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Abstract

Low power lasers have been used successfully for treatment of many diseases in soft and bone tissues. Basic and clinical
researches have developed quickly being the scientific basis to therapeutic protocols based on these lasers. However, there are
difficulties to compare experimental and clinical results obtained from different researchers because a complicated and intricate
list of physical and biological parameters should be checked before the irradiation procedures as well as part of these parameters
are omitted or inaccurately reported. This review focuses on the physical and biological parameters proposed to make experi-
mental and clinical protocols accurate and reproducible as well as suggests dose parameters based on biological effects induced
by low power lasers. A variety of parameters are reported by different authors and the number of parameter suggested could
overcome three dozens. Thus, laser dose and laser dose equivalent are defined based on laser-induced biological effects and
suggested as simplified dose parameters for low power lasers. These parameters could simplify and be useful to researchers and
clinicians, permitting comparisons and decreasing mistakes and inaccuracies when laser-induced effects are evaluated and
compared with those obtained in previous studies. The laser dose and laser dose equivalent could contribute significantly to
improve accuracy, effectiveness, and safety of clinical protocols based on low power lasers.
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Introduction

Low power lasers have been used successfully for treat-
ment of many diseases in soft and bone tissues [1-6]. The
so-called low power laser therapy (or low-level laser ther-
apy), as a vibrant area, both to basic as to clinical re-
search, has developed quickly and researchers have pro-
duced a number of scientific papers, which have appeared
in topic-specific and devoted journals. In this large num-
ber of papers, important experimental and clinical results
allowing the therapeutic protocols based on low power
lasers to be improved, as well other therapeutic protocols
be proposed, have been described. However, since its
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beginning, the research on low power laser therapy pre-
sents difficulties to compare experimental and clinical re-
sults obtained from different researchers. This issue has
been related, at least in part, to imprecision and omission
of physical parameters of laser devices or irradiation pro-
cedures [7-11]. A lot of biological parameters have been
claimed to be important for accurate and/or adequate de-
scription of the irradiation procedure, making things more
complicated. Sometimes, both parameter groups (physical
and biological) constitute a complicated and intricate list
to be checked before starting an experimental or clinical
procedure. The checking of all these parameters is consid-
ered necessary because radiations in the so-called thera-
peutic window (600-1100 nm) present complex interac-
tions with biological tissues [12]. Thus, it would be inter-
esting that, for experimental and mainly clinical research,
simpler and quicker parameters could be used. These pa-
rameters (few parameters, if possible) could make com-
parison of researches easier and more available, as well as
therapeutic protocols more accurate and reproducible.
Before those, what are the necessary proposed irradiation
parameters to ensure that laser therapy and experimental
low power laser irradiation are well done?
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Physical and biological parameters

Since Endre Mester described for the first time the biostimu-
lation effect (or photobiomodulation, as actually it is called)
[13], researchers had in their minds that physical and biolog-
ical irradiation parameters influence the laser-induced effects.
Table 1 lists some studies dedicated to describe these param-
eters. In fact, in the 90s, researchers working low power ther-
apeutic lasers proposed that the conditions of laser irradiation
must be adjusted to permit obtained experimental and clinical
results to be compared and evaluated by other researchers [7].
In those days, eight physical parameters were considered im-
portant to characterize the so-called laser exposure: (i) irradi-
ance (or power density), (ii) radiant exposure (or fluence), (iii)
irradiance diameter or effective area irradiated, (iv) exposure
duration, (v) wavelength or wavelength band or radiation
source, (vi) time between exposures for multiple exposures,
(vii) number of exposures, and (viii) total cumulative radiant
exposure. Also, it was suggested in the same study that, in
most of cases of low power laser biostimulation, only three
measurements need to be made: radiant energy incident on the
tissue, effective area irradiated, and exposure duration.

Some years after, another study was carried out to verify
the reasons to negative studies on low power laser therapy [8].
The authors cited wavelength, power, power at tissue, type of
pulsing, pulse frequency, power density, dose, treatment tech-
nique, and treatment intervals as physical parameters that must
be scrutinized strictly.

The lack or incomplete reporting of treatment parameters
was considered as a problem in clinical trials based on low
power lasers [14]. Irradiance (or power density), energy den-
sity (or fluence), duration of each treatment session, frequency
(number of times treatment was done per week), as well as the
cumulative dose given (individual doses multiplied by the
number of treatment sessions) were suggested as necessary
to permit an objective comparison between the studies [15].

In another paper, radiant power, radiant energy, power den-
sity, energy density, and wavelength were listed as the five
basic physical parameters that influence the treatment. Beam
spot size, size of the lesion, modes of treatment (contact, non-
contact and scanning), total dose, frequency of treatment, and
dose per treatment session were reported as factors that influ-
ence the dose, while pathology, etiology, optical density, na-
ture of the target tissue, depth of the target tissue, skin pig-
mentation, and open versus closed lesion were pointed as
patient-related factors [16].

Mean power and energy density were the physical param-
eters evaluated to characterize low power laser therapy and the
physical therapy clinical procedures in physical therapy [18].

Other researchers proposed a reference document for non-
physicist researchers conducting low power laser therapy, lab-
oratory studies, and clinical trials to help design and report the
beam and dose aspects of their trials [10]. In this paper, the
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authors provided a checklist to help researchers understand
and report all the necessary parameters for a repeatable scien-
tific study involving low power therapeutic lasers, where the
eight most important beam parameters to report would be
wavelength, power, irradiation time, beam area, pulse param-
eters, anatomical location, number of treatments, and interval
between treatments. The authors suggested also that coher-
ence, application technique (contact, projection, scanning,
pressure), beam profile, and spectral width may be important.

Beside the necessity to report these parameters, it was sug-
gested that is important to confirm the equipment specifica-
tions (not only by device guidelines), to measure the parame-
ters accurately, to compare them across treatment groups when
possible, and to report their individual effects on the outcome
measure [17].

More recently, ten key parameters were suggested neces-
sary to be reported in wavelength, power, irradiation time,
beam area (at the skin or culture surface; this is not necessarily
the same size as the aperture), radiant energy, radiant exposure
(or fluence), pulse parameters, number of treatments, interval
between treatments, and anatomical location [11].

Also recently, it was suggested that, due to the complexity
of the light parameters other details could be included, as
polarization, shape, profile, divergence of the beam, wave-
form, as well as frequency, pulse duration, and duty cycle
(for switched/pulsed beams) [12].

It was pinpointed that the misunderstanding on physical
parameters in studies based on low power therapeutic lasers
leads researchers to neglect or misreport radiometric data, af-
fecting the repeatability and reliability of these studies, as well
efficacy of treatments [11]. This could be caused by re-
searchers, who develop studies based on low power therapeu-
tic lasers, who have no background in physics. Thus, includ-
ing a physicist or an appropriately skilled engineer in the re-
search team is necessary [11, 12].

How has laser dose been considered?

Low power laser dose in therapy and experimental research
has been subject of controversy. There are studies where dose
is presented as energy, fluence (or radiant exposure), as well as
power density (or irradiance) (Table 2).

Also, laser dose is not presented as a parameter per se but a
set of physical parameters, as power density, fluence, effective
area irradiated, intensity profile of the beam, exposure dura-
tion, the wavelength or wavelength distribution, the total num-
ber of exposures, the time between exposures, and the total
fluence [7]. In fact, in some studies, it has been suggested that
a set of physical parameters should be made known to permit
other researchers to repeat or to compare their results with the
results from other researchers [10-12, 16, 17].
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What are the concerns with these doses?

Energy (Eq. 1) and fluence (radiant exposure, Eq. 2) could not
be available physical parameters because the equal energies
and fluences can be obtained at different powers, meaning that
time of irradiations were different (Figs. 1 and 2). Also, equal
fluences can be achieved with laser beams with different spot
sizes. From these considerations, power density (irradiance,
Eq. 3) was considered the most critical physical parameter in
an experimental procedure or treatment based on low power
lasers [16] (Fig. 3).

E—;Ei (1)
E

F== (2)
AE P

Pd:AtxA:Z (3)

On the other hand, the energy considered as laser dose is
the output energy, which means the energy transported by
laser beam. Despite the laser source is just on the biological
system (tissue or cell culture), part of the laser beam will not
interact with the molecules into this biological system because
part of the laser beam will be reflected at the surface and it will
not reach the biological target, as well as part of the laser beam
energy could not be absorbed (when irradiating a cell suspen-
sion or a cell monolayer, for example), being transmitted
through the biological system. Also, part of the laser beam
will be scattered along of the laser beam pathway and not
necessarily absorbed. Thus, the laser beam energy will be
different of the energy absorbed by the biological system
and, more strictly, laser beam energy will be numerically dif-
ferent of the energy absorbed or transferred to photoacceptors,
which are the specific molecules (or part of molecules) that
absorb laser energy and involved in the laser-induced effects
(photobiomodulation effect, for example).

If fluence is used to represent the laser dose, again the laser
beam energy would be considered as the energy absorbed by
the photoacceptors involved in the laser-induced biological
effects. Also, calculus of fluence considers the energy deliv-
ered, which is not equal to the energy absorbed by the irradi-
ated area due to light reflection. Another issue is that the
biological effect does not occur at the tissue surface only. In
fact, in most situations, laser-induced effects are expected to
occur into tissues, below the skin surface, mainly for infrared
lasers.

The issue continues if power density is considered to ex-
press the laser dose because this parameter is defined by laser
beam energy, time of irradiation, and beam spot size.

In fact, considering these parameters, laser dose is not de-
fined strictly, since the energy absorbed by photoacceptors is
not quantified or not strictly specified. It is expected that, by
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the first law of photobiology, light must be absorbed for pho-
tochemistry (or photophysics) to occur [47]. This laser dose,
here considered, is related to laser-induced biological effect.
For example, if wound healing is the expected laser-induced
effect, it is expected that this effect comes from the energy
absorbed by specific photoacceptors (cytochrome ¢ oxidase,
for example).

What are the photoacceptors for low power
lasers?

A chromophore is a molecule or part of this molecule that is
able to absorb the energy of an incident radiation photon. For
radiations emitted by low power lasers, photoacceptors were
proposed to differentiate from photoreceptors, which is nor-
mally related to molecules sensitive to light in retina, bacteria,
and plant cells, while photoacceptor is a molecule that takes
part in a metabolic reaction, which is not related to response to
radiation absorption [48].

After Endre Mester reports the biostimulatory effect in-
duced by low power lasers, researches were interested on
identification the photoacceptor (or photoacceptors) involved
in this effect. Despite hemoglobin, melanin, porphyrin, and
some flavoproteins are capable to absorb radiations in the
therapeutic window for low power lasers; these molecules
are not considered as responsible for the photobiomodulation
effect. Some studies suggested that the photoacceptor is part
of mitochondria structure, mainly these are related to ATP
synthesis [19, 49-52].

Cytochrome c oxidase is an enzyme that belongs to
the respiratory chain and considered as the main
photoacceptor for radiations in low power lasers [53]
(Fig. 4). This protein is the terminal enzyme of the
respiratory chain in eukaryotic cells responsible to me-
diate the transference of electrons from cytochrome c to
molecular oxygen [54]. Studies demonstrated that this
enzyme presents different oxidation states, which makes
it able to absorb both red and infrared radiations, with
absorption picks at 620, 680, 760, and 820 nm [48].
Some of these absorption peaks coincide with the action
spectra for DNA and RNA synthesis in HeLa cells [20],
as well as for ATP synthesis [52] and proliferation of
HeLa cells [21]. These effects are considered the basic
molecular mechanisms by which radiations emitted by
low power lasers act on biological tissues to promote
wound healing, pain relief, and anti-inflammatory effect.
Thus, interaction of these laser radiations with cyto-
chrome c oxidase could be an interesting approach to
define a physical parameter relating directly the biolog-
ical effect with the absorbed energy from the laser
radiation.
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Fig. 1 Schematic representation Laser beam
for energy (E) of a laser beam. A,
area; At, time interval
Air
Tissue
-a
Energy (E): E=2K
S
A=7
Ar=7

Could this parameter be defined?

When considering clinical effects, as those which have as basis
the photochemical effects (photobiomodulation effect, for ex-
ample), the dose of therapeutic agent could be specified in order
to control and to be more accurate, as well safe to patients and
professionals. On the other hand, when considering experimen-
tal procedures, the dose of a physical or a chemical agent

should be specified in order to have accuracy of the measure-
ments and to enable the researcher to compare these experi-
mental measurements with those obtained from other re-
searchers. In fact, the authors reported difficulty to compare
and replicate experimental data from different researchers be-
cause there are parameter pitfalls [8], missing data [14], incor-
rect reporting of dosages [16, 17], beam measurements that are
not standardized [10], lack of proper reporting of the involved

Fig. 2 Schematic representation Laser beam
for fluence (F) of a laser beam. E,
energy; A, area
l |
Spot size \
Tissue surface
. _ E
Radiant exposure or fluence (F): F==
A

Ar=7
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Fig. 3 Schematic representation Laser beam
for power density (Pd) of a laser
beam. E, energy; A, area; Af, time
interval; P, power output

\ .
Y
\, N\
\ L4 N\
\, /"‘_ T 9 N
h N\ ‘\_ S _/ 3 N\
' Spot size AN
L \
\. \ .
N ) \
Tissue surface
. . E P
Irradiance or power density (Py): By = ==
AtxA A
However, A=V
parameters or incomplete reporting of the parameters used [12], Considering an incident laser beam on a biological tissue
as well as incomplete, inaccurate, and unverified irradiation (Fig. 5), a volume element (with infinitesimal volume, dV, and
parameters and miscalculation of “dose” [11]. infinitesimal mass, dm) absorbs part of the energy of this ra-

It is possible that there is, at least, no consensus about an diation, de. The absorbed radiation dose related to photochem-

adequate or available definition for dose when beneficial or  ical effects is:
adverse effects are considered in clinical practice or experi-

mental procedure based on low power lasers. Then, a defini-

tion of dose, related to photochemical effects induced by these Dy = E
lasers, seems necessary. dm

Intermembrane
space

TS558

338344
$5543g  memenone

Cristae
Cytochrome ¢
Matrix ——

Outer
membrane

Inner

membrane

Cytochrome ¢ oxidase Matrix

Fig. 4 Schematic representation for mitochondrion and cytochrome ¢ oxidase. CuA, CuB, and hemes a and a3 are metal sites
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Laser beam

000

dE
Absorbed dose (D,): D‘=;

Fig. 5 Schematic representation for laser dose. de, infinitesimal energy;
dm, infinitesimal mass

where de is the infinitesimal energy deposited into an infini-
tesimal mass of biological tissue and able to induce photo-
chemical effects. This energy is proportional to a specific pho-
tochemical effect (variation of ATP synthesis or cytochrome ¢
oxidase activity, for example). However, direct measurement
of this energy could be difficult by a physical dosimeter be-
cause this dosimeter must absorb the laser radiation as a bio-
logical photoacceptor.

Thus, for practical purposes, this laser dose could be con-
sidered as the energy absorbed by cytochrome c oxidase,
which leads to the increasing ATP concentration (or amount
of cytochrome c oxidized) into mitochondria being reported
by the amount (or variation) of ATP (or cytochrome ¢ oxi-
dized) per unity of volume. Thus, laser dose (D;) could be
considered as:

AJATP]

D; = 5
=20 (5
or

Alcytochrome ¢ oxidized
p, =2l ] (6)

dv

where A [ATP] is the variation of ATP concentration ([ATP]
after laser irradiation minus [ATP] before laser irradiation) and
A [cytochrome ¢ oxidized] is the variation of cytochrome ¢
oxidized ([cytochrome ¢ oxidized] after laser irradiation mi-
nus [cytochrome ¢ oxidized] before laser irradiation). A little
but measurable mass could be considered (dV=1 uL, for
example) for practical purposes.

Could laser dose be measured?

To measure the laser dose as function of this laser-induced
biological effect, a suspension of isolated mitochondria (con-
taining a number of mitochondria similar to this into cells)
could be exposed to a standard low power laser beam and the
production of ATP, or cytochrome ¢ oxidase activity, be evalu-
ated. Isolated mitochondria are obtained from biological tissues
or cell cultures by differential centrifugation [55] technique or,
more recently, by magnetic beads coated with antibodies [56,
57]. Measurement of ATP synthesis in mitochondria is done by
colorimetric/fluorometric assay [58, 59] as well as cytochrome
¢ oxidase activity is evaluated by absorbance at 550 nm [60].

Could laser dose from different lasers be
compared?

However, the amount of this specific photochemical effect
could depend on physical laser parameters, as radiation wave-
length, and this could be evaluated comparing these quantities
at different laser doses. In fact, laser-induced effects are wave-
length-dependent, either experimental [48] or therapeutic ef-
fects [1]. Also, laser-induced biological effects are dependent
on emission mode (continuous or pulsed wave) [61, 62].
A laser dose equivalent (Df) could be defined as:

DE = DL X thys (7)

F,ns is a physical proportionality factor that permits to con-
vert a D; from a laser beam into a D; from a standard laser
beam. Thus, for example, if a 660-nm continuous wave laser
beam with a specified irradiance is considered as the standard
laser beam, an 808-nm continuous D; would have a specific
Fopys value to convert its D, value to D, from the standard low
power laser beam. Similarly, specific £, values could be
obtained to pulsed wave lasers or to lasers at different irradi-
ances. These F),j, values could be presented into devices or
guides or automatically adjusted in new laser devices. Thus,
results from procedures using different physical laser param-
eters could be compared. However, it is necessary to define
what would be the standard low power laser beam, but this is
not a hardwork to physicists dedicated to laser optics or
dosimetry.
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Laser beam
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Fig. 6 Schematic representation for relationship among different layer and tissues. de, infinitesimal energy; dV, infinitesimal volume; de, infinitesimal
energy deposited into an infinitesimal mass of biological tissue and able to induce photochemical effects; F};,, biological proportionality factor

Could be compared a laser-induced effect
in different biological tissues?

Each biological tissue has its own optical properties and each
biological tissue contains its own photoacceptor concentra-
tion. If the laser-induced photochemical effects are dependent
on a specific photoacceptor (cytochrome ¢ oxidase, for exam-
ple), which is in tissues targeted by low power lasers, the D,
could be compared between different two tissues. Thus, con-
sidering infinitesimal volumes in these two tissues (dV; and
d Vz):

dey = dey X Fpp (8)
This leads us to:

Dy, = Dp, X Fiio 9)
And:

Dg, = Dg, X Fpio (10)

where F},;, is the biological proportionality factor for D; be-
tween two biological tissues (among different skin layers or
between epithelial and muscle tissues, for example) (Fig. 6).
Similarly to F),, F;, must be determined for the different
biological tissues that are targeted by low power laser to

@ Springer

obtain a photobiomodulation effect. F},;, values could be ob-
tained by ATP production (or cytochrome ¢ oxidase activity)
in isolated mitochondria from a reference biological tissue
(epithelial, for example) irradiated with a standard low power
laser beam. Thus, the laser-induced photobiomodulation in
different tissues could be compared to laser-induced
photobiomodulation in the reference tissue.

Conclusions

Simplified laser dose parameters for low power lasers could
be useful to researchers and clinicians. Also, these parameters
(laser dose, Dy, and laser dose equivalent, D) could permit
comparisons and decrease the mistakes and inaccuracies when
a laser-induced biological effect is evaluated and compared
with these from previous studies. The calculus of the propor-
tionality factors (F,,s and Fp,;,) for different laser wave-
lengths, emission modes, irradiances, and biological tissues
could be performed by biologists and physicists; meanwhile,
the determination of a standard laser beam could be not hard
for physicists working in an institution dedicated to measure-
ments and setting standards. Also, it could be not hard for
biologists to set the standard conditions to measure a specific
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laser-induced biological effect (ATP production or cyto-
chrome c oxidase activity). These could be new and challeng-
ing proposals for multidisciplinary researches interested on
study of the biological effects induced by these lasers, which
can contribute significantly to improve accuracy, effective-
ness, and safety of clinical protocols based on low power
lasers.
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