to be prolonged (up to 1 h).!83 PFA measures either erythema or tanning
following UVA 24 h after exposure in skin types I-IV."® None of these tests indicate
the level of UV-induced immunosuppression.

Sunscreens can be classified as either chemical blockers, which absorb UV
radiation, or physical blockers, which reflect and scatter UV. Physical blockers such
as titanium dioxide and zinc oxide are effective against both UVB and UVA. These
sunscreens provide good protection but they are opaque and cosmetically unacceptable
to patients, especially those with skin of color. Most sunscreens are designed to prevent
UVB-induced sunburn. Sunscreen ingredients effective against UVB include cinnamtes,
PABA and esters, salicylates, and octocrylene. UVA chemical absorbers include
avobenzone, ecamsule, and oxybenzone. The use of sunscreens is not as prevalent in
those with skin of color compared to individuals with white skin, who are used to the
practice of sunscreen application often from early childhood. Reluctance to apply
sunscreen may be overcome by education on the merits of the prevention of photoaging
and with improved formulations for ease of use, and in those with lighter skin color,
an emphasis on skin cancer prevention becomes pertinent.

2.5.3 Antioxidants

Antioxidants have become very popular ingredients of cosmetic products that
claim anti-aging properties. The role of oxidative stress in aging and photodamage
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is well documented. The skin has intrinsic antioxidants to protect it from environ-
mental stressors including glutathione and ubiquinol and from the diet, vitamin C
and E.'"® Vitamin C has been shown to protect the skin against sunburn, delay the
onset of tumors in animals, and reduce photoaging.'3¢'* Vitamin E acts to prevent
lipid peroxidation, through scavenging by its constituent tocopherols and tocot-
rienols. Several studies have documented the photoprotective effects of vitamin
E in animals."*!*3 Plant antioxidants have also been studied including silymarin
(milk thistle extract), soy isoflavones (genistein, daidzein, etc.), and tea polyphe-
nols. The epicatechin derivatives, commonly called polyphenols, present in green
tea possess antioxidant, anti-inflammatory, and anticarcinogenic properties, specifically
epigallocatechin-3-gallate. Topical treatment or oral consumption of green tea
polyphenols inhibits chemical carcinogen- or UV radiation-induced skin
carcinogenesis in different laboratory animal models.!®> Treatment of epigallo-
catechin-3-gallate to human skin results in the inhibition of UVB-induced ery-
thema, oxidative stress, and infiltration of inflammatory leukocytes.!* In animal
models of photocarcinogenesis, and in some in vivo human studies, antioxidants show
photoprotection when given either systemically or topically, but their potential is
yet to be fully evaluated in human clinical trials.

2.6 Treatment of Photoaging

2.6.1 Hydroxy Acids

The alpha- and polyhydoroxy acids (AHAs, PHAs) are organic carboxylic acids
that cause exfoliation of the stratum corneum, as well as dermal changes. Many
nonprescription creams, that claim to reverse the signs of aging, contain hydroxyl
acids in low concentration (4—12%). In high concentrations, these agents are used
as chemical peels. Skin treated with hydroxyl acids is much more likely to burn
with exposure to UVB and concomitant sunscreen application is essential. Five
percent glycolic acid and 8% lactic acid cream for 5 months improved mottling and
roughness compared to placebo and sunscreen but did not improve wrinkles or
actinic keratoses.!*1% PHAs provide similar results to AHAs but cause less skin
irritation, and hence are better tolerated in treating patients with skin of color.!”

2.6.2 Retinoids

A large number of controlled clinical studies have been published demonstrating
that topical application of all-trans retinoic acid improves the appearance of photo-
aged skin.!?2% Retinoids (i.e. tretinoin, taxarotene, and adapalene) mediate cellular
responses primarily through the activation of nuclear retinoid receptors.'*® Tretinoin
and tazarotene are approved by the US Food and Drug Administration for the use
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of “palliation” of fine wrinkles and irregular pigmentation of photoaging. Tretinoin
has been extensively studied for the treatment of photodamage.!’® Photoaging amel-
ioration was assessed in Asian patients (n = 45), treated with tretinoin 0.1% or
vehicle for 40 weeks.?®! At the end of the treatment period, hyperpigmented lesions
on the face and hands were lighter or much lighter in 90% of the tretinoin group,
compared with 33% of the vehicle group. In a largely African-American group,
0.1% topical tretinoin improved postinflammatory hyperpigmentation.?®?

Tazarotene is a synthetic retinoid that mediates cell differentiation and prolif-
eration and it has been shown effective as a treatment for photodamage.?* The pen-
etration of UVB radiation in skin treated with topical retinoids is over 30% higher than
untreated skin, so care needs to be taken in photoprotecting these patients while on
treatment.?*

In general, retinoids are well tolerated in darker skin types; however, retinoid
dermatitis may cause postinflammatory hyperpigmentation. In addition, progressive
hyperpigmentation can occur with retinoids without any clinical evidence of irritation.

Vitamin A derivatives, such as retinol and retinaldehyde, are often found in over-the-
counter antiaging creams but little evidence exists for their efficacy in photoaging.'”

2.6.3 Skin-Lightening Agents

Skin-lightening (bleaching) agent use in people of skin of color is commonplace in
many patients, and is used for a variety of skin conditions including the hyperpigmenta-
tion associated with photodamage. Skin-lightening agents target several points of mela-
nogenesis at either inhibition of melanocyte stimulation (e.g. antioxidants,
anti-inflammatory agents), cell receptor antagonism (e.g. o-melanocyte-stimulating
hormone antagonists), inhibition of melanin synthesis enzymes [e.g. TYR, TRP
(tyrosinase-related protein)-1, TRP-2], inhibition of melanosome transport within the
melanocyte and transfer to the keratinocyte (e.g. PAR-2 antagonists), and activation of
melanin degradation within the keratinocyte (Table 1).2%° Agents such as hydroquinone,

Table 1 Molecular Targets of Skin-lightening Agents. Adapted from Ortonne at al, 2008 [203]

Molecular Targets Agents Used

Tyrosinase inhibition Hydroquinone, kojic acid, arbutin, ascorbic acid
(vitamin C), deoxyarbutin

Tyrosinase copper chelation Ellagic acid

Inhibition of tyrosinase glycosylation Glucosamine, N-acetyl glucosamine, tunicamycin

Melanosome transfer Niacinamide, protease inhibitors

Downregulation of tyrosinase Retinoid (trans-retinoic acid, retinol and its
esters, retinaldehyde)

Antioxidant Vitamin C compounds, vitamin E, sulthydryl
compounds

Anti-inflammatory agent Hydrocortisone, phytosterol, glycyrrhetinic acid

Increase epidermal turnover Retinoids, salicylic acid
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kojic acid, arbutin, ascorbic acid, ellagic acid, sulthydryl compounds, and resorcinols
are effective in interfering with TYR, the first enzyme in the conversion of tyrosine to
melanin. Hydroquinone is the most commonly employed topical agent for the treat-
ment of hyperpigmentation. A number of side effects are associated with its use,
including local irritation, contact dermatitis, and in particular in dark-skinned people,
exogenous ochronosis. This disorder is characterized by progressive sooty darkening
of the skin area in patients who have used high concentrations of hydroquinone for
many years. Often for better efficacy, hydroquinone is compounded into various mix-
tures for the treatment of hyperpigmentation, for example the ‘“Kligman formula”
contains 5% hydroquinone with 0.1% retinoic acid and 0.1% dexamethasone.

Many plant extracts are used for skin-lightening, as a “natural” alternative to
hydroquinone. These include arbutin, kojic acid, aloesin, flavonoids, hesperiden,
niacinamide, licorice extract, mulberry, polyphenols to name but a few.?® Azelaic
acid, derived from Pityrosporum ovale, is a weak inhibitor of TYR in vitro and
when it is prescribed topically as a 20% cream with glycolic acid (15% and 20%),
its efficacy has been compared with 4% hydroquinone in the treatment of facial
hyperpigmentation in dark-skinned patients. Kojic acid, a fungal metabolite, inhibits
the catecholase activity of TYR, and is used in concentrations ranging from 1% to
4%. It has been reported to have high sensitizing potential and may cause irritant
contact dermatitis.

2.6.4 Lasers

The treatment of hyperpigmentation with laser (light amplification by stimulated emis-
sion of radiation) techniques is a fast-growing field. Many lasers have the capability to
treat pigmentation of photoaging but not in all skin types. Inappropriate destruction of
melanocytes and postinflammatory hyperpigmentation remain an important problem
for darker skin types. Therefore, laser is used infrequently in darker skin types. The
superficially located melanin pigment in solar lentigines lends them to treatment with
the rapid-firing Q-switched lasers, ruby, alexandrite and Nd:YAG. Lentigines when
treated with Q-switched Alexandrite laser in patients with skin types IV resulted in no
hypo- or hyperpigmentation in one study.?”” In 34 Asian patients, solar lentigines were
treated with Versapulse Q-switched Nd-YAG 532 versus Versapulse long-pulse versus
conventional Q-switched Nd:YAG. A range of adverse events occurred including
hyperpigmentation, hypopigmentation, erythema, which tended to be more pro-
nounced with Versapulse Q-switched Nd:YAG 532.%% CO, and Er:YAG will treat both
wrinkles and pigmentary changes but are not appropriate for darker skin types with
risk of postinflammatory hyperpigmentation. When treating patients with laser, a test
spot should always be performed before a full treatment.

Intense pulsed light (IPL) uses high-intensity pulses of a broad wavelength
(515-1200 nm) of light to deliver energy to the skin. IPL has been employed for
lentigines and vascular lesions associated with photoaging. Photorejuventation was
conducted with IPL in Asian skin types IV-V, with 97 patients receiving 3—6 treatments
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using 550 and 570 nm filters.?” Treatment results were evaluated and rated by both
patients and physicians at the end of the third treatment based on improvement in
pigmentation, telangiectasia, and skin texture. A combined rating of “good” or
“excellent” was given to more than 90% of the patients for pigmentation, more than
83% for telangiectasia, and more than 65% for skin texture.?” Some inflammation
did occur but resolved without any postinflammatory hyperpigmentation.

In another study on Asian patients, IPL treatment of solar lentigines and ephelides
on the face, 48% of patients had more than 50% improvement and 20% had more
than 75% improvement, with small plaques of solar lentigines responded best.?!’
Adpverse effects of IPL treatment include pain, local irritation, and postinflamma-
tory hyperpigmentation. Further comparison studies of the laser treatments and
depigmenting agents will determine the optimal treatment for patients of varying
skin colors with hyperpigmentation.

2.6.5 Chemical Peels

Chemical peeling is used extensively in fair-skinned individuals for the treatment
of photoaging. The potential to cause postinflammatory hyperpigmentation and
scarring is a real risk in patients with skin of color. Deep peels are not suitable for
skin types IV-VI as they may lead to pigmentary changes and scarring. Patient
selection and counseling is important prior to utilizing a chemical peel. Solar lentigines
may be spot-peeled.

Superficial peeling agents (epidermis to upper papillary dermis) include trichlo-
roacetic acid 10-35%, glycolic acid solution 30-50% or glycolic gel 70%, salicylic
acid 20-30% in ethanol, Jessner’s solution. Medium depth peeling agents (epidermis
to upper reticular dermis) include TCA 50%, glycolic acid solution 70%, TCA 25%
and glycolic gel 70%, and Jessner’s solution with TCA.?!! Little data exists to support
the use of chemical peels for photoaging in skin of color and risks associated with
treatment may outweigh the benefits.

2.7 Conclusion

UV radiation is a potent inducer of multiple signaling cascades. Differences in the
pigmentary system associated with differing skin color can alter the impact of UV
on the skin. In skin of color, less wrinkling and laxity occur due to the protective
nature of melanin. However, the ability of dark skin to pigment is a double-edged
sword, with the development of significant dyschromia following chronic sun dam-
age in this population. Dyschromia in skin of color will be an increasing problem
presented to dermatologists, with the rapidly expansion of minority populations.
Our current armamentarium is insufficient to treat these conditions, often inducing
postinflammatory hyperpigmentation in darker skin types. Evolving technology
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and understanding of the pathophysiology of photoaging in skin of color will
undoubtedly expand our therapeutic and preventative options in these patients.
For migrant populations, the interaction of varying skin types with foreign envi-
ronments will be an increasing important phenomenon in the presentation of skin
diseases, with UV exposure at new latitudes altering their skin cancer risk. The
emerging increase in skin cancer in ethnic populations may reflect new cultural
habits and cumulative UV exposure. Photoaging, as part of the process of skin
carcinogenesis, is becoming increasingly relevant in patients with skin of color.
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Chapter 3
Endogenous Protection by Melanin

Bernhard Ortel, Mark Racz, Deborah Lang, and Pier G. Calzavara-Pinton

Melanin is the dominant skin pigment, and the intensity of pigmentation is a
conspicuous component of distinction between racially different human popu-
lations. Humans evolved in sub tropical Africa and constitutive pigmentation
was likely dark to protect from damage by intense sun exposure, a persistent
feature of highly melanized skin."* When descendants of these early humans
moved north, dark skinned people were at a disadvantage for vitamin D (ViD)
conversion and thus paler skinned descendants had a selective advantage in
moderate climates and far northern latitudes. At the same time, the loss of dark
pigment made these fair skinned people more prone to acute and chronic
adverse effects of sun exposure, such as sunburn and skin cancer.? This chapter
discusses the endogenous protection that epidermal pigment provides to
humans. The sole source of cutaneous melanin are melanocytes that reside in
the epidermis. They provide the surrounding keratinocytes with melanosomes,
specialized organelles that contain melanins. Darkness and hue of constitutive
pigmentation are not due to different densities of melanocytes but rather
caused by differences in size and distribution of melanosomes, the overall melanin
content of the epidermis and the relative amounts of eumelanin and pheomela-
nin. Although there is no doubt that melanin is protective from environmental
ultraviolet (UV) exposure, the mechanisms by which this happens are not com-
pletely clarified. In addition to constitutive differences, multiple exogenous and
endogenous agents modulate melanin pigmentation. This chapter will focus
primarily on those changes that are induced by UV radiation (UVR). However,
as will become evident, this approach does not lead to exclusion but rather to
the inclusion of other factors that regulate epidermal melanization.
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3.1 Melanocytes

The physiological activity of pigment production and distribution by the melano-
cyte is readily noticed by simple inspection. Therefore, aberrations in melanocyte
development and function have been noticed and documented since many years.*
The advent of modern biomolecular analysis has helped identify many mechanisms
that underlie ethnic and racial differences in pigmentation, as well as genetic and
acquired diseases that affect melanocytes.'> Conversely, the understanding of the
disease-associated defects has furthered our knowledge about the complex process
of melanization.® Well over a hundred genes have been identified that affect pig-
mentation. Half of them have been cloned and most have relevance for specific
human pigmentary disorders. All the functionally relevant mutations that are analo-
gous to those in human disorders have been described in inbred mice, which
received descriptive names matching the colors of their coats (e.g. silver, cappuc-
cino, mocha, sandy, leaden, and cocoa). This chapter will concentrate on melanin
pigmentation in human skin; however, recent reviews of the murine melanocytic
system are available for reference.”®

3.1.1 Development and Homeostasis

Melanocytes are derived from an embryonic tissue called the neural crest. The
neural crest consist of a highly plastic and migratory population of cells that arises
after the formation of the other dominant embryonic cell layers (ecto-, endo-, and
mesoderm). As embryogenesis progresses, the neural crest cells migrate to other
regions of the embryo where the primitive organs are developing (Fig. 3.1). The
melanocyte precursor cells migrate to populate numerous locations in the skin,
including the epidermis, dermis, and hair follicles. Immunohistochemistry and
electron microscopy have demonstrated melanocytes in fetal skin as early as in the
eighth week.” Once melanoblasts reach the epidermis and hair follicles, they estab-
lish a stem cell compartment from which the epidermal melanocytes are regener-
ated. The melanocyte stem cells reside in the lower bulge of the hair follicle, where
they have been identified by immunostaining for markers of early melanocyte
development, such as dopachrome tautomerase and PAX3. When melanocytes die,
cells from the stem cell population migrate from the bulge and replace them. In
vitiligo, where epidermal melanocytes are lost due to an autoimmune disease, rep-
igmentation in response to therapy occurs typically as centrifugal spread from fol-
licular openings, supporting the concept of repopulation from the follicular stem
cell compartment.

Melanocytes are also found in the eye, the inner ear, and the leptomeninges (Fig. 3.2).
This explains why disturbances of melanocytes and their precursors are not always
confined to the skin and its appendages. There are several transcription factors that
are essential for melanocyte development in the embryo. These include PAX3,
SOX10, and microphthalmia transcription factor (MITF).!** PAX3 is a transcription
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Fig. 3.1 The neural crest origin of melanoblasts. Immunostaining with an antibody against the
transcription factor Pax3 highlights multiple populations of cells in a cross section of a 12.5-day-
old mouse embryo. Neural crest (area 1) forms between the neural tube and the nonneural ectoderm.
Neural crest cells migrate both mediolaterally dorsal to the somites (area 1a) and dorsoventrally
(area 1b). The former population (area 1a) is generally restricted to the melanoblasts. Pax3 is also
expressed in nonneural crest populations, such as the dorsomedial neuronal cells (area 2) in the
neural tube (areas 3), the dorsal root ganglia (area 4), and the somite (area 5)

factor instrumental in the development of several cell types including melano-
cytes.'® The importance of PAX3 to the melanocyte population during development
is evident by the loss of hair and skin pigmentation in mice and humans with PAX3
gene mutations. PAX3 functions as a transcription factor in these melanoblasts by
regulating the expression of melanocyte-specific genes including MITF.'! The basic
helix-loop-helix leucine zipper transcription factor MITF is often referred to as a
“master regulator of melanocyte development” due to its function in regulating
several genes involved in melanocyte development, differentiation, and survival.'*
MITF directly activates several melanocyte-specific differentiation genes, includ-
ing TRP-1, TRP-2, and tyrosinase. Mutations in MITF lead to pigmentation defects
in the skin, as well as hearing defects due to a loss of pigment cells in the ear.!*
The promotion, survival, and migration of the neural crest-derived cells are sup-
ported by the expression of several receptors and the presence of their complemen-
tary ligands. These include components of the WNT signaling pathway, the KIT
tyrosine kinase receptor and its ligand SCF (stem cell factor, also known as steel
factor), and endothelin (ET) receptors and ligands. KIT and SCF play a role in



86 B. Ortel et al.

Fig. 3.2 Melanoblast migration. Originating from the neural crest, melanoblasts migrate to their
target destination in the eye, the inner ear, brain, and skin. Mutation in one of multiple molecules
that are important for melanoblast migration and melanocyte survival can lead to deficiencies in
each of the target structures. Clinically, the epidermal pigment deficiency is most conspicuous

melanogenesis, proliferation, migration, and survival.'® Humans with mutations in
KIT present with unpigmented patches of skin (Fig. 3.3). Similarly, the interaction
between the ET-3 and the ET receptor B results in maintenance of melanoblasts
as well as precursors of ganglion cells. Mutations in either of these molecules lead
to severe pigmentation defects in mice, and in humans they result in Waardenburg
syndrome IV, which is associated with megacolon.!” The four known subsets of
Waardenburg syndrome are associated with mutations in transcription factor genes
including PAX3, MITF, SOX10, and SLUG."® Depending on the ontogenetic role of
the defective molecule and its tissue specificity, a variety of associations are seen that
go beyond depigmented areas of skin, including deafness, heterochromia iridum
(Fig. 3.4), dystopia canthorum, upper limb hypoplasia, and megacolon.'®

3.1.2 Melanization

The melanocyte is the only source of melanin in human epidermis and its primary
role is to produce and distribute melanin. Melanization is the process of melanin
synthesis within the melanocytes and transfer to the keratinocytes of each epidermal
melanin unit. This functional unit consists of 1 melanocyte and 36 basal keratinocytes
that receive melanosomes through the dendrites of the melanocyte (Fig. 3.5).!° The
synthetic process is highly specialized and sequestered to melanosomes within the



Fig. 3.3 Localized melanocyte deficiency. These children were born with piebaldism, an autosomal
dominant disorder due to KIT tyrosine kinase gene mutations resulting in defective melanocyte
migration and development. (Images reproduced with permission by Dr. S. Stein, University of
Chicago, from the website http://dermatlas.bsd.uchicago.edu)

Fig. 3.4 Waardenburg syndrome is caused by genetic defects of one of several proteins (MITF, PAX-3,
SOX10, and others) that are involved in melanocyte development, resulting in patchy lack of pigmenta-
tion of skin and eyes as shown in two subjects. (a) Leukoderma on the face and heterochromia of the
left iris of an infant (Image reproduced with permission by Dr. S. Stein, University of Chicago, from
the website http://dermatlas.bsd.uchicago.edu); (b) Heterochromia iridum in an adult African-
American (Image courtesy of Dr. Reshma Haugen, Rush University). In Waardenburg syndrome,
multiple developmental defects of the nervous system may be associated with melanocyte defects
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Fig. 3.5 (a) The epidermal melanin unit is a functional grouping of one melanocyte and about 36
basal keratinocytes that are recipients of melanosome transfer from the melanocyte. (b) Matching
histological section stained with Mart-1 (melanocyte antigen recognized by T lymphocytes-1)
highlighting the melanocyte and its dendrites

melanocyte. This subcelluar compartmentalization prevents toxic intermediates of
melanin synthesis from causing unwanted toxicity to the melanocyte and provides
neatly packaged units of pigment for transfer to the keratinocytes.

3.1.2.1 Melanosome Formation

Melanocytes maintain a highly dynamic endosomal system to create cell-specific
lysosome-related organelles (LROs), the melanosomes. The melanization process
depends on the sequential delivery of structural proteins and melanogenic enzymes
to the melanosomes (Fig. 3.6). Melanosomes are recognized in four stages by their

ultrastructural features.?*?! Stage I melanosomes are spherical and contain intralu-
minal vesicles. Stage II melanosomes are oval and contain a fibrillary protein
structure. Stage III and IV show gradually increasing melanin deposition. Stage IV
melanosomes are opaque on electron microscopy and show minimal tyrosinase
activity, which is highest in stage III melanosomes.?> Pheomelanosomes retain a
spherical structure through all stages and are smaller than eumelanosomes.?
Melanosome maturation is regulated by timed targeting of proteins to this developing
organelle. The first component, PMEL (PMEL17, HMBA45, silver, GP100) forms
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Stage |
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Fig. 3.6 Melanosome maturation. Four stages of melanosomes differ in their ultrastructural mor-
phology and biochemistry. For details, see text. Figure adapted from Kushimoto et al*

the internal structure where the melanin polymers get deposited once tyrosinase and
related proteins have been imported.* In early endosomes, a proteolytic milieu
seems to dominate. This is important for PMEL processing in order to form the
internal fibrillar component of the melanosome. For the same reason, tyrosinase-related
proteins TRP-1 and TRP-2 (dopachrome tautomerase) are found in early melano-
somes in cleaved low molecular weight forms that are inactive.? Once the
melanosomes transition to stage II, proteolysis subsides and full-length enzymes
initiate melanin synthesis.?

The sequential delivery of melanosomal proteins is critical to the melanization
process. The analysis of genetic defects in Hermansky Pudlak syndrome (HPS) has
elucidated many of the steps involved in early melanosome formation.”> HPS is
inherited in an autosomal recessive manner and features pigment dilution in hair,
skin, and eyes. All eight currently known HPS subtypes have mutations in genes
encoding proteins involved in the function of LROs, including melanosomes.
HPS-2 has a defective adapter protein-3 that sorts tyrosinase and possibly other
melanogenic proteins to the melanosomes.® In the other HPS variants, components
of the biogenesis of lysosome-related organelles complex (BLOC-1, -2, -3) are
affected.® Depending on the specific gene product, additional features are associated
with the reduced pigmentation in HPS, such as excessive bleeding due to platelet
dysfunction, immunodeficiency, and compromise of the lungs, the GI tract, and the
kidneys.?® Another defect in lysosomal transport presenting with silvery hair and
reduced pigmentation is Chédiak-Higashi syndrome, where a gene defect in LYST
results in compromised fission and fusion of LROs. The molecular defect results
in giant melanosomes and enlarged granulocytic granules. Hypopigmentation,
immune dysfunction, bleeding diathesis, and neurological degeneration all result
from LRO compromise.?
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3.1.2.2 Melanin Synthesis

Melanin synthesis is initiated from L-phenylalanine or from L-tyrosine by hydroxylation
that results in the formation of L-dihydroxyphenylalanine (L-DOPA), a precursor
for both catecholamines and melanins.?! After oxidation to dopaquinone and
dopachrome, the synthetic pathways leading to eumelanin and pheomelanin
diverge. Eumelanins result from the formation of dihydroxyindole (DHI) and DHI
carbolic acid (DHICA), while pheomelanin is a polymer of L-DOPA condensation
products with cysteine (Fig. 3.7).2"*” Three structurally closely related enzymes,
tyrosinase, TRP-1 and TRP-2, are involved in melanin synthesis.?> These molecules
contain cysteine-rich regions and metal-binding domains.?® The catalytic domain of
tyrosinase contains six histidine residues that bind two copper atoms. An N-terminal
peptide signal mediates import into the endoplasmic reticulum where the proteins
are glycosylated. A C-terminal transmembrane fragment localizes tyrosinase to the
melanosomal membrane. Most of these features are shared by TRP-1 and TRP-2
including metal binding, with TRP-1 binding iron and TRP-2 containing zinc. Both
TRP-1 and TRP-2 modify, stabilize, and regulate the eumelanogenic process but
their exact roles are still being evaluated. There are additional proteins involved in
melanization, including peroxidase, PMEL, and catechol-O-methyltransferase.?
PMEL is rich in cysteine and histidine and catalyzes DHICA polymerization.*® It
forms a scaffold for melanin deposition and stabilization.”* Melanogenesis is
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Fig. 3.7 Biosynthesis of melanin. The two major forms of melanin are brown-black eumelanin
and orange pheomelanin. DOPA dihydroxyphenylalanine, DHI 5,6-dihydroxyindole, DHICA
5,6-dihydroxyindole-2-carboxylic acid
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affected by levels of glutathione oxidase and glutathione reductase that balance
glutathione levels, as well as catalase that controls HZO2 levels, the latter a potent
inhibitor of tyrosinase.’!

Eumelanins contain variable proportions of DHI and DHICA depending on its
source. Synthetic, enzymatically prepared melanins contain about 10% carboxylated
molecules, while natural melanins consist of up to 50% DHICA..*? There is no gen-
eral agreement on the secondary structure and higher organization of melanins that
in vivo are tightly associated with proteins, forming melanoproteins. One of the
reasons is that only harsh solubilization methods can be used for melanosome
extraction, but these break up the very structure that is the object of the study. Even
for synthetic melanins, the arrangement within the oligomers and larger aggregates
has not been resolved at this time. Moreover, synthetic melanins are in many ways
not a good substitute for the study of the naturally occurring polymer aggregates.
The planar structure of the primary molecules has led to the proposal of aggregates
of stacked oligomers that assemble in fibrillary structures.’®> Aggregates of the
fibrillary polymers form the melanin granules in the melanosomes (Fig. 3.8).3
Melanin remains an analytical challenge and an object of creative modeling.*
While eumelanins are dark brown (DHICA) or black (DHI), pheomelanin confers
an orange-red pigmentation that is dominant in Celtic skin types (phototype I).
The naturally occurring shades and variations of skin pigmentation are due in part
to variable contributions of eumelanins and pheomelanin.’® As mentioned above,
pheomelanin synthesis requires cysteine; however, it is not clear how cysteine
availability in melanosomes is regulated. The transformation of oxidized glutathione
(GSSG) to reduced glutathione (GSH) is crucial for the formation of glutathio-
nyldopa, a source of cysteinyldopa, and thus a starting point for pheomelanogene-
sis. Glutathione oxidase and reductase regulate the GSH levels. At low
concentrations of sulfhydryl compounds, the synthesis gets rerouted from phe-
omelanin to eumelanin formation.*’

The importance of the critical melanogenic proteins is highlighted by genetic
disorders. In different forms of albinism, pigmentation is absent or greatly reduced
because melaninogenesis is compromised by loss-of-function mutations in one of
the proteins involved in the melanization process. In oculocutaneus albinism
(OCA) types 1 and 3, tyrosinase and TRP-1 are defective, respectively, while in

Fig. 3.8 Current concepts of the macromolecular structure of melanin. DHI and DHICA (a, see
Fig. 3.7) form planar oligomers (b) that are stacked (c¢) and form filaments (d). These are
condensed into aggregates (e), which represent the granular subunits of melanosomes (f). Figure
adapted from Clancy and Simon**
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OCA2 and OCA4, two putative transmembrane transporter proteins, OCA2 and
MATP, are mutated.® It is unknown, by which mechanism the defective gene product
OAL1 affects melanogenesis in ocular albinism 1.

3.1.2.3 Melanosome Transfer

Once melanosomes have formed and are melanized, they are transported peripherally
through the branching extensions of the melanocyte known as dendrites. The
intradendrite movement requires actin filaments and microtubules and is mediated
through the interaction of three proteins, myosin Va, RAB27A, and melanophilin,
that bridge the melanosomes with the actin filaments.* The importance of the close
interaction of these three proteins is supported by the fact that mutations in any one
of these genes lead to Griscelli syndrome, presenting with pigmentary dilution and
silvery hair.3**° Depending on which protein is affected, neurological and hema-
tological abnormalities may be associated with the pigmentation defect.*’

When the melanosomes have reached the tips of the dendrites, they need to be
transferred to keratinocytes, a continuous and dynamic process. The ability of
keratinocytes to uptake the melanosomes is critical for successful particle transfer
as demonstrated by phagocytosis of latex particles by keratinocytes.*' Keratinocyte
growth factor (KGF) has been shown to activate the phagocytic activity of kerati-
nocytes and also to enhance melanosome transfer.*? In addition to the KGF receptor,
other signaling mechanisms, such as through the protease-activated receptor-2
(Par-2), have been identified that regulate constitutive and UVR-stimulated transfer
of melanosomes from melanocytes to keratinocytes.** Par-2 is thought to modify
the phagocytotic process involved in melanosome transfer.** Increased phagocytic
activity by keratinocytes has also been reported after their treatment with o-MSH.*
Melanosomes are distributed within the keratinocytes by intracellular trafficking
mechanisms in a predominantly supranuclear distribution (Fig. 3.11). During ter-
minal keratinocyte differentiation from basal cell to corneocyte, the melanosomes
are gradually lost. The process of melanosome degradation within the keratinocytes
has not been clarified but is most likely a phagolysosomal process.*#” In view of
the technical difficulties involved in the analysis of the macromolecular structure of
melanin, an understanding of its degradation would be helpful in developing novel
analytical approaches. Some authors suggest that melanosomes are gradually elimi-
nated by enzymatic degradation.*® Acid hydrolases have been proposed to act on the
protein component of melanosomes.* The degradation of the aromatic hydrocar-
bons constituting melanin may be mediated by NAPDH oxidase.*

3.2 Protection by Melanin

Melanin protects from acute and chronic effects of UVR. Skin phototyping itself
uses sun sensitivity and protective properties of melanin pigmentation as defining
criteria.’® Constitutively darker skin of phototypes I'V to V1 s less likely to burn after
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solar UV exposure, indicating an inherent protective effect of epidermal pigmenta-
tion. Protection from UV-induced erythema by melanin has been quantified for both
constitutive and UV-induced pigmentation. When erythemogenicity of broadband UV
was tested in different skin phototypes, darkly pigmented African-American skin
(skin phototype VI) had a protection factor of about 10-15 times that of individuals
with skin phototype 1552 In general, average minimum erythemal doses (MEDs)
are, over this tenfold range, directly correlated with skin phototype. However, there
are large variations between individuals that make MED values reasonable measures
of sun sensitivity, but poor predictors of skin type.”>>* While there are large differ-
ences in UV sensitivity between individuals of different constitutive pigmentation,
induction of melanization by UVR provides a relatively small protection factor. In
addition, different portions of the UV spectrum have different efficacies in inducing
protection from erythema. Broadband UVB induces a tan that provides a protection
factor of about 23,33 while a UVA-induced tan that is visually identical provides
a protection factor of only 1.3.5* When pigmentation was enhanced by pharmaco-
logical stimulation of the MCIR rather than by UV exposure, the protective effect
of melanin was shown by reduced epidermal keratinocyte apoptosis (sunburn cell
formation) after UV exposure.> In a similar investigation in mice, pigmentation was
induced using forskolin.’’ Protection was assessed by reduced epidermal DNA
damage and sunburn cell formation in forskolin-treated, hyperpigmented skin. A
different study comparing white and dark human skin after UV exposure demon-
strated protection from DNA damage by high constitutive melanin content of basal
keratinocytes and melanocytes.”® However, in dark skin, higher numbers of sun-
burn cells were registered, suggesting that melanin may be a photosensitizing agent
under specific conditions.>

The protection factors discussed above refer of course to erythemogenicity of
UV exposure only. It appears that the relative protection by dark pigmentation from
the effects of chronic UV exposure, such as skin cancer, is much better than these
values would indicate.*®! Epidemiological data support the protection by constitu-
tive pigmentation from UV-induced carcinogenicity. For example, there is a high
incidence of sun-induced skin cancers in black Africans with oculocutaneous
albinism,% while in their normally pigmented relatives, skin cancer is an extreme
rarity.® Similar evidence comes from the immigration of fair skinned individuals
from the British Islands to Australia with its high environmental UVR levels. This
skin phototype/solar UV exposure mismatch has resulted in extremely high rates of
skin cancer in the Australian population of Celtic origin.%® In contrast, the preva-
lence of skin cancer in the indigenous population of darkly pigmented aborigines is
low.%5 In addition to protection from photocarcinogenesis, constitutive pigmentation
appears to protect from UV-induced skin aging.®

This section cannot be concluded without mentioning one unwanted protective
effect of melanin, namely from UV-mediated ViD conversion in the skin.®’
The importance of ViD for calcium homeostasis and bone health is well-known.
The concept of ViD-mediated protection from malignancies has been put forward
many years ago, and epidemiological studies have demonstrated good supportive
evidence. A protective effect of higher ViD levels from internal cancers and even
myocardial infarction in prospective studies has been reported more recently.5®%
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3.2.1 Optical Properties

Two functions can be attributed to melanin — coloration and photoprotection.
Despite positive evidence of melanin protection, the mechanisms are not completely
understood. In contrast to most organic chromophores, which show distinctive peaks
(e.g. the absorption spectra of DNA, amino acids, flavins, and carotenes), eumelanin
in solution has a broadband monotonic absorption spectrum with a simple exponential
decrease from the UV to the visible range.”” This has resulted in the concept that
scattering is the dominant function of melanin.”" However, even in highly dilute,
nonturbid solutions of eumelanin, the monotonous absorption curve dominates,
which indicates an electronic effect at the molecular level.”” Over 99% of the radiative
energy absorbed by melanin is dissipated nonradiatively, creating heat. This is
important as melanin would otherwise cause potentially damaging photochemical
reactions.” These data have been also shown for pheomelanin.”

Even in solution under highly dilute conditions, scattering contributes to the
overall optical properties of melanin.”’ Melanin aggregates in the native intracellular
form and distribution scatter and thus attenuate incident radiation even more
efficiently. This can be visualized using confocal laser scanning microscopy.
In reflectance mode, this modality is based on single backscattering, and the optical
properties of large melanin complexes support scattering as an important function
of melanosomes in human epidermis.™ In this setting, a focused laser beam scans
a horizontal plane in the skin and the backscattered light is collected confocally,
thus creating an optical section. Webb’s group demonstrated that melanosomes are
an excellent contrast agent for confocal microscopy.” Figure 3.9 illustrates this fact
by comparing horizontal sections through the suprapapillary epidermis and at the
midpapillary level in the skin of a phototype I and a phototype V person.’”” The
volunteer with dark Asian skin showed an intense signal from the suprapapillary
epidermis (Fig. 3.9b) and the basal layer surrounding the dermal papillae (Fig.
3.9d), while light European skin showed, at best, very weak contrast at either imaging
level (Fig. 3.9a, c). The strong signal from the pigment-rich epidermal keratinocytes
in Fig. 3.9b and d proves the high optical activity of melanosomes in the far-red spec-
trum, where melanin absorption is relatively low compared to the UV and short-
wave visible range.” These images and data support a model where both absorption
and scattering contribute in vivo to the attenuation of incident UVR, which results
in the protection provided by melanin. Absorption still plays a dominant role, allow-
ing for melanin-targeted laser therapies such as hair removal. In addition to its
optical properties, melanin confers protection by other mechanisms.

3.2.2 Redox Properties

Eumelanin has the ability to reduce and oxidize other molecules due to the redox
properties of its monomeric building blocks, namely DHI and DHICA, as well as
their semiquinone and fully oxidized quinone forms.”” Pheomelanin has analogous
components that undergo stepwise oxidation. These individual components, such as
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Fig. 3.9 Reflectance-mode confocal microscopy (RCM) allows noninvasive optical sectioning of
the skin with melanin as the dominant endogenous contrast. (a, ¢) RCM horizontal sections of
normal skin on the inner forearm of an individual with skin phototype I. Note the overall lack of
contrast. (a) Polygonal keratinocytes (arrows) at the level of the basal layer. Keratinocytes are seen
arranged in a honeycomb pattern interrupted by skin folds (asterisks). (¢) Dermal papillary rings
(arrows) at the level of the superficial dermoepidermal junction. (b, d) RCM images of normal
skin on the inner forearm of an individual with skin phototype V. Note the heightened contrast due
to constitutive melanin pigmentation; (b) pigmented keratinocytes (yellow arrows) located above
dermal papillae (white arrow) at the level of the basal layer; (d) dermal papillae (yellow arrows)
brightly refractile at the level of dermoepidermal junction. Hair follicle (yellow asterisk) and skin
folds (white asterisks) can be seen. (Images courtesy of Dr. Salvador Gonzalez, Memorial Sloan
Kettering Cancer Center, New York)”®

free semiquinones, are unstable and react readily with other molecules, but within
the melanin oligomers and complexes, this reactivity is reduced, likely through
intramolecular interactions and steric hindrance.” Synthetic polymers of eumelanin
and pheomelanin can act as scavengers for oxidizing as well as reducing radicals
with high efficiency.” The significance of this ability of melanin to protect from free
radical damage is unknown. It is conceivable that some cells for example postmitotic
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retinal pigment epithelium cells, need this property as a defense mechanism, because
they perform their function under the constant threat of oxidative stress. It has been
demonstrated that melanin in retinal pigment epithelium cells is able to quench reac-
tive oxygen species. Although cutaneous melanocytes have a nearby follicular res-
ervoir of stem cell reserves, they are also continuously exposed to oxidative stress
and likely remain active in a postmitotic state for a long time. It has been shown that
through radical scavenging by pheomelanin, reactive oxygen species, such as super-
oxide anion and hydrogen peroxide, may be formed within the cell and may become
cytotoxic.® However, it is not clear that these findings are relevant in vivo.

It appears that melanin protects the function and genetic integrity of cells by a syn-
ergism of two mechanisms, namely scattering and absorption of photons and by
scavenging toxic radicals, including those created by UVR exposure. Melanosomes
are recognized as highly absorbing targets for a broad spectrum of radiant energy,
with almost complete conversion of the light energy to heat. This creates both
opportunities and obstacles for light-based therapeutic interventions. For example,
eumelanin in the hair follicle makes black hair the best target for laser hair removal,
while dark skin is most susceptible to the associated unwanted laser effects on the
epidermis.

3.3 Regulation of Melanocyte Function

Melanocyte activity affects the pigmentary skin phenotype by contributions from
total melanin, its components (eumelanin/pheomelanin), and its distribution in the
skin. The stimulatory effect of pituitary hormones on amphibian melanophores has
been known for about a century, when pituitary extracts darkened tadpoles. Later
on, adrenocorticotropic hormone (ACTH) and a-melanocyte-stimulating hormone
(a-MSH) were identified as the responsible agents in the pituitary extracts. ACTH
and a-MSH were shown to increase pigmentation in human skin as well.3! These
hormones act through a specific receptor molecule, the melanocortin 1 receptor
(MCI1R) that is mainly expressed on melanocytes.®? There are a total of five MCRs,
but only MCI1R plays a role in the regulation of pigmentation. MCI1R is a member
of the G—protein-coupled receptor family and has seven transmembrane domains.®?
The physiological ligands of the MC1R, a.-MSH and ACTH are both derived from
proopiomelanocortin (POMC) by proteolysis.®* MCIR activation causes increased
cAMP levels and signaling that results in increased melanosome formation and a
shift to eumelanin synthesis.®> The transcription factor MITF plays a central role
not only during development (see above) but also in mediating melanogenic signals.
MITF provides positive transcriptional regulation of tyrosinase, TRP-1 and TRP-
2, as well as of MCIR.}#8 Agents that increase cAMP, such as forskolin, have
shown strong melanogenic potential in vitro and in vivo, which supports the criti-
cal role of cAMP in melanogenesis. It was even shown that forskolin could stimu-
late melanogenesis in mice that were deficient in a-MSH signaling, while UV
exposures failed to induce pigmentation.”” Increased cAMP levels also lead to an
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increase in MC1R expression, thus likely increasing the responsiveness of the cell to
external stimuli. Additional signals have been shown to modulate MCIR expres-
sion in cultured melanocytes, with upregulation by a-MSH, ET-1, basic fibroblast
growth factor (bFGF), and B-estradiol.* MCIR exhibits considerable constitutive
activity that can be downregulated by its antagonistic ligand, the agouti signaling
protein (ASIP). The exact role of ASIP in humans, however, has not been clarified.
It has been shown though that ASIP binding by MCIR blocks the stimulatory
effect of a-MSH and even forskolin,” and leads to preferential pheomelanin syn-
thesis over eumelanin production.’!

Although the pituitary gland is the primary source of a-MSH and ACTH, local-
ized release of mediators is likely to be more important for the regulation of mela-
nin synthesis. Epidermal keratinocytes have been shown to have a high secretory
capacity and are the source of multiple mediators that regulate melanocyte biology
(Fig. 3.10). The MC1R-mediated pathway has been discussed above. The importance
of this interaction between keratinocytes and melanocytes was illustrated in a study
that showed that cocultures had much higher a-MSH levels than cultures of kerati-
nocytes or melanocytes alone.* Additional signaling pathways include the steel
factor binding to KIT, and ligand receptor interaction for bFGF, ET-1, GM-CSF,
and prostaglandins.” Using their respective downstream pathways, these exogenous
signals modulate melanocyte proliferation, differentiation, and survival, as well as
dendrite formation and melanogenesis (Fig. 3.10). The effects are partially
regulated through induction of MCIR expression by some of these signals, as
discussed above. Most of the pathways are modulated by exposure to UVR.*

The MCI1R gene is unusually polymorphic, and many functionally relevant natu-
ral variants have been described. In mice, specific genetic variants have been linked
to altered coat color.”* In humans, certain genetic variants were found to confer a
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Fig. 3.10 Stimulation of a melanocyte by a keratinocyte through multiple mediators. Figure
modified from Hirobe*
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phenotype consisting of sun sensitivity, red hair color, freckling, and increased skin
cancer risk.”> Such mutations may be associated with reduced MCIR affinity for
melanocortins or with diminished downstream coupling to adenylate cyclase.”
Interestingly, MC1R gene variations may also confer melanoma risk independently
of the red hair phenotype.”” A novel aspect of MC1R polymorphism is its apparent
effect on cutaneous sensitivity to psoralen phototoxicity.”® These findings empha-
size the central role of the interaction between o-MSH and MC1R, the downstream
signal, c-AMP, and MITF for the maintenance of proper melanocyte function and
epidermal protection.

3.3.1 UVR Effects on Pigmentation

With or without preceding sunburn, the UV portion of the solar spectrum can cause
an increase in melanin formation, resulting in the delayed tanning response. Both
erythemal and melanogenic responses depend on constitutive pigmentation, with
baseline darker skin tanning more easily and at nonerythemogenic exposure lev-
els.”1% However, there is evidence that melanogenesis does not correlate in the same
way with constitutive pigmentation in East Asians.!®1% At the clinical level, in
response to UVR exposure in the range of one MED, pigmentation appears after 3—5
days and is often evaluated at 7 days. Although a tan may be visible in many subjects,
the absolute increase of epidermal melanin is not dramatic. Even repeated exposures
over a 3 week period do not lead to a large increase in cutaneous melanin content. As
mentioned above, UV-induced melanogensis does not provide a high protection fac-
tor. That UV-induced tanning still confers significant protection is based on the redis-
tribution of melanosomes within the epidermis and the epidermal keratinocytes.'*
Investigative reports over the last few years have helped to elucidate the mechanisms
that are involved in UV-dependent enhancement of epidermal pigmentation. Most
UV-induced skin responses are tightly associated with UV-induced DNA lesions.
The dominant UV photoproduct, the cyclobutane pyrimidine dimer, has been studied
most extensively and has been linked to short-term UV effects, such as erythema,'*
as well as to long-term consequences of UV exposure, such as carcinogenesis.!®®
Tanning is no exception and has been first tightly associated with DNA damage by
work from Gilchrest’s group.'%!%” They demonstrated that a variety of treatments
that produce small DNA fragments cause increased melanogenesis. These include
UV exposure, exogenous restriction enzyme treatment, and chemotherapy with
alkylating agents that result in enzymatic DNA repair. The investigators concluded
that thymidine dimers that are released by excision repair after UV exposure are likely
the molecular mediators of the UV-dependent tanning response. Interestingly, upreg-
ulation of tyrosinase mRNA was observed after UV exposure.'® Additional support
for the connection between UV-induced DNA damage and tanning came from a
report by Nylander et al who showed transactivation of tyrosinase and TRP-1 promot-
ers by p53, thus identifying TRP-1 and tyrosinase as potentially p53-responsive
genes.'® Other evidence from Gilchrest’s group also supported involvement of p53
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in tyrosinase regulation and showed that the melanogenic response to thymidine
dimers and dinucleotides depended on p53 activation.'® Most recently, a connection
was made between DNA damage-induced p53 activation and melanogenesis by
showing potent stimulation of the POMC promoter by p53.!"° As described above,
POMC is the source of a-MSH, ACTH, and B-endorphin, and the melanogenic
response depends strongly on MCIR activation by a-MSH. The synopsis of these
reports creates a scenario where DNA damage and its repair are tightly linked to
the induction of melanogenesis through p53 induction. As o-MSH has been
shown to protect melanocytes and keratinocytes from UVR-induced apoptosis at
least in part by enhancing DNA repair,'''!!? the increased repair activity may
contribute to enhanced melanogenesis through the p53-linked pathway. Also, treatment
of keratinocytes with forskolin, an inducer of cAMP, increases DNA repair and protects
cells from apoptosis independently of melanization.!"* These data also emphasize
the central role of a-MSH in enhancement of eumelanogenesis and DNA repair
while reducing apoptosis. Thus, a-MSH critically supports the survival and genetic
stability of the epidermal melanocyte®® and basal keratinocytes.**!!! The current data
also allow for the possibility that the increased melanoma risk associated with a phenotype
of sun sensitivity, red hair, and freckling, and a variant of MCIR, leads to increased
melanoma risk not only because of lack of eumelanin formation but also because of
a deficiency in DNA repair mechanisms.

Although a-MSH and its effects on MCIR signaling play a central role in the
melanogenic response after UVR exposure, other signals have been demonstrated
to stimulate epidermal pigmentation. UV exposure can reduce GSH levels, which
results in reduced pheomelanin synthesis favoring eumelanin production. Also,
Par-2 expression is upregulated after UV exposure and has been already described
in association with melanosome transfer.!'* Keratinocyte phagocytosis of latex
beads and melanosomes is increased by UV exposure and by exposure to a-MSH.%
KGF promotes the transfer of melanosomes to keratinocytes, and UV exposure has
been shown to activate the KGF receptor on keratinocytes.'

Because of chronic stimulation of UV-inducible mechanisms, chronically
sun-exposed epidermis contains higher numbers of melanocytes and greater melanin
levels than unexposed skin independent of ethnic variations in skin color.*
However, there is a continuous loss of epidermal melanocytes with increasing age
at a rate of about 10% per decade.!15!"7

3.4 Racial Differences in Pigmentation

The density of melanocytes differs from one anatomic region to another. It is also
affected by age, resulting in a steady decline. Chronic solar UV exposure lead to a
doubling of melanocyte numbers in sun-exposed areas.!'®!!8 Compared to these
differences, there is much less variation between light and dark skinned individu-
als when quantifying melanocytes in the same location.*® A recent report even sug-
gests that light European skin has relatively higher numbers of melanocytes than that
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of more darkly pigmented ethnic groups''; however, this is not a consistent finding.'?
This emphasizes that the density of melanocytes is not a major determinant of
the degree of different pigmentation between ethnicities.

The overall melanin content is clearly an important factor in epidermal pigmentation.
Chemical quantification of melanin showed about twice the amount of pigment
in dark African compared to European skin.* In tissue culture, up to fourfold dif-
ferences between light and dark skin-derived melanocytes have been reported.”
Consistently, the amounts of the melanogenic proteins tyrosinase, TRP-1 and TRP-
2, are low in light skin-derived melanocytes and high in cells from skin with dark
constitutive pigmentation.'?! In addition to the total epidermal melanin content, the
relative contributions from eumelanin and pheomelanin were found to impact skin
color. While in black African skin, less than 15% of the pigment was alkali-soluble
pheomelanin, European skin contained an average of 40%.3¢ Chinese, Mexican, and
Indian individuals had graded values of alkali-soluble pheomelanin between 15%
and 40%.* Objective optical measurements of skin color may be applied to distin-
guish constitutive ethnic skin differences, and have been shown to correlate with
skin phototyping and MED 52122123

When keratinocytes from European and Asian individuals were analyzed
ultrastructurally, they were found to contain membrane-bound aggregates of multi-
ple smaller melanosomes.'?*!2> In contrast, melanosomes in dark African skin were
larger and individually dispersed in the keratinocytes.' Keratinocytes of dark skin
contain almost exclusively stage IV melanosomes, while lightly pigmented skin
may have a mixture of different melanosomes with earlier stages.'?® Therefore, it
appears that the size of the organelles, their maturation, and spatial arrangement are
more important determinants of ethnic skin color differences than melanocyte den-
sity. Keratinocytes themselves play an important role in the transfer of melano-
somes from the melanocytes, their distribution, and packaging.'”” Par-2, which has
been described above for its role in melanosome transfer, is expressed on keratino-
cytes but not in melanocytes.!?® Par-2 is activated by trypsin, and higher levels of
both trypsin and Par-2 are found in keratinocytes of dark skinned individuals.'® To
analyze which cell type contributes the ethnic component of epidermal pigment
distribution, Yoshida et al grafted mixtures of keratinocytes and melanocytes from
ethnically different donor skin types in chambers on the backs of immunodeficient
mice.'* In this experimental setting, the epidermal melanin content and maturation
of melanosomes were significantly higher in combinations of dark skin-derived
keratinocytes independently of the source of melanocytes. Emphasizing the role of
keratinocytes in melanosome distribution, the ratio of individual to clustered
melanosomes was also increased in recipient keratinocytes derived from dark
skin.!3® This report supports the concept that keratinocytes make a significant con-
tribution to the “ethnicity” of epidermal pigmentation.

When analyzing proteins involved in melanogenesis, no variation of tyrosinase
levels but significantly higher expression of TRP-1 was seen in darkly pigmented
African and Asian skin.!® Although the function of TRP-1 is not completely under-
stood, it is involved in regulation of melanogenesis and appears to modulate
melanosome maturation. It may also determine ethnical differences in melanosome
SiZe.”g’Bl
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As mentioned initially, the central African origin of our common ancestry was
associated with dark constitutive pigmentation. Mutations of critical steps in melanization
result mostly in loss or profound dilution of pigmentation but not in natural variations
of skin color. MCIR and its antagonistic ligand ASIP are important in regulating
pheomelanin production, an important component of skin tone. A number of
recent population-based studies tried to pinpoint additional genes that are involved in
creating physiological shades of skin pigmentation.>!**!33 They all came to similar
conclusions and found polymorphisms in ASIP and OCA2 (a protein likely regulat-
ing melanosomal pH) that are involved in determining light and dark pigmentation in
all populations. SLC24A5, a melanosomal calcium transporter, tyrosinase, and MATP,
which is critical in tyrosinase trafficking and processing, likely played a role in the
evolution of light European but not light Asian skin.>!32!** These data support a role
for these genes in modulation of skin color, but also support evolutionary concepts of
the development of lighter, less sun-protective skin pigmentation. In addition to these
melanogenesis-related genes, other genetic traits that determine hair and skin color
have been described.'* Besides melanin, other chromophores, such as hemoglobin
and carotenes, may contribute to skin color. These, however, have little if any influ-
ence on ethnic skin color differences and are not included in this analysis.

Several microscopic images were included to illustrate racial differences in
epidermal melanin pigmentation. Figure 3.11a—c shows vertical sections of skin of

Fig. 3.11 Photomicrographs of age-matched human skin from three different skin phototypes.
(a, d) European skin, (b, e) Chinese skin, and (¢, f) African-American skin. The top row displays
vertical sections stained with H&E, the bottom row has corresponding sections stained with the
Fontana-Masson stain that highlights melanin pigment. Note the concentration of melanin gran-
ules in a cap-like distribution above the cell nuclei
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Fig. 3.12 These sections of (a) light European and (b) dark African-American skin highlight
melanocytes in the basal layer of the epidermis using immunohistochemistry. An antibody against
MART-1 is visualized with a red chromogen. The melanocyte density is slightly higher in (a). The
dendrites of the melanocytes are stained and can be seen branching between the keratinocytes

racially different young adults stained by hematoxylin and eosin (H&E). All sections
show brown pigment in the basal layers and variable amounts in the spinous layer.
Visualization of melanin can be enhanced with the Fontana-Masson stain (Fig. 3.11d-f).
Using this method, each melanin granule becomes a nidus for the reduction of a silver
salt solution forming microscopic black granules. It is clearly evident that dark
African-American skin contains more melanin than Chinese or European skin. In all
sections, a supranuclear cap of melanosomes can be seen in several keratinocytes
(Fig. 3.11). This distribution provides a protective screen to the UV-sensitive genetic
material in the cell nucleus.'* Despite the much higher epidermal melanin content in
African-American skin, a very similar density of melanocytes is seen, which has been
reported repeatedly. This can be readily illustrated by immunohistochemical staining
for MART-1 (melanocyte antigen recognized by T cells-1), a small transmembrane
protein that highlights melanocytes and their dendrites (Fig. 12). Images taken by in
vivo confocal laser scanning microscopy demonstrate strong melanin-dependent con-
trast in darkly pigmented skin. Light skin is difficult to analyze by this method as it
relies primarily on melanin as the endogenous contrast agent (Fig. 3.9).

3.5 Summary

Melanins determine the skin colors and protective properties of the epidermis
against solar UV exposure and its hazards. The structure of melanin is not com-
pletely clarified and it functions through multiple mechanisms, including scattering
and absorption of incident radiation. The complex interaction of epidermal melano-
cytes and keratinocytes determines constitutive skin color and adaptive responses
that maintain survival and genetic integrity of the melanocytes and basal keratino-
cytes using cell—cell signaling and complex intracellular machinery that regulates
epidermal melanization. Much of our understanding of these processes stems from
genetic disorders with compromised pigmentation. An additional understanding of
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ethnic differences in constitutive pigmentation comes from recent population-based
studies. Finally, because of chemical inertia and unique optical properties, melanin
often poses a potential challenge to dermatological treatments and light-based
procedures.
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Chapter 4
Photoprotection in Non-Caucasian Skin

Diana Santo Domingo and Mary S. Matsui

To speak about “skin of color” or “non-Caucasian skin” is to address a broadly and
inexactly defined group with multiple layers of political and social implications as
well as more physiological and biological parameters. For the purposes of this chapter,
“skin of color” will refer to those individuals who self-identify as non-Caucasian
and whose skin is characterized by a higher melanin content than “white” skin, and
whose minimal erythema dose (MED) is, in general, higher than lightly pigmented
individuals. Even within the narrow range of “photoprotection in skin of color,”
there are a number of considerations in terms of the impact of radiation in the ultra-
violet radiation (UVR), visible, and infrared spectra. This chapter will survey several
issues relevant to photoprotection for pigmented skin or non-Caucasian populations.
In reviewing the development of sunscreens, for example, it becomes clear that these
products were developed with Caucasian skin in mind. Sunscreen efficacy is still
determined almost exclusively on Caucasian subjects despite growing evidence that
subjects of color may differ in complicated ways related to ethnic or racial heritage
rather than a simple attenuation of UVR due to melanin. Some of these differences
discussed below include rates of DNA repair, the possible contribution of melanin
to photodamage, variation in UVR-induced immunosuppression, the risk of postin-
flammatory hyperpigmentation (PIH) exacerbated by sun exposure, and the potential
for vitamin D deficiency in skin of color.

The purpose of sun protection is to prevent damage to the skin that leads to
melanoma and nonmelanoma cancers, photoaging, and PIH. The last is of particular
concern in populations of color. It has also been suggested, with some evidence, that
lentigos or “age spots” characterize photoaged skin of color rather than wrinkles,
which tend to be more characteristic of Caucasian skin.
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4.1 Background: Cutaneous Effects of Sunlight and a Brief
History of Photoprotection

The damaging effects of solar radiation on human skin have been well documented
and include photoaging, DNA damage, cutaneous immunosuppression, and carcino-
genesis. The UVR portion of the solar spectrum is divided into three wavelength
ranges: UVC, UVB, and UVA. UVC wavelengths (200-290 nm) are absorbed by the
earth’s stratosphere and therefore under typical conditions have minimal relevancy
for human skin. UVB wavelengths (290-320 nm) are most associated with inflam-
matory effects on skin such as erythemal response and direct DNA damage. Energy
in the UVA region (320—400 nm) makes up 90-99% of the total reaching the earth’s
surface and is further divided into UVA-1 (340-400 nm) and UVA-2 (320-340 nm)
based on pathologies and therapeutic modalities linked to those wavelengths. UVA
is associated with the production of immediate pigment darkening (IPD), reactive
oxygen species, and immunosuppression.

Since the late nineteenth century, nonthermal energy from the sun was understood
to be the causative factor for tanning and sunburn and in the first decade of the twen-
tieth century, the first publications linking malignant photodamage appeared.' It was
not until the 1950s that there was serious interest in the development of topical agents
to prevent UV-induced skin damage or sunburn. Various substances including tannins,
benzyl salicylate, and red ceterinary petrolatum were tested and used as early sun-
screens. Over the last several decades, public and medical community awareness of
the need for photoprotection in order to prevent sunburn, skin cancer, and photoaging
has led to significant advances in filtering agents and formulations of the sunscreens
used today.

The development of novel photoprotective agents required reliable methods to
test their efficacy. The concept of sun-protective factor or SPF was introduced by
Franz Greiter in 1974. This method of classifying sunscreens was based on calcu-
lating the exposure required for induction of erythema. SPF testing is currently
used by the FDA to regulate commercially available sunscreens, and it is an inter-
nationally accepted standard. One problem with this method is that although it
provides good information about UVB protection, it offers minimal information
about UVA protection. This is of concern because there is increasing evidence for
the damaging effects of UVA wavelengths on several skin functions including the
immune response. Thus, there is a need for more comprehensive safety labeling and
standardization in this field and in fact, the 2007 FDA-proposed sunscreen mono-
graph? requested a change in the term “sun protection factor” for SPF to “sunburn
protection factor” to reflect the limits of this measurement. In particular, additional
UVA in vivo and in vitro evaluation measures were proposed.

Virtually all of the photoprotection studies of the past were performed using
Caucasian skin (skin types I-II). However, it has become apparent that individuals
vary widely in their biological response to UVR and this suggests that non-
Caucasian skin may respond differently from Caucasian skin when exposed to
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UV irradiation.*> Photoprotection in pigmented skin is a field with many unan-
swered questions. Issues of interest in non-Caucasian skin include the nature and
effects of pigment, the molecular effects of UV irradiation on this type skin, and
sun protection practices of non-Caucasians. This chapter will discuss the role of
melanin and tanning in ethnic skin, review photoprotection studies performed on
non-Caucasian skin, and discuss the importance and consequences of photoprotec-
tion in this population.

4.2 Pigmentation Differences Between Caucasian
and Non-Caucasian Skin

The term non-Caucasian skin, also referred to as pigmented skin or skin of color, can
be used to define the skin of many different ethnic groups including but not limited
to African-American, Hispanic, Asian, Native American, and Middle Eastern.®
It has been shown that pigmented skin differs on a biological and molecular level
from white skin.®” One obvious (visible) distinction between Caucasian and non-
Caucasian skin is a difference in skin tone or constitutive pigmentation (the level of
pigmentation that occurs in the absence of exogenous modifiers such as UVR).

Visible skin tone and color results from the interaction of epidermal thickness,
blood flow (hemoglobin), and pigment found in the epidermis and dermis. Skin
pigment is produced by dendritic cells called melanocytes, located in the basal
layer of the epidermis. Melanocytes contain specialized organelles, melanosomes
that are responsible for the synthesis and storage of melanin. Melanosomes produce
two types of melanin. one type, eumelanin, is brown-black in color. It is formed
when the tyrosine metabolite dopaquinone takes on a cyclic form and becomes
oxidized.® The other type of melanin is pheomelanin. This pigment has a yellow-red
color and results when dopaquinone combines with the amino acid cysteine or the
tripeptide glutathione. After melanin is synthesized, the melanosomes are distributed
to the neighboring keratinocytes via melanocyte dendrites.

There is not a significant difference between the number of melanocytes found
in Caucasian and non-Caucasian skin.*'° The variation in skin color comes from a
difference in the number, size, and density of melanosomes. Therefore, melano-
some transfer is an important determinant affecting an individual’s skin color."
Light skin has fewer and smaller melanosomes which are bundled together within
membrane-bound complexes, whereas the melanosomes of dark skin are distributed
as larger, single granules, resulting in a darker skin color.

Since the mid- to late-1970s, dermatologists have used the Fitzpatrick skin type
(FST), also known as the skin phototype (SPT) system, to classify people with all
skin colors into six different levels based on their erythema response to UV light.
(See Table 4.1.) This is a functional classification based on an individual’s constitu-
tive skin color, and on his or her ability to tan or burn.
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Table 4.1 Modified Fitzpatrick skin phototypes

Skin type Skin color Response to UV exposure

I Light Always burns

I Light Burns and sometimes tans

I Light Usually burns then tans

v “Olive” Rarely burns, usually tans

\% Brown Very rarely burns, tans darkly
VI Dark brown Never burns, tans black

The Fitzpatrick skin type, also known as the skin phototype system, is used
to classify people into six different levels based on their response to UV light.
This is a functional classification based on constitutive skin color, and on the
ability to tan or burn. Types I-IV are based primarily on a physiological
response, whereas classification into types V and VI is based mainly on
constitutive skin pigmentation

One limitation of this system is that visualizing erythema in darker skin can be
more challenging than visualizing erythema in light skin.'? Thus, although classifi-
cation into types -1V is based on a biological response, classification into types V
and VI is based mainly on constitutive skin pigmentation.

Another aspect of this skin typing method that frequently leads to confusion is
that visually, many non-Caucasian individuals are automatically assumed to be in
the SPT IV-VI category.>® This is sometimes not the case, since the FST is a measure
of sun responsiveness, not constitutive color (discussed in more detail later). This
type of classification also does not address the fact that individuals with ethnic skin
may be fair skinned, such as those from Arab or Asian descent, and does not
acknowledge that certain ethnicities such as Hispanics may have a skin color that
ranges from light to dark brown.

SPT is used as a predictor of the MED, the lowest dose of UV needed to generate
visible erythema. The MED is considered to be a “biological dose” because an
individual’s MED is determined by their personal biological reactivity to the effects
of UVR. Note that SPT does not necessarily reflect the MED of an individual with
ethnic skin.*"*!* Studies of Asian skin*!* found that there is a substantial variation
in the MED values within this large and diverse group. This prompted the develop-
ment of a skin typing system especially designed for Asian skin types called the
Japanese skin type.'® Another study using Arab subjects,’ all of whom were classified
as having type V skin, found that there was a substantial variation between MED
values despite all subjects having the same constitutive skin type.

At least two important messages arise from these studies. First, neither constitutive
color nor self-identified ethnic identity is adequate predictor of an individual’s
response to UVR. In addition, this suggests that there are other genetically based
factors, such as DNA repair rates, that contribute to an individual’s tolerance for
UVR exposure. Therefore, although FST is helpful in determining the appropriate
dose for phototherapy, and is currently the most widely used skin typing method, it
should be used with some caution, especially when considering skin of color.
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4.3 Role of Melanin

Agar et al describe melanin as “a complex of insoluble eumelanin and pheomelanin
monomers, the ratio of which determines final skin and hair color.”'?> Melanin contri-
butes to the color of skin and acts as a chromophore, or light-absorbing element,
in the skin. Despite extensive animal and human studies, the critical function of
melanin in human skin is unclear. However, it is believed that the higher melanin
content in skin of color is one reason why non-Caucasian skin is resistant to some
signs of photoaging and to nonmelanoma skin cancer (NMSC).

During the mid-1980s, the “sun protection” role of melanin was brought into
question by Warwick Morison."” He theorized that the pigment from melanin pro-
vided evolutionary benefits to humans not as a photoprotector, but provided camou-
flage and heat conservation. Since that time, many studies have been attempted to
characterize the role of melanin in skin in terms of photoprotection. Taken together,
these studies seem to provide conflicting evidence — some for and some against a
photoprotective benefit.

In vitro studies suggested that pheomelanin was not only not protective, but in
fact detrimental. Schmitz et al demonstrated that when pheomelanin was combined
with UV exposure, it had a damaging effect on the skin. This was based on the
finding that UV irradiation caused pheomelanin to produce phototoxic by-products
in vitro.'® Interestingly, pheomelanin is more abundant in red haired individuals
who tend to be more sensitive to UV exposure and at increased risk for skin cancer."’
Subsequent studies done in human skin showed that the phototoxic metabolites
caused by the combination of UV and pheomelanin may not be as harmful in vivo
as suggested by the previous studies cited above.!* The verdict on melanin given
by Hill et al*' was that of a two-edged sword. They propose that when melanin is
combined with UV exposure, melanin may have both beneficial and damaging
results depending on the endpoint examined.

It should be noted that melanin as photoprotection against skin cancer is unlikely
to be a selection mechanism for evolutionary pressure, as UV-induced cutaneous
malignancy does not often prevent reproduction. However, it has been suggested
that melanin may protect folic acid, which is necessary for reproductive success,
against photodegradation. Sunlight also has been shown to induce defensins and
cathelicidins, cutaneous antimicrobial peptides. Therefore, melanin levels may be
delicately balanced between allowing induction of antimicrobial peptides, protect-
ing against folic acid degradation, and allowing vitamin D synthesis.

More recent studies have shown that melanin in darker skin does provide some
protection from UV-induced DNA damage.?>** When human skin is exposed to
UVR, the energy is absorbed by various chromophores in the skin. DNA in
keratinocytes and other epidermal cells is the major chromophore for UVB wave-
lengths. When UVB energy is absorbed by DNA, the damage creates a character-
istic lesion between DNA base pairs, known as cyclobutane pyrimidine dimers
(CPDs).?* CPDs are therefore considered a marker for UVB-induced DNA
damage.
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In 2002, Sheehan et al exposed SPTs II and IV to repeated suberythmogenic
doses of solar simulated radiation (SSR) and found that levels of DNA damage
were associated with the quantitative level of Joules per centimeter square as
opposed to the degree of erythema induction.?® They concluded that because of this,
erythemal response may not be an accurate endpoint for quantification of
UV-induced damage.

Del Bino et al. used UV-induced apoptotic cells (sunburn cells) to correlate UV
doses with MEDs in ex vivo skin of dark and light individuals. Using SSR, this
group looked at DNA damage, apoptosis, and p5S3 accumulation in light and dark
skin. They found that UV-induced DNA damage in the form of pyrimidine dimers
was restricted to the epidermal layers in brown and dark skin. In contrast, CPDs
were noted in throughout all epidermal layers as well as the upper dermis of light
intermediate and tanned skin. Similar patterns for p53 and caspase were also
described.”

Fisher et al*® observed similar findings in vivo when they divided subjects into
two groups depending on skin color, “lightly pigmented” and “darkly pigmented,”
which roughly corresponded to SPT I/II and V/VI, respectively, and exposed them
to UVR. Lightly pigmented subjects were given 2 MED and darkly pigmented
subjects were given doses equivalent to the average of 4 and 8 MED of the lightly
pigmented group. The most significant finding for the DNA photoproducts was the
difference between the lightly and darkly pigmented groups in terms of depth of
DNA damage. Total CPD in specimens from the darkly pigmented skin were much
less, and were found in the postmitotic cells of the upper epidermis. DNA photo-
products were not found in the deeper basal layers of the epidermis of the darker
skinned cohort, unlike the lighter skinned group. In fact, for lightly skinned sub-
jects, CPD extended into the upper dermis. Rijken et al** used SSR and delivered
various MED doses ranging from less than 1 to 2 to individuals with skin types
I-VI. These investigators looked not only at DNA damage but also at indicators of
inflammation, photoaging, and markers of immunosuppression. What they found
was that with the exception of DNA damage above the basal epidermis, dark
skinned subjects did not show any of the other markers of UV-induced photodamage
which were seen in light skinned subjects. In another experiment, this group delivered
the same quantitative dose of SSR in J/cm? to all subjects. They observed that the
DNA photoproducts present in dark skin were again restricted to the suprabasal
epidermis, whereas in light skinned subject DNA photoproducts were found abun-
dantly throughout the basal keratinocytes and dermis.? (See Fig. 4.1.)

Yamaguchi et al made similar observations when they looked at UV-induced
CPDs in both Caucasian and African-American skin. They noted that the MED for
African-American skin was approximately 3.5 J/m? more than the MED of light
skin. They observed that despite exposure to a higher quantitative energy dose (as
opposed to a biological dose) of UVR, 1 MED of irradiation to African-American
skin produced less CPDs in the lower epidermis than those seen in light skin after
1 MED delivery of UVR. (CPDs in the upper epidermis of both skin types were not
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Fig. 4.1 Figure courtesy of Rijken et al**

significantly different.) Furthermore, they found a significant correlation between
higher melanin contents and decreased CPD formation.”

Yamaguchi et al also looked at melanin-related apoptosis. Numerous experiments
showed that after delivering either 1 MED or similar constant low doses of UV,
African-American skin had more apoptotic cells than Caucasian skin. This observation
led to the hypothesis that African-American skin may be more efficient at inducing
apoptosis in “dangerous” or DNA-damaged cells. These observations lead to a
hypothesis that better killing of mutated or dangerous cells may be one explanation
for the lower incidence of skin cancer among the African-American population.”® In
another study, this same group observed similar amounts of activated caspase-3 (an
enzyme related to apoptosis) in light and dark pigmented UV damaged skin. From
these studies, it was concluded that melanin facilitates the apoptotic effect of UV
by a caspase-3-independent pathway, and in doing so, again, suggests that African-
American skin is more effective at destroying UV-damaged cells that have a poten-
tial to become malignant.*

There are still many unanswered questions regarding the biosynthesis, structure,
role, and distribution of melanin as well as the regulatory mechanisms of these
pathways in the skin.?' Hopefully, future discoveries will provide more insight into
the beneficial protective mechanisms as well as any negative attributes of melanin.
It seems evident that melanin function is much more complicated than simply
providing a natural sunscreen. Finally, although there is ample evidence suggesting
that darkly pigmented skin is less susceptible to UV-induced DNA damage than
light skin, UV light can also cause oxidative stress, and immunosuppression, and
the protective role of melanin against these insults is much less well defined.
Despite the general public assumption that dark skin types are UV resistant and
therefore not adversely affected by UV, even the darkest UV-resistant skin types can
accumulate significant DNA damage at levels of 1 MED.!!
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4.4 Tanning in Caucasian and Ethnic Skin

Tanning, or UVR-induced melanogenesis, is a result of UVR’s environmental stress
on melanocytes, and will temporarily change the color of an individual’s skin. Skin
darkening in response to UV exposure occurs by two distinct mechanisms, IPD and
delayed tanning (DT). When fair or dark skin is exposed to UVR, there is an IPD
that occurs within hours after exposure. This response is followed in all skin types
by delayed melanogenesis, which takes place 48—72 h after exposure.

4.4.1 IPD and DT

IPD is primarily caused by UVA wavelengths. It is the result of oxidation of the
melanin already present in the skin. IPD is also the result of a redistribution of
melanosomes from a perinuclear to a peripheral dendritic location. Interestingly,
IPD, which is typically grayish in color, is observed more easily in darker skin
types (IV=VI).22 IPD is believed not to offer any protection against UV damage.

DT is the result of increased melanin production. It is primarily triggered by
UVB-mediated DNA damage — DNA fragments resulting from excision repair® —
but can also result from UVA exposure. The DT caused by UVA exposure occurs
through an oxygen-dependent mechanism, and it has an earlier onset than the tanning
caused by DNA damage.

4.4.2 Tanning in Ethnic Skin

Increases in skin pigmentation from chronic UV exposure are caused by numerous
UV-regulated physiological factors. These factors affect melanocyte growth and/or
differentiation. Typically, these factors are produced by cells in the skin, including
keratinocytes, fibroblasts, and even melanocytes themselves. Products of photodam-
aged DNA have also been implicated in stimulating pigmentation,’>* as discussed in
more detail below. Tadokoro et al observed the effects of UVR on melanocye density
and melanin content in human skin in three ethnic groups, Asian, Black, and White.
Photoprotected Asian and Caucasian skin had essentially the same melanin content,
while the melanin content in black skin was approximately four times higher.!® The
melanin content in skin one day after exposure to UVR was virtually unchanged
from baseline. Using diffuse reflectance directly on human skin, this group noticed
that 7 days after UVR exposure, the melanin content in Asian and Black skin was
significantly increased when compared to White skin. They concluded that
increases in pigmentation from a given dose of UV were more rapid and more intense
in dark skin than in light skin.!

Tadokoro et al also examined the distribution of melanin in White, Asian, and Black
skin using a pseudostaining technique to determine the amount of melanin within
various layers of skin. They observed that 1-week post-UVR exposure, the total amount
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of melanin in human skin layers of all ethnicities increased by 5-10%. They also
observed that there was a redistribution of melanin between the lower, middle, and
upper layers of the epidermis with a decrease in the amount of melanin present in the
basal layer. This effect was observed in all three races after | MED exposure. The most
significant change was in the distribution of melanin from the lower layer upward to
the middle layer of the skin, which was more dramatic in the darker skin.

Microphthalmia transcription factor (MITF) is a melanogenic protein. It regu-
lates the expression of genes needed to transcribe several melanosome proteins and
is considered a master regulator of melanocyte function. Tadokoro et al. measured
the amounts of MITF in unirradiated areas of Black, White, and Asian skin and
found that the highest amounts of this protein were present in Black skin. When
they looked at skin that had been irradiated, they found that one day after | MED
exposure, there was a universal increase in this regulatory protein that persisted even
7 days after exposure. Similar results were found for other melanosomal proteins
including TYR, TYRP, DCT, gp100, and MART1.1°

Agar et al suggest that because the action spectrum for erythema and melanogen-
esis in human skin are similar, these two phenomena share a common photochemical
catalyst.'? They further speculate that the link between erythema and CPD formation
points to UVR-induced DNA photoproducts as inducers of melanogenisis.!> Agar
et al suggest that tanning (rather than burning) may be a sign of effective DNA
repair. A link between tanning as an SOS response to DNA damage has been shown
in several studies.?>3* Arad et al studied the effects of T-oligos (DNA oligonucle-
otides substantially homologous to the telomere 3'-overhang) on DNA repair capacity
after UV exposure. T-oligos can mimic the physiological signal created during DNA
damage and stimulate the cellular response to telomere loop overhang fragments. In
this way, T-oligos induce protective responses to DNA damage. Eller et al found that
T-oligos could upregulate tyrosinase, the rate-limiting enzyme required for melano-
genesis in human melanocytes in vitro.* In another study, ex vivo human skin was
pretreated for 24 h with either T-oligos or dilutant and irradiated with UVB.
Histological analysis done after irradiation at various time points showed that skin
pretreated with T-oligos exhibited reduced CPDs at 24, 48, and 72 h postirradiation.
In the same study, total and activated p53 protein was increased in T-oligo-pretreated
skin. Both tyrosinase and the tyrosinase-related protein-1 are transcriptionally regulated
by p53. This data corresponded to the finding of increased amounts of melanogenic
proteins in the T-oligo-treated skin. They concluded that T-oligos are recognized by
epidermal melanocytes in human skin as a physiological signal to stimulate melano-
genesis, and that tanning could be interpreted as a response to DNA damage.*

4.5 Role of Epidermal Thickening in UVR Protection

Epidermal thickening is another adaptive response to UVR which has been shown to
offer additional protection against photodamage. One study used skin from vitiligo
patients and healthy Caucasians to study the photoprotective effect against erythema
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induction (SPF) of stratum corneum thickening versus pigmentation after UVR
exposure and found that when comparing the photoprotective effect of the stratum
corneum with the protection provided by pigmentation, the stratum corneum provided
an estimated 57% of the total protection against erythema.*® In another study by
Hennessy et al,* researchers looked at the response of different ex vivo skin types to
repetitive UVR exposure over 3 days and found that Caucasian skin responded with
epidermal hyperplasia. Spectral absorbance data measured on samples of excised
epidermis indicated that this hyperproliferation could give significant protection
against photodamage. They suggested that the stratum corneum accounted for a large
proportion (over two-thirds) of photoprotection in lighter colored skin and proposed
that in those people with a lower degree of constitutive pigment, the primary mecha-
nism of photoadaptation is via the nonpigmentary route. They came to this conclusion
because there was no change observed in the mean thickness of Asian skin postirra-
diation, unlike the Caucasian epidermis. However, subsequent studies'? were not able
to reproduce these results and therefore the importance and the amount of protection
provided by epidermal thickening is still uncertain.

4.6 Need for Photoprotection in Non-Caucasian Skin

Despite evidence that non-Caucasian skin is less prone to damaging effects of UV
irradiation, there is a strong argument for recommending the use of sunscreen to
this population. Pigmented skin is prone to the darkening and discoloration caused
by PIH, and can exhibit signs of photoaging, such as atrophy, dermal collagen, and
elastin damage.” In addition, melanin may not be protective against the immuno-
suppressive effects of UV exposure. Finally, despite a lower incidence of skin
cancers seen among individuals with skin of color, this population is not free from
skin malignancies and although this population tends to present with melanomas in
sun-protected areas, studies have shown that basal cell carcinomas (BCCs) and
MSC in dark skin may be related to the amount of UV exposure as well as the UV
index, which is a daily prediction of the strength of the sun’s UVR for a specific
geographical region taking into account clouds and other local conditions that
affect the amount of UVR reaching the ground.

4.7 Hyperpigmentation

Hyperpigmentation is one of the most common complaints among patients with
skin of color.®®%* Increased pigment has many causes but in skin of color, it is fre-
quently attributed to inflammation from acne, wounding, and other inflammatory
events or thought to be hormonal in nature, such as melasma. PIH is frequently the
primary complaint reported among patients with skin of color seeking acne treat-
ment. These patients often complain of blemishes, which are in fact macules left
over from the inflammation (PIH) which lingers even after the original blemish has
resolved.*’ (See Fig. 4.2.) Melasma is a common hypermelanosis characterized by
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Fig. 4.2 Typical postinflammatory hyperpigmentation (P/H); the picture on the left shows PIH
and acne. The picture on the bottom shows PIH after erythema multiforme. (Pictures courtesy of
Andrew Alexis)
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Fig. 4.3 Melasma in an Asian woman

irregular light to gray-brown macules and patches involving sun-exposed areas of
skin.*! (See Fig. 4.3.) This condition has a multifactorial etiology including genetic
and hormonal influences, photosensitizing drugs, and exposure to UV.*! Although
melasma occurs in all skin ethnicities, it is a bigger problem for patients with skin
of color and it remains a therapeutically challenging disease.*! Because pigmentary
disorders are a significant cause of distress among patients with skin of color, com-
bined with the fact that many of the therapeutic modalities to treat hyperpigmenta-
tion are either insufficient or may subsequently cause hypo pigmented areas,
broad-spectrum UV protection is recommended to this subset of patients as an
adjuvant to therapy and as a way in which to prevent these problems.*$4

4.8 Photoaging and Other Effects of Long-Term Cumulative
UV Exposure

Intrinsic or chronological aging of photoprotected skin is characterized as smooth,
dry, pale, and finely wrinkled with epidermal and dermal thinning. Photoaging is
distinguished from chronological aging primarily through the appearance of solar
elastosis, manifested as thickening of the skin associated with a leathery texture,
yellow discoloration, and deep wrinkling. In addition, photoaging is characterized
by pigmentary changes that include solar keratoses and lentigos.*** This general



4 Photoprotection in Non-Caucasian Skin 123

paradigm of intrinsic and photoaging holds for all pigmentary groups to a greater
or lesser extent. Popular opinion supported by some published data holds that indi-
viduals with greater constitutive skin pigmentation show fewer signs of photoaging
when compared to lighter skinned individuals. Studies have confirmed lower levels
of several proteolytic enzymes associated with photoaging in dark skin versus light
skin after UV exposure which would suggest that skin of color is at less risk of
wrinkling.?*? Nevertheless, pigmented skin can display signs of photodamage such
as epidermal atypia, atrophy, dermal collagen, and elastin damage, as well as
marked hyperpigmentation.®?’ (See Fig. 4.4.)

Roh et al used skin reflectance spectroscopy to compare pigmentation in Korean
subjects of different ages and genders with skin types IV-V; they found that Korean
skin of older individuals differed from Caucasian skin of similarly aged subjects in
that facultative pigmentation and sun exposure index did not increase with aging.
They concluded that although basal melanogenic regulation may be similar for
Caucasians and Asians, the sun exposure index may not be representative of lifelong
cumulative UV exposure in Koreans. They also speculated that genetically deter-
mined basal skin color may play an important role in predicting long-term cosmetic

Fig. 4.4 Some of the typical changes induced by photoaging in Asian skin. (Photo courtesy of
Tsukahara et al. J Dermatol Sci. 2007)
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damage resulting from UVR. Despite a higher threshold of UV exposure needed to
produce signs of photodamage, it can, however, be a consequence of UVR for people
with skin of color.* It is also important to keep in mind that photodamage in skin
of color may take on a different appearance than the deep wrinkles and furrowing
which are associated with photodamaged white skin. Although a generalization,
it appears that photodamaged white skin will wrinkle earlier and more severely,
whereas dark ethnic skin and Asian skin tend to show pigmentary changes before
serious wrinkling.*

4.9 Immunosuppression

UVR-induced skin cancer can be considered to develop in two stages: (1) initiated
by direct DNA modification and mutagenesis and (2) subsequently promoted by
suppression of the cutaneous immune system. (See Fig. 4.5.) In addition to DNA
and structural damage, UVR has been shown to impair the cutaneous immune
response.*®*® This is best demonstrated by the increased incidence of skin cancers
seen in immunosuppressed organ transplant patients.* Evidence for melanin’s pro-
tective effect against DNA damage is strong; however, there is less of a consensus
on melanin’s efficacy against UV immunosuppression. There have been several
studies published that explore the relationship between skin type and the ability to
be immune suppressed by UVR.

UVR

¥
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Direct and Oxidative Immunomeodulation
DNA Modification Induction of T regulatory cells
Neoplastic Facllitation of tumor induction
transformation Regulation of tumor progression

- Carcinoma
Epidermis :

Fig. 4.5 UVR influences both the promotion and the induction of carcinogenesis. (Figure cour-
tesy of Granstein et al. Cutis. 2005)
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The contact hypersensitivity response (CHS) is widely used to access the integrity
of cutaneous immunity. In this test, an individual is sensitized to a novel antigen not
usually found in the environment such as dinitrochlorobenzene and is challenged at
a later date with same antigen. The swelling of the localized reaction after challenge
is used as a measure of an individual’s type IV hypersensitivity response. This
edematous response is usually quantified using skin calipers for measurement of
skinfold thickness or the erythema is measured with a colorimeter.

Langerhans cells (LCs), known as the sentinels of the skin or the professional
antigen-presenting cells, are responsible for activation of T cells by their presenta-
tion of antigen in the lymph nodes.*** The morphology, function, and number of
LCs are also often used as a marker of cutaneous immunity. Several studies performed
in subjects with light skin have shown that UVB and UVA are able to impair cutaneous
immune function and deplete LC number and function.*7#-32

Vermeer et al studied the effect of a low-dose UVB regimen on the CHS
response to dinitrochlorobenzene of individuals with genetically melanized and
heavily tanned skin.** Their findings showed that when subjects with dark skin
(both genetically and heavily tanned) were exposed to low doses of UVB, they
exhibited similar decreases in CHS and changes in LC morphology when compared
to light skinned subjects. Matsuoka et al. looked at immunological responses to
UVB light in dark skinned individuals. In their study, they evaluated peripheral
lymphocytes of dark skinned subjects after delivering low dose of UVB irradiation
and compared their observations with those found in light skinned controls.
Interestingly, they observed that in light skinned subjects, the level of natural killer
T cells was not affected by low-dose UVB. However, they noticed a significant
increase in this cell population among dark skinned subjects after UVB exposure.
The authors speculate that this increase in natural killer T cells may offer immuno-
logical protection against transformed cells and therefore help to explain the
decreased incidence of skin cancer in the dark skin population.™*

Using subjects with skin types I-VI, Selgrade et al looked at differences in the
CHS response after UV irradiation. Their findings showed that neither FST nor
MED was related to the degree of UV-induced CHS suppression. They observed
that the slope of the erythemal dose response curve (SED) could be used to predict
individuals who were susceptible to the immunosuppressive effects of UVR.
Individuals with a steep curve were more likely to be suppressed, and individuals
with a flat slope had such a high threshold for suppression that the UV dose needed
to suppress the immune response by 50% could not be computed.> Interestingly,
there was no correlation between FST or MED and sED slope, such that some
individuals with FSTs ranging from I to V showed a steep sED, and some subjects
with MEDs typically associated with FST II-III (as low as 41) as well as subjects
with FST IV-VI, displayed flat dose response curves. This study confirmed the
shortcomings of current skin type methods to predict certain UV responses, and
confirmed that some people with darker skin types are vulnerable to UV-induced
immunosuppression.

Later, studies by Kelly et al’*® demonstrated that suberythemal doses of UVR
suppressed cell-mediated immunity in skin types I and II but higher erythemogenic
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Fig. 4.6 This graph shows that skin types I-IV can be immune suppressed when given as low as
a 2 MED dose of SSR. (Graph courtesy of Young et al*)

doses were needed for suppression in skin types III and I'V. Their findings suggest
that darker skin types may in fact be more protected from UV-induced immunosup-
pression compared to lighter skin types. Similar findings were reported by Young
et al.® (See Fig. 4.6.)

Rijken et al** examined inflammatory and immunomodulatory markers in skin of
light and dark subjects after exposure to a fixed physical dose of ssUVR and assessed
arange of damage markers including infiltrating neutrophils and neutrophil elastase,
matrix metalloproteinases (MMP)-9 and -1, and IL-10 expression. Given equivalent
physical UVR exposure, there was an absence of neutrophilic infiltrate, IL-10 positive
cells, MMP-9, and MMP-1 in irradiated black skin as compared to an abundance of
these cells in white skin.?* MMP-9 and MMP-1 are part of a family proteolytic
enzymes called MMPs. These endopeptidases are collectively responsible for cleavage
of many of the constituents of the extracellular matrix and basement membrane.
Therefore, this group of peptidases has an important role both in photoaging®’
and in the invasive growth and metastasis of primary tumors. (See review by
Birkedal-Hansen et al.’®)

4.10 UVR and Skin Cancer in Ethnic Populations

Skin cancers are the most common malignancy in the USA. Skin cancers related to
UV exposure in the Caucasian population are BCCs, squamous cell carcinomas
(SCCs) and melanomas. BCCs and SCCs are linked to long-term chronic sun exposure,
whereas melanoma is linked to intermittent intense sun exposure, especially during
childhood. Skin cancers are more common among the Caucasian population with
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cutaneous neoplasms representing approximately 20-30% of all malignancies in
whites, 2-4% of all neoplasms in Asians, and 1-2% of all malignancies in African-
Americans and Asian Indians.”

The incidence of skin cancer (BCC, SCC, and melanoma) in the white population
has been rising at a rate of approximately 5-8% per year.** Global skin cancer
incidence reports show that not all ethnic groups have the same incidence for this
disease as Caucasians but in addition, many of the general ethnic descriptors are too
comprehensive to be meaningful.® For example, within a population identified as
“Asian,” Japanese incidence data on NMSC differ from reports from the Singapore
Cancer Registry for Chinese Asians.® Discrepancies between the various groups
might be the result of variations in cultural and social sun protection practices.
However, this inexactness makes the actual incidence of NMSCs among different
ethnicities difficult to estimate.*

Consistent diagnostic criteria of skin cancers in different racial groups can be
challenging because of differences in both the clinical and the histological presenta-
tion of tumors.*) For example, Kikuchi et al reported that among Japanese patients,
BCCs most commonly presented as pigmented lesions with a black pearly appear-
ance.®! This differs from the most common appearance of BCC in white skin often
described as raised and pink or pearly white.

BCC is the most common skin cancer in Caucasians, Hispanics, Chinese, and
Japanese Asians, while the second most common skin cancer in Blacks and Asian
Indians. (Reviewed by Gloster and Neal)*. The incidence of BCC appears to be directly
related to the amount of pigmentation in the skin, with fair Caucasians having the
greatest incidence and African blacks having the lowest.” However, in all ethnicities,”
the majority (70-90%) of BCCs are found in sun-exposed skin. This is a compelling
statistic in favor of sun protection for all skin types.

While it is known that Hispanics and African-Americans have a decreased incidence
of melanoma, and it is suspected that pigment plays a large role in this protection,
there is also evidence that better sun-protective behavior (less high-risk behavior)
may also contribute to fewer melanoma cases among these populations.®? This is
considered possible even though these populations are twice as likely to work outdoors,
and therefore overall have a higher level of chronic sun exposure than Caucasians.
Interestingly, it has been shown that the risk for melanoma is inversely related to
chronic and occupational sun exposure.®

It is further difficult to compare rates of melanoma in Caucasians and Hispanics
or African-Americans because it has been shown that when African-Americans and
Hispanics develop cutaneous melanoma they are more likely to develop acral lengious
melanoma which behaves differently from superficial spreading melanoma which
is the type most commonly seen in Whites. It is also difficult to use the descriptor
“Hispanic” in the debate over the protective effects of constitutive pigment because
skin types in this group can vary from very fair to dark skin tones.*

Melanoma data from the population-based state cancer registries of states with a
population of one million or more Hispanics (California, Florida, Illinois, New Jersey,
New York, and Texas) allowed researchers in Miami to study a population representing
73% of the US Hispanic and 77% of the total black population in the USA. Researchers
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looked at the photoprotective behavior of Hispanics and African-Americans® and
found that the rate of melanoma in both Hispanics and African-Americans increased
with increasing annual UV index and/or lower latitude of residency, suggesting
that darkly pigmented individuals are at a greater risk to UV carcinogenesis than
previously thought.®*

Indeed, several studies have shown that for both Hispanics and African-
Americans, melanoma incidence is positively associated with the UV index.5+5¢
However, in their analysis of the Surveillance Epidemiology and End Results
Cancer database, Eide found that UVR does not appear to be a significant risk factor
for melanoma in African-Americans and other ethnic groups who tend to develop
melanoma on non-sun-exposed sites such a palmar, plantar, and mucosal surfaces.’’
There is evidence that melanin, and therefore skin with more melanin, may contribute
to oxidative stress and damage by direct oxidation of melanin and the subsequent
release of reactive oxygen species secondary to melanosomal damage, DNA damage,
and redox metabolism.%70

4.11 Habits of Non-Caucasians Versus Caucasians
and Photoprotection

A study aimed at determining the sun protection practices in a wide population,
including multiethnic subjects, living in Hawaii looked 932 subject surveys evaluating
five photoprotective behaviors including use of sunscreen, wearing a shirt, wearing
a hat, seeking shade, and wearing sunglasses. The ethnic distribution of this
Hawaiian study was made up of 19.0% Caucasian, 15.4% Hawaiian or part Hawaiian,
and 57.8% Asian including Japanese, Filipino, Chinese, and mixed Asian. Seven
percent of the study population was classified as “other” or “mixed ethnicity.””!
This study found that the social and physical environment of an individual was
more influential than specific ethic beliefs and behaviors with respect to sun protec-
tion practices.

Researchers at University of Miami speculated that differences in presentation of
White Hispanics versus White non-Hispanics at the time a diagnosis of melanoma
is made (White Hispanics were more likely to present with regional or distant stage
disease compared to white non-Hispanics) may be a sign of differences in behavior
and beliefs about sun protection between these two ethnic populations.” These
researchers studied high school students to access differences in sun-protective
behavior. They found that among high school students in Miami Dade County, white
Hispanics were more than twice as likely (2.5) to use tanning beds and overall this
group spent more time trying to tan than white non-Hispanics.

Both groups were similarly aware of the importance of UV exposure in skin
carcinogenesis. However, White Hispanics were less aware, and therefore also less
likely to perform preventative self-skin assessment examinations. White Hispanics
were also less likely to report having a relative with skin cancer than White non-
Hispanics. Also interesting was the finding that White Hispanics were significantly
less likely to consider themselves at risk for skin cancer. This population was also
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significantly less likely to use sunscreen with SPF of 15 or higher, or sun-protective
clothing when compared to their White non-Hispanic peers. Ma et al speculated
that a lack in public education on skin cancer risk among minority populations may
be responsible to these differences.”

4.12 Vitamin D

It is well known that vitamin D plays an important part in calcium and phosphate
metabolism.” More recently, vitamin D and deficiency in vitamin D has been linked
to several health conditions from breast and prostate cancer, cardiovascular disease,
glucose intolerance, and other sequela.” One benefit of UVB exposure on skin is the
conversion of 7-dehyrocholeserol to form vitamin D,.” One evolution-based theory
to explain differences in skin tone exists that is based on the hypothesis that popula-
tions originating from geographical areas with a lower UV index required lighter
skin to facilitate greater vitamin D production.” This is due to the fact that melanin
in skin prevents UVB penetration and blocks the photons from reaching the vitamin
D, precursor.” There is evidence that individuals with dark skin typically have lower
vitamin D levels when compared to lighter skinned people.”*°

In a study designed to define the relationship between UVB exposure and serum
concentrations of 25-hydroxyvitamin D as a function of skin pigmentation, Armas
et al”® exposed 72 subjects with various skin tones to UVB light. In their study, skin
tone was determined using a reflective meter, and subjects received doses of UVB
three times a week for 4 weeks. Light skinned subjects received doses ranging from
20 to 40 mJ/cm?, while darker skin subjects were treated with 50, 60, or 80 mJ/cm?.
Results from this study showed that therapeutically important changes in serum
25-hydroxyvitamin D were attained with minimal tanning. They also found that 80%
of the variation in treatment response could be explained by UVB dose and skin tone.

Despite these findings, and others that report lower concentrations of vitamin D
in dark skinned populations,”® it is important to understand that skin cancer
remains as an important pubic health concern for people of all skin types, and
because the major cause for skin cancer is known to be excessive UVR, UV exposure
should not be the preferred source for obtaining this vitamin.®! Thus, misinterpre-
tation of the role for UVB exposure and importance of adequate vitamin D levels
have the potential to put public health in jeopardy.®! In light of the known risks
associated with UVR, alternative sources of vitamin D should be sought. These
include dietary supplements and consumption of vitamin D rich foods.”$!

4.13 Future Studies

Despite recent studies addressing the effects of UVR on ethnic skin, many questions
remain unanswered. On a clinical level, limitations in currently accepted skin typing
systems warrant the development of more comprehensive and individualised skin
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typing guidelines and categories that include and take into consideration the various
pigmentation levels of non-Caucasian individuals. On a basic science level, many of
the regulatory mechanisms involved in melanin synthesis and function are yet to be
explicated. Additional biological, epidemiological, and genetic studies are needed to
more fully explain differences between racial groups with regards to melanoma®?
and other skin cancers and photo immunosuppression. Photoaging is popularly
believed to manifest differently in skin of color when compared to white skin but
there are few rigorous studies to support this. Finally, outcome studies to examine the
effect of equivalent preventative education and sun protection behavior among all
ethnic groups would be extremely interesting in terms of the potential to equalize
relative skin cancer rates.

4.14 Conclusions

Non-Caucasian skin has distinct qualities attributed in part to its constitutive pigment.
Melanin appears to protect the deeper epidermis and dermis from DNA photodamage,
and induction of proteolytic enzymes such as MMPs, elastases, and collagenases.
These differences explain, at least in part, why darker skin is less prone to carcinogenesis
and signs of photoaging such as wrinkles and loss of elasticity. Melanin’s ability to
protect from UV-induced immunosuppression is less clear, and the susceptibility of
dark skin to immunosuppression is a compelling indication for this population to
protect themselves from UVR. Despite a need for people with skin of color to protect
themselves from UVR, studies of sun-protective behaviors among ethnic groups show
that this population may be not adequately protected. At this time, photoprotection
through sun avoidance, protective clothing, and broad-spectrum sunscreens should be
recommended to people with skin of any color. In fact, an additional reason to recom-
mend sun-protective behavior to those with more pigmented skin is the propensity of
that population to experience PIH and the possibility for sun exposure to exacerbate
this pigmentation disorder.
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Chapter 5

Light Treatment of Follicular Disorders
in Dark Skin

Bassel H. Mahmoud and Iltefat H. Hamzavi

5.1 Introduction

On the one hand, the majority of the published data on the topic of cosmetic
dermatology and laser surgery have been focused on the Caucasian population; on
the other hand, statistics in the United States showed significantly shifting
demographics in the past decade. Hispanics and Asians accounted for 40% of the
total growth of the US population, African Americans for 12%, and non-Hispanic
Caucasians for somewhat over 2%. According to the 2000 census, 29% of the
United States population, representing approximately 85 millions, is not Caucasian
but are individuals of color.! By the year 2056 it is expected that more than 50% of
the US population will be of non-European descent and will likely include a large
number of ethnic patients with cosmetic needs.> Most of the current literature
remains devoted to examining laser procedures performed on individuals with fair
skin tones (Fitzpatrick skin phototypes I-II) and protocols have largely been
defined on the basis of the more extensive clinical experience that has accumulated
surrounding these patients, even though Asians, Hispanics, and African Americans
are showing increased demand for dermatologic laser surgery.?

Statistics in United States showed significant shifting demograph

By the year 2056, more than 50% of the US population will be of non-European
descent

To select an appropriate modality, it is imperative that the dermatologists not
only be aware of the unique needs of those with darker skin but also be knowledgeable
of the latest laser technology, including the risks and benefits of cutaneous laser
procedures as they relate to the specific needs of the ethnic patient.*
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5.2 Follicular Disorders in Dark Skin Treated
with Light Therapy

Table 5.1 shows the variety of follicular disorders that can be treated with the
different types of light therapy.

5.2.1 Hirsutism and Hypertrichosis

5.2.1.1 Does the theory of selective photothermolysis need to be modified?

One of the greatest advancements in laser technology has been in the area of
laser-assisted hair removal. To achieve effective results with laser-assisted hair removal,
modification of the theory of selective photothermolysis may be needed.’ This
theory states that by using the appropriate wavelength, pulse duration, and fluence,
thermal injury can be confined to the chromophore, protecting the surrounding
tissue.® The target chromophore in laser-assisted hair removal is the melanin rich
hair shaft and bulb. Due to the fact that melanin pigments have a wide absorption
spectrum ranging from 250 to 1,200nm, melanin can be specifically targeted by all
visible-light and near-infrared dermatologic lasers currently in use.’

To achieve effective results with laser hair removal, the theory of selective
photothermolysis needs to be modified.

Melanin pigments have a wide absorption spectrum ranging from 250 to
1,200nm

Different sites of the hair follicles are targeted by light therapy, which represents
a challenge for realization of the theory of selective photothermolysis, which is
largely based on the fact that it remains vague as to which portion of the follicle is
the preferred target to effect hair destruction.® On the basis of the original theory of
selective photothermolysis, the pulse duration should be shorter than or equal to the
thermal relaxation time of the hair shaft to ensure that the thermal damage is

Table 5.1 Follicular disorders amenable for light treatment and types of light sources

Follicular disorders Light sources

1-Hirsutism and Hypertrichosis 1-Laser

2-Pseudofolliculitis Barbae a-red-light (694-nm ruby)

3-Acne Keloidalis Nuchae b-infrared-light (755-nm alexandrite, 800-nm diode, and
4-Dissecting cellulitis 1,064-nm Nd:YAG)

5-Hidradenitis Suppurativa 2-Intense pulsed light (590- to 1,200-nm)
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localized to the selective target, which in the case of hair removal, is the hair follicle.
To achieve the selective destruction of target chromophores, appropriate pulse
duration must be determined for laser or intense pulsed light-assisted photoepilation.’
The thermal relaxation time (TRT) is defined as the time taken for an increase in
temperature to reduce by 1/2 of its peak value. A pulse time substantially longer
than the TRT reduces heat conduction from the target to adjacent tissue, whereas
too short a pulse time is likely to develop an epidermal burn. The TRT of epidermal
melanosomes is 1-2ms, and that of the hair shaft is estimated to be in the range of
10-100ms'?; therefore, a pulse time between that of epidermal melanin and hair
follicles is probably most effective for selectively destroying hair follicles without
damaging surrounding tissues. The ability of the laser to selectively destroy melanin
within the hair follicle while protecting that within the epidermis is possible through
thermokinetic selectivity, based on the theory of selective photothermolysis.’ Smaller
structures (epidermal melanocytes) will dissipate their heat more quickly than
larger structures of the same chromophore with greater surface-to-volume ratio
(hair follicle) when both are heated with laser energy. The ability of these smaller
structures to dissipate heat more quickly acts as a protective mechanism. However,
the concept of an appropriate pulse time for hair removal is still a controversy.
To achieve permanent hair reduction, the heat must diffuse through the bulb,
hair shaft, and also the entire surrounding tissue of the hair follicle. For heat to
diffuse from the hair shaft through the entire hair follicle, longer pulse durations in
the milliseconds are necessary to achieve the targeted thermal destruction of the
entire hair follicle.® Within the follicular unit, the laser targets are the melanocytic
outer root sheath, shaft, and the matrix. In addition, stem cells are crucial for hair
development and growth. To permanently inhibit hair growth, lasers must thermally
destroy not only the entire hair follicle, but also these progenitor cells.!" Dierickx
disputed that the actual target during hair removal is not the pigmented structure,
but rather the components removed from a pigmented structure, like the follicular
stem cells that lie in the hair follicle outer root sheath. Pulses longer than the TRT of
hair shafts allow the propagation of thermal damage through the entire volume
of hair, as well as damage to follicular stem cells. The study also shows that the
longer pulse width applications produced better permanent hair removal results for
the same number of treatments.'?

TRT of epidermal melanosomes is 1-2 ms, and that of the hair shaft is estimated
to be in the range of 10—100 ms

TRT is defined as the time taken for an increase in temperature to reduce by 1/2
of its peak value.

Longer pulse durations in the ms are necessary to achieve the targeted thermal
destruction of the entire hair follicle

There are two stem cells reservoirs in the human anagen hair follicle. The
first is located in the proximal outer root sheath. These stem cells are amelanotic
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and may act as a melanocytic reservoir. The second location is located in the
distal outer root sheath.!" This location of stem cells is identified to be within the
bulge by using the mouse model.!* In the human hair follicle, the location of the
bulge is thought to be in the lower third of the follicle of the outer root sheath.
Therefore, to achieve permanent hair reduction with lasers, a modified theory of
selective photothermolysis needs to be used so that melanocytic chromophores,
as well as the amelanotic hair follicle and stem cells are destroyed. To achieve
this goal, longer pulse durations are necessary to propagate heat to the entire hair
follicle.’

5.2.1.2 Types of hair-removal systems according to their wavelength

Hair-removal systems are grouped into three categories based on type of laser or
light source used: red-light systems (694-nm ruby), infrared-light systems [755-nm
alexandrite, 800-nm diode, 1,064-nm neodymium/yttrium aluminum garnet (Nd/
YAG)], and intense pulsed-light sources (590-1,200nm).? Laser hair-removal tech-
nology has been available since the mid 1990s. The 2- to 5-ms short-pulse durations
found in these first generation lasers allowed successful hair removal in those with
fair skin and dark hair; however, were used with caution for those with darker skin
since they had a tendency to produce hyperpigmentation, blistering, and scarring.
With the introduction of longer wavelengths, longer pulse durations, and adequate
cooling devices, the appropriate candidate for laser hair removal is no longer lim-
ited to fair—skinned individuals with dark terminal hairs, but also covers patients
with darker skin types (phototypes IV=VI). For the melanin within the hair shaft
and follicle to be selectively targeted and destroyed, laser energy should be trans-
mitted without obstruction through the skin toward its target. This occurs when
there is little competition from epidermal melanin, as in Fitzpatrick skin types I and
II. Darker skin types (Fitzpatrick III and IV), however, contain significant amounts
of melanin such that there is competition for the laser energy between the epidermal
and targeted melanin. Longer pulse durations of 40 ms using the long—pulsed alex-
andrite laser were found to be safer in dark—skinned individuals and were able to
destroy the hair follicle while protecting epidermal melanin.* Although there were
technological advances in laser—assisted hair removal during the past few years,
still much work needs to be done for optimum laser response in different skin types.
Specifically, on the one hand, none of the systems are able to produce consistent,
predictable results, as follicular responses to laser irradiation vary considerably
from patient to patient, from one anatomical site to another, and from one treatment
time to another for any given individual.® On the other hand, most of the available
lasers and intense light sources can achieve a marked delay in the regrowth of
unwanted hair.'* In addition, laser—assisted hair removal, when compared with
electrolysis, is associated with low treatment discomfort, and large body areas can
be treated since follicles do not need to be targeted individually, as opposed to
electrolysis.’ In addition to the success of lasers for epilation, the considerable
safety margin must be considered.'*
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Ideal candidates for laser hair removal include individuals with pale skin tone
and dark terminal hair

The relatively high concentration of melanin in hair follicles compared with the
epidermis in patients with pale skin tones and dark terminal hair ensures a high level of
efficacy and target—specific energy absorption when pigment—specific lasers are used. In
patients with dark skin tones, however, epidermal energy absorption cannot be entirely
avoided and epidermal pigments absorb a great deal of the laser energy before reaching
the hair follicle. Even though the unwanted hair in these patients tends to be darker,
thicker, and more cosmetically evident, the rate of adverse effects is higher, leading to
the unwillingness of many practitioners to treat ethnic skin for fear of side effects.?

Laser effect is weakened by epidermal melanin absorption which decreases the
total amount of energy reaching deeper dermal lesions

Nonspecific energy absorption by relatively large quantities of melanin in the
basal layer of the epidermis can increase unintended nonspecific thermal injury
and lead to a higher risk of untoward side effects, including permanent dyspigmenta-
tion, textural changes, focal atrophy, and scarring in the darkly pigmented patient.
In addition, the laser efficacy is weakened as competitive absorption by epidermal
melanin substantially decreases the total amount of energy reaching deeper dermal
lesions, rendering it more difficult to achieve the degree of tissue destruction necessary
to affect the desired clinical result. Treatment parameters, therefore, must be carefully
considered when performing laser surgery on patients with darker skin phototypes.’

Combination of longer wavelength, epidermal cooling, and longer pulse dura-
tions decreased the side effects in dark skin

The combination of longer wavelengths, active epidermal cooling, and longer pulse
durations provided by the most advanced laser technology has decreased the side effects
after laser—assisted hair removal in patients with darker skin tones.® Latest laser hair—
removal devices incorporate longer pulse durations and a variety of cooling devices, all
of which may allow safe treatment for dark skin. With these modifications, laser hair
removal is now a successful treatment for hypertrichosis and pseudofolliculitis barbae.
Despite cooling devices, patients of color experience more pain with laser hair-removal
procedures, are generally not able to tolerate higher fluences, and should be treated
within conservative parameters.'® The increased melanin content within the epidermis
of a more darkly skinned individual will interfere with the absorption of laser energy
intended for another target, leading to hyperpigmentation of the treated area.*

5.2.1.3 The choice of the right laser for treatment of darker skin types

Laser light must pass through the pigmented epidermis to treat the dermal hair
target. The main challenge in treating pigmented skin is that melanin in the epidermis
competes as a chromophore for the laser light. Light is absorbed within the pigmented
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epidermis and is converted to heat, which can lead to epidermal blistering, dyspig-
mentation, and scarring. Epidermal melanin absorption of laser light, especially in
dark—skinned individuals, causes less light to reach its intended chromophores and
consequently less tissue effects. However, darker skin types can be treated with
minimal side effects using longer wavelengths, longer pulse durations, and more
efficient cooling devices. By manipulating laser parameters, new generation laser
hair removal devices can provide the safety necessary to effectively treat darker
ethnic skin.’ Figure 5.1 shows the chin area of an African American female patient
before (a) and after treatment (b) with long pulsed NdYAG laser.

Light absorbed within the pigmented epidermis is converted to heat, which leads
to epidermal blistering dyspigmentation, and scarring

Several pigment—specific laser systems with relatively long (millisecond) pulse
durations have demonstrated safety and efficacy in darker skin phototypes, including
the 755-nm alexandrite, 810-nm diode, and 1,064-nm NdYAG.? Studies looking at
IPL treatment of hirsutism in patients with darker skin phototypes have been lim-
ited."” Alster and colleagues® demonstrated significant long—term hair reduction
after a series of three monthly long—pulsed 1,064—nm NdYAG laser treatments in
20 women with skin phototypes IV-VI. Adverse effects were limited to transient
pigmentary alteration without fibrosis or scarring. NdYAG laser irradiation has
demonstrated the lowest incidence of side effects caused by nonspecific epidermal
melanin absorption since its wavelength is relatively less absorbed by melanin than
any other laser—assisted hair-removal modality currently available.'®

Nd: YAG laser has demonstrated the lowest incidence of side effects

Although difficult, effective laser therapy in patients with darker skin phototypes
can be achieved, since the absorption coefficient of melanin decreases exponen-
tially as wavelengths increase!® (Fig. 5.2). Epidermal melanin absorbs about four
times as much energy when irradiated by a 694-nm ruby laser as when exposed to
the 1,064—nm beam generated by the NdYAG laser, leading to greater penetration
of the longer wavelength into the dermis. Consequently, laser systems generating
wavelengths that are less efficiently absorbed by endogenous melanin can often
provide a greater margin of safety while still achieving satisfactory results.?’ Following
wavelength, the second important parameter is the pulse duration. As the main cause
for laser—induced side—effects is epidermal thermal damage, longer pulse durations
allow for more efficient cooling of the epidermis. The more slowly light energy is
deposited into the skin, the slower the epidermis heats, making cooling of the skin
more efficient. The risk for thermal-damage—induced epidermal side—effects is
minimized by removing the heat from the epidermis. Longer pulse durations are
also safer for darker skin types based on the theory of thermokinetic selectivity.
The theory states that smaller structures (e.g., epidermal melanin) will lose heat
faster than larger structures (dermal hair follicles). The quicker dissipation of heat
of the epidermal melanocytes in comparison to the larger hair follicle serves as a
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Fig. 5.1 African-American female patient with hirsutism of the beard area before (a) and after
treatment (b) with long pulsed Nd/YAG laser
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Fig. 5.2 Absorption spectra of melanin and oxyhemoglobin (the 2 major skin chromophores)

protective mechanism for the epidermis.?! The third important parameter to
wavelength and longer pulse durations, which help to protect pigmented skin,
are laser cooling devices, which are imperative to minimize thermal damage in the
pigmented epidermis. Cooling helps counter the higher fluence at the skin surface
compared with the depth of the hair bulb. The different ways by which cooling devices
exert their effects on the skin are either by direct contact of a cooling plate or by
noncontact cooling by emitting cooled pray, air, or gas. Over cooling on pigmented
skin should be avoided as it can produce unwanted side effects including blistering
and dyspigmentation.® In terms of safety, the lasers of choice for hair removal on darker
ethnic skin are systems that combine longer wavelengths, longer pulse durations,
and efficient cooling devices. The two wavelengths that can safely be used for laser
hair removal on darker skin types are the diode (8§10 nm) or NdYAG (1,064 nm);
however, there are reports of the use Alexandrite (755 nm) used for darker skin types.
Of these options, the longer wavelength laser (NdYAG) is the safest type to utilize
for treatment of darker ethnic skin since it is the least absorbed by epidermal
melanin.® However, in terms of efficacy, the shorter—wavelength lasers (diode) are
more effective because of their higher melanin absorption value.® The Food
and Drug Administration (FDA) has approved both the long pulsed diode and
NdYAG laser systems for laser—assisted hair removal in darker phototypes.’ To
safely treat darker skin types, the long—pulse diode laser system utilizes pulse
durations of 100 ms or longer. They are best suited for skin phototypes I-V. Caution
should be used when treating the darkest of skin types. To safely treat phototype
VI, very long pulse durations (400 ms and longer) as well as aggressive adjunct skin
cooling should be used. The NdYAG wavelength is inherently safer than the diode
wavelength to treat darker skin types. These systems are safer and are more
effective due to their increased capacity to penetrate the dermal hair follicular unit.
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Therefore, shorter pulse durations can be more safely used with the NdYAG lasers
compared with diode lasers; however, they are not risk free. The FDA—approved Nd/
YAG laser systems that have pulse durations ranging from 3 ms to greater than 100 ms.
As with the diode laser, longer pulse durations reduce the chance for epidermal
thermal damage. All FDA—-approved lasers incorporate efficient epidermal cooling
devices as part of the system.’

Absorption coefficient of melanin decreases exponentially as wavelengths
increase

Smaller structures (e.g., epidermal melanin) will lose heat quicker than larger
structures (dermal hair follicles)

Cooling helps to counter the higher fluence at the skin surface compared with
that at the depth of the hair bulb

Excessive cooling can produce blistering and dyspigmentation

The NAYAG laser has been first introduced in a short—pulsed or Q-switched
mode and is known for its high safety profile.?? The latter attribute is particularly
important when individuals with darker skin tones seek treatment. Previous reports
of long—pulsed NdYAG laser treatment in patients with dark skin phototypes have been
limited by their short postoperative evaluations and/or limited treatment sessions
but still have been use in these individuals.? The longer—pulse (millisecond) NdYAG
system has been shown to be more effective in safely removing hair than the
Q-switched (nanosecond) NdYAG system, given its closer approximation to the
target hair follicle’s thermal relaxation time.?* It is likely that with equivalent
fluences, shorter—pulse red and infrared laser systems can also permanently destroy
hair follicles, but at the expense of the epidermis. The use of lasers with longer pulse
durations (>200ms) permit safe application of higher fluences to patients with
darker skin tones, effectively heating the inner and outer root sheaths and the
germinative zone without disrupting epidermal melanosomes (which typically
respond to short [1-ms] pulses). Selective bulb and stem cell damage can thus be
achieved with pulse durations much greater than the relaxation times of follicles
(10-100ms).}

Lasers with longer pulse durations permit safe application of higher fluences to
patients with darker skin tones

5.2.1.4 Selecting the right laser parameters and test spots

Fluence is an important parameter when determining a treatment protocol for an
individual patient since the laser wavelength chosen when treating darker skin
(since highly melanized) absorbs electromagnetic energy much more efficiently
than fair skin. For example, skin phototype VI may absorb as much as 40% more
energy when irradiated by a visible light laser than does phototype I or II skin
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when fluence levels and exposure duration remain constant.”> Conservative power
settings (the minimal threshold fluences necessary to produce the desired tissue
effect in a given individual as determined through irradiation test spots) should be
employed initially to minimize the extent of collateral tissue damage. Moderate to
severe pain is another indicator that the fluence may be too high. This is particularly
helpful for patients who state that pain is worse than what had been experienced
in prior treatments. The discomfort patients feel from laser hair removal is very
subjective, but in general, should be tolerable for most patients. A topical anesthesia
is often used when discomfort is not acceptable, but most patients can be treated
without any topical anesthesia.’

Test spots are the best way to determine the appropriate fluence and right pulse
duration

Evaluation of epidermal tissue response, through performing test spots, is the
best way to determine the appropriate fluence and right pulse duration for a particular
candidate. Test spots should be performed in a similar area that is to be treated, in
order to closely match the skin color, sun exposure, and hair density level. The choice
of where to perform test spots is crucial not only to closely simulate the area to be
treated, but also to minimize the patients dissatisfaction if a side—effect occurs.’

Test spots should start with the safest parameters (lower fluences and longer pulse
durations), and slowly progress to higher fluences and shorter pulse durations.
Classically, two to four fluences are tested, followed by a waiting time of at least
48h (optimally 3 weeks) after performing the test spots before safe treatment fluence
can be determined. This time frame is ideal because patients with darker skin types can
have a one— to two—day delay in demonstrating cutaneous side effects. Test spots should
be conducted with the intent to simulate actual treatment, with a minimal of four
overlapping test spots for every fluence/pulse duration parameter tested. On the
basis of the results from the test spots, the safest fluence parameter can be determined
to use for initiating treatment.> Figure 5.3 shows a posttest spots laser treatment on
the right cheek and mandibular area of a dark skinned patient.

A waiting time of least 48 hours, optimally 3 weeks, after performing the test
spots before determining the safe treatment fluence

In high hair density areas, such as the beard and upper back, lower fluences should
be initially used to decrease the risk of thermal damage caused by the pooling of
heat from the heat diffusion from close adjacent hairs. Similar to treating lighter
skin types, perifollicular edema and mild erythema are immediate clinical outcome,
which can be hoped for. However, this epidermal response is not always observed,
because of the lower fluence often used for darker skin. Permanent hair reduction
can still be achieved even if this response is not visible. Laser—induced perifollicular
erythema and edema generally last from few minutes to few hours. If these reactions
last longer, this should serve as a warning of being close to the epidermal thermal
damage threshold and the fluence may need to be adjusted downward.
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Fig. 5.3 Post test spots with long pulsed Nd: YAG laser

In high hair density areas lower fluences should be used to decrease the risk of
thermal damage.

5.2.1.5 Patient selection

Ideal candidates for laser—assisted hair removal have conventionally included
individuals with pale skin tones and dark terminal hair. The safest hair removal
laser systems to treat phototypes IV-VI are the long pulsed NdYAG (1,064 nm).
Long pulse (>100ms) diode (810nm) lasers can also be used to safely treat darker
skin types, but adjunct aggressive cooling is essential to safely treat skin type VI.
Thereare very few contraindications forlaser—assisted hairremoval. Photosensitizing
drugs activated by ultraviolet A wavelengths have often been considered a contrain-
dication. However, hair removal lasers are in the visible and near—infrared wavelength
spectrum, and, therefore, are generally felt to be safe to use on patients taking these
medications.’

The safest hair removal laser to treat phototypes IV=VI are the long pulsed Nd:
YAG (1,064 nm)
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People with a history of keloids or hypertrophic scarring should be treated
cautiously. Also, it has been long held that like other laser procedure, laser hair
removal would increase the risk of delayed healing, keloid formation, and scarring
in patients undergoing isotretinoin therapy and should be off the medication for at
least six months prior to treatment. There have been no studies showing that there
is an increased incidence of laser—assisted side effects on patients who are on or
have recently been on Accutane. In theory, laser hair removal should not affect collagen
in the dermis and healing process as it works based on the principle of the theory
of selective photothermolysis, targeting melanin in the hair follicle. Khatri* showed
in a study to evaluate the side effects of Diode laser hair removal in patients under-
going isotretinoin treatment that there was no erythema, pigmentary change, swelling,
or scarring at any follow—up visits after these 36 treatments. However, patients
should still wait three to six months, to be on the safe side, after stopping Accutane
prior to initiating laser hair removal.’

Prophylaxis antivirals are necessary for people with chronic or active herpetic
infections

Prophylaxis antiviral medications are necessary for people with chronic or
active herpetic infections, especially if they occur in the desired treatment area.
Prophylaxis is typically started one day before continuing for a total of five to
seven days.’

5.2.1.6 Preoperative discussion of patients with darker skin types

Patient’s expectations are important prior to laser—assisted hair removal. Patients
should understand that multiple treatment sessions are necessary to achieve perma-
nent hair reduction. It usually takes a minimum of five laser treatments, and often
more, to reach the patient’s desired hair reduction expectation. With each treat-
ment, there is a decrease of between 10% and 20% in the hair count, color, and
diameter of the hair. Because patients with darker skin types need lower fluences
and longer pulse durations, more treatments maybe required compared with those
with lighter skin type lighter skin types. The frequency of treatment is still contro-
versial, and is based on many factors, particularly the growth rate and body region
of the hair to be treated. Patients with facial hair should be treated approximately
every four weeks. Facial hair is usually finer and lighter than hair on the rest of the
body making it one of the most recalcitrant areas to treat. Therefore, more than the
usual number of treatments may be necessary. It is generally agreed upon that
more—frequent treatments are better than less—frequent ones to treat again before
the damaged hair has had a chance to fully revitalize and strengthen. The treat-
ments should usually be performed for four to eight weeks, depending upon the
site to be treated.
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With each treatment there is a decrease of between 10 and 20% in the hair count

To maximize the amount of pigmented hair chromophore in the skin, the patient
should not wax or pluck hairs prior to or in between treatments. Shaving, bleaching,
or utilizing depilatory creams are preferable methods for hair removal between
treatment sessions. Some level of discomfort during the procedure maybe felt, often
times described as a small rubber band snapping against the skin.

A topical anesthetic preparation (e.g., 4-5% lidocaine) and cooling (e.g., air
cooling) helps to decrease the pain during the procedure. After the treatment, there may
be immediate perifollicular edema and mild erythema lasting from minutes to hours.
Regardless of the ethnicity or skin color of the patient, there should be no crusting,
blistering, or scabbing posttreatment. In the event of any thermal damage-related
cutaneous side-effects, a topical antibiotic or corticosteroids may be required.’

5.2.1.7 Treatment Protocol

Before the treatment session, the area treated must be wiped clean, and the hairs
must be closely shaven. The topical anesthetic must be removed prior to treatment.
A gentle alcohol cleanse should be performed to make sure that no residual makeup
or anesthetic remains on the skin, followed by a final wipe with water to the area to
make sure that no residual alcohol is left on the skin. Appropriate protective goggles,
based on the wavelength of the laser, must be worn by everyone in the room. The patient
should be wearing occlusive goggles for added protection. Individual pulses should
overlap by 10-30%, depending on the type of system used.’

When treating high-density, a relatively lower fluence should be used until the
hair density has thinned

When treating high-density areas (e.g., the beard or upper back), a relatively
lower fluence should be used until the hair density has thinned. If higher fluences
are used, thermal damage could ensue due of the pooling and accumulation of heat
from the diffusion of heat of the closely situated adjacent hairs. Similarly, more
conservative fluences should be used on the neck in females as there is a higher
incidence of scarring. When treating the face, it is better to be very conservative,
utilizing lower fluences, to fully minimize any risk of epidermal injury. In treating
the upper lip and chin, the enamel of the teeth should be protected using gauze
overlaying the teeth or having the patient place their tongue over the teeth during
treatment. It is important to closely shave the hair prior to treatments, especially
for the upper lip (Fig. 5.4) and sideburns areas since they can heat up and cause
superficial side effects (e.g., blistering and discoloration).’

Immediate icing of the treated area after treatment reduces discomfort, erythema,
edema, and epidermal side effects. A topical corticosteroid can be used twice a day
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-

Fig. 5.4 Female patient with increased hair density of the upper lip

for 48h if prolonged erythema, edema, or irritation occurs. Additional treatments
are performed four to eight weeks apart, depending on the area treated. If there
were no epidermal side effects from the previous treatment, the same parameters
can be used, or one can moderately increase the fluence. Caution should be applied
when increasing the fluence since small increases can tip the scale beyond the
patient’s epidermal thermal damage threshold, creating side effects. If the previous
treatment has produced any unfortunate epidermal side-effects, the fluence should
be adjusted downward and longer pulse durations should be used. If there were no
adverse effects, but perifollicular edema and erythema lasted more than a few
hours, the fluence should be slightly decreased.’

5.2.1.8 Laser-induced side effects

With the long pulse diode and NdYAG laser system, the risk of any adverse events
is extremely rare.?” Epidermal thermal damage can cause crusting, scabbing,
blistering, pigmentary alterations, and scarring. The risk of infection is remote with
laser-assisted hair removal, but a “folliculitis” type reaction can take place, and should
be treated with antibiotics and/or corticosteroids. Herpetic infections occur in
individuals with a history of chronic infections.’

Excessive hair growth, whether from hirsutism or hypertrichosis, in women or
men can create a major medical and cosmetic problem. Conventional treatments,
such as waxing, plucking, electrolysis, or shaving, have high incidence of epidermal
side effects in patients with darker skin types. Laser hair removal treatments provide
patients who have darker skin types with a safe and successful therapeutic option.
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Pigmentary alterations and epidermal side effects affiliated with conventional methods
of hair removal dramatically improve with each consecutive laser treatment.
Patients satisfaction does not depend only on permanent hair reduction, but also the
improvement of skin texture and pigmentary disorders.’

Postinflammatory hyperpigmentation is attributable to the labile response of
melanocytes to irritation or inflammation.?® Fortunately, this hyperpigmentation is
transient and usually amenable to treatment with a bleaching agent and sun protec-
tion.” In a study done by Aldraibi et al.,*® they found that the effect of betamethasone
dipropionate cream in minimizing the incidence of hyperpigmentation was more
notable in skin types IV and V. They applied the cream 10min prior to laser application
to begin its antiinflammatory effect to decrease the incidence of potential side effects.

Topical steroids minimize the incidence of hyperpigmentation in dark skin

Transient hypopigmentation is believed to be related to the reversible suppression
of melanogenesis in the epidermis rather than destruction of melanocytes.*! Aldraibi
et al.*® observed that hypopigmentation occurred mainly in areas where crusts
formed indicating that the loss of melanin-rich keratinocytes in the epidermis plays
a role in pathogenesis. At one month, three of their patients with skin types V
and VI had hypopigmentation in the laser only areas. At 6 months, all areas were
completely repigmented.

Laser hair removal can lead to an increase in hair in some patients as a para-
doxical effect. Postlaser hypertrichosis is defined as occurring if patients developed
a definite increase in hair density, color, coarseness, or a combination of these at
treated sites when compared with baseline clinical photographs in the absence of
any other known cause of hypertrichosis. Small proportion of patients have reported
an increased hair growth at sites of previous laser epilation, and patients with darker
skin (types III-V) may be at more increased risk for developing paradoxical
hypertrichosis. One possible explanation may relate to the concept that the process
of laser epilation may serve to synchronize the cycling of those hairs growing
within the laser treatment sites.* In addition the heat from laser ablation may convert
vellus hairs into terminal hairs.

5.2.2 Pseudofolliculitis Barbae

Pseudofolliculitis barbae (PFB) (razor bumps) is a foreign body inflammatory reaction
surrounding in-grown facial hair that results from shaving, waxing, or plucking. It is
a condition with a high incidence in the African-American population. Many black
patients face a difficult challenge of the removal of unwanted hair and many are
diagnosed with PFB. It is a common dermatological condition that occurs in persons
with curly hair, with over 50% incidence in black men. Figure 5.5 shows a severe
case of PFB of the beard of a middle age African-American male. This condition
can also affect black women with a history of hirsutism.*
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Fig. 5.5 Pseudofolliculitis barbae in an African-American male

Hair removal is the precipitating factor of PFB, especially close shaving in
individuals with tightly curled coarse hair. The condition occurs when strongly curved
hairs emerging parallel with the skin surface are cut obliquely in the process of
shaving, giving them sharp points. These sharp, knife-like points then begin to curve
in a 180" arc toward the epidermis and penetrate the skin within a short distance of
the follicle. The hair shaft becomes ensheathed with epithelial cells, forming a
pseudofollicule. As a result, a foreign body reaction provoked by the ingrown hair
develops and is manifested by inflammatory papules and pustules. The chronic
presentation of papules and pustules is often accompanied by fibrotic scarring
and hyperpigmentation.® This is particularly seen in areas such as the beard, neck,
and face of men, or in the underarms or bikini area of women who shave. Like
hirsutism, conventional methods of treatment are not effective, leading to a high
incidence of side effects.**

Management for controlling PFB includes topical steroids, antibiotics, and
exfoliating agents. Although these agents are sometimes helpful in the treatment
and management of PFB, the positive effects are often short-lived. Present therapies
include chemical depilatories, retinoids, topical corticosteroids, topical antibiotics,
eflornithine hydrochloride cream, and laser. Clipping the hair above the skin surface
often results in improvement. Other physical modalities such as shaving with
conventional razors or electric razors, depilatory creams, electrolysis, and plucking
are ineffective in the treatment of PFB and may cause further problems for the
patient such as scarring and hyperpigmentation. Electrolysis has also been used in
treatment, but this technique, in addition to being tedious, can cause pigmentation
abnormalities, scarring, and residual keratin abscesses from fragmentary destruction
of the hair follicle.** For some patients with PFB, the best treatment is maintaining
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a neatly trimmed “beard” with an average “above the surface” hair length of about
1/8 in.3* The most effective treatment in the past was to allow the beard to grow.
Many occupations, however, prohibit beards, and this certainly would not be the
best treatment for the female patient. The military, for example, has protocols
specifically addressing this condition due to their grooming standards: the presence
of refractory PFB can lead to discharge from the service.*

Best treatment maintaining neatly trimmed “beard” with an average “above the
surface” hair length of about 1/8 inch

More recently, laser treatment has been shown to reduce hair density and
decrease the severity of PFB. Laser-assisted hair removal is a successful treatment
for PFB. Temporarily or permanently removing the hair from the PFB lesion
dramatically improves the condition, leading to resolution of the papular and
pustular condition, and improvement of the skin’s texture and associated postin-
flammatory hyperpigmentation.** Figure 5.6 shows an African-American male
patient with PFB of the beard before (a) and after treatment (b) with long pulsed
NdAYAG laser. In treating the beard area of men, the goal should be both to improve
the papular and pigmentary disorder conditions to provide the patient with a
cosmetic pleasing appearance. Lower fluences and longer pulse durations can be
used to provide a hair delay management approach. Most male patients who have
beard PFB are most affected in the lower neck area.’

Nanni, Brancaccio, and Cooperman®” reported the use of a long-pulsed alexandrite
laser, but noted that hair reduction was temporary. They also suggested that part of the
decrease in papules and pustules might be due to a gentle exfoliative effect often
observed after treatment. The 810-nm wavelength diode laser proved to be an effective
method of hair removal for patients with dark pigmented skin, and also an excellent
treatment for patients diagnosed with PFB.?” Rogers and Glaser™ reported the effective
use of a Q-switched NdYAG laser and topical carbon suspension in the reduction of
inflammatory papules and pustules. Chui et al.** used a normal mode ruby laser in a
white patient with PFB and observed improvement even 10 months after the last of
three treatments. Battle et al. have reported the use of a novel long-pulsed 800-nm
laser (20-200ms) in darker skin types (up to type VI). They achieved safe and effective
hair reduction by combining lower fluences with longer pulses.** Most recently,
Kauvar*' has showed reduction in the severity and number of shaving bumps with a
more traditional 800-nm diode laser using pulse durations ranging from 20 to 30ms.

Jacques and McAuliffe*> showed that the relative absorption for 1,064-nm radia-
tion for black coarse hair is about 1.5 times that of a very dark epidermis. For black
thick hair and brown skin (typical patient with PFB), there is a ratio of relative light
absorption that allows for sufficient hair heating without epidermal damage,
particularly if epidermal cooling is applied. The ratio of melanin absorption for 800
and 1,064 nm is about 3:1. This does not mean that the same hair reduction could
be achieved without epidermal damage in darker skin by simply reducing the incident
fluences for 800 nm or other even shorter wavelengths, due to the scattering properties
of the turbid dermis. Scattering losses as a function of depth are decreased for
longer wavelengths, so that there is greater penetration into the dermis as shown by
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Fig. 5.6 African-American male with Pseudofolliculitis barbae before (a) and after treatment
(b) with long pulsed NdYAG laser, showing the improvement of the inflammatory papules
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Zhao and Fairchild,* who found that in black skin, the penetration of 1,064 nm light
was three times higher than 700-nm light at 3.3 mm deep in the dermis, which
represent the typical depth of a hair bulb.

Ratio of melanin absorption for 800 and 1,064 nm is about 3:1

Penetration of 1,064nm light was 3 times higher than 700-nm light at 3.3 mm
deep in the dermis

On the one hand, in individuals with Fitzpatrick type VI skin, NdYAG laser
has been demonstrated to be safe and effective.® This wavelength theoretically
allows for the greatest ratio of hair bulb to epidermal heating.** On the other hand,
when there is thick black hair with high density (normal male beard), the
1,064nm laser tends to produce significant discomfort that requires topical
anesthesia.* The 810nm diode laser has been applied in a few PFB studies.?” With
the longer-pulse modes (30-500ms), an acceptable degree of efficacy and safety
has been shown in some darker skin types (V and lighter type VI), but blistering
and subsequent pigmentation changes have been reported in patients with very dark
type VI skin. Of the wavelengths available for laser hair reduction, 1,064 nm offers
the greatest ratio of threshold fluences for efficacy to epidermal damage.* However,
by combining extended pulse widths and optimized surface cooling, we can minimize
side effects induced by 810nm in very dark skin.*®

1,064 nm offers the greatest ratio of threshold fluences for efficacy to epidermal
damage

Using this very long pulse strategy for PFB, delayed hair growth is the goal,
especially in very dark skin. Permanent hair reduction might not be achieved in very
dark skin because maximum tolerated fluence appears to be insufficient to predictably
cause long-term reduction. In PFB, however, simply delaying hair growth reduces
the frequency and vigor of shaving and therefore can reduce the severity of the
disease.* In reviewing side effects and efficacy in this study, lighter-skinned patients
corresponding clinically to roughly type V and lighter type VI skin responded more
favorably. With increased pigmentation in the darkest-skinned blacks, the power and
fluence restrictions lessened the response to treatment. In reviewing the responses,
the fluence thresholds for efficacy and epidermal damage were very similar for dark
skin. For lighter black skin or darker Hispanic skin, the fluence threshold for crusting
exceeded that for efficacy. Because hair color in the patients was similar regardless
of skin type, the thresholds for efficacy would be predicted to be similar. In short,
even when the 810nm device was optimized for treating dark skin, the ratio of
minimum damaging fluences to minimum effective fluences was only about 1.2:1
(for very dark skin). In contrast, for very dark skin, the NdYAG laser offers a greater
window of safety, where the fluence ratio of safety to efficacy is about 1.5-2:1.%
This study demonstrates that a super long-pulse diode laser can improve PFB,
particularly in individuals with type V skin treated at higher fluences. The benefit
to safety ratio was less well defined in very dark type VI patients, and the device,
although capable of reducing shaving bumps, must be used with more caution in
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these patients and with the expectation of less improvement and/or more treatment
sessions.*> NdYAG laser, although less absorbed by melanin, offers better laser
penetration affecting all portions of the hair follicles and more safety profile.

Nd: YAG laser offers greater window of safety, where the fluence ratio of safety
to efficacy is about 1.5 to 2:1

Nanni et al.*” reported the use of a 755-nm laser for the treatment of pseudofol-
liculitis but noted that the hair and papule/pustule reduction was temporary. More
recently, Ross et al.** reported the use of a 1,064-nm long-pulse NdYAG laser for the
treatment of PFB in dark skin types. The results showed safe and efficacious PFB
and hair reduction. Similar to the study device used by Ross, the laser system used
in this study, the 1,064-nm long-pulse NdYAG laser, provides a unique long wave-
length that penetrates to the depth of the hair bulb while sparing the epidermis.

The long-pulse 1,064-nm NdYAG laser appears to have a distinct advantage over
other shorter wavelengths for the treatment of PFB; 1,064-nm light is able to
exploit the differences in melanin concentration between the hair bulb and epider-
mis in patients with skin types V and VI. The absorption coefficient for 1,064-nm
light and black hair is roughly 27 cm™ while for a very dark epidermis is estimated
to be 18cm™'. There exists a ratio of absorption for thick black hair and brown skin
that allows for the 1,064-nm light to heat sufficiently the hair bulb and bulge with-
out damage to the epidermis, especially if (MS PAGE NO 25) contact cooling is
applied.* The ratio of melanin (major chromophores for hair removal) absorption
for 800-nm and 1,064-nm light is roughly 3:1. Zhing-Quan and Fairchild*’ showed
that in black skin the penetration of 1,064-nm light was three times higher than of
700-nm light at 3.3-mm depth in the dermis (typical depth of hair bulb). The 1,064-
nm wavelength penetrates far enough into the dermis to disrupt the follicular
mechanism of hair growth while sparing the epidermis from heat absorption. As the
wavelength is shortened, melanin absorption is increased, leading to increased heat
absorption on the surface of the skin. Dark skin treated with the long-pulse alexan-
drite laser (755 nm) using relatively large fluences has been known to produce
severe epidermal damage such as blistering and dyspigmentation.*® This confirms
that the ratio of dermal (hair bulb) to epidermal temperature (and subsequent thermal
damage) increases with increasing wavelength.* In other words, as the wavelength
gets longer, there exists a greater percentage change in temperature between the
hair bulb and the surface of the skin. This can be greatly enhanced with the use of
external cooling to the epidermis. This emphasizes the value of the NdYAG laser
for the treatment of PFB in dark-skinned patients. This study has demonstrated the
use of the long pulse 1,064-nm NdYAG laser with continuous contact cooling for
the treatment of PFB to be both a safe and effective means of treatment. The treatment
has provided an observable objective positive result and has been met with encouraging
investigator and patient satisfaction.®

Absorption coefficient for 1,064-nm black hair is roughtly 27 cm™" while for a
very dark epidermis is estimated to be 18cm™!
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5.2.3 Acne Keloidalis Nuchae

Acne keloidalis nuchae is most frequently seen in African-Americans and rarely
occurs in women; in either case, its occurrence has a significant impact on the
patient’s quality of life.*’ It is characterized by persistent follicular and perifollicular
papules and plaques, which often lead to scarring and keloidal thickening located
on the occipital area of the scalp.® Figure 5.7 shows acne keloidalis nuchae in an
African-American male patient. Treatment with conventional methods is difficult
with marginal results. In early lesions, there is usually evidence of an entrapped
hair, and laser-assisted hair removal is a somewhat helpful adjunctive therapy.
Lower fluences and longer pulse durations should be initially used to minimize
permanency and provide more of a hair delay approach. However, for more chronic
changes associated with long-standing acne keloidalis nuchae, such as scarring,
foreign body reaction, and decreased hairs, modest fluences with longer pulse
durations are necessary. The goal is to destroy the tufted like hair that acts as a
foreign body in hopes of decreasing further scarring. The clinical outcome in chronic
cases is not as satisfactory.’ If there is keloid formation or hypertrophic scars,
debulkment with a CO, laser followed by triamcinolone injections are beneficial.*’
Our multicultural dermatology center, at Henry Ford Hospital, has significant
experience treating this condition with the long pulsed NdYAG laser. Figures 5.8
shows the result of one of our patients before (a) during the course of laser (b) and
after treatment (c) with long pulsed NdYAG laser.

Fig. 5.7 Acne keloidalis nuchae in an African-American male
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Fig. 5.8 African-American male with acne keloidalis nuchae before (a), during (b) and after
treatment (c¢) with long pulsed NdYAG laser, showing the resolution of the inflammation fol-
lowing laser
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c

Fig. 5.8 (continued)

5.2.4 Dissecting Cellulitis

Dissecting cellulitis is a chronic progressive inflammatory condition of the scalp
characterized by recurrent eruptions of pustular nodules, sinus tract formation, and a
resultant cicatricial alopecia (Fig. 5.9). This condition is most common in black men
20-40 years of age, with an onset typically in the second to fourth decades of life.
It can rarely occur in males of other races and in women or girls. Familial cases have
been reported. Dissecting cellulitis usually starts on the scalp vertex or occiput (Fig.
5.10) as a folliculitis. It expands into patches of perifollicular pustules, nodules,
abscesses, and sinuses. Nodules may be firm or fluctuant and pus and serous fluid can
be expressed. The course is typically chronic and relapsing.’' Different lesions can be
present simultaneously and healing occurs with scarring alopecia, which may be
patchy or confluent. Often, keloidal scars form in areas of inflammation. Dissecting
cellulitis can occur with acne conglobata, hidradenitis suppurativa, and pilonidal
cysts, a syndrome referred to as the follicular occlusion triad or tetrad. Each of these
conditions includes an occlusion of the follicular orifice with secondary inflammation
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Fig. 5.9 Dissecting cellulitis in an African-American male patient showing pustules, nodules,
crustations, discharging sinus tracts and scarring

Fig. 5.10 Dissecting cellulitis of the occiput and right side of the neck
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and pus formation, development of sinus tracts, and scarring.>! The pathophysiology
involves follicular blockage in all these conditions. As material accumulates in the
follicle, the follicle dilates and then ruptures. Keratin and bacteria from the ruptured
follicles can initiate a neutrophilic and granulomatous response. It likely represents a
primary inflammatory process with secondary bacterial infection (usually with
Staphylococcus aureus or Staphylococcus epidermidis).

Dissecting cellulitis can occur with acne conglobata, hidradenitis suppurativa and
pilonida cysts (follicular occlusior triad or tetrad)

Multiple therapeutic modalities include antibiotics, isotretinoin, incision and
drainage, intralesional steroids, X-ray epilation.’? Surgery is also a possible therapy,
where incision and drainage of lesions is a common first step in treating these
lesions. Surgical excision of lesions should be considered in severe or recalcitrant
cases. Wide excision of the affected areas and split thickness skin grafting has
advocates. Combined treatment using tissue expansion, radical excision, and
isotretinoin has been used successfully.

Medical therapies include antibiotics, antibiotic soaps (chlorohexidine, benzoyl
peroxide), dapsone, intralesional kenalog 10—40mg/cc, zinc supplements, tetracy-
cline-type antibiotics and prednisone 40—-60 mg/day. The follicular occlusion triad
in a young woman has been successfully treated with high dose oral antiandrogens
and minocycline. Various combination therapies have been used. Isotretinoin 1 mg/
kg/day is reported as an effective treatment for this condition.>! Dissecting cellulitis
remains a difficult condition to treat. Recognition of this condition allows for the
early institution of therapy, which is the best chance for effective intervention. New
laser therapies seem particularly promising for this recalcitrant condition.>!

Because the pathophysiology of cellulitis centers around the dysfunction of the
pilosebaceous unit, hair follicle destruction via laser hair removal devices, either by
diode laser (800nm)°! or by long-pulsed ruby laser (694 nm)¥, is used as a treatment
option with some efficacy. Side effects including dyspigmentation and permanent
alopecia from laser treatments, however, have been noted.”® The long-pulsed
NdYAG (1,064-nm) laser has been effectively employed in hair removal for darkly
pigmented skin due to the laser—tissue interactions offering both an increased depth
of penetration and a decreased melanin chromophore specificity.® Krasner et al.?
treated patients with dissecting cellulitis with the long pulsed NdYAG laser to
determine the capabilities and limitations of this treatment modality with respect to
reduce pus formation, enable the termination of systemic treatments, investigate the
side-effect profile including dyspigmentation and scarring alopecia, and terminate
the disease process. Figure 5.11 shows a patient with dissecting cellulitis before
treatment (a) and after 6 sessions of long pulsed NdYAG laser (b).

In dark-skinned patients with dissecting cellulitis, however, hair melanin must
be destroyed while sparing epidermal melanin to avoid transient or permanent
dyspigmentation.®> In laser therapy, matching pulse duration to the appropriate
cutaneous target is important. A pulse duration of 40-70 ms was chosen based on



Fig. 5.11 Dissecting cellulitis of the anterior part of the scalp before (a) and after (b) 6 sessions
of long pulsed NdYAG laser
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the observation that longer pulse durations tend to target larger structures and thus,
to a degree, spare epidermal damage from thermal injury.>* Krasner et al.>? per-
formed initial test spots using longer pulse durations and only proceeded with treat-
ment when it was clear that these were found to be safe. The 1,064-nm-wavelength
laser has the weakest absorption by melanin of all hair removal systems. Because
of this weak absorption, the NdYAG is one of the safer hair removal lasers for all
skin types with respect to number and duration of side effects.” Ross and col-
leagues™ noted that increased cooling time reduced the risk of hypopigmentation
and scarring. The need for cooling, however, must be balanced against the hygiene
of exposing the cooling tip to lesional contents upon irradiating the skin with laser
energy. Laser therapy also has less morbidity than surgical excision and grafting
(along with incision and drainage) of the scalp because surgery has the certain risk
of infection and the assured result of permanent scarring. The monthly NdYAG
laser therapy may reduce pain and pus formation, allows patients to discontinue or
maintain lower doses of systemic medications, and thus may slow disease progression
by obliterating diseased follicles. As stated earlier, however, the use of the NdYAG
is still not without risk of irreversible dyspigmentation and scarring.*

1,064-nm wavelength laser has the weakest absorption by melanin of all hair
removal systems

Laser therapy has less morbidity than surgical excision and grafting

5.2.5 Hidradenitis Suppurativa

Hidradenitis suppurativa (HS) is a complex skin condition characterized by recur-
ring inflammation and suppuration of the “inverse areas of the skin.” The disease
is initiated by inflammation surrounding the hair follicles, followed by acne-like
comedone formation leading to a cascade of destructive events including rupture
of the follicular infundibulum, abscess formation, and ultimately sinus tract
formation and scarring affecting mainly the axilla, inframammary, and groin
areas (Figs. 5.12-5.14). Although originally proposed to be a disorder of the
apocrine glands, recent histological studies by Sellheyer and Krahl*® have suggested
that the primary event in HS is follicular hyperkeratosis and obstruction. HS is
included in the follicular occlusion tetrad, in conjunction with acne conglobata,
dissecting cellulitis, and pilonadal sinuses.*

Primary event in HS is follicular hyperkeratosis and obstruction

Light-based modalities have been used with varying success rates in the treat-
ment of HS. Recently, Iwasaki et al.>” have published a recent report regarding the
utilization of a nonablative radiofrequency device in the treatment of HS, highlight-
ing the importance of deep dermal/subcutaneous heating in the treatment of the
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Fig. 5.12 Hidradenitis suppurativa of the left axilla in an African-American female showing
nodules, fistulae, and severe scarring

Fig. 5.13 Hidradenitis suppurativa affecting the inframammary areas
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Fig. 5.14 Hidradenitis suppurativa of the groin, buttocks, and pubic areas showing discharging
pustules and nodules

condition. Downs et al.” reported the use of the 1,450 nm diode laser for HS, where
partial improvement was noted after four laser treatments; however, longstanding
HS cases with established sinuses and thick scar tissue were not improved. Gold
et al.*? in 2004 published a case series of ALA-PDT utilized to treat four patients
with recalcitrant HS. After three or four treatments at 1- to 2-week intervals, clearance
was noted in 75-100% of the patients at the 3-month follow-up period; however, no
quantitative scale of lesion counts was utilized to evaluate improvement. In 2005,
Strauss et al.®’ reported a study of 4 patients with recalcitrant HS treated with MAL-
PDT (utilizing broadband light (570-640nm) and a diode laser (633 nm), where no
improvement and worsening of the disease process after treatment was noted. In a
study by Lapins et al.,! patients with Hurley stage II HS with chronic fistulating
lesions were treated with CO, laser stripping secondary intention healing, where at
4 weeks posttreatment, 22 out of 24 patients (91.7%) had no recurrences in the site
of surgery.

A new exciting study is soon to be published by the authors addressing the safety
and efficacy of NdYAG laser for the treatment of HS. Treatment response was
measured using the Hidradenitis Suppurativa Lesion, Area and Severity Index
(HS-LASI) for HS originally described by Sartorius et al.> on the basis of the
recommendation of the HS European Research Group (HS-LASI). In addition, a
modification to the HS-LASI scoring system (modified HS-LASI) was calculated
whereby scores were added at each session for the extent of erythema, edema, pain,
and purulent discharge of each anatomic site (scale: 0-3, for each clinical indicator).
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Our results showed that the percent change in HS severity after 3 months of treat-
ment was: —65.3% over all anatomic sites: —73.4% inguinal, —62.0% axillary, and
—53.1% inframammary. Furthermore, the change in HS severity from baseline to
month 3 was statistically significant at the treated sites (p<0.02) but not at the
control sites (p>0.05). Our study demonstrated the efficacy of the long-pulsed
1,064 nm NAYAG laser, a device utilized primarily for laser hair epilation.®® Figure
5.15 shows female patient with affection of the left axilla before (a) and after (b)
NdYAG laser treatment. The efficacy of a laser hair removal device in HS further
emphasizes the theory that HS is a primary follicular disease.

Efficacy of Nd: YAG laser hair removal in HS emphasizes the theory that HS is
a primary follicular disease

5.2.6 Intense pulsed light

The currently used photoepilation devices include ruby, alexandrite, longpulsed
NdYAG, diode lasers, and intense pulsed light (IPL).° IPL is a high-intensity poly-
chromatic light. Unlike laser systems, these flashlamps work by using incoherent
light in the wavelength range 515-1,200nm'?, and by using different filters, a wide
range of wavelengths are possible for IPL systems. The latter can be a good alterna-
tive to laser systems in treating different types of skin problems with only one
machine. However, because of the lack of monochromaticity, the spectrum may not
be consistent from pulse to pulse. Various studies have reported that 33—80% hair
reduction is achieved over follow-up periods ranging from 12 weeks to 21.1
months.'> However, direct comparison among studies is not possible, because of
differences in treatment device, wavelength application, and treatment conditions.

The management of dark skin phenotypes remains problematic for laser and
IPL-assisted treatments.® An increasing number of studies have confirmed the
long-term hair removal efficacies of IPL systems that emit a broad spectrum of
longer wavelengths.5% Flashlamp-assisted hair removal enables a wide choice of
emitting wavelengths to be chosen simply by choosing different cut-off filters,
and thus this modality may be effective in a wide range of skin types, especially
in darker skins.?

IPL may be effective in a wide range of skin types, especially in darker skins

Lee et al.®® used two devices in their study, one that emits a wavelength in the
range of 600-950 nm (average wavelength 800 nm), and the other one emits a wave-
length in the range of 645-950nm (average wavelength 830nm). The 830nm
device applicator was fitted with a lower cut-off filter (at 645nm), and thus elimi-
nated shorter wavelengths (600-645nm) absorbed by epidermal melanin pigment.
This probably reduced epidermal absorption and caused the treatment to be less
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Fig. 5.15 Hidradenitis suppurativa of the left axilla before (a) and after (b) treatment with long
pulsed NdYAG laser, showing regression of the inflammatory nodules



166 B.H. Mahmoud and I.H. Hamzavi

painful. They showed that with the same wavelengths and pulse width applications,
applied fluence may be the most important factor of hair removal efficiency, which
concurs with the report by Liew and colleagues.®” The main limitation that prevents
clinicians from applying higher fluences is pain occurring during the procedure,
because as applied fluence is increased, treatment pain also increases. Pain levels
documented by volunteers were significantly higher during the 800 nm than 830 nm
treatment, which implies that wavelengths shorter than 600-645nm are better
absorbed by epidermal melanin and may produce more pain to patients.*

5.3 Conclusions

Until recently, most published studies in laser surgery have excluded those with
darker skin, therefore, additional research is needed to better elucidate the efficacy,
and safety in ethnic skin. Appropriate patient selection and thorough physician
training lead to a safer treatment for patients of color. The balance between efficacy
and side effects is critical when performing laser treatment in patients with darker
skin. Conservative laser parameters such as lower energy settings and longer pulse
duration minimize the occurrence of side effects in dark skin. The ongoing develop-
ment of laser technologies to protect epidermal surface from thermal damage will
lead to improved outcomes.

The safest and most effective lasers to treat darker skin types are either the diode
or NdYAG-based laser systems. Because of the longer wavelength, the NdYAG
system is the safest, while the diode wavelength is more effective as it is absorbed
more by the follicular pigments.
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Chapter 6
Phototherapy for Vitiligo

Camile L. Hexsel, Richard H. Huggins, and Henry W. Lim

6.1 History

The roots of vitiligo phototherapy can be traced to before 1500 BC. Indian Hindus
with depigmented patches had plant extract applied to these lesions and were
subsequently exposed to sunlight. A similar form of heliotherapy (i.e. therapy using
sunlight) was performed in ancient Egypt. Extracts from the plants Ammi majus and
Psoralen corylifolia were used in these historical treatments.' In 1947, these plants
were found by Fahmy et al. to contain 8-methoxypsoralen (8-MOP) and 5-MOP.2
The use of phototherapy in combination with A. majus or psoralens (i.e. photoche-
motherapy) was introduced by El Mofty in 1948.°

The modern history of phototherapy began in 1801 when the German scientist
JW Ritter isolated ultraviolet (UV) radiation. This knowledge was first utilized for
dermatological therapeutic purposes in 1893 when Danish dermatologist Finsen
used filtered sunlight to treat lupus vulgaris. The first employment of an artificial
UV radiation source for the treatment of skin diseases came in 1894 when Lahman
in Germany utilized the combination of a carbon arc lamp and a parabolic mirror
to successfully treat lupus vulgaris. The transition from heliotherapy to phototherapy
was solidified in 1901 when Finsen, who had replaced filtered sunlight with the
carbon arc lamp for the treatment of lupus, published his results. Finsen won the
Nobel Prize for medicine in 1903 for his work. He is recognized as the founder of
modern phototherapy.? Montgomery was the first to treat vitiligo with phototherapy
in 1904 in the form of a Finsen light.?Although phototherapy had been established
by this time as a legitimate therapeutic modality for some disorders, the low output
of carbon arc lamps limited their usefulness. The journey toward a radiation source
capable of higher output began with the development of the quartz lamp by the
German Kiich in 1906. The concept of using the quartz lamp for therapeutic
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purposes was spearheaded by Hagelschmidt in 1911. A quartz lamp with a high UV
output was developed by Kromayer in 1912. The greatly increased UV output of
this device significantly expanded the range of skin diseases that could be treated
with phototherapy.

The development of UVB phototherapy began in the early 1900s with
Goeckerman. The first version of Goeckerman’s regimen for the treatment of pso-
riasis consisted of the topical application of tar, a photosensitizer, followed by
exposure to a mercury quartz lamp. In 1988, Van Weelden and Green introduced
narrowband UVB (NB-UVB) phototherapy as a treatment for psoriasis.

The evolution of psoralen plus UVA (PUVA) photochemotherapy began in the
middle of twentieth century. In 1960, the action spectrum of §-MOP in the UVA
range was identified by Buck in the UK and by Pathak and Fellman in the USA.
The first reports of combining UV radiation with 8-MOP were given by Allyn
(topical 8-MOP) in 1962 and by Oddoze (oral 8-MOP) in 1967. Vitiligo was first
treated with this combination in 1969 by Fulton who used “black light” UVA tubes
and topical 8-MOP as a repigmentation therapy. This treatment modality combina-
tion was modified for whole body treatment in 1970 when Mortazawi and Oberste-
Lehn used an array of “black light” UVA tubes in a cabin following topical 8-MOP
application. However, to this point, the UVA output of the radiation sources used
was sufficient for use with topical 8-MOP, but not for oral administration. This
changed in 1974, when Parish utilized a then-recently developed, high-intensity
UVA tube. The combination of this higher output tube and orally administered
8-MOP resulted in significantly more efficacious treatment of psoriasis. With this
began modern-day PUVA therapy.

6.2 Mechanism of Action and Rationale
for the Treatment of Vitiligo

Vitiligo represents a complete or subtotal absence of melanocytes in affected skin.
Melanocytes in the bulb and infundibulum of the hair follicle are destroyed in vitil-
iginous skin, although inactive cells in the middle and lower parts of the follicle and
the outer root sheath are spared.* Considering this, as would be expected, prolifera-
tion of melanocytes is an important mechanism of vitiligo phototherapy. Although
UV radiation has an overall antiproliferative effect, there is substantial evidence that
it selectively induces replication of melanocytes. UVB irradiation has long been
known to increase human skin pigmentation through enhancement of the number of
DOPA-positive melanocytes, synthesis of melanin by melanocytes, and transfer of
melanin from melanocytes to keratinocytes. More recently, an increase in human
melanocyte DNA synthesis has been demonstrated following UVB radiation expo-
sure.* Furthermore, UVB radiation-induced melanocyte proliferation has been dem-
onstrated in exposed as well as shielded skin of human subjects.’ This suggests
a soluble melanocyte mitogen which has a systemic effect of pigmentation.
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There is strong evidence suggesting that basic fibroblast growth factor (bFGF) is
this substance. Cultured keratinocytes, proliferating following UVB exposure, have
been found to produce increased amounts of bFGF. Observed increases in DNA
synthesis in UVB-exposed melanocytes cultured in the absence of keratinocytes
suggest that there is also another mechanism involved. Because of melanocytes’
dependence on the proper medium as well as cAMP, it is thought that UVB radia-
tion also allows for melanogenesis by directly increasing melanocyte intracellular
cAMP levels.*

PUVA is known to inhibit DNA synthesis in keratinocytes.® However, sera from
vitiligo patients treated with PUVA were shown to stimulate melanocyte growth in
vitro.” The identity of the PUVA-induced factor(s) is not known at this time,
though it may be the same bFGF induced by UVB exposure. Although vitiligo
lesions are usually devoid of melanocytes, a reservoir of DOPA-negative melano-
cytes which lack all of the enzymatic proteins and many of the structural proteins
necessary for melanogenesis has been demonstrated in the outer shaft of hair fol-
licles. During repigmentation, the cells in the outer root sheath proliferate, mature,
and migrate up the hair follicle into the epidermis and spread centrifugally.’®
Furthermore, repigmentation can occur from migration of melanocytes from per-
ilesional skin® or rarely from remaining epidermal melanocytes spared from the
depigmentation process.’

Although the etiology of vitiligo has not yet been definitively established,
autoimmunity is the most favored hypothesis. UV radiation causes substantial
alterations in the immune response. The UVB spectrum in particular is felt to be
the most important in mediating immunosuppression. In fact, long-term low-
dose UVB has been shown to result in decreased immune responsiveness.!°
Clearly, an immune-mediated disease would benefit from such an effect.
Additionally, there is significant evidence supporting cell-mediated autoimmunity
specifically as the major culprit. NB-UVB phototherapy results in the destruction
of T-cell lymphocytes.® In vitro studies have shown T-cell apoptosis primarily
resulting from UVB-induced T-cell DNA damage.!! In vitro, T-cell apoptosis has
also been found to occur as a result of CD95L-independent activation of the CD95
molecule following UVB exposure.’? UVB radiation-induced alterations in the
cytokine milieu result in a diversion toward the B-cell-dominated Th2 response
and away from the T-cell-mediated Thl response. NB-UVB exposure has been
shown in vitro to suppress the Th1 cytokines IFN-y and IL-12 and increase the Th2
cytokine IL-4.* TL-10 is a known antagonist of IFN-y. Some studies have shown
elevated IL-1 levels in suction blister fluid taken from normal skin sites following
UVB irradiation, though conflicting results have been observed.!® UVA exposure
may also result in significant immunomodulation in vitiligo patients. T-cell apopto-
sis has also been shown to be induced by UVA irradiation in vitro. The T-cell
destruction is mediated through increased CD95L expression resulting from singlet
oxygen formation. This is in contrast to the CD95L-independent T-cell apoptosis
induced by UVB exposure. UVA phototherapy is also known to downregulate
lesional expression of IFN-y from T-helper cells, which also decreases the Th2-type
immune response.'4
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6.3 Phototherapy of Vitiligo

Whole body phototherapy is the main treatment option available for the treatment
of vitiligo with over 10% body surface area involved. Phototherapy consists of
exposure to UV radiation two to three times a week. With this treatment protocol,
initial repigmentation, for those who respond, is expected during the first 30 treatments.
After initial repigmentation is observed, the definitive number of treatments is
determined on an individual basis and location of vitiliginous lesions. In general,
face and neck are the most responsive locations to phototherapy, which are areas
with large number of hair follicles. Acral sites, nipples, lips, and large areas of
vitiligo or disease are the least responsive. Once maximal response is obtained,
phototherapy is usually tapered and discontinued.

For patients with localized vitiligo with less than 10% body surface area of
involvement, topical therapy with topical immunomodulators, topical corticosteroids,
targeted phototherapy, and topical PUVA have all been used. For localized vitiligo,
targeted phototherapy allows for selective treatment of lesional skin, thus avoiding
side effects in unaffected areas, and allowing higher doses to be achieved as well as
larger dose increments. Different targeted devices have been introduced and studied,
including 308-nm excimer laser and several broadband UVA- and UVB-targeted
light sources. '

6.3.1 Review of the Literature and Levels of Evidence

The evidence of the different phototherapy modalities with and without a combined
topical agent, for the treatment of vitiligo, is reviewed and presented. Although a
large number of reputable studies have been published, this chapter focuses on
studies with the highest levels of evidence, which are summarized in Table 6.1. The
level of evidence was graded on the following five-point scale!®!”:

I- At least one properly designed randomized controlled trial.

II-1 — Well-designed controlled trial without randomization.

II-2 — Well-designed cohort or case-control analytic study, preferably from more
than one center or research group.

II-3 — Multiple time series with or without intervention or dramatic results from
uncontrolled studies.

III- Clinical experience, descriptive studies, or reports of experts committees.

6.3.1.1 NB-UVB Versus PUVA

NB-UVB is widely available, simpler to be administered than PUVA photochemo-
therapy, and has been demonstrated to be superior to PUVA in the induction of
repigmentation in patients with vitiligo in several prospective clinical trials.
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In 1997, Westerhof and Nieuweboer-Krobotova were the first group that
reported the efficacy of NB-UVB for vitiligo. They performed an observer-blinded
prospective study comparing NB-UVB with topical PUVA. At4 months, 46% (n =13)
of the patients treated with topical PUVA showed repigmentation compared to 67%
(n = 52) of the patients treated with NB-UVB.!3

Yones et al published the first double-blind, randomized clinical trial comparing
NB-UVB with PUVA.'7!° At the end of all treatments, both treatment modalities
induced a reduction in percentage of body surface area affected by vitiligo with a
tendency for better efficacy in the NB-UVB-treated group. Because of a larger average
total number of treatments in the NB-UVB-treated compared to the PUVA-treated
group (97 vs 47 treatments, respectively), a comparison was done at the end of 48
treatments; greater than 50% improvement in body surface area affected by vitiligo
at 48 treatments occurred in 53% of patients on the NB-UVB group (n = 21), com-
pared to 23% of patients on the PUVA group (n = 13). In addition, 100% of
NB-UVB-treated patients (n = 97) had excellent color match compared to 44%
(n = 11) of PUVA patients; NB-UVB treatment was also associated with a lower
incidence of side effects.

Bathnagar et al performed a randomized clinical trial comparing NB-UVB and
PUVA .2 Mean degree of repigmentation was 52.2% in the NB-UVB group (n = 25)
and 44.7% in the PUVA group (n = 25). After excluding treatment-resistant sites,
such as hands and feet, the mean degree of repigmentation was 67.57% in the
NB-UVB group (n = 25) and 54.2% in the PUVA group (n = 25). Thus, this trial
demonstrated superiority of NB-UVB in repigmentation with the exception of treatment
resistant sites.

El Mofty et al performed a left-right comparison trial in two groups: NB-UVB
versus PUVA (n = 15) and NB-UVB versus 8-MOP NB-UVB (n = 20).2! In the
NB-UVB versus PUVA group, at 60 sessions, 57% (n = 8) of the patients had
60-75% repigmentation in both PUVA- and NB-UVB-treated sides. In the
NB-UVB versus NB-UVB and 8-MOP, 38.9% (n = 7) of the patients had 60-75%
repigmentation in both NB-UVB-treated and NB-UVB + 8-MOP-treated sites, but
phototoxicity was significantly higher in the NB-UVB + 8-MOP-treated side.

6.3.1.2 Stability of Pigmentation and Predictors of Response to NB-UVB
Phototherapy

Sitek et al investigated to what degree the NB-UVB treatment-induced repigmenta-
tion remains stable for up to 2 years posttreatment in an open prospective clinical
trial.?2 In 31 patients with generalized vitiligo, 35% (n = 11) of patients developed
repigmentation > 75%. Two years after cessation of the treatment program of up to
1 year of NB-UVB therapy, 5 of those 11 patients (45%) retained >75% stable
repigmentation.

Nicaloudiou et al assessed the efficacy of NB-UVB phototherapy and the predictors
of response in an open clinical trial of 70 patients.?* Over 75% repigmentation was
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achieved in 34.4% (n = 21) of patients with lesions on the face and in 7.4% (n = 5)
of patients with lesions on the body. Repigmentation was stable in 14.3% (n = 3)
of patients 4 years after cessation of treatment. Patients with darker Fitzpatrick skin
phototypes (III to V), patients who responded in the first month of treatment, and
patients with vitiligo on the face were more likely to achieve 75% or greater
repigmentation.

Anbar et al performed an open clinical trial on patients with both segmental and
nonsegmental vitiligo treated with NB-UVB.?* They reported that patients with
nonsegmental vitiligo and patients treated early in the disease course had better
repigmentation rates. Repigmentation rates were higher on the face followed by
trunk and limbs

6.3.1.3 NB-UVB Versus 308-nm Monochromatic Excimer Light

Cassaci et al compared 308-nm monochromatic excimer light to NB-UVB in
randomized, investigator-blinded and half-side comparison trial; treatment was
started at 70% of the minimal erythema dose (MED) of the pigmented skin, with
increments ranging from 20% to 40% until erythema was observed.” The lesions
treated with 308-nm monochromatic excimer light had significantly higher mean
repigmentation scores than the symmetrical lesions treated with NB-UVB (2.68 vs
2.12, respectively); repigmentation of >75% was achieved in 37.5% (n = 6) of
the lesions treated with 308-nm monochromatic excimer light and 6% (n = 1) of the
lesions treated with NB-UVB; repigmentation of >50% was obtained in 25% (n = 4)
of the lesions treated with 308-nm monochromatic excimer light and 31% (n = 5)
treated with NB-UVB.

6.3.1.4 BB-UVB Versus NB-UVB and PUVA

Since broadband UVB has been largely replaced by NB-UVB, very limited evi-
dence exists on the treatment of vitiligo with BB-UVB. A meta-analysis by Njoo
et al* compared data on BB-UVB, NB-UVB, and PUVA. Treatment was considered
successful when more than 75% repigmentation was achieved. The highest success
rates were achieved with NB-UVB (63%, with a 95% confidence interval ranging
from 50-76%), followed by BB-UVB (57%, with a confidence interval ranging
from 29-82%), and PUVA (51%, with a 95% confidence interval ranging from
46-56%).

Don et al performed an open trial with nine patients with actively spreading
progressive vitiligo who received BB-UVB two to three times a week in combina-
tion with vitamin C 500 mg, vitamin B , 1,000 ug, and folic acid 5 mg twice daily.”
The treatment regimen arrested the progression of vitiligo in all patients, induced
repigmentation after 8—12 treatments (6—8 weeks), and induced 51-100% repig-
mentation after 2—-8 months of treatment in all patients.
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6.3.1.5 Broadband UVA

El Mofty et al assessed the efficacy of broadband UVA three times a week in a
randomized, double-blinded controlled study.”® Patients with symmetrical vitiligo
with >230% body surface area affected were randomized to two constant dosing regi-
mens, 5 and 15 J/em?2 Over 60% repigmentation occurred in 50% (n = 5) of patients
on the 15 J/cm? regimen, and in 10% (n = 1) of patients on the 5 J/cm? regimen.

6.3.1.6 Targeted UVB Phototherapy

Hofer et al assessed efficacy of the 308-nm excimer laser on a controlled prospective
trial.? After 10 weeks of treatment (30 treatments), repigmentation of more than
75% was observed in 25% (n = 7) of lesions of the high-responder location group
(face, trunk, arm, and/or leg), and 2% (n = 1) of lesions of the low-responder location
group (elbow, wrist, dorsum of the hand, knee, and/or dorsum of the foot). Lesion
repigmentation started after a mean of 13 and 22 treatments in the high- and the
low-responder location groups, respectively. In most cases, laser-induced repig-
mentation was persistent at 12 months after the end of treatment. Hofer et al also
performed a randomized controlled trial comparing the efficacy of once a week,
twice a week, and thrice a week regimens.!”** Repigmentation was fastest with
thrice a week regimen; on the other hand, repigmentation initiation depended on the
total number of treatments rather than frequency of treatment. At 12 weeks,
repigmentation rates were 60% (1x/week), 79% (2x/week), and 82% (3x/week).
In a retrospective study of 32 patients with 55 vitiliginous lesions treated with
308-nm excimer laser by Hadi et al, 52.8% (n = 29) of the lesions showed 75% or
more repigmentation with an average number of 23 treatments.!’*! When stratified by
body sites, >75% repigmentation was observed in 71.5% (n = 15) of the lesions on
the face, 60% (n = 3) on the neck and scalp, 50% (n = 2) on the genitalia, 46.7%
(n =17) on the extremities, 40% (n = 2) on the trunk, and 0% on the hands and feet.

6.3.1.7 Phototherapy in Combination with Topical Tacrolimus

Calcineurin inhibitors tacrolimus and pimecrolimus inhibit the synthesis and
release of proinflammatory cytokines and vasoactive mediators from basophiles
and mast cells.'> They are one of the first line treatments for vitiligo localized to up
to 10% body surface area, as their efficacy is comparable to topical corticosteroids
but provides a better side effects profile.*

A number of studies have investigated whether topical tacrolimus in combination
with phototherapy is more effective than phototherapy alone.

A randomized controlled study by Passeron et al reported that repigmentation of
>75% was observed in 70% (n = 16) of lesions treated with 308-nm excimer laser
in combination with tacrolimus 0.1% ointment versus 20% (n = 4) of lesions treated
with 308-nm excimer laser monotherapy.'”** Response was further analyzed based
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in UV-sensitive areas (face, neck, trunk, and limbs) and in classically UV-resistant
sites (bony prominences and extremities). This greater efficacy of combination
treatment was observed in both UV-sensitive areas [repigmentation of >75%
was observed in 77% (n = 10) of group lesions on combination therapy and 57%
(n = 4) of lesions on laser monotherapy] and in classically UV-resistant lesions
[repigmentation of >75% was observed in 60% (n = 6) of lesions on combination
therapy and none of lesions on laser monotherapy].

In an open labeled prospective study of 110 patients with chronic stable vitiligo
refractory to conventional treatments, treated with NB-UVB in combination with
tacrolimus ointment, 0.1% to the body and 0.03% to the face, Fai et al reported
more than 50% repigmentation in 42% of lesions (n = 168).>* When stratified by
site, more than 50% repigmentation was observed in 73% of the lesions on the face
(n=64), 68% on the limbs (n = 57), and 53.5% on the trunk (n = 47). None of the
lesions of the extremities and genital areas had more than 25% repigmentation.

While studies have shown the promising efficacy results of combination treat-
ment, it should be noted that in vitro, calcineurin inhibitors have been shown to
inhibit the removal of cyclobutane pyrimidine dimers following UVB radiation and
to inhibit UVB-induced apoptosis.*® Therefore, it is advisable to warn patients of
the potential theoretical increased risk of skin cancer until time allows for long-
term studies to determine the clinical relevance of these in vitro findings.

6.3.1.8 Phototherapy in Combination with Topical Calcipotriol/Calcipotriene

Calcipotriol is a synthetic analogue of vitamin D,. Vitamin D, stimulates melanocyte
and keratinocyte growth and differentiation by binding to vitamin D receptors in the
skin, possibly stimulating melanogenesis via the 1-a-dihydroxyvitamin D,
receptors present in melanocytes.'* Calcipotriol as monotherapy for the treatment
of vitiligo has limited efficacy; therefore, it has also been studied in combination
with topical corticosteroids and phototherapy. It can be safely used in combination
with phototherapy.

There are reports of both efficacy and lack of added efficacy when combining
calcipotriol with phototherapy.

Goldinger et al performed a right/left comparative, single-blinded trial comparing
308-nm excimer laser three times a week alone or in combination with calcipotriol
ointment in nine patients.* After 24 sessions, there was no significant difference in
repigmentation between both sides; one patient did not have any repigmentation.
Mean overall repigmentation at 24 weeks was 22.4%. A randomized controlled clini-
cal trial by Arca et al showed no statistically significant difference between NB-UVB
in combination with topical calcipotriol ointment (0.005%) and NB-UVB mono-
therapy at the end of a mean of 30 treatments.!”*’” Kullavanijaya et al reported, in a
prospective controlled clinical trial, that 53% (n = 9) of patients had an appreciably
better response on the NB-UVB and calcipotriol side compared to NB-UVB alone by
29-114 treatments.!”*® Similarly, Goktas et al reported on a prospective controlled
clinical trial with 24 patients that repigmentation was significantly higher in the
NB-UVB with calcipotriol-treated side than NB-UVB alone, with mean repigmentation
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of 51 +19.6% and 39 + 18.9% for each group, respectively.® The median cumulative
UVB dose was higher and the number of UVB exposures for initial repigmentation
was lower on the side that received combination therapy.

6.3.1.9 Phototherapy in Combination with Polypodium leucotomos

A randomized, double-blind clinical trial assessing the combination of NB-UVB
and Polypodium leucotomos (250 mg twice daily) in 50 patients by Middelkamp-Hup
reported higher mean repigmentation in the head and neck area in the P, leucotomos
group than in the placebo group (50% vs 19%, P < 0.002) in patients attending
more than 80% of required NB-UVB sessions; no significant differences were seen
in the other body areas.*’

6.4 Treatment Protocols

6.4.1 Nb-uvb

Generally, the starting dose for phototherapy for vitiligo is the dose equivalent to
50-70% of the MED to NB-UVB of Fitzpatrick skin phototype I. The MED of
Fitzpatrick skin type I to NB-UVB is in the range of 400 mJ/cm?; thus, 70% of the
MED is equivalent to 280 nm and 50% of the MED is 200 mJ/cm?.*! Dose increments
of up to 5-20% are safe. Maximum dose is dependent on individual tolerance.
Dosing protocols vary by institution and clinical trials. Table 6.1 describes the
dosing protocols used by the different studies cited in this chapter. A study comparing
NB-UVB with monochromatic excimer light has used the MED on normally
pigmented skin to guide therapy® as vitiliginous skin does not provide large
enough surface areas for phototests.

In our center, we use a starting dose of 280 mJ/cm?, which is equivalent to 70%
of the MED for Fitzpatrick skin type I and dose increments of 10-15% as tolerated.
Once symptomatic erythema develops, the dose is then decreased to the previously
tolerated dose and is maintained unless the patient develops tolerance (photoadap-
tation) and increasing doses are tolerated. We use a maximum dose of 3 J/cm? for
the body, 1 J/cm? for the face and neck in patients with Fitzpatrick skin types I and
I1, 1.5 J/cm? for patients with Fitzpatrick skin types III and IV, and 2 J/cm? for
patients with Fitzpatrick skin types V and VL.

6.4.2 PUVA Photochemotherapy

Prior to, or within a month of the initiation of treatment, an eye examination should be
obtained and repeated annually. The recommended dose of 8-MOP for photochemo-
therapy is 0.4-0.6 mg/kg with a maximum dose per treatment of 70 mg; the dose of



184 C.L. Hexsel et al.

5-MOP is 1.2 mg/kg. Psoralen should be taken with a low-fat meal 1 h prior to
treatment. Patients should avoid sun exposure for at least 8 h after the ingestion of
psoralen, preferably 24 h, and special photoprotection measures should be undertaken,
such as photoprotective clothing, hats, UV protective sunglasses, and a broad-spectrum
sunscreen with both UVB and UVA coverage. In indoor setting, unless the patient is
exposed to high-intensity UVA (such as sitting next to a brightly lighted window for
extensive period of time), photoprotective eyewear does not have to be used.

UVA dosing protocols vary by institution and clinical trials. Table 6.1 describes
the dosing protocols used by the different studies cited. We recommend an initial dose
of 0.5-1 J/em?, followed by dose increments of 0.25-0.5 J/cm? as tolerated, that is,
using a protocol that we use for Fitzpatrick skin phototype I. Once symptomatic erythema
develops, the dose should be decreased to the previously tolerated dose and main-
tained unless the patient develops tolerance (photoadaptation) and increasing doses
are tolerated. We recommend a maximum dose of 4 J/cm? for the face, and the fol-
lowing for the rest of the body, depending on the skin type: 8 J/cm? for skin types I
and II, 12 J/cm? for skin types III and IV, and 20 J/cm? for skin types V and VL.

Topical 8-MOP can be used for localized vitiligo. 8-MOP topical lotion, 0.1% in
Lubriderm™, is applied 20-30 min before irradiation and is washed off immediately
after the treatment.

Other less commonly used form of photochemotherapy include oral and topical
PUVAsol, which is the application of psoralens orally or topically and gradually
increasing amount of sun exposure or exposure to a solar simulator. This form of
therapy is being largely replaced especially by NB-UVB, PUVA, and targeted pho-
totherapy in which the doses are delivered in a controlled and safer manner.

6.4.3 Targeted Phototherapy with 308-nm Excimer Laser

In our Center, we use a starting dose of 150 mJ/cm? with dose increments of 5-15%
as tolerated, a maximum dose of 3 J/cm? for the body and 1 J/cm? for the face.

6.5 Side Effects of Therapy

6.5.1 Acute Effects

Acute side effects of phototherapy include sunburn-like reaction with erythema,*
which, depending on the severity, may be accompanied by tenderness, pruritus, and
less commonly peeling and blistering of the skin. Tanning, xerosis, reactivation of
herpes simplex, and injury to the eyes if appropriate UV protective goggles are not
worn during treatment and are also immediate side effects common to both UVB*43
and UVA phototherapy.*?

PUVA has additional acute side effects which include nausea, headache, dizziness,
and sunburn-like erythema reactions and acute ocular reaction secondary to additional
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sun exposure in the 24 h following treatment if photoprotection and UVA-protective
eyewear is not worn.*?

6.5.2 Long-Term Side Effects

Photoaging, actinic keratosis, and photocarcinogenesis are long-term side effects of
phototherapy and photochemotherapy.***

In the first 10 years of follow-up of the PUVA cohort of patients treated for
psoriasis indicated a 12-fold greater risk of squamous cell carcinoma in patients
who received more than 259 treatments compared to patients who received less
than 160 treatments. A modest increase in the incidence of basal cell carcinoma was
observed compared to the normal population, in patients who received at least 200
treatments.** Research from such cohort has additionally demonstrated that the risk
for squamous cell carcinoma persists, and the risk of basal cell carcinoma continues
to increase 15 years after cessation of PUVA.#43

From 1975 to 1990, the risk of melanoma in the cohort psoriasis patients treated
with PUVA was nearly identical to the Caucasian general population. However,
beginning 15 years after the first exposure to PUVA or after 1991, a dose-dependent
increase in melanoma incidence has been observed.*

Strict photoprotection of the skin and eyes is recommended for 24 h after PUVA.
Baseline and routine ophthalmological evaluation is recommended in patients
treated with PUVA. Because of its long-term side effects, PUVA should be used
with caution in individuals younger than 18 years. While psoralens are not tera-
togens, PUVA is contraindicated in women who are pregnant or breast-feeding.*?

6.6 Conclusion

Phototherapy has repigmentation and immunosuppressive properties that are valuable
in the treatment of vitiligo. Evidence points to NB-UVB as the treatment of choice
for vitiligo affecting >10% body surface area, with PUVA as a second alternative.
Overall, NB-UVB has less side effects than PUVA. Targeted phototherapy is an
alternative to topical therapy and more practical than whole body phototherapy for
patients with vitiligo with <10% body surface area affected.
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Chapter 7
Lasers and Light Therapies for Pigmentation

Malcolm S. Ke

With the ever-increasing interest in minimally invasive cosmetic procedures and the
growing non-Caucasian population of the USA, demand for research in photore-
juvenation for darker skin tones is high. Lasers, specifically, have progressed tremen-
dously in the last 20 years, becoming more elegant, efficient, and most of all, safer
for all skin tones. They are no longer reserved just for fair skin, and can safely and
effectively treat the ailments of individuals with dark skin.

The use of lasers and light sources for pigmentation is generally based on
wavelengths targeting melanin or pigment as the chromophore. Patients with darker
skin tones present a challenge because light therapies are limited by their potential
to cause postinflammatory dyspigmentation. Any therapy resulting in robust
inflammation may induce this unwanted response. Although oftentimes temporary,
postinflammatory hyperpigmentation may persist for many months, oftentimes
becoming even more pronounced when approaches are taken to treat it. Strict
perioperative use of topical bleaching agents and sun-protective measures are valuable
in optimizing outcomes. Inciting factors such as sun exposure and other topicals
need to be identified and discontinued to prevent further dyspigmentation during
and after surgical treatment. Test spotting a representative lesion 4 weeks before
treating the entire area is always recommended.

Nonablative light sources, such as the intense pulsed light (IPL) system, have
been used safely and effectively to treat patients with darker skin. Various
Q-switched (QS) lasers that deliver pulses in the nanosecond range are commonly
used to treat pigmentary disorders. They include the 532 nm Nd:YAG, 694 nm ruby,
755 nm alexandrite, and 1,064 nm Nd:YAG. Given increased melanin absorption at
shorter wavelengths, the use of longer wavelength lasers is generally preferred in
treating darker skinned patients. However, ablative lasers such as the 2,940 nm
Erbium:YAG and 10,600 nm CO, carry a significant risk of postinflammatory
hyper- or hypopigmentation. They are reserved for selective resistant cases and should
be used with caution. A relatively new modality called fractional photothermolysis
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(FP) may prove to be the happy medium between ablative and nonablative
techniques.

7.1 Clinical Applications

7.1.1 Lentigines

Often referred to as “liver spots™ or “age spots,” lentigines are hyperpigmented macules
that manifest on sun-exposed areas. Multiple lesions are often seen and some lesions
can enlarge to patches. Histologically, increased melanin is seen in the basal layer of
the epidermis, while underlying solar elastosis can typically be seen in the papillary
dermis. Since lentigines occur on visible parts of the body and can be viewed as a sign
of photoaging, patients often seek cosmetic treatment for these lesions.

Therapy consists of topical bleaching agents and different cosmetic procedures
including cryotherapy, chemical peels, lasers, and light sources. Additionally, in
order to achieve and maintain resolution of lentigines, the use of broad-spectrum
sunscreens and sun-protective habits are critical. Various topical therapies, such as
hydroquinone, tretinoin, adapalene, and combination mequinol and tretinoin have
been used successfully and safely to lighten lentigines.!* However, they can take
time to attain optimal results.

Advancements in laser technology targeting the broad absorption spectrum of
melanin have rendered newer systems more effective and safe for the treatment
lentigines. Again, pretreatment and concomitant use of a bleaching agent and
sunscreens can minimize postinflammatory hyperpigmentation and optimize
results.*® In addition, careful clinical assessment of the nature of the pigmented
lesion before treatment is paramount. Clinically atypical lesions require further
evaluation to rule out possible malignancy. Treatment failure and recurrence should
prompt a reexamination of the original diagnosis, as illustrated in the case of
repigmentation after QS ruby laser treatment of a lentigo. This was later biopsied
as lentigo maligna melanoma.’

Lasers used to improve lentigines include the pulsed dye (595 nm), copper vapor
(511 nm), krypton (520-530 nm), frequency-doubled Nd:YAG (532 nm), diode
(532-630 nm), QS ruby (684 nm), QS alexandrite (755 nm), QS Nd:YAG (1,064
and 532 nm), and CO, (10,600 nm) lasers. As opposed to treatment in lighter skin
types, not all lasers used in darker skin types have a sufficient therapeutic window
of effectiveness before side effects preclude their use. This is particularly true with
continuous wave lasers. QS lasers, such as the QS Nd:YAG and ruby lasers, have
been utilized to treat lentigines (Fig. 7.1a, b).%° These devices emit very short
pulses of energy that induce both photothermal and photomechanical reactions after
preferential absorption by melanin.

Other lasers and light sources, in addition to the QS lasers, have been employed
to treat lentigines in ethnic skin. Kono et al reported the 595-nm long-pulsed dye
laser to improve lentigines in a study of 18 Asian patients of skin types III-IV.1°
Using glass compression and no cryogen cooling, the long-pulsed dye laser cleared
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Fig. 7.1 (a) Baseline. (b) Status post Q-switched laser
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83% of lesions compared with 70% with the QS ruby laser. No hyperpigmentation
was noted in the areas treated with the long-pulsed dye laser as opposed to four
patients with the QS ruby laser. A validation study of 54 Asian patients using similar
settings (595-nm long-pulsed dye laser with 7-mm spot size, 1.5-ms pulse duration,
9-13 J/cm?, compression) revealed a 70% excellent, 24% good, and 4% fair
response.!! Only one patient suffered hyperpigmentation. Our experience in Los
Angeles is similar in the Asian population (Fig. 7.2a—d). Likewise, a long-pulsed

Fig.7.2 (a) Baseline. (b) Demonstration of glass slide compression. (¢) One day status post compres-
sion pulsed dye laser (PDL) treatment. (d) One week status post compression PDL treatment
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Fig. 7.2 (continued)
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532-nm Nd:YAG laser has been successfully used in Asian patients with facial
lentigines. Chan et al compared the long-pulsed dye laser with a conventional QS
532 nm laser showing no significant difference in degree of clearing.'
Hyperpigmentation was the most common complication and cleared with topical
bleaching agents and glycolic acid creams.

IPL, which emits broadband visible light from a noncoherent light source, has
also been used. Multiple treatments at 2- to 4-week intervals are often required to
achieve maximal results. This treatment modality offers the advantage of minimal
to no downtime for the patient. There are several studies showing its efficacy and
safety in Asian patients.®!* A study reported a greater than 50% improvement in
40% of patients with lentigines after an average of four IPL treatments at 2-3 weeks
intervals. No hyperpigmentation or scarring occurred.'> However, lower efficacy
compared with other modalities is generally cited. A recent split-face study comparing
IPL versus pulsed dye laser in ten Asian patients revealed a 62% versus 81%
improvement in lentigines, respectively, and no difference in wrinkles.'

A study comparing TCA 35% peel and QS Nd:YAG (532 nm, 10 ns, 2 mm spot)
laser therapy in 20 patients with skin types III-IV with facial lentigines demonstrated
greater improvement with laser therapy. Sixty-five percent of patients showed better
improvement on the laser-treated areas, 14% had superior improvement on the TCA-
treated areas and 21% showed similar improvements with both treatments. No
scarring or dyspigmentation was seen.'

7.1.2 Café au Lait Macules

Café au lait macules (CALMs) are “coffee” colored birthmarks that occur anywhere
on the body and frequently darken with age. Although multiple lesions can be
markers for underlying diseases such as neurofibromatosis, isolated CALMs
are commonly encountered. Around 10-20% of the population has them, with an
increased prevalence in darker skin types.® On histopathology, the melanin is found
in giant melanosomes mainly within the basal layer of the epidermis.

Laser therapy is the main treatment modality. Multiple laser treatments are
necessary to achieve clearance of lesions. The QS laser systems have generally
been considered safe; however, the effect of treatment can be inconsistent as some
CALMs may even darken after treatment. Thus, a test spot should be performed.
The treatment area is reevaluated 4-8 weeks later for clinical response and adverse
effects. Hyperpigmentation can occur but usually improves with topical bleaching
regimens and the tincture of time. Hypopigmentation is a potential risk particularly
with the shorter wavelength lasers.

The QS ruby, alexandrite, and Nd: YAG lasers have been shown to treat CALMs
with varying degrees of efficacy. Grossman et al found variable response in treating
CALMs with a 694 nm QS ruby laser and a 532 nm frequency-doubled QS Nd: YAG
laser.'® Nine lesions were treated; half with each laser. At 6 months, five of the
lesions showed lightening and one resolved. One lesion resolved after the first
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month, but recurred at the 3-month follow-up, while two lesions darkened 1 month
after the first treatment. Clinical experience with multiple QS laser treatments has
yielded inconsistent results with 50% of the cases achieving total clearance and
repigmentation occurring in the other half.? Other reports suggest that a single laser
treatment may lighten up to 50% of café au lait spots and almost clear 20-50% of
lesions. However, one-third of these showed repigmentation.'’-?

Longer pulsed lasers have been used in treating CALMs, but have also yielded
inconsistent long-term results. The 510 nm pulsed dye laser has been used to treat
CALMs. A report described its use to successfully treat a facial CALM in a patient
with Fitzpatrick skin type V using the following parameters: 2.5 J/cm?, 300 ns, with
single, nonoverlapping laser pulses every 2 months for six treatments.?’ In another
study using the QS alexandrite laser to treat CALMs, nine of ten patients had
60-100% response after a mean of 6.7 treatments. Three patients had partial or
complete recurrence. One patient had postinflammatory hyperpigmentation and
another had hypertrophic scarring. A preliminary study described a lower risk of
recurrence with the normal-mode ruby laser (42% recurrence) in 33 patients with
café au lait patches compared with the QS ruby laser (82% recurrence).’ The data
was limited to a 3-month follow-up after a single treatment. The authors proposed
that the longer pulse width may reduce the recurrence rate by affecting the follicu-
lar melanocytes.

7.1.3 Nevus of Ota

Nevus of Ota is a benign pigmentary disorder that usually manifests as blue-brown
or gray patches over facial skin innervated by the first and second trigeminal nerve.
Associated lesions include scleral melanocytosis as well as involvement of the
nasopharynx, auricular mucosa, tympanic membrane, palate, and dura. It is seen
most commonly in Asians and is typically congenital or acquired by adolescence.
The use of the QS lasers is the current treatment of choice for the cutaneous
component (Fig. 7.3a, b).

Several studies have reported successful clearing after multiple treatments using
various QS laser systems. A study of 114 patients with Ota’s nevi treated with the
QS ruby resulted in good to excellent clearing after three or more treatment
sessions.?! Transient hyperpigmentation after the first treatment was the most common
complication. A Japanese study also reported the safe and successful use of the QS
ruby laser in treating nevi of Ota in 106 adults and 46 children using the following
parameters: 30 ns pulse duration, 4 mm spot size, and 5-7 J/cm? fluence at 3- to
4-month intervals.”> They found that the average number of sessions to achieve
significant clearing was less in the younger age group (3.5 sessions) than the older
age group (5.9 sessions).

In a study of 55 Korean patients with Ota’s nevi treated with the QS alexandrite
laser for three sessions every 3 months, 49% of patients had excellent pigment
clearing and 31% had good pigment clearing. Postinflammatory hyperpigmentation
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Fig. 7.3 (a) Nevus of Ota initial treatment. (b) Status post-Q-switched laser treatments

developed in 55% of patients which resolved within 4 months.?® Chan et al compared
the use of the QS alexandrite and the QS Nd:YAG for nevi of Ota in 40 Asian
women, noting both to be effective, with the Nd:YAG slightly preferred when
evaluated by two independent clinicians. However, scores by only one clinician was
found to be statistically significant.?* Our personal experience in Los Angeles with
both lasers has shown the alexandrite to be more effective in our Latino and
Asian population.

Although excellent clearing of nevus of Ota can be achieved with multiple laser
treatment sessions, patients should be counseled on the potential for incomplete
clearing, erythema, postinflammatory hyper- and hypopigmentation, recurrence of
the condition, and permanent scarring. In a retrospective study of 211 QS alexandrite
and Nd:YAG laser-treated sites, Chan et al noted the following complications:
15.3% had hypopigmentation, 2.9% had hyperpigmentation, 2.9% had textural
changes, and 1.9% had scarring.” Recurrence after laser clearance of nevi of Ota
was approximately 0.6—1.2%.%
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b

Fig. 7.3 (b) (continued)

7.1.4 Hori’s Nevus or Acquired Bilateral Nevus of Ota-Like
Macules

Hori’s nevus is an acquired bilateral nevus of Ota-like lesion that usually presents
symmetrically on the face. It is seen most commonly in middle-aged women of
Asian descent. Unlike nevus of Ota, it does not have mucosal involvement.
Histologically, irregular-shaped melanocytes are seen in the middle and upper dermis
similar to that seen in nevus of Ota. Electron microscopy demonstrates dermal
melanocytes that contain many singly dispersed melanosomes in stages II-IV of
melanization.”

As in treatment of Ota’s nevi, QS lasers have been successfully used to treat
Hori’s nevi. Multiple treatments are typically required. A study evaluated the QS
alexandrite laser for the treatment of Hori’s nevi in 32 Chinese women, noting more
than 50% clearing in over 80% of patients after a mean of seven treatment sessions
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every 4 weeks. Temporary erythema was seen in 41% of patients and transient
hypopigmentation in up to 50% of patients. Hyperpigmentation occurred in 12.5%
of patients. This was treated with topical bleaching agents.” In a study of 66 Asian
patients treated up to seven times with the QS Nd:YAG laser, Polnikorn et al found
50% of patients had good to excellent clearing.” Another study using the QS
Nd:YAG laser (fluence of 8-10 J/cm?, spot size 2 or 4 mm) demonstrated 100%
clearance of Mori’s nevi after two to five sessions in 68 of 70 patients. Fifty percent
of patients had temporary hyperpigmentation. The results persisted at 3—4 years
follow-up.*

Combination treatment with lasers has also been used to treat Hori’s nevi.
A scanned CO, laser followed by a QS ruby laser was found to be effective in 13
Thai patients with skin types III-IV. However, all patients had posttreatment erythema
at 1-month follow-up which persisted in two patients at 3-month follow-up.*!
Recently, in a split-face study of ten Asian women with Hori’s nevi, combination
treatment using the QS 532 nm Nd:YAG laser followed by the QS 1,064 nm laser
showed a greater degree of lightening compared with the 1,064 nm alone at 6
months follow-up. However, this combination had a higher incidence of mild
postinflammatory adverse effects which lasted for 2 months.*

7.1.5 Melasma

Melasma is an acquired form of hyperpigmentation that is more prevalent in darker
skinned women. It typically manifests as brown to gray patches on the face that
worsen with sun exposure. Melasma may occur during pregnancy or oral contraceptive
use but commonly arises de novo. Histologically, melanin can be found in the
epidermis, dermis, or both.

The treatment of melasma is challenging and is best approached with combination
treatment and preventative measures. Although the condition may resolve after
termination of pregnancy, ceasing oral contraceptive use, or sun avoidance, it
commonly persists indefinitely. The use of topical bleaching agents alone in
conjunction with sun-protective measures may provide an adequate cosmetic outcome.
Both phenolic and nonphenolic depigmenting agents have been shown to improve
melasma in darker skin types.* In evaluating combination treatments, Pathak et al
reported optimal results with the application of 2% hydroquinone, 0.05-0.1%
retinoic acid, and a broad-spectrum sunscreen for the treatment of melasma in
Latino women.* Chemical peels and lasers can be utilized alone or in conjunction
with topical bleaching agents in an effort to expedite results, prevent relapse, or
treat recalcitrant cases. The concurrent use of topical bleaching agents with these
procedures may also minimize the risk of postinflammmatory hyperpigmentation.

The use of lasers for the treatment of melasma has yielded suboptimal results.
Earlier studies with the 510 nm pigmented lesion dye laser revealed minimal
improvement and even darkening of treatment areas.**¢ Results with the QS ruby
laser were inconsistent.””*® Ablative lasers such as the Erbium:YAG and CO, lasers
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carry a high risk of dyspigmentation especially in darker skin types. In a study
using the Erbium:YAG laser to treat ten patients with melasma recalcitrant to
bleaching creams and chemical peels, all patients developed postinflammatory
hyperpigmentation 3—6 weeks postoperatively.** Combination laser treatment with
a QS alexandrite and CO, laser in a split-face study in six Thai women revealed
greater improvement in MASI scores on the combination treated side as opposed to
the side treated by the alexandrite laser alone.* However, two patients developed
severe hyperpigmentation and one patient had transient hypopigmentation.

A relatively new nonablative technology, FP, has shown promise for the treatment
of melasma (Fig. 7.4). FP produces a pixilated pattern of multiple columns of thermal
damage on the skin.**> FP can control the pattern density and depth of thermal
damage. In this way, different 3-dimensional column sizes of thermal damage can
be created. This thermal damage extends into the reticular dermis, while producing

Fig. 7.4 (a) Baseline. (b) Status post fractional photothermolysis with Fraxel®
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photocoagulation of the epidermis. Importantly, FP only minimally affects the
tissue surrounding these columns. Thus, the remaining viable cells support a rapid
healing time, with reepithelialization achieved in as little as one day. With the extrusion
and replacement of damaged tissue, a “fractionalized resurfacing” occurs.
The procedure is repeated four to five times at 2- to 4-week intervals. Postprocedure
side effects are typically mild and include erythema and edema. Because there is no
dermal or epidermal ablation, there is none of the significant recovery time associ-
ated with ablative laser therapy.*! Lasers incorporating this technique include
Erbium:YAG, COZ, and diode, with an increasing number of choices coming to
market each year.

Preliminary studies have shown improvement of melasma after a series of
fractional resurfacing treatments.*** In a study of ten patients with skin types III-V
treated for recalcitrant melasma, 60% had more than 75% clearing after four to six
fractional resurfacing treatments at 1- to 2-week intervals.** The precise mechanism
leading to clinical improvement of melasma is unclear. Increased absorption of the
concurrent bleaching agents through the microthermal treatment zones and/or
increased elimination of epidermal and dermal pigment are proposed theories.
Further investigations are necessary to assess the efficacy and safety of this technology
in Fitzpatrick skin types V-VI.

7.1.6 Medication-Induced Hyperpigmentation

Some medications such as amiodarone, minocycline, tricyclic antidepressants,
phenothiazine, antimalarials, clofazamine, gold, silver, bismuth, and arsenic may
induce dyspigmentation over sun-exposed areas, varying from blue-gray to red-brown.
Chemotherapy-induced hyperpigmentation may appear as a localized eruption such
as the flagellate pigmentation of bleomycin or the flexural hyperpigmentation of
topical carmustine, or as generalized hyperpigmentation as with busulfan,
cyclophosphamide, or methotrexate.

Removal of the offending agent can lead to the resolution of the pigmentation
over time; however, some medication-induced pigmentation may persist for years
despite cessation of therapy.

QS lasers can be useful in the treatment of certain medication-related hyperpig-
mentation. The QS ruby and alexandrite lasers have been reported to be effective in
the resolution of the imipramine-induced blue-gray pigmentation without discontinuing the
medication.” Another report described the successful treatment of amiodarone-induced
hyperpigmentation with the QS ruby laser.*

Minocycline-induced hyperpigmentation*’° can be treated safely and effectively
with QS lasers. Alster and Gupta reported complete pigment resolution in six
patients with minocycline-induced hyperpigmentation after an average of four
bimonthly sessions using the QS alexandrite laser.® Clearance of minocycline-
induced hyperpigmentation has also been reported with the QS ruby and Nd:YAG
lasers. In darker skinned individuals, the use of the longer wavelength 1,064 nm QS
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Nd:YAG laser would be preferable over the shorter wavelength lasers to minimize
the risk of posttreatment dyspigmentation.
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Chapter 8
Light Therapies for Cutaneous
T-Cell Lymphoma

Katalin Ferenczi and Elma D. Baron

8.1 Introduction/Definition

Cutaneous T-cell lymphomas (CTCL) represent a broad group of non-Hodgkin’s
lymphomas with considerable heterogeneity with respect to clinical presentation,
histology, immunophenotype, and prognosis. The preferential localization of the
malignant T-cell clone to the skin is a hallmark feature characteristic of all primary
CTCL."?

Mycosis fungoides (MF) and the Sézary syndrome (SS) make up the majority of
cases of CTCL. The term MF was originally coined by Alibert and Bazin 200 years
ago because of the mushroom-like appearance of the tumors. SS is the leukemic
variant of CTCL, classically described by the triad of erythroderma, lymphadenopathy,
and the presence of the malignant T-cell clone in the blood. SS was previously
categorized as a subtype of MF; however, the new WHO-European Organization of
Research and Treatment of Cancer (EORTC) classification system scheme lists MF
and SS as separate entities (Table 8.1). Given the heterogeneity in clinical, pathological,
and prognostic features of cutaneous lymphomas, it is important to distinguish MF
from other forms of primary CTCL (Table 8.1).* Also, distinction between primary
and secondary/nodal CTCL is very important as primary cutaneous lymphomas
have a slow and indolent clinical course as opposed to their systemic counterparts
when systemic manifestations and internal organ involvement are present from the
time of diagnosis, and skin involvement is a secondary phenomenon? (for review,
see Ferenczi and Kupper ).
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Table 8.1 WHO-EORTC classification of primary cutaneous T-cell lymphomas
Mycosis fungoides (MF)
Variants of MF:
* Folliculotropic MF
* Pagetoid reticulosis
* Granulomatous slack skin
Sézary syndrome
Adult T-cell leukemia/lymphoma
Primary cutaneous CD30+ lymphoproliferative disorders
* Primary cutaneous anaplastic large-cell lymphoma
* Lymphomatoid papulosis
Subcutaneous panniculitis-like T-cell lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Primary cutaneous peripheral T-cell lymphoma, unspecified
* Primary cutaneous aggressive epidermotropic CD8+ T-cell lymphoma*

e Cutaneous y/d T-cell lymphoma?*
* Primary cutaneous CD4+ small-/medium-sized pleomorphic T-cell lymphoma*

“Provisional entities

8.2 Incidence/Prevalence

The incidence of CTCL among whites is estimated at 6.1 per million persons per
year and it has risen dramatically since 1973.5 Higher annual incidence of CTCL has
been reported among African-American patients (nine per million), which translates
into an approximately 50% greater incidence in black as compared to white patients.®
In contrast, the incidence of SS appears to be higher among white than in African-
American patients.”> CTCL is less common in Asians and Hispanics.

8.2.1 Pathogenesis

While much progress has been made in recent years in understanding the immunology
of the disease, the exact pathogenesis of MF is not completely understood.

The malignant T-cell clone in CTCL has a skin homing memory phenotype
(CD4+CD45RO+CLA+CCR4+),*7# explaining the strikingly increased affinity of
the malignant T cells for the skin, in particular the epidermis. These epidermotropic
neoplastic lymphocytes frequently form aggregates in proximity to Langerhans
cells and form the so-called Pautrier’s microabscesses in MF skin. Epidermal Langerhans
cells have been suggested to play a role in constitutive antigenic stimulation of malignant
T cells and subsequent proliferation and clonal expansion.’

In early stages of the disease, malignant T cells are — in most part — confined to the
skin.

Accumulation of progressive mutations with disease progression is often associated
with diminished clonal T-cell dependence on the skin and results in accumulation
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of malignant T cells in the peripheral blood and lymph node, such as in SS, extra-
cutaneous disease, and disseminated lymphoma.

A significant reduction in the entire T-cell receptor (TCR) repertoire complexity
is most notable in advanced stages of the disease.!® Disrupted TCR repertoire
complexity as well as the recent findings showing that MF/CTCL is a tumor of
regulatory T cells (Tregs, CD25+CD4+), a group of lymphocytes that actively
inhibit immune responses’® provides partial explanation for the immunosuppression
and susceptibility to infections noted in advanced CTCL. Immunosuppression has
also been linked with a Th2 predominant cytokine pattern, frequently noted in
advanced disease, along with a decline in the level of IL-12 and IFN-a..!! Diminished
levels of these cytokines are paralleled by a decrease in peripheral blood dendritic
cell (DC) numbers."" Expansion of the malignant T-cell clone in the peripheral
blood also results in concomitant decrease in cytotoxic CD8+ T-cell and NK cell
populations (for review, see Kim et al'?).

Disease progression in CTCL has been associated with several genetic abnor-
malities, such as p53, p16/p15 alterations, and deletion of NAV3 tumor suppressor
gene (for review, see Hwang et al'® and Karenko et al'*). JUNB, a transcription
factor responsible for regulating cell proliferation, differentiation, transformation,
but also promotion of a Th2 phenotype is overexpressed in SS.!* Dysregulation of
STAT (signal transducers and activator of transcription) proteins and, most impor-
tantly, constitutive STAT3 activation in SS patients could contribute to CD25 expression
by tumor cells.'

The chronic and indolent nature of primary CTCL has been postulated to be medi-
ated by the slow accumulation of the malignant T-cell clone in the skin and/or intrinsic
resistance of the malignant T cells to apoptosis. Defective Fas/Fas-L expression and
increased expression of the antiapoptotic protein bcl-2'7-2° have been hypothesized to
be part of the mechanisms underlying dysregulation of apoptosis in CTCL.

8.2.2 Clinical Findings and CTCL Variants

MF presents in mid-to-late adulthood with erythematous scaly patches (Fig. 8.1a),
plaques (Fig. 8.1b), tumors (Fig. 8.2), or generalized erythema (erythroderma). The
rare, poikilodermatous variant of MF presents as atrophic and dyspigmented patches
(Fig. 8.3). MF lesions tend to localize to non-sun-exposed areas, such as trunk, buttocks,
and this clinical observation was originally the rationale for treating the disease with
light therapy.? Preferential facial localization can be seen in tumor stage (Fig. 8.2)
and the folliculotropic variant of MF. There is considerable heterogeneity in the
clinical presentation of MF and other primary CTCL variants (Table 8.1).?
Hypopigmented MF is a variant of MF seen almost exclusively in dark-skinned
patients, predominantly children and younger individuals.?? Hypopigmented MF
presents with hypopigmented patches and plaques (Fig. 8.4) and can easily be
confused with hypopigmentation due to other etiologies, such as pityriasis alba,
tinea versicolor, or postinflammatory hypopigmentation. CD30+ primary cutaneous
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a Patch stage MF b Plaque stage MF

Fig. 8.1 Clinical presentation of mycosis fungoides in patch (a) and plaque (b) stage

a Tumor stage MF b The same patient in early stage MF

Fig. 8.2 Clinical manifestations in advanced, tumor stage mycosis fungoides (MF) (a). Note the
absence of tumors in the same patient in earlier stages of the disease (b)

analplastic large-cell lymphomas present as solitary or localized skin lesions, nodules
that have a tendency for ulceration. Lymphomatoid papulosis (LyP) is another
(frequently CD30+) variant of CTCL which typically presents as waxing and
waning papulovesicular, hemorrhagic, then necrotic papules.
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Poikilodermatous MF

Fig. 8.3 Poikilodermatous mycosis fungoides. Note the atrophic, mottled erythematous patches
on the breast of an African-American woman

Hypopigmented mycosis fungoides

Fig. 8.4 Clinical presentation of hypopigmented mycosis fungoides
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Pagetoid reticulosis, also known as Woringer-Kolopp disease, is a form of CTCL
that most frequently presents as a solitary erythematous plaque involving the distal
extremities.

Granulomatous slack skin is an extremely rare subtype of CTCL characterized
by the slow development of folds of lax skin in the axillae and groin.

Erythroderma and generalized lymphadenopathy are features almost invariably
present in SS, the leukemic variant of CTCL. Erythroderma in SS may be associated
withmarkedexfoliation,edema, lichenification,andintensepruritus. Lymphadenopathy,
alopecia, onychodystrophy, and palmoplantar hyperkeratosis are common findings.

8.2.3 Diagnosis/Histology/Workup

The clinical and histological features of cutaneous lymphomas often tend to be
nonspecific for many years or even decades; therefore, establishing the diagnosis
can be challenging. The diagnosis is dependent on integration of a combination of
clinical features, histopathological, immunohistochemical, flow cytometry, imaging,
and molecular studies.

The histology of a biopsy from MF lesion often shows a psoriasiform and/or
patchy lichenoid or band-like lymphocytic infiltrate in the upper dermis (Fig. 8.5).
Epidermotropism of the atypical large T cells with cerebriform nuclei is a highly
characteristic feature (Fig. 8.5), although this may become less prominent in
advanced disease, such as in tumor stage MF. Pautrier’s microabscesses, a collection/
aggregate of malignant T lymphocytes (in the presence or absence of Langerhans
cells) in the epidermis, although very specific for MF, are seen only in a minority
of the cases.” Malignant lymphocytes frequently line up along the epidermal basal
layer, resembling a string of pearls. Histological findings in MF are frequently nondi-
agnostic and serial repeated biopsies are often necessary for a definitive diagnosis.

Immunohistochemical stains are an important adjunctive in the histological
diagnosis of MF. The neoplastic T cells in MF have a CD3+CD4+ and CD45RO+
(memory) phenotype. In rare cases, such as in pagetoid reticulosis and hypopig-
mented MF, a CD8+ phenotype can be seen, which may be associated with an
improved prognosis.?*?* The presence of increased numbers of CD8+ T cells in
CTCL lesions might indicate host antitumor response against malignant CD4+ T
cells.?® Aggressive cases of cutaneous lymphoma with a CD8+ phenotype have
been reported.”’ Loss of pan-T-cell antigens such as CD2, CD3, CD5, CD7 but also
CD26 is often observed, of which loss of CD7 and CD26 are the most frequently
reported phenotypic aberration. Expression of the CD30 antigen is observed in
primary cutaneous anaplastic large-cell lymphomas and LyP. A CD30+ phenotype is
also seen in MF lesions undergoing large-cell transformation. Large-cell transformation
is defined by the presence of large cells (CD30 positive or negative) in 25% or more
of the dermal infiltrate and is a poor prognostic sign.?*-

Clonal TCR gene rearrangements are detected in most cases of CTCL.*! Evidence
for the presence of clonality can be very helpful but not very specific, as it can be
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Histopathology of mycosis fungoides

Fig. 8.5 Histopathology of classical mycosis fungoides. The skin biopsy shows an atypical lym-
phocytic infiltrate with prominent epidermotropism in the absence of spongiosis. The presence of
Pautrier’s microabscesses, a collection of atypical lymphocytes around a Langerhans cell, in the
epidermis is a hallmark feature

detected in approximately 2.3% of benign dermatoses.*?> T-cell clonality can be a
useful tool for assessment of minimal residual disease after treatment.*

The diagnosis of SS is dependent on the presence of erythroderma and molecular
or flow cytometric evidence of peripheral blood involvement by clonal T cells (see
Tables 8.2 and 8.3). Lymphadenopathy, previously described as criteria in the SS
triad, although frequently present, is no longer essential for the diagnosis of SS.
The current guidelines recommended by the International Society for Cutaneous
Lymphomas and EORTC for evaluation and workup of a patient with suspected MF
or SS are summarized in Table 8.4.%

8.2.4 Classification/Staging/Prognosis

The clinical behavior of cutaneous lymphomas can range from an indolent, pro-
tracted course seen in early-stage CTCL to highly aggressive clinical behavior,
characteristic of advanced disease, such as tumor stage MF and SS.
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Table 8.2 TNMB classification of mycosis fungoides and Sézary syndrome

TNMB stages Description

T (skin)
T1

T2

T3

T4

N (node)
NO

N1

N2

N3

M (viscera)
MO

Ml

B (blood)
BO

Bl

B2

Tumor stage
Limited patch/plaque (<10% of total skin surface)
Generalized patch/plaque (>10% of total skin surface)
Tumors (at least one tumor >1.5 cm in diameter)
Erythroderma (>80% of body surface area involved)
Nodal stage
No clinically enlarged, palpable lymph nodes (LN)
Clinically abnormal, pathologically uninvolved LN (“reactive,” ‘“‘dermopathic nodes”)
LN clinically uninvolved, histological findings positive for CTCL
Clinically abnormal and histologically involved LN
Visceral organs
No visceral involvement
Visceral involvement (with pathological confirmation)
Peripheral blood
No circulating atypical (Sézary) cells (<5% of total lymphocytes)
Circulating atypical (Sézary) cells present (>5% of total lymphocytes)
High tumor burden, leukemic involvement defined by:
* Absolute Sézary cell (with hyperconvoluted cerebriform nuclei) count
>1000 cells/pl
¢ CD4/CD8 ratio > 10 by flow cytometry
» Expanded CD4+ cells with aberrant immunophenotype (loss of CD7 or CD26)
* Molecular evidence for T-cell clonality by PCR or Southern blot

Table 8.3 Clinical staging of mycosis fungoides
and Sezary syndrome

TNMB classification

Clinical stage T N M B

1A T1 NO MO BO-1
1B T2 NO MO BO-1
I T1-2 NI MO BO-1
1IB T3 NO-1 MO BO-1
111 T4 NO-2 MO BO-1
1A T4 NO MO BO
111B T4 N1 MO BI
IVA1 T1-4 NO-2 MO B2
IVA2 T1-4 N3 MO BO0-2
IVB T1-4 NO-3 Ml B0-2

The extent and type of skin involvement and the presence or absence of extracu-
taneous disease are the most important indicators predictive of prognosis in patients

with MF.

Accurate clinical staging based on the new TNMB classification is critical in
determining the prognosis and choice of therapy. The degree of tumor burden in the
peripheral blood was recently added to the revised staging and classification of MF
and SS (Tables 8.1-8.3).233*



8 Light Therapies for Cutaneous T-Cell Lymphoma 213

Table 8.4 Guidelines for evaluation and workup of a patient with mycosis fungoides/Sézary
syndrome
Complete physical examination including
e Determine extent of skin involvement (BSA,* patch/plaque/tumor/erythroderma)
e Identification of abnormal lymph nodes, organomegaly
Skin biopsy
* Biopsy most indurated area if only one biopsy performed
* Immunohistochemistry: CD2, CD3, CD4, CD5, CD7, CD8, may include CD30 or B-cell
markers, e.g., CD20
* TCR gene rearrangement studies to determine clonality (PCR or Southern blot)
Blood tests
e CBC with differential, LFTs, LDH, comprehensive chemistry
* TCR gene rearrangement studies
e Assessment of tumor load: Sézary cell count or flow cytometry (CD4+CD7- and/or
CD4+CD26-)
Radiological/imaging studies
e Chest X-ray sufficient if TINOBO or T2NOBO (if limited skin involvement)
* CT scans of chest/abdomen/pelvis in patients with > stage IA or some patients with lim-
ited T2 disease
* FDG-PET may be recommended for evaluation of lymphadenopathy, potential visceral
involvement
Lymph node biopsy
» Excisional lymph node biopsy in patients with a node >1.5 cm, and/or firm, irregular,
clustered, or fixed
* Pathological assessment of lymph node biopsy by: light microscopy, flow cytometry,
TCR gene rearrangement

*BSA refers to percent of body surface area involved

MF typically has an indolent clinical course with slow progression over years or
sometimes decades from patches to plaques and eventually to tumors. It has been
demonstrated that patients with early-stage MF (IA) have a life expectancy and
long-term survival outcome that does not differ significantly from an age-, sex-, and
race-matched population.® Skin-directed therapy in this stage can lead to durable
remissions. Patients with stage IB and stage IIA disease have a 5-year overall sur-
vival of 73-86% or 49-73%, respectively. Patients with stage IIB have a 5-year sur-
vival of 40-65%. Patients with erythrodermic CTCL/SS have a significantly worse
prognosis, with a disease-specific 5-year survival of 24%.?

Patients with extracutaneous involvement have a substantially worse prognosis
than patients with tumor stage or erythroderma, with a median survival of 1-2 years
versus 4-5 years, respectively.*®

Less is known about the differences in prognosis in CTCL patients with skin of
color. Studies have suggested that African-American patients with CTCL may follow
a more aggressive course and the diagnosis is usually established at a later stage
compared with Caucasian patients with cutaneous lymphoma.*”*® This is not true
for hypopigmented MF, seen in patients with dark skin, which has a biological
behavior and overall good prognosis similar to that of the nonhypopigmented MF,
stage IA.** African-American patients with erythrodermic CTCL and nodal involve-
ment do not respond as well to the standard therapeutic modalities.
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8.3 CTCL Treatment

Management of CTCL starts with thorough assessment to establish accurate diagnosis,
staging, and classification and should be carried out by a multidisciplinary team
including a dermatologist, hematologist/oncologist, and pathologist.

Treatment of primary CTCL depends on the stage of the disease. The extent of
skin involvement affects prognosis and guides therapeutic decisions: skin-directed
therapies utilized in early-stage CTCL (IA and IIB) typically result in durable
remission and cures may be achieved, whereas advanced stages of CTCL require
systemic therapy (for review, see Naeem and Kupper*).

In early stages of CTCL, the malignant T cells are confined to the skin and are
accessible for local treatments, such as topical steroids, bexarotene gel, photochemo-
therapy with psoralen plus ultraviolet A (PUVA), topical nitrogen mustard (mechlo-
rethamine) or chlormustine (BCNU), or radiotherapy, including total skin electron
beam irradiation (Table 8.5).

In advanced disease, expansion of the malignant T-cell clone in the peripheral
blood and extracutaneous disease occurs, therefore skin-directed therapies are no
longer sufficient and combination therapies are warranted. Biologics such as interfer-
on-o. (IFN-a) and other cytokines, such as interleukin-12 (IL-12), traditional and new
retinoids such as bexarotene, and receptor-targeted cytotoxic fusion proteins such
as denileukin diftitox (DAB,,IL-2) are used either as single-agent therapy or in com-
bination with other therapies (e.g. PUVA) in the treatment of MF (see Table 8.5).

Table 8.5 Summary of treatment modalities employed in CTCL

Early-stage CTCL (stages IA, IB, ITIA):
* Topical mechlorethamine (nitrogen mustard)
» Topical carmustine (1,3-bis(2-chloroethyl)-I-nitrosourea; BCNU)
* Topical bexarotene 1% gel (Targretin, retinoid X receptor agonist)
* Oral bexarotene
» Topical peldesine (BCX-34) (purine nucleoside phosphorylase inhibitor)
* Phototherapy (PUVA, UVB)
* Radiotherapy

Advanced disease (stages IIB, III, IV):
* Extracorporeal photopheresis + IFN-o + bexarotene
* Immunotherapy: IFN-o. (2a most frequently, 2b) + PUVA, ECP, IL-12
* Monoclonal antibody: anti-CD4, anti-CD52 (Campath)
* DAB389-1L2 fusion toxin
* Retinoids and rexinoids (bexarotene®)
* Radiation: total skin electron beam irradiation
* Single agent chemotherapy: alkylating agents, methotrexate, gemcytabine, pentostatin
* Combination chemotherapy: CHOP or EPOCH*
* Bone marrow transplantation
* Histone deacetylase inhibitors (HDACsS, e.g., Vorinostat)
ACHOP cyclophosphamide, doxorubicin, vincristine, prednisone; EPOCH etoposide, prednisone,
doxorubicin, and cyclophosphamide
"Bexarotene targets retinoid X receptor
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Multiagent chemotherapy is generally used in cutaneous lymphoma with evidence
of extracutaneous disease and/or systemic involvement, or in widespread tumor-stage
MF refractory to skin-targeted therapies, under the supervision of a multidisciplinary
team. Studies have failed to show a survival benefit in patients with MF with the
use of aggressive chemotherapy.

8.4 Phototherapy in CTCL

Light therapy is probably the most widely used first-line skin-directed treatment for
early-stage CTCL (for review, see Baron and Stevens*'). Most CTCL patients with
early disease can achieve durable remission of their disease by employing phototherapy
alone. It is increasingly used in the outpatient management of CTCL and it can be
administered at a dermatologist’s office or home.

Phototherapy comprises a variety of different regimens including broadband
UVB (BB-UVB; 290-320 nm), narrowband UVB (NB-UVB; 311-312 nm), UVA
(320-400 nm)/PUVA, UVAL1 (340-400 nm), extracorporeal photopheresis (ECP,
combines photosensitizer with UVA), excimer laser (308 nm), photodynamic
therapy (PDT), which consists of a combination of photosensitizer treatment
followed by exposure to visible light (see Fig. 8.6). The most frequently used light

uve UVA Visible light ———
PUVA
ECP PDT
A A
Excimer laser NB-UVB fuw\z uvA1 A “ Blue Red '
Wavelength
(m) 2960 308 311-313 320 340 400 700
Patch stage
BB-UVB, NB-UVB s (alst;ﬂzt;l‘!)uséig;‘e Patch and plaque stage
Excimer laser " Tumor stage MF
Hypopigrmatiar M PDT (ALA-visible light)
Early ﬁ';_qu”\":, 2 PUVA, UVA1
demic CTCL
CD30+ CTCL nodule Crytheo BUVA, UVAT, ECP
Excimer laser 4

Sezary syndrome
ECP

Fig. 8.6 Spectra of ultraviolet light sources in the treatment of cutaneous T-cell lymphomas (CTCL).
NB-UVB narrow band UVB, UVA ultraviolet A, PUVA psoralen plus UVA, ECP extracorporeal
photopheresis, PDT photodynamic therapy
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Table 8.6 Skin phototype classification system based on a person’s sen-
sitivity to sunlight (A) and classification of Japanese skin phototypes (B)

A. Skin phototypes (SPT)

SPT I — Always burns, never tans

SPT II — Burns easily, tans minimally

SPT III — Burns moderately, tans gradually to light brown
SPT IV — Burns minimally, always tans well to moderately brown
SPT V — Rarely burns, tans profusely to dark

SPT VI — Never burns, deeply pigmented

B. Japanese phototypes

Type I — Always burns, never tans

Type 1I — Burns sometimes, moderately tans

Type III — Never burns, always tans

treatment in the management of MF is PUVA, which combines a photosensitizer,
such as oral methoxypsoralen (MOP) with UVA and UVB light, especially NB-UVB
(see Fig. 8.6).

All of these light therapy options have advantages and disadvantages and the
choice among these options depends on multiple factors, one of the most important
ones are: extent of skin involvement, presence of patches or plaques, thickness of
the plaques, the presence or absence of erythroderma, and blood involvement.
While UVB treatment does not require the use of a photosensitizer and is associated
with fewer side effects, PUVA treatment due to longer wavelengths has a deeper
penetration (approximately 1-2 cm into the mid-dermis), leads to longer remission
times, and is therefore more effective in CTCL patients with thick plaques. The
presence of erythroderma and peripheral blood involvement such as seen in SS
warrants more than just skin-directed therapy. Such patients are good candidates for
ECP treatment.

The focus of this chapter is light treatment of patients with CTCL with emphasis
on phototherapy of individuals with darker skin types, such as African-American
patients and races of intermediate pigmentation, such as Hispanics and Asians,
which share epidemiological and clinical features of dark-skinned ethnic groups
and Caucasians.

There are some fundamental differences between light and dark skin, therefore
when it comes to treating CTCL using light therapy, the ethnic background must be
considered. When compared with light skin, dark skin has higher melanin content
in the epidermis, larger and more melanized melanosomes, and slower degradation
of melanosomes in the keratinocytes.

Assessment of skin type according to Fitzpatrick’s phototype classification is
based on self-reported erythema sensitivity and tanning ability (Table 8.6A). This
classification is an imperfect but useful guide to help adjust the parameters in a way
that suits dark skin. This skin phototype classification proved to have limited value
in evaluation of Asian skin, therefore a separate classification scheme exists to
assess Japanese skin type. The Japanese skin type has been classified into three
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categories (Table 8.6B). Among the Japanese skin types, type I patients are more
susceptible to skin cancer development.*>+3

Special considerations confront clinicians when treating patients with skin of color
using light treatment. One of the most important factors that must be considered when
treating dark-skinned patients is the selection of the correct minimal erythema dose
(MED) if treatment with UVB is considered. MED is the dose of UV radiation
required to produce a minimally perceptible erythema 24 h after exposure. Selection
of the appropriate MED is key for achieving effective therapeutic outcome as the
MED value is usually higher in dark-skinned patients compared to patients with lighter
skin color.*# An MED that is approximately 6-33 times higher has been reported in
blacks compared to Caucasians.* A gradual decrease in the MED value secondary to
photoadaptation due to acquired pigmentation during repetitive UV exposures is
another consideration that the clinician needs to be aware of when escalating the dose
of UV light when treating CTCL in a patient with darker complexion.*’

The starting dose of UVA is also based on the patient’s skin type. Assessment of
the minimal phototoxic dose (MPD) 72 h following ingestion of 8-MOP is helpful
prior to initiation of PUVA treatment.

While it is believed that UV light treatment is safer for dark-skinned patients
because of the lower risk of adverse effects, it has been shown that dark skin is as
easily irritated as Caucasian skin.*® Also, erythema is difficult to detect in darker
skin due to its greater melanin content, therefore it is not a great indicator as an
index of skin sensitivity. Reflectance spectroscopy is a useful research tool in quan-
tification of the degree of erythema and melanin content of the skin.* Dark-skinned
patients may be at risk for pigmentary alterations: hypo-, hyper-, and depigmentation.
If the correct parameters are used, dark-skinned CTCL patients can be safely and
effectively treated with UV light.

8.4.1 Phototherapy and Its Mechanism of Action

The effect of UV therapy in general is mediated via induction of apoptosis and/or
immune suppression. T-cell apoptosis has been documented with most UV therapies
employed in the management of CTCL, such as NB-UVB, PUVA but also UVA1
and ECP.#150-54

An increase in the expression of TNF-a and IL-10 release has been suggested to
play an important role in UV-induced immune suppression.>>3¢ More recently,
reports have shown that UV light induces regulatory T cells (Tregs), lymphocytes
that inhibit immune responses, and these regulatory T cells specifically induced by
UV (UV-Treg) suppress immune functions via IL-10. Platelet-activating factor
binding, a potent phospholipid mediator, appears to be crucial for both PUVA- and
UVB-induced immune suppression.’”® Platelet-activating factor has been reported
to be involved in other PUVA-induced effects, including IL-10 production, apoptosis,
and p53 upregulation.’® UV treatment also results in a decrease in IL-7, a cytokine
that has been shown to act as a growth factor for Sézary cells.*
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Both UVB and PUVA downregulate the expression of surface molecules such as
major histocompatibility complex II and intercellular adhesion molecule-1, further
dampening antigen-presenting functions and other cell-cell interactions. Decreased
numbers and/or diminished antigen-presenting capacity of Langerhans cells have been
reported to occur in association with both UVB and PUVA.%!

The mechanism of action of UVB in cutaneous lymphomas is postulated to be
mediated by a decrease in the antigen-presenting capacity of Langerhans cells, an
increase in IL-2 and -6 and TNF production by keratinocytes,*>%* as well as induction
of apoptosis.

UVB causes deoxyribonucleic acid (DNA) damage and is able to inhibit kerati-
nocyte and T-cell proliferation.

PUVA inhibits clonal lymphocyte proliferation®® and leads to induction of T-cell
apoptosis.”®! Novel apoptogenic molecules have been recently identified to play a
relevant role in PUVA therapy-associated apoptosis induced by the production of
photoproducts of psoralen.*

The mechanism of action of UVA1 is comparable to broad-spectrum UVA, induction
of lymphocyte apoptosis and decrease in the number of Langerhans cells has been
reported. However, unlike PUVA and UVB, which induce one apoptotic mechanism,
UVALI seems to trigger lymphocyte apoptosis via two apoptotic pathways.®’

8.4.2 Relationship Between Phototherapy and Skin Cancer Risk

Phototherapy within the UVB and UVA spectra has both beneficial and harmful
effects on skin. UV radiation is both immunosuppressive but also highly carcino-
genic. Formation of DNA adducts with activated psoralen and thymine dimers in
association with PUVA and UVB treatment respectively are associated with an
increased risk of skin cancer.

UV radiation induces DNA damage in epidermal cells. If the DNA damage is
not repaired or the damaged cells are not eliminated by apoptosis, the consequence
can be cell transformation and eventually skin tumor formation. An important
“repair”’ gene is the p53 suppressor gene. Excessive UVB exposure can lead to mutation
of the tumor suppressor p53 gene, causing specific “UV-signature mutations” in the
P53 gene leading to the loss of its repair function and apoptosis resistance of the
DNA-damaged cell. UV-signature mutations in the p53 gene are the most common
event in the development of squamous cell carcinoma (SCC). UVB radiation-induced
point mutations in the p53 gene are found in SCC and occasional basal cell carcinomas
(BCCs). UVB in general is more carcinogenic than UVA in induction of SCC and
NB-UVB phototherapy (311-312 nm) is considered to be less carcinogenic than
BB-UVB (290-320 nm).

In contrast to UVB radiation, much of the mutagenic and carcinogenic action of
UVA radiation appears to be mediated through reactive oxygen species and long-wave
UVA1 (340-400 nm) exposure has been shown to result in development of SCC
without the characteristic point mutations in p53 (for review, see de Gruijl®)
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A large study including 1,380 psoriasis patients who had undergone long-term
PUVA treatment reported by Stern and coworkers showed a modest trend of
increased risk of melanoma, small but significantly increased risk of BCC, and
a significantly increased risk of SCC.%7° The results from this study showed a
correlation between the cumulative dose received and the degree of SCC risk.%®
An approximately 14-fold higher risk of SCC was reported after more than 200
sessions of PUVA.”! Risk of basal cell cancer was substantially increased only in
patients exposed to very high levels of PUVA.”

The risk of malignant melanoma associated with UV therapy has been contro-
versial. In one study published by Stern and coworkers, an increased risk of malignant
melanoma was observed approximately 15 years after the first treatment with
PUVA, especially among patients who received 250 treatments or more.”

Patients at a particularly high risk for UV-induced skin cancers are those with
skin types I and II. Increasing skin pigmentation has been shown to be associated
with a diminished sensitivity to UV-induced DNA damage as dark skin absorbs and
scatters more energy and the thicker dermis and larger melanosomes provide better
photoprotection.

UV light exposure may be a risk factor for skin cancer in Asians.* Low incidence
of nonmelanoma skin cancer was reported in Japanese patients.’

Dark-skinned ethnic patients have a lower risk of cutaneous malignancies and
UV radiation is not considered to be an important etiological factor for skin cancer
in black patients, with the exception of basal cell cancer (for review, see Gloster and
Neal’®).

Still, potentially increased skin cancer risk associated with phototherapy regard-
less of skin color mandates careful monitoring and regular skin examination for cancer
screening in patients undergoing such therapy. Therefore, prior to initiation of light
therapy, careful consideration of other treatment options is advised for patients with
a history of melanoma or nonmelanoma skin cancer. It is important to stress to
these patients the importance of avoiding sun exposure, indoor tanning, and the use
of sunscreens after treatment.

8.5 Psoralen Plus UVA

The preferential occurrence of MF lesions on covered areas and the relative sparing
of sun-exposed skin led to the application of PUVA in the treatment of CTCL, first
reported by Gilchrest and coworkers in 1976. PUVA has been widely used now for
more than three decades in the management of MF, in particular plaque-stage
disease.”!

PUVA photochemotherapy is a well-established and effective treatment widely
used for the treatment of early, patch-, and plaque-stage MF (stage IB/ITIA), which
fails to respond to topical therapies.

PUVA therapy consists of oral ingestion of a photosensitizing agent, such as
8-MOP followed by total body UVA (320—400 nm) light exposure.
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Psoralens are phototoxic furocoumarin compounds that, when activated by UVA
light, bind covalently to pyrimidine bases in the DNA leading to formation of
monoadducts and/or interstrand cross-links.” They are inactivated in the liver, with
a plasma half-life of 1 h, and are cleared by the kidney 24 h after administration.

Patients take an oral dose of 8-MOP (0.65 mg/kg) 1.5-2 h prior to each UVA
(320400 nm; peak emission wavelength between 350 and 360 nm) treatment.
Optimally, an individual’s MPD should be measured prior to the initiation of the
actual light treatment course. PUVA therapy is then started with an initial dose that
is equal to half or two-thirds of the individual’s MPD. The initial dose is 0.5-2 J/
cm?, depending on the skin type and it is increased by 0.5-1 J/cm?. Another alternative
is to start at 70% of MPD and increase by 0-20% depending on the erythemal
response.*! Subsequent increments in the dose depend on the presence or absence
of phototoxic reaction/burning. Escalating doses of UVA are administered three
times weekly until complete remission or best partial response is achieved.
Treatment schedules have varied in reported studies, from two to four times weekly.
At this point, the frequency (but not the UVA dose) is decreased gradually, and the
patient may be maintained on once-monthly therapy for more than a year after
remission. Because of the risk of nonmelanoma skin cancer with high cumulative
doses, an effort should be made to restrict the total PUVA dose to less than 200
treatment sessions or a total cumulative dose between 1,000 and 1,500 J/cm?.7°

8-MOP is the most frequently used psoralen in PUVA (Fig. 8.7). 5-MOP
(Fig. 8.7) is an alternative to 8-MOP with fewer side effects, especially less nausea,
and phototoxicity. Comparable therapeutic efficacy was reported in a study assessing
the safety and efficacy of 8-MOP and 5-MOP in PUVA therapy for ME.”’

Topical or paint PUVA is a modified PUVA protocol in which 8-MOP is used in
form of a lotion (between 0.1% and 0.3%) applied 30 min prior to UVA exposure.
Bath PUVA is another version of PUVA protocol in which the affected skin is

Psoralen compounds

R1
7 \

R2

Psoralen: R1=H R2=H
5-MOP: R1=0CH3 R2=H
8-MOP: R1=H R2=0CH3

Fig. 8.7 Psoralen compounds used in PUVA therapy
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soaked in a solution of 3 mg/liter of 8-MOP for 30 min before UVA exposure. In these
modified PUVA protocols, the incremental dose of UVA is lower when compared
to oral PUVA. Paint and bath PUVA are most frequently used in the treatment of
vitiligo, psoriasis, and eczema and their use is not well established in the treatment
of MF.

8.5.1 PUVA Monotherapy

PUVA therapy is highly effective in clearing early-stage disease and prolonging
remissions with maintenance therapy. Overall response rates of 79-88% in stage IA
and 52-59% in stage IB disease have been reported.’s”

In a study of 82 patients, Herrmann et al reported complete clearance of lesions
and mean duration of remission of 13 months in 88% of patients with limited
plaque disease and complete clearance and mean duration of remission of 11
months in 51.9% of patients with extensive plaque disease.”® The overall complete
response (CR) rate was 65% (79% for stage 1A, 59% for stage IB, and 83% for
stage IIA). The median time to complete remission was 3 months. Maintenance
PUVA was given to most patients. The survival rates at 5 years in this study were
89% for stage 1A, 78% in stage IB, and 100% in stage IIA. Clearing of the skin
lesions and a durable remission were found to be much more likely with earlier
stages of disease.™

In another study published by Roenigk in 1990, CR was observed in 88% of
patients with stage IA, 52% in stage 1B, and 46% in stage III. Interestingly, no
response was seen in patients with stage IIB disease.” In this study, 38% of the
complete responders relapsed despite maintenance treatment but responded to
additional PUVA therapy.

Querfeld et al reported that of MF patients with stage IA/IIA who achieve a CR,
50% remain disease-free for 10 years and 50% will relapse regardless of maintenance
therapy.® Patients that experienced a relapse responded when PUVA treatment was
resumed and 36% remained disease-free. In this study, 66 patients were followed,
including 2 African-American and 3 Hispanic patients. Relapse was noted in 49%
of Caucasian patients, both African-American and one Hispanic patient. Interestingly,
nonrelapsing patients required higher cumulative dose of PUVA and longer treatment
to achieve CR than patients who later relapsed.

Another study of 44 patients reported by Honigsmann et al showed that 56% of
stage IA and 39% of stage IB patients with CR had no recurrence during a period
of 44 months follow-up without maintenance therapy.®! This study also suggested
that maintenance therapy is rarely effective at preventing relapse.

There appears to be no difference in clinical response to PUVA treatment in light
and dark-skinned individuals as similar efficacy was reported in a study that
included early-stage MF patients from Egypt showing a 70% clearance rate.®> PUVA
is also a proven and effective treatment option for the treatment of Asian patients
with ME.# Benefit form PUVA therapy has been reported in the management of
hypopigmented MF.#
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8.5.2 PUVA Side Effects

The most frequently reported acute adverse effects of PUVA are mostly due to oral
psoralen intake and include phototoxic reaction (similar to sunburn), nausea, vomiting,
and pruritus. Treatment of the erythema and pruritus with emollients and other
agents is usually satisfactory, and most patients eventually tolerate the therapy well.
To prevent PUVA-induced cataracts, patients must wear UV-blocking goggles and
protective eyewear during the day of their treatment. Shielding of the genital area
is also recommended to prevent development of skin cancer in this location.

High cumulative PUVA doses can result in solar elastosis, solar lentigines, and
other manifestations of photoaging and may be associated with higher risk of non-
melanoma skin cancer. Patients with underlying photosensitive conditions such as
lupus erythematosus, porphyria, and xeroderma pigmentosum, as well as patients with
severe hepatic and renal impairment and pregnant patients should not receive PUVA
therapy. Patients on PUVA are advised to avoid sunlight and apply sunscreens. Special
sun avoidance precautions are needed in patients on medications associated with
increased photosensitivity, such as diuretics, anticonvulsants, and certain antibiotics.

Since psoralens are metabolized by the liver, periodic hepatic function monitoring
is required, especially in patients on hepatotoxic medications.

Another disadvantage of PUVA treatment is that lesions in the UV-shielded
nonexposed areas (sanctuary sites), such as the flexures, are often not cleared or
difficult to clear.

Patients may be refractory or become resistant to PUVA monotherapy, necessitating
combination treatment. In such cases, combination treatment modalities can be
attempted, such as IFN-a, systemic retinoids. Combination of PUVA therapy and
topical chemotherapy such as nitrogen mustard should be avoided due to the
increased incidence of skin cancer (for review, see Kim et al® and Guitart®).

8.5.3 PUVA Treatment as Part of Combination Therapy

The benefit of PUVA in combination with a number of agents, notably IFN-a., oral
retinoids, and rexinoids in the management of CTCL patients resistant to mono-
therapy has been reported in several studies. Such combination therapy for MF has
the potential to be synergistic, improve therapeutic efficacy, and reduce toxicities.

8.5.4 PUVA Plus IFN-o

Several studies reported additional clinical benefit when PUVA was combined with
IFN-a. IFN-a has been shown to have a proapoptotic effect and induce a shift in
cytokine profile from Th2 to Th1,*”# potentiating the effect of PUVA. Such com-
bination was reported to be safe, tolerable, and confers increased effectiveness in
the management of CTCL.%-%?
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Kuzel and coworkers in a study of 39 patients with MF and SS combined PUVA
treatment (three times weekly) with the maximum tolerated dose of IFN-a of 12
MU/m? three times weekly and reported an overall RR of 100%, CR was noted in
62% of the patients: 79% in stage IB patients, 80% in stage II, 33% in stage 1IB,
63% in stage I1I, and 40% in stage IV patients.* PUVA was continued as mainte-
nance therapy indefinitely while IFN-o was continued for 2 years. The median
duration of remission was 28 months with a median survival of 62 months.®

Rupoli et al conducted a study assessing the effectiveness of PUVA plus IFN-a2b
(6-18 MU weekly) combination treatment for 14 months in patients with early MF
(stage IA-ITA). CR was noted in 84% of patients with stage IA, 87% in stage 1B,
and 73% in stage ITA.%!

Chiarion-Sileni et al. treated 63 patients in all disease stages with escalating
doses of IFN-a2a plus PUVA for 1 year, followed by PUVA maintenance in patients
who experienced CR. Of the 63 patients, 74.6% achieved CR. Median response
duration was 32 months and the 5-year survival rate was 75%.%

Roenigk et al treated 15 patients with PUVA and IFN at doses ranging from 6 to
30 MU three times weekly, 12 achieved CR and 2 had PR.” The median duration
of response was 23 months.”

IFN-y has also been reported to be effective in combination with PUVA in the
management of CTCL.***

Potentially dose-limiting toxicities associated with IFN-a are fevers, malaise,
leukopenia, mental status changes consisting of depression, and confusion.” Most
of the side effects such as fever, myalgias, chills, fatigue, malaise, anorexia, weight
loss and metallic taste tend to be dose-related. Initiation of therapy with a lower
dose of IFN-a and gradual escalation over weeks until the desired dose is reached
reduce flu-like symptoms.3*°

8.5.5 PUVA Plus IFN-o and/or Retinoids

The clinical efficacy of PUVA in MF can be further improved and toxicity is minimized
by using it in combination with retinoids (acitretin or isotretinoin) plus/minus IFNs.

Stadler et al reported on 98 patients enrolled in a randomized controlled trial
comparing PUVA (two to five times weekly) plus IFN-a (9 MU three times weekly)
or PUVA and IFN-a plus a retinoid (acitretin).” In 82 patients with stage I/I
disease, CR rates were 70% in the PUVA/IFN group compared with 38% in the
IFN/acitretin group. Time to response was 18.6 weeks in the PUVA/IFN group,
compared with 21.8 weeks in the IFN/acitretin group.”

The use of re-PUVA, a combination treatment consisting of PUVA given in
conjunction with systemic retinoids was first reported by the Scandinavian Mycosis
Fungoides Group.”” A study of 69 patients with plaque-stage MF reported by
Thomsen investigated the effects of PUVA alone as compared to the combination
of PUVA and acitretin. Although RR in the re-PUVA group was equal to that of the
PUVA (73% and 72%, respectively), in the re-PUVA group, remissions were
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obtained with fewer PUVA sessions and with a lower UVA dose. Also, the duration
of remission was longer when maintenance retinoids were given.”’

Studies also suggest that combined PUVA and IFN-a are more effective than
combination of IFN-a and acitretin in early-stage I/II disease.”®

8.5 PUVA Plus Rexinoids

Bexarotene is a synthetic retinoid that selectively binds the retinoid X-receptor.
It has been shown to induce selective apoptosis of the malignant T-cell population.®
Bexarotene can be used as monotherapy in CTCL and it has been shown to be safe
and effective in combination with PUVA plus IFN-o2a.!%°

Combination therapy of PUVA with both high- and low-dose bexarotene (300 and
150 mg daily dose, respectively) has been shown to be effective in the treatment of MF
patients.!?"1% Bexarotene given as a daily dose of 150 mg in combination with PUVA
also resulted in durable remission in three of four cases of patients with SS.1%*

Side effects of bexarotene include hypertrigiceridemia and hypothyroidism,
frequently requiring the addition of lipid-lowering agents and occasionally thyroid
hormone replacement. Lipid-lowering agents that have been used in patients on
bexarotene are atorvastatin or atorvastatin plus fenofibrate. Interestingly, patients
on bexarotene taking two lipid-lowering agents have a significantly higher response
rates than those taking one or no lipid-lowering agents (90% atorvastatin and
fenofibrate vs 43% atorvastatin alone).'®

In summary, deeper penetration and high efficacy in early plaque-stage MF is
one of the advantages of PUVA therapy.

Although PUVA is a highly effective treatment for plaque-stage MF, the major-
ity of patients subsequently relapse.?"1 Its use in tumor stage (IIB) is controversial
and as monotherapy it is not suitable for the management of erythrodermic CTCL/
SS (for review, see Baron and Stevens*!).

8.6 Ultraviolet A1 Therapy

Favorable clinical response in cutaneous lymphoma has been reported with the use
of UVALI therapy, a new and promising approach that uses selective long-wave
UVAI radiation (340400 nm), while eliminating the erythemogenic UVA2 wavelengths
(320-340 nm) (Fig. 8.6). It has been reported to be very effective in the treatment
of several inflammatory dermatoses, such as atopic dermatitis, localized scleroderma/
systemic sclerosis, urticaria pigmentosa, graft versus host disease, and psoriasis in
HIV-infected patients. UVAL1 has a deep penetration, therefore is effective in more
advanced stages of cutaneous lymphoma, including nodular lesions of CTCL.

Zane et al reported complete clearance of cutaneous lymphoma lesions in 11 of
13 patients with widespread plaque and tumor-stage MF using high-dose UVA1
irradiation (100 J/cm? daily 5 days a week).!%
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Good clinical results were reported in another study conducted by Rombold et al
in seven CTCL patients treated with UVA1 therapy using doses ranging between
40 and 70 J/cm?2.'7 UVAL has also been used successfully in the treatment of hypo-
pigmented MF.!%

UVALI treatment is generally well tolerated and it does not have the psoralen-
associated gastrointestinal side effects and phototoxic reactions. Inability to clear
sanctuary sites, such as the flexures, is a disadvantage. Adverse effects reported in
association with UVA1 are erythema, hyperpigmentation, polymorphic light erup-
tion, pruritus, skin dryness, photoaging, and skin cancer.'”

8.7 Extracorporeal Photopheresis

ECP is a method developed by Edelson in 1987 to treat patients with SS.!° It was
FDA approved for use in advanced CTCL in 1988 and is now considered first-line
treatment for CTCL stages III and IV either as monotherapy or as part of combina-
tion regimen.

ECP is a leukapheresis-based therapy!!! that targets apoptosis of malignant T
cells in the circulation, therefore it is more likely to be effective in patients with
peripheral blood involvement, such as SS but its efficacy has been reported in
erythrodermic CTCL (with no peripheral blood involvement) as well. The technique
consists of blood collection by apheresis, exposure of the peripheral blood mono-
nuclear cells (PBMCs) to 8-MOP, and UVA light, followed by reinfusion of the
treated cells (Fig. 8.8). Whole blood is removed from the patient via a peripheral or
central venous line and centrifuged to separate the leukocyte-rich fraction. 8-MOP
is then incorporated into the leukocyte-rich fraction and followed by irradiation
with UVA light (320-400 nm) at a dose of 1.5-2 J/cm?2,112!113

8-MOP photosensitization of the leukocytes can be achieved either by oral
administration or by extracorporeal exposure of the leukocyte-rich fraction to
8-MOP. In the past, 8-MOP was administered orally 2 h prior to the extracorporeal
UVA exposure in a dose ranging between 60 and 200 ng/ml with the goal to achieve
a minimum plasma concentration of 60 pg/ml as treatment efficacy was dependent
on sufficient 8-MOP plasma levels. In order to circumvent the need for drug level
monitoring, problems in obtaining consistent psoralen levels, and to eliminate or
minimize systemic toxicity that may accompany oral psoralen ingestion, the tech-
nique was later on modified to direct methoxsalen exposure of the leukocyte-rich
fraction. Liquid psoralen (methoxsalen) is added directly to the buffy coat bag at a
concentration of 340 ng/ml (Uvadex®, Therakos), followed by UVA irradiation in a
photoactivation chamber and the treated cells are subsequently returned to the
patient. The entire procedure takes approximately 3—4 h. The procedure is per-
formed monthly on two consecutive days every 3—4 weeks. Shortening the interval
in nonresponding patients does not appear to lead to increase in the efficacy.!*

ECP treatment is very well tolerated and has a very low side effect profile. It is
available in approximately 150 medical centers worldwide.!'
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Fig. 8.8 Extracorporeal photopheresis (ECP) procedure consists of three major steps: collection
and separation of the peripheral blood mononuclear cells, direct addition of the photosensitizer
8-MOP to the leukocyte-rich fraction, followed by reinfusion of the treated cells to the patient

ECP, although originally designed for the management of SS, has proven effective
in a wide variety of inflammatory and autoimmune conditions, such as rheumatoid
arthritis, acute and chronic graft versus host disease, systemic sclerosis, lupus
erythematosus, and inflammatory bowel disease.!”® Clinical response to ECP in a
variety of diseases is suggestive of multiple mechanisms of action.

8.7.1 ECP Mechanism of Action

Significant progress has been recently achieved in the therapy and understanding of
the mechanism of action of ECP in CTCL. It has been well appreciated that induction
of lymphocyte apoptosis and monocyte-to-DC differentiation are two key cellular
events involved in ECP-induced antitumor immunity.

The exact mechanisms whereby ECP destroys malignant T cells are not completely
understood. Combination treatment of 8-MOP and UVA causes the formation of
DNA photoadducts with activated psoralens leading to DNA damage and inhibition
of DNA synthesis.”! Mechanisms other than cross-link formation have also been
reported to be involved in DNA damage. UVA irradiation can induce apoptosis in
CD4+ T cells through the Fas/Fas-ligand system, activated as a consequence of
singlet oxygen generation,''® suggesting that increase in Fas expression following
photopheresis could be an important additional mechanism of action. An increase
in the death receptor CD95 (Fas) has been observed on lymphocytes, with some
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studies reporting upregulation of Fas ligand.!”!!1811%120° Activation of the CD95
pathway induces apoptosis through the activation of the caspases.!?! Multiple other
mechanisms have been shown to be involved in ECP-mediated lymphocyte apoptosis,
such as changes to mitochondrial function observed very early in the ECP process,
such as downregulation of the antiapoptotic protein bcl-2, upregulation of the proa-
poptotic bax, and leading to a reversal in the Bax/Bcl-2 ratio,'?* some of which has
been attributed to the effects of white blood cell collection process or UVA
alone.®”!18 The time necessary to complete lymphocyte apoptosis is about 48 h, and
by 72 h, 80% of the ECP-treated lymphocytes are apoptotic.’*!?12* While malig-
nant T-cell apoptosis plays a major role in the mechanism underlying ECP-
effectiveness, only approximately 5—-10% of pathogenic T cells are treated during
one cycle, suggesting that apoptosis by itself is not sufficient to induce clinical
response.

Activation of monocytes to immature DCs capable of phagocytosing apoptotic
tumor cells is another process linked to ECP-induced antitumor mechanism.
Monocytes appear to be relatively resistant to apoptosis induction by ECP
treatment.'” Contact with the plastic during the ECP procedure is sufficient to
induce activation of monocytoid DC precursors into immature DCs capable of
phagocytosing apoptotic cells.!*!

Phosphatidyl serine externalization is an important component of apoptosis as it
is a potent target recognition site for phagocytosis by antigen-presenting cells
(APCs).!2¢ Soon after the induction of T-cell apoptosis, phosphatidylserine (PS)
residues, normally present on the inner cell membrane, are translocated from the
inner (cytoplasmic) leaflet to the outer (cell surface) leaflet of the plasma membrane.
ECP treatment could lead to enhanced lymphocyte immunogenicity by an increase
in the expression of tumor antigens on malignant CTCL lymphocytes.'?”128 Apoptotic
lymphocytes are then phagocytosed by DCs.'? An increase in phagocytosis of
apoptotic lymphocytes by macrophages has been reported to occur 4 h following
externalization of PS.!3° This is followed by antigen presentation of apoptotic bodies
and induction of a class I-restricted CD8+ cytotoxic T-cell response directed
against untreated clonal T cells'*"3? (Fig. 8.9).

Reinfusion of the DCs loaded with apoptotic CTCL cells can increase CD8+
T-cell numbers and induce a potent antitumor cytotoxic T lymphocyte response
with enhanced cytolytic ability.

ECP treatment-induced antitumor reaction in CTCL has also been linked with
post-ECP cytokine changes. In advanced stages of CTCL, a deficiency of IFN-y and
IL12 has been reported with a predominance of Th2 cytokines. A study reported by
Di Renzo et al showed that 12 months of ECP therapy resulted in correction of the
Th1/Th2 imbalance/ratio.'?*-13

ECP has also been demonstrated to increase and even reverse the aberrant CDS§ to
CD4 ratio that is often observed, enhancing cytotoxic responses against tumor cells.

ECP has immune modulatory function possibly via enhancing the immune tolerance
rather than by inducing immunosuppression. It is not thought to induce generalized
immunosuppression as increased rates of infection or immunosuppression are not
typically observed in ECP-treated patients.!'>!!5
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Extracorporeal photopheresis mechanism of action
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Fig. 8.9 Extracorporeal photopheresis (ECP) mechanism of action. Irradiation of white blood
cells in the presence of 8-MOP leads to malignant T-cell apoptosis, simultaneous externalization
of phosphatidylserine (PS) on the cell membrane, and upregulation of tumor-specific antigens
(Tag) on the cell surface of the malignant T-cell clone. This is followed by phagocytosis and
internalization of the apoptotic T cell by antigen-presenting cells (APC). Reinfusion of these
dendritic cells with apoptotic T cells induces a class I-restricted CD8+ cytotoxic T-cell response
against untreated malignant T cells"!

8.7.2 ECP Monotherapy

ECP is recommended first-line therapy for erythrodermic CTCL and SS by the
EORTC and the joint British Association of Dermatologists and UK Cutaneous
Lymphoma Group guidelines.'*!*” ECP has a significant impact on overall survival
and quality of life of patients with advanced stage CTCL.!**'#! ECP when used as
monotherapy in patients with erythrodermic CTCL/SS is associated with a good
overall response rate between 50% and 65% and CR rates between 18% and 23%.!'+14?
There are several advantages to the use of ECP in CTCL, one of them being its very
low side effect profile. Another advantage is that patients undergoing long-term
ECP therapy do not appear to develop infections or secondary malignancies that are
typically associated with immunosuppressive therapies.'** ECP can be safely used
in CTCL patients of all ages, including children and elderly.'*® The results from
larger studies of ECP in the treatment of erythrodermic CTCL and Sezary syndrome
are summarized in Table 8.7 (for review, see Knobler and Jantschitsch!4%).
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Edelson’s study published in 1987 included 37 erythrodermic CTCL patients
and reported a 73% response rate with a mean time to development of a response
between 4 and 5 months.'°

In the study by Gottlieb and coworkers, 71% of patients responded to ECP, 25%
had partial remission as defined by more than 50% clearing of the lesions.!*? In their
study, Gottlieb et al report a median survival from initiation of therapy and from the
time of diagnosis of 77 and over 100 months, respectively.'*?

Less impressive clinical response was reported by Duvic et al. in a study published
in 1996."* In this study, 18% of patients achieved a CR, 32% partial response, and
a 50% overall response rate including CR and PR.

Jiang et al observed 25 patients with stages III and IV disease who had failed
multiple previous modalities and noted a 20% CR, 60% PR rate after 10—13 months
of treatment, and 20% were nonresponders.'¥

Response rates appear to vary widely between different study groups. Different
patient selection, the presence or absence of the peripheral blood T-cell clone, stage
of disease, duration of ECP might account — at least in part — for these differences
between various ECP centers (for review, see Scarisbrick et al'*). Several param-
eters have been identified as indicators of favorable response to ECP therapy.
Patients with a normal CD4/CDS ratio, normal CDS8 cell number, and short disease
duration are considered the best responders (for review, see Miller et al''* and
Knobler and Jantschitsch'*®. Table 8.8 summarizes few of the criteria and variables
reported to have a positive influence on response to ECP therapy.

While most studies have been reported in the treatment of advanced stage
CTCL, a benefit of ECP in early stages of the disease, such as stage IA, IB, or IIA,

Table 8.7 Summary of larger studies using ECP in the treatment of erythrodermic
cutaneous T-cell lymphomas or Sézary syndrome

Authors Year No. of patients OR (%) Complete response (%)
Edelson et al* 1987 37 73 24
Heald et al® 1989 32 53 14
Dall’ Amico et al© 1991 37 73 24
Koh et al? 1994 34 53 15
Duvic et al°® 1996 34 50 18
Vonderheid et alf 1998 32 31 13
Bisaccia et al® 2000 37 54 14
Bouwhuis et al" 2002 55 80 62
Suchin et al' 2002 47 79 26

“Edelson. N Engl J Med. 1987

"Heald Yale. J Biol Med. 1989

‘Dall’ Amico. Recenti Prog Med. 1991
dKoh. JID. 1994

*Duvic. JAAD. 1996

fVonderheid. JAAD. 1988

€Bissacia. JAAD. 2000

"Bouwhuis. Int J Dermatol. 2002
iSuchin. Arch Dermatol. 2002
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Table 8.8 ECP response criteria

Criteria and variables that predict positive response to ECP

. Absence of internal organ involvement or bulky lymphadenopathy
. Decreased numbers of Sezary cells (10-20% of mononuclear cells)
. Short duration of the disease (<2 years)

. Close to normal CD4/CD8 ratio and %CD8+ >15%

. White blood cell count less than 20,000/mm?

. Response within 5 months of treatment

. Natural killer cell activity close to normal

. Absence of prior intensive chemotherapy

. Presence of erythroderma
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has also been reported (for review, see Miller et al,'"* Gottlieb et al,'*> Vonderheid
et al,'"* and Heald et al'™").

8.7.3 ECP Side Effects

In general, ECP is a very safe procedure and adverse effects associated with ECP
are minimal. Mild side effects from ECP include headaches and transient fever
(4-12 h after reinfusion of treated cells), chills, nausea, and transient increase in
erythroderma.'*> Anemia secondary to inadequate return of red blood cells during
the procedure may be rarely seen. Hypotension and vasovagal syncope can occur
and can be corrected with infusion of normal saline. Because of volume shifts
during the treatment, cardiovascular instability, severe liver or renal failure, and low
weight of less than 40 kg are contraindication to ECP treatment. A history of
heparin-induced thrombocytopenia is a contraindication as heparin is used to flush
the ECP machine. Catheter-related infections and septicemia are infrequent.
Patients undergoing long-term ECP therapy do not appear to have an increased rate
of infections that are typically associated with immunosuppressive therapies.!#3-144
An apparent increase in secondary neoplasms observed in patients treated with
photopheresis is considered to be a CTCL-related and rather than ECP-associated
phenomenon.'#?

8.7.4 Patient Selection

The best candidates for ECP treatment have erythrodermic CTCL or SS (stage 111
or IVA) with peripheral blood involvement (proven by molecular analysis, CD4/
CDS ratio > 10 or circulating Sézary cells >10%; see Table 8.2). ECP is performed
monthly on two consecutive days and this schedule is continued for up to 6 months
to assess response. Periodic reevaluation every 3 months is recommended and
should include physical examination, extent of skin involvement using the SWAT
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score (Severity Weighted Assessment Tool),'*! hematology, chemistry, and lymphocyte
markers. Tumor burden in the circulation should be measured by monitoring total
leukocyte and absolute T-cell number, CD4/CD8 ratio, or Sézary cell count.
Response to ECP treatment in patients with advanced CTCL may be quantitatively
followed by monitoring the percentage of the malignant T-cell clone (when identifiable)
by flow cytometry.'>

The 3-monthly clinical assessment helps identify patients with good response,
those who are refractory to ECP and patients with progressive disease, such as
those who develop new palpable nodes >15 mm. If clinical response is suboptimal,
the frequency of treatment may be increased to one cycle every 2-3 weeks but no
benefit has been reported by increasing the frequency to more than one cycle every
2 weeks. If adequate and sustained response is achieved, the frequency of the treatment
schedule in responders may be tapered to maintenance therapy with one cycle at
6- to 8-week intervals for 6 months, followed by one cycle every 3 months for 9
months after which the treatment can be stopped.'*® The treatment is typically
continued for 6 months before declaring treatment failure and combination or alter-
native therapy is considered.'*® Most patients who will respond do so in the first 6
months of treatment and early response was reported to be a predictor of survival
in ECP-treated patients with SS."!

8.7.5 Transimmunization: A Novel Modified ECP Procedure

Transimmunization ECP is an innovative alternative to conventional ECP developed
by Berger et al.'*! Berger et al have shown that in the presence of malignant apoptotic
T cells, monocytes are induced to undergo maturation to DCs and that overnight
incubation of the ECP-treated cells can enhance contact between apoptotic cells
and DCs, a process called transimmunization.

Transimmunization involves incubation of the white blood cells exposed to ECP
overnight prior to reinfusion which allows more interaction between the immature
DCs and apoptotic lymphocytes, more efficient phagocytosis, and processing of the
apoptotic malignant T cells before final reinfusion. This procedure results in transfer
of tumor antigens to newly formed DCs, capable of initiating immunization against
the tumor cells. Engulfment of apoptotic cells by the APCs followed by subsequent
presentation of tumor antigens results in stimulation of the equivalent of a vaccine
response with the production and proliferation of the effector cells (cytotoxic cells
and natural killer cells).'!

8.7.6 ECP as Part of Combination Treatment

Response rate to photopheresis in partial responders or patients refractory to ECP
may be increased with the addition of adjuvant immunomodulatory therapy, such
as IFNa, IL-2 or -12, bexarotene, or methothrexate.
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Bexarotene has been shown to be safe and effective in combination with ECP
(75% RR), ECP/IFN-a2a (50% RR), and ECP/IFN-02a/PUVA (100% RR).'®

8.7.7 ECP and IFN-o and/or Systemic Retinoids

The most common adjuvant therapy added to photopheresis treatment is low dose
of IFN-a (1.5-5.0 x 10° U three to five times weekly) and/or systemic retinoids
(etretinate, 10-50 mg daily or bexarotene 150 mg daily). Gottlieb et al report
synergistic effect in five of the nine patients treated with ECP and IFNa combina-
tion therapy.'*

Suchin et al reported an 84% overall and 20% CR of 51 patients treated with
IFN-a (n = 30) and systemic retinoids (n = 21).'"?

In a study reported by Duvic et al, 54 patients received ECP monotherapy and
32 patients received ECP in combination with IFN-a (n = 14) and bexarotene (n = 15).
The response rate was slightly higher in the combination group (56%) compared
with the monotherapy group (43%).'"!

Combination therapy with the addition of IFN-y to bexarotene plus ECP therapy
can be attempted in patients who are partial responders on IFN-o/bexarotene/ECP
combination regimen. Substitution of IFN-y given subcutaneously (dose between
40 and 100 pg) three times weekly for IFN-a2b in a patient with inadequate
response to IFN-a/bexarotene/ECP combination resulted in complete clearing of
erythroderma.'>® IFN-y treatment was associated with increased natural killer cell
activity and elevated IL-12 production.'s®

8.7.8 ECP and Sagramostim (GM-CSF)

Suchin et al report clinical response in erythrodermic CTCL patients treated with
ECP and sagramostim or granulocyte/macrophage colony stimulating factor
(GM-CSF) combination therapy.!> Duvic et al reported clinical improvement in
three patients treated with ECP-GM-CSF combination treatment.

8.7.9 ECP and Fludarabine

In a study conducted by Quaglino et al, 17 patient with SS and 22 patients with MF
stages IIB-IV and/or peripheral blood involvement were treated with fludarabine
monophosphate, a purine analogue. ECP was performed in 19 patients after chemo-
therapy was discontinued. After a median follow-up of 4.2 years, significantly
higher response rate was seen in the FAMP-ECP group (63.2%) compared with RR
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in the fludarabine monophosphate monotherapy group (24%).'>* The response rate
was higher in SS than that in MF patients.

8.7.10 ECP and Total Skin Electron Beam

A retrospective study of 44 patients with erythrodermic CTCL/SS carried out by
Wilson et al report an 81% three-year disease-free survival among the 21 patients
receiving TSEB/ECP combination compared with 49% disease-free survival in
patients on TSEB therapy only.'

8.8 Ultraviolet B Phototherapy

UVB therapy is another light treatment approach used to treat early-stage CTCL. It
has been shown that BB-UVB (290-320 nm), NB-UVB (311-313 nm), and even
“natural UVB”'* have well-documented efficacy in the management of early stages
of the disease (IB and IIA), particularly in patch-stage MF. UVB treatment does not
involve the ingestion of psoralen as photosensitizer and therefore has decreased
toxicity compared with PUVA treatment.

8.8.1 Broadband Ultraviolet B Phototherapy

BB-UVB (290-320 nm) was the first artificial UV light source used in the manage-
ment of CTCL. Efficacy of BB-UVB is limited to early patch-stage disease since
shorter wavelengths have decreased depth of penetration.

Plaque-stage patients benefit less from BB-UVB compared to patch stage, where
clinical remission can be achieved in 83% of patients after a median treatment time
of 5 months, lasting for a median duration of 22 months.'?’

UVB therapy has been shown to be effective in patients with darker skin types
and Asian patients with early-stage CTCL (IB).'>® Given the strong erythemogenic
effect of UVB, it is important to perform MED testing prior to the first treatment to
avoid and minimize the occurrence of phototoxic reactions.

Common side effects of UVB treatment include burning, pruritus, exacerbation,
or initiation of photoinduced dermatoses, such as polymorphous light eruption,
solar urticaria, or worsening connective tissue disease and may be associated with
an increased risk of skin cancer.

Resnik and Vonderheid reported that similar efficacy may be achieved by home
UBYV phototherapy (280-350 nm) with clinical and histological clearance reported
in 74% of patch-stage cutaneous lymphoma patients after a median treatment



234 K. Ferenczi and E.D. Baron

duration of 5 months."® More recently, home UVB, such as UVBioTek™ Home
Phototherapy System Light, therapy has gained popularity in view of its similar
efficacy as office UVB therapy and convenience.

8.8.2 Narrowband Ultraviolet B Therapy

NB-UVB has been proven to be a safe and effective treatment modality in early-
stage (IA, IB, and ITA) MF and it is considered first-line treatment for the management
of patch-stage CTCL resistant to topical therapy.

NB-UVB (311-313 nm) was originally developed as an alternative to BB-UVB
(290-320 nm) for the phototherapy of psoriasis with the goal to reduce the erythema
typically associated with BB-UVB treatment and risk of carcinogenesis. It has
several advantages over both BB-UVB and PUVA.

NB-UVB has relatively more immunosuppressive effects when compared with
BB-UVB based on its effect on natural killer cells, T cells, and cytokine responses. s
NB-UVB is also more effective in induction of T-cell apoptosis due to deeper
penetration of this wavelength compared with BB-UVB sources. 162 It is associated
with less irritation and less severe erythema than BB-UVB.

NB-UVB has many advantages over PUVA: shorter irradiation time improves
patient compliance, there are no side effects typically associated with psoralens,
such as nausea and headache and does not require the use of protective eyeglasses
after treatment.

NB-UVB also causes less hyperpigmentation than PUVA, making it a more
attractive therapeutic modality in dark-skinned individuals.

Narrowband phototherapy uses the Philips TL-01 lamp, which has an emission
spectrum of 311-313 nm and in many centers, it has replaced traditional BB-UVB
phototherapy. MED testing is typically performed prior to initiation of the treatment.
The starting dose and subsequent incremental doses are decided based on skin type
(0.05-0.1 J/cm?). MED for NB-UVB is five to ten times higher than that of
BB-UVB and the cumulative dose needed to achieve CR is ten times higher with
NB- versus BB-UVB. Patients are treated three to four times a week. The MED is
determined for each patient prior to starting therapy by irradiation of a template of
eight 1 x 1 cm? apertures on the upper back with an NB-UVB source 20 cm from
the patient. Two standard ranges of doses that are administered 25-390 mJ/cm? for
phototypes I and IT or 70-770 mJ/cm? for phototypes III and I'V. The initial treatment
dose is 70% of a patient’s individual minimal 311 nm UVB erythema dose with
20% increment at each exposure unless modified by the erythemal dose assessed at
48 h after treatment. Successive doses are determined using the following guidelines:
if the previous exposure had caused no erythema, the next exposure time is
increased by 40%; if the previous exposure induced a slight erythema, the next
exposure is increased by 20%; and in the case of marked erythema, the same exposure
time is repeated. The dose is increased weekly by 20% if previous treatments had
caused no or slight erythema. Emollients are used for topical skin care. Face and
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genitalia need to be shielded. NB-UVB may be given as maintenance therapy after
CR is achieved by decreasing the frequency of the treatments. In the office UVB, it
is administered three times a week. Phototherapy is continued until complete clinical
clearance or minimal residual activity is noted.

8.8.3 NB-UVB Monotherapy

Several large studies have reported beneficial effect of NB-UVB treatment in early-
stage MF (IA and IB), most of them reporting between 54% and 95% CR in patch-
stage MF (see Table 8.9). Previous studies have shown NB-UVB to be at least as
effective as PUVA in early-stage MF.

A large retrospective study reported by Pavlotsky et al compared the efficacy of
NB- and BB-UVB therapy in 68 and 43 patients, respectively. CR in stage IA MF
was achieved in 84% and 89% of patients treated with NB- and BB-UVB, respec-
tively. CR among patients with stage IB disease was 78% and 44% in NB- and
BB-UVB treated groups, respectively.'s3

In another study, Diederen et al analyzed the response to treatment, relapse-free
interval, and irradiation dose in 56 patients with early-stage MF (IA and IB) treated with
NB-UVB or PUVA. This study found that NB-UVB treatment led to complete
remission in 81% and partial remission in 19% of the patients, whereas PUVA treat-
ment led to complete remission in 71% and partial remission in 29% of the patients, and
none showed progressive disease. The mean relapse-free interval for patients treated
with UVB was 24.5 months and for patients treated with PUVA, 22.8 months.'®*

Hofer et al reported complete clearance in 83.3% of patients with early MF
within a mean time of 6 weeks. However, relapses occurred within a mean time of
6 months.'®* Clark et al noted complete clearance of MF lesions in 75% of patients
with early-stage CTCL after a mean treatment duration of 9 weeks or 26 treatments.
The mean duration of treatment was 20 months.'®?

Other studies reported complete clinical clearance in 91.3% of patients with
patch-stage CTCL and in 60% of patients with plaque-stage MF.!¢

Table 8.9 Summary of studies on NB-UVB in the treatment of early patch-stage cutaneous T-cell
lymphomas

Authors Year No. of patients  Patient skin type Complete response (%)
Hofer et al 1999 20 Austrian study, likely I, I~ 95
Clark et al 2000 8 1(3), 11 (3), 11 (2) 75
Gathers et al 2002 24 I-1II (12), IV-VI (12) 54
Diederen 2003 21 ? 81
Gokdemir et al 2006 23 I (5), IIT (14), IV (4) 91
El-Mofty etal 2005 10 I (5), IV (5) 70
Brazelli et al 2007 20 11 (12), III (8) 90
Pavlotsky et al 2006 68 LIL L IV, V 84

Boztepe 2005 14 I, 11, 1II 78
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NB-UVB has also been found to be safe and effective in darker skin types.'*®
A study reported by Gathers et al has analyzed the effect of NB-UVB in 24 patients
with Fitzpatrick skin types (FSTs) I through VI, with MF stages IA and IB. CR was
noted in 54.2% and partial response in 29.1% of NB-UVB-treated patients. Around
16.7% of patients showed no response. In this study, three of four nonresponders
had FSTs IV-VI. CR was observed in 66.7% among those with skin phototypes
I-III but only in 47.1% among patients with FSTs IV-VI. These data suggest that
MF patients with higher skin phototypes may not respond as well as light-skinned
individuals.'®’

No correlation between skin phototype and therapeutic response was reported by
Clark, although their study included skin phototypes I, II, and III.'¢

Few studies have suggested that skin phototype does not have an influence on
therapeutic response and possibility of achieving CR with UVB treatment. 63168

Clinical improvement using NB-UVB has been shown in follicular CTCL without
mucinosis, a subtype of cutaneous lymphoma involving the hair follicles with
worse prognosis than classical MF.!®

NB-UVB is a well-tolerated and safe treatment alternative for treatment of chil-
dren and adolescents with MF, in whom compliance with topical therapy is not
reliable.'”®

NB-UVB can also be employed in the management of hypopigmented MF. In a
study by Gathers et al, a 28.6% CR and 57.1% PR was observed among patients
with hypopigmented MFE.'*’ In this study, it was noted that higher skin phototypes
appeared to have a relatively decreased responsiveness to NB-UVB.

In contrast to PUVA, maintenance therapy does not improve the likelihood
of not relapsing after the discontinuation of UVB treatment. On the basis of this
observation, it was suggested that treatment be stopped after CR is achieved and
maintenance treatment should only be considered in case of relapse.'®?

Adbverse effects of NB-UVB include mild pruritus, burning, and erythema. These
side effects have been reported to be significantly less pronounced in NB-UVB
when compared to BB-UVB therapy.!®* NB-UVB has also been shown to be less
carcinogenic than either BB-UVB or PUVA possibly due to lower cumulative UV
doses and minimal radiation in the more mutagenic 290-310 nm range.!6%-162167.171

In summary, a rapid and clinically significant improvement can be achieved
using both NB-UVB and BB-UVB in early-stage CTCL. Because of the benefits
and less side effects, NB-UVB may be the first therapeutic option in patch-stage
CTCL. In case of progression or lack or response to UVB, switching to PUVA is
an option.'¢*

8.8.4 Combination Regimens with UVB

The advantage of combination treatments using UVB is taking advantage of distinct
mechanism of action acting synergistically or at least in an additive fashion. The
combination of UVB with psoralens, such as in PUVA, does not appear to be asso-
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ciated with beneficial effect. A study designed to analyze whether the efficacy of
NB-UVB could be enhanced by addition of psoralens (NB-PUVB), previously
showed to have increased efficacy in psoriasis,'”? failed to show any difference in
therapeutic effectiveness in MF patients.®

Only a few studies assessed the role of UVB in combination with systemic
agents.

8.8.5 NB-UVB Plus Bexarotene

If PUVA is contraindicated (e.g. for ophtalmological reasons), combination treatment
with oral bexarotene and NB-UVB therapy may represent a safe alternative for the
treatment of plaque-stage MF. Successful treatment of a stage IB MF patient with
combination treatment using bexarotene 300 mg daily and NB-UVB therapy has
been reported.'”

8.8.6 NB-UVB Plus IFN-y

In a study of 12 patients with CTCL (stages IB—III) treated with a combination of
NB-UVB and IFN-y conducted by Shimauchi et al, CR was observed in 4 of 12,
including patients with erythrodermic CTCL.'™

8.9 308-nm Excimer Laser

Excimer laser is emerging as a new therapeutic modality reported to be effective in
early-stage CTCL, particularly in patients with limited patch-stage CTCL. Excimer
laser is a xenon-chloride lamp with a peak emission of 308 nm. In contrast to
NB-UVB, which delivers polychromatic continuous incoherent light, the excimer
laser emits monochromatic short-pulse radiation through a 1.8 x 1.8 cm circular
spot size. While excimer laser (308 nm) and NB-UVB (311-313 nm) have close
emission spectrum, the excimer laser appears to be a stronger T-cell apoptosis
inducer in vitro.!”” Another advantage of excimer laser is delivery of higher flu-
ences to the lesion while sparing the unaffected healthy skin.

Mori et al first reported the use of excimer laser for the treatment of early-stage
MF in four patients treating seven lesions. The authors delivered weekly treatments
for a total number of treatments ranging from 4 to 11 with a total UVB 308-nm
dose ranging from 5 to 9.3 J/cm?. All patients had complete remission.!”

In another study reported by Nistico, ten lesions from five patients with patch-stage
MF were treated with excimer laser using a cumulative dose between 6 and 12 J/cm?.
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The number of treatments ranged from four to ten at 7- to 10-day intervals.
Complete remission was achieved in all patients.'"”

Several other studies reported on the efficacy of excimer laser in patch-stage MF.
Passeron et al observed good clinical response in four of five patch-stage MF
patients.!™

Two case reports showed evidence for good clinical results with the use of excimer
laser in the treatment of a patient with LyP and a solitary cutaneous CD30+ lym-
phoproliferative nodule.!”>!¥° Resolution of 75% of the LyP lesions was noted after a
total of 13 treatments three times weekly with a maximum fluence of 500 mJ/cm?.!”

Adbverse effects reported in association with excimer laser treatment are erythema,
pruritus, blisters, erosions, and hyperpigmentation.'” Long-term studies are needed
to assess the risk of carcinogenesis related to excimer laser therapy. Lower cumula-
tive UV doses may be associated with a relatively decreased risk of nonmelanoma
skin cancers.

8.10 Photodynamic Therapy

PDT using 5-aminolevulinic acid (ALA-PDT) is another novel approach that has
been proven to be an effective and safe treatment modality for CTCL. PDT consists
of either systemic or topical application of a photosensitizer, such as 5-ALA
followed by irradiation using noncoherent laser light in the visible spectrum.
ALA is a hydrophilic photosensitizer, which after topical application easily
penetrates the stratum corneum. 5-ALA or its esters (e.g. methyl-ALA) are not
photosensitizers themselves but are precursors that are metabolized to the photosen-
sitizer protoporphyrin IX in malignant T cells. Activation of ALA results in formation
of singlet oxygens, which are cytotoxic. Selective ALA uptake by activated and
malignant T cells'8! allows for direct apoptosis induction specifically targeting
tumor cells. PDT has also been shown to inhibit malignant T-cell proliferation.>
The technique consists of topical application of 16-20% 5-ALA in a cream or
ointment base under occlusion for 4—6 h. The red fluorescence of porphyrins can
be visualized with Wood’s light before beginning of the treatment, followed by
exposure of the treated area to visible light at a dose ranging from 40 to 144 J/cm?.
The wavelengths within the visible spectrum used in most studies raged from 570
to 740 nm (for review, see Zane et al'®?). The treatment can be repeated at weekly
intervals or every 2—4 weeks until complete clearing of the lesion is achieved.
Several reports have been published showing successful clearance of CTCL
lesions using ALA-PDT in both early-patch and plaque-stage but also in tumor-stage
MF as well as in several CTCL variants, such as CD30+ ALCL, CD8+ CTCL,'83-!8
unilesional CTCL.'$?
ALA-PDT treatment is usually well tolerated. The most frequent side effects of
ALA-PDT treatment are pain, burning, local erythema, and blistering.
Encouraging clinical response has been reported with the use of Pc4-PDT in the
management of CTCL. Pc4 is a novel silicon phthalocyanine photosensitizer, structurally
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related to porphyrins developed at Case Western Reserve University with faster
penetration through the basal layer of the epidermis and no side effects, such as
pain (for review, see Miller et al'®¢).
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Chapter 9
Light Treatment and Photodynamic Therapy
in Acne Patients with Pigmented Skin

Vicente Torres and Luis Torezan

9.1 Introduction

Acne vulgaris is one of the most common dermatological disorders encountered in
everyday practice. It is routinely treated with a variety of topical and systemic
medications; however, factors such as antibiotic resistance, patient needs for faster
results, and adverse effects associated with some drugs have led researchers to seek
out alternative therapies.

Newer technologies have recently emerged to aid physicians in their treatment
of patients with acne. A variety of lasers and light sources have been shown to be
useful as therapy for a variety of conditions including moderate-to-severe acne
vulgaris. Light sources including blue light and intense pulsed lights are becoming
regular in addition to routine medical management in order to enhance the therapeutic
response in these patients. Photodynamic therapy (PDT) may change many of the
acne vulgaris paradigms as its place in the therapeutic armamentarium becomes
cemented in the treatment of moderate-to-severe inflammatory acne vulgaris, with
increasing numbers of clinical studies around the world showing the effectiveness
of using external photosensitizers like 5-aminolevulinic acid (5-ALA) or methyl
aminolevulinate in combination with light (PDT) in this patient group.

The use of these techniques may have different outcomes and clinical results in
different skin types and, in particular, in patients with non-Caucasian, ethnic pigmented
skin; however, the experience with these devices in Latin America is limited because
the cost of both the technologies and photosensitizers are prohibitive.

In this chapter, we will summarize the limited experience with light and PDT in
the treatment of acne in Latin-American patients with pigmented skin, based on
limited protocols performed in small groups of patients with acne, personal com-
munications, and anecdotal recommendations from colleagues who are using these
procedures for acne treatment.
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9.2 Acne Epidemiology in Latin America

In Latin America, the genetic mixture between Europeans and native Indians has
resulted in a “mestiza” skin type that is prone to the development of pigment disor-
ders. It should also be noted that in many countries of South America, there exists
an important Afro-American patient population.

It is known that acne is most frequent and severe in Caucasian population than
in other racial groups; however, in the American continent, acne vulgaris is still
often the most common dermatological disorder in daily practice in either private
practice or public hospitals.'

Most patients who seek light-based treatments for their acne have been on
isotretinoin in the past and are unwilling to be retreated with systemic retinoids. In
many cases, they do not have severe acne but present with cyclical relapsing moderate
acne and a sense of frustration with the “typical” therapies. This motivation to try
new treatments is the primary driver for the development of alternative treatments
for acne, such as lights, lasers, and PDT globally, including those Latin patients
with pigmented skin.

9.3 Pigmented Skin

All human ethnic groups have the same number of melanocytes, but in patients with
pigmented skin, more melanin is produced and is packaged into larger and more
numerous melanosomes. In Caucasian skin, the melanosomes are small and pack-
aged together in membranes and remain around the basal layer of the epidermis.
However, pigmented skin demonstrates melanosome dispersal throughout the layers
of the epidermis. These patients tan more easily, retain tan longer, have a thicker
stratum corneum, larger and more numerous fibroblast cells (More keloids), larger
macrophages, and larger oil glands.>

All these features contribute to the altered biological response of pigmented skin
to light including treatment with lasers, other light sources, and PDT. The most
common complication after light or PDT therapy is postinflammatory hyperpig-
mentation (PIH).

Darker racial group represents a wide range of ethnic groups including black,
Asian, Latino, American-Indian, and pacific islanders, most of them included in the
Fitzpatrick skin types IV to V1.3

PIH is a reaction observed after injury or mechanical trauma to the skin. It is
manifested by macules or pigment patches at the site of a previous inflammation
response. Lesions usually persist for months or longer, depending of the intensity
of pigmentation and its location.

The use of PDT involves physician choice on the type of photosensitizer, incuba-
tion time, light potency, and wave length exposure, with great care being taken when
treating skin types IV to VI to avoid the development of PIH. Some authors have



9 Light Treatment and Photodynamics Therapy in Acne Patients 251

recommended application of bleaching agents 2 weeks before any aggressive
treatment and compliance with strict sun protection after procedures.*

9.4 Mechanism of Action of Light and PDT in the Acne
Treatment

In general, light-based treatments have two therapeutic approaches; the first one is
the reduction of Propionibacterium acnes levels, and the second one is the disrup-
tion of sebaceous gland function.’ Light may also have anti-inflammatory proper-
ties via action on inflammatory cytokines.*’

9.4.1 Endogenous Porphyrins

The production of porphyrins by P. acnes (protoporphyrin, uroporphyrin, and
coproporphyrin IIT) established the scientific basis for the treatment of acne using
PDT. This substance acts as a photophore and mediates a PDT response following
exposure to light. These porphyrins absorb visible light at several wavelengths,
including blue and red light wavelengths, between 400 and 700 nm. Absorption of
light excites the porphyrin compound causing formation of singlet oxygen and
reactive free radicals. Theoretically, the oxygen radicals destroy lipids in the cell
wall of P. acnes destroying the organism.®

9.4.2 Different Wavelengths and Light Treatments in Acne

Similar to the effect of antibacterial agents, reduction in P. acnes levels by light
therapy may play a role in improving acne lesions. Many light sources may affect
P acnes, including narrow-band light sources, intense pulse light (IPL) devices
(broadband light), KTP lasers (532 nm), pulse dye lasers (585-595 nm), and various
orange/red light lasers, or light sources (610-635 nm); these light sources have
wavelengths that correspond to an absorption peak of P. acnes porphyrins.

Longer wavelengths penetrate more deeply into the skin, but are less effective in
activating porphyrins.

The most used wavelength in acne treatment has been the blue light (415 nm)
because it cause photoactivation of the coproporphyrin III produced by P. acnes.

The different protocols using blue light in different patient populations have
been mildly to moderately effective in clinical trials, presumably due to the poor
skin penetration by blue light.’

There is one report comparing blue light therapy with topical 1% clindamycin
solution for inflammatory acne in which lesions were reduced 34% after blue light
therapy, compared with 14% with clindamycin.'®
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One poster from a Japanese study in the J Am Acad Dermatol in 2005 confirms
the efficacy of phototherapy with a newly developed, high-intensity enhanced, nar-
rowband blue light source in patients with mild-to-moderate acne that was performed
in 42 acne patients who were treated twice a week up to 5 weeks. Acne lesions were
reduced by 60%. No patient discontinued treatment because of adverse effects. In
vitro investigation revealed that irradiation from this light source reduced the number
of P. acnes, but not Staphylococcus epidermidis that were isolated from the patients.

Phototherapy using this blue light source was effective and well tolerated in
acne patients, and had an ability to decrease numbers of P. acnes in vitro like
an antibiotic.

The importance of this study is that Japanese patients have a highly pigmented
skin compared with some other racial groups, and yet the use of high-intensity
enhanced narrowband blue light source did not result in reported side effects such
as PIH. Furthermore, the use of blue light avoids the usage of liquid nitrogen that
may be a cause itself of PIH.

The red light (635 nm) is less effective than blue light at porphyrin activation;
however, it penetrates deeper. There are some protocols that have shown that the
combination of red light plus blue light increase effectiveness in the treatment of
acne patients.'!

Another poster showed a pilot study of the efficacy and safety of infrared (IR)
light in the treatment of inflammatory acne vulgaris. An intense IR light pulse device
was used to treat the acne lesions of 20 patients with inflammatory acne using an
IR-pulsed light hand piece. The treatment parameters were wavelength range of
850-1,350 nm, fluence of 4652 J/cm?, and a pulse width of 3—4 s. Ten of 11 patients
who had more than one IR treatment had improvement in their conditions, ranging
from “fewer blemishes” to “no acne lesions remaining.” One patient (1/11) was still
experiencing flare-ups. Two to three monthly IR treatments produced favorable out-
comes in nine of ten patients. There is also evidence that IR treatment reduces skin
oiliness. In summary, the use of IR treatment shows good efficacy and safety for
inflammatory acne in this pilot trial. The authors established that this technique is
particularly advantageous for females of childbearing age who may prefer not to use
oral isotretinoin because of teratogenic effects. No adverse effects were reported.'

In some Latin-American countries, empirically, some dermatologists use IPL in
wavelengths from 430 to 1,100 nm like complement of acne standard therapy.
As a result of this technique, a clearing effect of the pigmented skin and postin-
flammatory melanosis is produced. This technique is used for the treatment of
melasma patients too.

Treatments that affect P. acnes, including antibacterial agents and light-sources,
generally are effective only when used frequently; relapse typically occurs soon
after cessation of use. In acne, therefore, light-based treatments that primarily target
P. acnes probably should be combined with agents that affect comedogenesis, such
as topical retinoids, which inhibit formation of both comedones and microcomedo
(precursor of all acne lesions).

Theoretically, the 1,450-nm wavelength Smoothbeam may be the ideal wavelength
for treating acne because it produces peak heating right at the level of the sebaceous
gland; this is a diode laser that probably targets and withers the sebaceous glands.
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In a study using a diode laser 1,450-nm wavelength performed by Uebelhoer, 22
subjects were randomized to receive four laser treatments, 3—4 weeks apart, on one
side of the face, with the other side serving as the control. They were treated with
about 10 J/cm? initially, with skin surface cooling, but this was increased subse-
quently to 14-16 J/cm?. In the 15 subjects who received four treatments and had
assessments 6 weeks after the final treatment, the reduction in lesion counts on the
treated side was 40% greater than that on the no treated side. The reductions
occurred in both papular and comedonal lesions. Erythema following the treatment
generally resolved within 15 min. Although there is discomfort, most of the patients
rated their discomfort as “less than moderate.”"?

The Smoothbeam (1,450 nm) laser targets the sebaceous glands and causes a
reduction in acne lesion counts documented in a study of 27 people with back acne
treated with this device and it was “likely due to a slight functional impairment of
the glands secondary to mild thermal damage created at the time of irradiation.”
Treatment has a secondary effect on the rate of sebum production and the P. acnes
population, both of which are associated with acne.!*

The lead author of this study was Dilip Paithankar, PhD of Candela; two authors
were from the Naval Medical Center in San Diego, where the study was done. The
27 subjects had acne of similar severity on both sides of the upper back, which were
treated with laser and cryogen spray; control areas were treated with cryogen spray
only. Four treatments were administered, with 3 weeks in between treatments. The
average radiant exposure was 18 J/cm?, ranging from 14 to 22 J/cm?.

A significant reduction in inflammatory and noninflammatory lesion counts was
seen after the first treatment and 3 weeks after the first, second, and third treat-
ments, compared with the control sides. Three weeks after the first treatment, the
mean lesion count fell from 7.22 to 2.67 in 27 patients. Three weeks after the second
treatment, the mean lesion count had dropped to 1.04 in 23 patients. Control sides
had small, statistically nonsignificant changes. Statistically and clinically signifi-
cant reductions in lesion counts also were seen at the 6-, 12-, and 24-week follow-up
visits, compared with control areas. No acne lesions were seen on the treated
sides of the backs in 14 of the 15 study participants who completed the 24-week
follow-up.

Biopsies obtained at 2 and 6 months after treatment found that sebaceous glands
and associated ductal structures were not different from control areas, so “on rou-
tine microscopy, there appeared to be no long-term alteration in adnexal structure
architecture,” the investigators concluded.

There were no unusual side effects or adverse reactions. Erythema, which was
expected, was the most common side effect, but it resolved.

Hyperpigmentation in three patients resolved by the 6-week follow-up visit.

At this point seems that the disruption of sebaceous gland function may be asso-
ciated with a longer duration of action versus reduction of P. acnes. But since there
are very few data about the long-term effects of light-based therapies in clinical
practice, validation of this theory awaits controlled clinical trials. Additional factors
to consider with treatments that target the sebaceous gland include the degree of
damage to the gland and the extent to which it recovers. Likely, PDT using external
photosensitizers is the best option for the sebaceous gland disruption.
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9.5 Some Protocols for Light Acne Treatment in USA

Based in the idea that light and PDT appears to be the next frontier in acne treatment.
In the USA, three devices have either been approved or cleared by the Food and
Drug Administration for light-based treatment of acne: the clear light blue-light
therapy, which uses a noncoherent light source (405-420 nm), the cool touch
Nd:YAG laser (1,320 nm), and the Smoothbeam diode laser (1,450 nm).

9.5.1 Mild Acne

To treat mild acne that has not responded well to topical or medical therapy, the
use of clear light device, a noncoherent light source (405-420 nm), or some
device emitting blue light is recommended because it is perhaps the safest and
most convenient procedure.

9.5.2 Moderate Acne

For moderate acne, any one of the three devices approved by FDA is an option. If
the patient has any acne scarring, the lasers are probably better because they may
improve the scarring.

If the patient has a darker complexion, blue light is better because such patients
run the risk of pigmentation changes from the cryogen spray used with lasers.

9.5.3 Severe Acne

Severe acne probably requires laser treatment because the lasers may go deeper and
damage sebaceous glands. Cystic acne needs isotretinoin, however, and even the
lasers probably do not penetrate deep enough to be of use.

9.6 External Photosensitizers for PDT in Acne

The external photosensitizers available in Latin America are Levulan (Kerastick)
5-ALA in many countries of the continent (Stiefel laboratories) and in Brazil
methyl aminolevulinate (Metvix, Galderma laboratories).

Bacterial destruction may also be enhanced by the use of a photosensitizer with
light therapy. Ashkenazi and coworkers showed that addition of ALA dramatically
reduced bacterial viability in vitro compared with untreated cultures (seven orders
of magnitude versus two orders of magnitude)."
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However, Horfelt et al reported no reduction in P. acnes measurements in skin
surface biopsies after PDT treatment of 15 patients with acne.'®

The latter group speculated that PDT may have a mechanism of action in acne
other than eradication of P. acnes.

While it is known that light sources can target bacteria, a robust bactericidal
action has not been shown with P. acnes either in vitro or in vivo."”

In a comparative study of IPL alone and IPL combined with PDT for the treat-
ment of facial acne in Asian skin, Yeung et al did not reach significant improvement
of inflammatory acne when compared to control group. In this study, the authors
applied MAL for 30 min only, and patients were submitted to four treatments at
3-week interval. After 12 weeks, mean reduction of inflammatory lesions was 65%
in PDT group, 23% in IPL, and 88% in control group. Crusting and PIH were seen
in 10% of IPL and PDT groups, and subsided within a week after treatment. It must
be commented that a 30-min MAL incubation time may be considered too short to
provide enough PpIX concentration on the skin. Therefore, PDT reaction (i.e.
edema, erythema) is reduced and final results are expected to be less effective.'®

Has been other reports using a pulsed dye laser instead of blue light combined
with topical ALA reducing acne lesions by 62% by 1 month, following a single
session in a series of ten patients, reported by Alexiades-Armenakas.'”

In her study, patients had ALA applied 45 min prior to laser treatment. Two lasers
were used, one a long-pulsed 595-nm laser and the other a 585-nm laser. Very low
fluences were used: 3 J/cm? for the long-pulsed laser and 2 J/cm? for the other laser.
The improvement with the laser treatment occurred very rapidly, on the order of a few
days. In this study, the improvement tended to last for about 3 weeks, after which,
most of the patients began reporting the appearance of new lesions. Some patients
developed new lesions in previously uninvolved areas adjacent to the treated areas.

With a treatment like PDT, the evidence of efficacy in treating acne is much less
strong, but there is the trade-off of the process being a negative experience for the
patient. “Photochemicals [used in PDT] cause cell membrane damage, and with the
process, there is pain. The outcome may be positive, but this is not a positive event
in the life of the patient. For some authors when PDT is used to treat something like
cancerous lesions, the process is entirely justified, but as a repetitive treatment for
acne, it is far more questionable.

Light-based therapies can also target sebocytes and the sebaceous glands.
Destruction of the sebaceous gland is possible, but is toxic to the epidermis.?

The concern, along with pain, currently limits treatments that target the seba-
ceous gland. If a painless, nontoxic treatment that disrupts sebaceous gland func-
tion can be found, it should provide significant benefit in acne.

Free oxygen radicals generated by application of photosensitizers may damage
the gland and eliminate or reduce sebum excretion.

The general sense everywhere in relation with this new area of the acne treatment
in this moment is that light therapies don’t work very well for acne, because a photo-
chemical effect should prevail over any photothermal effect to excite endogenous
porphyrins produced by P. acnes.

In addition, the only studies to show microscopic damage to the sebaceous
glands have been those using an external photosensitizer like 5-ALA with long
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incubation times, continuous wave light sources, and red light only. Some acne
patients may respond to various light-based treatments, but most of the time the
improvement is modest and short-lived, and the therapy should be at this moment
only a complement of the standard therapy used in acne.

The informal protocols used in countries like Mexico using blue light alone, blue
light plus 5-ALA, IPL plus 5-ALA, and red light plus ALA have not been published
yet, and the study groups are to little.

9.7 Outcomes and Complications of PDT in Pigmented Skin
Patients with NMSC and Applications for PDT Treatment
in Acne Patients

The use of PDT in patients with nonmelanoma skin cancer with Fitzpatrick skin type
III to V has, in our hands, shown excellent outcomes in terms of cure and recurrence
rates and have been a good lobby for calculating the outcomes and complications
in patients with acne treated by PDT; however, it is true that more pigmentary
changes are expected. PIH is one of the major complications seen in patients with
skin types over III, and the more inflammatory reaction induced by PDT, the more
PIH is observed, especially when we treat large NMSC that are located in the lower
limbs. Although PIH is a concern, it improves in up to 4 weeks after last PDT session.

Bleaching creams with hydroquinone may be used for those who still show PIH
or complain of pigmentary changes after PDT.

9.8 PIH in Acne Patients Treated with PDT

When treating inflammatory acne with topical PDT, using either ALA or MAL, it
is true that some patients do experience transient PIH between sessions.

In Brazil, one of the authors of this chapter has been treating acne patients with
MAL-PDT for up to 1 year. The protocol includes patients with skin types I to IV
and inflammatory acne, unresponsive to other treatment options such as oral anti-
biotics and isotretinoin, or patients with proved no adherence to treatment who
chose PDT like a therapeutic option.

MAL is applied on the face and occluded for 90 min and is then illuminated with
a LED (light emission diode) device of 635 nm at total dose of 37 J/cm? (Fig. 9.1,
9.2, and 9.3).

Three treatment sessions are performed one month apart. All patients experience
pain during illumination which lasts for up to 6 h after treatment, although an air
cooling device is used during the treatment session.

Topical MAL-PDT shows good result for inflammatory acne with a mean reduc-
tion of about 60% in inflammatory lesions, and no effect on noninflammatory lesions
are observed. The results in general show maintained response up to 6 months after
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Fig. 9.1 Pre- and postacne treated with PDT phototype III, after three treatments 1-month apart 90
min incubation of MAL and illuminated with LED of 635 nm at dose of 37 J/cm? No PIH was seen
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the last treatment session. PIH is not a really frequent problem and is expected to be
most common in patients skin type IV with severe inflammatory lesions of acne.

At least in our experience in Brazil, no patient required topical bleaching creams
before or after PDT in all cases.

In our hands, either ALA or MAL PDT for acne treatment shows similar results,
and may be considered a treatment option for severe inflammatory acne unresponsive
to standard antiacne therapy.

Some darker skinned patients had transient hyperpigmentation, presumably not
related with the light itself but related to the cryogen spray used for cooling with
the laser.!

For example, the Japanese skin is biologically similar to the American-Indians.
One example of this is that melasma and postinflammatory melanosis are frequent
in both populations.

Hyperpigmentation and epidermal exfoliation after PDT is a very frequent com-
plication in some protocols in Japanese patients. Pigmentation change persisted over
1 week to 2 months. Epidermal exfoliation lasted from fourth to tenth day. That is
why, in Japan exist some PDT protocols to avoid pigmentation and epidermal exfo-
liation using 5-ALA administered orally in patients with skin phototypes IV and V
that can be an option for the treatment of Latin patients with dark skin (Fig. 9.2).

Pigmentation after topically applied ALA-PDT is caused by melanogenesis,
which is a photodynamic reaction to the accumulation of PpIX in the epidermis.
Other adverse effects and complications are erythema, swelling, reactive acne,
reactive sebum, and herpes simplex.

Fig. 9.2 Same protocol phototypes III
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Fig. 9.3 Same protocol phototypes IV

Lower levels of radiation are recommended for initial treatments in pigmented
skin. At subsequent PDT treatments, a step-by-step increase of the light energy is
recommended.?>*
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9.9 Experience Using Light and PDT for Acne Treatment
in Latin America

Procedures and protocols using Light and PDT for the acne treatment in Latin
America for patients with pigmented skin are under way, and are not defined yet;
however, we are running some trials like the one done recently in the Barcelona
meeting about PDT in a group of acne patients using MAL, 90 min of incubation,
and illuminated with LED 635 nm at a total dose of 37 J/cm>*

9.10 Conclusions

Clinical data on the use of laser and light-based therapies is still emerging but sug-
gests that both may offer benefit in acne; however, more data are needed to define
their role in acne treatment. Optimal strategies, frequencies, and device settings
remain to be clarified.

While meaningful progress has been made in the study of light-based treatment
of acne, to date the existing clinical studies have often lacked controls, and included
only small numbers of patients.

In addition, very few studies have compared light-based treatments with standard
and well-validated pharmaceutical treatments, and none with the current recom-
mended therapy for most types of acne — combination therapy with a topical retinoid
plus antimicrobial agent(s). Further, little information is available about long-term
effects of therapy. In recent times, a number of controlled studies utilizing split-face
designs and randomization have been published (most with relatively small numbers
of patients); however, much remains to be determined about the optimal device,
dosing, and frequency of administration for these procedures in active acne.

Hyperpigmentation and epidermal exfoliation after some PDT procedures is a
relatively frequent complication in Latin patients and there is not a consensus about
the use or not of bleaching agents before or after the procedure. Other factor to keep
in mind is the high dose of solar radiation in many countries of Latin America that
can be an additional factor for complications after PDT.

In this moment, the recommendation about the empiric use of hydroquinone
either before or after PDT for acne treatment is an irregular behavior in patients
with pigmented skin in Latin America.
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Chapter 10
Clinical Application of Intense
Pulsed Light in Asian Patients

Yuan-Hong Li, Yan Wu, and Hong-Duo Chen

Asian skin is quite different from Caucasian skin in a variety of aspects. Asian skin
is relatively darker than Caucasian skin. They are prone to get sun tanning, instead
of sun burning, which are very common in Caucasian people with Fitzpatrick pho-
totype I to ITII. Most Asian skin belongs to Fitzpatrick phototype III or more. Asian
skin is more apt to develop postinflammatory hyperpigmentation (PIH) and hypo-
pigmentation following any procedure that induces inflammation. Asians are far
more likely than Caucasians to develop keloid. Thus, more cautions should be
given to Asian skin to avoid any damage to the integrity of the epidermis.
Furthermore, photoaging in Asians tends to occur at a later age and has more
pigmentary problems but less wrinkling than in Caucasians.! This difference is
partially due to the higher epidermal melanin content.

As has already been well documented, there are larger and more melanized
melanosomes in Asian skin than in Caucasian skin. In order to avoid the overdamage
to the epidermal melanin, lower energy and mild treatment parameters of IPL therapy
are proposed for Asian skin.

10.1 Pigmented Disorders

10.1.1 Ephelides and Lentigines

Ephelides, or freckles, are small, usually less than 0.5 cm in diameter, discrete brown
macules that appear on sun-exposed skin. Histologically they demonstrate as melano-
cyte proliferation without nest formation along the basement membrane. Intense pulsed
light (IPL) sources that emit a broad band of visible light (400—-1,200 nm) from a non-
coherent filtered flashlamp affect pigmentation via photothermal effects. IPL has
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Fig. 10.1 The patient with freckles received one session of treatment on the left face (560 nm
filter, single pulse, 4 ms pulse width, 14 J/cm?). The right side is spared as the self-control. This
picture was taken at 1-month follow-up visit

been studied for the treatment of lentigines and ephelides with cutoff filters ranging
from 550 to 590 nm, a fluence of 25-35 J/cm?, and a pulse width of 4.0 ms. These
studies have been performed on Asian skin with surprisingly no PIH. This lower risk
of PIH and the limited postoperative downtime have made IPL a popular choice.
The patient should understand, however, that multiple treatments may be necessary.
In our practice, for those who do not wish to have any downtime, or for those who wish
to improve not only their pigmentation but also pore size and skin texture, we offer [PL
treatment combined with other laser modalities in the same treatment session to obtain
a better outcome. The recommended filters are 560 and 590 nm. The recommended
parameters (e.g. Lumenis One, Lumenis, Santa Clara, USA) are single pulse (pulse
width: 3—4 ms) at 12-14 J/cm? for fair skin and double pulse (pulse width: 3 ms,
pulse delay: 20-30 ms) at 15-17 J/cm? for dark skin. After two sessions, all the 69
freckle patients obtained over 50% clearance.” In a split-face study, 70% patients
obtained over 50% clearance after two sessions on the treated side of face. See
Fig. 10.1 for details.

10.2 Café au Lait Macules

The use of Q-switched lasers (ruby 694 nm, frequency-doubled Nd:YAG 532 nm)?
and pulsed dye laser (PDL) (510 nm)* in the treatment of Café au lait macules
(CALMs) has yielded variable results with a high risk of recurrence if pigment is
left behind. Up to 50% of patients demonstrated a similar variable degree of repig-
mentation following a long-time follow-up period.
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Fig. 10.2 A patient with CALMs. (a) Prior to treatment; (b) after three sessions of treatment (560 nm
filter, double pulse, 3 ms pulse width, 35 ms pulse delay, 14 J/cm?)

Yoshida et al performed the treatment of pigmented lesions with neurofibroma-
tosis 1 by intense pulsed-radio frequency in combination with topical application
of vitamin D, ointment. Eight patients were treated in this study and the improvement
was moderate to good in six cases (75%).°

We treated 58 Chinese patients of CALMs with Lumenis One IPL (560 nm filter,
single pulse, 3—4 ms pulse width, 14 J/cm? for fair skin; 560 nm filter, double pulse,
3 ms pulse width, 30 ms pulse delay, 15—17 J/cm? for dark skin). With the succession
of four treatments, 35%, 63%, 75%, and 87% patient obtained over 50% improvement.>
See Fig. 10.2 for details.

10.3 Melasma

Melasma is commonly seen in Asian population. Traditional therapies are less effective
and may cause adverse effects. We tried IPL (Lumenis One, Lumenis) in 89 women
with melasma. Subjects received a total of four IPL treatments at a 3-week interval
(560/590/615/640 nm filter, pulse width of 3—4 ms, pulse delay of 25-40 ms, fluence
of 13-17 J/cm?). Changes in facial hyperpigmentation and telangiectasia were evalu-
ated using a Mexameter, the melasma area and severity index (MASI), and a global
evaluation by the patients and blind investigators. Sixty-nine of 89 patients (77.5%)



Fig. 10.2 (continued)

obtained 51-100% improvements, according to the overall evaluation by derma-
tologists. Self-assessment by the patients indicates that 63 of 89 patients (70.8%)
considered more than 50% or more improvements. Mean MASI scores decreased
substantially from 15.2 to 4.5. Mexameter results demonstrated a significant decrease
in the degree of pigmentation and erythema beneath the melasma lesions. Patients
with the epidermal-type melasma responded better to treatment than the mixed-type.
Adverse actions were minimal.® See Figs. 10.3 and 10.4 for details.

10.4 Postburn Hyperpigmentation

Ho et al has tried IPL in the treatment of postburn hyperpigmentation to assess its
efficacy and side effects. Multilight™ (ESC Medical Systems Ltd., Yokneam,
Israel) of the IPL family was used to treat these patients at intervals of 3—4 weeks
for three to seven treatments. Patients were treated with an energy fluence of
28-46 J/cm?, pulse width of 1.7-4 ms, double pulse mode, and a delay of 15-40 ms.
Among the 19 Chinese patients, over 78% showed more than 50% clinical clearance
and nearly 32% of the patients were able to achieve more than 75% clearing. Although
two patients had no clinical response, one patient had 100% clearing. Three patients
developed blisters and one patient had erythema that all resolved within 1 week
without leaving permanent marks. They have been followed up from 11 to
32 months and there was no recurrence of the hyperpigmentation.’
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Fig. 10.3 Arepresentative photograph of a melasma patient before and after IPL treatments. Parameters:
590 nm filter, triple pulse, 3 ms pulse width, 30 ms pulse delay, 15-17 J/cm?. Left side of face



Fig. 10.3 (continued)

Fig. 10.4 (a) Pretreatment; (b) after four sessions; (c) at 3-month follow-up visit. Right side of face
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b

Fig. 10.4 (continued)
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10.5 Port-Wine Stain

Asian patients with more melanin in the epidermis are at a higher risk of adverse
effects after laser treatment of vascular diseases. Although the PDL is regarded as
the gold standard in treating port-wine stain (PWS), at times patients find the results
disappointing and the various side effects, such as pronounced purpura and
pigmented changes, to be disturbing.

Bjerring et al used IPL system for the treatment of PWS resistant to multiple PDL
treatments. Fifteen PWS patients, who were previously found to be resistant to multiple
PDL treatments, were treated four times with a second-generation IPL system. Patients
with dye laser-resistant PWS could be divided into two groups: responders to IPL treat-
ments (46.7%) and nonresponders (53.3%). All responders obtained more than 50%
reduction, and 85.7% of the responders obtained between 75% and 100% reduction of
their lesions. The IPL treatment modality was found to be safe and efficient for the
treatment of PWS, except for those located in the V2 area.’

We also tried IPL (Lumenis One) in treating PWS and got good results. See
Fig. 10.5 for details.

Fig. 10.5 A patient with port-wine stain (PWS). (a) Before the treatment; (b) after four sessions of
treatment (560 nm filter, triple pulse, 3 ms pulse width, 50 ms pulse delay, 20-24 J/cm?, 2 pass)
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Fig. 10.5 (continued)

10.6 Acne and Rosacea

A rising number of laser- or light-based therapies are addressing the need for effec-
tive acne treatments with minimal downtime. In order to evaluate the efficacy of
IPL in the treatment of acne, Chang et al performed IPL equipped with a 530- to
750-nm filter on 30 female Korean patients (mean age, 25.7 years) with mild-to-
moderate acne. All patients experienced the reduction of inflammatory lesion
counts in both sides of face. There was no significant difference between IPL-
treated and IPL-untreated sides of the face for mean papule plus pustule counts,
3 weeks after three sessions. As to red macules, 63% were good or excellent on the
laser-treated side compared with 33% on the untreated side. Improvement of irregu-
lar pigmentation and skin tone was detected on the laser-treated side than the
untreated side.’

We have used IPL in treating acne patients and rosacea patients at a 3-week
interval. It could significantly reduce the inflammatory papules, pustules, red macules,
and even acne scars. See Figs. 10.6 and 10.7 for details.



Fig. 10.6 A patient with inflammatory acne. She experienced a dramatic improvement of inflamma-
tory papules, pustules, red macules, and acne scars. (a) Before the treatment; (b) after three sessions
of treatment (590 nm filter, triple pulse, 3 ms pulse width, 30 ms pulse delay, 17-19 J/cm?)



Fig. 10.7 A rosacea boy received three sessions of treatment on the nose (the perioral region was
spared to avoid the damage to the moustache). (a) Before the treatment; (b) after three sessions of
treatment (590 nm filter, triple pulse, pulse width 3 ms, pulse delay 35 ms, 17-20 J/cm?, 2 pass)
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10.7 Photoaging

Cumulative exposure to sun is the main reason for skin aging. Photoaging skin is
characterized by fine and coarse wrinkles, dyspigmentation, telangiectasia, sallow
color, dry and rough texture, laxity, increased pore size, and a leathery appearance
in habitually sun-exposed skin. Bitter et al has reported that the noncoherent IPL
device could efficiently solve all the above problems at the same time.'°

One hundred and fifty-two Chinese women with photoaging skin were treated
with IPL (Lumenis One) in our open-labeled study. Subjects received a total of four
IPL treatments at a 3- to 4-week interval. One hundred and thirty-nine of 152
patients (91.44%) experienced a score decrease of 3 or 2 grade, according to the
dermatologist. One hundred and thirty-six of the 152 patients (89.47%) rated their
overall improvement as excellent or good. The mean melanin index and erythema
index values deceased with each session. Melanin index on forehead and
erythema index on cheilion decreased most significantly. Adverse effects were
limited as mild pain and transient erythema. IPL treatment is a safe and effective
method for photoaging skin in Asian patients. Adverse effects were minimal and
acceptable.! See Fig. 10.8 for details.

Fig. 10.8 A patient of photoaging. (a) Before the treatment; (b) after three sessions of treatment
(640 nm filter, triple pulse, 3 ms pulse width, 30 ms pulse delay, 17-19 J/cm?)
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Fig. 10.8 (continued)
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