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Foreword

In mid-2015, we took deep breaths and committed to coedit-
ing the pioneering textbook about the clinical use of photo-
biomodulation in veterinary medicine. Despite our prior
experience in writing and publishing, neither of us had
any idea of the scope of the task ahead. We did not realize
the effort needed to gather 37 contributing authors from aca-
demia, clinical practice, and industry, nor did we anticipate
the 18-month journey of editing 43 chapters covering nearly
500 pages. Regardless, the contributions of those chapter
authors became the award-winning textbook Laser Therapy
in Veterinary Medicine: Photobiomodulation.
The chapters on the history, theory, and science of photo-

biomodulation helped establish the credibility of therapeu-
tic laser use. The chapters on clinical applications made
the book a practical clinical reference across the full spec-
trum of veterinary practice. For the first time, a reliable,
comprehensive, and evidence-based resource had been
developed to provide practical insights into clinical veteri-
nary photobiomodulation.
Evenprior to the release of that first edition,we anticipated

the rapid advancements in technology and the emergence of
new research and clinical applications thatwould necessitate
a second edition. Since its initial publication in 2017, the
landscape of veterinary photobiomodulation therapy has
evolved significantly, underscored by the publication of
over 150 peer-reviewed articles. These developments have
enriched our understanding of the conditions amenable to
photobiomodulation therapy and refined our approach to
its delivery.
With the aim of bringing new insight, energy, and per-

spective to Laser Therapy in Veterinary Medicine:
Photobiomodulation, we engaged two gifted colleagues to
coedit the second edition, Dr. Chris Winkler, and Dr. Lisa
Miller. As coeditors, Chris and Lisa have again marshaled
dozens of gifted contributing authors, authored chapters
themselves, and overseen bringing veterinary medicine a
new, up-to-date, and valuable resource for clinical photo-
biomodulation therapy.
Drs. Winkler and Miller have over 30 years of combined

experience with therapeutic lasers. Both have general and

specialty practice experience, as well as years of contributing
to photobiomodulation therapy continuing education,
research, and publication about the technology. Currently,
Chris remains in general practice and Lisa is the vice pres-
ident of Clinical Veterinary Medicine for Companion Ani-
mal Health. Their backgrounds and experiences, and their
roles as leading experts on veterinary photobiomodulation,
combine to bring the profession this valuable second edition.
While updating previous information in this book, Chris

and Lisa continued to focus solely on photobiomodulation
and the diagnostic technologies that support it. More com-
plete and up-to-date information regarding dosing and
treatment parameters is included. They make this edition
usable by readers in a diversity of clinical settings since
the information presented is not confined to specific tech-
niques or equipment. Treatment procedures and protocols
are provided in generic, noncommercially specific ways.
The editors include new chapters addressing urinary con-

ditions, oncological applications, photobiomodulation in
the critical care setting, and use for working dogs. Addition-
ally, there is a new chapter on the use of thermal imaging to
target photobiomodulation treatment areas and monitor
response to therapy.
This second edition is now the definitive resource for vet-

erinary students, general practitioners, specialists, and
those involved in the continued development of new veter-
inary therapeutic laser devices. We thank the chapter
authors, Chris and Lisa, for significantly improving our first
edition. We are confident this text will prove to be an inval-
uable addition to readers’ libraries, facilitating continued
growth and excellence in the field of veterinary photobio-
modulation therapy. It will be a well-used addition to our
own libraries.

John C. Godbold, Jr., D.V.M.
Jackson, Tennessee

Ronald J. Riegel., D.V.M.
Marysville, Ohio
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Preface

The United Nations fortuitously proclaimed 2015 as the
International Year of Light and Light-Based Technologies.
This seemed most apropos to me at the time, for it would
also be the year I would begin to meet and work with many
of the luminaries of veterinary laser medicine and surgery.
Having just finished a year of study and certification on the

subject, I was then looking forward to my first conference of
the American Society for Laser Medicine and Surgery. While
there, I attended lectures on laser therapy delivered by
Dr. Juanita Anders and Dr. Praveen Arany. It was at these
that I first heard the word “photobiomodulation,” and as
I listened, I had the distinct sense of being present at an
important milestone in science and medicine, the introduc-
tion of a new term and definition to our lexicon.
Another of those luminaries lecturing that week was Dr.

Ron Riegel, one of several veterinarians speaking about
laser applications in veterinary medicine. It was the first
of many such lectures I have since heard from Dr. Riegel,
and after bearing witness numerous times to his extensive
expertise, his infectious exuberance, and his appreciable
passion for this field, it came as absolutely no surprise to
me that he would later go on withmy first andmost notable
laser teacher, Dr. John C. Godbold Jr., to create the first edi-
tion of Laser Therapy in Veterinary Medicine.
The surprise came later when they both asked me to cre-

ate the second edition.
Seeking assistance, I welcomed Dr. Godbold’s recom-

mendation of Dr. Lisa Miller. I had heard Dr. Miller speak
at an American Institute of Medical Laser Applications
function on the use of laser therapy for osteoarthritis,
and from Dr. Godbold’s confident description of her exper-
tise, I knew she would be exactly what this project needed.
Our ideas for a second edition text were congruent from

the beginning. We wanted to see the first edition text
respected while also being updatedwith asmuch new infor-
mation as possible. Indeed, the reader will note hundreds of
new references, the majority of which are dated after the
first edition’s publication. We sought in this update to
focus solely on photobiomodulation and the diagnostic

technology that supports it, make it approachable and clin-
ically usable by readers globally without specifically being
beholden to singular techniques or equipment, and con-
tinue to provide more complete dose and parameter recom-
mendations than previously available.
We wished to continue to push the envelope and offer

better patient care as well as encourage both laser research-
ers and laser manufacturers to move forward with studies
that challenge previous thoughts and technology innova-
tions. We also wanted to add new content (particularly
regarding veterinary oncology) while prompting our veter-
inary colleagues to continue to think outside the box, to
consider treating new patients or conditions they may
not have previously considered treating, and to utilize that
same “veterinary ingenuity” that first interested them in
this modality to begin with – something that John C. God-
bold Jr. would always value and emphasize in his lectures.
Colloquially (for now, anyway), while the first edition
might say, “Never shine it in their eyes,” this second edition
would now say, “Don’t shine it in their eyes – not yet.”
The history of photobiomodulation research and clinical

application is rather unfortunately marked by a plethora of
underdosed and poorly or incorrectly reported parameters.
It is for this reason that we further wish to encourage those
desiring to perform research within the veterinary commu-
nity to reach out to colleagues in the photobiomodulation
world and learn more about how to optimally execute
and report parameters with this exciting and effective
modality, so that we can all continue to improve our knowl-
edge base and optimize outcomes for our patients without
repeating research and reporting mistakes of the past.
We certainly look forward with anticipation to exploring

and discussing tomorrow’s discoveries, innovations, and
collaborations in future editions to come. Until then, we
sincerely hope this new edition serves you well.

Christopher J. Winkler, DVM
Lisa A. Miller, DVM

April 29, 2024
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Disclaimer

Please read the statements and the therapeutic protocols
within this text carefully before utilizing any of this infor-
mation. The information and recommendations are based
on previously published scientific information and years
of practice, clinical, and research experience by the contri-
buting authors.
Knowledge about photobiomodulation (PBMT) is con-

stantly changing through ongoing research, clinical trials,
and day-to-day clinical experience. The information within
this text is presented for educational purposes only and is
designed to be a reference to complement formal training
about laser therapy.
This text contains neither complete nor comprehensive

information about any of the conditions addressed, and

each condition should be evaluated on an individual basis
in each patient prior to surgery. This text is not a substitute
for professional advice, care, diagnosis, or treatment. It is
the sole responsibility of the veterinarian, veterinary tech-
nician, veterinary assistant, and veterinary therapist to gain
the knowledge and comply with all federal, national, pro-
vincial, state, and local laws regarding the use of therapeu-
tic and surgical lasers for any condition. Dr. Christopher
Winkler, Dr. Lisa Miller, all of the contributing authors
of this text, and anyone involved with the publication of
this text expressly disclaim any and all responsibility and
legal liability for any kind of loss or risk, personal or other-
wise, which is the result of the direct or indirect use or
application of any of the material within this text.

xvi

 D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/ by ibrahim

 ragab - O
regon H

ealth &
 Science U

niver , W
iley O

nline L
ibrary on [15/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Part I

The History of Laser Therapy

1
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A Brief History of Laser Therapy
Christopher J. Winkler

Suffolk Veterinary Group Animal Wellness and Laser Surgery Center, Selden, NY, USA

1st Edition Contributor:

Ronald J. Riegel
American Institute of Medical Laser Applications, Marysville, OH, USA

Treatment with Light

Heliotherapy. Phototherapy. Light therapy. Cultures around
the world have attributed many names to this remedy as
they have practiced it in various forms over the past several
millennia. Healers in Egypt and India used sunlight to treat
leucoderma 3500 years ago (Hönigsmann, 2013). Physi-
cians in Ancient Greece and Rome – including renowned
Greek historian Herodotus in the sixth century BCE, and
Hippocrates, the father of medicine – also realized the ben-
efits of such therapy (Ellinger, 1957). Likewise, the Inca and
Assyrian cultures worshiped the sun with the belief that it
would bring them health. There are records in the Buddhist
literature from around 200 CE and Chinese documentation
from the tenth century recording similar therapeutic effects
from light.
Niels Ryberg Finsen, a Faroese physician and scientist of

Icelandic descent, is widely regarded as the original propo-
nent of phototherapy. In 1903, he was awarded the Nobel
Prize in Medicine and Physiology for the successful treat-
ment of diseases using phototherapy, specifically lupus vul-
garis, a skin infection caused byMycobacterium tuberculosis
(Nobel Prize, 2014b). He also famously utilized ultraviolet
light to treat smallpox lesions (Nobel Lectures, 1967).

A Closer Look

In the seventeenth century, Sir IsaacNewton discovered that
prisms could disassemble or separate white light into seven
different visible colors, a phenomenon he described in his
book Opticks (Newton, 1704). Newton first used the word

spectrum (Latin for “appearance” or “apparition”) while
describing refracted light in 1671. Today we also use another
word to describe these and other colors of light:wavelengths.
In 1916, Albert Einstein made several hypotheses to

support his theory of relativity. Einstein proposed that an
excited atom in isolation can return to a lower energy state
while emitting photons, a process he termed “spontaneous
emission.” Other atoms will absorb such photons of the cor-
rectwavelength; causing thoseatoms toenter ahigher-energy
state and setting the stage for further spontaneous emission.
Einstein then predicted that as light passes through a sub-

stance, it stimulates the emission of more light (Hilborn,
1982). Einstein’s theory hypothesized that a large collection
of atoms already containing a great deal of excess energy
will be ready to emit photons – photons that prefer to travel
together in the same state. If one such stray photon of the
correct wavelength passes by an atom already in an excited
state, its presence will stimulate that atom to release its own
photons early. The new photons will then travel together in
the samedirection as the original stray photon,with identical
frequency and phase. A cascading effect could thus ensue: As
the identical photons move through other atoms, ever more
identical photons are emitted (Pais, 1982). Einstein termed
this phenomenon “stimulated emission,” postulating the
theory of laser light 43 years prior to its realization.

A Momentous Device

On May 16, 1960, Theodore Maiman produced the first
laser device at the Hughes Aircraft Research Laboratory
inMalibu, California, using a simple flashlamp to stimulate

3
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a solid medium (a ruby rod) to emit collimated photons of
coherent light. At a press conference to announce his
invention, he predicted that such a light would be useful
in medicine and surgery (Hecht, 2005). Maiman based
his invention on Albert Einstein’s explanation of stimu-
lated emission of radiation, coupled with Charles Townes’s
and Arthur Schawlow’s work with optical masers
(Schawlow and Townes, 1958; Itzkan and Drake, 1997).
The acronym LASER (Light Amplification by Stimulated
Emission of Radiation) itself was first coined and recorded
by Townes’s graduate student Gordon Gould. Gould’s sub-
sequent struggles for recognition for his work with lasers
would result in one of the most lengthy, controversial,
and important patent battles in US history (Taylor, 2000).
Meanwhile, advancements in the development of laser
media and devices within other industries would indeed
lead to new applications of lasers in medicine and surgery
over the following decades.
Subsequent studies revealed that particular wavelengths

of laser light could be produced by stimulating particular
laser mediums. The first diode laser, utilizing coherent light
emission from a gallium arsenide (GaAs) semiconductor
diode, was revealed in 1962 by two groups: Robert N. Hall
at the General Electric Research Center (Hall et al., 1962)
andMarshall Nathan at the IBMT.J.Watson Research Cen-
ter (Nathan et al., 1962).
In 1962, other teams at the MIT Lincoln Laboratory,

Texas Instruments, and RCA Laboratories also demon-
strated the emission of light and lasing in semiconductor
diodes. Early in 1963, a team led by Nikolay Basov in the
Soviet Union utilized GaAs lasers to achieve emission of
light (Nobel Prize, 2014a).
In 1970, the first laser diode to achieve continuous-wave

(CW) emission was revealed simultaneously by Zhores
Alferov and his collaborators in the Soviet Union, and by
Morton Panish and Izuo Hayashi in the United States
(Ghatak, 2009). However, it is widely accepted that Alferov
and his team reached the milestone first, and they were
consequently awarded the Nobel Prize in Physics in 2000.
While many types of therapeutic lasers were in use

around the world, it was not until 2002 that Class IIIb lasers
gained Food and Drug Administration (FDA) approval for
therapeutic purposes in the United States. These lasers are
colloquially referred to as “cold lasers” or “low-level laser
therapy” (LLLT) devices. They are limited to 500 mW
and are considered effective in the treatment of superficial
conditions. The term “cold lasers” refers to the lack of a
heating effect on tissue cultures in early experiments, while
the term “LLLT” helped to differentiate low-power thera-
peutic lasers from surgical lasers.
Class IV therapy lasers, operating in excess of 500 mW,

were approved by the FDA in 2006. This was the dawn of

“high-power laser therapy” (HPLT). Delivery systems and
precise dosage software have evolved (over the past several
decades) to allow the safe and effective delivery of 500 mW–
60W to target tissues.

An Innovative Therapy

Just a few years after the invention of the laser, Dr. Endre
Mester became the first to experimentally document its heal-
ing effects. Because he used mice as his experimental model,
this is also the first documented use of lasers to accelerate
healing in veterinary medicine (Mester et al., 1967). Consid-
ered the founding father of laser therapy for his pioneering
work, Dr. Mester’s experiments would also later prove that
the acceleration of healing was actually a systemic event
rather than merely a localized one (Perera, 1987). Mester
observed a cascading effect of the healing process,motivating
other researchers inWesternandEasternEurope to recognize
the value of laser therapy and initiate studies of their own.
Early in the 1970s, the use of laser therapy was documen-

ted in Eastern Europe, China, and the Soviet Union; much
of the early research emanates from these geographical
regions. Over the next decade, the use of laser therapy
spread to Western Europe and became accepted as an effec-
tive physical therapy modality (Goodson and Hunt, 1979).
Yo Cheng Zhou, an oral surgeon in China, was the first to

stimulate an acupuncture point with a laser. He used laser
stimulation insteadof standard local anestheticprotocolsdur-
ing routine dental extractions. A beam from a 2.8–6.0mW
helium-neon laser apparatus (Model CW-12, Chengdu Ther-
mometer Factory) was applied for 5minutes before the
removal of a tooth (Zhou, 1984).
From the mid-1970s to the early 1980s, laser therapy

became an accepted physical therapy modality throughout
Western European and several Asian countries. It finally
appeared in the United States around 1977, but there were
only a small number of therapists who understood its
potential. Laser equipment in the United States during this
time frame was limited to the 1–5 mW range, and accept-
ance by the medical and veterinary professions was very
limited due to inconsistent clinical results. Extensive
in vitro studies of the effects of various wavelengths of light
on cell cultures was conducted throughout the 1980s and
1990s by researchers such as Dr. Tiina Karu, leading to a
closer study of photoacceptors and the mechanisms of
action of laser therapy (Karu, 1987). Laser therapy’s associ-
ation with cytochrome c oxidase and nitric oxide continues
to be studied in innovative ways (Wong-Riley et al., 2005).
The first Independent Institutional Review Board for

Laser Acupuncture Research was established in 1993,
based on research compiled by Margaret Naeser, Ph.D.,

4 A Brief History of Laser Therapy
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Lic.Ac. through the Robert Wood Johnson Foundation of
Princeton, New Jersey. This initiated the effort and moti-
vation of several colleagues to compile enough current
information and research to be in compliance with US
FDA regulations. Dr. Naeser has since published papers
on utilizing laser therapy in stroke cases (Naeser and
Hamblin, 2011).

A New Name

The history of laser therapy and the development of laser
therapy devices have produced confusing terminology.
Multiple terms initially and rapidly sprang up to describe
both this technology and its utilization, each of them often
lacking adequate scope of the therapy they attempted to
relate. Many such terms were more representative of the
devices being used than of the therapy itself being provided.
Several associations have formed over the years to

encourage scientists and practitioners to exchange knowl-
edge and information on laser therapy. The American Soci-
ety for Laser Medicine and Surgery (ASLMS), formed in
1981, was the first. It was the dream of its founders that this
organization be unique and include physicians, clinicians,
and outstanding researchers in the areas of biophysics, bio-
chemistry, biomedical engineering, laser biology, and laser
safety. In 1994, the World Association for Laser Therapy
(WALT) was formed by combining the International Laser
Therapy Association (ILTA) and the International Society
for Medical Laser Applications (ISLA). The North Ameri-
can Association for Laser Therapy (NAALT) was estab-
lished in 1998. It included the regions of Mexico, Canada,
and the United States of America. In 2015, the association
changed its name to the North American Association for
Photobiomodulation Therapy, retaining the same acronym,
NAALT. These organizations share the same common
goals: improving the understanding of photobiological
mechanisms, promoting research, establishing treatment
and regulatory guidelines, and providing education, clinical
applications, and new clinical techniques.
Recognizing that an accurate, clear, and unambiguous

name was needed, 15 international participants joined in
a nomenclature consensus meeting at the joint conference
of NAALT and WALT in September 2014 (Anders et al.,

2015). Respected authorities Dr. Jan Bjordal andDr. Juanita
Anders co-chaired the meeting. The term “photobiomodu-
lation therapy” (PBMT) was recognized as being most
descriptive of a science that involves complex mechanisms,
some that are stimulatory, some inhibitory. Since that
meeting, the National Library of Medicine (United States)
has added the term “photobiomodulation therapy” to the
MeSH database (MeSH, 2016).
The committee defined the term photobiomodulation

therapy as

“A formof light therapy that utilizes non-ionizing forms
of light sources, including lasers, LEDs, and broadband
light, in the visibleand infrared spectrum. It isanonther-
mal process involving endogenous chromophores elicit-
ing photophysical (i.e., linear and nonlinear) and
photochemical events at various biological scales. This
process results in beneficial therapeutic outcomes
including but not limited to the alleviation of pain or
inflammation, immunomodulation, and promotion of
wound healing and tissue regeneration.” (Anders
et al., 2015)

Older terminology continues to be used even as photobio-
modulation therapy becomesmore commonplace in publica-
tions and practical applications. In this text, the terms “laser
therapy” and “photobiomodulation therapy” (or simply
“photobiomodulation,” PBM) will be used interchangeably.

A Better Tomorrow

As thousands of veterinary practitioners around the world
continue to adopt laser therapy into their practices and a
wealth of evidence regarding the use and efficacy of laser
therapy continues to be published, we as veterinarians
should continue to be at the forefront of this scientifically
and clinically proven modality. Continued collaboration
and sharing of information between us is essential to the
future development of this advanced medical technology.
We invite you to be a part of both this distinguished history
of laser therapy and the new developments within this bur-
geoning field, which tomorrow’s veterinarians will con-
tinue to quote in the future.
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The Theory and Science of Laser Therapy
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Laser Physics in Veterinary Medicine
Bryan J. Stephens

Multi Radiance Medical, Thompsons Station, TN, USA

Introduction

Crucial to you getting the most out of the rest of this book is
your understanding of some very basic properties of light.
The more you understand about the complete set of char-
acteristics of themagic that comes out of your therapy laser,
the better equipped you will be to tailor your treatment pro-
tocols and enhance the clinical efficacy of your therapy.
You are going to read chapters that tell you about in vitro
experiments that demonstrate the enhancement of cellular
mechanisms, followed by even more real-world data that
show a broad range of clinical usefulness based on these
mechanisms. Within this stockpile of evidence, there will
be some basic recommendations on dose prescriptions,
power settings, pulse frequency characteristics, and treat-
ment periodicity. These will be necessarily broad, to
account for patient and condition variations, but also
because the parameters used throughout both the anecdo-
tal reports and the well-controlled experiments are quite
mixed. My goal in this chapter is to have an informal con-
versation (rather than an encyclopedic lookup) that identi-
fies what can be tweaked, explains its significance, and
gives you a glimpse of its clinical implications.

Why Use Light?

Simply put, we use light because it can penetrate into the
body and then cause a physiological change once it gets
inside. An eighth-grader may not agree with that, since
he cannot see through his own hand, and when he shines
a flashlight on his arm he does not start to grow another.
However, you are not so naïve. You have seen x-rays that
have allowed you to peer inside the body. And you can
read these pages, so you accept the idea (however

unconsciously) that light gets absorbed by the cones in your
eyes, which causes chemical reactions that lead to electrical
signals that affect your chemistry and even yourmood, your
behavior, and your health.
Yes, ducking when you see a baseball coming toward

your head is a health-altering effect of light’s interaction
with your biological self. However, visible light does not
penetrate very well into our bodies, and your eyes cannot
see x-rays. So what is the difference between these and
the other flavors of light you are here to read about?

Flavors of Light

Despite the wide range of interactions and applications of
light, there is literally only one fundamental difference
between any two types: wavelength. To understand what
this means, we first need to know what light is – an oscillat-
ing electric and magnetic field that travels in a straight line
and at a constant speed (the speed of light). This is why the
technical term for light is “electromagnetic radiation.” That
is all that light is; what it does is much more complex, and
we will dive into some of that in this chapter. So, since light
always travels at the same speed, the structure of its oscil-
lation can be described equivalently either by the distance
between its peaks and valleys, or by howmany peaks or val-
leys it has in a given time. We call these values the “wave-
length” and “frequency,” respectively. This is not to be
confused with pulse frequency or repetition rate. That
has to do with turning light on and off periodically. We will
get to that later.
Going forward, I will refer to the different types of light by

either of these characteristics, but you will know that they
refer to the same thing, and that is this one-dimensional
scale of the oscillating electromagnetic wave we call light.
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Growing up, my favorite A.M. sports radio station broad-
casted using light at a frequency of 660 kHz; I heated up
my tea in the microwave this morning with light at a fre-
quency of 2.45 GHz, but my favorite color is 450 nm (the
wavelength of blue light). Indeed, these are all just different
colors of light; the human eye only evolved to contain cones
that can detect wavelengths from about 390 to 700 nm,
which is what we call the visible part of the spectrum.
The near-infrared spectrum spans from about 700 to
1100 nm.
If you were clever, you would have hesitated when I said

“one-dimensional scale,” since you know we experience
three dimensions. In one classical way to visualize light,
it is made up of oscillating electric andmagnetic fields; each
of these fields oscillate in a plane perpendicular (90 ) to
each other, both of which are perpendicular (90 ) from
direction of propagation (see the top of Figure 2.1). So there
are the other dimensions for you, three in total. This brings
us to two characteristics of light you may have heard refer-
enced: polarization, which simply means the alignment of
the electric (or magnetic) fields of light, and coherence,
which means that the peaks and valleys of two different

pieces of light are lined up. However, these values (and
these other two dimensions) only matter when whatever
you are shining the light on is structured enough to make
a difference. Biological matter generally is not; but we are
jumping ahead a little. First, we have to define the interac-
tions, and then things will clear up a bit.
One more fundamental property of light: It turns out that

the energy of light is directly proportional to its frequency
(and therefore inversely proportional to its wavelength).
The amount of energy any “piece” of light carries is discrete
or “quantized.” Therefore, in a sense, light is made up of
individual packets of light, called “photons.” No reason
to explore the wave–particle duality of light here, but it
was important to mention, since it will affect how we talk
about light a little later. Figure 2.1 illustrates the fundamen-
tal structure of an electromagnetic wave and the relation-
ship between wavelength, frequency, and energy.
So, how does this one fundamental property of light (fre-

quency or wavelength or energy, however you want to refer
to it) lead to such different effects in the different regions of
the spectrum? In other words, why do different colors of
light interact differently with matter?
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Figure 2.1 Electromagnetic structure and spectrum. The electric and magnetic fields of light are perpendicular to each other and to
the direction of propagation. The name and effect of the radiation vary by wavelength (top axis), and equivalently by frequency and
energy (bottom axes). The blue curve represents the absorption of water throughout the spectrum (Hale and Querry, 1973; Segelstein,
1981; Zolotarev et al., 1969).
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Interactions

In the region of the electromagnetic spectrum that concerns
this book (the visible and near-infrared), there are two basic
interactions: absorption and scatter. But before we get to
these, we have to understand what we are shining the light
on: biological matter. The body seems rigid enough, and it
is at the scale of a baseball. However, when you are using
light, you must see things at the scale of light, which we see
is on the order of hundreds of nanometers (Figure 2.1).
When you zoom in that closely, you will see that we are
made up of molecules. If you zoomed in further, you would
see atoms, but that would fall in the realm of x-rays (with
wavelengths below 10 nm); visible and near-infrared light
do not interact very strongly with objects that small.
Intra- and intermolecular bonds, however, are just the

right size, and so they interact very well in this region.
These bonds are nothing more than shared electron clouds
(moving, charged particles), but they effectively act as
springs between the constituent atoms. When charged par-
ticles are subject to an electric and magnetic field (like
when you shine light on them), they experience forces,
and since the field is oscillating, so do the bonds; and like
strings on a guitar, they each have their own natural
frequency.

Absorption

Absorption happens when the frequency of light is close to
this natural frequency. Just like pushing someone on a
swing or a mass on a spring, if you push in rhythm with
the natural rhythm, you can transfer the most energy of
your push to the system. In the visible and near-infrared
region of the spectrum, photons of light either impart all
their energy to the biological tissue they strike, or they
bounce off; they are either completely absorbed or they
scatter. So, in effect, light is absorbed by bonds that have
just the right frequency, which makes it clear to see why
absorption is wavelength- and tissue-dependent. Different
tissues have different constituents, made up of bonds with
different frequencies.
When these bonds absorb the light, they do what any

excited spring does: bend, twist, expand, contract, and
any combination of these. What this does, in effect, is
change the shape of the molecule or chain of molecules.
This is chemistry at its very core. You have to understand,
the main way chemistry works (i.e., the way that two mole-
cules combine) is a very sensitive, physical lock-and-key
mechanism. Things that fit together nicely (both spatially
and electrically) tend to bond together. If they do not fit,
they do not bond. By changing the shape of one part of a
molecule, even slightly and even on a very short time scale,

you can cause the molecule to shed parts of itself or grab on
to new things. What fascinating biochemical effects come
from these absorption events is the topic of later chapters.
For those of you who have experience with surgical lasers

(or kitchen microwaves, for that matter), you will realize
that if you use enough light in a wavelength (or frequency)
range that coincides with bonds that are prevalent in the
tissue, these vibrations will reinforce themselves, create a
lot of heat, and eventually shake molecules apart. Most
of the time, the target molecules are water, and this boiling
of water in the tissue either heats your food in a general way
(if diffuse) or ablates the tissue in a very efficient, localized
way (if focused).
In either case, absorption allows the targeting of mole-

cules by light with the “right” frequency. However, statisti-
cally speaking, the majority of light bounces off something
before it is absorbed.

Scatter

In the visible and near-infrared, virtually all of the scatter is
elastic. In other words, photons retain their energy and sim-
ply bounce off particles in their path that do not have the
“right” frequency to be absorbed (and even when they
do, there is always a nonzero probability of each interac-
tion). Which direction the photon travels after the bounce
depends on what it bounced off of: mostly the size of the
particle. Scattering of light by particles smaller than about
1/10th the wavelength of light is referred to as “Rayleigh
scattering.” Scattering by particles larger than that is
referred to as “Mie scattering.” The result of Rayleigh scat-
tering is isotropic; the scattered light has equal intensity in
all directions (except for at around 90 ). Mie scattering, on
the other hand, is very much forward-pointing, and the
extent to which it points forward is represented by a num-
ber called the “anisotropy factor” (usually assigned the var-
iable g) that can have values from +1 to −1. There are two
ways to visualize this important concept: one with an indi-
vidual photon in mind, and the other with a “beam” in
mind. The technical way to define the anisotropy factor
is the average cosine of the scattering angle of incoming
light, which probably does not mean much to you as its
written, but let us use some numbers. Anisotropy values
for the near-infrared on biological tissue are in the
0.75–0.90 range, so let’s take 0.85. This means that the aver-
age incoming photon is deflected by 31 (cos(31 ) = 0.85). If
the incoming light was headed north, then after scattering
it would be headed somewhere in the NNW/NNE direction.
The other way to interpret this is to say that it is the average
percentage of the beam that remains going forward: A value
of 1means 100% keeps going (no scattering at all); a value of
−1 means full back-scattering (like a super-efficient
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mirror), and 0 means that the same amount of the beam
goes forward and backward (and left and right and all
around). So at g = 0.85, about 85% of the beam remains
going in the same direction after scattering. You can see
why I said that near-infrared scattering within the body
is predominantly “forward-pointing.”

How Much of Each

We do not talk about absorption and scattering on an indi-
vidual basis, simply because there are more of these events
in the first millimeter of skin than all of humanity could
count in a lifetime. Instead, we talk about macroscopic
quantities like absorption coefficients, μa, and reduced-
scattering coefficients, μs’, both of which have units of
1/length. These give you the average amount of absorption
or scattering along the path of light and yield the shape of
an exponential decay curve that describes the attenuation
of light intensity (the percentage of the original beam) with
depth. Inversely (i.e., if you take one divided by these quan-
tities), you are left with what is called the “mean free path,”
which tells you the average distance between absorption
and scattering events. Each of these quantities depends
on both wavelength and tissue: for absorption, it is all about
matching the frequency of light with the frequency of
bonds, and for scatter, the story is dictated by how the wave-
length of light relates to the size and number of the scatter-
ing particles (i.e., tissue composition and density).
Absorption coefficients are easy to understand, because a

photon is either absorbed or it is not. Therefore, we use
absorption coefficients along with depth from the surface
to understand total absorption (and therefore the total rel-
ative intensity that is left in the beam). The blue curve in the
background of Figure 2.1 shows the absorption coefficient
of water throughout nearly the entire spectrum for
reference.
Scattering is a bit trickier, because the direction the light

bounces depends onwhat it bounced off of, and particularly
its size. In addition, the path length of the light is never the
same as the depth (and is usually a lot more), because of all
the little bounces in different directions. Still, we do not
track each bounce, but rather treat this directionality on
average. This is why I referred to the reduced scattering
coefficient, which incorporates the anisotropy into its cal-
culation. Basically, the reduced scattering coefficient gives
you a directionally corrected scattering coefficient that
makes calculations simpler and lets you use the depth
(which you know, or at least want to know) rather than
individual path length of every light ray (which you do
not know nor care about). The inverse, or reduced mean
free path, thus gives you the average depth between scatter-
ing events.

These two quantities combine to form an effective
attenuation coefficient, which is a generalized way of
describing the loss of original beam intensity. With this,
we can now understand how much light gets to what
depth relative to how much we started with.
Figure 2.2 illustrates the idea of attenuation in each of
its mechanisms. Again, intensity is an exponentially
decaying quantity, meaning that the deeper you go,
the less light remains than in the original beam. That
sounds simple enough. Just give me μa and μs of a tis-
sue, and I will tell how much light gets to that joint in
the patient you are trying to treat.
Not so fast! In any target treatment area, there are many

different amounts and types of tissue, which are not sliced
and stacked neatly on top of on one another like deli meat
in its packaging. So tracking the amount of absorption, type
of scattering, and direction of scattering along the wide
variety of interactions as light bounces around inside the
body becomes a complicated mess. We can make some gen-
eralizations to help, though.
First, once inside the body, scattering is by far the dom-

inant interaction in biological tissue, with its effect being
strongest at shorter wavelengths. As some perspective, this
means that the average depth of a scattering event is at most
every half-millimeter (and usually less). At the skin,
absorption and scattering play about equal roles, and there
are a lot of both. Though the skin is not the ironclad barrier
to the outside world as it is for, say, water, it is an obstacle
for light. But since the anisotropy factor of visible and near-
infrared light incident on biological tissue is very close to 1,
on average these scattering events point the light even dee-
per into the patient.
Second, even though absorption is smaller in magnitude

inside the body (a factor of 200–5000 times smaller than
scattering coefficients), with absorption events taking place
along the windy path, the light ends up bouncing along
inside the body, and virtually all of the light that gets in
is absorbed somewhere inside (Jacques, 2013). You do
not see the animal glowing with near-infrared light as
you treat them, even with an infrared camera. If you had
a very sensitive detector, you would definitely find some
light coming out, but the majority is absorbed by the body.
In addition, a small fraction of absorption of a lot of photons
still gives a lot of total absorption. How much are we talk-
ing about?

Units of Which You Have
(Hopefully) Heard

We measure the energy of an individual photon in a unit
called an electron volt (eV), with the energy of a photon
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equal to 1240 divided by the wavelength in nanometers.
Therefore, a photon of red light at 620 nm carries 2 eV of
energy. However, we measure the energy of a beam of light
in a unit called joules (J). For reference, 1 J of energy is
equal to 6 242 000 000 000 000 000 eV. So, 1 J of red light
consists of 3 121 000 000 000 000 000 photons. Now you
see what I meant when I said a small fraction of a big num-
ber is still a big number.
For another reference, 1 J of energy is how much it takes

to lift a baseball 28 in. up off the ground. At the same time,
when you drop a baseball from 28 in., it hits the ground
with 1 J of energy. So why does your patient not feel like
they are being bombarded with baseballs when you shine
light at them? The reason is the flexibility of the molecular
bonds in the body that we have been talking about. The
body is not rigid when it comes to light, like it is with
incoming baseballs. The energy absorbed (and we deter-
mined that themajority of the light you shine on the patient
is absorbed by them) is transferred to the three-dimensional
configuration of the billions of molecules and bonds in the
treatment area on an individual basis and at varying depths

within the tissue. Most of the absorbed vibrations turn into
heat, which dissipates as the bonds come back to rest in
their equilibrium states. We will return to the topic of heat
later.
However, to say that you delivered 1 J of energy is mean-

ingless. Did you expose the entire body to that energy, or
just one part? Did you deliver that energy over the span
of an hour or in a fraction of a second? Remember that
photons move at the speed of light. Their absorption events
are thus virtually instantaneous, so the time scale is very
important.
For this reason, we prefer to use the quantity called

“power,” defined as the amount of energy delivered per
time, and is usually measured in units of watts (W; 1
W = 1 J/sec). This gives a more accurate picture of the scale
of interaction, because while we will see that the accumu-
lation of light–tissue interactions is important, the body is
living and moving, and so the amount of light delivered on
any given time scale is important. As a clinician, you are not
naïve enough to think that if you were to give 1 J of light to a
patient once per day, by the time you had given them 100 J

Absorption

Average distance between absorption events = 1/μa

(i.e. Average distance between “Micro” scatter events)

=1/μs

(i.e. Average distance between “Micro” scatter events at average anisotropy)
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Figure 2.2 Attenuation mechanisms. Absorption is an exponential decay in intensity along any given path at a rate of μa. Many
“micro” scattering events are often characterized by their average distance and angle, i.e., “macro” information, which is combined in the
reduced scattering coefficient μs. Combined, these processes lead to a general “mushrooming” of the beam, i.e., a decay in intensity
and spread of the beam with depth inside the patient.
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of energy their tissue or symptoms or overall condition
would still be the same as when you started. If you delivered
that same energy in 1 minute, it is very reasonable to
assume that not much would have changed. However,
we still have not answered the question relating to the size
of the treatment area. Again, you know better than to think
that 100 J across the whole animal would give the same
clinical impact as if you only exposed the paw.
Therefore, while total energy and power are easy to cal-

culate, they do not tell the whole story. This is important
and dangerous, because without context, these quantities
can be warped and used to manipulate the truth. The
two quantities that give a more complete picture are energy
density and power density, and they are simply the total
energy and power per unit area, respectively.
As you deliver light to a patient and accumulate energy

in a treatment area, you are forcing more light–tissue
interactions in that area. Decades of research have shed
the tiniest bit of light (pun definitely intended) on what
biological, physiological, and clinical implications these
interactions can initiate and sustain. Equally important
has been the study of the time scale of these effects. So,
while energy density, which we also call dose or fluence
(energy per area, usually given in units of J/cm2) and
power density, which we also call irradiance (power per
unit area, in W/cm2) are better descriptors, one without
the other still falls short of being explanatory because of
the element of time. Dose is a description of deposition
(how much), while irradiance describes exposure (how
quickly). Dose and irradiance are exceedingly important
when combined, and are dangerously hollow when dis-
cussed independent of one another. We will discuss this
idea of reciprocity more later.

Deciding Dose

There is only one way to determine how much dose is best
for a given treatment: precise science (trial and error). How-
ever, there are two places to start, both of which are impor-
tant and independently necessary. First, you can start with
the individual cells. Much of the research in the past two
decades falls into this category, where people expose cells
in a very controlled environment to different amounts of
light and measure the magnitude of cellular effects, which
can range from mitochondrial activity to adhesion to glass,
luminescence, DNA replication rates, and much more.
These studies have the benefit of being controlled, in that
virtually all parameters other than the one you wish to
change can be held fixed, and so individual mechanisms
and their dose dependencies can be tracked. They are at
the same time limited by their weak relation to real-world

situations, where cell signaling and the transport of nutri-
ents, wastes, and heat in the three-dimensional matrix of
the cells that make up tissue are vastly different than in a
monolayer of cells living on glass.
Nonetheless, for the determination of optimal dose, this

is the cleanest method. Once you find the peak in the
response curve, you then need to estimate the percentage
of the light that reaches the cells that are at the heart of
the condition you are treating. After reading the sections
on absorption and scatter, you should be well-convinced
that there is an enormous difference between what you
expose to the surface and what actually reaches an internal
structure. Penetration studies have been sprinkled within
the literature (too sparsely, if you ask me) and lend some
assistance in estimating this exposure-to-delivery ratio
(Ash et al., 2017; Chaki et al., 2023). This is fundamentally
the best strategy for an accurate dose prescription model.
However, we really care about the clinical efficacy, and so

if the results do not follow from this prescription, we are
forced to use the second starting point: the clinical version
of trial and error, where we vary the parameters over a sam-
ple of patients and see what works best. This can be very
scientific or anecdotal; in the coming chapters, you will
see results of both versions. The obvious issue with this
approach is the sheer size of “parameter space” (the
impractically large number of combinations of all the rele-
vant parameters you’d need to find an “optimal” result).
The right path is to get your starting point from the funda-
mental calculations, then follow the translational research
that progresses our understanding, down the path of simu-
lations ex-vivo studies animal studies. From there you
can learn to tweak protocols based on what we as a commu-
nity have learned.
So, what else can you tweak, and which are the intelli-

gent ways to do so?

Knobs to Turn

There are four knobs that virtually every laser has, whether
they are physical knobs or not: wavelength, spot size,
power, and time. Combined, these knobs determine the
dose and irradiance of treatment. They are interdependent
to some degree, however. Doubling the time and halving
the power keeps the dose unchanged. Doubling the power
and doubling the treatment area keeps the irradiance
unchanged, which, given the same time, keeps the dose
the same.
Advice about which to change for a given treatment

should come from clinicians, and will in later chapters,
but the meaningful limits of each are more fundamental
than that, and mostly have to do with irradiance. Use a
too-low irradiance and you might as well prescribe walks
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in the park for the animal, because the sun exposes your
patient to about 33 mW/cm2 of near-infrared light
(ASTM, 2008). Use a too-high irradiance and heat will be
deposited in the patient faster than its body can dissipate
it, and so will accumulate, causing first pain and eventually
irreversible tissue damage, which depends on both the tem-
perature and the time exposed and varies per tissue type
(more on this later). The threshold for pain is very much
patient-dependent (and tissue- and wavelength-dependent,
since different combinations absorb at different strengths),
but a ballpark figure is that 1–2W/cm2 of near-infrared
light will begin to hurt after a few seconds, and more than
that will begin to hurt immediately. The body has a built in
safety net, though: pain comes well before any serious dam-
age can be done (unless you are working well above this
irradiance). As long as you are not treating while the
patient is writhing in pain, odds are you have not done
any serious damage. Nevertheless, within this window of
usefulness and comfort, there are knobs to turn.

Wavelength

Wavelength (per tissue) is the primary determiner of the
absorption and scattering properties of that tissue, meaning
it affects the spread of light through the tissue (both with
depth and laterally). In recent years, laser manufacturers
have created devices and protocols that not only mix wave-
lengths (multiple wavelengths per protocol, an industry
standard by now), but also change that mixture, sometimes
from protocol-to-protocol, sometimes from phase-to-phase
within the same protocol.

Spot Size

Spot size is limited by the optical engineering of the light
source and delivery apparatus. An instance where a small
spot size (on the order of millimeters in diameter) is useful
is in the practice of laser acupuncture, where the light can
be used to stimulate qi meridians (see Chapter 31). Condi-
tions such as otitis, where the infection stems from deep
within the ear canal, are much easier and more effectively
treated with a smaller spot size from a treatment head that
can reach those types of areas. But while it may sound intu-
itive that if you have a more concentrated beam of light,
your penetration will be higher, the opposite turns out to
be true with beams less than about 10 mm in diameter
(Ash et al., 2017). From a clinical standpoint, it is difficult
to cover a clinically significant area in a uniform manner
with too small of an application. Also, as you decrease
the spot size and keep other parameters constant, the irra-
diance increases, and without some software safeguards,
you could produce too much heat and cause thermal dam-
age to your patient.

The upper limit of spot size is determined by the optical
coupling of the light source to the patient. We spoke about
microscopic scatter earlier; macroscopically, scatter is very
much angle-dependent. Administering light perpendicular
to the surface minimizes scatter from the surface, with the
amount of scatter increasing super-linearly with angle (the
bigger the angle, the less light gets inside the patient).
Therefore, the upper limit of the spot size is about the size
of the handpiece from which the light originates; any larger
than that, and the light on the edges of the treatment area
will no longer be perpendicular to the surface, and the
amount of light delivered inside the patient will be substan-
tially diminished.
A quick aside on types of light sources. Lasers and light-

emitting diodes (LEDs) are among the most popular light
sources in the therapeutic world, and they have two funda-
mental differences, one that matters and one that likely
does not: divergence and coherence. While technically both
light sources produce somewhat divergent light, in general
light from lasers is inherently much more collimated
(all light rays within the beam are parallel to each other).
This is not to say that the light emitted from either cannot
pass through some focusing optics to produce similar
beams of light. If it did, then their only difference would
be that the light from the laser would be coherent (the
peaks and valleys of all the constituent light would be
aligned), but as discussed earlier, this only really matters
when the light is shone on something that is structured
enough to resolve it: usually crystalline lattices and metals.
While LEDs can now be engineered to have relatively nar-
row emission angles, they are still inherently more diver-
gent than lasers, and without any spherical or parabolic
mirrors to reflect and focus the emitted light, they do not
expose the patient to the total amount of light they produce;
a nontrivial percentage of the light points in opposite or
peripheral directions.

Power

Combined with spot size (and, obviously, wavelength),
power dictates the real-time state of the laser. We just iden-
tified the upper and lower limits of irradiance, and since the
spot size of your laser is usually fixed (or at least, fixed for
any given treatment), the window of useful power output is
set for you. The two principle reasons for changing power
are to decrease your treatment time and to increase your
effective treatment depth during a set treatment time.
“Whoa, whoa, whoa. Hold on. I thought wavelength

determines the penetration?” Correct. Mostly. We talked
about how both absorption and scattering lead to exponen-
tially decaying intensities of light with depth inside the
patient. And yes, the shape of these curves (how quickly
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the intensity drops) is dependent on the combination of
wavelength and tissue type. If you start with more light,
then you are left with more light at each depth. In fact,
any percentage increase of power will lead to the same per-
centage decrease in treatment time required to deliver the
same dose to the same depth. Refer to Figure 2.3. Suppose
the goal is to deliver 20 J of energy to a depth A. We can see
from the curve that only 50% of the beam’s surface intensity
remains at this depth. Thus, the 2W laser would have to
treat for 20 seconds to build up the desired dose, while
the 8W laser could deliver the exact same dose to the exact
same depth in only 5 seconds (a quarter of the time, since
the laser is four times as powerful).
To think of it from another perspective, one that really

gets to the heart of this power-versus-penetration issue,
let us consider the example of treating for a fixed amount
of time and calculate the depth to which each laser will
deliver the same dose. As before, treating for 20 seconds
with a 2W laser will deliver 20 J of energy to A. Now, even
though the transmission percentage is four times lower at
depth B (12.5%), since we start off with four times more
photons with the higher-powered laser, the same 20 J of
energy can be delivered to this deeper target (B vs. A) in
the same treatment time. Again, the lower-powered laser
can eventually accumulate the same amount of dose, but
only with longer treatment time. It is important to note that
the depth scale of Figure 2.3 is exaggerated to illustrate this
point, so the distance between A and Bmight be quite small
in highly attenuating tissue. So, yes, while the increase in

penetration of an “effective dose” is linear with irradiance
(more power means more penetration), it varies exponen-
tially with wavelength and tissue type, so pairing the right
wavelength with the appropriate tissue is much more
effective.
An important disclosure of the “all else equal” assump-

tions in this analysis: In this discussion, we are assuming
that none of the optical properties of the tissue are changing
over time. As promised, we will dive deeper into the topic of
heat a little later, but it is worth noting here that both the
scatter and absorption coefficients of tissue can in fact
increase (marginally, but not negligibly) with an increase
in temperature (Iorizzo et al., 2021) and you will see later
that prolonged exposure to light can lead to an increase
in heat.

Time

Where does the optimal treatment time come from? Real-
istically and unfortunately, the main factor is clinical feasi-
bility. Nobody has time to treat each patient for an hour. In
fact, any more than a few minutes begins to strain the ani-
mal’s and the laser administrator’s attention span. Most
laser manufacturers develop protocols that fit into a given
clinic’s schedule. Also, the body does not heal in a matter of
seconds-to-minutes; it takes time, and also depends on the
acute vs. chronic nature of the injury. This is why most
recommendations are for several treatments over a few
weeks, as you will see throughout this book. Simply
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Figure 2.3 Comparison of penetration
between lasers of different power output. To a
given depth, a higher-powered laser delivers a
dose in less time. In a given time, a higher-
powered laser delivers the same dose to a
greater depth.
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blasting the body with light one time for a few seconds is
not going to have a lasting effect. But you still have to per-
form these treatments within reasonable time frames over
the course of the treatment period. That said, the industry
now has lasers that can be sent home with the pet owner
who, at the convenience of their couch and their own
schedule, can deliver longer treatments over several days
or weeks. Again, I will leave the treatment frequency (or
“dosage”) recommendations to the clinicians.
From a scientific perspective, though, the better way to

calculate “how much time” starts with dose. We know
how much dose we want at the target, back-calculate
how much dose we need at the surface, and then set the
power to whatever it needs to be to deliver that many joules
in what we determine to be a “feasible treatment time.”

More than Just Dose

In general, reciprocity is a serious question. Is the accumu-
lation of dose, irrespective of the deliverymethod and light
parameters, a sufficient predictor of clinical effect? In par-
ticular, on both the intra- and intertreatment timescales,
should a treatment that aims to deliver 2 J/cm2 of light
take 2 minutes, 20 minutes, or 2 hours? Should those treat-
ments be repeated every hour, every day, or every week?
Or does it matter at all? Will all of these situations produce
the same clinical effect as long as they deliver the same
total dose?
These are ultimately clinical questions, but the literature

suggests that while reciprocity does not seem to hold across
the board (Karu et al., 1996; Hashmi et al., 2010), there are
certain windows within the broad treatment spectrum
where you can be reasonably confident that slight tweaks
(such as when a pet owner could not get to the clinic that
morning, or because you have the chance to deliver a sec-
ond treatment while the animal is being boarded overnight)
will not severely impact your standard expectation of ther-
apeutic outcome.
A quick, but related aside having to do with this same

idea of dose accumulation is the determination of treatment
axis. We have covered enough about scatter to convince you
that in the near-infrared spectrum and in biological tissue,
the treatment beam does not look like a beam once it enters
the body. Instead, the beam sort of “mushrooms” once it
passes the skin and spreads out, principally inside the body.
The clinicians again will have much to say about what
joints and along which nerve routes and lymphatic paths
to point the laser, but one thing to keep in mind is that dose
is a cumulative quantity in the short term (on the order of
seconds to minutes). There are many joints in the body that
are more or less equidistant from two surfaces. It is often

very useful to treat along different axes, always pointing
at the same internal structure, in order to accumulate more
dose at the intersection of axes than is delivered along any
individual path. In radiation oncology with x-rays that
encounter much less scatter, this technique is used in vir-
tually every radiation treatment plan to spare benign tis-
sues unnecessary dose while building up a toxic amount
within the planned treatment volume. Granted, muchmore
scatter is involved in the infrared, but in smaller geometries
like the shoulders, hips, and more distal sites in the extre-
mities, treating from under a leg or an arm can be a good
adjunct, especially since the hair and fur (strong scatterers)
are much less dense there.
Still, most of the advice you seek about the time scale of

treatments will come from the clinicians in later chapters.
But what about on a shorter time scale, like milliseconds?

Heat (Finally)

The topic of heat is interwoven throughout the story of
light in the body, which is why you’ve seen it brought
up in several sections of this chapter already. Fundamen-
tally, almost every photon that enters the body is eventu-
ally absorbed, and that absorption event concludes in
conversion to heat. Some of that heat conversion in the
various chromophores leads to interesting and beneficial
chemistry (a morphology change in hemoglobin that
releases an oxygen molecule from the blood, or the redox
of cytochrome c oxidase that leads to the creation of aden-
osine triphosphate, ATP), but at its core, photon in heat
out (Karu et al., 2008). So light and heat deposition are
linked; when and where you have a lot of light absorbed,
you have a lot of heat created. But the transport of light
and heat are very different. They travel at different speeds,
by different mechanisms. When you turn off the light, the
light is gone, instantly. That’s not the case with heat. So we
need to track the two separately. But first, let’s recap why
we care about heat.
Heat represents a threefold barrier in laser therapy:

(i) patient comfort, (ii) clinical effect, and (iii) changes in
optical properties of tissue. Because we must operate below
the pain threshold, we cannot just use all the light we want
to at the surface. On one hand, it has been shown that a
modest increase of tissue temperature leads to an analgesic
effect. In fact, the majority of therapy lasers in the human
market have piggy-backed on the same general FDA clear-
ance as an “infrared lamp” intended…

To emit energy in the infrared spectrum to provide
topical heating for the purpose of elevating tissue
temperature for the temporary relief of minor

Heat (Finally) 17
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muscle and joint pain and stiffness, or muscle spasm;
the temporary increase in local blood circulation;
and/ or the temporary relaxation of muscle.

And certain chemical processes in the body (i.e., endo-
thermic and some anabolic reactions) are triggered,
enabled, and/or enhanced by absorbing energy in the form
of heat from the surroundings. But “too much” heat can in
some cases saturate the body’s biochemistry, at other levels
inhibit it, and in extreme cases cause damage to tissue itself.
There was a historically accepted threshold of 45 C
between hyperthermia and irreversible tissue damage.
Much work has been done over the last decade on this sub-
ject (mostly related to targeting cancer while sparing
healthy tissue around it) and now the literature talks about
thermal damage to tissue in terms of Cumulative Equiva-
lent Minutes (CEM) at 43 C, with various models on differ-
ent tissue types (Yarmolenko et al., 2011, Assi et al., 2022).
I will not go into details here, but suffice to say that you do
not want to be heating tissue into mid-to high 40s (above
110 F) for very long.
A quick note on barrier #3, namely the change in optical

properties of tissue with temperature. Earlier I mentioned
that both the scatter and absorption coefficients of tissue
can in fact increase with temperature (Iorizzo et al.,
2021). Now we can put some numbers to those increases.
In that paper, the authors measured (among other things)
the absorption coefficient and reduced scattering coeffi-
cients of tissue at both 36 C and 60 C. The maximum
change of either of those coefficients in the wavelength
region of 600–1000 nm was less than 10% between 36 C
and 60 C. So, when you treat below the thresholds of pain
and irreversible tissue damage (always, I hope), this effect
is minor.
What kind of parameters would get you close to these

temperature limits, and how does that temperature profile
look over time? Let us take opposite ends of the “therapeu-
tic window” of wavelengths: 635 and 980 nm. Wavelengths
below that are almost completely absorbed by the skin; we
have evolved to grow hair and skin to protect us from the
shorter wavelengths (UV) of sunlight, and if the majority
of visible light went through us, we’d be walking translu-
cent holograms. Wavelengths above that aren’t absorbed
much at all by biological tissue beyond the water inside
us. Within this window, however, these two wavelengths
represent relatively high and low absorption respectively,
and so for a given irradiance represent relatively high
and low temperature profiles. Figure 2.4 shows the spatial
profile of the irradiance (A, B, and C) and temperature (D,
E, and F) distribution on a model of tissue for these two dif-
ferent wavelengths in the form of a three-dimensional color
map (COMSOL, n.d.). Imagine a light source incident from

the top, and these plots have been cut in “quadrants” so you
can see “inside” the tissue, both within and around the inci-
dent beam. Tissue parameters are listed in Table 2.1.
To begin, let’s concentrate on the first two columns of

plots. The initial irradiance in A, B, D, and E are the same:
0.5 W/cm2. The only difference is the wavelength: 635 nm
in A and D, and 980 nm in B and E. This is meant to illus-
trate the difference between a higher-skin-absorption sce-
nario (635 nm) and a lower-skin-absorption scenario
(980 nm).
Notice first that the light (irradiance) spreads wider and

deeper than the temperature in all cases. This is a very good
thing from a clinical and therapeutic standpoint. When we
irradiate tissue, we get lots of beneficial “spread” of our
beam. The 980 nm beam keeps its intensity (red-into-
orange in the irradiance plot) intact through the epidermis
because it has lower absorption in that tissue type. In fact,
the irradiance of the 980 nm beam is higher through the
first three layers of the model (epidermis, skin, subcutane-
ous fat). With 635 nm, however, it is a tale of only two tis-
sues. Those first three layers absorb 635 nm (visible, red)
light at much higher rates, illustrated as the plot shows a
quicker change in color from red to light-blue. But within
the muscle, 635 nm is actually absorbed less than 980 nm,
so the little light that is left after the skin and fat actually
permeates deeper. The problem is, very little is left. This
is one of the big dilemmas in laser therapy. Red light has
been shown to have really great photochemical benefits
once absorbed in tissue and it can travel a relatively long
distance withinmuscles; but it is very difficult to get it inside
the body without burning a hole on its way down.
Speaking of the devil (aka high temperatures), notice that

three things are “bigger” when it comes to 635 nm (the
higher absorption scenario) vs. the 980 nm beam:

1) Maximum temperature of the tissue (46 C vs. 39 C);
2) Lateral spread of the heat ( 8 mm vs 4mm, or 100%

farther from the central axis until temperature reduced
back to 38 C);

3) Depth of the heat ( 9.5 mm vs 7.5 mm, or 27% dee-
per from the surface along the central axis until temper-
ature reduced back to 38 C).

This helps us understand the effect of wavelength (and
therefore absorption, scatter, and penetration) on temper-
ature, but what of irradiance? That is where plots
C and F come into play, showing that same 980 nm
profile (irradiance and temperature), but an irradiance
of 1.75 W/cm2, which is 3.5 times higher than the first
two scenarios. I chose this value because it is the point
at which the maximum temperature of the 980 nm beam
is the same as the equivalent exposure of the 635 nm beam.
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Figure 2.4 A 3-D irradiance (a, b, and c) and temperature (d, e, and f) profile with the following tissue and incident light parameters. Tissue layers detailed in Table 2.1.
Light parameters: Power: 0.5 W (a, b, d, and e) and 1.75 W (c and f), Area: 1 cm2, exposure time: 240 s.
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The take-home message here is the significance of wave-
length in both depth of penetration and deposition of heat.
In fact, you can use 350%more light at the surface to deliver
nearly 550% more light to the fat/muscle barrier (a depth of
15 mm from the surface) with the same thermal impact on
the skin by using one wavelength vs. the other (given the
tissue conditions simulated here).
The last important aspect of the heat story is exposure

time. Figure 2.4 showed the final results of a continuous
exposure over 240 seconds. But let us take a look at more
real-time models to illustrate what the tissue sees during
an exposure. Figure 2.5 shows the maximum temperature
profile over time along the central axis of the beam for three

different wavelengths (635 nm, 808 nm, and 980 nm), given
the same irradiance. First look at the left of the plot, which
is continuous exposure for that same 240 seconds. All three
curves follow a similar profile of increasing temperature,
with 635 nm having the steepest slope (quickest to accumu-
late heat) and highest maximum temperature. At
time = 240 seconds, the light sources were turned off to
illustrate the natural thermal relaxation of tissue. Remem-
ber, this is simulation data, and does not account for any
heat dissipation from bloodflow or pores in the skin that
might aid in moving heat away from the treatment spot.
Still, this shows the general behavior of tissue’s thermal
response under exposure to this range of wavelengths

Maximum Skin Temperature (degC)

T
e
m

p
e
ra

tu
re

 (
d
e
g
C

)

45

44

43

42

41

40.5

40

39.5

39

38.5

38

37.5

37

36.5

36
0 500 1000

Time (s)

1500 2000

Max Temp Skin, 635 nm

Max Temp Skin, 808 nm

Max Temp Skin, 980 nm

Figure 2.5 Maximum temperature over time along the central axis of the beam for three different wavelengths with the same
tissue parameters as Figure 2.4. From time = 0–240 s there is continuous exposure. From 240 s > time > 1000 s there is no exposure. From
1000 s > time > 2000 s the beams are pulsed at a frequency of 5 s on and 5 s off.

Table 2.1 Tissue scattering – modeled parameters/tissue layer properties.

Tissue layer

635 nm 808 nm 980 nm

Thickness– mmμa, cm
−1 μs , cm

−1 μa, cm
−1 μs , cm

−1 μa, cm
−1 μs , cm

−1

Epidermis 2.77 47.8 1.63 36.5 0.51 31.2 1

Dermis 1.55 29.8 1.18 22.5 0.81 18.9 4

Subcutaneous fat 1.52 25.4 1.06 20.0 0.90 17.8 10

Muscle 0.3 10 0.21 7.5 0.60 6.1 501

Note: Tissue dimensions, optical absorption (μa), and reduced scattering (μs ) for Caucasian skin (Adapted from Chaki et al., 2023).
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and irradiances. Notice that it takes about half as much
time for the tissue to return to baseline temperature
(37 C) as it took to get to its maximum temperature.
But at time = 1000s, I did something tricky: for the next

1000 seconds, the beam is “pulsed” on for 5 seconds and off
for 5 seconds. Notice two BIG results: (i) the profile of the
temperature rise is not as steep as continuous exposure,
and (ii) the maximum temperature (even for the highest
absorption scenario) is significantly lower than continuous
exposure, never reaching the “danger zone.” In fact, in all
three cases, the temperature “levels off” at a lower maxi-
mum temperature and remains fairly constant.
This has two major macroscopic and microscopic impli-

cations. Macroscopically, what does this 5-second “pulse”
structure mean? It means that if you expose an area for
(on the order of ) 5 seconds, then “move away” for about
the same amount of time, then “come back,” you can mit-
igate some serious thermal accumulation. Does that treat-
ment technique sound familiar? This is the essence of the
“scanning” treatment method that many (especially high-
powered) laser manufacturers recommend, much of which
you’ll see in the coming chapters. Microscopically, how-
ever, while bulk tissue takes seconds to dissipate joules of
energy, that translates to individual cells dissipating micro-
joules of energy (small fractions of the total beam) in micro-
seconds. Therefore, if you can turn the beam on and off in
around the same time it takes cells to return to equilibrium,
you can mitigate the heat. If we can pulse the light source
(turn it on and off periodically) at a frequency that coincides
with the thermal dissipation rates of individual cells, then
perhaps we can make the most out of the absorption events.
If we pulse too quickly (or do not pulse at all) and we deliver
more energy per time than the cells can dissipate, then we
may actually be wasting a lot of the cellular energy and
diminishing our clinical effect. If we pulse too slowly, then
we are not taking full advantage of the cell’s potential.
By this logic, it is reasonable to assume that since differ-

ent types of cell have different densities (mostly due to dif-
ferences in water content), each will have different average
thermal dissipation rates and therefore respond optimally
to different pulse frequencies.
There ismuch at play here, but suffice it to say that pulsing

the light in your therapy can elicit some effects that contin-
uous exposure cannot. Unfortunately, the clinical attempts
to determine which are the appropriate parameters for
which applications have been widely inconsistent, often
due to bad reporting of data (Hashmi et al., 2010), but more
generally because clinicians simply do not have access to the
large sample sizes needed to really isolate any optimizations.
Scientists who have dug into the fundamentals, however,
and who use biology laboratories with virtually limitless
sample sizes, have uncovered several effects (by way of

several isolated mechanisms) that are elicited from pulsed
light and not from continuous-wave (CW) irradiation
(Karu et al., 1996, 1997).
With that comes some more nomenclature. Frequency

tells you how many times the beam is on and then off
per second, but an important quantity that people often
overlook is the duty cycle. This is the percentage of time
the beam is on versus off. By definition, then, continuous
wave irradiation refers to 100% duty cycle. Two different
pulse structures can lead to the same or very different aver-
age powers (the total amount of energy delivered per sec-
ond). Figure 2.6 illustrates this idea.
With respect to pulsing, it is clear that the rule of rec-

iprocity (that total exposure or dose determines clinical
effect) does not hold across the board. The beneficial
nature of pulsing relies on a specific timing of pulses,
either in the time the light is on during a pulse or in
the time the light is off between pulses. Therefore, it
is clear that if you modified the pulse structure (e.g.,
by decreasing the peak power but increasing the pulse
width proportionally), you could expect a very different
intratissue effect, even though the total energy per pulse,
and therefore delivered dose, would be identical. The
point is, the pulse structure has at least some impact
on the biological effect; if not, why are we pulsing at
all? We still have much to learn here, but again, the goal
is to bridge the gap between what scientists continue to
uncover in cell cultures and what advantages clinicians
might be able to exploit in the treatment of their
patients.

Conclusion

I have told you a story that is made up of lots of little stories
that do not tell the whole story. Why, to confuse you more
than the last sentence did? No. I just think that understand-
ing a little about all of the factors involved makes you better
prepared to prescribe and administer an appropriate ther-
apy. You are going to read a lot in the coming chapters
about treating all sorts of injuries with a variety of clinical
presentations, each with a variety of treatment prescrip-
tions. The good news is that what follows is based on the
fact that laser therapy works, to some degree or another.
My goal for this chapter was to arm you with a more tech-
nical vocabulary so that you can more intelligently select
the most appropriate laser(s) for your use and contribute
to protocol development so we can all learn more. You
should now have some idea of how these protocols have
emerged and, more importantly, how you might modify
them based on fundamental ideas in order to enhance your
own treatments and the efficacy they induce.
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