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Context: Recently, researchers have shown that photother-
apy administered to skeletal muscle immediately before
resistance exercise can enhance contractile function, prevent
exercise-induced cell damage, and improve postexercise
recovery of strength and function.

Objective: To critically evaluate original research addressing
the ability of phototherapeutic devices, such as lasers and light-
emitting diodes (LEDs), to enhance skeletal muscle contractile
function, reduce exercise-induced muscle fatigue, and facilitate
postexercise recovery.

Data Sources: We searched the electronic databases
PubMed, SPORTDiscus, Web of Science, Scopus, and Reha-
bilitation & Physical Medicine without date limitations for the
following key words: laser therapy, phototherapy, fatigue,
exercise, circulation, microcirculation, and photobiomodulation.

Study Selection: Eligible studies had to be original research
published in English as full papers, involve human participants,
and receive a minimum score of 7 out of 10 on the
Physiotherapy Evidence Database (PEDro) scale.

Data Extraction: Data of interest included elapsed time to
fatigue, total number of repetitions to fatigue, total work

performed, maximal voluntary isometric contraction (strength),
electromyographic activity, and postexercise biomarker levels.
We recorded the PEDro scores, beam characteristics, and
treatment variables and calculated the therapeutic outcomes
and effect sizes for the data sets.

Data Synthesis: In total, 12 randomized controlled trials met
the inclusion criteria. However, we excluded data from 2 studies,
leaving 32 data sets from 10 studies. Twenty-four of the 32 data
sets contained differences between active phototherapy and
sham (placebo-control) treatment conditions for the various
outcome measures. Exposing skeletal muscle to single-diode
and multidiode laser or multidiode LED therapy was shown to
positively affect physical performance by delaying the onset of
fatigue, reducing the fatigue response, improving postexercise
recovery, and protecting cells from exercise-induced damage.

Conclusions: Phototherapy administered before resistance
exercise consistently has been found to provide ergogenic and
prophylactic benefits to skeletal muscle.

Key Words: photobiomodulation, laser therapy, skeletal
muscle fatigue

muscle damage, and facilitate postexercise recovery.

wavelength and output power, is important.

Key Points
» Phototherapy administered before resistance exercise may enhance contractile function, reduce exercise-induced

» The effectiveness of phototherapy is dose dependent, so selecting appropriate treatment variables, such as

e In attempting to reproduce clinical outcomes, clinicians and researchers should use evidence-based decision
making when selecting treatment variables in phototherapy.

 Given the increased beam reflection and attenuation at the skin interface, a larger treatment dose may be necessary
when using light-emitting diodes (LEDs) instead of a semiconductor laser.

hototherapy involves the therapeutic use of light to
P treat various pathologic conditions and musculo-
skeletal injuries. Research addressing the ability of
light therapy to modulate physiologic processes associated
with injury and healing has yielded promising results. Such
modulatory processes associated with phototherapy often
are called photobiomodulation (PBM), which involves the
use of light to induce biochemical changes in tissue in a
stimulatory or inhibitory manner.!
The use of light as a clinical modality has increased
greatly over the past decade. The beneficial outcomes of
phototherapy for the treatment of acute and chronic

musculoskeletal disorders include pain control,* enhanced

blood circulation,* and improved tissue repair.” Although
evidence is available on how light is absorbed by tissue and
cells, the biochemical translation to alter clinical outcomes
in humans remains poorly understood. The biological
effects of phototherapy are mediated by the absorption of
photons (light particles) by endogenous chromophores and
the subsequent transduction of light energy into chemical
energy inside the plasma membrane or cytosolic organelle.®
Membrane-bound chromophores act as photosensitizers
that induce changes in membrane permeability and
transport mechanisms that give rise to intracellular changes
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Figure. Criteria for selection of articles for review.

in pH, ion concentrations, and membrane excitability.”*
Photons that penetrate the cell membrane often will enter
mitochondria, where they readily are absorbed by cyto-
chrome enzymes (eg, cytochrome ¢ oxidase), generating
physiologic responses conducive to the production of
reactive oxygen species and increased rates of adenosine
5'-triphosphate (ATP) and protein synthesis."? The reactive
oxygen species concentrations below cytotoxic levels have
been shown to create biostimulatory effects for the cell.'”

Recently, researchers have begun to explore the ergo-
genic effects of phototherapy in delaying the onset or
resisting the effects of muscle fatigue and exhaustion.
Acutely, fatigue impairs muscular strength and motor
control and reduces a muscle’s capacity to perform work
over a designated period.!! The decrease in muscle function
associated with fatigue is believed to be a result of
metabolic alterations, such as substrate depletion (lack of
ATP and glycogen), oxidative stress, tissue hypoxia, and
blood acidification.!' Researchers also have indicated that
specific doses of phototherapy reduce blood lactate and
inflammatory biomarker levels after strenuous upper and
lower extremity exercise.'>!> Based on these findings, one
may infer that phototherapy also provides a prophylactic
effect to tissue by limiting exercise-induced cellular
damage. Limiting inflammation and cell damage during
exercise also can improve recovery of muscle strength and
function postexercise. Therefore, the purpose of our
systematic review was to determine the ability of photo-
therapeutic devices, such as lasers and light-emitting diodes
(LEDs), to enhance muscle contractile function, reduce
exercise-induced muscle fatigue, and facilitate postexercise
recovery.

METHODS

Data Sources

We searched for articles in the electronic databases of
PubMed, SPORTDiscus, Web of Science, Scopus, and
Rehabilitation & Physical Medicine without date limita-
tions for the following key words: laser therapy, photo-
therapy, fatigue, exercise, circulation, microcirculation,
and photobiomodulation. The articles had to be original
research involving human participants and written in
English. Citations from related articles also were retrieved
and reviewed to identify additional articles for possible
inclusion.

Selection Criteria

We identified research articles in which investigators
evaluated the effect of phototherapy on modulating
physiologic functions that result in reducing muscle
damage, delaying the onset of muscle fatigue, and
improving postexercise recovery during resistance exercise
(Figure). Articles in which comparisons were made
between phototherapy and a control condition or an
alternative therapy were selected for this review. Articles
were included in the screening process if the investigators
studied humans, evaluated physical function changes from
baseline, and assessed changes in muscle function between
the control condition and phototherapy. Articles were
excluded if they were reviews, meta-analyses, or animal
studies.
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Table 1. Physiotherapy Evidence Database (PEDro) Scale'4?

Criteria Yes/No Points
1. Eligibility criteria were specified. Yes 0
2. Subjects were randomly allocated in 1

groups.
3. Allocation was concealed. Yes 1
4. The groups were similar at baseline Yes 1
regarding the most important prognostic
indicators.
5. There was blinding of all subjects. Yes 1
6. There was blinding of all therapists who Yes 1
administered therapy.
7. There was blinding of all assessors Yes 1
who measured at least one key
outcome.
8. Measures of at least one key outcome Yes 1

were obtained from more than 85% of
the subjects initially allocated to
groups.
9. All subjects from whom outcome Yes 1

measures were available received the
treatment or control condition as
allocated or, when this was not the
case, data for at least one key outcome
were analyzed by “intention to treat.”

10. The results of between-groups Yes 1
statistical comparisons were reported
for at least one key outcome measure.

11. The study provides both point Yes 1
measures and measures of variability
for at least one key outcome.

Total 10

@ Adapted from the Centre for Evidence-Based Physiotherapy
(PEDro) scale (http://www.pedro.org.au).

Physiotherapy Evidence Database Scale (PEDro)

The 12 articles that were deemed eligible for inclusion in
the review were rated and scored using the Physiotherapy
Evidence Database (PEDro) Scale'* (Table 1). The PEDro
scale was developed as an instrument of evaluation for the
Physiotherapy Evidence Database by the Centre for
Evidence-Based Physiotherapy. The database provides
access to literature on clinical trials and systematic reviews
within the field of physiotherapy. The PEDro scale was
developed to help users identify studies with the highest
methodologic quality. The scale grades research reports
based on study design, “believability,” and “interpretabil-
ity” of the research conducted. It considers all aspects of
research, including blinding of research participants,
examiners and assessors; group allocation; comparability
of groups at baseline; between-groups statistical compara-
bility; and adequacy of follow-up measures. The scale
consists of an 11-item checklist that yields a numeric score,
with a maximum of 10 points if all criteria are met. No
points are awarded for the first criterion. A lower score on
the PEDro scale indicates a lack of methodologic
techniques, such as randomization, blinding, and other
controls that maintain internal or external validity.

Data Extraction

We used the PEDro scale due to its tested reliability. Data
of interest were elapsed time to fatigue, total number of
repetitions to fatigue, total work performed, maximal
voluntary isometric contraction (strength), electromyo-

Table 2. Physiotherapy Evidence Database (PEDro) Scores, Beam Characteristics, and Treatment Variables

Treatment  Energy, Joules  Treatment Cumulative

Energy
Density, J/cm?

Power

Power
Output, MW  Density, W/cm?

Time, s Dose, J

per Point

Points, n

Wavelength, nm

655
830

Light Source

PEDro Score?

Authors

20
20

400
200

500
1785

50
100

Single-diode laser
Single-diode laser
Cluster-diode LED

9
10
10

Leal Junior et al'® (2008)
Leal Junior et al'” (2009)
Leal Junior et al'® (2009)

35.7

417

30

417

1.5
4.5
165

0.05
0.15
5.5

10
30
200

660 (34 diodes)

850 (35 diodes)

810

12

60

417

Single-diode laser

10

Leal Junior et al'® (2009)
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a2 The PEDro scale scores range from 1 to 10.
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graphic activity, and postexercise biomarker levels (blood
lactate, creatine kinase [CK], C-reactive protein [CRP],
lactate dehydrogenase). Creatine kinase and CRP are
measured commonly and are used as indicators of
exercise-induced muscle damage. Two authors (P.A.B.
and K.A.L.) rated all studies. They independently evaluated
the 12 randomized controlled trials that met the criteria of
evaluation. They scored each of the 12 articles individually
based on the PEDro scale criteria and then met to review
the final scores for all articles. Individual PEDro scores for
all articles yielded an interrater reliability score of k =0.94.
After the authors met and reviewed the discrepancies, full
agreement was achieved with k = 1.00.

Data Synthesis

Effect sizes for outcome measures were calculated as the
difference between the mean score for the active photo-
therapy treatment and the mean score for the sham
treatment (placebo control). The mean difference then
was divided by the average of the standard deviation for the
2 measures, giving us the effect size (Cohen d).'*> Effect
sizes were interpreted as small (0.2), medium (0.5), or large
(0.8)."°

RESULTS

The PEDro scores ranged from 5 to 10 out of a maximum
10 points. We included only those papers with a PEDro
score of 7 or greater. Ten of the 12 research articles met our
level of acceptance for this review and contained a total of
32 data sets. Data sets are summarized in Tables 2 through
5. The effect sizes with corresponding P values for all data
sets with differences between groups are shown in Table 5.
Of the 32 data sets, 24 contained differences between active
phototherapy and sham (placebo-control) treatment condi-
tions for the various outcome measures.

DISCUSSION

The important factors related to phototherapy that we
discuss include (1) the type of light source used and its
treatment variables (wavelength and dose), (2) when the
light treatment was applied (before or after exercise), (3)
the exercise protocol used, (4) the muscle groups targeted
for exercise and testing, and (5) the outcomes of each study.

Beam Characteristics and Tissue Interaction

The phototherapy devices used in the 10 studies were
semiconductor or solid-state diode lasers or LEDs.
Semiconductor or solid-state laser diodes contain a lasing
medium to stimulate photon emission. They emit photons
in a more collimated and coherent manner than do LED
sources. Another important characteristic of photon emis-
sion is the diameter of the beam or spot size. Smaller beam
diameters and spot sizes produce greater irradiance of
energy density at the point of skin contact. In the studies we
included, the laser diodes that were used delivered light
using spot sizes'®!71921-23 ranging from 0.003 to 0.01 cm?,
whereas LEDs used spot sizes'®!9?224 ranging from 0.2 to
0.5 cm? and delivered light onto the skin in a much greater
divergent pattern. Data on the beam characteristics appear
in Table 2.
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Pigmentation is known to affect light transmission
through skin. Light penetration through darker-pigmented
skin is reduced due to the absorption of photons by
melanin.?® If the rate of photoabsorption by the skin
exceeds the capacity of the tissue to dissipate the light
energy, the energy will be converted to heat and may cause
thermal discomfort. Practical guidelines recommend that
when treating darker-pigmented individuals, the risk of
tissue heating can be minimized while maintaining the
same treatment dose by reducing the average output power
or energy density of the beam and increasing the treatment
time. In addition, if more light energy is absorbed by the
skin in darker-pigmented individuals, then a larger
treatment dose is required to transmit the equivalent
amount of light energy to deeper tissues. In clinical
settings, the therapist usually chooses the increased
treatment dose based on past experience.

Wavelength plays an important role in the ability of light
to penetrate soft tissue.?’?® When light therapy is adminis-
tered directly to the patient’s skin, some light is attenuated
by the superficial layers. Tunér and Hode’ indicated that
from 50% to 90% of energy is absorbed by the skin and
subcutaneous tissues and the remaining light energy
penetrates into deeper tissue layers (muscle, deep fascia,
ligament). Esnouf et al*® used a near-infrared (NIR), 850-nm
laser diode with an output power of 100 mW to irradiate a
0.784-mm-thick section of human skin and found that 66%
of the initial beam intensity was attenuated by the skin
section. Similarly, Kolari and Airaksinen® exposed dermal
tissue to both visible red and NIR lasers and found that a
substantial amount of light energy was absorbed within 0.5
mm after penetration. Researchers™®?® have indicated that
diodes with wavelengths ranging from 820 to 904 nm can
transmit light energy from 2 to 4 cm beyond the skin
interface and, therefore, are best suited for treating deep soft
tissue disorders, such as those involving muscles, ligaments,
and tendons. Diodes with wavelengths ranging from 400 to
700 nm can transmit light energy only to the epidermal and
dermal tissue layers (<1 cm) and, therefore, are best suited
for targeting superficial wounds and skin disorders.?'-*?

Dose Dependency

Therapeutic dose is reported to have the greatest
influence on tissue healing and clinical outcome.?$33:3
Achieving a therapeutic dose without understimulating or
overstimulating the target tissues is often the most difficult
component of clinical phototherapy practice.>® The Arndt-
Schultz principle has been adopted from early toxicology
studies of yeast culture to explain the optimal therapeutic
dose level of laser. Optimal doses have been established
experimentally in cell and tissue cultures. This therapeutic
laser dose or level of photostimulation must be attained; if
the amount of energy absorbed is insufficient to stimulate
the absorbing tissues, no reactions or changes can occur in
body tissues.*> Weak stimuli (underdosing) produce no
effect or only a minimal effect on cellular function,
moderate to strong stimuli positively enhance cellular
function, and very strong stimuli (overdosing) suppress or
inhibit cellular function.**

The optimal doses that are photostimulating for many
human tissues are not known; however, results from animal
and cell studies'* %37 have indicated that the therapeutic

effects of light therapy are dose dependent and operate
within a therapeutic window when treating musculoskeletal
injuries. Therefore, one could surmise that the same dose
dependency exists for treating musculoskeletal pathologic
conditions in humans. However, problems exist when
attempting to translate light therapy studies from animal
models to human participants. No known or universally
accepted method is available to calculate a comparable
treatment dose in humans from those doses used in cell and
animal models. In our review, light treatment doses and the
type of light source varied among studies, with the trend
favoring a higher dose when using an LED device than
when using a laser diode. This finding makes sense because
the light emanating from LEDs has a wider bandwidth, is
not coherent, and is more divergent than the light
emanating from laser diodes, resulting in more reflection
and less transmission of LED-generated light through the
skin. Therefore, a higher dose when using LED therapy
may compensate for beam reflection and divergence.

Contractile Function, Fatigue Resistance, and
Postexercise Recovery

Recently, researchers have shown that phototherapy can
provide an ergogenic effect by improving the contractile
function of a skeletal muscle.'»!3:16718:21.23.24.38 Tpy geveral
studies, researchers have investigated the effects of laser
and LED therapy on skeletal muscle fatigue and muscle
damage using both animal'>!* and human populations.'®~
1820 1 opes-Martins et al'* and Leal Junior et al'? showed a
delay in the fatigue response to repeated, electrically
evoked tetanic contractions in the tibialis anterior muscle of
rats exposed to laser therapy. They also showed that
skeletal muscle exposed to laser displayed lower levels of
blood lactate and CK activity after repeated tetanic
contractions.!>!* In human studies, skeletal muscle exposed
to selected doses of laser'®!”2! or LED'$** therapy
demonstrated enhanced performance by maintaining con-
tractile force output and delaying the onset of fatigue when
challenged with resistance exercise. Skeletal muscle
exposed to laser or LED therapy also had less cell damage
after exercise, indicating that phototherapy provided
protection from exercise-induced damage.'>!%23

In a series of studies, Leal Junior et al'®'®2! administered
active phototherapy treatments or sham treatments to the
biceps brachii muscle of professional volleyball players and
instructed them to perform repeated, near-maximal arm-curl
exercises until voluntary exhaustion. The phototherapy
intervention consisted of having 20 J (5 J per point at 4
points),'®!7 42 J (1 point),'® or 60 J (30 J per point at 2
points)®! of light delivered with either a laser diode or
multidiode LEDs to the biceps brachii muscle of the
dominant upper extremity before exercise. The biceps
brachii muscle that was treated with active laser or LED
therapy performed more arm-curl repetitions until voluntary
exhaustion than did the muscle receiving the sham
treatment.'® 82! Blood lactate levels compared before and
after exercise were slightly lower to much lower after
exercise when an active light treatment was administered to
the biceps.'”'®2! Creatine kinase and CRP levels also were
lower after the active light treatment than in the sham
(control) condition.'®2! Leal Junior et al'®!” initially assessed
the effects of laser therapy on biceps brachii muscle function
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by comparing 655-nm'¢ and 830-nm'” single-diode lasers.
The cumulative dose level for both studies was 20 J (5 J per
point at 4 points). Although both wavelengths produced
similar results for muscle performance and postexercise
recovery, we found the results interesting because the red
(655-nm) lasers emitted light in shorter wavelengths and
therefore had poorer light penetration than NIR (830-nm)
lasers.?? Researchers®®3? have indicated that less light can be
transmitted to muscle tissue using a red 655-nm laser, so we
would expect the muscle receiving laser therapy with the
655-nm wavelength to fatigue at a faster rate and incur more
exercise-induced cell damage than the muscle receiving the
NIR 830-nm laser condition. Because light attenuation and
absorption were not measured directly in these studies, we
could not determine the actual dose of light absorbed by the
muscles that were treated.

In later studies, Leal Junior et al'®?' compared the
ergogenic and prophylactic effects of phototherapy using a
5-diode NIR laser (810 nm) and a cluster multidiode (34 red
and 35 NIR diodes) LED probe. The cluster LED probe
delivered 42 J at 1 point to the biceps, and the multidiode
NIR laser delivered 60 J (30 J per point at 2 points). Again,
both devices produced similar results for performance
enhancement and postexercise recovery. Active LED or
laser therapy applied pre-exercise increased the number of
repetitions to exhaustion by 12.9% and 14.5%, respectively,
and the elapsed time to exhaustion by 11.6% and 8%,
respectively.'®?! In addition, the muscle exposed to active
light therapy displayed less exercise-induced cell damage
than the muscle in the sham treatment condition.

Leal Junior et al'>?° assessed the effects of laser or LED
therapy on muscle fatigue, exercise-induced muscle damage,
and postexercise recovery after strenuous lower extremity
exercise. Participants completed a single bout of resistance
exercise for the lower extremity using the Wingate cycle
ergometry test. Male volleyball and soccer players were
evaluated after receiving either a controlled dose of laser or
LED therapy or a sham dose to the rectus femoris muscle
before completing the Wingate test. Researchers found no
differences in peak or mean power or the amount of
muscular work performed between the active-light and
sham-control treatment conditions; however, postexercise
blood biomarker levels were lower when the athletes
received the active dose of light therapy. This finding
indicated that light therapy may protect muscles from
damage or enhance postexercise recovery mechanisms after
strenuous exercise. The doses delivered to the target muscle
varied considerably among studies. Laser diode (NIR 810—
830 nm) treatment doses consisted of either 12 J (6 J per
point at 2 points)'® or 30 to 40 J (34 J per point at 10
points)®® per muscle, whereas the multidiode LED dose
consisted of 83.4 J (41.7 J per point at 2 points)'® delivered
per muscle.

In 2 studies using isokinetic dynamometry, Baroni et al*>>*
evaluated muscle fatigue and postexercise recovery of the
quadriceps femoris muscle group in response to photother-
apy or sham therapy. They investigated the protective effects
of laser or LED therapy on exercise-induced muscle damage
and postexercise strength loss and recovery using a knee-
extensor model. The quadriceps femoris muscle was exposed
to an active or sham laser or LED treatment, then the
participants performed a challenging resistance exercise
regimen for the quadriceps muscle group. The authors then

treated the quadriceps muscle group (rectus femoris, vastus
medialis, and vastus lateralis) with a multidiode NIR 810-nm
laser® or a cluster (34 at 660 nm or 35 at 850 nm) multidiode
LED?** before exercise at cumulative doses of 180 J (30 J per
point at 6 points) and 125.1 J (41.7 J per point at 3 points),
respectively. In both studies, Baroni et al**2* showed that
active laser or LED therapy before exercise reduced
postexercise levels of markers of muscle damage, limited
the extent of muscle fatigue, and improved postexercise
recovery compared with sham light therapy.

Kelencz et al® studied the effects of LED (640 nm)
therapy on muscle activity and fatigue resistance. The
masseter muscle was irradiated under 4 dose conditions
(sham and 8.3 J [1.04 J per point at 8 points], 16.7 J [2.09 ]
per point at 8 points], and 25.1 J [3.13 J per point at 8
points] per muscle). After treatment, the participant bit
down on a pressure plate that was equipped with a load cell
embedded into the platform. The electromyography (EMG)
signals and maximal voluntary isometric contraction levels
were recorded before and after treatment and mandibular
occlusion. A dose-dependent increase in muscle activity
and time before fatigue was observed after treatment. The
8.3-J dose produced greater muscle activity posttreatment,
whereas the 16.7-] dose increased the time to fatigue.

In most of the studies in our review, the investigators
administered the laser treatments before completing the
exercise protocol. In one of these studies, laser therapy was
applied after the exercise protocol was completed.”” Leal
Junior et al** compared the effects of cold-water immersion
therapy (CWIT), LED therapy, and sham LED therapy on
postexercise recovery after high-intensity resistance exercise.
Participants completed a single bout of resistance exercise
for the lower extremity using the Wingate cycle ergometer
test. Multidiode LED therapy was administered to the major
muscle groups of the lower extremity (quadriceps, ham-
strings, triceps surae) 5 minutes after completing the exercise
bout. The cumulative dose for both legs was 417 J (41.7 J per
point at 10 points). The LED therapy was more effective
than CWIT or sham LED therapy in facilitating muscle
recovery postexercise. Blood lactate levels and CK activity
were lower after treatment with active light therapy than with
CWIT and sham light therapy.

Mechanisms of Actions

Ergogenic Effects. The authors of the reviewed studies
postulated that phototherapy could provide an ergogenic
effect during exercise by enhancing intramuscular
microcirculation,® decreasing lactic acid production,'®!%-21-22
improving mitochondrial function,"* and improving the
antioxidant capacity!'®!7-*3 of exercising muscle. However,
microcirculation and oxidative stress levels were not
assessed directly in the studies we reviewed.

Lower levels of blood lactate after strenuous upper and
lower extremity exercise for the active laser or LED
condition indicate that fewer anaerobic or glycolytic
metabolic pathways were used during exercise or that lactic
acid was being used as a substrate for oxidative metabolism
by the mitochondria.’**® Well-oxygenated muscle cells are
better able to oxidize lactic acid to pyruvate, which then is
used by the mitochondria to produce ATP.* Phototherapy,
especially in the NIR spectrum, activates the respiratory
chain through the photoacceptor cytochrome ¢ oxidase.’
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Respiratory chain activation results in a cascade of
biochemical reactions, leading to increased rates of ATP
synthesis for sustained muscle function.

Prophylactic Effects. Exercise-induced muscle damage
occurs in 2 distinct phases: primary and secondary. Primary
muscle damage results from the mechanical stress of
exercise, and secondary muscle damage is caused by the
cascade of biochemical reactions that occur due to the
inflammatory response.*'*?> Phototherapy administered
before exercise is thought to protect muscle cells from
primary and secondary damage, whereas phototherapy
administered after injury protects cells from secondary
damage only.?* The exact mechanisms by which
phototherapy protects muscle from exercise-induced
damage are not fully understood; however, the results
from in vivo animal studies have revealed important
information about how phototherapy can protect muscle
from secondary damage after trauma.

Authors of in vivo animal studies have shown that
phototherapy administered to injured muscle tissue pro-
duces anti-inflammatory and antioxidant effects that protect
muscle from secondary damage. Avni et al*® investigated
the cytoprotective effect of laser therapy using an ischemia-
reperfusion injury (IRI) model in rat gastrocnemius muscle.
They showed that laser therapy applied immediately and 1
hour after arterial occlusion blunted the extent of tissue
degeneration and improved the antioxidant capacity of
injured muscle hours after IRl compared with control
muscle.** Similarly, in a series of experiments, Oron et al**
and Ad and Oron® investigated the effects of laser therapy
on muscle damage and scar tissue formation using an
experimentally induced myocardial infarction (MI) model
in rats and dogs. Myocardial infarction was induced by
occlusion of the left anterior descending coronary artery. In
the canine model, laser therapy was applied to the infarcted
region of the heart at 15 minutes and again at 3 days after
MI. A total dose of 1.08 J/cm? was delivered at each time
using the wavelength of 803 nm with a power density of 6
mW/cm?. Tissue samples were analyzed with computerized
morphometry software. The hearts that received laser
therapy had a 50% to 70% reduction in infarct size and
less scar tissue formation 4 to 6 weeks postinfarction
compared with the hearts that did not receive laser therapy.
The authors concluded that laser therapy after MI and IRI
substantially increased the production of heat shock
proteins and preserved mitochondrial integrity, which in
turn protected the heart muscle from the damaging effects
of ischemia, inflammation, and oxidative stress. Rizzi et
al*® investigated the effects of laser therapy on inflamma-
tion and repair using male Wistar rats with an induced
injury to the gastrocnemius muscle. Laser therapy was
administered daily to the injured muscle. Results revealed
that laser therapy reduced inflammatory signaling pathways
and blocked the damaging effects of reactive oxygen
species. Inflammatory and oxidative stress levels were
reduced, thereby minimizing secondary muscle damage.

In several of the phototherapy studies in our review,
postexercise reductions in the levels of CK, lactate
dehydrogenase, and CRP were shown when active laser
or LED treatment was administered before exercise.'®2
These reductions indicate that less exercise-induced muscle
damage and inflammation occurred during the bout of
upper and lower extremity resistance exercise. The

enhanced cellular protection during strenuous exercise
due to the phototherapy treatment likely had a direct effect
on the improved postexercise recovery.>*

Sample and Effect Sizes

For 9 of the 10 studies that we reviewed, considerable
overlap of investigators occurred.'®?* In addition, the
studies contained relatively small sample sizes with very
similar inclusion and exclusion criteria. Seven of the 9
studies contained sample sizes ranging from 6 to 12
participants and consisted primarily of male professional
athletes between the ages of 18 and 36 years who competed
in volleyball, soccer, or futsal.'® 22 Therefore, an overlap of
participant samples may have been present among several
of the studies. The small sample sizes and similar
participant characteristics among studies severely limit
the generalizability of the findings.

The effect sizes were rather robust, ranging from small to
large depending on the outcome measure (Table 5). Effect
sizes for the muscle performance outcomes (repetitions and
time to fatigue, work, strength loss, strength recovery, and
EMG) averaged 0.78 (range, 0.28-2.32) and for the
outcomes of the biomarkers of muscle damage (CK, lactate
dehydrogenase), inflammation (CRP) and recovery (blood
lactate) averaged 1.34 (range, 0.80-2.07). The collective
strength of the effect sizes lend further support to the
effectiveness of phototherapy in providing ergogenic and
prophylactic benefits for skeletal muscle during resistance
exercise.

Clinical Implications

Skeletal muscle fatigue is a new avenue for research in
phototherapy. The traditional use of phototherapy in
clinical settings has been directed toward treating injured
tissue to control pain and enhance healing. However, new
paradigms for clinical practice are expanding the traditional
model for phototherapy in clinical situations. We provided
an in-depth look at the effects of phototherapy administered
pre-exercise on limiting the extent of exercise-induced
fatigue and muscle damage and on facilitating postexercise
recovery. Our review is novel because we examined
phototherapy from a proactive standpoint as an ergogenic
aid to therapeutic exercise and prophylaxis to exercise-
induced muscle damage.

Phototherapy appears to be a viable treatment modality for
skeletal muscle. It is safe, easy to administer, and noninvasive
and has no known side effects and few reported contraindi-
cations. Study outcomes consistently demonstrated ergogenic
and prophylactic benefits to skeletal muscle after a treatment
dose of phototherapy. Positive outcomes occurred when
phototherapy was administered pre-exercise!>!¢212325 and
postexercise.”> Investigators could conclude that exposing
skeletal muscle to single-diode and multidiode laser or
multidiode LED therapy positively affects physical perfor-
mance by delaying the onset of fatigue,'*'®*! reducing the
fatigue response,” %> improving postexercise recovery,?' >
and protecting cells from exercise-induced damage.'®2* The
results we discussed may directly affect how phototherapeutic
modalities are prescribed by therapists and used in clinical
practice settings.

With respect to light source, laser diodes typically emit
light in a very narrow bandwidth compared with LED.*” A
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more narrow emission intensifies the beam, creating a
greater energy density or fluence level (J/cm?). Laser diodes
emit light at higher energy densities than LEDs, and this may
affect the rate of absorption, depth of penetration, and
transmission patterns of light into deeper tissues, regardless
of the wavelength.?*#"#° Light-emitting diodes are less
expensive to manufacture than semiconductor or solid-state
diodes and have been shown to be safe and effective
treatment modalities.'® !4

Being able to quickly and effectively treat an entire
muscle or muscle group is an important factor when using
laser therapy as an ergogenic aid. Multidiode lasers and
LEDs may have an advantage over single-diode lasers for
treating large muscles because they can cover a larger
surface area over the muscle.'®!'” Single-diode laser
treatments deliver tight beams of light to small areas on
the skin, and consequently the applicator has to be moved
constantly to cover multiple points on a muscle or muscle
group. Because multidiode LED applicators have greater
beam divergence than diode lasers, they do not have to be
moved as often during treatment while still covering a large
surface area of the muscle per application point. The
number of treatment points per muscle or muscle group
varied among studies. The biceps brachii was treated on 1
to 2 points with multidiode laser/LEDs and 4 points with a
single-diode laser. For the lower extremity, the number of
treatment points for the quadriceps femoris ranged from 2
to 6 for multidiode lasers/LEDs and included 5 points for
single-diode lasers.

Phototherapy administered immediately before resistance
exercise extended the elapsed time to fatigue and the total
number of repetitions to fatigue.''®2! In addition,
phototherapy reduced the fatigue response of skeletal
muscle during a bout of resistance exercise,*** and it
enhanced postexercise recovery and reduced exercise-
induced damage when applied before and after strenuous
resistance exercise.'®?!"2* The effective dose for the biceps
brachii ranged from 20 to 60 J, whereas larger muscles in
the lower extremity displayed ergogenic and prophylactic
effects when higher treatment doses ranging from 125 to
180 J were administered. On average, the treatment doses
were higher in the LED therapy studies than in the single-
diode and multidiode laser studies to achieve a similar
therapeutic outcome.*’ Therefore, clinicians may need to
adjust the cumulative treatment dose when using LED
devices to compensate for the higher beam divergence and
reduced energy density.

Individuals recovering from musculoskeletal impairment
often experience changes in physical performance, such as
early-onset muscle fatigue with associated pain and
soreness due to disuse atrophy, degenerative changes (eg,
osteoarthritis), and neuromuscular deficits. In clinical
situations where progressive resistance exercise is indicated
for structural and functional recovery (eg, with postoper-
ative or postinjury rehabilitation), exercise-induced muscle
fatigue and pain can be limiting factors.>® This is especially
true for muscle groups that maintain balance and locomotor
function, such as the quadriceps femoris.>!

During a normal rehabilitation session, an injured athlete
usually undergoes a combination of therapeutic modality
treatments coupled with therapeutic exercise. Therapeutic
modalities typically are administered during a treatment
session to control pain and other symptoms that may limit

the intensity and volume of therapeutic exercise. The aims
of therapeutic exercise are for the athlete to regain range of
motion, strength, and function so he or she can return safely
to participation. Enhanced muscle performance and fatigue
resistance would benefit athletes during rehabilitation and
recovery from injury when muscle atrophy and weakness
can impair muscle function. If phototherapy is found to be
beneficial in the rehabilitation and postexercise recovery
process, it may improve clinical outcomes and the overall
quality of health care for injured athletes.

CONCLUSIONS

Phototherapy administered immediately before a bout of
resistance exercise consistently was shown to provide an
ergogenic effect to skeletal muscle by improving physical
performance (extending the elapsed time and total number
of repetitions to fatigue, reducing the deficit in maximal
voluntary isometric contraction pre-exercise to postexer-
cise) and improving the clearance of blood lactate
immediately after exercise. It also consistently was shown
to provide a protective effect for skeletal muscle by
reducing postexercise plasma levels of CK and CRP. The
information gained from this novel use of laser therapy can
open a therapeutic window into the treatment of musculo-
skeletal conditions in which muscle fatigue and fatigue-
related impairment are barriers to treating musculoskeletal
injuries.
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