- SCIENTIFIC STUDIES

LASER TECHNOLOGIES



Page 0
Page 3m
Page 4p
Page 5T
Page TO
Page y(
Page M/10
Page MMM
Page 1HM
Page 101

Page 10T

Table of Contents

Huang: Harvard Study

Ezzati: MLS Wound Healing

Bjordal: Systemic Review — Chronic Joint Disorders

Byrnes: Regeneration after Spinal Cord Injury

Bjordal: Systemic Review — Tennis Elbow

Chow: Management of Neck Pain

Houreld: Effects on Diabetic Wounded Cells

Rochkind: Nerve Cell Tissue and Nerve Repair

Laakso: Pain Management

Alameida-Lopes: Bone Repair Using Different Energy Doses

Matsumoto: Cyclo-oxygenase-2 Bone Repair






Huang:
Harvard Study



DoseResponse (Prpress) InternationalDost-ResponseSociety

Formerly Nonlinearity in Biology, Toxicology, and Medicine
Copyright © 2009 University of Massachusetts

ISSN: 1559-3258

DOI: 10.2203/dose-response.09-027. Hamblin

BIPHASIC DOSE RESPONSE IN LOW LEVEL LIGHT THERAPY

Ying-Ying Huang o© Wellman Center for Photomedicine, Massachusetts General
Hospital, Boston, MA; Department of Dermatology, Harvard Medical School,
Boston, MA; Aesthetic and Plastic Center of Guangxi Medical University, Nanning,
P.R. China

Aaron C.-H. Chen © Wellman Center for Photomedicine, Massachusetts General
Hospital, Boston, MA; Boston University School of Medicine, Graduate Medical
Sciences, Boston, MA

James D. Carroll o THOR Photomedicine Ltd, 18A East Street, Chesham, HP5
1HQ, UK

Michael R. Hamblin © Wellman Center for Photomedicine, Massachusetts
General Hospital, Boston, MA; Department of Dermatology, Harvard Medical
School, Boston, MA; Harvard-MIT Division of Health Sciences and Technology,
Cambridge, MA

0 The use of low levels of visible or near infrared light for reducing pain, inflammation
and edema, promoting healing of wounds, deeper tissues and nerves, and preventing cell
death and tissue damage has been known for over forty years since the invention of lasers.
Despite many reports of positive findings from experiments conducted in vitro, in animal
models and in randomized controlled clinical trials, LLLT remains controversial in main-
stream medicine. The biochemical mechanisms underlying the positive effects are incom-
pletely understood, and the complexity of rationally choosing amongst a large number of
illumination parameters such as wavelength, fluence, power density, pulse structure and
treatment timing has led to the publication of a number of negative studies as well as many
positive ones. A biphasic dose response has been frequently observed where low levels of
light have a much better effect on stimulating and repairing tissues than higher levels of
light. The so-called Arndt-Schulz curve is frequently used to describe this biphasic dose
response. This review will cover the molecular and cellular mechanisms in LLLT, and
describe some of our recent results in vitro and in vivo that provide scientific explanations
for this biphasic dose response.

1. INTRODUCTION
1.1. Brief history

Low level laser therapy (LLLT) is the application of light (usually a
low power laser or LED in the range of ImW — 500mW) to a pathology to
promote tissue regeneration, reduce inflammation and relieve pain. The
light is typically of narrow spectral width in the red or near infrared
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(NIR) spectrum (600nm — 1000nm), with a power density (irradiance)
between 1mw-bW/cm?. It is typically applied to the injury for a minute or
so, a few times a week for several weeks. Unlike other medical laser pro-
cedures, LLLT is not an ablative or thermal mechanism, but rather a pho-
tochemical effect comparable to photosynthesis in plants whereby the
light is absorbed and exerts a chemical change.

The phenomenon was first published by Endre Mester at Semmelweis
University, Budapest, Hungary in 1967 a few years after the first working
laser was invented (Mester et al. 1967). Mester conducted an experiment
to test if laser radiation might cause cancer in mice. He shaved the hair
off their backs, divided them into two groups and irradiated one group
with a low powered ruby laser (694-nm). The treatment group did not get
cancer and to his surprise, the hair grew back more quickly than the
untreated group. He called this “Laser Biostimulation”.

1.2. Evidence for effectiveness of LLLT

Since 1967 over 100 phase III, randomized, double-blind, placebo-
controlled, clinical trials (RCTs) have been published and supported by
over 1,000 laboratory studies investigating the primary mechanisms and
the cascade of secondary effects that contribute to a range of local tissue
and systemic effects.

RCTs with positive outcomes have been published on pathologies as
diverse as osteoarthritis (Bertolucci and Grey 1995; Ozdemir et al. 2001;
Stelian et al. 1992), tendonopathies (Bjordal et al. 2006b; Stergioulas et al.
2008; Vasseljen et al. 1992), wounds (Caetano et al. 2009; Gupta et al. 1998;
Ozcelik et al. 2008; Schubert et al. 2007), back pain (Basford et al. 1999),
neck pain (Chow et al. 2006; Gur et al. 2004), muscle fatigue (Leal Junior
et al. 2008a; Leal Junior et al. 2008b), peripheral nerve injuries (Rochkind
et al. 2007) and strokes (Lampl et al. 2007; Zivin et al. 2009); nevertheless
results have not always been positive. This failure in certain circumstances
can be attributed to several factors including dosimetry (inadequate or
too much energy delivered, inadequate or too much irradiance, inap-
propriate pulse structure, irradiation of insufficient area of the patholo-
gy), inappropriate anatomical treatment location and concurrent patient
medication (such as steroidal and non-steroidal anti-inflammatories
which can inhibit healing) (Aimbire et al. 2006; Goncalves et al. 2007).

1.3. The medicine and the dose

As with other forms of medication, LLLT has its active ingredients or
“medicine” (irradiation parameters) and a “dose” (the irradiation time).
Table 1 lists the key parameters that define the medicine and Table 2
defines the dose. It is beyond the scope of this paper to exhaustively list
and discuss every conceivable aspect of laser radiation or other light
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TABLE 1. Parameters involved in determining the LLLT “medicine”

IRRADIATION PARAMETERS (7The Medicine)

Irradiation Unit of

Parameter measurement Comment

Wavelength nm Light is electromagnetic energy which travels in discrete
packets that also have a wave-like property. Wavelength is
measure in nanometres (nm) and is visible in the 400-700 nm
range.

Irradiance W/cm? Often called Intensity, or Power Density and is calculated as

Irradiance = Power (W) /Area (cm?)

Pulse structure  Peak Power (W)  If the beam is pulsed then the Power should be the Average

Pulse freq (Hz) Power and calculated as follows:
Pulse Width (s) Average Power (W) = Peak Power (W) x pulse width (s) x
Duty cycle (%) pulse frequency (Hz)

Coherence Coherence length Coherent light produces laser speckle, which has been
depends on postulated to play a role in the photobiomodulation

spectral bandwidth interaction with cells and subcellular organelles.

Polarisation Linear polarized  Polarized light may have different effects than otherwise
or circular identical non-polarized light (or even 90-degree rotated
polarized polarized light). However, it is known that polarized light is

rapidly scrambled in highly scattering media such as tissue
(probably in the first few hundred pm).

sources however we believe we have captured the main elements with
some comment on others.

Energy (J) or energy density (J/ cm?) is often used as an important
descriptor of LLLT dose, but this neglects the fact that energy has two
components, power and time,

Energy (J) = Power (W) x Time (s)

and it has been demonstrated that there is not necessarily reciprocity
between them; in other words, if the power doubled and the time is
halved then the same energy is delivered but a different biological
response is often observed.

Itis our view LLLT is best described as two separate sets of parameters;

(a) The medicine (irradiation parameters)
(b) The dose (time)

This paper will mainly focus on irradiance and time, as it is beyond
the scope of this paper to report in detail on the response to all aspects



Y.-Y. Huang and others

TABLE 2. Parameters involved in determining the LLLT “dose”

IRRADIATION TIME OR ENERGY DELIVERED (7%e Dose)

Irradiation Unit of
Parameter measurement Comment
Energy (Joules) ] Calculated as:
Energy (J) = Power (W) x time (s)
This mixes medicine and dose into a single expression and
ignores Irradiance. Using Joules as an expression of dose is
potentially unreliable as it assumes reciprocity (the inverse
relationship between power and time).
Energy Density J/cm? Common expression of LLLT “dose” is Energy Density
This expression of dose again mixes medicine and dose into
a single expression and is potentially unreliable as it assumes
a reciprocity relationship between irradiance and time.
Irradiation s In our view the safest way to record and prescribe LLLT is to
Time define the four parameters of the medicine (see table 1.) and
then define the irradiation time as “dose”.
Treatment Hours, days or The effects of different treatment interval is underexplored
interval weeks at this time though there is sufficient evidence to suggest that

this is an important parameter.

laser radiation listed in the “medicine” table; however there is evidence to
show that different wavelengths, pulses, coherence, polarization have
some effect on the magnitude of biomodulation (see sections 3 and 4).

2. MECHANISMS OF LOW LEVEL LIGHT THERAPY.
2.1. Cellular Chromophores and First Law of Photobiology

The first law of photobiology states that for low power visible light to
have any effect on a living biological system, the photons must be
absorbed by electronic absorption bands belonging to some molecular
photoacceptors, or chromophores (Sutherland 2002). A chromophore is
a molecule (or part of a molecule) which imparts some decided color to
the compound of which it is an ingredient. Chromophores almost always
occur in one of two forms: conjugated pi electron systems and metal com-
plexes. Examples of such chromophores can be seen in chlorophyll (used
by plants for photosynthesis), hemoglobin, cytochrome c oxidase (Cox),
myoglobin, flavins, flavoproteins and porphyrins (Karu 1999). Figure 1
illustrates the general concept of LLLT.

2.2. Action Spectrum and Tissue Optics

One important consideration should involve the optical properties of
tissue. There is a so-called “optical window” in tissue, where the effective
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FIGURE 1. Schematic diagram showing the absorption of red and NIR light by specific cellular chro-
mophores or photoacceptors localized in the mitochondrial respiratory chain

tissue penetration of light is maximized. This optical window runs
approximately from 650 nm to 1200 nm. (Figure 2). The absorption and
scattering of light in tissue are both much higher in the blue region of the
spectrum than the red, because the principle tissue chromophores
(hemoglobin and melanin) have high absorption bands at shorter wave-
lengths, tissue scattering of light is higher at shorter wavelengths, and fur-
thermore water strongly absorbs infrared light at wavelengths greater
than 1100-nm. Therefore the use of LLLT in animals and patients almost
exclusively involves red and near-infrared light (600-1100-nm) (Karu and
Afanas’eva 1995).

Phototherapy is characterized by its ability to induce photobiological
processes in cells. Exact action spectra are needed for determination of
photoacceptors as well as for further investigations into cellular mecha-
nisms of phototherapy. The action spectrum shows which specific wave-
length of light is most effectively used in a specific chemical reaction (Karu
and Kolyakov 2005). The fact that defined action spectra can be construct-
ed for various cellular responses confirms the first law of photobiology
described above (light absorption by specific molecular chromophores).

2.3. Mitochondrial Respiration and ATP

Current research about the mechanism of LLLT effects inevitably
involves mitochondria. Mitochondria play an important role in energy
generation and metabolism. Mitochondria are sometimes described as
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FIGURE 2. Absorption spectra of the main chromophores in living tissue on a log scale showing the
optical window where visible and NIR light can penetrate deepest into tissue.

“cellular power plants”, because they convert food molecules into energy
in the form of ATP via the process of oxidative phosphorylation (see
Figure 3 for an illustartion of the mitochondrial respiratory chain).

The mechanism of LLLT at the cellular level has been attributed to
the absorption of monochromatic visible and NIR radiation by compo-
nents of the cellular respiratory chain (Karu 1989). Several pieces of evi-
dence suggest that mitochondria are responsible for the cellular response
to red visible and NIR light. The effects of HeNe laser and other illumi-
nation on mitochondria isolated from rat liver, have included increased
proton electrochemical potential, more ATP synthesis (Passarella et al.
1984), increased RNA and protein synthesis (Greco et al. 1989) and
increases in oxygen consumption, membrane potential, and enhanced
synthesis of NADH and ATP.

2.4. Cytochrome c oxidase and nitric oxide release

Absorption spectra obtained for cytochrome c oxidase (Cox) in dif-
ferent oxidation states were recorded and found to be very similar to the
action spectra for biological responses to light (Karu and Kolyakov 2005).
Therefore it was proposed that Cox is the primary photoacceptor for the
red-NIR range in mammalian cells (Karu and Kolyakov 2005).

Nitric oxide produced in the mitochondria can inhibit respiration by
binding to Cox and competitively displacing oxygen, especially in stressed
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FIGURE 3. Mitochondrial respiratory chain consisting of contains five complexes of integral mem-
brane proteins: NADH dehydrogenase (Complex I), succinate dehydrogenase (Complex II),
cytochrome c reductase (Complex III), cytochrome c oxidase (Complex IV), and ATP synthase
(ComplexV).

or hypoxic cells (Brown 2001). Increased nitric oxide (NO) concentra-
tions can sometimes be measured in cell culture or in animals after LLLT
due to its photo release from the mitochondria and Cox. It has been pro-
posed that LLLT might work by photodissociating NO from Cox, thereby
reversing the mitochondrial inhibition of respiration due to excessive NO
binding (Lane 2006). Figure 4 illustrates the photodissociation of NO
from its binding sites on the heme iron and copper centers where it
cometively inhibits oxygen binding and reduces necessary enzymic activ-
ity, thus allowing an immediate influx of oxygen and resumption of res-
piration and generation of reactive oxygen species.

2.5. NO signaling

In addition to NO being photodissociated from Cox as described, it
may also be photo-released from other intracellular stores such as nitrosy-
lated hemoglobin and nitrosylated myoglobin (Shiva and Gladwin 2009).
Light mediated vasodilation was first described in 1968 by R F Furchgott,
in his nitric oxide research that lead to his receipt of a Nobel Prize thirty
years later in 1998 (Mitka 1998). Later studies conducted by other
researchers confirmed and extended Furchgott’s early work and demon-
strated the ability of light to influence the localized production or release
of NO and stimulate vasodilation through the effect NO on cyclic guanine

-10 -
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FIGURE 4. When NO is released from its binding to heme iron and copper centers in cytochrome ¢
oxidase by the action of light, oxygen is allowed to rebind to these sites and respiration is restored to
its former level leading to increased ATP synthesis.

monophosphate (cGMP). This finding suggested that properly designed
illumination devices may be effective, noninvasive therapeutic agents for
patients who would benefit from increased localized NO availability

2.6. Reactive oxygen species and gene transcription

Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
are involved in the signaling pathways from mitochondria to nuclei.
Reactive oxygen species (ROS) are very small molecules that include oxy-
gen ions such as superoxide, free radicals such as hydroxyl radical, and
hydrogen peroxide, and organic peroxides. They are highly with biologi-
cal molecules such as proteins, nucleic acids and unsaturated lipids. ROS
form as a natural by-product of the normal metabolism of oxygen and
have important roles in cell signaling (Storz 2007), regulating nucleic
acid synthesis, protein synthesis, enzyme activation and cell cycle pro-
gression (Brondon et al. 2005). LLLT was reported to produce a shift in
overall cell redox potential in the direction of greater oxidation (Karu
1999) and increased ROS generation and cell redox activity have been
demonstrated (Alexandratou et al. 2002; Chen et al. 2009b; Grossman et
al. 1998; Lavi et al. 2003; Lubart et al. 2005; Pal et al. 2007; Zhang et al.
2008). These cytosolic responses may in turn induce transcriptional
changes. Several transcription factors are regulated by changes in cellular
redox state. But the most important one is nuclear factor B (NF-B).
Figure 5 illustrates the effect of redox-sensitive transcription factor NF-kB

-11 -
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FIGURE 5. Reactive oxygen species (ROS) formed as a result of LLLT effects in mitochondria may
activate the redox-sensitive transcription factor NF«B (relA-p50) via protein kinase D (PKD).

activated after LLLT and is instrumental in causing transcription of pro-
tective and stimulatory gene products.

2.7. Downstream cellular response

Although the underlying mechanism of LLLT are still not completely
understood, in vitro studies, animal experiments and clinical studies have
all tended to indicate that LLLT delivered at low doses may produce a bet-
ter result when compared to the same light delivered at high doses. LLLT
can prevent cell apoptosis and improve cell proliferation, migration and
adhesion at low levels of red/NIR light illumination (see Figure 6).

LLLT at low doses has been shown to enhance cell proliferation in
vitro in several types of cells: fibroblasts (Lubart et al. 1992; Yu et al. 1994),
keratinocytes (Grossman et al. 1998), endothelial cells (Moore et al.
2005), and lymphocytes (Agaiby et al. 2000; Stadler et al. 2000). The
mechanism of proliferation was proposed to involve photostimulatory
effects in mitochondria processes, which enhanced growth factor release,
and ultimately led to cell proliferation (Bjordal et al. 2007). Kreisler et al
showed (Kreisler et al. 2003) that the attachment and proliferation of
human gingival fibroblasts were enhanced by LLLT in a dose-dependent
manner. LLLT modulated matrix metalloproteinase activity and gene
expression in porcine aortic smooth muscle cells (Gavish et al. 2006).
Shefer at el. showed (Shefer et al. 2002) that LLLT could activate skeletal

-12 -
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FIGURE 6. The downstream cellular effects of LLLT signaling include increases in cell proliferation,
migration and adhesion molecules. Cell survival is increased and cell death reduced by expression of
proteins that inhibit apoptosis.

muscle satellite cells, enhancing their proliferation, inhibiting differenti-
ation and regulating protein synthesis.

2.8. Downstream tissue response

There have been a large number of both animal model and clinical
studies that demonstrated highly beneficial LLLT effects on a variety of
diseases, injuries, and has been widely used in both chronic and acute
conditions (see Figure 7). LLLT may enhance neovascularisation, pro-
mote angiogenesis and increase collagen synthesis to promote healing of
acute (Hopkins et al. 2004) and chronic wounds (Yu et al. 1997). LLLT
provided acceleration of cutaneous wound healing in rats with a biphasic
dose response favoring lower doses (Corazza et al. 2007). LLLT can also
stimulate healing of deeper structures such as nerves (Gigo-Benato et al.
2004), tendons (Fillipin et al. 2005), cartilage (Morrone et al. 2000),
bones (Weber et al. 2006) and even internal organs (Shao et al. 2005).
LLLT can reduce pain (Bjordal et al. 2006a), inflammation (Bjordal et al.
2006b) and swelling (Carati et al. 2003) caused by injuries, degenerative
diseases or autoimmune diseases. Oron reported beneficial effect of
LLLT on repair processes after injury or ischemia in skeletal and heart
muscles in multiple animal models in vivo (Ad and Oron 2001; Oron et
al. 2001a; Oron et al. 2001b; Yaakobi et al. 2001). LLLT has been used to
mitigate damage after strokes (in both animals (Lapchak et al. 2008) and
humans (Lampl et al. 2007)), after traumatic brain injury (Oron et al.
2007) and after spinal cord injury (Wu et al. 2009).

-13 -
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FIGURE 7. Beneficial tissue effects of LLLT can include almost all the tissues and organs of the body.

3. REVIEW OF BIPHASIC DOSE RESPONSES IN LLLT
3.1. Dose dependence and dose rate effects—the biphasic curve

A biphasic response has been demonstrated many times in LLLT
research (Lanzafame et al. 2007; Oron et al. 2001a) and the “Arndt-Schulz
Law” is frequently quoted as a suitable model to describe dose dependent
effects of LLLT (Chow et al. 2006; Hawkins and Abrahamse 2006a;
Hawkins and Abrahamse 2006b; Lubart et al. 2006; Sommer et al. 2001).
The concept of the Arndt-Schulz Law dates from the years around the
end of the nineteenth century, when H. Schulz published a series of
papers that examined the activity of various kinds of poisons (iodine,
bromine, mercuric chloride, arsenious acid, etc.) on yeast, showing that
almost all these agents have a slightly stimulatory effect on the yeast
metabolism when given in low doses (Schulz 1877; Schulz 1888). He then
came into contact with the psychiatrist R. Arndt and together they devel-
oped a principle that later became known as the ‘Arndt-Schulz law’, stat-
ing that weak stimuli slightly accelerate vital activity, stronger stimuli raise
it further, but a peak is reached and even stronger stimuli suppress it,
until a negative response is finally achieved (Martius 1923). In 1960
Townsend and Luckey surveyed the field of classic medical pharmacolo-
gy and published a list of 100 substances known to be capable of causing
an inhibition at high concentrations and stimulation at low concentra-
tions and termed the phenomenon “hormoligosis” (Townsend and
Luckey 1960). The modern term “hormesis” was first used by Stebbing in
1982 (Stebbing 1982) and has been thoroughly reviewed by Calabrese
(Calabrese 2001b; Calabrese 2002; Calabrese 2004a; Calabrese 2004b;
Calabrese 2005).

-14 -
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FIGURE 8. Idealized biphasic dose response curve (often termed Arndt-Schulz curve) typically
reported in LLLT studies.

In the context of LLLT the increasing “stimulus” may be irradiation
time or increased irradiance. This non-linear effect contradicts the
Bunsen-Roscoe rule of reciprocity (which was originally formulated for
visual detection of light by photoreceptors (Brindley 1952)), which pre-
dicts that if the products of exposure time in seconds and irradiance in
mW/cm? are equal, i.e. the energy density is the same, then the changes
in biological endpoint will be equal. This inverse linear relationship
between irradiance and time has frequently failed in LLLT research
(Karu and Kolyakov 2005; Lubart et al. 2006).

A “biphasic” curve can be used to illustrate the expected dose
response to light at a subcellular, cellular, tissue or clinical level. Simply
put, it suggests that if insufficient energy is applied there will be no
response (because the minimum threshold has not been met), if more
energy is applied the then a threshold is crossed and biostimulation is
achieved but when too much energy is applied then the stimulation dis-
appears and is replaced by bioinhibition instead. An idealized illustration
(Figure 8) similar to that suggested by Sommer (Sommer et al. 2001)
helps understand the concept.

3.2. Biphasic Response—irradiance

As early as 1978 Endre Mester observed a “threshold phenomenon”
after laser irradiation of lymphocytes in vitro (Mester et al. 1978). Peter
Bolton in 1991 irradiating macrophages with two different irradiances
(W/cm?) but the same energy density (J/cm?) recorded different results
(Bolton et al. 1991). Karu (Karu and Kolyakov 2005) found a dependence
of stimulation of DNA synthesis rate on light intensity at a constant ener-
gy density 0.1 ]/ch with a clear maximum at 0.8 mW/cm?. In another
study (Karu et al. 1997) the same group found no less than seven maxima
in the dose vs. biological effect curves using a pulsed 810-nm diode laser.

-15-
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TABLE 3. Comparison of different irradiances and fluences of 810-nm laser on differentiation of
normal human neural progenitor cells. Cells received light once a day for three days and neurite
outgrowth was measured.

Anders et al. 2007
Average Summed Neurite Length Parameters

1 mW/cm? 5mW/cm? 15 mW/cm? 19 mW/cm? 25 mW/cm? 50 mW/cm?

0.01J/cm? NS NS — NS — —
0.05 J/cm? NS NS NS S S NS
0.2 J/cm? NS NS NS S S S
1]J/cm? NS NS NS NS NS S

NS: No statistical difference.

S: Groups significantly greater than Factors group.
(One way ANOVA #p<0.01, **p<0.001)

Four different biological models were used: luminol-amplified chemilu-
minescence measured in nucleated cells of murine spleen (splenocytes),
bone marrow (karyocytes), and murine blood and adhesion of HeL.a cells
cultivated in vitro. The peaks coincided for all four models. Anders con-
ducted the widest ranging in-vitro study (on normal human neural pro-
genitor cells) with four different energy density groups, each group test-
ed across a range of six different irradiance parameters (Anders et al.
2007) Table 3.

In 1979 Ginsbach found that laser stimulation of wound closure had
“no reciprocity relation”. His controlled experiments on rats with He-Ne
laser at an energy density of 4 J/cm? found stimulation at an irradiance
of 45 mW/cm? but not at 12.4 mW/cm? (Ginsbach 1979). Uri Oron
(Oron et al. 2001a) showed different reductions of infarct size after
induced heart attacks in rats. Keeping energy density constant and vary-
ing the irradiance he found that the beneficial effects were maximumal
at 5 mW/cm? and significantly less effect both at lower irradiances (2.5
mW/cm?) and also at higher irradiances (25 mW/cm?). Ray Lanzafame
(Lanzafame et al. 2007) conducted a study varying irradiance and inter-
val on laser-induced healing of pressure ulcers in mice. Energy density (5
J/cm?) was fixed but four different irradiance (0.7 — 40 mW/cm?) param-
eters were tested with a significant improvement only occurring for 8
mW,/cm?

We know of only one human clinical trial which varied irradiance but
this trial kept treatment time the same so energy density (J/cm?) did not
remain the same. This RCT by Hashimoto on the treatment of the stellate
ganglion to reduce pain in patients with post herpetic neuralgia of the
facial type. This study compared the effects of 830-nm lasers delivering 60
mW, 150 mW and placebo, each applied for 3 minutes to the anterior
aspect of the lateral process of the 7th cervical vertebrae. Each patient

-16 -
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had three treatments (one treatment, three consecutive days), each treat-
ment was with a different laser or placebo. The study was properly blind-
ed and randomized. There was a significant difference in skin tempera-
ture of the forehead and in recorded pain scores. The greatest improve-
ments were for the 150mW laser (Hashimoto et al. 1997).

There have been several systematic reviews and meta analyses of RCTs
and these have revealed some irradiance dependant effects: Bjordal pub-
lished a review of LLLT for chronic joint disorders and identified 14 RCTs
of suitable methodological quality, 4 of which failed to report a significant
effect because the irradiance was either too high or too low, and/or deliv-
ered insufficient energy, the remaining eight studies all produced positive
effects (Bjordal et al. 2003). Tumilty reviewed 25 LLLT RCTs of
tendinopathies,13 of which (55%) failed to produce a positive outcome,
all of these negative/inconclusive studies that recorded irradiance (or
could subsequently be established) had delivered an irradiance in excess
of the guidelines set by the World Association for Laser Therapy
(www.walt.nu) (Tumilty et al. 2009).

3.3. Biphasic Response—time or energy density

Again, Peter Bolton’s study mentioned in 3.2 above had an energy
density aspect showing a different response for each of the irradiances
used. For the 400mW/cm? study he found increasing energy density from
2.4 J/ecm?® to 7.2 J/cm? increased fibroblast proliferation, in the 800
mW/cm? group increasing energy density from 2.4 J/cm? to 7.2 J/cm?
decreased fibroblast proliferation (Bolton et al. 1991). Anders’ study also
mentioned in 3.2 above looked at four energy density groups, and for the
irradiance parameters that produced significant results increasing energy
density increased neurite length (Anders et al. 2007) Table 3. Yamaura and
colleagues found a biphasic dose response in MTT activity in rheumatoid
arthritis synoviocytes after 810-nm laser with a peak at 8 J/cm? and less
effect at lower and higher fluences (Yamaura et al. 2009). Loevschall meas-
ured human oral mucosal fibroblast cell proliferation by incorporation of
tritiated thymidine after varying fluences of 812-nm laser delivered at 4.5
mW/cm? and found a biphasic dose response with a distinct peak at 0.45
J/cem? (Loevschall and Arenholt-Bindslev 1994). Another study (al-Watban
and Andres 2001) looked at chinese hamster ovary and human fibroblast
proliferation after various fluences of He-Ne laser delivered at a constant
irradiance of 1.25 mW/cm? Again they found a clear biphasic dose
response with a peak at 0.18 J/cm?. Zhang et al (Zhang et al. 2003) found
a biphasic dose response in human fibroblast cell numbers after treatment
with varying fluences of 628-nm light, with a maximum increase of 30%
after 0.88 J/cm? and an actual reduction appearing at 9 J/cm? Brondon
and colleagues (Brondon et al. 2005) found that two treatments per day
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caused a bigger increase than 1 or 4 treatments per day measuring prolif-
eration index in human HEP-2 and murine 1-929 cell lines. They used a
670 nm light emitting diode device with an irradiance of 10 mW /cm? and
each single treatment was 5 J/ cm? and the course was stopped after 50
J/cm? had been given (at 10, 5 or 2.5 days).

Lopes-Martins showed a biphasic response to LLLT on the number of
mononuclear cells that accumulate in pleural cavity after carrageenan
injection. The results showed neutrophil influx mice treated with three
different laser fluencies at 1, 2.5 & 5]/Cm2) with 2.5 having the greatest
effect (Lopes-Martins et al. 2005).

As stated in 3.2 above, Hashimoto reported on the laser treatment of
the stellate ganglion to reduce pain in patients with post herpetic neu-
ralgia of the facial type. The study compared the effects of 830-nm lasers
delivering 60mW, 150mW and placebo, The greatest improvements were
for the 150mW laser (Hashimoto et al. 1997). Again as stated in 3.2 above,
there have been several systematic reviews and meta analyses of RCTs and
these revealed some energy density dependant effects (Bjordal et al. 2003;
Tumilty et al. 2009).

3.4. Beam measurement reporting errors

One notable aspect of the dose rate (W/cm?) studies is the wide vari-
ation of “optimal” irradiances in vitro studies as they range from 1-800
mW/cm? in just the few papers referenced in this review. If the primary
photo acceptor is cytochrome C oxidase as postulated here, then why
would so many authors arrive at different conclusions for optimal param-
eters in vitro, should it not be the same for all of them?

Explanations may include, the slightly different wavelengths used or
sensitivity due the redox state of mitochondia in the target cells (Tafur
and Mills 2008), but we consider that the greater contributor may be laser
beam measurement problems. It may be a surprise to non-physicists that
diode laser beams are not inherently round, and even if circularizing
lenses are used to correct this, then the beam intensity distribution is not
homogeneous. Laser beams are brighter (higher irradiance) in the mid-
dle and weaker towards the edge. Cells in the centre of a culture well will
be exposed to considerably higher irradiances than those on the periph-
ery. Because the edge of a laser beam is hard to define and find this could
mean that irradiance calculations are significantly different between
research centers. Agreement on beam measurement and reporting of
intensity distribution is needed to reduce these inconsistencies. This is
important not only for in vitro studies but also in vivo and clinical trials as
reporting of irradiance is just as important though we accept that tissue
scattering diffuses the beam probably making non-homogenous sources
less critical to clinical effectiveness.

-18 -



Y.-Y. Huang and others

200 | ~&-10 hour
== =10 hour CHI

150 [ ! 3

100 | = '-».‘

o
g

NF-kB activation (RLU)

50 o

IEsmsss s e EEEssssEEEET CCameeee :
SEES ssmesmcss===

0.001 0.01 0.1 1 10 100

fluence (Jem?2)

FIGURE 9. Biphasic dose response of NF-xB activation (measured by bioluminescence reporter
assay) in mouse embryonic fibroblasts 10 hours after different fluences of 810-nm laser light. CHI is
control where all protein synthesis has been inhibited.

4. BIPHASIC LLLT DOSE RESPONSE STUDIES IN OUR LABORATORY
4.1. In vitro activation of NF-xB

We developed the hypothesis (Chen et al. 2009a) that NIR light (810-
nm laser) would activate the transcription factor NF-«xB by generating
reactive oxygen species from the mitochondria (see section 2.5). We test-
ed this in mouse embryonic fibroblasts that had been genetically engi-
neered to synthesize luciferase in response to NF-kB activation (Chen et al.
2009a). We used a wide range (four orders of magnitude) of delivered flu-
ences by adjusting the laser power so that the illumination time was kept
constant at 5 minutes. As shown in Figure 9 there was a biphasic dose
dependent activation of NF«B as measured by luciferase assay 10 hours
after the illumination was completed. There was no significant increase at
0.003 J/cm? compared to the dark control, a small increase at 0.03 J/cm?,,
the maximum activation was observed at 0.3 J/cm?, while at 3 J/cm? and
even more so at 30 J/cm? there was a decrease in NF-kB activation, but the
level was still higher than that found at 0.03 J/ cm?. The level of luciferase
expression was also measured in the presence of cycloheximide (CHI) as
a control. CHI is a protein synthesis inhibitor that removes even the back-
ground level of luciferase seen in dark control cells, as well as all the
increases seen with the different fluences of 810-nm light.

We tested the hypothesis that the activation of NF-kB by LLLT was
mediated by generation of ROS because NF-«B is known to be a redox-
sensitive transcription factor (Schreck et al. 1992) and moreover ROS
have previously been shown to be generated during LLLT (Alexandratou
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FIGURE 10. Biphasic dose response in generation of ROS as detected by fluorescence probe under
same conditions as Fig 9 but measured at 5 minutes post-irradiation.

et al. 2002; Lubart et al. 2005; Pal et al. 2007). We used dichlorodihydro-
fluorescein diacetate (DCHF-DA) which is taken up into cells, hydrolyzed
and oxidized to a fluorescent form by most species of ROS probably via
lipid peroxides (Diaz et al. 2003). As can be seen in Figure 10 even the low
fluence of 0.003 J/cm? produced detectable levels of ROS, greater at 0.03
J/cm? and maximum at 0.3 J/cm? with a slight decrease observed at 3
J/cm? The maximum level observed at 0.3 J/cm? was only slightly less
than that observed inside the cells after addition of hydrogen peroxide to
the extracellular medium.

4.2. Mouse wound healing

In an in vivo study (Demidova-Rice et al. 2007) we used a set of flu-
ences of 635-nm (+/-15-nm) light delivered from a filtered lamp. The
model was a full thickness dorsal excisional wound in BALB/c mice treat-
ed with a single exposure to light 30 minutes after wounding. These flu-
ences were 1, 2, 10 and 50 J/ cm? delivered at constant fluence rate of 100
mW/cm? and taking 10, 20, 100 and 500 seconds respectively. In this
model the untreated wound tends to expand for 2-3 days after it was
made, but even a brief exposure to light soon after wounding, reduces or
stops the expansion of the wound and the integrated time course of the
wound size can therefore be significantly reduced. Our hypothesis is that
fibroblasts in the edge of the wounded dermis can be transformed into
myofibroblasts, and the contractile nature of these cells with their smooth
muscle actin fibers prevents the wound expanding. It should be noted
that the fibroblast-myofibroblast transition can be mediated by NF-«xB
activation (Watson et al. 2008). As shown in Figure 11 there was a bipha-
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FIGURE 11. Biphasic dose response in measured difference in integrated area under the curve of
time course of wound size compared to no treatment control, with a clear maximum seen at 2 J/cm?,
and the high dose of 50 J/cm? gave a worsening of the wound healing time curve.

sic dose response with positive effects (difference in integrated area
under the curve of time course of wound size compared to no treatment
control) seen in low doses with a clear maximum seen at 2 J/cm?, and the
high dose of 50 J/cm? actually gave a worsening of the wound healing
time curve i.e. there was a greater expansion of the wound compared with
non-treated controls.

4.3. Rat arthritis

In another in vivo study (Castano et al. 2007) we investigated whether
LLLT using an 810-nm laser could have a therapeutic effect in a rat
model of inflammatory arthritis caused by zymosan injected into their
knee joints. In this model the severity of the arthritis is quantified by
measuring the diameter of the swollen joint every day and plotting a time
course for each joint. We compared illumination regimens consisting of
a high and low fluence (3 and 30 J/cm?), delivered at high and low irra-
diance (5 and 50 mW/cm?) using 810-nm laser light daily for 5 days, with
the positive control of conventional corticosteroid (dexamethasone)
therapy.

As shown in Figure 12 three of the illumination regimens were effec-
tive in reducing the mean integrated knee swelling almost as much as the
positive control of the powerful steroid, dexamathasone; these were 3
J/cm? delivered at 5 mW/cm? and 30 J/cm? delivered at 50 mW/cm?
both of which took 10 minutes, and 30 J/cm? delivered at 5 mW/cm?
which took 100 minutes. The only ineffective dose regimen was 3 J/cm?
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FIGURE 12. Dose response of illumination time found in a study of 810-nm laser to treat zymosan-
induced arthritis in rats. Integrated curves of knee circumference versus time were compared. Three

LLLT regimens were equally successful where the illumination time was either 100 minutes or 10
minutes, but the ineffective regimen only had a 1 minute illumination time.

delivered at 50 mW/cm? which took the comparatively short time of 1
minute to deliver. This observation led us to propose that the illumina-
tion time was an important parameter in some LLLT applications.

5. POSSIBLE EXPLANATIONS FOR BIPHASIC DOSE RESPONSE IN LLLT

The repeated observations that have been made of the biphasic dose
response phenomenon in LLLT require some explanation. The natural
assumption that is frequently made is, that if a small dose of red or near-
infrared light produces a significant therapeutic effect, then a larger dose
should produce an even more beneficial effect. This natural assumption
is frequently not the case. We here propose three possible explanations
for the existence of the biphasic dose response based upon mechanistic
considerations outlined in section 2.

5.1. Excessive ROS

As discussed in 2.5 the light mediated generation of reactive oxygen
species has been observed in many in vitro studies and has been proposed
to account for the cellular changes observed after LLLT via activation of
redox sensitive transcription factors (Chen et al. 2009a). The evidence of
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ROS mediated activation of NF«xB in MEF cells presented in 4.1 provides
additional support for this hypothesis (Chen et al. 2009a). It is well-accept-
ed that ROS can have both beneficial and harmful effects (Huang and
Zheng 2006). Hydrogen peroxide is often used to kill cells in vitro (Imlay
2008). Other ROS such as singlet oxygen (Klotz et al. 2003) and hydroxyl
radicals (Pryor et al. 2006) are thought to be harmful even at low con-
centrations. The concept of biphasic dose response in fact is well estab-
lished in the field of oxidative stress (Day and Suzuki 2005). If the gener-
ation of ROS can be shown to be dose dependent on the delivered ener-
gy fluence this may provide an explanation for the stimulation and inhi-
bition observed with low and high light fluences.

5.2. Excessive NO

The other mechanistic hypothesis that is put forward to explain the
cellular effects of LLLT relates to the photolysis of nitrosylated proteins
that releases free NO (see section 2.6). Again the literature has many
papers that discuss the so-called two-faced or “Janus” molecule NO
(Anggard 1994; Lane and Gross 1999). NO can be either protective or
harmful depending on the dose and particularly on the cell or tissue type
where it is generated (Calabrese 2001a).

5.3. Activation of a cytotoxic pathway

The third hypothesis to explain the biphasic dose response of LLLT
is the idea that the protective and stimulatory effects of light occur at low
doses, but there is an additional pathway that leads to damaging effects of
light that only occurs at high doses, and effectively overwhelms the ben-
eficial effects of low doses of light. Work from South China Normal
University provides some support for this hypothesis. Low doses of LLLT
were found to phosphorylate hepatocyte growth factor receptor (c-Met),
and initiate signaling via cyclic AMP and Jun kinase and Src (Gao and
Xing 2009). By contrast, high dose LLLT was found to induce apoptosis
via a mitochondrial caspase-3 pathway and cytochrome c release was
attributed to opening of the mitochondrial permeability transition pore
caused by high-level intracellular reactive oxygen species (ROS) genera-
tion (Wu et al. 2009). A secondary signaling pathway through Bax activa-
tion was observed (Wu et al. 2009).

6. SUMMARY AND CONCLUSION

LLLT delivered at low doses tends to work better than the same wave-
length delivered at high levels, which illustrates the basic concept of bipha-
sic dose response or hormesis (Calabrese 2001b). In general, fluences of
red or NIR aslowas 3 or 5 J/ cm? will be beneficial in vivo, but a large dose
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like 50 or 100 J/cm? will lose the beneficial effect and may even become
detrimental. The molecular and cellular mechanisms LLLT suggest that
photons are absorbed by the mitochondria; they stimulate more ATP pro-
duction and low levels of ROS, which then activates transcription factors,
such as NF-kB, to induce many gene transcript products responsible for
the beneficial effects of LLLT. ROS are well known to stimulate cellular
proliferation of low levels, but inhibit proliferation and kill cells at high
levels. Nitric oxide is also involved in LLLT, and may be photo-released
from its binding sites in the respiratory chain and elsewhere. It is possible
that NO release in low amounts by low dose light may be beneficial, while
high levels released by high dose LLLT may be damaging. The third pos-
sibility is that LLLT may activate transcription factors, upregulating pro-
tective proteins which are anti-apoptotic, and generally promote cell sur-
vival. In contrast, it is entirely possible that different transcription factors
and cell-signaling pathways, that promote apoptosis, could be activated
after higher light exposure. We believe that further advances in the mech-
anistic understanding of LLLT will continue to be made in the near
future. These advances will lead to greater acceptance of LLLT in main-
stream medicine and may lead to LLLT being used for serious diseases
such as stroke, heart attack and degenerative brain diseases. Nevertheless
the concept of biphasic dose response or LLLT hormesis (low levels of
light are good for you, while high levels are bad for you) will remain.
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Abstract—This study investigated the influence of pulsed
low-level laser therapy (LLLT) on the healing of a third-degree
burn in a rat model. Two third-degree burns (distal and proxi-
mal) were made in the skin of 74 rats. Rats were divided into
four groups. In group 1, the distal burn received LLLT with laser
switched off; in groups 2 and 3, distal burns were treated with a
3,000 Hz-pulsed infrared diode laser with 2.3 and 11.7 J/em?
energy densities, respectively. In group 4, the distal burns were
treated topically with 0.2% nitrofurazone. The proximal burn
of all groups was considered a control burn. We assessed the
response to treatment both microbiologically and macroscopi-
cally. The chi-square test showed that the incidence of Staphy-
lococcus epidermidis, Lactobacillus, and diphtheria decreased
significantly in laser-treated groups compared with other groups.
Independent sample #-test showed that LLLT with 11.7 J/em?
energy density significantly increased wound-closure rate at
3 and 4 weeks after burning compared with their relevant con-
trol burns (p = 0.018 and p = 0.01, respectively). Pulsed LLLT
with 11.7 J/em?/890 nm of a third-degree burn in a rat model
significantly increased wound-closure rate compared with con-
trol burns.

Key words: basic science, burn, infrared diode laser, in vivo,
low-level laser therapy, microbiology, rat, third-degree burn,
wound contraction, wound healing.

INTRODUCTION

Burns are among the most devastating of all inju-
ries, with outcomes spanning the spectrum from physical
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impairments and disabilities to emotional and mental
consequences [1-2]. In the United States, approximately
2.4 million burn injuries are reported each year. Nearly
650,000 persons with these injuries are treated by medi-
cal professionals through outpatient care and 750,000
through inpatient or hospital care. Of those persons hos-
pitalized, 20,000 have major burns involving at least
25 percent of their total body surface. Between 8,000 and
12,000 of patients with burns die and approximately
1 million will sustain permanent disabilities resulting from
burn wounds [3]. Third-degree or full-thickness burns
involve the entire epidermis and dermis and may appear
as white, thick brown, or tan and have a leathery texture [4].

Low-level laser therapy (LLLT) has been used clini-
cally since the first successful cases reported by Profes-
sor Mester and colleagues [5—6]. Cameron et al. reported
that the frequency of the laser light, as well as the type of
tissue being irradiated, determines the depth to which
light penetrates [7]. Laser light with a wavelength

Abbreviations: ANOVA = analysis of variance, CFU = col-
ony-forming units, CW = continuous wave, GaAlAs = gallium
aluminum arsenide, GaAs = gallium arsenide, LLLT = low-
level laser therapy, LSD = least significant difference.
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between 600 and 1,300 nm optimizes the depth of pene-
tration in human tissue at 1 to 4 mm and is therefore most
frequently used in the clinical setting. Laser light with a
longer wavelength, such as the (infrared) diode produced
by the gallium arsenide (GaAs) or gallium aluminum arse-
nide (GaAlAs) laser, penetrates deeper [8], whereas laser
light with a shorter wavelength, such as red light pro-
duced by the helium-neon laser, penetrates human skin
very superficially [7]. Research findings have shown that
99 percent of low-level laser is absorbed in the superficial
3.6 mm of human skin [7].

Studies on the influence of continuous-wave (CW)
diode lasers on burn healing were few and have shown
inconsistent results [8—12]. While Cambier et al. [8],
Schlager et al. [9-10], and Al-Watban and Delgado [11]
reported irradiation of burns with different wavelengths,
powers and energy densities produced no beneficial
effects on the wound-healing process. Meireles et al. in a
recent study indicate that a 660 nm laser effectively
improved the healing of third-degree burns in diabetic
rats [12]. Cambier et al. inflicted two burns on each rat:
one was left untreated and the other was treated with a
continuous GaAs diode laser with 0.210 J/cm? energy
density [8]. Treatment frequency was 5 times a week
over 6 weeks. No major stimulating effect was observed
based on the size of index. Cambier et al. reported that
type of burn or protocol parameters could be responsible
for this lack of effect [8]. Schlager et al. investigated the
effect of a CW low-power diode laser with a wavelength
of 670 nm on the healing of burn wounds in rats [9]. The
animals were burned on each flank. One of the burns was
treated by laser irradiation, whereas the other burn
received no treatment. Laser irradiation was performed
daily with a 2 J/em? energy density (dose). Neither mac-
roscopic nor histological examination of the irradiated
wound showed accelerated wound healing when com-
pared with the control wound [9].

In another study, Schlager et al. investigated the
effects of two different low-power diode laser lights on
the healing process of rats [10]. The animals were burned
on each flank and allocated to one of three groups. In
group A, both wounds remained untreated. In groups B
and C, one wound was irradiated with a CW low-power
diode laser at a 690 nm wavelength and the other wound a
635 nm wavelength, respectively. Laser irradiation in
both groups was performed daily with an energy density
of 1.5 J/em? at each treatment. Schlager et al. found that
between and within each group, diameter, redness, and

edema of the wound were similar throughout the entire
observation period [10]. Schlager et al. mentioned that
the reason such differences were obtained on the use of
low-power laser light in the burn healing is unknown [9—
10]. Al-Watban and Delgado initiated a study using a
diode laser at varied doses on burn healing to determine
optimum energy density and treatment schedule [11].
Burns on both flanks of rats were created and measured
daily with a caliper. The right-side burns were irradiated.
Slopes from the actual burn areas were obtained and
compared with the control group, with the healing rats
calculated and expressed in percent. Al-Watban and Del-
gado reported that with reference to the control group,
they observed no significant difference in the healing
process [11]. They also reported that in younger rats, they
observed accelerated healing with the highest rates in the
lower range of doses (1 and 5 J/em?), 12.4 and 11.6 percent,
respectively. They concluded that their study affirms that
the beneficial effect of laser on burn healing in rats is
indeed affected by interplay of several factors [11].

Meireles et al. made a third-degree burn in the 55
diabetic rats [12]. They were divided into three groups
that were or were not treated with LLLT (wavelength =
660 nm or wavelength = 780 nm, 35 mW; laser beam
diameter = 2 mm, 20 J/cm?). They found that the healing
in animals receiving 660 nm laser energy was more
apparent at early stages, with positive effects on inflam-
mation, the amount and quality of granulation tissue,
fibroblast proliferation, and collagen deposition and
organization [12]. The studies on the influence of CW
diode lasers on burn healing have apparently shown
inconsistent results.

Baxter reported that although a large percentage of
the diode low-level laser instruments used in clinical
practice are CW output, most instruments now available in
the United Kingdom have pulsed output [13]. The appli-
cation of frequency is growing rapidly. In this regard,
results of several cellular studies [14-16], an in vitro
model of a fetal mouse limb growth [17], and three clini-
cal trials [18-20] suggest that the frequency parameter is
critical to at least some biological and medical effects of
this parameter. Thawer and Houghton investigated the
effects of a 904 nm GaAs laser on the growth and devel-
opment of fetal limb tissue [17]. Organ culture dishes that
contained ipsilateral forelimbs and hind limbs were
exposed to laser irradiation. The limbs were assigned to
receive energy densities of 0 (control), 0.23, 1.37, 2.75,
3.66, or 4.58 J/cmz, with frequencies of O (control), 500,
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3,000, 6,000, 8,000, and 10,000 Hz, respectively. Thawer
and Houghton found that the dermal cell number and col-
lagen fiber thickness increased after lower frequencies of
laser (500 and 3,000 Hz) [17]. These laser frequencies also
produced a greater amount of dermal collagen [17]. In
another study, Karu et al. investigated the effects of
1,300 nm CW diode laser and 950 nm modulated super-
luminous diode laser, which had frequencies of 2, 26,
700, 1,000, and 5,000 Hz [21]. The effects of both diodes on
the rate of Escherichia coli WP2 division were examined
[21]. The radiation of CW mode of 1,300 nm laser
increased the division of Escherichia coli in the dose
range of 0.9 t0 9.0 J/cm?. The 950 nm-pulsed irradiation
inhibited the division rate of bacteria at frequencies of
1,000 and 5,000 Hz. Karu et al. mentioned that their
results indicate that one of the critical parameters of laser
irradiation when acting on living cells is the pulse dura-
tion and/or frequency [21].

Review of the literature has revealed that no studies
have been done regarding the effect of pulsed LLLT on
burn healing. On the other hand, a number of studies
have reported the effects of pulsed diode lasers on skin
wound healing [22-24]. Al-Watban and Zhang evaluated
the effects of pulsed CW and the role of wound healing in
rats by using both pulsed and CW LLLTs [22]. An elliptic
wound was made on the back of rats after anesthesia. The
study was performed with the use of a pulsed laser at a
wavelength of 635 nm. Pulse frequencies of 100, 200,
300, 400, and 500 Hz in CW were used in the study.
Every rat in the treatment group was irradiated with a
laser at a 0.89 mW/cm? power density for 18.7 minutes
with a 1.0 J/cm? incident dose or energy density. They
reported the percentage of relative wound healing was
4.32 in 100 Hz, 3.21 in 200 Hz, 3.83 in 300 Hz, 2.22 in
400 Hz, 1.73 in 500 Hz, and 4.81 in CW. Al-Watban and
Zhang concluded that LLLT using pulsed CW laser at the
appropriate dosimetry and frequency can accelerate
wound healing in rats [22]. The 100 Hz frequency had a
better effect than other pulse frequencies used in the
study. The effects of CW laser treatment were higher than
pulse frequency. The frequency of pulsed CW laser was
not found to increase wound healing in rats compared
with normal (not pulsed) CW laser [22].

Recently, Demir et al. investigated the effects of elec-
trical stimulation and laser treatment on wound healing in
rats [23]. They made a 6 cm linear incision at the dorsal
skin of rats. Group 1 was given a constant direct current
of 300 pA a day. Group 3 was treated with a GaAs laser
device, delivering a 904 nm wavelength, 6 mW average
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power, 1 J/em? dose, with a maximum frequency of 128 Hz.
This dose was delivered continuously for 10 minutes
each day for 10 days. Additional specifications of the
laser device were an infrared GaAs laser tube, 6 mW mean
and 27 mW maximum power, 15° emission angle, continu-
ous and modulated output type, and 1 to 128 Hz fre-
quency. Groups 2 and 4 were considered the control
groups and received sham treatment. Demir et al. con-
cluded that electrical current and laser treatment both
benefited healing during the inflammation, proliferation,
and maturation phases of a wound [23]. More recently,
Matic et al. made a rectangular defect of all skin layers at
the dorsal part of the rat neck under general anesthesia
[24]. They used an 890 nm wavelength of a pulsed semi-
conductor laser, with a frequency of 1,500 Hz, impulse
duration of 300 ns, maximum strength output of 36 mW,
and medium strength of 15.4 mW. The exposure lasted
for 5 minutes every day for 21 days. The control group
was not exposed to any irradiation. Matic et al. found that
the average surface area of the wounds in the laser-
treated group decreased significantly more than that of
the control group [24].

However, the benefits of pulsed diode lasers in the
wound healing process are still controversial and many
other investigators found no improvement in the wound-
healing process [25-26]. Because of these contradictory
results, still no consensus of the effects of LLLT in the
wound-healing process exists. Recent studies of skin
wound-healing and burn-healing processes have used
various diode lasers with different wavelengths, laser
power, and stimulation doses. Concerning the type of
laser and sufficiency of wavelength, no clear recommen-
dation can be made yet. On the other hand, low-level-
pulsed diode laser has not been examined in burn-healing
treatment yet. The recent investigations contain no burn
healing for an 890 nm infrared diode laser with a 3,000 Hz
frequency. Therefore, the present study aimed to examine
the influence of LLLT using a 3,000 Hz-pulsed infrared
diode on the healing of third-degree burns in rats. Infec-
tion is a major cause of morbidity and mortality in burns
[27-28], so we also examined microbial flora of the burn.

MATERIALS AND METHODS

Animals and Study Design

We used 74 adult male Wistar rats, 4 months old and
weighing 250 + 30 g, in this study. (Values throughout
the article are expressed as mean + standard deviation.)
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Rats were divided into groups 1 to 4. They were provided
food and water ad libitum. Two third-degree burns were
made at the dorsal proximal and distal regions of the tho-
racic region of each rat (Figure 1). Distal (experimental)
burn of group 1 was treated with LLLT with the radiating
head without the laser switched on and was considered
the placebo group. Distal burns of groups 2 and 3 were
treated with two different energy densities of infrared
diode laser (experimental), so groups 2 and 3 and group 1
had no differences except LLLT. Distal burn of group 4
was treated three times a week with topical application of
0.2 percent nitrofurazone (Iran Nago Pharmaceutical Co;
Tehran, Iran) during the study. Treatment was started in
all groups immediately after burns were made. Proximal
burn of all rats was considered as their relevant control
burn. All burn wounds were examined macroscopically
and microbiologically. Six rats of each group were ran-
domly selected for day 7 (group A), six rats of each
group were randomly selected for day 15 (group B), and
remaining six rats of each group were selected for day 28
(group C). Two groups of microbiological examination
had 7 rats. Groups A and B were used for microbiological
examination, and group C was used for clinical examina-
tion. Table 1 gives the distribution of groups 1 to 4 by
examination of study treatment.

‘ i
Figure 1.

Diagram of location of burns in rat model.

i
O

Distal

Burning of Animals

On day 0, all rats were anesthetized by 50 mg/kg keta-
mine hydrochloride injected intramuscularly along with
5 mg/kg diazepam. The dorsal hair of the rats’ thoracic
region was shaved and cleaned with povidone-iodine.
Each rat was kept in a special box that had a 3 x 3 cm
hole. At first, each rat’s proximal and then distal part of
thoracic region were exposed separately to the external
tip of a 5 cm-long cylinder, 22 mm in diameter, and con-
nected to a source (5 L kettle) of boiling water for 7 s
(Figure 1). A pilot study was performed at the beginning
of the current study and also during our previous study
using histological examination that revealed that the epi-
dermis and the whole thickness of the dermis were
burned [29]. The burned area of the skin was 3.8 cm?
[29]. The Medical Ethics Committee of Shahid Beheshti
University, MC, approved all procedures.

Low-Level Laser Therapy

Distal burns of groups 2 and 3 were exposed to a
pulsed infrared laser (MUSTANG 2000 with L 07 radiat-
ing head made by Technica Co; Moscow, Russia):

» Average power output: 70 W.
* Wavelength: 890 nm.

¢ Pulse frequency: 3,000 Hz.

* Spot size: 1 cm?.

* Pulse duration: 180 ps.

* Duration of exposure for group 2: 62 s 3x/wk.
 Duration of exposure for group 3: 310 s 3x/wk.
* Energy density for group 2: 2.3 J/em?.

* Energy density for group 3: 11.7 J/em?.

LLLT was begun immediately after skin was burned.
To administer laser irradiation, we divided the burned
area and normal surrounding skin into eight equal
squares (I x 1 cm). Next, we held the tip of the laser
source about 5 mm above the skin center of each square
and directed it perpendicularly to the target tissue for the
designated time just mentioned, i.e., 62 s for group 2 and
310 s for group 3 [30]. Note that LLLT was restricted to
three times a week; duration of LLLT was calculated for
1 J/em? energy density each day for group 2 and 5 J/em?
energy density each day for group 3 of each point (center
of square) for 7 days, and then the time was divided by
three. So energy density for groups 2 and 3 was 2.3 and
11.7 J/em?, respectively.
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Microbiological Examination

On days 7 and 15, we took microbiological samples
from the burned skin of groups A and B rats. Swabs were
taken from burns under anesthesia. We cultured and
tested the samples to identify Staphylococcus epidermi-
dis, Staphylococcus aureus, Staphylococcus saprophyti-
cus, Bacillus subtilis, Lactobacillus, diphtheria, and
Pseudomonas aeruginosa using the routine methods of
microbiology originally described by Fingold and Martin
[31], Baron and Fingold [32], and Brooks et al. [33]. The
number of rats in each microbiological group was six
plus one additional rat on days 7 and 15. The data for
each bacterium were compared between each group’s
distal burns and also between each group’s proximal and
distal burns with use of the ;(2 test. Also between study
groups, we further compared bacteria assumed to be non-
pathogenic (class 1: Staphylococcus epidermidis, Staphy-
lococcus saprophyticus, Bacillus subtilis, Lactobacillus,
and diphtheria) and organisms assumed to be pathogenic
(class 2: Staphylococcus aureus and Pseudomonas
aeruginosa). We statistically compared the data of
classes 1 and 2 using the ,}52 test. Colony-forming units
(CFU) of each sample were counted semiquantitatively.
We compared the data of distal burn and proximal burn
of rats and the data of distal burn of groups using inde-
pendent sample Student 7-test. Values of p < 0.05 were
considered statistically significant.

Clinical Examination of Burn Size

The burn area of group C rats was photographed with
a digital camera (5-megapixel Canon PowerShot G6;
Ohta-ku, Tokyo, Japan), and the surface was measured
with Adobe Photoshop CS3 (version 10; San Jose, Cali-
fornia) extended image. Each rat was photographed five
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times on days 0, 7, 14, 21, and 28. To measure the burn
area, we placed the photographed images on a grid,
equally dividing each into four regions (Nos. 1, 2, 3, and
4). The holes of all regions completely occupied by the
burn were counted. The holes of number 1 and holes of
number 3 regions partially occupied by the burn were
counted, too. The holes of numbers 2 and 4 regions par-
tially occupied by the burn were not counted.

We calculated the percentage wound size using

S 18, x100(%) » @

where S is the surface area of the wound on day 0 and S, is
the surface area of the wound on the indicated day [34].

We compared the surface area of the two burns in
each rat of all groups using an independent sample Stu-
dent t-test. The surface area of placebo, laser-treated
burn, and nitrofurazone-treated burn study groups was
analyzed with analysis of variance (ANOVA) in each
week and between each group. Statistical significance
was set at p < 0.05.

RESULTS

Microbiological Examination

Statistical analysis of the incidence of microbial flora
is shown in Table 2. Significant differences were found
between study groups: The incidence of Staphylococcus
epidermidis and also Lactobacillus decreased significantly
in group 3 compared with group 1 on day 7 (both p =
0.046). The incidence of diphtheria increased significantly
in group 2 compared with group 4 on day 15 (p = 0.018).

Table 1.
Distribution of rats in study periods and groups.
Da Group 1: Group 2: Group 3: Group 4:
y Placebo 2.3J/cm?LLLT 11.73/em? LLLT Nitrofurazone
7 Microbiological Microbiological Microbiological Microbiological
examination examination examination examination
15 Microbiological Microbiological Microbiological Microbiological
examination examination examination examination
28 Clinical Clinical Clinical Clinical
examination examination examination examination

LLLT = low-level laser therapy.
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Table 2.
Number of rats from which bacteria were cultured by study group.
Group I: Group 2: Group 3: Group 4:
Day Bacteria Placebo 2.3J/cm? LLLT 11.7 J/em? LLLT Nitrofurazone
(n=0) (n=0) (n=0) (n=17)
7 S. epidermidis 6 5 5 7
Lactobacillus 2 2 2 2
Bacillus subtilis 0 0 0 0
S. saprophyticus 0 0 0 0
Diphtheria 2 3 3 0
S. aureus 1 0 1 1
P. aeruginosa 0 1 0 0
15 S. epidermidis 6 5 3 7
Lactobacillus 3 2 0 3
Bacillus subtilis 0 0 0 0
S. saprophyticus 0 0 0 0
Diphtheria 0 0 0 0
S. aureus 0 2 0 1
P. aeruginosa 0 0 0 0

LLLT = low-level laser therapy, P. = Pseudomonas, S. = Staphylococcus.

The ;(2 test of Staphylococcus epidermidis and also
Lactobacillus differed significantly between groups 1
and 3 (both p = 0.046). Also, a significant difference of
diphtheria was found between groups 2 and 4 (p = 0.018).

Colony-Forming Units Count

Day 15

Statistical analysis of the incidence of CFU count of
flora is shown in Table 3. Student #-test showed that CFU
count of Staphylococcus epidermidis of nitrofurazone-
treated burns was significantly lower than that of control
burns (p = 0.025). Student ¢-test also showed CFU count
of Staphylococcus epidermidis differed significantly
between group 4 and its control burn (p = 0.025).

Day 7

Student #-test showed that CFU count of Lactobacillus
in group 3 was significantly lower than that of group 1
(p = 0.041). Staphylococcus epidermidis in group 4 was
significantly lower than that of group 1 (p = 0.017).

Independent sample Student #-test of CFU count of
Lactobacillus differed significantly between groups 3
and 1 (p = 0.025).

Clinical Examination

Between Groups
Statistical analysis of the wound-closure examination
for weeks 1 to 4 is shown in Figures 2 to 5 and Table 4.

In week 1, no significant differences were found between
groups. In week 2, independent sample Student #-test
indicated that the wound-closure rate of experimental
(laser-treated) burns was significantly higher than that of
the relevant control burn in group 2 (p = 0.028). In weeks
3 and 4 after burning, the experimental wound-closure
rate compared with its relevant control burn rate
increased significantly in group 3 (p = 0.018 and p =
0.01, respectively). In week 4 alone, the rate also
increased significantly in group 4 (p = 0.005) compared
with that of its relevant control burn.

Comparing experimental burns in group 4 with pla-
cebo burns of group 1, we found that the ANOVA test
increased significantly in wound-closure rate of 3 weeks
after burning (least significant difference [LSD] test, p =
0.013). In addition, in groups 3 and 4, the statistical analy-
sis showed a significant increase in wound-closure rate of
experimental burns 4 weeks after burning compared with
that of group 1 (ANOVA test: p = 0.005; LSD tests: p =
0.028 and p = 0.007, respectively). Significant increase
of wound-closure rate was also found in experimental
burn of groups 3 and 4 compared with that of group 2
(ANOVA test: p = 0.005; LSD tests: p = 0.028 and p =
0.007, respectively).

Within Groups

ANOVA test differed significantly within each group
between sequential intervals in most cases (ANOVA test:
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Table 3.
Mean + standard deviation of colony-forming units of study groups at days 7 and 15.
Group 1 Group 2 Group 3 Group 4
Day Bacteria (n=6) (n=6) (n=6) (=1
2 2
Placebo Control Ziif;,nh Control “fLJI/j,:rmh Control Nitrofurazone Control
7 S.epidermidis 3833 +3125 333.3+150.5 233.3+296.0 583.3+780.0 66.6 +£81.6 366.0 £492.0 250.0 £4.0 121.4 £107.0
Lactobacillus 16.7 £40.8 100.0 £ 89.4 25.0+41.0 333 +51.6 60.0£0.0 25.0+41.8 28.6+39.3 35.7+47.6
Bacillus subtilis 0.0+£0.0 0.0+£0.0 0.0+0.0 8.3+204 40.0+0.0 0.0+0.0 0.0+0.0 0.0+£0.0
S. saprophyticus 0.0 +0.0 0.0+0.0 0.0+0.0 0.0+£0.0 0.0£0.0 0.0+0.0 0.0+0.0 0.0+£0.0
Diphtheria 0.0+0.0 0.0+£0.0 0.0+£0.0 0.0+0.0 0.0+£0.0 0.0+£0.0 143 +378 142 +37.8
S. aureus 0.0£0.0 0.0+£0.0 175.0 £304.0 343.0 £812.0 16.7 £40.8 16.7 £40.8 143 £37.8 143 +38
P. aeruginosa 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0
15 S. epidermidis  1,038.3 £491.6 1,083.0£491.6 660.0 +£466.6 1,040.0+638.0 400.0+344.4 7833 +676.0 642.0+350.0 1,142.0+378.6

Lactobacillus 750+75.8 25.0+41.8 30.0 +£44.7 20.0 £44.7 50.0 £83.6 366.6 £ 804.0 428.6 +£48.8 57.1+97.6
Bacillus subtilis 0.0+£0.0 0.0+£0.0 0.0+0.0 10.0+£22.4 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0
S. saprophyticus 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+£0.0
Diphtheria 1333+196.6 100.0+200.0 110.0+1343 310.0+439.3 333.3+51.6 66.7 +£103.0 0.0+£0.0 143 +37.8
S. aureus 166.7 £408.0 166.7 +408.0 0.0+0.0 0.0+£0.0 83+204 8.3+204 14.3+37.8 28.6+75.6
P. aeruginosa 0.0+£0.0 0.0+0.0 100.0 £ 223.6 20.0 £44.7 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+0.0

LLLT = low-level laser therapy, P. = Pseudomonas, S. = Staphylococcus.

p = 0.001). However, no significant differences were
found in—

* Group 1: 2 and 3 weeks after burning.

* Group 2: 1 and 2 weeks after burning.

* Group 3: 0 and 1 day and 2 weeks after burning.

* Group 4: 0 days and 1 week after burning.

DISCUSSION

Despite the failure of some studies [8—11] to show
beneficial effect of CW low-level diode lasers on burn
healing in healthy animals, the present study for the first
time demonstrated that pulsed LLLT can significantly
accelerate the wound-closure rate of a third-degree burn
model in healthy rats.

The biostimulatory effect of pulsed LLLT in the cur-
rent study is demonstrated by the significant increase of
the wound-closure rate of laser-treated burns compared
with the placebo group 1, 3, and 4 weeks after burning,
while nitrofurazone-treated burns significantly increased
the wound-closure rate compared with placebo burns
only 4 weeks after burning. Apparently, LLLT was more
effective than nitrofurazone ointment in healing a third-
degree burn model. LLLT, when used appropriately, can
stimulate the healing of injured tissue such as those of
dermis [35]. Investigations into the mechanisms involved
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have shown that many of the cell types whose interac-
tions repair the dermis can be therapeutically stimulated
by treatment with LLLT both in vitro and in vivo. Mast
cells and macrophages can be stimulated to release
growth factors and other substances, whereas the prolif-
eration of fibroblasts, endothelial cells, and keratinocytes
maintained during adverse conditions can also be stimu-
lated. The development of granulation tissue is mainly con-
trolled by growth factors released from macrophages [35].

In the present investigation, we found that the effects
of 2.3 J/em? LLLT of third-degree burns are more evident
only at the early stage of the burn-healing process; how-
ever, we cannot find a significant effect of 2.3 J/em?
LLLT at the late stage of burn healing compared with its
control burns. One proposed mechanism by which LLLT
stimulates the wound-healing process is light energy
absorbed by mitochondria, which increases cell energy
and stimulates the release of chemical mediators [36-38].
Apparently, such a mechanism did not occur in the 2.3 J/em?
laser-treated burns of the present study, as well as of the
Cambier et al., Schlager et al., and Al-Watban and Del-
gado studies [8—11]. This finding may be due to insuffi-
cient light energy reaching the cells. Allendorf et al. have
suggested that laser light penetrations of tissue and
eschar debridement are involved in wound healing [39].
Wounds that are not debrided, such as wounds in the cur-
rent study, may not allow the maximum amount of light
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Change in Wound Size

Figure 2.

B Group 1: Placebo
# Group 1: Control
B Group 2: Control
B Group 2: Laser 1
B Group 3: Control
Z Group 3: Laser 2

= Group 4: Control

B Group 4: Nitrofurazone

Wound-closure rate represented as percentage of wound size after burn induction at week 1 between groups. No significant differences were

found between groups.
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Figure 3.

B Group 1: Placebo
¥ Group 1: Control
& Group 2: Control
= Group 2: Laser 1
E Group 3: Control
Z Group 3: Laser 2
= Group 4: Control

i Group 4: Nitrofurazone

Wound-closure rate represented as percentage of wound size after burn induction at week 2 between groups: independent sample Student 7-test
showed significant differences between control and experimental (laser-treated) burns of group 2 (p = 0.028).

to reach the tissue. Our results suggest that pulsed LLLT
at a 11.7 J/em? dose significantly increases the wound-
closure rate. Our results also confirm Matic et al.’s find-
ings that pulsed LLLT significantly accelerates the
wound-closure rate of a surgically induced cutaneous
wound [24]. Other studies failed to show positive effect
of pulsed LLLT on the impaired wound-healing process

[25-26], whereas the results of the present study and of
Matic et al.’s study confirmed positive effect of pulsed
LLLT on burn and acute skin wound Using a GaAlAs
890 nm multidiode (n = 60) array unit (270 Hz; maxi-
mum rated output 300 mW), Lowe et al. examined
wound healing in mice that had been exposed to X-ray
irradiation [25]. They found that although wounds treated
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Change in Wound Size

Groups

Figure 4.

B Group 1: Placebo

i Group 1: Control

B Group 2: Control

W Group 2: Laser 1

E Group 3: Control

= Group 3: Laser 2

= Group 4: Control

# Group 4: Nitrofurazone

‘Wound-closure rate represented as percentage of wound size after burn induction at week 3 between groups. Significant differences were found
between control and experimental (laser-treated) burns of group 3 at week 3 after burning (p = 0.018, p = 0.01, respectively).
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Figure 5.

E Group 1: Placebo

# Group 1: Control

B Group 2: Control

W Group 2: Laser 1

i Group 3: Control

Z Group 3: Laser 2

= Group 4: Control

i Group 4: Nitrofurazone

‘Wound-closure rate represented as percentage of wound size after burn induction at week 4 between groups. Significant differences were found
between control and experimental (nitrofurazone-treated) burns of group 4 after burning (p = 0.003). Analysis of variance (ANOVA) test showed
significant differences between experimental burns of groups 3 and 4 and that of group 1 after burning (ANOVA test: p = 0.005, least significant
difference (LSD) test: p = 0.028 and p = 0.007, respectively). Significant differences were also found between groups 3 and 4 and group 2

(ANOVA test: p = 0.005, LSD test: p = 0.028 and p = 0.007, respectively).

with X-ray irradiation showed delayed wound-healing
treatment with 890 nm, light therapy did not significantly
affect wound closure at doses of 0.18 and 0.54 J/cm? and
only further delayed wound healing at a dose of 1.54 J/em?
[26]. Using a similar animal model of radiation-impaired
wound healing in mice, Walker and colleagues found no
hastening in wound healing with 660 nm GaAlAs laser
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(5 kHz; 15 mW; 0.5, 1.5, and 4.0 J/cm? for three
groups) [26].

The statistically significant difference found in
wound-closure rate of burns between laser-treated (distal)
and control (proximal) burns in group 3 of the current
study clearly rejects the probable systemic effect of LLLT.
Rochkind et al. reported that irradiation of low-power
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Table 4.

Mean + standard deviation of wound-closure rate represented as percentage of wound size after burn induction at weeks 1, 2, 3, and 4 within each
group. ANOVA test (p = 0.001) also showed significant differences within each group between sequential intervals in most cases.”

Group 1 Group 2 Group 3 Group 4
Weeks (n=6) (n="7) (n=6) (n=6)
After 2.3 J/em? 1.7 1 /em? .
Burning Placebo Control LLLT Control LLLT Control Nitrofurazone Control

1 090+0.08 0.8+0.17 0.86+0.13 0.76 £0.16 0.92+0.10 0.95+0.30 0.99+0.19 0.97+0.03
2 0.66 +£0.18 0.73 +£0.09 0.77£0.05 0.73+0.19 0.77+£0.21 0.84 £0.27 0.68 +£0.17 0.77+0.13
3 0.61 £0.20 0.56+0.25 0.50+0.05 0.54+0.24 0.50+0.09 0.74 £0.11 042 +0.10 0.52+0.15
4 0.34+£0.05 0.30+0.06 0.35+0.12 0.29+£0.10 0.22+0.03 0.39+0.10 02+0.06 0.37+0.09

"No significant differences were found in group 1, between 2 and 3 weeks after burning; group 2, between 1 and 2 weeks after burning; group 3, between day 0 and

1 week and 2 weeks after burning; and group 4, day 0 and 1 week after burning.

ANOVA = analysis of variance, LLLT = low-level laser therapy.

laser on a crushed injured sciatic nerve in a right leg of a
bilaterally inflicted crush injury significantly increased
the compound action potential in the left nonirradiated
leg as well [40].

Microbiological examination showed that the control
burns had few pathogen microorganisms; however,
pulsed LLLT significantly decreased incidences of Sta-
phylococcus epidermidis and Lactobacillus compared
with group 1 (control burns), incidence of diphtheria
compared with nitrofurazone-treated burns, and CFU of
Lactobacillus compared with placebo burns. The current
results provide little evidence of inhibitory effect of pulsed
LLLT on microbial flora of a third-degree burn model.

Examining the burns using a histological method may
help detect differences between study groups at the cellular
level; therefore, further histological studies are suggested.

CONCLUSIONS

We conclude that irradiation of a third-degree burn
model with an 11.7 J/cm?/890 nm-pulsed low-level laser
in rats significantly increased wound-closure rate com-
pared with control burns. In addition, the inhibitory effect
of the LLLT on microbial flora of the burn was minimal.
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A systematic review of low level laser therapy
with location-specific doses for pain from
chronic joint disorders
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We investigated if low level laser therapy (LLLT) of the joint capsule can reduce pain in chronic joint disorders. A literature
search identified 88 randomised controlled trials, of which 20 trials included patients with chronic joint disorders. Six trials
were excluded for not irradiating the joint capsule. Three trials used doses lower than a dose range nominated a priori for
reducing inflammation in the joint capsule. These trials found no significant difference between active and placebo treatments.
The remaining 11 trials including 565 patients were of acceptable methodological quality with an average PEDro score of 6.9
(range 5-9). In these trials, LLLT within the suggested dose range was administered to the knee, temporomandibular or
zygapophyseal joints. The results showed a mean weighted difference in change of pain on VAS of 29.8 mm (95% CI, 18.9
to 40.7) in favour of the active LLLT groups. Global health status improved for more patients in the active LLLT groups ( relative
risk of 0.52; 95% CI 0.36 to 0.76). Low level laser therapy with the suggested dose range significantly reduces pain and
improves health status in chronic joint disorders, but the heterogeneity in patient samples, treatment procedures and trial
design calls for cautious interpretation of the results. [Bjordal JM, Couppé C, Chow RT, Tunér J and Ljunggren AE (2003):
A systematic review of low level laser therapy with location-specific doses for pain from joint disorders. Australian
Journal of Physiotherapy 49: 107-116]

Key words: Inflammation; Joint Diseases; Lasers; Meta-Analysis

Introduction

Chronic joint disorders represent some of the most
prevalent pain conditions treated in primary care (Carmona
et al 2001, Mantyselka et al 2001). They constitute several
entities, with the common factor that pain is located at the
articular structures.

Osteoarthritis is probably the most common entity and the
prevalence of osteoar thritis is rising parallel to the
increasing age of the population (F  elson et al 2000).
Temporomandibular joint disorders, patellofemoral pain
syndrome and mechanical spine disorders are other
examples of chronic joint disorders. These conditions can
be associated with impaired muscular stabilisation (Cowan
et al 2001, Radebold et al 2001), reduced range of motion
(McNamara et al 1996, Steultjens et al 2000) and
inflammation of the joint capsule (Speldewinde et al 2001,
Suenaga et al 2001, Vaatainen et al 1998).

A link has been established between synovial inflammatory
activity and w orsening of car tilage degeneration in
osteoarthritis (Chikanza and F ernandes 2000). In this
context, it is interesting toin  vestigate if an anti-
inflammatory action can be induced clinicall y by
electrophysical agents.

Controlled laboratory trials ha ve found that LLL T can
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reduce inflammation through reduction of PGE ,-levels and
inhibition of ¢ yclooxygenase-2 (COX-2) in cell cultures
(Campaia et al 1993, Honmura et al 1993, Sakurai et al
2000, Shimizu et al 1995). The transformation of
encouraging laboratory results into clinical ef fectiveness
has been a dif ficult task (Basford 1995), and clinical
effectiveness of LLLT has been questioned in systematic
reviews on a broad range of conditions (de Bie et al 1998,
Del Mar et al 2001, Gam et al 1993). A recent Cochrane
systematic review on LLLT found a minor positi ve effect
on rheumatoid ar thritis, but the material on osteoar thritis
was conflicting (Brosseau et al 2000). In the follo  wing
review, our hypothesis is that laser ir radiation of the joint
capsule can reduce pain in chronic joint disorders if the
dose is adjusted to inhibit inflammatory activity in the joint
capsule.

Materials and methods A detailed review protocol was
specified prior to conducting the re view. This included a
sequential four-step reviewing procedure in volving
predetermination of an optimal dose range, conduct of a
sensitive literature search, application of a pre-specif ied
inclusion/exclusion procedure, and testing of dif ferences
between trials with and without optimal dose.

The optimal dose range w as derived from successful
laboratory trials prior to the literature search. In the f irst
step of the reviewing procedure, an optimal dose range was
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Table 1. Suggested range of power densities and dose for the most common joints for infrared GaAlAs and Nd:YAG
(continuous) lasers with wavelength 820, 830 and 1060 nm; infrared GaAs (pulse) lasers with wavelength 904 nm; and red

HeNe (continuous) lasers with wavelength 632 nm.

IR 820, 830, 1060 nm IR 904 nm HeNe 632 nm
Location Power density Dose Power density Dose Power density Dose
(mW/cm?) (Joules) (mW/cm?) (Joules) (mW/cm?) (Joules)
Finger/toe/ 15 - 105 0.5-15 6-42 02-14 30 - 210 6-30
temporomandibular
1 point/1 cm?
Depth 2 mm
Knee 30 - 210 6 - 180 12 - 60 1.2-84 90 - 500 9 - 2700
3 points/3 cm?
Depth 4 mm
Cervical spine 50 - 350 11 - 360 24 - 60 0.8-56 150 - 500 5-150
3 points/3 cm?
Depth 12 mm
Lumbar spine 180 - 500 48 - 480 30 - 210 15-105 Not applicable  Not applicable

3 points/3 cm?
Depth 30 mm

as optimal power

density is above

safety regulations
for laser

determined at the tar get location and then adjusted
according to ener gy loss estimates for each anatomical
location and the size of af fected peripheral, f acial and
spinal joints.

Determination of possible anti-inflammatory LLLT dose
at target location In in vitro trials, LLLT has been reported
to suppress inflammation b y areduction of PGE , in
ligament cell cultures (Sakurai et al 2000, Satta yut et al
1999, Shimizu et al 1995). Low level laser therapy has also
been found to reduce PGE , levels in the joint capsule of
animals in in vivo trials (Campaiia et al 1993 and 1999,
Honmura et al 1993, Sakurai et al 2000) . This effect was
reported within a range between 0.4 and 19 J and a po wer
density of 5-21.2 mW/cn?’. The lower range limits for PGE,
reduction were identified because data sho wed no ef fect
below this threshold. Upper range limits could not be
identified, as there were no data available to show when or
if this effect would level off. However, it has been sho wn
that power densities above 20 mW/cm? temporarily inhibit
fibroblast metabolism (van Breugel and Bar 1992), and
numerous fibroblast cells are found in the joint capsule. We
assumed doses of 0.4-19] and power density of 5-21
mW/cm? would be capable of reducing inflammation at the
target joint capsule without compromising f  ibroblast
metabolism.

Location-specific dose adjustment f or energy loss and
anatomical size Data on beam diameter and laser output
were collected from the manuf acturers’ manuals. Power
density and dose w ere calculated according to the
following formulas:

Power density for GaAs 904 nm pulse lasers (mW/cm ?2) =
(peak power pulse X pulse duration X pulses frequency)
/spot size on skin.

Power density for lasers with continuous output (mW/cm?)
= mean power/spot size on skin.

Dose (J) = mean power X treatment time per session.

Measurement of light penetration and absor  ption in
biological tissue is dependent on se veral variables. Two
anatomical factors are essential to LLLT dose calculations:
distance from skin to synovia and size (area) of the affected
synovia. For knee (anteromedial and anterolateral par t),
finger, toe and temporomandibular joint, the distance from
skin ranges from 1.5 to 5 mm (authors’ unpublished data;
10 persons scanned by 7.5 MHz ultrasound imaging). The
distance from skin surface to the zygapophyseal joints was
8 to 20 mm for the cer vical spine and 25-35 mm for the
lumbar spine. Another variable that affects penetration is
the wavelength of the laser . Infrared laser light has been
demonstrated to have a typical penetration depth (ie the
distance which reduces the incident ener gy to 37%) of
nearly 3 mm, while red laser light has a penetration depth
of 1 mm (K olari and Airaksinen 1988). Although energy
loss is e xponential near the laser source, optical
measurements have demonstrated that energy loss is nearly
linear at g reater distances (F aris et al 1991). In an
experimental porcine tongue model, a 200 mW GaAlAs
laser had intensity reduced to 16 mW after the first 15 mm,
which is within our suggested optimal dose range (Bradley
et al 1998, Gurso y and Bradley 1994). From this depth,
intensities fell at a slo wer almost linear rate to 1.4 mW at
35 mm. In vi vo trials with 904 nm pulse lasers ha  ve
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Table 2. List of excluded studies.

Author Joint (s) Result Reason for exclusion
Gallachi 1981 Cervical and lumbar  No significant differences Acupuncture and trigger point exposure only
Lewith 1981 Knee LLLT significantly better Trigger point exposure only
than placebo
Walker 1983 Not stated LLLT significantly better Peripheral nerve exposure only, randomisation
than placebo doubtful
Waylonis 1988 Low back No significant differences Trigger point exposure only

Snyder-Mackler 1989 Lumbar and cervical
than placebo

Rogvi-Hansen 1991 Knee

LLLT significantly better

No significant differences

Trigger point exposure only

Did not irradiate joint, but peripheral nerves
and top of patella only

demonstrated that these lasers achie ve similar effects on
collagen production with far lower doses on the animals’

skin than lasers with continuous output (Enw emeka 1991,
van der Veen and Lie vens 2000). This effect can be

attributed to the photob leaching phenomenon, w here the
first strong pulse b leaches the opaque bar rier of tissue,
letting the second pulse pass through the tissue barrier with
less loss of energy (Kusnetzow et al 2001).

We postulate that energy loss due to the skin bar rier for
continuous HeNe (632nm) laser is 90%, for continuous
GaAlAs (820nm) and NdYag IR lasers, 80% and for GaAs
(904 nm) infrared pulse laser, 50%. Further energy loss is,
according to the porcine penetration model, postulated to
be linear at 5% per mm of tissue for infrared lasers. For red
HeNe laser we postulate that further energy loss is 10% per
mm of tissue.

The synovial area is rather small in f inger, toe and
temporomandibular joints, and w e postulate that at least
one single point is necessary to deliver an optimal dose of
LLLT in these locations. We also postulate that a minimum
of three points of the syno vial membranes of the knee and
the zygapaphyseal joints of the spine must be ir radiated to
provide a sufficient dose for these locations.

Estimations of dose and po wer densities required for the
different anatomical locations are shown in Table 1.

Literature search A pre-specified literature search w as
performed from 1980 through to No  vember 2001 on
MEDLINE, Embase, CINAHL, PEDro and the Cochrane
Controlled Trials Register (Central) for randomised
controlled clinical trials.

Key words were: Low level laser therapy, low intensity
laser therapy, low energy laser therapy, HeNe laser, IR
laser, GaAlAs, GaAs, diode laser , osteoarthritis, chronic
joint disorder, temporomandibular joint, hip, knee, thumb,
spine. Hand searching w as also perfor med on national
physiotherapy and medical jour nals from Norw ay,
Denmark, Sweden, The Netherlands, Ger many,
Switzerland, England, USA, Canada and  Australia.
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Additional information on randomised controlled trials was
gathered from researchers in the field. The literature search
was concluded by the end of November 2001.

Methods

Inclusion criteria The trials w ere subjected to six
inclusion criteria: joint disorder of more than six months
duration or osteoar thritis verified by x-ray, random
allocation of patients to g roups, control g roup received
identical placebo treatment, b lind patients and outcome
assessors, laser e xposure of skin o verlying inflammatory
joint capsule, and outcome measure of pain and change in
health status.

Assessment of methodological quality A criteria list of 10
methodological criteria developed for the PEDro database

of physiotherapy trials at The University of Sydne y,
Australia, was used (Moseley et al 2002). Assessments of
methodology were made by an assessor who was blinded to
the trial results. No specific cut-off limit for method scores
was pre-planned as a criterion for exclusion.

Outcome measures We selected pain on a visual analogue
scale (VAS) as the first of two main outcome measures. In
trials where several aspects of painw ere measured,
measures of pain during ph ysical activity were preferred.
Variance was calculated from post-treatment data and
given as 95% confidence intervals (95% CI) in millimetres
on VAS. Results w ere presented as w eighted mean
differences (WMD), ie a pooled estimate of the dif ference
in mean change of the treatment and the placebo g roups
weighted by the inverse of the v ariance using a random
effects model. Variance was calculated from the standard
deviation (SD) of post-treatment data and gi ven as 95%
Cls. If variance data were reported as interquartiles, then
the average SD from the other included trials w as used for
the statistical pooling.

The second main outcome measure was categorical data of
change in global health status. Impro ved global health
status was defined as any one of the follo wing categories:

LIRS

“improved”, “good”, “better”, “much impro ved”, “pain-
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Table 3. List of included trials with treatment specifications.

First author Location Laser Laser Power Dose No. of Co-
and year of type, continuous density (Joule)  sessions/ interventions
publication manufacturer output (mW/cm?) sessions
(maximum per week
pulse) and
treatment time
Basford 1987 Thumb 632 nm (P) 0.4 mW 90 0.0135* 9/3 Drugs
Dynatronics 1 min registered
Jensen 1987 Knee 904nm (P) 0.3 mW*(2W) 0.3 0.05* 5/5 Analgesics
Space CEB (200 Hz) 6 min registered
Klein 1990 Lumbar 904 nm (P) 0.4mW* (2W) 0.4 0.1* 8/2 Exercises
spine Physio 4 min NSAIDs
Technology
Stelian 1991 Knee 630 nm (P) 75 mW 34 10.3 20/10 Analgesics
820 nm (P) 25 mwW 11 11.1
Amcor 15 min
Nivbrant 1992  Knee 904 nm (P) 4 mW(10 W) 57 2.1 6/3 Analgesics
ASA 5000 Hz, registered,
3 min (C) NSAIDs not
allowed
Bulow 1994 Knee 830 nm (P) 25 mwW 110 225 9/3 Drugs
Unilaser 15 min (C) registered
Gray 1994 T™J 904 nm (P) 4 mW(27 W)* 57 0.7* 12/3 Not registered
Space CEB 3 min
Toya 1994 Lumbar 830 nm (P) 60 mwW 3000 48-60 1/1 Not allowed
Cervical OhLase3D1 9 min
Extremity
Bertolucci 1995 TMJ 904 nm ASA 4 mW (10W) 57 2.1 9/3 Not registered
(700 Hz) 9 min
Gatte 1995 Knee 904 nm Felas 12 mW (25W) 4 12* 12/3 NSAIDs not
13 min allowed
Conti 1997 T™J 830 nm (P) 100mw 38887 4 4/1 Not registered
Omnilase 40 sec
Soriano 1998 Lumbar 904 nm (P) 40 mW 40 16* 10/5 NSAIDs and
spine Brand missing (20W)10 kHz physiotherapy
not allowed
Basford 1999 Lumbar NdYag 1626 mW, 542 48.8 12/3 NSAIDs allowed
spine Laser Biotherapy 6 min (C)
Ozdemir 2001  Cervical 830 nm (P) 50 mwW 390 10.8 10/7 Not registered
spine Enraf Nonius 3 min

Trials with dose or power density outside suggested range in Italics. NSAID, non-steroidal anti-inflammatory drug; P,
pointer; *, dose revised by reviewers; TMJ, temporomandibular joint.

LEINNT3

free”, “excellent”. If sufficient data from the trial repor ts
were provided, then the proportions of “improved” and “not
improved” patients were pooled and expressed as a relative
risk. A random ef fects model w as used for statistical
pooling.

Results

Included studies The literature search identif ied 88
randomised controlled trials of LLLT, of which 20 included

chronic joint disorders. Six trials w ere excluded for not
irradiating the skin directl y overlying the joint capsule
(Gallachi etal 1981, Le with and Machin 1981, Ro gvi
Hansen etal 1991, Sn yder-Mackler et al 1989, Walker
1983, Waylonis et al 1988) (Table 2).

A total of 14 trials with 695 patients (Basford et al 1987

and 1999, Ber tolucci and Grey 1995, Bulow et al 1994,
Conti 1997, Gray et al 1994, Gétte et al 1995, Jensen et al
1987, Klein and Eek 1990, Ni  vbrant and F riberg 1992,

Australian Journal of Physiotherapy 2003 Vol. 49
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Table 4. Method scores (PEDro scale).

First author Random- Concealed Baseline  Patient Therapist Observer  With- Intention- Between- Mean Total

isation  allocation similarity blinded  blinded  blinded drawals/ to-treat-  groups and score

performed to groups dropouts analysis difference variability
< 15% tested data
statistically

Basford 1987 1 0 1 1 1 1 1 0 1 1 8*
Jensen 1987 1 0 0 1(0) 0 1(0) 1 0 1 0 5(3%)
Klein 1990 1 0 1 1 1 1 0 0 1 1 *
Stelian 1991 1 0 1 1 1 1 1 0 1 1 8
Nivbrant 1992 1 0 1 1 1 1 1 0 0 1 7
Bulow 1994 1 0 0 1 1 0 1 0 1 1 6
Gray 1994 1 0 0 0 1 1 0 0 1 1 5*
Toya 1994 1 1 1 1 1 1 1 0 1 1 9*
Bertolucci 1995 1 0 0 1 1 0 1 0 1 1 6
Gatte 1995 1 0 1 1 0 1 1 0 1 1 7
Conti 1997 1 0 1 1 0 1 1 1 0 0 6
Soriano 1998 1 0 1 1 1 1 0 0 1 1 T*
Basford 1999 1 0 1 1 1 1 1 0 1 1 8*
Ozdemir 2001 1 0 1 1 1 0 1 0 1 1 7

Trials shown in Italics gave treatment outside suggested dose range. * indicates that the same method scores have been
given by PEDro reviewers. (*) indicates method score by PEDro reviewers where disagreement with our assessment
existed.

revealed that three trials (Basford et al 1987, Jensen et al
Bertalucei o 1987 and Klein and Eek 1990) did not use doses inside our
Bl o i dose suggested range. These trials are indicated in Italics in
Table 3. The remaining 11 trials, w hich included 565
chitte =t patients, adhered to the suggested dose range.
Hivbrant ——
Stailan (infre) | , Method scoring Methoid scores for trials that used the
: suggested dose range satisf ied on average 6.9 out of 10
Basford == possible criteria on the PEDro scale, w hile the remaining
Ozdemir = X three trials satisfied six out of all 10 criteria on the PEDro
scale. Seven trials had previously been assessed by PEDro
. reviewers. For one trial, our assessment dif fered from the
POCLED g PEDro database scores (Jensen et al 1987). Missing
irandom effect) concealed allocation to g roups and intention to treat
i i i s s i i analysis were the most frequent shor tcomings in the
-6 40 -0 0 20 40 B0 included trials. The results of the method scoring is
favours placebe favours laser summarised in Table 4.
Figure 1. Effect of low level laser therapy on pain (mm on Pain reduction on VAS Nine trials provided data of pain on
a 100 mm VAS). VAS (Table 5). Two trials used a dose outside our suggested
dose range and both reported a non-significant difference in
pain reduction (Conti 1997, Klein and Eek 1990). Of the
remaining eight trials with LLLT dose inside our suggested
Ozdemir et al 2001, Soriano and Rios 1998, Stelian et al dose range, one trial reported variance data as interquartiles
1992, Toya et al 1994) satisfied our inclusion criteria. A list (Bulow et al 1994). These variance data were substituted by
of included trials and their treatment characteristics is the average SD of the other six trials in the statistical
summarised in Table 3. pooling. By using a random effects model, WMD in change
of pain on a 100 mm VAS was calculated to 29.8 mm (95%
Dose assessment The results of the dose assessment CI 18.9 t0 40.7) in favour of active laser (Figure 1).
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Table 5. List of included trials with data on treatment outcome.

First author No. of Condition Mean pain  Mean pain Mean change  Proportions Author’s test
patients (mm) before (mm) after in pain (mm) of patients of significance
treatment  treatment improved

Basford 1987 81 Active 53 (missing data) 22/47 N.S.
Placebo 48 (missing data) 16/34

Jensen 1987 29 No separate pain score N.S.

(medication included)

Klein 1990 20 Active 40 23 17 N.S.
Placebo 44 28 16

Stelian 1991 50 Active(Red) 65 33 32 p < 0.0001
Active(Infra) 72 32 40 (Before/ after)
Placebo 62 63 -1

Nivbrant 1992 30 Active 67 44 23 p <0.01
Placebo 58 54 4 (Before/ after)

Bulow 1994 29 Active 82 61 21 7/14 N.S.
Placebo 71 69 2 9/15

Gray 1994 55 Active 20/29 p < 0.001
Placebo 14/26

Toya 1994 115 Active 43/59 p < 0.0001
Placebo 16/56

Bertolucci 1995 32 Active 40 p <0.01
Placebo 2

Gatte 1995 40 Active * 69 42 27 13/20 “Significant”
Placebo* 70 68 2 2/20 (no p-value)

Conti 1997 20 Active 58 27 31 N.S.
Placebo 49 38 11

Soriano 1998 71 Active 79 (missing data) 27/38 p < 0.007
Placebo 81 (missing data) 12/33

Basford 1999 63 Active 35 17 18 p <0.001
Placebo 37 33 4

Ozdemir 2001 60 Active 77 24 53 p < 0.001
Placebo 73 68 5

Randomised placebo-controlled trials where LLLT has been used for CJD. Outcome data are extracted from trial reports.
Trials shown in Italics gave treatment outside suggested dose range. *Visual estimates of data from graphs in trial report.
Blank boxes indicate missing data in trial report. N.S. = not statistically significant.

Health status Six trials measured change in health status,
and provided data that made it possib le to calculate the
number of patients that impro ved their health status in
active LLLT groups and placebo laser groups (Table 5). In
one trial that used a lo wer dose than our suggested dose
range, no signif icant difference was registered between
groups (44% versus 47% with improved status; Basford et
al 1987). The remaining six trials used doses within our
suggested dose range. In one of them (Basford et al 1999),
the data showed a significant effect in favour of active laser
but the presentation of the data did not allo w for
identification of the number of patients w ho experienced
improvement. Five trials repor ted improved health status
for a total of 110 patients in the active LLLT groups versus
53 inthe placebo g roups. Health status remained
unchanged for 50 patients in the acti ve LLLT-groups and
97 patients in the placebo g roups. The pooled estimate of

the change of health status w as significantly in favour of
active LLLT with a relati ve risk of 0.52 (95% CI 0.36 to
0.76) when calculated by arandom ef fects model. The
results for health status are summarised in Figure 2.

Duration of pain r elief Six trials with assumed optimal
treatment employed follow-up measurement of at least
three weeks. Four of these trials reported pain relief under
blinded conditions (Basford et al 1999, Gétte et al 1995,
Gray et al 1994, Ni vbrant and Friberg 1992). Two trials
with intensive, daily treatment regimens (Soriano and Rios
1998, Stelian et al 1992) repor ted pain reduction from
LLLT for four to six months, but e valuation in the follow-
up period was unblinded.

Side effects and adverse reactions In terms of side effects,
six of the LLL T trials with optimal dose (Basford et al

Australian Journal of Physiotherapy 2003 Vol. 49
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Figure 2. Effect of low level laser therapy on health status
(Relative risk of not improving)

1999, Bulow et al 1994, Gotte et al 1995, Ni vbrant and
Friberg 1992, Soriano and Rios 1998, Stelian et al 1992)
explicitly stated in their report that no adverse effects were
observed. One trial repor ted an incident of transient

adverse effects for one patient in each group (Basford et al
1987).

Discussion

The results of this review were surprisingly unequivocal in
favour of active LLLT when dosage was titrated above the
suggested lower dose limit for reduction of inflammation.
In our opinion, man y trial authors and re viewers have
investigated clinical effects without having a hypothesis of
which biological action they expect from LLLT. They have
often disregarded the fact that LLLT dose is af fected by
physical and anatomical penetration characteristics.
Although we have tried to cater for these factors, it must be
remembered that our estimate range of laser penetration
(Table 1) is h ypothetical. We currently lack hard data on
what biological effects laser causes at cer tain depths and
tissues in the human body.

Perhaps the w eakest point of thisre  view is the
heterogeneity in treatment procedures and within the
patient sample. The latter is reflected b y mean baseline
pain scores that ranged from 35 mmto 82 mmon  VAS
(Table 5). In two trials it was explicitly stated that patients
were excluded if they experienced an acute episode of
exacerbation (Basford et al 1999, Klein and Eek 1990). For
the other trials, baseline pain was above 48 mm on the VAS.

Another issue that can par tly explain heterogeneity in
results is that only some trials prohibited co-intervention by
anti-inflammatory drugs. The overall effect in trials that
explicitly allowed anti-inflammatory drugs was poorer than
those which did not allo w for this co-inter vention. This
adds support for our h ypothesis that pain reduction from
LLLT is achieved through an anti-inflammatory action.

The differences in numbers and frequencies of the
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treatment sessions ma y also increase hetero geneity in
results. However, the majority of trials in volved treatment
for two to four weeks, and only one trial (Toya et al 1994)
treated once and measured the immediate ef fect of LLLT.
We were in doubt w hether this trial should be remo ved
from the calculations of improved health status.

The structures which contribute to neck pain or lo w back
pain are disputed , but both muscular and ar  ticular
structures seem to be in volved. The majority of patients
with chronic spinal pain inourre  view had anx-ra y
confirmed diagnosis of osteoar thritis (Basford et al 1999,
Ozdemir et al 2001, Soriano and Rios 1998). The presence
of inflammation, however variable in activity, is a cardinal
sign in osteoarthritis (Pelletier and Martel-Pelletier 2002).
For this reason, w e decided to include these trials as
chronic joint disorders trials.

We think that the inclusion of pain from the
temporomandibular joint is f airly uncontroversial. Itis a
common condition and, like other chronic joint disorders, is
characterised by pain, syno vial inflammation and
decreased range of motion (Rauhala et al 2000).

Assessing scientific evidence from clinical trials is al ways
a complex matter. We do agree that the methodolo gical
quality of trials is impor tant, and have assessed the trials
according to a widely accepted standard (the PEDro scale).
Fortunately, the included trials w ere all of acceptab le
methodological quality, which made it unnecessar y to
exclude any of them from our conclusion. Six of the trials
have been assessed by PEDro reviewers and confirm our
method scores. For one trial we found that partial blinding
was performed, which contradicts the PEDro re view. In
addition, two other trials (Ber tolucci and Gre y 1995,
Stelian et al 1992) have previously been assessed by other
reviewers who found that the y fulfilled more than half of
the quality criteria on the Jadad and Maastricht lists,
respectively. There is, ho wever, genuine disag reement
between our method score and the score of a Sw edish trial
(Nivbrant et al 1992) in another review (de Bie et al 1998).
This may be attributed to linguistic dif ficulties, or the fact
that two reports have been published from this trial.

There is some e vidence that LLLT may inhibit fibroblast
activity (Loevschall and Arenholt-Bindslev 1994) w hen
dose exceeds 4 J. As the joint capsule is populated b 'y
fibroblasts, future research is needed to clarify the matter
of optimal balance betw een biological effects such as
COX-2 inhibition and fibroblast activity.

Laser dosage is a comple x topic, and missing parameters
can give a misleading picture if they are not fully reported.
We have retrieved the missing laser parameters b y getting
specifications from the manufacturers of all the lasers used
in the included trials and w e have recalculated all po wer
densities, dose per treatment sessions and w eekly doses.
However, it is a w eakness that testing and calibration of
laser output was only performed in two of the clinical trials
(Basford et al 1999, Bulow et al 1994).
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In five of six LLL T trials with follo w-up, pain reduction
remained significant for three w eeks, and unb linded
follow-up suggested significant pain reduction for up to six
months (Stelian et al 1992).

The literature on LLLT is full of conflicting reports, and we
believe that much of this is caused b y the lack of dosage
consensus. One large, well-designed trial found no ef fect
from LLLT on ankle sprains (de Bie et al 1998). In our
opinion, the poor results ma y have been causedb y
insufficient irradiation, because only a single 1 cm 2 point
of the s wollen joint capsule w as treated by LLLT. Ina
recent review on LLLT effectiveness (Brosseau et al 2000),
results for osteoar thritis were conflicting. This review
lacked procedural assessment of the laser e xposure
technique, and dose anal ysis was not used to adjust for
differences in energy loss for each anatomical location. In
addition, our literature search is more recent and e xtensive
and includes two more trials on osteoar thritis of the knee
(Gotte et al 1995, Nivbrant and Friberg 1992), in addition

to trials with spinal and temporomandibular joint disorders.

Conclusion

Although the hetero geneity of the trial results calls for
caution in inter pretation, LLLT seemed to be ef fective in
reducing pain from chronic joint disorders. The hypothesis
that LLLT acts through a dose-specif ic anti-inflammatory
effect inthe ir radiated joint capsule is a potential
explanation of the positive results. This hypothesis needs to
be verified or refuted in studies w here outcome measures
of inflammatory activity are used. More and lar ger trials
are needed to precisel y determine optimal treatment
procedures for LLLT and possible interaction with other
therapies for chronic joint disorders.
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Background and Objectives: Photobiomodulation
(PBM) has been proposed as a potential therapy for spinal
cord injury (SCI). We aimed to demonstrate that 810 nm
light can penetrate deep into the body and promote
neuronal regeneration and functional recovery.

Study Design/Materials and Methods: Adult rats
underwent a T9 dorsal hemisection, followed by treatment
with an 810 nm, 150 mW diode laser (dosage = 1,589 J/cm?).
Axonal regeneration and functional recovery were assessed
using single and double label tract tracing and various
locomotor tasks. The immune response within the spinal
cord was also assessed.

Results: PBM, with 6% power penetration to the spinal
cord depth, significantly increased axonal number and dis-
tance of regrowth (P < 0.001). PBM also returned aspects
of function to baseline levels and significantly sup-
pressed immune cell activation and cytokine/chemokine
expression.

Conclusion: Our results demonstrate that light, deliver-
ed transcutaneously, improves recovery after injury and
suggests that light will be a useful treatment for human
SCI. Lasers Surg. Med. 36:171-185, 2005.

© 2005 Wiley-Liss, Inc.

Key words: astrocytes; corticospinal tract; footprint
analysis; low power laser irradiation; macrophage; micro-
glia; photobiomodulation; rat; retrograde and anterograde
tract tracing

INTRODUCTION

Damaged central nervous system axons fail to regenerate
following spinal cord injury (SCI) in adult mammals.
Despite vigorous research, including use of anti-inflamma-
tory drugs [1], X-irradiation [2,3], elimination of inhibitory
factors in the spinal cord [4—-9], provision of neurotrophic
factors [10—14], and cell transplantation [15—22], there
currently is no cure for the sensory or motor deficits seen
following injury. After SCI, a secondary injury occurs that
is mediated in part by the immune response [23] and
magnifies the impairment [23—25].

Photobiomodulation (PBM), also known as light therapy,
low power laser irradiation, or low level laser irradiation, is
an effective treatment for cutaneous wounds and promot-
ing peripheral nerve regeneration [26—29]. This modula-

© 2005 Wiley-Liss, Inc.

tion in recovery is attributed to a light absorption
mechanism [30] rather than through the production of
heat [29,31,32]. Research has shown that dosages of 0.001—
10 J/cm? stimulate cellular activity (such as DNA, RNA,
and protein production, proliferation, and motility) while
dosages greater than 10 J/cm? inhibit activity [33].

Following SCI, high dosage PBM in combination with
transplantation resulted in an increase in axonal sprout-
ing, decreased scar formation, and improved weight bear-
ing and step taking in dogs and rats in comparison to
transplantation alone [34—36]. These studies indicate that
PBM may have a number of therapeutic effects following
SCI, potentially by decreasing the inflammatory response
at the spinal cord lesion site.

Invasion/activation of immune cells has been under
investigation as a potential mediator of secondary injury
[23]. A variety of cell types invade or are activated within
the first hours to days after SCI, including neutrophils,
macrophages, microglia, astrocytes, and T and B lympho-
cytes [25,37—46]. These cells are primarily activated or
drawn into the lesion area by pro-inflammatory cytokines
and chemokines, expressed within the first few hours after
injury [42,47—-49]. Recent evidence suggests that alteration
of cell invasion/activation after SCI improves functional
recovery. Research demonstrated that depletion of macro-
phages improved locomotion, spared white matter, pre-
served myelinated axons, supported axonal sprouting and
reduced cavitation [50]. Anti-inflammatory drugs also
increased tissue sparing [51] and promoted functional re-
covery [21,52].

To date, no study has assessed the axonal regrowth of
specific tracts or the recovery of specific locomotor functions
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in the spinal cord after acute injury and PBM. Additional-
ly, no study has investigated the mechanisms of light
therapy’s effect within the injured nervous system. Here,
we show that light applied transcutaneously at the site of
SCI is able to penetrate to the level of the spinal cord and
significantly improves axonal regeneration and restores
specific locomotor functions while altering the immune
response after injury.

MATERIALS AND METHODS

Subjects

Eighty-five adult female Sprague—Dawley rats (200—
300 g, Taconic Farms, Germantown, NY) were used in this
study under an approved Uniformed Services University
TACUC protocol. Food and water were provided ad libitum
and the rats were exposed to 12 hour reversed cycles of light
and dark periods. For all experimental procedures, rats
were anesthetized with sodium pentobarbital (50 mg/kg,
i.p.) and placed on isothermal heating pads warmed to
37°C.

Spectrophotometric and Power Measurement

An incoherent broadband white light was directed at
the surface of the skin in the low thoracic vertebral level
of adult, Sprague—Dawley rats (n =5). A smart, tissue-
activated optical fiber probe [53] was inserted sequentially
into the skin (layer 1; ~1 mm thick), sub-cutaneous con-
nective tissue layer (2; ~1 mm thick), deep connective
tissue layer (3; ~1 mm thick), muscle (4; ~15 mm thick),
and the spinal cord within the vertebral column (5; ~10 mm
thick). At each of these layers, a transmission spectrum in
the range of 500—1,200 nm was collected while white light
was applied to the skin surface.

Corticospinal Tract (CST) Lesion

Rats were randomly assigned to control (n =40) or PBM
(PBM; n =40) groups. Dorsal hemisection was performed by
an investigator blinded to group assignment. A laminect-
omy followed by a dorsal hemisection was performed at
vertebral level T9 by passing a 6-0 suture (Nurulon;
Ethicon, Inc., Piscataway, NJ) beneath the dorsal funiculus
and carefully incising the entire dorsal portion of the spinal
cord with iridectomy scissors. This lesion results in
transection of the CST, which lies in the base of the dorsal
funiculus. Complete transection was assured by lifting the
suture through the lesion. Inspection of the lesion and
visualization of the central gray commissure verified that
the CST had been transected.

Retrograde Labeling

At the time of CST lesion, gelfoam soaked in hydro-
xystilbamidine methanesulfonate (HM, also known as
fluorogold; 3% in 0.9% saline; Molecular Probes, Eugene,
OR) was inserted into the lesion site of 20 rats (n =10/
experimental group). Ten weeks after the surgery, a
laminectomy was performed approximately 24 mm caudal
to the original lesion site (vertebral level L3). The dura was
incised and 1 pl of a 2% fast blue solution (in PBS, Sigma,

BYRNES ET AL.

St. Louis, MO) was injected bilaterally at 0.5 mm lateral to
the midline into the gray matter (0.5 plinto each side) of the
spinal cord at a depth of 1.3 mm [54,55]. This injection
would result in the spread of the dye to label axonal
terminations in Rexed’s laminae 7-9.

Anterograde Labeling

Five weeks after CST lesion, 5% tetramethylrhodamine
biotinylated dextran (mini-ruby, Molecular Probes) was
injected into the motor cortex of one group of 10 rats using
stereotaxic coordinates (n =>5/experimental group). The
skin overlying the skull was shaved and swabbed with
alcohol pads. A midline incision was made in the skull and
a total of six holes were drilled through the skull at
the following stereotaxic coordinates to ensure that the
axonal tracer was injected into the primary motor cortex:
from bregma, —0.11 AP and +1.60 ML; —1.33 AP and
+1.50 ML; —2.85 AP and +1.40 ML. The needle of a
Hamilton syringe was placed in each hole at a depth of 1.0—
1.2 mm. Two microliters of the mini-ruby solution were
injected into the primary motor cortex through each hole,
for a total injection of 12 pl into the primary motor cortex.
The skull was covered with bone wax, and the skin was
sutured.

Light Treatment

Beginning within 15 minutes after spinal cord dorsal
hemisection, rats randomly assigned to the PBM group
were transcutaneously irradiated at the lesion site. Irra-
diation was applied daily for 14 consecutive days with a
continuous wave 810 nm diode laser (Thor International,
UK; 200 mW output, modified and homogenized with a
delivery optical fiber resulting in an output power of
150 mW, 2,997 seconds treatment time/day). The dosage
applied to the surface of the skin was 1,589 J/cm? per day
(dose = [energy xtime]/treatment area; 0.53 W/cm?, 450 J).
This is the dosage found to improve functional recovery
after injury in previous studies [35]. During treatment, the
0.3 cm? spot was centered on the skin directly above the
location of the spinal cord hemisection, with the expectation
that the spot size would spread as it progressed through the
tissue, while maintaining enough power to reach the spinal
cord, as is presented in our accompanying paper. Power
output of the light source was measured with a power
meter to ensure that power delivery was consistent (Ultima
Labmaster, Coherent, Inc., Auburn, CA). Prior to treat-
ment, all animals were lightly anesthetized with sodium
pentobarbital (20 mg/kg, i.p.) and placed on isothermal
heating pads. All treatments were done in the dark. Rats in
the control group were handled identically, except they did
not receive light treatment. Using these treatment para-
meters, no adverse effects were noted at the skin surface at
any time during or after treatment (data not shown).

Previous studies in our laboratory have determined that
this level of irradiation does not induce significant heating
at the level of the spinal cord, with an average temperature
increase of 0.350 +0.01°C over the entire treatment time
(data not shown). At the skin surface, the average tem-
perature increaseis 1.832 + 0.06°C (data not shown). Other
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investigators have determined that heating in this range
does not have the same effect as light treatment, suggesting
that the effects observed are due to light interaction rather
than heating [31,32].

Labeling Assessment

Rats were intracardially perfused with 4% paraformal-
dehyde 8 days after injection of mini-ruby or fast blue. Work
in our laboratory had determined that 8 days was a suf-
ficient time for mini-ruby labeling of the thoracic spinal
cord from the motor cortex (data not shown). Previous
studies [66—58] have shown that 8 days is also sufficient for
fast blue labeling of the cortex. Coronal sections of the brain
through the motor cortex, 20 um thick, and longitudinal
sections of spinal cords, including 3 mm rostral to and
16 mm caudal to the lesion, were collected. These 20 pm
thick sections were collected from the dorsal aspect of the
spinal cord through the level of the gray commissure.

Mini-ruby labeled spinal cord sections, including the
lesion site and 16 mm caudal, were collected at a ratio of 1/6.
Mini-ruby labeled axons were counted at 0.5 mm intervals
from the lesion site through 16 mm caudal to the lesion
using an RITC filter (excitation 528—-553 nm) and 20x
magnification, as described previously [21]. Total axons
counted were then averaged/section and, as the total
number of sections required to encompass the entire CST
was found to be 24, the average was multiplied by 24 for a
final average axon count/animal. Axon counts were com-
pared at 1 mm intervals for statistical analysis, and
average distance of regeneration was established for each
animal in each group. Axonal counts are presented as
mean + SEM. Axonal count data were analyzed using one-
way ANOVA, with Bonferroni post-test.

For neuronal counting, cortical sections were collected
and mounted at a ratio of 1/8. The fractionator method of
unbiased stereology [59] was used to count HM and/or fast
blue labeled neurons in the motor cortex at a magnifica-
tion of 20x (2.6 mm from midline to lateral edge of brain
per hemisphere). Every eighth section from Bregma to
Bregma—2.5 mm was assessed using a random start site.
Two filters, with excitation ranges of 330—380 nm and 450—
490 nm, were used to identify single (HM or fast blue) and
double labeled neurons. Double labeling was described as
those neurons with a blue cytoplasm with green punctate
labeling in the cytoplasm, as reported previously [60]. The
percentage of neurons that regenerated an axon was calcu-
lated according to the following calculation:

Double labeled neurons

Fast Blue + HM + Double labeled neurons x 100

Neuronal counts are presented as mean percentage
of total neuronal number counted +SEM. This calcu-
lation was based on an unbiased stereological technique
that uses a dissector method and extrapolates the total
number of objects from a representative sample of the
whole. The total number of objects = the sum of the objects
counted x 1/(the number of sections sampled/total number
of sections)x1/(the total area sampled/total area on all
sampled sections)x1/(the height of the dissector/total
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section thickness). Neuronal count data were analyzed
using Mann—Whitney U-analysis.

Only tissue in which cortical and spinal cord injection
sites were without leakage of the tracer large distances
away from the injection site and with adequate uptake into
the intended neurons were included in the final analysis.

Functional Testing

One week prior, and 1 and 9 weeks after dorsal hemi-
section, the same rats undergoing retrograde labeling
(n = 10/experimental group) were trained for 3 days and
then tested for 2 days (five trials per day) to walk across a
ladder beam (Columbus Instruments, Columbus, OH) that
recorded the crossing time and footfalls. Footfalls were
assessed as the number of time paws failed to grasp a ladder
rung and fell below the plane of the ladder. Crossing time
was assessed as the amount of time in seconds required to
cross the ladder and reach a dark box at the end. This test
was videotaped for confirmation. Rats also underwent foot-
print analysis and base of support (distance between
central pads of the hind paws), stride length (distance
between the central pads of two consecutive prints) and
angle of rotation (angle formed by the intersection of the
line through the print of the third digit and the line through
the central pad parallel to the walking direction) were
analyzed in a method modified from that of Metz et al. [61].
Briefly, hind paws of rats were inked and rats were allowed
to walk across a narrow runway covered in white paper to a
safety cage. All testing was done in triplicate on two con-
secutive days, and testing at nine weeks was completed
prior to administration of the second retrograde tracer to
avoid complications from a second surgery. Data are pre-
sented as mean percentage of pre-surgical measurement
to control for variations among animals. Functional data
were analyzed using Repeated Measures ANOVA with
Newman—Keuls post-test to assess changes over time or
one-way ANOVA with Tukey post-test to assess differences
between groups at individual time points.

Immunohistochemistry

Spinal cord tissue from rats was collected at 48 hours,
14 and 16 days post-injury (DPI). At each time point, five
rats per experimental group were deeply anesthetized with
10% chloral hydrate (1 ml/100 g, i.p.) and euthanized via
intracardiac perfusion with 4% paraformaldehyde. The
thoracic spinal cord at the lesion site, which was typically
approximately 2 mm long and was identifiable by visible
scar tissue, and 3 mm rostral and 5 mm caudal to the lesion
site was dissected, post-fixed for 24 hours in 4% parafor-
maldehyde, and cryoprotected for 24 hours in 30% sucrose.
Twenty micrometer longitudinal sections were collected
from the dorsal aspect of the spinal cord through the level of
the gray commissure. Sections were serially mounted onto
10 slides, with three sections per slide. One slide from each
rat was processed for each cell type under investigation.
Immunolabeling was repeated for each animal to ensure
labeling efficacy. Negative controls, in which primary anti-
body was not added during immunohistochemistry, were
run for each cell type. The tissue was rehydrated and
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blocked with an appropriate blocking solution. Tissue was
incubated overnight with primary antibodies for macro-
phages/activated microglia (ED1, 1:175, Serotec, Inc.,
Raleigh, NC), neutrophils (RP3, 1:30, BD Pharmingen,
San Diego, CA), T lymphocytes (UCHL1, 1:25, Dako Corp,
Carpinteria, CA), B lymphocytes (.26, 1:75, Dako Corp),
Schwann Cells (S100, 1:100, Santa Cruz, Santa Cruz,
CA), or astrocytes (GFAP, 1:100, Dako Corp) followed
by incubation with an appropriate fluorescently labeled
secondary antibody (Jackson Immunochemicals, West
Grove, PA) at room temperature for 30 minutes.

The lesion epicenter and adjacent 1 mm of tissue of at
least six sections per animal per antibody were digitally
photographed using a Leica/Spot system (Version 2.2 for
Windows, Diagnostic Instruments, Inc., Sterling Heights,
MTI). The proportional area of tissue occupied by immuno-
histochemically stained cellular profiles within a defined
target area (the lesion site and surrounding tissue) was
measured using the Scion Image Analysis system (http://
rsb.info.nih.gov/nih-image/) using a method modified from
that described by Popovich et al. [46]. Briefly, tissue regions
were scanned and the proportion of the area that included
positive immunolabeling was measured. All tissue sections
were coded prior to measurement to prevent bias and all
image backgrounds were normalized prior to quantitation.
Area of spinal cord occupied by cell type is expressed as
mean + SEM. Kruskal-Wallis statistical analysis with
Dunn’s post-test was used to compare means. Student’s
t-test was also used for detection of differences at individual
time points.

RT-PCR

At 6 hours or 4 DPI, five rats/time point/group were
deeply anesthetized and euthanized by decapitation. The
5 mm of the spinal cord encompassing the lesion site and
the area immediately rostral and caudal was dissected and
placed in 500 pl of RNAlater solution (Amnion, Austin, TX).
Total cellular RNA was extracted and reverse transcribed
using First-Strand Synthesis beads (Marsha Pharmacia,
Piscataway, NdJ) as per the protocol of the manufactu-
rers (Nitrogen, Carlsbad, CA and Amersham Pharmacia).
Briefly, tissue was homogenized in TRIzol (Invitrogen)
using a FastPrep machine (Qbiogene, Carlsbad, CA). RNA
was then extracted using the chloroform/isopropanol
method and purified with a 75% ethanol wash prior to
being resuspended. RNA was transferred to tubes contain-
ing First-Strand Synthesis beads (Amersham Pharmacia)
and Random Hexamers (Invitrogen) and incubated at
1 hour at 37°C. Resultant cDNA was amplified using the
CytoXpress Multiplex Inflammatory Set 1 (Biosource,
Camarillo, CA) or monocyte chemoattractant protein—1
(MCP-1; 5 CTTCTGGGCCTGTTGTTCAC 3'; 5 GGGAC-
GCCTGCTGCTGGTGATTC 3'), macrophage inflamma-
tory protein loo MIP1o; 5 TTTTGAGACCAGCAGCCTTT
3’; 5 CTCAAGCCCCTGCTCTACAC 3'), or inducible nitric
oxide synthase iNOS; 5’ CCCTTCCGAAGTTTCTGGCAG-
CAGC 3; 5 GGGTGTCAGAGTCTTGTGCCTTTGG 3)).
PCR products were quantified as previously described
[62,63]. Briefly, pixel density for each band was measured
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the Scion Image program and normalized against the
endogenous control, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). All datais presented as theratio of gene of
interest to GAPDH + SEM. Resultant relative gene expres-
sion is presented as mean ratio + SEM. One-way ANOVA
was used to compare groups, with Tukey’s post-test for
comparison of individual groups.

Statistical Analysis

All statistical tests were performed using the GraphPad
Prism Program, Version 3.02 for Windows (GraphPad
Software, Inc., San Diego, CA) and SPSS 11.0 for Windows
(SPSS, Inc., Chicago, Illinois).

RESULTS
Light Penetrates to the Spinal Cord

Ex and in vivo spectrophotometric and power transmis-
sion analyses were performed to assess the extent to which
transcutaneous 810 nm laser light, with an output power
of 150 mW, penetrates to the depth of the spinal cord
(Fig. 1a,b). Analysis of the transmission spectra revealed
the range of transmission, or penetration, was highest
through all tissue layers overlying the spinal cord (Fig. 1c)
and through blood (Fig. 1d) between the 770 and 850 nm
wavelengths. The transmission of light through tissue is
heavily influenced by the absorption of light by blood
(Fig. 1d), which is reflected by the similarity between the
two peaks of transmission as well as the relatively flat
transmission spectra by skin (Fig. 1c, layer 1). Analysis of
power penetration revealed that 6% of the power of a
150 mW 810 nm laser was transmitted through all of the
layers of tissue between the dorsal skin surface and the
ventral side of the spinal cord. These data show that 810 nm
light is within the optimal range for light penetration to the
spinal cord level if applied transcutaneously, and that 9 mW
of energy will reach the spinal cord if the initial output is
150 mW.

Light Improves Axonal Regrowth

To determine if application of 810 nm light to the injured
spinal cord increased axonal growth, an anterograde
tracer, mini-ruby, was injected bilaterally into the motor
cortex 5 weeks after a CST lesion. Analysis revealed that
mini-ruby labeled axons were found in the white matter, in
the region of the spinal cord normally occupied by the CST
(i.e., in the dorsal funiculus, between the dorsal horns;
Fig. 2a,d,e). These axons were observed to pass the lesion
site ventral, dorsal or around the remaining cavity (Fig. 2a),
or to traverse the lesion through a tissue bridge (Fig. 2b),
as has been reported previously [64—67]. There were few
mini-ruby labeled axons caudal to the lesion in the control
group (Fig. 2c,g), with 16.32+8.53 found at 1 mm,
8.61+£5.76 at 4 mm, and 0 axons found from 7 to 16 mm
caudal to the lesion (Fig. 2g). These labeled axons were
calculated to extend an average distance of 2.9 +0.8 mm
caudal to the lesion (Fig. 2f), which is comparable to pre-
viously reported spontaneous post-lesional sprouting [68].
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Fig. 1. Light penetration analysis. a: Photograph of spectro-
photometric analysis experimental set-up. The smart fiber
(arrow) is inserted below the skin of the rat, the light source
(arrowhead) is positioned above the skin for transcutaneous
application of light. b: Ex vivo power analysis, a cross section of
the rat’s dorsal thoracic region was placed between the light
source and a power meter. Graphical representation of
transmission (in arbitrary units) through each layer of tissue
(e) or through blood (d), depending on wavelength (nm). Layer
1, skin; 2, loose connective tissue; 3, dense connective tissue;
4, muscle; 5, vertebral column and spinal cord.

Analysis of axonal number from 1 to 16 mm caudal to the
lesion revealed that there were significantly more mini-
ruby labeled axons in the PBM group than the control group
(P <0.05; Fig. 2g), with an average axonal count ranging
from 71.76 4+ 17.7 to 120.7 4 18.5 axons counted per mm. No
significant difference was found between the groups from
10 to 16 mm caudal to the lesion, although mini-ruby
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labeled axons were only found at these distances in the
PBM group. The mini-ruby labeled axons in the PBM group
extended an average of 8.7 + 0.8 mm caudal to the lesion,
a significantly increased length over the control group
(P <0.05; Fig. 2).

Anterograde analysis demonstrates the presence of axons
caudal to a transection; however, to determine if PBM
promotes regeneration of transected axons, a double label,
retrograde tracing analysis was performed. Based on the
anterograde tracing data, axons in the PBM group were
calculated to grow at a rate of 0.25—0.4 mm per day. Thus,
axons would require approximately 10 weeks to reach the
mid-lumbar region and innervate interneurons or motor
neurons responsible for lower limb function [69]. At the
time of CST lesion, transected neurons were labeled by
inserting HM into the lesion. Ten weeks after CST lesion,
axons terminating at vertebral level L3, approximately
24 mm caudal to the initial lesion, were labeled by injecting
fast blue into the ventral horn. Numbers of single (HM or
fast blue) and double (HM and fast blue; neurons with
axons that were transected and regrew to L3) labeled
neurons in the motor cortex were assessed using unbiased
stereology. Due to insufficient labeling in two animals and
the deaths of two animals prior to tract tracing analysis, all
data presented for double-labeling assessment is for an n of
7 in the control group and an n of 9 in the PBM group.

Analysis of single labeled neurons (HM or fast blue)
revealed no significant difference (P > 0.05) between con-
trol and PBM groups, demonstrating no difference in label-
ing efficacy between groups (Fig. 3a,b,c). The average
number of HM labeled neurons is 8,860+ 3,408 in the
control group and 13,270 + 3,236 in the PBM group, which
is comparable to the number of CST axons reported in the
lower thoracic region of the spinal cord [70,71]. The aver-
age number of fast blue labeled neurons is 129+ 109 in
the control group and 131 + 120 in the PBM group, which is
comparable to the number of neurons found in the motor
cortex after injection of a retrograde tracer into the ventral
portion of the CST at vertebral level L4 [70]. Since fibers of
the dorsal and ventral CST originate from the same area
of the motor cortex [70] and the lesioning procedure used
in this study transects the dorsal CST but not the ventral
CST, it is likely that these fast blue labeled neurons are
from the unlesioned ventral CST.

Double labeled neurons, with both HM and fast blue
labeling, were found only in the PBM group (Fig. 3d,e,f). In
the PBM group, a maximal number of 543 double labeled
neurons were counted, with an average of 70.5 +59.6 for
the entire group. The percentage of double labeled neurons
represented a statistically significant increase in compar-
ison to the control group (P < 0.05; Fig. 3d). This increase
in double labeling indicates that only CST axons in the
PBM group regrew and terminated in the gray matter of
vertebral level L3 after transection.

Light Improves Locomotor Function

To determine if PBM resulted in functional improve-
ment, performance of rats in two functional tests,
the ladder/grid walking test and footprint analysis, was
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Fig. 2. Mini-ruby labeled axons and related quantitation at
5 weeks post-injury. Photomicrograph of two lesion sites (a, b),
with axons passing around (a) or through (b) the lesion site
(arrows). Photomicrograph of white matter 4 mm caudal to the
lesion site in control rat (¢) and photobiomodulation (PBM) rat
(d, e). Note that mini-ruby labeled axons in the dorsal

assessed prior to and after CST lesion. Five measurements
were taken, including footfalls, time to cross the ladder,
base of support, stride length, and angle of rotation.

One week after CST lesion, rats had significant impair-
ments in angle of rotation (P < 0.05; Fig. 4a) in the control
group and footfalls (P < 0.05; Fig. 4b) in the control and
PBM groups in comparison to pre-surgical measurements.
An increase in ladder cross time was also observed in both
groups at this time point (Fig. 4c). However, there was
no significant difference between pre- and post-surgical
angle of rotation in the PBM group at 1 week post-injury
(P> 0.05; Fig. 4a).

At 9 weeks post-injury, angle of rotation remained at the
baseline level (P > 0.05; Fig. 4a,d) and ladder beam cross
time had returned to pre-surgical values (P > 0.05; Fig. 4c)
in PBM animals, demonstrating a recovery of these func-
tions. Control animals had measurements that remained at
elevated levels (P < 0.05; Fig. 4a,c,d). Comparison of these
measurements in PBM and control groups revealed a signi-
ficant improvement in the PBM group (P < 0.05; Fig. 4a,c).
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funiculus white matter (wm) between the dorsal horn gray
matter (gm), indicated with arrows, are found at this distance
only in the PBM group. Bar =23 um (c, e); 11.8 um (a, b, d).
Comparisons of average axon number/animal (f) and average
distance caudal to the lesion (g) are shown. *P <0.05,
**P < 0.001. N =5/group. Bars represent mean + SEM.

There was a significant increase in footfalls in both control
and PBM animals post-surgery (P < 0.05; Fig. 4b), but no
significant difference between these two groups. No signi-
ficant change was found in stride length or base of support
in either group at any time point after CST lesion (P > 0.05).
These functions have been found to be under the control of
tracts other than CST, and are not normally affected by
CST lesion alone [11], confirming the specificity of this
lesion model for the CST.

Light Alters the Immune Response

To explore the potential mechanism of PBM’s effects after
SCI, the immune response within the spinal cord was
assessed. Immunolabeling was quantified in order to deter-
mine the invasion/activation of different cell types in the
spinal cord at 48 hours, 14 and 16 days after SCI.

Due to the clustering of cells surrounding the lesion
following SCI, assessment of numbers of individual cells
was not possible. Therefore, measurement of tissue area
occupied by immuno-positive label within a defined target
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tion of double labeled neurons in PBM and control groups.
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space (i.e., within the lesion and adjacent tissue area) was
used to assess cell invasion/activation. As an increase in
immunolabeling does not necessarily reflect an increase in
cell number, this measurement is a method of quantifying
the magnitude of a cellular response, both in terms of
cell invasion and activation. The current study does not
attempt to distinguish between these two cellular response
parameters.

Macrophages and activated microglia are not distin-
guishable from each other in the mammalian CNS since
activated microglia express the same cellular surface
molecules and have the same round morphology as blood
borne macrophages [41,46]. Immunolabeling for ED1, an
antibody against a macrophage/microglia lysosomal glyco-
protein, revealed many of these large, amoeboid cells in the
injured spinal cord located in and around blood vessels, in
the dorsal roots, along the edges of the lesion site, within the
lesion site, and infiltrating into the surrounding tissue at
14 DPI and later. At many of the time points, there were
observably fewer labeled macrophages/activated microglia
in the PBM group than in the control group (Fig. 5a,b). In
both control and PBM groups, ED1 expression was highest
at 48 hours post-injury and 14 DPI. Both peaks were
reduced in the PBM group, with significant reductions
in ED1 expression at 48 hours and 14 DPI in the PBM
group (P < 0.001; Fig. 5e). No significant difference between
groups was found at 16 DPI (P > 0.05).

Astrocytes were detected using an antibody against
GFAP, an intermediate filament primarily expressed in
astrocytes. At 48 hours post-injury, heavy GFAP positive
labeling was found to demarcate the lesion in all rats of the
control group, with GFAP positive processes throughout
the 10 mm section in three of the five rats (Fig. 5¢). PBM
tissue, however, had only a light band of GFAP positive
label near the lesion edge and along the meninges/blood
vessels in all five rats (Fig. 5d). In both groups, immuno-
labeling for GFAP decreased over the remaining time
periods (P < 0.05), although there was a slight increase
(P <0.05) in the PBM group in comparison to the control
group at 16 DPIL.

T lymphocytes were detected in spinal cord tissue using
UCHL1, an antibody against the surface glycoprotein
CD45. Cells that were immuno-positive for UCHL1, were
small, round, and found in very low numbers. T lympho-

Fig. 4. Functional analysis. a: Angle of rotation, (b) footfalls,
and (¢) ladder beam crossing time measurements are pre-
sented for pre-injury, and 1 and 9 weeks post-injury time
points. Graph bars are mean percentage of pre-surgical
measurements + SEM. *P < 0.05, repeated measures ANOVA
with Newman—Keuls post-test between time points.
**P <0.05, one way ANOVA with Tukey post-test between
control and PBM group at 9 week time point. N = 10/group.
d: Representative footprints from pre-injury and 9 weeks post-
injury. Notice the increased angle of rotation at 9 weeks in the
control group. In the PBM group, the angle returns to pre-
surgical values.
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cytes were restricted to the lesion edge and in the acellular
matrix within the lesion cavity. Statistical analysis of
UCHLI1 expression revealed that there was a peak in both
the control and PBM groups at 48 hours post-injury, with a
decline in expression through 16 DPI (P < 0.05 between
48 hour data and 16 DPI data, regardless of group, and
between 14 day control data and 16 day data; Fig. 5g).
UCHL1 expression in the PBM group was significantly
decreased at 14 DPI (P < 0.001).

Three cell types investigated, neutrophils, B lympho-
cytes, and Schwann cells, were not significantly affected by
PBM. Immunohistochemical labeling for neutrophils re-
vealed small, round, cellular profiles that were detected
bordering the lesion site or adjacent to the meninges at all
time points investigated in both control and PBM groups.
A non-significant increase in neutrophil immunolabeling
was found at 16 DPI, which may be due to a reported
suppression of neutrophil invasion and activity by sodium
pentobarbital, the anesthetic used for all treatments from
day 1 through 14 post-injury [72,73]. B lymphocytes, small,
round cells near the edges of the spinal cord lesion or within
the cavity, demonstrated 1—2 mm migration caudal to the
lesion in the white matter tract at 16 DPI in the control
group only. There was no migration observed in the PBM
group. Also present in very low numbers were Schwann
cells, identified by antibody labeling of S100, a neural
specific Ca®" binding protein. These small, circular cells
were found at all time points investigated, primarily along
the edges of the lesion, without any migration rostral or
caudal to the lesion. No quantitative difference was found
in the immunolabeling of these cell types between PBM and
control tissue at any time point (P > 0.05; Fig. 5h,i,j).

To further clarify the effect of PBM on the injured spinal
cord, RT-PCR was performed to quantify changes in expres-
sion of genes involved in the immune response. Analysis of
gene expression at 6 hours and 4 DPI was performed and
compared to expression of GAPDH, which demonstrated no
significant difference between the control and PBM groups
(P=0.6740; Fig. 6a).

The expression of iNOS, transforming growth factor 8
(TGFB), four pro-inflammatory cytokines (interleukin 13
(IL1pB), tumor necrosis factor o (TNFa), interleukin 6 (IL6),
and granulocyte-macrophage colony stimulating factor
(GM-CSF)), and two chemokines (MIP1a and MCP-1) was
assessed at 6 hours and 4 DPI. PBM resulted in a significant
suppression (P<0.001; Fig. 6a,b) of IL6 expression at
6 hours post-injury, with a 171-fold decrease in expression
of IL6. PBM also resulted in a significant decrease in MCP-1
at this time point (P < 0.01; Fig. 6¢), in which the control
group had 66% greater expression of MCP-1. A fivefold
suppression of iNOS transcription at 6 hours post-injury
(P <0.01; Fig. 6d) was found in the PBM group in com-
parison to the control group. By 4 DPI, transcription of IL6,
MCP-1 and iNOS had significantly decreased in the control
group (P <0.001; Fig. 6b,c,d), while the expression in the
PBM group remained depressed. There was no significant
difference between control and PBM groups in expression
of TNFa, IL1B, GM-CSF, MIP1a, and TGFp at 6 hours post-
injury or 4 DPI (data not shown).
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DISCUSSION

Axons have the inherent ability to regrow following
injury and altering the spinal cord environment may
support this regeneration. The data from the current study
demonstrates that 810 nm light, at a dosage of 1,589 J/cm?,
significantly improves axonal regrowth and functional
improvement. Additionally, this study has shown that
PBM, which penetrated to the depth of the spinal cord with
6% of the incident power, induced a statistically significant
suppression of immune cell invasion and pro-inflammatory
cytokine and chemokine gene expression.

The current study found a significant increase in mini-
ruby labeled axons (P < 0.01) and double labeled (HM and
Fast Blue; P < 0.05) neurons in the PBM group after CST
lesion. The mini-ruby labeled axons quantified in this study
were found only in the area of the dorsal funiculus normally
occupied by the CST, suggesting axonal regeneration of the
appropriate tract. Pettigrew and Crutcher [74] demon-
strated that despite the inhibitory molecules present in
white matter, neurite outgrowth is supported in directions
parallel to white matter tracts and previous reports have
demonstrated that treatment of the lesion site does allow
for long distance regeneration of tracts [2,19,21,54].

Double labeled neurons, representing those whose axons
were transected during the initial lesion and had regrown
to vertebral level L3, were found only in the PBM group,
with an average of 70.5 neurons counted, accounting for
approximately 0.3% of all counted neurons. While this is a
small percentage, it was found to be significantly greater
than the control group (P < 0.05). This small percentage
suggests a number of different interpretations, including
that additional therapies in combination with light therapy
or alteration of the applied light treatment parameters will
increase axonal regeneration. However, it should be noted
that the second tracer, fast blue, was injected into the gray
matter of vertebral level L3, 24 mm caudal to the lesion, and
was expected to label only those axons terminating in this
area. Greater percentages of double-labeling have been re-
ported following injection of the second tracer closer to the
lesion site (within 6—7 mm distal to the lesion; [55,75]). The
current study revealed that double labeled neurons
accounted for approximately 30% of the number of mini-
ruby labeled axons observed at 5 weeks post-lesion in the
PBM group, further supporting the theory that a greater
number of neurons had regenerated but were not counted
with our labeling technique.

To date, no study has evaluated axonal regrowth of spe-
cific tracts using retrograde or anterograde tracing after
PBM of SCI. A number of studies by Rochkind et al. [35,36]
found that PBM at similar dosages in combination with
transplantation increased axonal sprouting and axonal
myelination within the graft, in comparison to transplanta-
tion alone. However, the source of these axons was not de-
termined, nor were they found to extend beyond the graft.

Despite the small percentage of regeneration found in
this study, studies have shown that functional improve-
ment can be found with very small amounts of axonal
regrowth [2,21,76,77]. This is supported by the current
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Fig. 6. Light suppresses gene expression. a: GAPDH expres-
sion; P> 0.05. b: IL6 expression at 6 hours and 4 days post-
injury. e: MCP-1 expression at 6 hours and 4 days after SCI.
d: INOS expression at 6 hours and 4 days post-injury.
*P < 0.001; **P < 0.01. Bars represent ratio of gene of interest

study, in which functional recovery measurements, includ-
ing angle of hindlimb rotation during locomotion and
duration of time necessary to cross a ladder beam, were
found to return to pre-injury values by at least 9 weeks post-
injury following PBM. Both of these activities are asso-
ciated with CST function and are significantly increased
after CST lesion [78,79]. It was unexpected that angle of
rotation data displayed a recovery to normal values at
1 week post-injury. It is possible that this early recovery is
due to local sprouting, enhanced compensation or sparing
of white matter induced by the PBM. Similar results
have been observed with anti-inflammatory treatments or
cell transplantations after injury, with an early return to
normal values in BBB scores and inclined plane measure-
ments [80,81]. While there was a significant increase in
footfalls in both control and PBM animals post-surgery
without a significant difference between these two groups
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to internal control mean + SEM (n = 5/group/time point). Re-
verse color ethidium bromide—DNA complex fluorescence for
116 (e) and MCP-1 (f) from the control and PBM groups, as well
as their corresponding GAPDH band, at 6 hours post-injury.

(P <0.05, ANOVA, Fig. 4b), ladder crossing time is posi-
tively correlated with hindlimb errors in step placement
[79]. Analysis of errors in ladder crossing, including correct
placement of hindpaws and grasping of ladder rungs, was
not assessed and may have been modified by PBM, leading
to this crossing time improvement.

Previous studies have also shown improvement in gross
motor function after SCI and PBM [35,36]. These studies
investigated non-specific recovery of function, such as
weight bearance, step taking, improvements in BBB score,
and electrophysiological measurement in the musculature
of the hindlimbs, and found that PBM in combination with
transplantation improved functional recovery.

Previous studies employing anti-inflammatory treat-
ments have successfully improved axonal growth and
return of function [1,21], and it is possible that the decrease
in the inflammatory response is one reason for the recovery
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observed after SCI and PBM. Although the immuno-
histochemical and RT-PCR findings do not confirm that
PBM improves axonal regeneration and functional recov-
ery because of its immunomodulatory actions, the results
do provide a basis for this theory.

The current study determined that PBM significantly
altered the invasion of a number of cell types that play a
substantial role after SCI. Immunolabeling for macro-
phages/activated microglia, T lymphocytes, and astrocytes
was significantly decreased post-injury; these cell types are
involved in secondary damage to the spinal cord after injury
[23]. This result expands upon Rochkind et al.’s [35,36]
findings of decreased degeneration of peripheral and
embryonic grafts and decreased scar formation, proposed
to be due to suppression of the immune response after SCI.

Macrophages/activated microglia secrete cytotoxic pro-
teolytic enzymes and free radicals [82] and induce the
production of proteoglycans, which inhibit neurite growth
[24,38]. It has been shown that reduction of the macrophage
response with anti-inflammatory treatment after SCI
improves function and regeneration [23,24].

Neutrophil invasion was not altered by PBM in this
study. However, the invasion was greater at 16 DPI than
earlier, which was a surprising finding and may have been
due to suppression of neutrophil activity by sodium
pentobarbital administration to both control and PBM rats
from days 1 to 14 post-injury [73]. This effect is restricted
to neutrophils alone and has not been shown to affect
macrophage/microglia responses or other immune respon-
ses. As the data in our study for macrophage/activated
microglia and pro-inflammatory gene expression in control
rats is comparable to that of similar studies [42,46,62,83],
we do not believe the anesthetic effect on neutrophil in-
vasion significantly altered other aspects of this study.

However, the finding that PBM had no effect on neutro-
phil invasion is important to note. Several studies have
found that methylprednisolone (MP), currently the only
treatment available for acute SCI, fails to block neutro-
phil infiltration and activity after injury, while inhibit-
ing macrophage invasion [1,84,85]. The mechanism of
MP’s actions is still under investigation, although several
studies have found that this drug has numerous effects
within the injured spinal cord. For example, administration
of MP decreases the activation of NF-kB and the resultant
expression of TNFa, which in turn diminishes the intensity
and duration of the inflammatory response [86]. While
PBM had no significant effect on TNFo mRNA production, a
significant suppression of other downstream NF-kB genes
that normally peak at 6—24 hours post-injury, such as IL6
and MCP-1 [42,49,52,62,87—89], was found. These genes
are integrally involved in the immune response, and are
suggested to play an important role in secondary injury
and/or the lack of regeneration after SCI [89-94]. IL6,
MCP-1 and iNOS are normally down-regulated beyond
24 hours post-injury, and PBM was not found to decrease
their values beyond this point any further. Previous
study has shown that interfering with the effects of these
genes, through receptor antagonists or knockouts, decre-
ases macrophage invasion and secondary injury [91,93].

BYRNES ET AL.

Interestingly, IL1f, TNFo, and MIPle, which have
maximum expression at 3 hours post-injury or earlier,
were not found to be altered by PBM at 6 hours post-injury.
This finding suggests that either an effect of PBM on IL1§,
TNFao and MIP1a was not detected by 6 hours post-injury or
that PBM has a slow-acting effect within the spinal cord
that takes several hours to become apparent.

The mechanism of how PBM affects gene transcription or
any other cellular activity is currently unknown. Research
into the transduction of light energy into cellular activity is
ongoing and components of the electron transport chain
(ETC) of mitochondria and a variety of enzymes are under
consideration as possible photon acceptors. The presence of
several maxima in the action spectra of cells suggests that
more than one of these mechanisms may play a role in PBM
[95,96]. Several researchers have suggested that compo-
nents of the ETC of mitochondria are the primary photon
acceptors [97—100] and it has been postulated that about
50% of near-infrared light is absorbed by chromophores
within mitochondria, such as cytochrome c oxidase [101].
It has also been shown that near-infrared light reverses
the inhibiting effect of tetrodotoxin on cytochrome c
oxidase, restoring enzyme activity to control levels [102].
Additionally, light was found to induce changes in mem-
brane permeability to calcium [103] and cellular oxidation
state, potentially through light absorption by NADPH
[104]. These PBM induced alterations can, potentially, lead
to changesin cellular activity levels, which, in turn, leads to
alterations in cellular processes including transcription
and translation, cell proliferation and phagocytosis. These
alterations have been demonstrated to be dosage depen-
dent [33], with low dosages 0.001-10 J/em? stimulating
cellular activity while dosages greater than 10 J/cm? in-
hibit activity, as is the case in the current study. In this
study, the dosage of 1,589 J/cm? is theorized to be inhi-
biting inflammatory cell activity, thus, altering the extra-
cellular milieu and providing a potential mechanism for
improved axonal regeneration through the lesion site.
Unfortunately, a reason for this dose dependency is cur-
rently unknown.

Despite the lack of a defined mechanism, several signi-
ficant changes have been shown after PBM of the injured
spinal cord. These results demonstrate that PBM is a novel
and non-invasive treatment for acute SCI that potentially
acts through an immunomodulatory mechanism and sug-
gest that light will be a useful treatment for humans.

ACKNOWLEDGMENTS

We thank Tara Romanczyk and Amy Van Horn for
technical assistance and Dr. Albert McManus for helpful
advice on presentation of quantitative data. We also thank
Dr. Rosemary Borke, Dr. Howard Bryant, Dr. Sonia Doi,
and Dr. Leslie McKinney for thorough reading and editorial
comments regarding this study. The opinions and asser-
tions contained herein are the private ones of the authors
and are not to be construed as official or reflecting the views
of the Department of Defense or the Uniformed Services
University of the Health Sciences.

-69 -



LIGHT PROMOTES REGENERATION AND FUNCTIONAL RECOVERY

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Xu J, Qu ZX, Hogan EL, Perot PL, Jr. Protective effect of
methylprednisolone on vascular injury in rat spinal cord
injury. J Neurotrauma 1992;9(3):245-253.

. Kalderon N, Fuks Z. Structural recovery in lesioned adult

mammalian spinal cord by X-irradiation of the lesion site.
Proc Natl Acad Sci USA 1996;93:11179-11184.

. Zeman RJ, Feng Y, Peng H, Visintainer PF, Moorthy CR,

Couldwell WT, Etlinger JD. X-irradiation of the con-
tusion site improves locomotor and histological outcomes
in spinal cord-injured rats. Exp Neurol 2001;172(1):228—
234.

. Schwab ME. Myelin-associated inhibitors of neurite growth

and regeneration in the CNS. Trends Neurosci 1990;13(11):
452—456.

. Schwab ME. Myelin-associated inhibitors of neurite growth.

Exp Neurol 1990;109(1):2—5.

. Bregman BS, Kunkel-Bagden E, Schnell L, Dai HN, Gao D,

Schwab ME. Recovery from spinal cord injury mediated
by antibodies to neurite growth inhibitors. Nature 1995;
378(6556):498—-501.

. Merkler D, Metz GA, Raineteau O, Dietz V, Schwab ME,

Fouad K. Locomotor recovery in spinal cord-injured rats
treated with an antibody neutralizing the myelin-associated
neurite growth inhibitor Nogo-A. J Neurosci 2001;21(10):
3665—3673.

. Zuo J, Neubauer D, Dyess K, Ferguson TA, Muir D.

Degradation of chondroitin sulfate proteoglycan enhances
the neurite-promoting potential of spinal cord tissue. Exp
Neurol 1998;154(2):654—662.

. Lemons ML, Howland DR, Anderson DK. Chondroitin

sulfate proteoglycan immunoreactivity increases following
spinal cord injury and transplantation. Exp Neurol 1999;
160(1):51-65.

Houweling DA, Lankhorst AJ, Gispen WH, Bar PR, Joosten
EA. Collagen containing neurotrophin-3 (NT-3) attracts
regrowing injured corticospinal axons in the adult rat spinal
cord and promotes partial functional recovery. Exp Neurol
1998;153:49—-59.

Liu Y, Himes BT, Murray M, Tessler A, Fischer I. Grafts of
BDNF-producing fibroblasts rescue axotomized rubrospinal
neurons and prevent their atrophy. Exp Neurol 2002;178(2):
150-164.

Giehl KM, Schutte A, Mestres P, Yan Q. The survival-
promoting effect of glial cell line-derived neurotrophic factor
on axotomized corticospinal neurons in vivo is mediated by
an endogenous brain-derived neurotrophic factor mechan-
ism. J Neurosci 1998;18(18):7351-7360.

Jakeman LB, Wei P, Guan Z, Stokes BT. Brain-derived
neurotrophic factor stimulates hindlimb stepping and
sprouting of cholinergic fibers after spinal cord injury. Exp
Neurol 1998;154(1):170—184.

Houweling DA, van Asseldonk JT, Lankhorst AJ, Hamers
FP, Martin D, Bar PR, Joosten EA. Local application of
collagen containing brain-derived neurotrophic factor de-
creases the loss of function after spinal cord injury in the
adult rat. Neurosci Lett 1998;251(3):193—-196.

David S, Aguayo AJ. Axonal elongation into peripheral
nervous system bridges after central nervous system injury
in adult rats. Science 1981;214:913-933.

Cheng H, Cao Y, Olson L. Spinal cord repair in adult
paraplegic rats: Partial restoration of hind limb function.
Science 1996;273(5274):510-513.

Li Y, Raisman G. Schwann cells induce sprouting in motor
and sensory axons in the adult rat spinal cord. J Neurosci
1994;14(7):4050—4063.

McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK,
Turetsky D, Gottlieb DI, Choi DW. Transplanted embryo-
nic stem cells survive, differentiate and promote recovery
in injured rat spinal cord. Nat Med 1999;5(12):1410—
1412.

Diener PS, Bregman BS. Fetal spinal cord transplants
support growth of supraspinal and segmental projections
after cervical spinal cord hemisection in the neonatal rat.
J Neurosci 1998;18(2):779-793.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

-70 -

183

Li Y, Decherchi P, Raisman G. Transplantation of olfactory
ensheathing cells into spinal cord lesions restores breathing
and climbing. J Neurosci 2003;23(3):727-731.

Nash HH, Borke RC, Anders JdJ. Ensheathing cells and
methylprednisolone promote axonal regeneration and func-
tional recovery in the lesioned adult rat spinal cord.
J Neurosci 2002;22(16):7111-7120.

Ramon-Cueto A. Olfactory ensheathing glia transplantation
into the injured spinal cord. Prog Brain Res 2000;128:265—
272.

Popovich PG, Guan Z, McGaughy V, Fisher L, Hickey WF,
Basso DM. The neuropathological and behavioral conse-
quences of intraspinal microglial/macrophage activation.
J Neuropathol Exp Neurol 2002;61(7):623—633.

Fitch MT, Doller C, Combs CK, Landreth GE, Silver J.
Cellular and molecular mechanisms of glial scarring and
progressive cavitation: In vivo and in vitro analysis of
inflammation-induced secondary injury after CNS trauma.
J Neurosci 1999;19(19):8182-8198.

Dusart I, Schwab ME. Secondary cell death and the inflam-
matory reaction after dorsal hemisection of the rat spinal
cord. Eur J Neurosci 1994;6(5):712—-724.

Rochkind S, Rousso M, Nissan M, Villarreal M, Barr-Nea L,
Rees DG. Systemic effects of low-power laser irradiation
on the peripheral and central nervous system, cutaneous
wounds, and burns. Lasers Surg Med 1989;9(2):174—-182.
Whelan HT, Smits RL, Jr., Buchman EV, Whelan NT,
Turner SG, Margolis DA, Cevenini V, Stinson H, Ignatius R,
Martin T, Cwiklinski J, Philippi AF, Graf WR, Hodgson B,
Gould L, Kane M, Chen G, Caviness J. Effect of NASA light-
emitting diode irradiation on wound healing. J Clin Laser
Med Surg 2001;19(6):305—-314.

Snyder SK, Byrnes KR, Borke RC, Sanchez A, Anders JJ.
Quantitation of calcitonin gene-related peptide mRNA and
neuronal cell death in facial motor nuclei following axotomy
and 633 nm low power laser treatment. Lasers Surg Med
2002;31(3):216—222.

Anders JdJ, Borke RC, Woolery SK, Van de Merwe WP. Low
power laser irradiation alters the rate of regeneration of the
rat facial nerve. Lasers Surg Med 1993;13(1):72-82.

Karu T. The science of low power laser therapy. Amsterdam,
The Netherlands: Gordon Breach Science Publishers; 1998.
Mochizuki-Oda N, Kataoka Y, Cui Y, Yamada H, Heya M,
Awazu K. Effects of near-infra-red laser irradiation on
adenosine triphosphate and adenosine diphosphate con-
tents of rat brain tissue. Neurosci Lett 2002;323(3):207—
210.

Castro ESO dJr., Zucoloto S, Marcassa LG, Marcassa o,
Kurachi C, Melo CA, Ramalho FS, Ramalho LN, Bagnato
VS. Spectral response for laser enhancement in hepatic
regeneration for hepatectomized rats. Lasers Surg Med
2003;32(1): 50-53.

Tuner J, Hode L. Laser therapy: Clinical practice and
scientific background. Tallinn, Estonia: Prima Books AB;
2002.

Rochkind S, Barr-Nea L, Bartal A, Nissan M, Lubart R,
Razon N. New methods of treatment of severely injured
sciatic nerve and spinal cord. An experimental study. Acta
Neurochir Suppl 1988;43:91-93.

Rochkind S, Ouaknine GE. New trend in neuroscience: Low-
power laser effect on peripheral and central nervous system
(basic science, preclinical and clinical studies). Neurol Res
1992;14(1):2—11.

Rochkind S, Shahar A, Nevo Z. An innovative approach to
induce regeneration and the repair of spinal cord injury.
Laser Ther 1997;9:151-152.

Lagord C, Berry M, Logan A. Expression of TGFbeta2 but
not T'GFbetal correlates with the deposition of scar tissue
in the lesioned spinal cord. Mol Cell Neurosci 2002;20(1):
69-92.

Fitch MT, Silver J. Activated macrophages and the blood—
brain barrier: Inflammation after CNS injury leads to in-
creases in putative inhibitory molecules. Exp Neurol 1997,
148(2):587—-603.

McKeon RdJ, Schreiber RC, Rudge JS, Silver J. Reduction of
neurite outgrowth in a model of glial scarring following CN'S



184

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

BYRNES ET AL.

injury is correlated with the expression of inhibitory molec-
ules on reactive astrocytes. J Neurosci 1991;11:3398—-3411.
Isaksson J, Farooque M, Holtz A, Hillered L, Olsson Y.
Expression of ICAM-1 and CD11b after experimental spinal
cord injury in rats. J Neurotrauma 1999;16(2):165-173.
Carlson SL, Parrish ME, Springer JE, Doty K, Dossett L.
Acute inflammatory response in spinal cord following impact
injury. Exp Neurol 1998;151(1):77—88.

Bartholdi D, Schwab ME. Expression of pro-inflammatory
cytokine and chemokine mRNA upon experimental spinal
cord injury in mouse: An in situ hybridization study. Eur J
Neurosci 1997;9(7):1422—-1438.

Perry VH, Gordon S. Modulation of CD4 antigen on
macrophages and microglia in rat brain. J Exp Med 1987,
166:1138-1143.

Frisen J, Haegerstrand A, Fried K, Piehl F, Cullheim S,
Risling M. Adhesive/repulsive properties in the injured
spinal cord: Relation to myelin phagocytosis by invading
macrophages. Exp Neurol 1994;129(2):183-193.

Dai CF, Kanoh N, Li KY, Wang Z. Study on facial moto-
neuronal death after proximal or distal facial nerve transec-
tion. Am J Otol 2000;21(1):115-118.

Popovich PG, Wei P, Stokes BT. Cellular inflammatory res-
ponse after spinal cord injury in Sprague—Dawley and Lewis
rats. J Comp Neurol 1997;377(3):443—464.

Benveniste EN. Inflammatory cytokines within the central
nervous system: Sources, function, and mechanism of action.
Am J Physiol 1992;263(1 Pt 1):C1-C186.

Klusman I, Schwab ME. Effects of pro-inflammatory
cytokines in experimental spinal cord injury. Brain Res
1997;762(1-2):173—-184.

Pan JZ, Ni L, Sodhi A, Aguanno A, Young W, Hart RP.
Cytokine activity contributes to induction of inflamma-
tory cytokine mRNAs in spinal cord following contusion.
J Neurosci Res 2002;68(3):315—-322.

Popovich PG, Guan Z, Wei P, Huitinga I, van Rooijen N,
Stokes BT. Depletion of hematogenous macrophages pro-
motes partial hindlimb recovery and neuroanatomical repair
after experimental spinal cord injury. Exp Neurol 1999;
158(2):351-365.

Hirschberg DL, Yoles E, Belkin M, Schwartz M. Inflamma-
tion after axonal injury has conflicting consequences for
recovery of function: Rescue of spared axons is impaired but
regeneration is supported [see comments]. J Neuroimmunol
1994;50(1):9-186.

Chikawa T, Ikata T, Katoh S, Hamada Y, Kogure K,
Fukuzawa K. Preventive effects of lecithinized superoxide
dismutase and methylprednisolone on spinal cord injury in
rats: Transcriptional regulation of inflammatory and neuro-
trophic genes. J Neurotrauma 2001;18(1):93-103.

Ilev I, Waynant R, Reiter M. Smart optical fiber probes for
precise tissue treatment. Proc SPIE 2002;4616:220—228.
Guest JD, Rao A, Olson L, Bunge MB, Bunge RP. The ability
of human Schwann cell grafts to promote regeneration in the
transected nude rat spinal cord. Exp Neurol 1997;148(2):
502-522.

Plant GW, Christensen CL, Oudega M, Bunge MB. Delayed
transplantation of olfactory ensheathing glia promotes
sparing/regeneration of supraspinal axons in the contused
adult rat spinal cord. J Neurotrauma 2003;20(1):1-16.
Bentivoglio M, Kuypers HG, Catsman-Berrevoets CE,
Loewe H, Dann O. Two new fluorescent retrograde neuronal
tracers which are transported over long distances. Neurosci
Lett 1980;18(1):25-30.

Bernstein-Goral H, Bregman BS. Axotomized rubrospinal
neurons rescued by fetal spinal cord transplants maintain
axon collaterals to rostral CNS targets. Exp Neurol 1997;
148(1):13-25.

Asada Y, Kawaguchi S, Hayashi H, Nakamura T. Neural
repair of the injured spinal cord by grafting: Comparison
between peripheral nerve segments and embryonic homo-
logous structures as a conduit of CNS axons. Neurosci Res
1998;31(3):241-249.

Systems Planning and Analysis I. The stereology hand-
book. Alexandria, VA: Systems Planning and Analysis, Inc.;
1997.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

-71 -

Pyner S, Coote JH. Identification of branching paraven-
tricular neurons of the hypothalamus that project to the
rostroventrolateral medulla and spinal cord. Neuroscience
2000;100(3):549—-556.

Metz GA, Merkler D, Dietz V, Schwab ME, Fouad K.
Efficient testing of motor function in spinal cord injured
rats. Brain Res 2000;883(2):165—177.

Hayashi M, Ueyama T, Nemoto K, Tamaki T, Senba E.
Sequential mRNA expression for immediate early genes,
cytokines, and neurotrophins in spinal cord injury. J Neuro-
trauma 2000;17(3):203—218.

Ming Y, Bergman E, Edstrom E, Ulfhake B. Reciprocal
changes in the expression of neurotrophin mRNAs in target
tissues and peripheral nerves of aged rats. Neurosci Lett
1999;273(3):187—-190.

Grill R, Murai K, Blesch A, Gage FH, Tuszynski MH.
Cellular delivery of neurotrophin-3 promotes corticospinal
axonal growth and partial functional recovery after spinal
cord injury. J Neurosci 1997;17(14):5560—-5572.

Blits B, Dijkhuizen PA, Boer GdJ, Verhaagen J. Intercostal
nerve implants transduced with an adenoviral vector
encoding neurotrophin-3 promote regrowth of injured rat
corticospinal tract fibers and improve hindlimb function.
Exp Neurol 2000;164(1):25—37.

Schnell L, Schneider R, Kolbeck R, Barde YA, Schwab ME.
Neurotrophin-3 enhances sprouting of corticospinal tract
during development and after adult spinal cord lesion.
Nature 1994;367(6459):170—173.

von Meyenburg J, Brosamle C, Metz GA, Schwab ME.
Regeneration and sprouting of chronically injured corticosp-
inal tract fibers in adult rats promoted by NT-3 and the mAb
IN-1, which neutralizes myelin-associated neurite growth
inhibitors. Exp Neurol 1998;154(2):583—594.

Li WW, Yew DT, Chuah MI, Leung PC, Tsang DS.
Axonal sprouting in the hemisected adult rat spinal cord.
Neuroscience 1994;61(1):133—139.

Tracey DJ. Ascending and descending pathways in the
spinal cord. In: Paxinos G, editor. The rat nervous system,
2nd edn. San Diego, CA: Academic Press; 1995. pp 67-80.
Brosamle C, Schwab ME. Cells of origin, course, and termi-
nation patterns of the ventral, uncrossed component of the
mature rat corticospinal tract. J Comp Neurol 1997;386(2):
293-303.

Hicks SP, D’Amato C. Locating corticospinal neurons by
retrograde axonal transport of horseradish peroxidase. Exp
Neurol 1977;56:410—-420.

Usenik EA, Cronkite EP. Effects of barbiturate anesthetics
on leukocytes in normal and splenectomized dogs. Anesth
Analg 1965;44:167-170.

Weiss M, Buhl R, Birkhahn A, Mirow N, Schneider M,
Wernet P. Do barbiturates and their solutions sup-
press FMLP-induced neutrophil chemiluminescence? Eur J
Anaesthesiol 1994;11(5):371-379.

Pettigrew DB, Crutcher KA. White matter of the CNS
supports or inhibits neurite outgrowth in vitro depending on
geometry. J Neurosci 1999;19(19):8358—-8366.

Huang DW, McKerracher L, Braun PE, David S. A ther-
apeutic vaccine approach to stimulate axon regeneration in
the adult mammalian spinal cord. Neuron 1999;24(3):639—
647.

Kalderon N, Fuks Z. Severed corticospinal axons recover
electrophysiologic control of muscle activity after X-ray
therapy in lesioned adult spinal cord. Proc Natl Acad Sci
1996;93:11185-11190.

Bregman BS. Recovery of function after spinal cord injury:
Transplantation strategies. In: Dunnett SB, Bjorklund A,
editors. Functional neural transplantation. New York:
Raven Press; 1994. pp 489-529.

Kunkel-Bagden E, Dai HN, Bregman BS. Methods to assess
the development and recovery of locomotor function after
spinal cord injury in rats. Exp Neurol 1993;119(2):153—164.
Metz GA, Whishaw 1Q. Cortical and subcortical lesions
impair skilled walking in the ladder rung walking test: A
new task to evaluate fore- and hindlimb stepping, placing,
and co-ordination. J Neurosci Methods 2002;115(2):169—
179.



80.

81.

82.
83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

LIGHT PROMOTES REGENERATION AND FUNCTIONAL RECOVERY

Garcia-Alias G, Lopez-Vales R, Fores J, Navarro X, Verdu E.
Acute transplantation of olfactory ensheathing cells or
Schwann cells promotes recovery after spinal cord injury
in the rat. J Neurosci Res 2004;75(5):632—641.

Teng Q, Tanase DK, Liu JK, Garrity-Moses ME, Baker KB,
Boulis NM. Adenoviral clostridial light chain gene-based
synaptic inhibition through neuronal synaptobrevin elim-
ination. Gene Ther 2005;12(2):108—119.

Delves PdJ, Roitt IM. The immune system. First of two parts.
N Engl J Med 2000;343(1):37—49.

Koshinaga M, Whittemore SR. The temporal and spatial
activation of microglia in fiber tracts undergoing antero-
grade and retrograde degeneration following spinal cord
lesion. J Neurotrauma 1995;12(2):209-222.

Mabon PJ, Weaver L.C, Dekaban GA. Inhibition of monocyte/
macrophage migration to a spinal cord injury site by an
antibody to the integrin alphaD: A potential new anti-in-
flammatory treatment. Exp Neurol 2000;166(1):52—64.
Taoka Y, Okajima K. Spinal cord injury in the rat. Prog
Neurobiol 1998;56(3):341-358.

Xu J, Fan G, Chen S, Wu Y, Xu XM, Hsu CY. Methylpredni-
solone inhibition of TNF-alpha expression and NF-kB acti-
vation after spinal cord injury in rats. Brain Res Mol Brain
Res 1998;59(2):135—142.

Streit WJ, Semple-Rowland SL, Hurley SD, Miller RC,
Popovich PG, Stokes BT. Cytokine mRNA profiles in
contused spinal cord and axotomized facial nucleus suggest
a beneficial role for inflammation and gliosis. Exp Neurol
1998;152(1):74-87.

McTigue DM, Tani M, Krivacic K, Chernosky A, Kelner GS,
Maciejewski D, Maki R, Ransohoff RM, Stokes BT. Selec-
tive chemokine mRNA accumulation in the rat spinal cord
after contusion injury. J Neurosci Res 1998;53(3): 368—376.
Satake K, Matsuyama Y, Kamiya M, Kawakami H, Iwata H,
Adachi K, Kiuchi K. Nitric oxide via macrophage iNOS
induces apoptosis following traumatic spinal cord injury.
Brain Res Mol Brain Res 2000;85(1-2):114—-122.

Eng LF, Lee YL. Response of chemokine antagonists to
inflammation in injured spinal cord. Neurochem Res 2003;
28(1):95-100.

Ghirnikar RS, Lee YL, Eng LF. Chemokine antagonist
infusion attenuates cellular infiltration following spinal cord
contusion injury in rat. J Neurosci Res 2000;59(1):63—-73.
Ghirnikar RS, Lee YL, Eng LF. Chemokine antagonist
infusion promotes axonal sparing after spinal cord contusion
injury in rat. J Neurosci Res 2001;64(6):582—589.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

-72 -

185

Ma M, Wei T, Boring L, Charo IF, Ransohoff RM,
Jakeman LB. Monocyte recruitment and myelin removal
are delayed following spinal cord injury in mice with CCR2
chemokine receptor deletion. J Neurosci Res 2002;68(6):
691-702.

Bao F, Liu D. Peroxynitrite generated in the rat spinal cord
induces neuron death and neurological deficits. Neuro-
science 2002;115(3):839—-849.

Karu TI, Pyatibrat LV, Ryabykh TP. Nonmonotonic beha-
vior of the dose dependence of the radiation effect on cells
in vitro exposed to pulsed laser radiation at lambda=
820 nm. Lasers Surg Med 1997;21(5):485—-492.

Karu T, Tiphlova O, Esenaliev R, Letokhov V. Two different
mechanisms of low-intensity laser photobiological effects
on Escherichia coli. J Photochem Photobiol B 1994;24(3):
155-161.

Passarella S, Casamassima E, Molinari S, Pastore D,
Quagliariello E, Catalano IM, Cingolani A. Increase of
proton electrochemical potential and ATP synthesis in rat
liver mitochondria irradiated in vitro by helium—neon laser.
FEBS Lett 1984;175(1):95-99.

Enwemeka CS. Laser biostimulation of healing wounds:
Specific effects and mechanisms of action. J Orthop Sports
Phys Ther 1988;9:333—-338.

Yu W, Naim JO, McGowan M, Ippolito K, Lanzafame RdJ.
Photomodulation of oxidative metabolism and electron chain
enzymes in rat liver mitochondria. Photochem Photobiol
1997,66(6):866—871.

Karu T. Primary and secondary mechanisms of action of
visible to near-IR radiation on cells. J Photochem Photobiol
B 1999;49(1):1-17.

Beauvoit B, Kitai T, Chance B. Contribution of the
mitochondrial compartment to the optical properties of the
rat liver: A theoretical and practical approach. Biophys J
1994,67(6):2501-2510.

Wong-Riley MT, Liang HL, Eells JT, Chance B, Henry
MM, Buchmann E, Kane M, Whelan HT. Photobiomodula-
tion directly benefits primary neurons functionally inacti-
vated by toxins: Role of cytochrome c oxidase. J Biol Chem
2005; (in press).

Lubart R, Friedmann H, Levinshal T, Lavie R, Breitbart H.
Effect of light on calcium transport in bull sperm cells.
J Photochem Photobiol B 1992;15(4):337—341.

Lubart R, Breitbart H. Biostimulative effects of low energy
lasers and their implications for medicine. Drug Develop-
ment Res 2000;50:471-475.



Bjordal:
Systemic Review — Tennis Elbow

-73 -



BIVIC Musculoskeletal Disorders Bio.v.id)mal

Research article

A systematic review with procedural assessments and
meta-analysis of Low Level Laser Therapy in lateral elbow
tendinopathy (tennis elbow)

Jan M Bjordal*!2, Rodrigo AB Lopes-Martins3, Jon Joensen!2,
Christian Couppe?, Anne E Ljunggren?, Apostolos Stergioulas® and
Mark I Johnson®

Address: Institute of Physiotherapy, Faculty of Health and Social Sciences, Bergen University College, Moellendalsvn. 6, 5009 Bergen, Norway,
2Department of Public Health and Primary Health Care, Section of Physiotherapy Science University of Bergen, Kalfarveien 31, 5018 Bergen,
Norway, 3Department of Pharmacology, Institute of Biomedical Sciences, University of Sao Paulo. Av. Prof. Lineu Prestes, 1524, Butantan, 05508-
900830 Paulo - SP, Brazil, #University of Copenhagen - Institute of Sportsmedicine, Bispebjerg Hospital, Bispebjerg Bakke 23, 2400 Copenhagen
NV, Denmark, >Faculty Human Movement & Quality Life, University of Peloponnese, 23100 Sparta, Greece and ¢Faculty of Health, Centre for Pain
Research, Leeds Metropolitan University, Leeds, LS2 8AJ, UK

Email: Jan M Bjordal* - jmb@hib.no; Rodrigo AB Lopes-Martins - rmartins@icb.usp.br; Jon Joensen - jjoe@hib.no;
Christian Couppe - ccou0001 @bbhregionh.dk; Anne E Ljunggren - elisabeth.ljunggren@isf.uib.no; Apostolos Stergioulas - asterg@uop.gr;
Mark I Johnson - M.Johnson@leedsmet.ac.uk

* Corresponding author

Published: 29 May 2008 Received: 29 January 2008
BMC Musculoskeletal Disorders 2008, 9:75  doi:10.1186/1471-2474-9-75 Accepted: 29 May 2008
This article is available from: http://www.biomedcentral.com/1471-2474/9/75

© 2008 Bjordal et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Recent reviews have indicated that low level level laser therapy (LLLT) is ineffective
in lateral elbow tendinopathy (LET) without assessing validity of treatment procedures and doses
or the influence of prior steroid injections.

Methods: Systematic review with meta-analysis, with primary outcome measures of pain relief
and/or global improvement and subgroup analyses of methodological quality, wavelengths and
treatment procedures.

Results: 18 randomised placebo-controlled trials (RCTs) were identified with 13 RCTs (730
patients) meeting the criteria for meta-analysis. 12 RCTs satisfied half or more of the
methodological criteria. Publication bias was detected by Egger's graphical test, which showed a
negative direction of bias. Ten of the trials included patients with poor prognosis caused by failed
steroid injections or other treatment failures, or long symptom duration or severe baseline pain.
The weighted mean difference (WMD) for pain relief was 10.2 mm [95% CI: 3.0 to 17.5] and the
RR for global improvement was 1.36 [1.16 to 1.60]. Trials which targeted acupuncture points
reported negative results, as did trials with wavelengths 820, 830 and 1064 nm. In a subgroup of
five trials with 904 nm lasers and one trial with 632 nm wavelength where the lateral elbow tendon
insertions were directly irradiated, WMD for pain relief was 17.2 mm [95% ClI: 8.5 to 25.9] and
140 mm [95% CI: 7.4 to 20.6] respectively, while RR for global pain improvement was only
reported for 904 nm at 1.53 [95% CI: 1.28 to 1.83]. LLLT doses in this subgroup ranged between
0.5 and 7.2 Joules. Secondary outcome measures of painfree grip strength, pain pressure threshold,
sick leave and follow-up data from 3 to 8 weeks after the end of treatment, showed consistently
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significant results in favour of the same LLLT subgroup (p < 0.02). No serious side-effects were

reported.

Conclusion: LLLT administered with optimal doses of 904 nm and possibly 632 nm wavelengths
directly to the lateral elbow tendon insertions, seem to offer short-term pain relief and less
disability in LET, both alone and in conjunction with an exercise regimen. This finding contradicts
the conclusions of previous reviews which failed to assess treatment procedures, wavelengths and

optimal doses.

Background

Lateral elbow tendinopathy (LET) or "tennis elbow" is a
common disorder with a prevalence of at least 1.7% [1],
and occuring most often between the third and sixth dec-
ades of life. Physical strain may play a part in the develop-
ment of LET, as the dominant arm is significantly more
often affected than the non-dominant arm. The condition
is largely self-limiting, and symptoms seem to resolve
between 6 and 24 months in most patients [2].

A number of interventions have been suggested for LET.
Steroid injections, non-steroidal anti-inflammatory drugs
or a regimen of physiotherapy with various modalities,
seem to be the most commonly applied treatments [3].
However, treatment effect sizes seem to be rather small,
and recommendations have varied over the years. In sev-
eral systematic reviews over the last decade [4,5], gluco-
corticoid steroid injections have been deemed effective, at
least in the short-term. But in later well-designed trials evi-
dence is found that intermediate and long-term effects of
steroid injections groups yield consistently and signifi-
cantly poorer outcomes than placebo injection groups,
and physiotherapy or wait-and-see groups [6,7]. Never-
theless, steroid injections have been considered as the
most thoroughly investigated intervention, with 13 rand-
omized controlled trials comparing steroid injections to
either placebo/local anaesthetic or another type of inter-
vention [5]. Non-steroidal anti-inflammatory drugs
(NSAIDs) have been found to achieve smaller short-term
effect sizes than steroid injections [8], and topical applica-
tion seems to be the best medication administration route
[8] For oral administration of NSAIDs for LET, evidence is
inconclusive from two heterogeneous trials only [9]. The
positive short-term results of anti-inflammatory therapies
in LET appear to partly contradict the recent paradigm in
tendinopathy research, where LET is thought to be mainly
a degenerative disorder with minimal inflammation
[10,11].

Exercise therapy and stretching exercises have been used
either alone or in conjunction with manipulation tech-
niques or physical interventions. Although the sparse evi-
dence makes it difficult to assess the separate effect of
active exercises or stretching [12], four studies have found
that either exercises alone [13], or in conjunction with a

physiotherapy package, are more effective than placebo
ultrasound therapy or wait-and-see controls. Also exercise
therapy, particularly eccentric exercises, have been found
effective in the intermediate term in tendinopathies of the
Achilles, patellar or shoulder tendons [14-17]. There is
some evidence suggesting that joint manipulation or
mobilisation techniques either of the wrist, elbow or cer-
vical spine may contribute to short-term effects in LET
[18-20].

Among the physical interventions, ultrasound therapy has
been considered to offer a small benefit over placebo from
two small trials [12], but a well-designed and more recent
trial did not find significant effects of ultrasound therapy
in LET [21]. Reviewers have arrived at different conclu-
sions for the effect of acupuncture [22,23]. In reviews of
physical interventions for LET, conclusions may vary
between reviews because of differences in the treatment
procedures. A good example of this is the negative conclu-
sion of the LET review for extracorporeal shockwave ther-
apy (ESWT) by Buchbinder et al. [24], where a later review
with in-depth assessments of treatment intervention pro-
tocols [25], found that a subgroup of trials with proper
treatment procedures and adequate timing of outcomes
gave a positive result.

Low level laser therapy (LLLT) has been available for
nearly three decades, and scattered positive results have
been countered by numerous negative trial results. Several
systematic reviews have found no significant effects from
LLLT, in musculoskeletal disorders in general [26], and in
LET in particular [12,23,27]. In this perspective it may
seem futile to perform yet another systematic review in
this area. But none of these reviews evaluated the results
separately for the different LLLT treatment procedures,
laser wavelengths or doses involved. Neither did they
implement evidence of the newly discovered biomodula-
tory mechanisms which are involved when LLLT is
applied. During the last 5-6 years the annual number of
published LLLT reports in Medline has increased from 25
to around 200. We recently made a review of this litera-
ture, and concluded that LLLT has an anti-inflammatory
effect in 21 out of 24 controlled laboratory trials, and a
biostimulatory effect on collagen production in 31 out of
36 trials [28]. Both of these effects were dose-dependent
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and could be induced by all wavelengths between 630 and
1064 nm with slight variations in therapeutic dose-ranges
according to the wavelength used. The anti-inflammatory
effect was seen in higher therapeutic dose-ranges than the
biomodulatory effect on fibroblast cells and collagen fibre
production. Diagnostic ultrasonography of tendinopa-
thies has revealed that partial ruptures and tendon matrix
degeneration are underdiagnosed if only physical exami-
nations are made. Consequently, the stimulatory LLLT-
effect on collagen fibre production should probably be
beneficial for tendon repair. Another interesting feature
was that LLLT with too high power densities or doses
(above 100 mW/cm?2), seemed to inhibit fibroblast activ-
ity [29] and collagen fibre production [30]. Six years ago
we showed in a systematic review of tendinopathy, that
the effect of LLLT is dose-dependent [31]. At the time, the
accompanying editoral suggested that the advanced
review design could become the new standard for review-
ing empirical therapies with unknown optimal doses and
procedural differences [32]. Steroids induce a down-regu-
lation of cortisol receptors, and we recently discovered
that the cortisol antagonist mifepristone completely
diminished the anti-inflammatory effect of LLLT [33]. All
these recent findings from the LLLT literature, prompted
the World Association for Laser Therapy (WALT) to pub-
lish dosage recommendations and standards for the con-
ductance of systematic reviews and meta-analyses last year
[34]. One of the issues that has lacked attention is the
validity of LLLT-application procedures in tendinopathy.
To our knowledge there are only three valid irradiation
techniques for LLLT in tendinopathies: a) direct irradia-
tion of the tendon, b) irradiation of trigger points and ¢)
irradiation of acupuncture points.

In this perspective and as our previous tendinopathy
review [31] is becoming outdated, there seems to be a
need for a new in-depth review of the effects of LLLT in
LET where possible confounders are analyzed and sub-
group analyses are performed.

Methods

Literature search

A literature search was performed on Medline, Embase,
Cinahl, PedRo and the Cochrane Controlled Trial Register
as advised by Dickersin et al. [35] for randomised control-
led clinical trials. Key words were: Low level laser therapy
OR low intensity laser therapy OR low energy laser ther-
apy OR phototherapy OR HeNe laser OR IR laser OR
GaAlAs OR GaAs OR diode laser OR NdYag, AND tendo-
nitis OR lateral epicondylitis OR lateral epicondylopathy
OR tennis elbow OR elbow tendonitis OR lateral epi-
condylalgia OR extensor carpi radialis tendonitis. Hand-
searching was also performed in national physiotherapy
and medical journals from Norway, Denmark, Sweden,
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Holland, England, Canada and Australia. Additional
information was gathered from researchers in the field.

Inclusion criteria
The randomised controlled trials were subjected to the
following seven inclusion criteria:

1) Diagnosis: Lateral elbow tendinopathy, operational-
ised as pain from the lateral elbow epicondyle upon finger
or wrist extension

2) Treatment: LLLT with wavelengths in the range 632 -
1064 nm, irradiating either the tendon pathology, acu-
puncture points or trigger points

3) Design: Randomised parallel group design or crossover
design

4) Blinding: Outcome assessors should be blinded

5) Control group: Placebo control groups or control
groups receiving other non-laser interventions with at
least 10 persons per group

6) Specific endpoints for pain intensity or global improve-
ment of health measured within 1 — 52 weeks after inclu-
sion.

Outcome measures
Primary outcome measures
measured after the end of treatment, either as:

a) pain intensity on a 100 mm visual analogue scale (VAS)
defined as the pooled estimate of the difference in change
between the means of the treatment and the placebo con-
trol groups, weighted by the inverse of the pooled stand-
ard deviation of change for each study, i.e. weighted mean
difference (WMD) of change between groups. The vari-
ance was calculated from the trial data and given as 95%
confidence intervals [95% CI] in mm on VAS, or

b) improved global health status. This was defined as any

one of the following categories: "improved", "good", "bet-
ter", "much improved", "pain-free", "excellent". The num-
bers of "improved" patients were then pooled to calculate
the relative risk for change in health status. A statistical

software package (Revman 4.2) was used for calculations.

Secondary outcome measures
¢) painfree grip strength (dynamometer, vigorimeter)

d) pain pressure threshold (algometer)

e) sick leave (days)
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f) follow-up results at more than 1 week after the end of
treatment for pain intensity (WMD) and/or improved glo-
bal health status (RR) as described for the primary out-
come measures

Due to possibility of measurement by different scales, the
results for outcomes c) and d) are defined as the unitless
pooled estimate of the difference in change between the
mean of the treatment and the placebo control groups,
weighted by the inverse of the pooled standard deviation
of change for each study, i.e. standardised mean difference
(SMD) of change between groups. The variance are calcu-
lated from the trial data and given as 95% confidence
intervals.

Analysis of bias, including methodological quality, funding
source and patient selection

Positive bias direction, caused by flaws in trial methodology, funding
source

Trials were subjected to methodological assessments by
the 10 point Delphi/PedRo checklists [36]. as trials of
weaker methodology have been found to exaggerate
results in a positive direction [37]. As profit funding has
been shown to affect trial conclusions in a positive direc-
tion [38], analysis of funding sources was also performed.

Negative bias direction, caused by poor prognosis or effective co-
interventions

LET patients with long symptom duration and high base-
line pain intensity are found to have significantly poorer
prognosis in a trial with symptom durations of 8 to 21
weeks [2]. Recent steroid injections have been reported to
negatively affect prognosis in LET over a period of 3-12
months after injections [6]. Patient selection of known
responders only has been shown to inflate trial results
with 38% [39], and consequently the inclusion of non-
responders to treatments is likely to deflate effect sizes.
Exercise therapy has been found effective in LET [13] and
other tendinopathies [17], and the use of exercise therapy
as a co-intervention may also deflate effect sizes or erase
positive effects of LLLT. Consequently, we decided to ana-
lyze the included trials for presence of long symptom
duration, treatment and treatment failures prior to inclu-
sion, and effective co-interventions.

Results

Literature search results

The literature search identified 1299 potentially relevant
articles that were assessed by their abstracts. 1119
abstracts were excluded as irrelevant, 180 full trial reports
were evaluated, and 18 trials met the inclusion criterion
for randomisation (Figure 1).

However a further three randomised trials had to be
excluded for not meeting the a priori trial design criteria
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for sample size in control group, specific endpoints or
blinding. The results of this assessment are summarised in
Table 1.

Analysis of treatment procedures

The remaining 15 trials were then evaluated for adequacy
of their treatment procedures for active laser and placebo
laser for adherence to either of the three valid application
techniques (inclusion criterion 2). This resulted in the
exclusion of 2 trials (Table 2, Figure 2).

Publication bias

The five excluded RCTs [40-44] were taken into the publi-
cation bias analysis by a graphical plot as advised by Egger
[45]. Four [40-42,44] out of the five excluded trials with
grave methodological and procedural flaws, were small
and reported negative results. Three trials with negative
results for LLLT were performed by the same research
group [40,46,47] although this group also reported a pos-
itive outcome [50]. Three of these trials met the eligibility
criteria for this review and were included in the meta-anal-
ysis [46,47,50]. The five largest trials [43,48-51] all pre-
sented positive results, although Simunovic et al. [43] was
excluded from our meta-analyses for variable timing of
endpoints as stated above. Significant asymmetry was
noted in the funnel plot, indicating a considerable degree
of negative publication bias (Figure 3).

Bias analysis of 13 included trials

Positive bias detection — poor methodological quality and for-profit
funding sources

The final study sample consisted of 730 patients in 13 tri-
als. The mean and median methodological score was 6.5,
and only one trial did not satisfy half or more methodo-
logical criteria [52]. Two trials used the acupoints applica-
tion technique [46,47], while the remaining eleven trials
used the tendon application technique. None of the trials
stated funding from laser manufacturing companies or
had authors with affiliations to laser manufacturers. The
trial characteristics and the sum methodological scores are
listed in Table 3.

Subgroup analysis for methodological quality

The pre-planned subgroup analysis by methodological
quality was not performed as all but a single low quality
trial were rated fairly similarly with 6-8 criteria fulfilled
out of 10 possible criteria. Minor inter-observer differ-
ences have been reported for methodological scorings by
the Pedro criteria list [36], and the variance could be
within the range of measurement error for this methodo-
logical criteria list [53]. In addition, fulfilment of more
than 50% of methodological criteria is often considered
as a threshold for acceptable quality [54], and all but one
trial with negative results were assessed with scores above
this threshold. Consequently, we considered a separate
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4

RCTs with adequate design and
treatment procedures (n=13)

Figure |
Quorum flow chart. Quorum flow chart of the steps in
the reviewing process.

subgroup analysis by methodological quality to be unnec-
essary to perform.

Negative bias detection — inclusion of patients with poor prognostic
factors and effective co-interventions

Three trials reported details confirming enrolment of
patients without poor prognosis [48,55,56]. In two of
these trials [55,56], both active and placebo groups
received concurrent exercise therapy, which may have
deflated effect size. Seven trials reported demographic
data affirmative on the inclusion of LET patients with
poor prognosis, which are likely to deflate effect sizes.
Results for possible confounding factors which may
deflate effect sizes are summarized in Table S4, Additional
file 1.

Assessment of LLLT procedures and treatment variables

There was considerable heterogeneity in the treatment
procedures and LLLT doses used in the included trials.
Treatment characteristics for the 11 trials which used
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direct irradiation of tendon pathology are listed in Table
S5, Additional file 1.

Treatment characteristics for trials which used acupoint
irradiation are listed in Table S6, Additional file 1.

Outcomes and effect sizes

Dichotomized trial results

Eight out of thirteen trials (62%) reported one or more
outcome measures in favour of LLLT over placebo. Eleven
trials used the tendon application technique, and eight
(73%) of these trials reported positive results for one or
more outcome measures (Table 3). All seven trials using
904 nm wavelength and the tendon application tech-
nique yielded positive results [48-51,55-57], whereas
three trials using lasers with 820/30 nm [58,52]and 1064
nm [59] wavelengths found no significant effect of LLLT.
A single trial administering LLLT with a wavelength of 632
nm [60], also found significantly better results for the
LLLT group. In the two trials where LLLT was administered
to acupuncture points [46,47], no significant differences
between LLLT and placebo were found for any of the out-
come measures.

Meta-analyses of effects

Primary outcomes

Continuous data for pain relief was available from 10 tri-
als in a way which made statistical pooling possible. At
the first observation after the end of the treatment period,
LLLT was significantly better than controls with a WMD of
10.2 mm [95% CI: 3.0 to 17.5] in favour of LLLT on a 100
mm VAS (p = 0.005). In a subgroup of five trials
[48,50,55-57] where 904 nm LLLT was administered
directly to the tendon, LLLT reduced pain by 17.2 mm
[95% CI: 8.5 to 25.9] more than placebo (p = 0.0001).
One trial [60] with 632 nm LLLT, showed significantly
better results for LLLT than a wrist brace and ultrasound
therapy, but none of the results from trials with wave-
lengths of 820 nm or 1064 nm, or acupoint application
technique were significantly different from placebo. The
results are summarized in Figure 4.

Seven trials [46,49-51,55,57,58] presented data in a way
which allowed us to pool data for global improvement.
LLLT was significantly better than placebo with an overall
relative risk for improvement at 1.36 [95% CI: 1.16 to
1.60] (p = 0.002). In a subgroup of five trials [49-
51,55,57] where 904 nm LLLT was used to irradiate the
symptomatic tendon, the relative risk for global improve-
ment was significantly better than placebo at 1.53 [95%
CI 1.28 to 1.83] (p < 0.0001). In the remaining two trials
[46,58] where LLLT was administered to acupoints or with
820 nm wavelength, the relative risk for global improve-
ment was not significantly different from placebo at 0.80
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Table I: Randomised LLLT-trials excluded for not meeting trial design criteria for diagnosis, blinding or specific endpoints.

Study by first Year Method score Laser wavelength Application Result Reason for exclusion
author technique
Mulcahy [40] 1995 5 904 Not stated No significant Does not satisfy control
differences between group criterion: Lacks
active and placebo sufficient patient numbers
LLLT in placebo control group
as only 3 patients had
tendinopathy
Simunovic [41] 1998 3 830 Tendon + Trigger  LLLT significantly Does not satisfy criterion
Points better than placebo for specific endpoint and
standard number of
treatments: Only bilateral
conditions were given
placebo treatment, but
data for this group were
not presented
Vasseljen [42] 1992 5 904 Tendon Traditional Does not satisfy blinding
physiotherapy criterion: Neither
significantly better therapist, patients or
than LLLT observers were blinded in

the traditional
physiotherapy group

Trial characteristics by first author, method score, laser wavelength in nanometer, laser application technique, trial results and reason for exclusion.

[95% CI 0.50 to 1.22]. The results are summarized in Fig-
ure 5.

Secondary outcomes

Painfree grip strength showed significantly better results
after LLLT than placebo with SMDs of 0.66 [95% CI: 0.42
to 0.90] [p < 0.0001). When trials were subgrouped by
application technique and wavelengths, only trials with
irradiation of tendons and wavelengths 632 nm [60] or
904 nm [48,49,56,57], showed positive results versus
control with SMDs at 1.09 [95% CI: 0.42 to 1.76] and
1.30 [95% CI: 0.91 to 1.68], respectively. The results are
summarized in Figure 6.

Two trials with 904 nm wavelength using application
technique with tendon irradiation [50,56] reported a
small, but significantly elevated pain pressure threshold
with SMD at 0.34 [95% CI: 0.04 to 0.63] (p = 0.02), The
results are summarized in Figure 7.

Sick leave

One trial with 904 nm LLLT administered directly over the
tendon insertion, presented sick leave data [51]. The rela-
tive risk for not being sicklisted after treatment was signif-
icantly in favour of LLLT at 2.25 [95% CI: 1.25 to 4.06] (p
= 0.0005).

Follow-up

Six of the trials provided continuous follow-up data on a
100 mm VAS measured between 3 and 8 weeks after the
end of treatment [47,48,56,57,59,60]. The combined
WMD was 11.30 mm [95% CI: 7.5 to 16.1] in favour of

LLLT. For global improvement, three trials [46,51,57] pro-
vided data suitable for statistical pooling, and the RR was
calculated to 1.68 [95% CI: 1.32 to 2.13] in favour of
LLLT. Subgroup analyses showed that three trials
[48,56,57] administering 904 nm LLLT directly over the
tendon, WMD improved to 14.3 [95% CI: 7.3 to 21.3] and
RR for improvement to 2.01 [95%CI: 1.48 to 2.73] in
favour of LLLT, while a single trial [60] with 632 nm wave-
length and the same application procedure reported
WMD of 14.0 [95%CI: 7.0 to 20.6]. The results are sum-
marized in Figures 8 and 9.

Only two trials using the tendon application technique
with 904 nm wavelengths reported follow-up results
beyond 8 weeks. They reported persisting significant
improvement after LLLT for PFS at 3 months (SMD 0.40
[95%CI: 0.05 to 0.75]) [49], and significantly less patients
with no or minor pain at work at 5.5 months (RR = 2.1
[95%CI: 1 to 4.3]) [57], respectively. Other outcomes
were not significantly different beyond 8 weeks. For the
two trials using acupoint irradiation [46,47], no signifi-
cant differences were found at any of the follow-up ses-
sions.

Side-effects and compliance

Treatment was generally well tolerated and no adverse
events were reported. Compliance was high ranging from
100% to 91% in all but two trials [48,58]. One of these tri-
als [48] had a considerably longer treatment period (8
weeks) than the other trials (median 3 weeks), and all
withdrawals were caused by lack of effects. In another trial
[58] using 830 nm wavelength, an exceptionally high
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Fig 3—Application of the laser probe.

Laser exposure aréa according to figure 5 on page 10
in technical mannal SPACE MIX 5-UP
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Figure 2

Photograph showing laser therapy procedure with laser head in skin contact in trial by Haker et al. The photo-
graph is taken the trial report in from Archives of Physical Medicine 1991. The drawing of the laser spot sizes at different dis-
tances is taken from the manual of Space Mix 5 Mid-Laser (Space s.r.l, Italy).

withdrawal/dropout rate of 15% occurred after a single
treatment session without any given reason.

Discussion

In this review, we found that most RCTs of LLLT for LET
were of acceptable methodological quality. This finding is
in line with previous reviews [12,23,27], although there
were some differences between reviewers in methodolog-
ical scores for individual trials. RCTs of LLLT are of similar
methodological quality and include similar sample sizes
as RCTS included in recent reviews of corticosteroid injec-
tions [5] and topical or oral NSAIDs [8]. Two of the previ-
ous reviews of LLLT for LET found only six RCTs [12,23],
whereas an earlier review found ten RCTs [27], and
excluded one RCT for methodological shortcomings [43].
We used broader searching criteria in our review and had
no language restrictions. This resulted in 18 potentially

eligible RCTs. We excluded one RCT for not meeting the
inclusion criteria of specific endpoints [43] and another
two RCTs for complete lack of blinding [44] and a lack of
an LET control group [42]. None of the previous LET
reviews assessed the LLLT regimen for procedural errors,
while our procedural assessments resulted in exclusion of
another two RCTs with grave procedural errors, such as
leaving the tendon insertion and acupoints unirradiated
[40] and giving adequate LLLT to the placebo group [61].
These exclusions resulted in 13 RCTs being eligible for our
review which is twice the number of RCTs included in two
of the previously published reviews[12,23].

Previous LET-reviews of LLLT [12,23,27] and pharmaco-
logical interventions like NSAID [8] or corticosteroid
injections [5] have not assessed possible bias from for-
profit funding sources or publication bias. Our analysis
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Table 2: Randomised LLLT-trials excluded for not meeting criteria of valid procedures for active laser and placebo laser treatment.

Study by first author Method score Wave-length Application technique Result Reason for exclusion

Haker [43] 6 904 Tendon No significant differences Photograph in trial report
shows that the laser probe
was kept in skin contact and
thereby violated the
manufacturers'
recommendation of a keeping
the laser head at a distance of
10 cm. This violation caused a
central blind spot of ca 3 cm?
which left the tendon
pathology unexposed to LLLT
(See Figure 2)

Siebert [44] 6 904 + 632 Tendon No significant differences Active laser treatment to the
placebo group received red
632 nm LLLT, which we
calculated to be (2.25)), which
again is an adequate LLLT
dose. Consequently this trials
lacks a placebo or non-laser
control group

Trial characteristics given by first author, method score, laser wavelength, laser application technique, trial results and reason for exclusion.

Publication bias plot
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LLLT effect on pain vs placebo (WMD)
Figure 3

Funnel plot of published trial results given by WMD for pain relief over placebo measured on 100 mm VAS (x-
axis), and sample size (y-axis).
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Figure 4

End of treatment results for LLLT measured as the WMD pain reduction on 100 mm VAS. Trials are subgrouped
by application technique and wavelengths, and combined results are shown as total at the bottom of the table. Plots on the
right hand side of the middle line indicate that the LLLT effect is superior to the control treatment.

Table 3: Included randomised LLLT-trials.

Study by first author Method score Patient numbers Application technique Control Trial results
Basford [53] 8 47 Tendon Placebo 0
Gudmundsen [51] 6 92 Tendon Placebo ++
Haker [46] 7 49 Acupoints Placebo 0
Haker [50] 6 58 Tendon Placebo +
Krashenninikoff [54] 6 36 Tendon Placebo 0
Lam [55] 7 37 Tendon Placebo ++
Logdberg-Anderson [49] 7 142 Tendon Placebo ++
Lundeberg [47] 6 57 Acupoints Placebo 0
Oken [56] 7 59 Tendon UL, Brace ++
Palmieri [57] 6 30 Tendon Placebo ++
Papadoupolos [52] 4 31 Tendon Placebo -
Stergioulas [48] 7 62 Tendon Placebo ++
Vasseljen [58] 8 30 Tendon Placebo +
Total 6.5(Mean) 730

Trial characteristics by first author, method score, laser application technique, control group type, trial results. The abbreviations used are
determined by the following categories: (-) means a result in favour of the control group, (0) means a non-significant result, (+) means a positive
result for LLLT in at least one outcome measure, and (++) means a consistent positive results for more than one outcome measure.

-82 -



BMC Musculoskeletal Disorders 2008, 9:75

http://www.biomedcentral.com/1471-2474/9/75

Rewview: Lazer tendinopathy

Comparizen: 05 Lateral elbow tendinopathy pain

Outcome: 02 Global improvement end of lazer therapy

Study Treatment Control RR (fxed VWeight RR (foeed)
or sub-category nil /N 95% Cl % 95% Cl
01 Tendon application 304 nm

Palmieri - 5.19 2
Gudmundzen epi —— 1£.75 3.
Haker mid —_— 10.393 z
Vazselien —— T.Z8 i
Legdberg-Andersson —— 33.21 o
Subtotal (85% Cl) e TE.3E a5

Total events: 131 (Treatment), &2 (Control)
Test for heterogeneity: Chif = 8.3 f=4(P=017}, F=374%
Test for overal effect: Z= 481 (P < 0.00001

02 Tendon application 820 nm (+/-40

Krashenninikoff 11718 10418 —_——— 9.11 1:10 [DD63;. 18911
Subt 2 15 18 B e 9.11 1.10 [0.63, 1.91]
Total events: 11 (Treatment), 10 (Control)

Test for heterogeneity: not applicable

Tesat for overal effect: Z=0.34 (P=0.74)

03 Acupeint application 804 nm

Haker acu 10723 17/26 —— 4.53 0:68 [0.39%9; 1:15]
Subtotal (35% CIj 23 2g =R 14.53 0.8% [0.3 115
Total wents: 10 (Treatment), 17 (Contral)

Test for heterogeneity: not applicable

Test for overall effect: Z = 1.47 (P=0.14)

Total (85% CI zz1 i1 - 100.00 1.38 [1.18, 1.801
Total events: 152 (Treatment), 109 (Control}

Test for heterogensity: Chi* = 15.02, df =6 (P = 0.02), F=60.1%

Test for overal effect: 2= 3.74 (P = 0.0002)

0.2 05 1 2 E
Favours laser Favours placebo

Figure 5

End of treatment results for LLLT measured as global improvement. Trials are subgrouped by application technique
and wavelengths, and their combined results are shown as total at the bottom of the table. Plots on the right hand side of the
middle line indicate that the LLLT effect is superior to the control treatment.

revealed that bias from for-profit funding was largely
absent in the available LLLT material and that trials were
performed by independent research groups receiving
funding from internal sources or non-profit organisa-
tions. This feature of the LLLT literature is definitely differ-
ent from pharmacological pain treatments where up to
83% of trials may be industry-funded [62]. A second fea-
ture of the LLLT-literature is that publication bias seems to
go in a negative direction. This is distinctly different from
the drug trials [63,64] where positive results have been
found to account for up to 85% of the published trials in
single journals [63], although this bias seems to be lesser
or absent in high impact journals [64]. Our review sug-
gests that LLLT trials reporting negative results are more
likely to be published than trials with positive results. To
our knowledge we are the first to demonstrate such bias,
but such negative publishing bias is probably not unique
to LLLT, and it may also be present for other electrophys-
ical agents including TENS and acupuncture. We were sur-
prised to see how large well-designed positive trials of
LLLT [51,50] were published in unlisted journals or jour-
nals with low-impact factor, and how small negative trials

[46], often with grave methodological [42] or procedural
flaws [40] were published in higher ranking journals. This
may reflect a predominance of RCTs designed using drug-
research methodology paradigms without due considera-
tion given to adequacy of the technique used in delivering
LLLT, leading to under dosing and negative outcome bias
[65]. In addition, it has been that documented drug spon-
sorship of research activities may influence guideline pan-
els, journal editors and referees [66,67] leading to
negative views on non-drug treatments such as LLLT as
reflected in editorials in pain journals [68] and national
medical journals [69].

Despite these concerns, we believe that the positive over-
all results of this review need to interpreted with some
caution. They arise from a subgroup of 7 out of the 13
included trials [48-51,55-57]. These 7 trials had a nar-
rowly defined LLLT regimen where lasers of 904 nm wave-
length with low output (5-50 mW) were used to irradiate
the tendon insertion at the lateral elbow using 2-6 points
oran area of 5 cm2and doses of 0.25-1.2 Joules per point/
area. The positive results for this subgroup of trials were
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End of treatment results for LLLT measured as the SMD for pain-free grip strength. Trials are subgrouped by
application technique and wavelengths, and their combined results are shown as total at the bottom of the table. Plots on the
right hand side of the middle line indicate that the LLLT effect is superior to the control treatment.
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End of treatment results for LLLT measured as the SMD for pain pressure threshold. Only trials using the tendon
application technique and 904 nm wavelength were available, and their combined results are shown as the total at the bottom
of the table. Plots on the right hand side of the middle line indicate that the LLLT effect is superior to the control treatment.

consistent across outcomes of pain and function, and sig-
nificance persisted for at least 3-8 weeks after the end of
treatment, in spite of several factors which may have
deflated effect sizes.

For the red 632 nm wavelength which has a poorer skin
penetration ability [70], a single trial [60] with a higher
dose (6 Joules) seemed to be equally effective as the lower
doses of 904 nm used in the seven positive trials. These
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Follow-up results at 3-8 weeks after end of treatment for LLLT measured as the WMD for pain reduction on
100 mm VAS. Trials are subgrouped by application technique and wavelengths, and combined results are shown as total at
the bottom of the table. Plots on the right hand side of the middle line indicate that the LLLT effect is superior to the control

treatment.

LLLT-doses are well within the therapeutic windows for
reducing inflammation, increasing fibroblast activity and
collagen fibre synthesis, and the dosage recommenda-
tions suggested by WALT [71].

The negative results for the 830 nm GaAlAs and 1064 nm
NdYag lasers can be attributed to several factors such as
too high doses, too high power density or the inclusion of
patients with poor prognosis from long symptom dura-
tion and prior steroid injections. These wavelengths have
previously been found effective in some tendon animal
studies and in other locations such as shoulder tendin-
opathies [72,73]. At this time it is not possible to draw
firm conclusions about the clinical suitability of wave-
lengths 820, 830 and 1064 nm in LET treatment, but the
lack of evidence of effects indicates that they cannot be
recommended as LET treatment before new research find-
ings have established their possible effectiveness. The lack
of effect for these lasers may also serve as a reminder that
higher doses is not always best. We have been witnessing
a tendency where newly developed lasers with these wave-
lengths are being marketed with ever-increasing power
and power densities. This may be inappropriate because
current knowledge about LLLT mechanisms and dose-

response patterns at higher powers is inconsistent or lack-
ing.

The positive results for combining LLLT of 904 nm wave-
length with an exercise regimen, are encouraging. We
would have thought that exercise therapy could have
erased possible positive effects of LLLT, but the results
showed an added value in terms of a more rapid recovery
when LLLT was used in conjunction with an exercise regi-
men. This may indicate that exercise therapy can be more
effective when inflammation is kept under control. Add-
ing LLLT to regimens with eccentric and stretching exer-
cises reduced recovery time by 4 and 8 weeks in two trials
[48,56]. For this reason, LLLT should be considered as an
adjunct, not an alternative, to exercise therapy and stretch-
ing.

Based on the above findings, LLLT should be considered
as an alternative therapy to commonly used pharmacolog-
ical agents in LET management. Cochrane-based reviews
of NSAIDs [8] and corticosteroid injections [5] have
found evidence of short-term effects within 4 and 6 weeks,
respectively. The short-term reduction in pain intensity
after corticosteroid injections may appear to have a more
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Follow-up results at 3-8 weeks after the end of treatment measured as the relative risk for global improve-
ment for LLLT compared to placebo. Trials are subgrouped by application technique and wavelengths, and combined
results are shown as total at the bottom of the table. Plots on the right hand side of the middle line indicate that the LLLT

effect is superior to the control treatment.

rapid onset and may also be larger in effect size than after
LLLT. But on the other hand, the available LLLT-material
is confounded by factors capable of deflating effect sizes.
In this perspective, there is a need for more high quality
trials with head-to-head comparison of short-term effects
between LLLT and corticosteroid injections. In the longer
term, NSAIDs seems to be ineffective and corticosteroid
injections seem to be harmful both at 26 and at 52 weeks
[6]. For LLLT there are some significant long-term effects
found at 8, 12 and 24 weeks after the end of treatment.

Conclusion

The available material suggests that LLLT is safe and effec-
tive, and that LLLT acts in a dose-dependent manner by
biological mechanisms which modulate both tendon
inflammation and tendon repair processes. With the
recent discovery that long-term prognosis is significantly
worse for corticosteroid injections than placebo in LET,
LLLT irradiation with 904 nm wavelength aimed at the
tendon insertion at the lateral elbow is emerging as a safe
and effective alternative to corticosteroid injections and
NSAIDs. LLLT also seems to work well when added to
exercise and stretching regimens. There is a need for future
trials to compare adjunctive pain treatments such as LLLT
with commonly used pharmacological agents.
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Efficacy of low-level laser therapy in the management of
neck pain: a systematic review and meta-analysis of
randomised placebo or active-treatment controlled trials

Roberta T Chow, Mark I Johnson, Rodrigo A B Lopes-Martins, Jan M Bjordal

Summary

Background Neck pain is a common and costly condition for which pharmacological management has limited
evidence of efficacy and side-effects. Low-level laser therapy (LLLT) is a relatively uncommon, non-invasive treatment
for neck pain, in which non-thermal laser irradiation is applied to sites of pain. We did a systematic review and meta-
analysis of randomised controlled trials to assess the efficacy of LLLT in neck pain.

Methods We searched computerised databases comparing efficacy of LLLT using any wavelength with placebo or with
active control in acute or chronic neck pain. Effect size for the primary outcome, pain intensity, was defined as a
pooled estimate of mean difference in change in mm on 100 mm visual analogue scale.

Findings We identified 16 randomised controlled trials including a total of 820 patients. In acute neck pain, results of
two trials showed a relative risk (RR) of 1-69 (95% CI 1-22-2-33) for pain improvement of LLLT versus placebo. Five
trials of chronic neck pain reporting categorical data showed an RR for pain improvement of 4-05 (2-74-5-98) of
LLLT. Patients in 11 trials reporting changes in visual analogue scale had pain intensity reduced by 19-86 mm
(10-04-29-68). Seven trials provided follow-up data for 1-22 weeks after completion of treatment, with short-term
pain relief persisting in the medium term with a reduction of 22-07 mm (17-42-26-72). Side-effects from LLLT were

mild and not different from those of placebo.

Interpretation We show that LLLT reduces pain immediately after treatment in acute neck pain and up to 22 weeks
after completion of treatment in patients with chronic neck pain.

Funding None.

Introduction
Chronic pain is predicted to reach epidemic proportions in
developed countries with ageing populations in the next
30 years.' Chronic neck pain is a highly prevalent condition,
affecting 10-24% of the population.** Economic costs of
this condition are estimated at hundreds of millions of
dollars,” creating an imperative for evidence-based, cost-
effective treatments. Low-level laser therapy (LLLT) uses
laser to aid tissue repair® relieve pain, and stimulate
acupuncture points.® Laser is light that is generated by
high-intensity electrical stimulation of a medium, which
can be a gas, liquid, crystal, dye, or semiconductor.’ The
light produced consists of coherent beams of single
wavelengths in the visible to infrared spectrum, which can
be emitted in a continuous wave or pulsed mode. Surgical
applications of laser ablate tissue by intense heat and are
different from LLLT, which uses light energy to modulate
cell and tissue physiology to achieve therapeutic benefit
without a macroscopic thermal effect (sometimes termed
cold laser). LLLT is non-invasive, painless, and can be easily
administered in primary-care settings. Incidence of adverse
effects is low and similar to that of placebo, with no reports
of serious events.""

Research into the use of LLLT for pain reduction™" and
tissue repair*” spans more than 30 years. However,
reports do not identify this therapy as a potential

www.thelancet.com Vol 374 December 5, 2009

treatment option,” possibly because of scepticism about
its mechanism of action and effectiveness.” Research
from the past decade suggests that LLLT produces anti-
inflammatory effects,®** contributing to pain relief.
Cochrane reviews of the efficacy of LLLT in low-back
pain? and rheumatoid arthritis”® have been unable to
make firm conclusions because of insufficient data or
conflicting findings. However, effectiveness depends on
factors such as wavelength, site, duration, and dose of
LLLT treatment. Adequate dose and appropriate
procedural technique are rarely considered in systematic
reviews of electrophysical agents. Research into the dose-
response profile of LLLT suggests that different
wavelengths have specific penetration abilities through
human skin.”** Thus, clinical effects could vary with
depth of target tissue. We have shown the importance of
accounting for dose and technique in systematic reviews
of transcutaneous electrical nerve stimulation® and
LLLT,"* and our approach is an acknowledged means of
establishing efficacy.”

The only systematic review focusing solely on LLLT in
treatment of neck pain included four randomised
controlled trials, and concluded that there was evidence
of short-term benefit of LLLT at infrared wavelengths of
780, 810-830, and 904 nm.”* A Cochrane review of
physical medicine for mechanical neck disorders, since
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490 citations identified by search strategy

355 irrelevant or duplicates identified
through title or abstract review

v

v

135 articles reviewed in detail

97 excluded (case series, mixed
conditions, region of pain unrelated
to neck pain, narrative reviews)

v

v

38 potentially relevant RCTs identified

22 excluded

Tinfrared light as a heat source

2 sham laser used as placebo-control
for another modality

5 no control group

1 retrospective study

1 dental application only

2 fibromyalgia treated

1 no pain measure

1only one patient with neck pain

6 cannot separate neck pain data

1 changed laser parameters during trial

1 abstract only

v

A 4

16 potentially appropriate RCTs to be
included in the meta-analysis

v

16 RCTs with usable information by
outcome and included in the
meta-analysis

Figure 1: Selection process
RCT=randomised controlled trial.

withdrawn because much time had passed without an
update, included three LLLT trials, for which outcomes
did not differ from those of placebo.” The same
investigators did a meta-analysis® of 88 randomised
controlled trials of conservative treatments for acute,
subacute, and chronic mechanical neck disorders, which
included eight trials using LLLT. They concluded that
LLLT has intermediate and long-term benefits.

These reviews did not identify treatment variables
associated with positive outcomes, include non-English
language publications, or quantitatively assess data.”*
We have therefore undertaken a new systematic review
and meta-analysis of LLLT in neck pain to establish
whether LLLT relieves acute and chronic neck pain and
to systematically assess parameters of laser therapy to
identify treatment protocols and dose ranges (therapeutic
windows) associated with positive outcomes.

Methods

Search strategy and selection criteria

We did a search of published work without language
restriction using Medline (January, 1966, to July, 2008),
Embase (January, 1980, to July, 2008), Cinahl (January,
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1982, to July, 2008), the Physiotherapy Evidence Database
(January, 1929, to July, 2008), Biosis (January, 1926, to July,
2008), Allied and Complementary Medicine (January,
1985, to July, 2008), and the Cochrane Central Register of
Controlled Trials (second quarter of 2008). Keywords used
for neck pain and related conditions were: “neck pain/
strain”, “cervical pain/strain/syndrome”, “cervical spon-
dylosis/itis”, “cervicobrachial (pain/disorder/syndrome)”,
“myofascial (pain/disorder/syndrome)”, “trigger points”,
“fibromyalgia”, “whiplash/WAD”, “osteoarthritis/arthritis”,
and “zygaphophyseal/ZG joints”. We combined these
keywords with synonyms for LLLT: “low-level/low-energy/
low reactive-level/low-intensity/low-incident/low-output/
infrared/diode/semiconductor/soft or cold or mid/
visible”; “laser therapy”, “(ir)radiation”, “treatment”; “low-
energy photon therapy”; “low output laser”; “LLLI”;
“LILT”; “LEPT”; “LELT”; “LILI”; “LELI”; “LPLI”; “bio-
stimulation”; “photobio/stimulation/activation/modula-
tion”; “light therapy”; “phototherapy”; “narrow band light
therapy”; “904 nm”; “830 nm”; “632 nm”; “1064 nm”;
“GaAs”; “GaAlAs”; “HeNe”; and “defocused CO,”. We
consulted experts and searched reference lists of retrieved
reports and textbooks for additional references.

Citations were screened and full reports of potentially
relevant studies obtained. We applied inclusion and
exclusion criteria, assessed methodological criteria, and
extracted data including trial characteristics, demographic
data, laser parameters, pain outcome measures, and co-
interventions. Non-English language studies were
translated by JMB.

We included randomised or quasi-randomised
controlled trials of LLLT for acute or chronic neck pain as
defined by trial investigators, and identified by various
clinical descriptors included under the term non-specific
neck pain.” These diagnostic labels included neck strain,
neck sprain, mechanical neck disorders, whiplash, neck
disorders, and neck and shoulder pain. We also used
surrogate terms for neck pain, such as myofascial pain
and trigger points.’»” Study participants were restricted
to those aged 16 years and older. We excluded studies in
which specific pathological changes could be identified,
such as systemic inflammatory conditions—eg,
rheumatoid  arthritis, localised or generalised
fibromyalgia, neck pain with radiculopathy, and neck
pain related to neurological disease. We excluded
abstracts and studies for which outcome measures for
neck pain could not be separated from data for other
regions of the body. Two reviewers (RTC, JMB)
independently undertook the search of published work,
screened studies, and extracted data. Any disagreements
between reviewers were resolved by consensus with other
team members acting as arbiters (RABL-M, MI]J).

Investigators had to have used a laser device that
delivered irradiation to points in the neck identified by
tenderness, local acupuncture points, or on a grid at
predetermined points overlying the neck. Control groups
had to have been given either placebo laser in which an

www.thelancet.com Vol 374 December 5, 2009
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n  Design Diagnosis Jadad score  Control Sites treated Cointerventions Primary pain outcome measure
Ceccherelli 27 DBRCT  Cervical myofascial 3 Placebo Tender points in neck and NR VAS
etal (1989)" pain distal acupuncture points
Floter et al 60 DB,RCT Cervical 3 Placebo Tender points in neck NR VAS
(1990)* osteoarthritis
Tavernaetal 40 DB,RCT Chronic myofascial 3 Placebo Tender points in neck NR Graded subjective assessment:
(1990)* pain no change to optimum
Toyaetal 39 DB,RCT Cervical pain 5 Placebo Site not specified No physical or medical therapy allowed ~ Graded subjective assessment:
(1994)> complex exacerbation to excellent
Sorianoetal 71  DB,RCT Acute cervical pain 3 Placebo Site not specified No NSAIDs or other medical or physical  Graded subjective assessment:
(1996)* therapy allowed exacerbation to excellent
Laaksoetal 41 DB,RCT  Neck painwith 3 Placebo Three most painful trigger Simple analgesic drugs allowed as VAS
(1997)* trigger points in points needed; NSAIDs, corticosteroids, tricyclic
neck antidepressants excluded; no physical
therapies
Ozdemiretal 60 DB,RCT Neckpainrelatedto 3 Placebo Six arbitrary points over neck  NR VAS
(2001)* neck osteoarthritis muscles
Seidel and 48 DB,RCT  Chronic cervical 3 Placebo Local neck points and distal ~ Acupuncture not allowed less than 6 VAS
Uhlemann syndrome acupuncture points months before inclusion; drug therapy
(2002)* unchanged during trial
Hakguder 62 DB,RCT Neckpainwithone 3 Exercisewith ~ One active trigger point in NR VAS
etal (2003)” trigger point LLLT and levator scapulae or trapezius
exercise alone
Chowetal 20 DB,RCT  Neckpain (non- 5 Placebo Multiple tender points in Simple analgesic drugs allowed; no VAS
(2004)* specific) cervical spine and physical therapies
attachments
Guretal 60 DB,RCT Chronic myofascial 5 Placebo Up to ten trigger points NR VAS
(2004)* pain in the neck
llbulduetal 40 DB,RCT Myofascial pain 2 Placebo and Trigger points in upper Simple analgesic drugs as needed; VAS
(2004)*® syndrome needling trapezius exercise to all groups
Altanetal 53 DB,RCT Cervical myofascial 3 Placebo Three trigger points No NSAIDs or analgesic drugs; exercise ~ VAS
(2005)* pain syndrome bilaterally and one trigger in both groups and graded assessment
point in trapezius
Aigneretal 45 SB,RCT  Acute whiplash 0 Placebo Local and distal acupuncture  Both groups wore cervical collar; Assessment of subjective pain
(2006)* injury points paracetamol and chlormezanone symptoms
Chowetal 90 DB,RCT Non-specificneck 5 Placebo Local tender points Simple analgesic drugs allowed; no VAS
(2006)* pain physical therapies
Dundaretal 64 DB,RCT Cervical myofascial 3 Placebo Three trigger points No NSAIDs or analgesic drugs VAS
(2007)* pain syndrome bilaterally
n=number of patients. DB=double blind. RCT=randomised controlled trial. NR=not reported. VAS=visual analogue scale. NSAIDs=non-steroidal anti-inflammatory drugs. SB=single blind.
Table 1: Study design and outcome measures

identical laser device had an active operating panel with
the laser emission deactivated or an active treatment
control (eg, exercise). We also included trials in which an
active control was used as a co-intervention in placebo
and real laser groups.

To be eligible for inclusion, a study had to compare
pain relief along a 0-100 mm visual analogue scale, a
numerical rating scale, or Dby patient-reported
improvement (eg, categorical report of no change to
complete relief of pain) as a primary outcome measure
before and after laser therapy. Functional measures of
disability (eg, neck pain disability questionnaire) were
assessed as secondary outcome measures. We also
examined adverse events where reported, although did
not specify these a priori. Duration of follow-up was
assessed and defined as short term (<1 month), medium-
term (1-6 months), and long term (>6 months).

www.thelancet.com Vol 374 December 5, 2009

Assessment of methodological quality and
heterogeneity

Reviewers assessed all studies for methodological quality
on the basis of Jadad criteria (maximum score 5).* Jadad
criteria allocate a point each for randomisation, double-
blind design, and description of dropouts. If
randomisation and double-blind concealment are
assured, an additional 2 points are added. If randomisation
or double-blind concealment is not assured, a point is
deducted for each. A trial with a score of 3 or more is
regarded as high quality. Data from trials with scores of 3
or more were grouped and analysed separately from
those scoring less than 3.

We assessed clinical heterogeneity by considering
population difference in age, sex, duration of symptoms,
and outcomes. Clinical judgment was used to establish
whether trials were sufficiently similar to allow pooling
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Laser therapy Placebo control RR Weight RR

n/N n/N (95% CI) (%) (95% Cl)
Method score 3 or above
Soriano et al (1996)%* 35/37 13/34 — . 50-49% 247 (1-60-3-82)
Subtotal 37 34 g 50-49% 2-47 (1-60-3-82)
Total events: 35 (laser therapy) 13 (placebo control)
Test for overall effect: Z=4-09 (p<0-0001)
Method score below 3
Aigner et al (2006)* 12/23 13/22 — 49:51% 0-88 (0-52-1-49)
Subtotal 23 22 - 49-51% 0-88 (0-52-1-49)
Total events: 12 (laser therapy) 13 (placebo control)
Test for overall effect: Z=0-47 (p=0-64)
Total 60 56 Q 100-00% 1.69 (1-22-2-33)
Total events: 47 (laser therapy) 26 (placebo control)
Test for heterogeneity: x>=8-86, df=1 (p=0-003), ’=88.7%
Test for overall effect: Z=3-15 (p=0-002)

[ T T 1
0-2 0-5 10 2:0 5-0
Favours placebo Favours laser

Figure 2: Relative risk of improvement in acute neck pain in laser-treated versus control groups in two randomised trials reporting categorical data

RR=relative risk.

of data. The specific parameters of laser devices,
application techniques, and treatment protocols were
extracted and tabulated by laser wavelength. Details for
power output, duration of laser irradiation, number of
points irradiated, and frequency and number of
treatments were listed. When specific details were not
reported, calculations were made from those described
in the report when possible. When crucial parameters
were not reported, we contacted manufacturers of laser
devices and trial investigators to obtain missing
information. Not all data were available because of the
time elapsed since publication of some studies.
Heterogeneity was qualitatively assessed for these factors
by an expert in laser therapy (JMB).

We used five levels of evidence to describe whether
treatment was beneficial: strong evidence (consistent
findings in several high-quality randomised controlled
trials); moderate evidence (findings from one high-
quality randomised controlled trial or consistent findings
in several low-quality trials); limited evidence (one low-
quality randomised trial); unclear evidence (inconsistent
or contradictory results in several randomised trials); and
no evidence (no studies identified).*

Statistical analysis

Effect size for the primary outcome, pain intensity, was
defined as a pooled estimate of the mean difference in
change in mm on a 100 mm visual analogue scale
between the mean of the treatment and the placebo
groups, weighted by the inverse of the SD for every
study—ie, weighted mean difference of change between
groups. Variance was calculated from the trial data and
given, with 95% CI, in mm on visual analogue scale. For
categorical data, reported pain relief was dichotomised
into two categories (improvement or no improvement),
and we calculated relative risk (RR) of improvement, with
95% CI. For the secondary outcome, disability, effect size
was defined as the standardised mean difference, which

-903-

was a combined outcome measure without units—ie, the
standardised mean difference in change between active
laser groups and placebo groups for all included trials,
weighted by the inverse of the variance for each study.*

Mean differences of change for laser-treated and control
groups and their respective SDs were included in the
statistical pooling. If variance data were not reported as
SDs, they were calculated from the trial data of sample size
and other variance data values such as p values, t values,
SE, or 95% CI. Results were presented as weighted mean
difference between laser-treated and control with 95% CI
in mm on visual analogue scale—ie, as a pooled estimate
of the mean difference in change between the laser-treated
and control groups, weighted by the inverse of the variance
for each study.” Statistical heterogeneity was assessed for
significance (p<0-05) with Revman 4.2, and 2 and F values
greater than 50%. For categorical data, we calculated
combined RRs for improvement, with 95% CI. A fixed
effect model was used unless statistical heterogeneity was
significant (p<0-05), after which a random effects model
was used. Publication bias was assessed by graphical plot.”
Revman 4.2 was used for statistical analysis and Microsoft
Excel 2003 (version 11) to plot dose-response curves.

Role of the funding source

There was no funding source for this study. The
corresponding author had full access to all the data in the
study and had final responsibility for the decision to
submit for publication.

Results

We identified 16 randomised controlled trials of a possible
38 that were suitable for inclusion, and that included
820 patients (figure 1). Two trials®* provided data for laser
therapy of acute neck pain, one treating acute whiplash-
associated disorders and one treating acute neck pain of no
defined cause. The other 14 trials reported response of
chronic non-specific neck pain without radiculopathy to

www.thelancet.com Vol 374 December 5, 2009
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Treatment Control RR Weight RR
n/N n/N (95% Cl) (%) (95% CI)
Chronic non-specific neck pain method score 3 or above
Taverna et al (1990)% 9/20 1/18 — =p 4-89% 8-10 (1-13-57-82)
Toyaetal (1994)53 13/17 4/22 — 16-19% 421 (1-67-10-60)
Gur et al (20044 20/30 2/30 — > 9-29% 10-00 (2:56-39-06)
Chow et al (2004)* 7/10 2/10 = 9:29% 350 (0-95-12-90)
Chow et al (2006)*3 37/45 13/45 —.— 60-35% 2-85 (1.76-4-59)
Subtotal 122 125 < 100-00% 4-05 (2:74-5-98)
Total events: 86 (treatment), 22 (control)
Test for heterogeneity: x’=4-31, df=4 (p=0-37), ’=7-2%
Test for overall effect: Z=7-02 (p<0-0001)
Total 122 <> 100-00% 4-05 (2:74-5-98)
Total events: 86 (treatment), 22 (control)
Test for heterogeneity: x’=4-31, df=4 (p=0-37), ’=7-2%
Test for overall effect: Z=7-02 (p<0-0001) I T T T T ]
01 02 05 1.0 20 50 100
Favours control Favours treatment

RR=relative risk.

Figure 3: Relative risk of global improvement in laser-treated versus control groups in five trials reporting categorical data for improvement in chronic pain

Favours placebo Favours laser therapy

N Laser therapy N Placebo WMD Weight WMD
mean (SD) mean (SD) (95% CI) (%) (95% CI)
Method quality 3/5 or above
Ceccherelli et al (1989)"3 13 37-20 (27-80) 14 -630 (16-50) R 6.76% 4350 (26:09 to 60-91)
Floter et al (1990)% 60 15-60 (25-50) 60 430 (25:50) - 7:99% 11:30 (218 t0 20-42)
Laakso et al (1997)*° (high IR) 7 30-00 (15-00) 5 1600 (18-00) i 6-45% 14-00 (-5-30 to 33-:30)
Laakso et al (1997)* (low IR) 8 21.00 (19-00) 4 16-00 (21-00) JE A 5.61% 5.00 (-19-43 t0 29-43)
Seidel et al (2002)51 (30 mW) 13 10-20 (23-40) 13 8.90 (27-80) R — 637% 130 (-18-45 0 21.05)
Seidel et al (2002)5 (7 mW) 12 20-90 (18-70) 13 8:90 (27-80) i 6-59% 1200 (-6-45 t0 30-45)
Ozdemir et al (2001)%° 30 53-00 (18-40) 30 5-00 (14-30) - 8.09% 48-00 (39-66 t0 56-34)
Gur etal (2004)% 30 42.80 (32:30) 30 10-80 (36-80) — 6.74% 32:00 (14-48 t0 49-52)
Hakgider et al (2003)¥ 30 4130 (22-80) 30 1210 (22:40) - 7-69% 2920 (17-76 t0 40-64)
Chow et al (2004)* 10 27-00 (19-00) 10 7:00 (15-80) - 7-10% 20-00 (4-68 to 35-32)
Altan et al (2005)* 23 2720 (6-90) 25 2320 (5:30) - 8.49% 4-00 (050 to 7-50)
Chow et al (2006)3 45 27-00 (21-00) 45 -3:00 (21:00) . 8.05% 30-00 (21:32 t0 38-68)
Dundar et al (2006)* 32 9-00 (31-40) 32 10-00 (31-80) - 7-08% -1.00 (-16-48 to 14-48)
Subtotal 313 311 Q 93-00% 19-65 (9-27 to 30-03)
Test for heterogeneity: x?=136-76, df=12 (p<0-00001), ’=91-2%
Test for overall effect: Z=3-71 (p=0-0002)
Methodological quality below 3
llbuldu et al (2004)48 20 43-50 (24-00) 20 21.00 (27-40) A 7-00% 2250 (6-54 t0 38-46)
Subtotal 20 20 <> 7-00% 22.50 (6-54 to 38-46)
Test for overall effect: Z=2-76 (p=006)
Total 333 331 Q 100-00% 19-86 (10-04 to 29-68)
Test for heterogeneity: *=137-76, df=13 (p<0-0001), ’=90-6%
Test for overall effect: Z=3-96 (p<0-0001)
[ T T 1
-100 -50 0 50 100

Figure 4: Weighted mean difference in chronic pain reduction on 100 mm visual analogue scale between laser-treated and placebo-treated groups from 11 randomised trials grouped

according to Jadad criteria
WMD-= weighted mean difference. IR=infrared.

laser therapy.”#=* Of the studies included, 648 (79%) of the
sample of patients with chronic neck pain were women,
and patients had a mean age of 43 years (SD 9-8), mean
symptom duration of 90 months (SD 36-9), and mean
baseline pain of 56-9 mm (SD 7-5) on a 100 mm visual
analogue scale in any trial. Co-interventions were
inconsistently reported (table 1). Ten trials reported
co-interventions, and six studies did not report or limit
co-interventions. Of the studies reporting co-interventions,
five groups of investigators explicitly excluded use of
concurrent physical therapies, and four excluded use of
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non-steroidal anti-inflammatory drugs. Four studies
allowed use of simple analgesic drugs as needed.
Methodological quality assessment values for the trials by
Jadad scoring ranged from 0 to 5 (table 1).

Analysis of categorical data for immediate before and
after LLLT effects showed that LLLT groups in the two
trials** of acute neck pain had a significant RR of 1-69
(95% CI 1-22-2-33) for improvement immediately after
treatment versus placebo (figure 2). Methodological
quality varied between these two studies. Five trials of
chronic neck pain reported categorical data, and all were
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N Laser N Placebo WMD Weight WMD
mean (SD) mean (SD) (95% Cl) (%) (95% Cl)
Follow-up 1-4 weeks after end of treatment
Seidel et al (2002)5* (30 mW) 13 9-90 (21-60) 13 14-50 (24-30) —al 6-94% -4-60 (-22-27 t0 13-07)
Seidel et al (2002)5% (7 mW) 12 2000 (22-40) 13 14-50 (24-30) i 6-46% 5.50 (-12-81t0 23-81)
Gur et al (2004) 30 47-60 (25-80) 30 11.70 (37-60) —a 814% 35:90 (19-58 to 52-22)
Hakgider et al (2003)¥ 30 44-80 (18-00) 30 18-40 (19-20) - 24-43% 26-40 (16-98 t0 35-82)
Subtotal 85 86 &> 45-96% 20-46 (13-60 t0 27-33)
Test for heterogeneity: x*=15-26, df=3 (p=0-002), ’<80-3%
Test for overall effect: Z=5-84 (p=0-0001)
Follow-up 10-22 weeks after end of treatment
Ceccherelli et al (1989)* 13 3820 (10-80) 14 -6.60 (18-20) . 17-28% 44-80 (33-60 t0 56-00)
Gur et al (2004) 30 2170 (14-90) 30 0-90 (37-60) J— 1034% 20-80 (6:33t0 35-27)
Ilbuldu et al (2004)*8 20 38.50 (26-00) 20 33:30 (30:60) i - 7-00% 5.20 (-12-40 to 22-80)
Altan et al (2005)4 23 36-80 (19-40) 25 24-40 (17-80) - 19-42% 12-40 (1-84 t0 22-96)
Subtotal 86 89 Q 54-04% 23:44 (17-11t0 29-77)
Test for heterogeneity: x’=22-43, df=3 (p<0-0001), ’=86-6%
Test for overall effect: Z=7-26 (p=0-0001)
Total 171 175 O 100-00% 22.07 (17-42 t0 26.72)
Test for heterogeneity: x?=38-08, df=7 (p<0-0001), ’=81-6%
Test for overall effect: Z=9-29 (p<0-0001) I T T .
-100 50 0 50 100
Favours placebo Favours laser

Figure 5: Weighted mean difference in pain reduction on 100 mm visual analogue scale between placebo-treated and laser-treated groups in seven trials reporting follow-up data

WMD= weighted mean difference.

high-quality trials with methodological scores of 3 or
more. RR of pain improvement with LLLT was 4-05
(2-74-5-98) compared with placebo at the end of
treatment (figure 3).

Analysis of data from visual analogue scale showed that
in patients in 13 groups in 11 trials, irrespective of
methodological quality, pain intensity was reduced by a
mean value of 19-86 mm (10-04-29-68) compared with
placebo groups (figure 4). Seven trials with eight LLLT
groups provided follow-up data for 1-22 weeks after end
of treatment (figure 5). The pain-relieving effect in the
short term (<1 month) persisted into the medium term
(up to 6 months). Five studies provided evidence for
improvement in disability at end the of LLLT treatment
(figure 6). Several questionnaire-based outcome measures
were used—specifically, the neck pain and disability
scale,” Northwick Park neck pain questionnaire,” short
form 36,* Nottingham health profile,” and neck disability
index.”®

Positive publication bias, which tends to exclude
negative studies, was not apparent on testing (figure 7).
The plot has an aggregation in the lower left quadrant of
several small studies with results showing no or only
small changes in visual analogue scale.” If publication
bias towards only positive studies was present, few
studies would lie in this position and small studies would
have exaggerated positive outcomes. The slight
asymmetry might be partly due to a negative publication
bias, the small number of studies, and because we have
included the most reported studies so far.

We subgrouped trials according to a-priori protocol in
acute and chronic categories for the statistical analyses.
Within these categories, we noted small variations
between trials in patient characteristics such as baseline
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pain, symptom duration, age, and sex, and we did not
detect any clinical heterogeneity (data not shown). Laser
parameters and application techniques, including
treatment protocols, were heterogeneous (table 2). Laser
irradiation was applied to an average of 11 points (range
3-25) in the neck. Energy delivered per point ranged
from 0-06 to 54-00 J, with irradiation durations of
1-600 s. Patterns of treatment ranged from a one-off
treatment to a course of 15 treatments, which were
administered daily to twice a week. On average,
participants received a course of ten treatments. Visible
(632-8 and 670-0 nm) and infrared (820-830, 780, and
904 nm) wavelengths were used at average power outputs
ranging from 4 to 450 mW, in pulsed and continuous
wave mode.

When trials with significant results in favour of LLLT
were subgrouped by wavelength, doses and irradiation
times seemed fairly homogeneous within narrow ranges
(table 3). We noted a distinct dose-response pattern for
each wavelength for which LLLT is effective within a
narrow therapeutic window. For 820-830 nm, mean dose
per point ranged from 0-8 to 9-0 J, with irradiation times
of 15-180 s. For 904 nm doses, mean dose per point was
0-8-4-2 J, with irradiation times of 100-600 s.
Investigators who used doses outside the minimum
(0-075 ] and 0-06 ])** and maximum (54 J)* limits of
these ranges did not show any effect of LLLI, lending
further support to a dose-dependent response for LLLT in
neck pain.

Significant heterogeneity exists in categorical data for
improvement from two studies®* of acute neck pain
(p=0-003, x’=8-86, I'=88-7%). This finding could be
attributable to the low dose per point used in one study.*
We noted no heterogeneity between trials of chronic neck
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N Laser N Placebo SMD Weight SMD
mean (SD) mean (SD) (95% Cl) (%) (95% Cl)
Ozdemir et al (2001)>° 30 58-10 (7-60) 30 6-80(13-60) - 17-89% 4-60 (3-61t05:59)
Guretal (2004) 30 2690(1760) 30 9-40 (28-40) - 20-55% 073(021t01.25)
Chow et al (2006)™ 45 1520(1210) 45 310 (14-20) - 20-93% 0-91(0-47t01:34)
llbuldu et al (2004)* 20 17-90 (15-30) 20 6-20 (14-10) - 19-95% 0-78 (0-13t0 1-42)
Dundar et al (2006) 32 1060(1090) 32 710 (12:90) = 20-69% 029 (-020t0 078)
Total 157 157 <> 100-00% 1:38(0-39t02:37)
Test for heterogeneity: x*=59-95, df=4 (p<0-0001), ’=93-3%
Test for overall effect: Z=2-74 (p=0-006) : T T ,
-10 5 0 5 10
Favours placebo Favours laser
Figure 6: Standardised mean difference in disability scores between placebo-treated and laser-treated groups from five trials
SMD=standardised mean difference.
pain reporting on categorical data (p=0-37, y’=4-31,
r=7-2%). 100 ;
For continuous data from 100 mm visual analogue 90 E °
scale in chronic neck pain, we detected significant | 80 :
heterogeneity across all wavelengths (p<0-0001, |= 797 .
X'=137-76, ’=90-6%). However, when heterogeneity was | £ 07 L e ® ¢ 0 ®
addressed separately by wavelengths, most heterogeneity | & >°7]
could be accounted for by variations in doses and | 2 *°7
. . 2 30
application procedures. Removal of the study* that used | € > ° o
. . “1: . o . 204
a very high dose from the disability analysis eliminated | 0 ° °
statistical heterogeneity (p=0-31, x=3-61, I’=16-9%). . :
For pain intensity on 100 mm visual analogue scale for 10 0 10 2 30 50 60
820-830 nm wavelength, this study caused heterogeneity Effect size on 100 mm VAS

together with results of a second study™ that showed a
highly significant effect, without obvious reasons for
heterogeneity. After removal of both studies from the
820-830 nm analysis, statistical heterogeneity was
eliminated (p=0-12, x’=10-20, I’=41-2%), but the overall
effect remained similar, with narrower confidence
intervals after (22-0 mm [14-5-29-6]) than before
(21-6 mm [10-3-32-9]) removal.

For 904 nm wavelength, statistical heterogeneity was
evident for analysis of pain intensity on 100 mm visual
analogue scale (p=0-00001, x’=28-37, ’=89-4%). The
only study in the review using a scanning application
procedure in contact with the skin had weaker than
average results.” Contrary to other laser application
procedures, this method irradiates the target area
intermittently. Few studies compare scanning
irradiation with stationary irradiation, and most LLLT
studies have used a stationary laser beam. Another
study using 904 nm wavelength” with non-significant
results has been criticised for absence of laser testing
and calibration, and the actual dose used remains
uncertain.® Removal of these two trials from the 904 nm
analysis of pain reduction on 100 mm visual analogue
scale increased the overall effect from 20-6 mm
(95% CI 5-2-36-2) to 37-8 mm (25-4-50-1).

50% of trials did not report side-effect data. Side-effects
reported included tiredness, nausea, headache, and
increased pain, but were mild and, apart from one study
in which unusual tiredness occurred more in the laser
group than in the placebo group (p>0-01),” did not differ
from those of placebo.
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Figure 7: Publication bias plot

Plot of effect size between placebo and real laser groups within each trial versus their respective sample sizes. Red

circles show one trial. VAS=visual analogue scale.

Discussion

Our results show moderate statistical evidence for efficacy
of LLLT in treatment of acute and chronic neck pain in the
short and medium term. For chronic pain, we recorded an
average reduction in visual analogue scale of 19-86 mm
across all studies, which is a clinically important change.**
Categorical data for global improvement also significantly
favoured LLLT. From our analysis, 820-830 nm doses are
most effective in the range of 0-8-9-0 ] per point, with
irradiation times of 15-180 s. At 904 nm, doses are slightly
smaller (0-8-4-2 ] per point), with slightly longer
irradiation times (100—600 s) than at 820-830 nm.

Our findings build on those of previous reviews of
LLLT*® by including non-English language studies,
laser acupuncture studies in which local points were
treated, and a quantitative analysis. Our search strategy
has identified a greater number of studies than have
previous reviews, and draws attention to the intrinsic
difficulties in searching the topic of LLLT. Specifically,
no accepted terminology exists for laser therapy. We
have overcome this limitation by using as wide a range
of synonyms as possible.

Moreover, many apparently disparate diagnostic
terms are applied to patients presenting with neck pain.
These terms suggest distinct clinical entities; however,
there is strong evidence that a definitive diagnosis of
the causes of neck pain is not possible in a clinical
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Wavelength  Average Jper  Total Frequency of treatment Number of
(nm[mode]) output point  time per repetitions
(mW) point (s)
Ceccherelli 904 (p) ~25 1 ~40 Three times per week on 12
etal (1989)* alternate days for 4 weeks
Flgter et al 904 (p); 205 (95 1 600 Twice per week for 3 weeks 6
(1990)* 632-8 (cw) IR; 11-0
red HeNe)
Tavernaetal 904 (p) 24 2 180-300  Six times per week for 15
(1990)* 2.5 weeks
Toyaetal 830 (cw) 60 NR NR One application only 1
(1994)2
Sorianoetal 904 (p) 40 4 100 Five times per week for 10
(1996)* 2 weeks
Laakso et al 820 (p) 25 0-06; 16 Three alternate days per 5
(1997)® 0-40 week for 1.5 weeks
Laakso et al 670 (p) 10 NR 4;18  Threealternate days per 5
(1997)® week for 1.5 weeks
Ozdemiretal 830 (cw) 50 0-75 15 Five times per week for 10
(2001)* 2 weeks
Seidel and 830 (cw) 7 042 60 Twice per week for 4 weeks 8
Uhlemann
(2002)*
Seidel and 830 (cw) 30 1.8 60 Twice per week for 4 weeks 8
Uhlemann
(2002)*
Hakguderetal 780 (cw) 5 1 196 Five times for week for 10
(2003)* 2 weeks
Chowetal 830 (cw) 300 9 30 Twice per week for 7weeks 14
(2004)*
Guretal 904 (p) 112 0-18- 180 Five times per week for 10
(2004)* 1.80 2 weeks
lbuldu et al 632-8 (cw) NR 2 NR Three alternate days per 12
(2004)* week for 4 weeks
Altanetal 904 (p) 4 05 120 Five times per week for 10
(2005)* 2 weeks
Aigner etal 632-8 (cw) 5 0-075 15 Three times per week for 9
(2006)* 3 weeks
Chowetal 830 (cw) 300 9 30 Twice per week for 7 weeks 14
(2006)"
Dundar et al 830 (cw) 450 54 120 Five times per week for 15
(2006)* 3 weeks
p=pulsed. cw=continuous wave. IR=infrared. HeNe=helium-neon. NR=not reported.
Table 2: Laser parameters and treatment regimen

setting.®®” By using the term non-specific neck pain,
which encompasses many descriptors,” we have
addressed the clinical reality that patients presenting
with neck pain can have several concurrent sources of
pain from joints, muscles, and ligaments.

In addition to aggregating all included studies,
irrespective of diagnostic label, we also combined data
irrespective of the intended rationale for treatment, as
long as neck muscles and spinal joints were exposed to
laser irradiation. Transcutaneous application results in
laser-energy scattering and spreading into a three-
dimensional volume of tissue, up to 5 cm for infrared
laser”® Since the same effect would be achieved with
application of laser energy to acupuncture points, we also
included data from studies in which local points in the
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neck were treated as part of the protocol. Evidence suggests
that trigger points in the neck coincide with the location of
acupuncture points in 70-90% of patients (eg, BL10, GB
20, GB21, and Ah Shi points).®” Since trigger points and
acupuncture points are characterised by tenderness, the
treatment effect of laser irradiation to tender points,
trigger points, or acupuncture points is likely to be the
same. We did not distinguish any differences in subgroup
analyses between these techniques. Thus, when treating
neck pain with LLLT, irradiation of known trigger points,
acupuncture points, tender points, and symptomatic
zygapophyseal joints is advisable.

Dose assessment is crucial for interpretation of
outcomes of LLLT studies, for which failure to achieve a
dose in the recommended range has been identified as a
major factor for negative outcomes.” The direct relation
between positive outcomes of trials with adequate doses
of laser irradiation for the appropriate condition has been
shown in acute injury and soft-tissue inflammation,”
tendinopathies,/”  rheumatoid  arthritis,” lateral
epicondylitis," and osteoarthritis.”

Several crucial parameters of laser devices are needed
to assess dose of laser irradiation, but these doses were
inconsistently reported in the studies that we reviewed.
No study provided all parameters identified as important
by the Scientific Committee of the World Association of
Laser Therapy”* In neck pain, however, there is little
reason to believe that factors other than a plausible
anatomical target, dose per point, and irradiation times
are essential for efficacy of class 3B lasers (5-500 mW).
We had sufficient data relating to each of these
components of therapy, when combined with
manufacturers’ specifications, to identify a dose-response
pattern for the number of joules per point and wavelength
used and positive outcome. Subgrouping of studies by
wavelength and ascending doses reduced apparent
heterogeneity in treatment protocols and laser
parameters, and showed a dose-response pattern with
distinct wavelength-specific therapeutic windows. Most
statistical heterogeneity disappeared when we excluded
trials with small doses or flaws in treatment procedure
from efficacy analyses. Additionally, a very high dose
(54 J) of 830 nm LLLT used in one trial did not cause
beneficial nor harmful effects.* This finding suggests not
only that doses of this magnitude are higher than the
therapeutic window, but also that LLLT is safe even if
such an overdose is delivered. Frequency of treatments
varied from daily to twice a week, raising questions about
optimum treatment frequency.

Our analysis suggests that the optimum mean dose per
point for 820-830 nm was 5-9 J, with an irradiation time
of 39-8 s, and for 904 nm, 2-2 | delivered with an
irradiation time of 238 s. We recommend a multicentre,
pragmatic trial in an appropriately powered study to test
the effectiveness of parameters of this order, with both
pain intensity and functional improvement as outcome
measures.
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Data from seven trials were available for up to 22 weeks
after the end of treatment, suggesting that positive effects
were maintained for up to 3 months after treatment
ended. Trials of knee osteoarthritis,” tendinopathies,®”
and low back pain reported similar longlasting effects of
LLLT”* These results contrast with those for non-
steroidal anti-inflammatory drugs in arthritis and spinal
disorders, for which the effect ends rapidly when drug
use is discontinued.” Reduction of chronic neck pain at
the end of treatment of 19-86 mm and at follow-up of
23-44 mm on a visual analogue scale of 100 mm
represents clinically significant pain relief.** This result
compares favourably with those of pharmacological
therapies that are widely used in treatment of neck pain,
for which investigators have shown no conclusive
evidence of benefit.” Intake of oral analgesic drugs was
not systematically reported; however, randomisation
within trials would keep the confounding effect of this
factor to a minimum.

Halfthe studies obtained data for side-effects,?# #6425
with tiredness reported in the laser-treated group in
three studies,”** which was significant in one study.”
Since LLLT does not generate destructive heat, safety
relates mainly to potential eye damage, dependent on
class of laser device (classes 1-4), which is defined by
analysis of several parameters. Safety glasses are
required for classes 3B and 4 to eliminate this risk, and
would be required for use in all studies. Systematic
reporting of side-effects in future studies would also be
recommended to clarify short-term and long-term safety
aspects of LLLT.

Mechanisms for LLLT"mediated pain relief are not fully
understood. Several investigations exploring the
pleiomorphic tissue effects of laser irradiation provide
plausible explanations for the clinical effects of LLLT.
Anti-inflammatory effects of red and infrared laser
irradiation have been shown by reduction in specific
inflammatory markers (prostaglandin E,, interleukin 18,
tumour necrosis factor a), in in-vitro and in-vivo animal
studies and in man.” In animal studies, the anti-
inflammatory effects of LLLT are similar to those of
pharmacological agents such as celecoxib,” meloxicam,*
diclofenac,*” and dexamethasone.* Chronic neck pain is
often associated with osteoarthritis of zygapophyseal
joints,® which is manifested by pain, swelling, and
restricted movement as clinical markers of local
inflammation. Laser-mediated anti-inflammatory effects
at this joint could result in decreased pain and increased
mobility. The distance between skin surface and lateral
aspect of the facet joint is typically 1-5-3-0 cm without
pressure, and less with contact pressure (measured with
ultrasonography [unpublished data, JMB]). Since 830 nm
and 904 nm lasers penetrate to several centimetres,**
anti-inflammatory effects at zygapophyseal joints are a
plausible mechanism of pain relief.

Another possible mechanism of LLLT action on muscle
tissue is a newly discovered ability to reduce oxidative

www.thelancet.com Vol 374 December 5, 2009

Meandose per  Mean irradiation time

point (J) per point (s)
632-8 nm* 2 200
780 nm*¥ 1 196
820-830 nm#5 59 (3-4) 39-8(303)
904 nm? 44454652 2:2(1-6) 238 (184)

Data are mean (SD, when applicable). LLLT=low-level laser therapy.

Table 3: Mean dose per point and irradiation times for wavelengths of
LLLT used in studies with statistically significant results

stress and skeletal muscle fatigue with doses similar to
those delivering anti-inflammatory effects. This effect
has been reported in an animal study® and in human
studies with biceps humeri contractions and different
wavelengths.®¥ Because muscle fatigue is usually a
precursor of muscle pain, and chronic trapezius myalgia
is associated with increased electromyograph activity
during contractions and impaired microcirculation,®
reduction of oxidative stress and muscular fatigue could
be beneficial in patients with acute or chronic neck
pain.

Inhibition of transmission at the neuromuscular
junction could provide yet another mechanism for LLLT
effects on myofascial pain and trigger points.®”* Such
effects could mediate the clinical finding that LLLT
decreases tenderness in trigger points within 15 min of
application.” Laser-induced neural blockade is a further
potential mechanism for the pain-relieving effects of
LLLT*** Selective inhibition of nerve conduction has
been shown in A and C fibres, which convey nociceptive
stimulation.”” These inhibitory effects could be mediated
by disruption to fast axonal flow in neurons® or inhibition
of neural enzymes.”

These tissue effects of laser irradiation might account
for the broad range of conditions that are amenable to
LLLT treatment. Whether specific treatment protocols are
necessary to elicit different biological mechanisms is
unknown. Heterogeneity of treatment protocols might be
due partly to variation in LLLT parameters and protocols,
eliciting different effects. Whatever the mechanism of
action, clinical benefits of LLLT occur both when LLLT is
used as monotherapy”* and in the context of a regular
exercise and stretching programme.** In clinical settings,
combination with an exercise programme is probably
preferable. The results of LLLT in this review compare
favourably with other widely used therapies, and especially
with pharmacological interventions, for which evidence
is sparse and side-effects are common."**
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Summary

Diabetes is known to be associated with impaired wound healing, and loss
of collagen related to diabetes may be due to decreased levels of synthesis or
enhanced metabolism of newly synthesized collagen or both. This study aims
to determine if laser irradiation stimulates cellular proliferation, nitric oxide
(NO) and collagen synthesisin diabetic fibroblast cells. Induced diabetic wounded
human fibroblast cells were irradiated at 830 nm with 5 Jcm?. Post-laser
irradiation there was a significant increase in proliferation at 24 and 48 h and
reactive oxygen species and NO generation at 15 min. There was no change
in collagen type I. Laser irradiation at 830 nm with 5 Jcm? significantly
stimulates cellular proliferation and NO synthesis in diabetic wounded fibroblast
cells.

| ntroduction

Normal wound healing requires both destructive and reparative processes
in controlled balance aimed at reversing the loss of structural integrity. Dur-
ing wound healing, collagen synthesis is important during the remodeling
phase, where new extracellular matrix (ECM) is synthesized. This fine bal-
ance is regulated by matrix metalloproteinases (MMPs), which destroy colla-
gen, and their inhibitors tissue inhibitor metalloproteinase (TIMPs). Collagen
synthesis begins on the rough endoplasmic reticulum (RER) with the produc-
tion of three pro-o.-chains, which are then hydroxylated, and glycosylated in
the Golgi. Formation of 4-hydroxylproline in these procollagen chainsis catalyzed
by prolyl-4-hydroxylase (P4H, EC 1.14.11.2). Procollagen is formed from the
a-chains that fold into a triple-helical conformation, is secreted from vesicles,
and undergoes proteolysis at its ends in the extracellular space. Collagen

©2008 by MEDIMOND Sir.l. KX19R9017
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molecules are then cross linked into fibrils which then self-assemble into
fibres.t

Nitric oxide (NO) has been considered to have a biphasic effect in patho-
logical conditions being both beneficial and detrimental depending on the
concentration. NO has been shown to down-regulate ECM proteins, such as
type | collagen,?® at the same time, in early wound healing, NO favours
collagen synthesis and the formation of granulation tissue. Fibroblasts iso-
lated from healing wounds synthesize NO spontaneously and inhibition of
NO synthesis decreases collagen synthesis.#® Diabetes is known to be asso-
ciated with impaired wound healing, and is associated with a variety of altera-
tions in connective tissue metabolism. Loss of collagen related to diabetes
may be due to decreased levels of synthesis or enhanced metabolism of newly
synthesized collagen or both.” NO is significantly reduced in chronic ulcers
and impaired healing of diabetic wounds is thought to be related to this
decrease.®® Burrow et al., demonstrated that normal skin fibroblasts produce
more NO than diabetic human skin fibroblasts, and that there was a direct
relationship between NO levels and MMP expression.*®

Various studies show that phototherapy modulates collagen and NO syn-
thesis both in vitro and in vivo. Gavish et al., found an increase in collagen
synthesis in porcine aortic smooth muscle cells at 780 nm.'! Maiya et al.,
demonstrated an increase in collagen in diabetic rats (632.8 nm),*2 which
corresponded with the work of Carvalho and colleagues.’* Zhu et al., and Chi
et al., showed direct evidence of NO generation in illuminated cells.***> Since
NO has been linked to ECM synthesis, it would appear plausible that laser
phototherapy may influence collagen synthesis via NO.

M aterials and Methods

Human skin fibroblast cells (WS1, ATCC CRL1502) were grown accord-
ing to standard culture techniques. A diabetic model was achieved by grow-
ing cells in minimal essential media (basal glucose of 5.6 mMol/L) containing
an additional 17 mMol/L glucose.’*® A wound was simulated whereby the
monolayer of cells was scratched using a sterile pipette.”** Approximately
6x10° cells in 3.3 cm diameter culture plates were irradiated in the dark using
a 830 nm diode laser with a dose of 5 Jcm? (spot size 9.08 cm?). Unirradiated
normal wounded and diabetic wounded cells were used as controls. The study
design is summarized in Table 1. Cellular proliferation was examined using

Table 1 Study design (n=4).

Proliferation  Collagen I NO* ROS"
Incubation 24 or48h 24 or48 h ISminor1h 15 min
Time
Method Fluorescence ELISA Griess Immunofluorescent
reagent staining
system
Data Fluorescent Spectroscopy  Spectroscopy  Fluorescence
Collection  spectroscopy microscopy

NO* Nitric oxide ~ROS" Reactive oxygen species
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the VisionBlue™ Fluorescent Cell Viability Assay (BioVision, K303-500),
NO by the Griess Reagent System (Promega, G2930), collagen type | by
ELISA and reactive oxygen species (ROS) using the Image-iT Live Green
Reactive Oxygen Species Detection Kit (Invitrogen, 136007).

Results

Irradiated diabetic wounded cells showed a significant increase in prolif-
eration at 24 (p<0.001) and 48 h (p<0.01) as compared to both normal wounded
and diabetic wounded unirradiated control cells (Fig 1). ELISA did not reveal
any significant changes in collagen type | at 24 or 48 h (Fig 2). Célls incu-
bated for 48 h showed an increase in both proliferation and collagen com-
pared to cells incubated for 24 h (p<0.001 and p<0.01 respectively). Staining
of WS1 cells for ROS revealed an increase in staining in unirradiated and
irradiated diabetic cells (Fig 3). Diabetic cells irradiated with 5 Jcm? showed
positive ROS staining comparable to the positive control (100 uM tert-butyl
hydroperoxide). Diabetic wounded cells incubated at 37°C for 15 min post-
laser irradiation showed a significant increase in NO compared to both nor-
mal wounded and diabetic wounded unirradiated cells (p<0.01), (Fig 4). There
was no significant change when cells were incubated for 1 h. There was a
significant decrease in NO (p<0.01) in irradiated diabetic wounded cells in-
cubated for 1 hour compared to cells incubated for 15 min.

PROLIFERATION
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Fig 1.Cdlular proliferation was determined in diabetic wounded human skin fibroblast cells
24 and 48 h post-laser irradiation (DW 5J). Normal wounded (NW 0J) and diabetic wounded
(DW 0J) unirradiated cells served as controls. There was a significant increase in relative
fluorescent units (RFU), and hence proliferation, in irradiated cells compared to control
cells. Proliferation was increased at 48 h in all cell types (p<0.001).
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Fig 2.Collagen type | was determined by ELISA in diabetic wounded human skin fibroblast
cells 24 and 48 h post-laser irradiation (DW 5J). Normal wounded (NW 0J) and diabetic
wounded (DW 0J) unirradiated cells served as controls. Laser irradiation had no effect on
collagen synthesis at 24 and 48 h.

POSITIVE CONTROL NORMAL 0 J/ICM?

DIABETIC 0 J/ICM? DIABETIC 5§ J/CM?

Fig 3.The generation of reactive oxygen species (ROS) was determined by immunofluores-
cent staining in diabetic fibroblast cells 15 min post-laser irradiation. Normal and diabetic
unirradiated cells served as controls, and treatment with 100 uM tert-butyl hydroperoxide
served as a positive control. Cells irradiated with 5 J/cm? showed an increase in ROS
generation. Diabetic unirradiated cells showed an increase in ROS compared to normal
unirradiated cells, however the generation of ROS was not as much as in irradiated cells.
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Fig 4.Nitric oxide (NO) was determined in diabetic wounded human skin fibroblast cells 15
min and 1 h post-laser irradiation (DW 5J). Normal wounded (NW 0J) and diabetic wounded
(DW 0J) unirradiated cells served as controls. There was a significant increase at 15 min,
while at 1 h there was no significant change. There was a significant decrease in irradiated
cellsat 1 h compared to 15 min (p<0.01).

Conclusion

In vitro irradiation of diabetic wounded fibroblast cells at a wavelength of
830 nm with 5 Jcm? stimulates wound healing. There was an increase in
migration (results not shown), proliferation and NO generation. There was a
significant increase in NO 15 min post-irradiation and no change at 1 h,
suggesting NO is released directly by a photochemical mechanism.?® Changes
in the cellular redox state can modulate many biological processes, including
proliferation. There was no significant changes between non-irradiated nor-
mal wounded and diabetic wounded cells, except in ROS staining. Despite
literature showing an increase in collagen post-laser irradiation, this study
could not show any differences at 24 or 48 h. However there was an increase
at 48 h compared to 24 h. A longer incubation time (e.g. 72 h) or a change
In irradiation parameters might produce a change in these results since there
IS strong evidence in the literature that laser irradiation stimulates collagen
synthesis in a variety of cell types. This paper cannot link laser irradiation,
NO generation and collagen synthesis, since there is an increase in ROS and
NO, but no significant increase in collagen type |. Laser irradiation of diabetic
wounded fibroblast cells has a positive effect on wound healing, cellular
proliferation and ROS generation, including NO.
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Basic Sciences And Clinical Trial

Studies, which evaluated the effects of 632.8nm and 780nm laser irradia-
tion on Schwann' and nerve cell? cultures and injured peripheral nerves of
animals*’ showed positive results. Laser phototherapy induces Schwann cell
proliferation' and affects nerve cell metabolism and induces nerve processes
sprouting?.

| - Laser phototherapy for treatment of experimental peripheral
nerve injury

Laser phototherapy significantly improves recovery of the injured periph-
eral nerve 3487 and, in addition, decreases posttraumatic retrograde degenera-
tion of the neurons in the corresponding segments of the spinal cord.®

Our previous studies investigating the effects of low power laser irradia-
tion 632.8 and 780nm on injured peripheral nerves of rats have found:

1. Protective immediate effects which increase the functiona activity of the
injured peripheral nerve.®

2. Maintenance of functiona activity of the injured nerve over time.*

3. Influence of the LPLI on scar tissue formation at the injured site (Fig.1).°

4. Prevention or decreased degeneration in corresponding motor neurons of
the spinal cord (Fig.2)°

5. Influence on axonal growth and myelinization (Fig.3)*’
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Fig.1. Decr or prevention of scar tissue formation at the site of injury. (Lasers in

urgery and Medicine 7:441-443, 1987) A- Scar in the place of the injury in the non-laser
treated nerve. B- Prevention of scar formation after laser treatment.
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Fig.2. (Spine 15: 6-10, 1990). Progressive degeneration changes in the corresponding neu-
rons of the spinal cord after peripheral nerve injury in the control non-irradiated group (A).
Decrease of degeneration process after laser treatment (B).

Moreover, direct laser irradiation of the spinal cord improves recovery of
the corresponding injured peripheral nerve.”® Our results suggest that laser
phototherapy accelerates and improves the regeneration of the injured periph-
eral nerve.

tion: a- without treatment; b- laser treated nerve
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780nm Laser Phototherapy in Clinical Study
Il - Clinical double-blind, placebo-controlled randomized trial

Since our animal studies were positive, an evauation of the response to
780nm laser phototherapy was in order. Therefore, a clinical double-blind,
placebo-controlled randomized study was performed to measure the effective-
ness of 780nm low power laser irradiation on patients who had been suffering
from incomplete peripheral nerve and brachial plexus injuries for 6 months up
to several years.’® Most of these patients were discharged from initial ortho-
pedics, neurosurgeons and plastic surgeons without further treatment.

In this study 18 patients with a history of traumatic peripheral nerve /
brachial plexus injury (at least six months after the injury), with a stable
neurological deficit and a significant weakness, were randomly divided to
receive either 780nm laser or placebo (non-active light) irradiation. The analysis
of the results of this trial in the laser-irradiated group showed statistically
significant improvement in motor function in the previously partially paralyzed
limbs, compared to the placebo group, where no statistical significance in
neurological status was found (Fig.4).

Electrophysiological observation during the trial supplied us with impor-
tant diagnostic information and helped to determine the degree of functional
recovery in nerve-injured patients. The electrophysiological analysis also showed
statistically significant improvement in recruitment of voluntary muscle activ-
ity in the laser-irradiated group, compared to the placebo group (Fig.5)

This study shows that in long-term peripheral nerve injured patients 780nm
low power laser irradiation can progressively improve peripheral nerve func-
tion, which leads to significant functional recovery.

Il - Further development in peripheral nerve reconstruction and
role of 780nm laser phototherapy

This study was done to show the use of low power laser treatment en-
hances the regeneration and repair of a reconstructed injured peripheral nerve.'

Mean Motor Function of all Affected Muscles Examined Motor Unit Recruitment - mean of all
examined muscles

45 7 4

Laser - significant improvement of motor function

Laser - significant improvement of voluntary
muscles activiry

35 1

MCR score
Recruitment score

25
1.5

T T T
Baseline 2| days 3 menth & month _
Baseline 21 days 1 manth 6 manth

Fig.4 Fig.5
Photomedicine & Laser Surgery 25: 436-442, 2007)
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Fig.6 (Photomedicine & Laser Surgery. 25: 137-143, 2007) A neurotube (NT) placed be-
tween the proximal (P) and the distal (D) parts of the nerve for the reconnection of 0.5 cm
nerve defect (arrows).

The 5mm segment of the right sciatic nerve was removed and proxima and
distal parts were inserted into a bioabsorbable neurotube (Fig.6).

The rats were divided into two groups laser treated and non-laser treated.
Postoperative low power laser irradiation was applied for 30 min. transcutaneously
on the transplanted peripheral nerve area and corresponding segments of the
spinal cord, during 14 consecutive days. Conductivity of the sciatic nerve was
studied by stimulating the sciatic nerve and recording the somato-sensory
evoked potentials (SSEP) from the scalp. Three months after surgery SSEP
somato-sensory evoked potentials were found in 70% of the rats in the laser-
treated group in comparison with 40% of the rats in the non-irradiated Group.**
Morphologically, the previoudly transected nerve had good reconnection four
months after surgery in both groups and the neurotube had dissolved (Fig.7).

Fig.7 (Photomedicine & Laser Surgery: 25: 137-143, 2007) Sciatic nerve of adult rat which
was reconstructed by the neurotube (see arrows. NT-neurotube area, D-distal part, P-proxi-
mal part).
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Fig.8.

The immuno-histochemical staining (Fig.8) using a monoclonal antibody-
neurofilament showed more intensive axonal growth in neurotube-reconstructed
and laser-treated rats (C) compared with the results of the non-laser treated
group (B).

V- Influence of 780nm low power laser irradiation on nerve cell
growth in vitro

In this work the effect of 780nm laser phototherapy on sprouting and cell
size of embryonic rat brain cells on microcarriers (MC) NVR-N-Gel in cul-
ture'? was investigated. Cell cultures: Whole brains were dissected from 16-
day old rat embryos (Sprague Dawley). After mechanical dissociation, cells
were seeded directly in NVR-N-Gel, or suspended in positively charged cy-
lindrical MC. Single cell-MC aggregates were either irradiated with LPLI
within one hour after seeding, or cultured without irradiation. NVR-N-Gel
(hyaluronic acid and laminin) was enriched with the following growth factors:
BDNF and IGF-1.

780nm Low Power Laser irradiation: Laser powers were 10, 30, 50, 110,
160, 200 and 250 mw. Dissociated cells or cell-MC aggregates embedded in
NVR-N-Gel, were irradiated for 1, 3, 4 or 7 min. A rapid sprouting of nerve
processes from the irradiated cell-MC aggregates was detected already within
24h after seeding (Fig.9).

The extension of nerve fibers was followed by active neuronal migration.
Differences between controls, and irradiated stationary dissociated brain cul-
tures, became evident at about the end of the first week of cultivation - several
neurons in the irradiated cultures exhibited large perikarya and thick elon-
gated processes (Fig 10).
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Fig 9. Effect of 780nm low power laser irradiation on initial sprouting and migration from
DE-53 MCsin NVR-N-Gel. Initial sprouting and cellular migration is observed in irradiated
cultures but not in non-irradiated control, already one day after the transfer to stationary
cultures in NVR-N-Gel. A& B: Non-irradiated controls. C: Single irradiation of 250mwV, for
Imin. D: Sngle irradiation of 250mwW for 3min. Original magnification: 200X.

V - Further development in spinal cord reconstruction and role of
780nm laser phototherapy

The following treatment method was developed recently in our laborato-
ries to enhance regeneration and to repair traumatic paraplegia in rats, result-
ing from spinal cord transaction.®*'* Embryonal spinal cord cells dissociated

Fig 10. Effect of LPLI treatment on perikarya and fibers of nerve cells derived from rat
embryonic brain. Dissociated brain cells were embedded in NVR-N-Gel and were either
exposed to single irradiation of 160mwW for 3min (B), or served as non-irradiated controls
(A). Large neural cells exhibiting thick fibers were observed in 8 days in vitro (DIV) irra-
diated cultures. Original magnification: 200X.
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Biodegradable microcarriers ~ Embryonal spinal cord cells

Fig.11A (Neurological Research 24: 355-360, 2002). In vitro reconstructed composite int
plants containing neuronal cells attached to gelatinous microcarriers (MCs).
Fig.11B Embryonal spinal cord cells (B).

from rat fetuses were cultured on biodegradable microcarriers (MCs) (Fig.11A)
and embedded in hyaluronic acid (HA) (Fig.11B).

The cell-M Cs aggregates were implanted into sites of the completely transected
spinal cord of adult rats. These implants served as regenerative and repair
sources for reconstructing neurona tissue. During the following 14 post-
operative days, the implanted area of the spinal cord was irradiated
transcutaneously, 30 minutes daily to enhance the neuro-regenerative repair
process.

The post-operative follow-up (from 3 to 6 months) showed that the rats
which underwent embryonic nerve cell transplantation and laser treatment
showed that most effective re-establishment of limb function, gait perform-
ance and intensive axonal sprouting occurred and after nerve cell implanta-
tion and laser irradiation (Fig. 12A,B), compared to rats without treatment
(Fig. 13A,B).

Fig. 12 (Neurol Res 24: 355-360, 2002) Active mow t in both legs after embryonal nerve
cell implantation in the transected spinal cord followed by low power laser treatment (A).
Diffuse sprouting of axons at the site of nerve cell implantation followed by laser irradiation
(modified Bodian's stain X 400) (B).
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Fig. 13 (Neurol Res 24. 355-360, 2002) Complete paralysis of legs after spinal cord transec-
tion (A). Proliferating fibroblast and capillaties in a stansected spinal cord of a rat without
treatment (modified Bodian’'s stain X 400) (B).

The rats which underwent spinal cord transection only remained com-
pletely paralyzed in the lower extremities (Fig. 14A)

This study suggests that nerve cell implants which contain embryonal spinal
cord cells attached to microcarriers and embedded in hyaluronic acid are a
regenerative and reparative source for the reconstruction of the transected
spinal cord. In addition, low power laser irradiation accelerates axonal growth
and spinal cord regeneration.

In conclusion: The extensive review article, which was published in Mus-
cle and Nerve in 2005 revealed that most of experimental studies showed
phototherapy to promote the recovery of the severely injured peripheral nerve.
This review makes possible to suggest that time for broader clinical trials has
come.

The significance of our experimental and clinical studies is the provision
of new nerve tissue engineering technology and 780nm laser phototherapy for
treatment of severe nerve injury.
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Summary

Arguably, the two most important aspects regarding laser phototherapy for
pain management are those of effect mechanism (to determine the most ap-
propriate application) and of dosing parameters. Herein is summarised the
outcomes of more than 15 years of the author’s research to date, to clarify
some of these factors. Initial investigations demonstrated that the central
descending inhibitory (endogenous opioid) system was involved in the effect
mechanism of phototherapy and that doses below 5Jcm? in the wavelengths
tested, had the best effects in a chronic pain clinical model. Subsequent re-
search using a non-invasive clinical model in lateral epicondylalgia has estab-
lished that the descending inhibitory system is not the sole likely origin of the
treatment response; or, if it is, it plays this role selectively for only some
combinations of wavelength, dose and power output. Repeated low doses of
laser (at some wavelengths) are sufficient to stimulate physiological responses
and reduce pain in subjects with lateral epicondylalgia. It is clear further
information is required for dosing and dose threshold factors of laser photo-
therapy for clinical pain management.

| ntr oduction

Substantial research has investigated possible mechanisms underlying the
therapeutic actions attributed to LLLT. The underlying mechanism of laser-
mediated analgesia remains unknown (Zinman, Ngo, New, Gogov, Ng &
Bril, 2004). A number of clinical trials to assess the efficacy of laser therapy
for musculoskeletal pain syndromes have been undertaken (Gan, Thorsen &
Lonnberg, 1993), however research in the field continues to be hampered
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perhaps as a consequence of methodological shortcomings and the extensive
array of combinations of dosing parameters. The increasing number of trials
with aresult “in favour of LLLT is by far too large to be explained by random
chance alone” (Gur, Sarac, Cevik, Altindag & Sarac, 2004, p.230) thereby
justifying further investigations. The optimisation of laser-mediated analgesia
requires a sound understanding of the underlying mechanism (Baxter, 1994),
and the confirmation of such mechanisms necessitates consideration of the
process of pain perception and modulation.

The Gate Control Theory of pain, proposed by Melzack and Wall in 1965,
shifted the emphasis of pain mechanisms from the periphery to the central
nervous system. The idea that the transmission of pain from the periphery
could be modulated by controls descending from the brain required the brain
to be recognised as an “active system that filters, selects and modulates in-
puts’” (Melzack, 1999, p.123). Current investigations of descending pain
modulation originated from the work of Reynolds (1969) who reported that
abdominal surgery in the rat could be performed without a general anaes-
thetic, and instead with electrical stimulation of the midbrain periagueductal
gray (PAG) region (Gebhart, 2004). The PAG has retained its importance for
endogenous analgesic mechanisms despite other regions within the brain since
being recognised as areas from which analgesia can be elicited (Wright, 1995).
There appear to be two forms of analgesia that originate from distinct regions
within the PAG: stimulation of the dorsal system (dPAG) elicits non-opioid
analgesia with concurrent excitation of the sympathetic nervous system
(sympathoexcitation); and, stimulation of the ventral system (VPAG) results
in an opioid form of analgesia and is characterised by sympathoinhibition
(Wright, 1995). A clinical model of lateral epicondylalgia has been developed
by others, and is one that we utilise for the purpose of testing this proposed
laser effect mechanism. Moreover, the model can be used to test dose efficacy
and thresholds of stimulation using different combinations of laser param-
eters. The development of our knowledge about opioid-based and descending
pathways of pain mediation is discussed below.

Human chronic pain (trigger point) model:

There is evidence to support both opioid and non-opioid based analgesia
following LLLT. Walker (1983) was the first to investigate the descending
pain inhibitory systems as a factor implicated in laser-mediated analgesia
after finding increased levels of urinary 5-hydroxyindolacetic acid (a by-
product of serotonin metabolism) and concurrent hypoalgesia in subjects with
chronic pain. We were able to demonstrate support for this assertion, observ-
ing decreased pain and increased levels of adrenocorticotrophic hormone (ACTH)
and &endorphin (BEP) following laser irradiation of myofascial trigger points
(Laakso, Cramond, Richardson & Galligan, 1994; Laakso, Richardson and
Cramond, 1997). In a randomised, double-blind placebo-controlled study, we
compared the effect of two doses (1Jcm? and 5Jcm?) of 820 nm and 670 nm
laser, and near-monochromatic light (660nm, 30 nm bandwidth) in 56 partici-
pants with trigger points of pain in the neck and shoulder region. Subjects
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received treatment over a 2 week period. Outcome measures included subjec-
tive pain scores and measures of plasma BEP and ACTH to assess the opioid
response.

The results of the above study demonstrated that 820 nm laser at 1Jcm?
and 5Jcm? resulted in significant reductions in pain (p<0.001). Of interest
was that only those participants who received laser phototherapy complained
of side effects from the treatment. ACTH increased cumulatively to treatment
with 820 nm laser at 1Jcm? (p<0.001); and with 820 nm and 670 nm laser
at 5Jcm? (p<0.05). Plasma BEP levels were noted to increase significantly
between Days One and Four (p<0.05) in subjects who received 820 nm laser
at 5Jcm? but this increase plateaued after this time. We concluded that |aser
hypoalgesia was dependent on dose, or power output. Moreover, we sug-
gested that ongoing treatment at the higher dose (5Jcm?) had no further
beneficial effects beyond a few treatments.

Although the relationship between peripherally circulating BEP and ACTH
and central analgesia could not be established at the time, we hypothesised
that inflammatory mediators such as lymphokines (in particular interleukin-1:
IL-1) might be stimulated by the application of laser phototherapy. Further-
more, we hypothesised that IL-1 (or other cytokines) might be capable of
causing central release of endogenous factors through the stress-immune sys-
tem (the hypothalamic-pituitary-adrenal axis) in close relationship with the
sympathetic nervous system. The alternative hypothesis that we proposed at
this time, was that local inflammatory factors (e.g., corticotropin-releasing
hormone - CRF) at the site of laser application may have had a direct effect
on circulating opioids. This factor remained unresolved. It was not until Stein
(1995) and Machelska, Cabot et a (1998) established the presence of periph-
eral immune-cell derived opioid and opioid receptors, and the preferential
homing of immune cells to inflamed sites where they secreted opioids to
reduce nociception, that a method became available to test these hypotheses.
We went on to study this possible effect in an animal model.

Animal inflammatory model:

In an attempt to determine how local pain relief is mediated by laser
phototherapy and how dose affects the relationship, we tested the hypothesis
that peripheral opioids are involved in inflammatory pain in an anima model.
The model entailed induction of inflammation in the hind-paws of male Wistar
rats, and comparison of paw volume, temperature and pressure threshold in
non-inflamed, and laser-treated and untreated inflamed hind-paws. Over a
number of pilot trials, we tested a range of dose and wavelength combinations
to learn more about this factor. The initial unpublished pilot results using
780nm laser at a dose of 5Jcm? (the chosen dose was designed to reflect the
outcomes of the human chronic pain trial results above) demonstrated no
significant effects on the outcome measures when assessed at 5 min after
intervention. A further unpublished pilot trial using the same wavelength at
4Jcm? demonstrated no significant effects on the same outcomes measures
when assessed at 1 hr and 6 hr post-intervention. In a further pilot trial using
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820 nm laser at 5Jcm? (reflecting the dose and wavelength used in the human
chronic pain trial) we noted that repeated treatment at 1hr and 6 hr post-laser
had no effect on outcome measures. We repeated the trial of 780nm laser @
1 Jem? and 2.5Jcm? (Laakso and Cabot, 2005) and found that 1 Jcm? had
no significant effect on anti-nociceptive responses (paw pressure and paw
thermal thresholds) but 2.5 Jcm? resulted in selective significant improve-
ment in paw pressure threshold at 30 minutes after laser phototherapy but not
in paw thermal threshold. Immunohistochemistry of paw tissues demonstrated
normal BEP-containing lymphocytes in the hind-paws of control animals but
no BEP-containing lymphocytes after 336 h in the hind-paws of animals that
received laser at 2.5 Jcm?. We were led to conclude that the dose/wavelength
combination differentiated selectively via the pressure-sensitive rather than
the thermal-sensitive neural pathways. Subsequent research by Rittner and
Stein (2005) suggests that efficient central analgesia signals a reduced need
for recruitment of opioid-containing immune cells to the injured site perhaps
suggesting that laser phototherapy may stimulate neural pathways (eg, de-
scending pathways or the sympathetic nervous system - SNS) requiring no
local opioid response.

It is interesting to note that subsequent to the above studies, in a study that
investigated the effect of 830nm laser @ 200.7 Jcm? on peripheral endog-
enous opioid analgesia in rats, Hagiwara et al (2007) have established that
proopiomelanocortin (POMC — a precursor molecule to ACTH and BEP) and
CRF demonstrated significantly increased levels at 24 h after laser (compared
to controls). In the same study, paw thermal threshold increased at 24 h after
laser phototherapy, with the effect being transiently reversed under the influ-
ence of naloxone. Paw pressure threshold was not measured. The authors also
found that there was a larger accumulation of BEP positive cells in harvested
paw tissue at 48 h after laser phototherapy compared to controls.

We have gone on to examine further the effect of laser phototherapy in this
model (Kingston, Cabot and Laakso, 2008), and found that anti-nociceptive
responses in rats are not evident at 10 minutes after laser phototherapy, con-
firming the time-dependent nature or threshold for stimulation effects. Fur-
thermore, we have aso examined the effect of laser phototherapy on BEP
content in regional lymph nodes in response to 780nm laser at 2.5 Jcm? The
conclusion to be drawn from these results is that there is indeed an opioid-
based analgesic effect selectively based on dose and/or wavelength; and on
timing of laser application with a probable peak physiologic threshold for
effect. The challenge is to identify the specific dose and wavelength combi-
nations which provoke the effects; when it is most efficacious to apply the
laser phototherapy; and to confirm these effects in humans. We have gone on
to test an innovative, non-invasive method for doing so in a clinical model of
pain, in the construct that the mechanism of effect is regulated through the
SNS. A summary of the outcomes of our clinical research to date follow.

Human chronic pain model to test sympathetic nervous system
outflow:

Sympathoinhibition following laser therapy was demonstrated in a study
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investigating the effect of laser phototherapy on sympathetic activity in indi-
viduals with myofascial trigger points (Snyder-Mackler, Barry, Perkins &
Soucek, 1989). The finding provides support for an opioid-based
(sympathoinhibitory) effect of laser-mediated analgesia. Conversely, early animal
studies demonstrated that analgesia elicited by irradiation to the tails of ex-
perimental rats was only partially reversed by naloxone, a potent opioid an-
tagonist, suggesting the analgesia was not opioid-dependent (Jacob & Ramabadran,
1978). As noted above, there is some evidence to the contrary (Hagiwara et
al, 2007), and the effect may be transient or dose/wavelength-dependent, or
time-dependent.

To further investigate the role of the SNS to laser stimulation, a pilot study
using pain-free subjects was undertaken to test the feasibility of the model
(described in Graham and Laakso, 2008). It is possible to measure physiologi-
cal responses such as heart rate (HR), blood pressure (BP), skin temperature
(ST) and skin conductance (SC) which are reflective of SNS outflow. The
direction of change in sympathetic activity (either sympathoexcitation or
sympathoinhibition) occurring following the intervention, concurrent with
analgesia, may prowde support for an analgesic effect mediated by the dPAG
(causing a non-opioid response) or the VPAG resulting in an opioid-response.
A change in pain levels without observing changes in SNS measures supports
an aternative mechanism not involving the SNS. In the pilot study, no sig-
nificant changes in SNS measures were found in pain-free subjects. Follow-
ing the work of Karu (1989) in which she concluded that the intensity of
effect is determined by a cell’s physiologic state prior to irradiation, this
result was not unexpected. The pilot tria resulted in establishing the proce-
dure as a non-invasive method by which to investigate the effect of laser
phototherapy on SNS activity using symptomatic subjects.

Subsequent to the above studies, we have gone on to test the effect of laser
phototherapy in a clinical model of pain, i.e., lateral epicondylalgia (LE —
tennis elbow). The model is convenient as the incidence of LE is between 1-
3% of the general population (Shiri et al, 2006); the elbow is easily accessed
in affected individuals; the procedure is non-invasive; and the methodology
(as a reflection of central hypoalgesia) has been established in research inves-
tigating other interventions (Paungmali et al, 2003; Simon, Vicenzino & Wright,
1997; Chiu & Wright, 1996; Vicenzino, Collins & Wright, 1996).

In the first (thus far unpublished) study (McKirdy and Laakso, 2005), we
conducted a repeated measures, randomised, placebo-controlled, double-blind
trial in 21 subjects with chronic LE. Participants received 3 interventions on
3 separate days in random order: (1) control - no intervention (2) placebo
(deactivated) laser, and (3) laser at 780nm (Compu-Lase SM 2000, Spectra-
Medics Pty. Ltd.) at 2.5 Jcm? to the 3 most tender points at the lateral
epicondyle. Participants acted as their own controls. Subjective pain scores,
pain-free grip strength, pain pressure threshold, HR, BP, mean arterial pres-
sure (MAP), blood flux (BF), SC and ST were measured during baseline,
intervention and post-intervention periods on each experimental day. The
results demonstrated a statistically significant treatment effect on cutaneous
BF (p=0.036) and MAP (p=0.032). The change in BF (increase of 2.69%) and

-126 -



WALT 2008 - I nternational Conference of the World Association of Laser Therapy

MAP (decrease of 1.75 mmHQ) indicated a sympathoinhibitory (opioid) re-
sponse to LLLT. No statistically significant treatment effects were noted for
other sympathetic outcome measures or for the pain-related measures.

In a separate follow-up single case study, we applied laser (780nm) at 3
Jcm? to each of 11 tender points at the lateral epicondyle and insertion of the
common extensor tendon. The single case study (of a 49 year old female)
demonstrated a statistically significant treatment effect on BF, glabrous ST,
pileous ST, and ulnar SC (p=0.01). In contrast to the group comparison study
described above, the change in BF (decrease of 62.41%), glabrous ST (de-
crease of 1.20%), pileous ST (increase of 1.88%), and ulnar SC (decrease of
8.34%) indicated a sympathoexcitatory (non-opioid) response to laser photo-
therapy.

To clarify the disparate nature of the above results, we conducted another
single case study (of a 39 year old male) using 780nm laser at 2.5 Jcm? to
each of 13 tender points at the lateral epicondyle and insertion of the common
extensor tendon (Laakso, Meppem et al, 2006). On this occasion, grip strength
and pain pressure threshold improved after laser phototherapy; BF decreased
by 30% and glabrous ST also decreased after treatment. The results reflected
a mixed sympathetic nervous system response with likely bias towards
sympathoinhibition indicating opioid-based analgesia.

In a further attempt to clarify the nature of the effect as well as identify
whether a dose threshold is apparent, we have recently replicated some of the
methodologies described above. In a repeated measures, randomised, pla-
cebo-controlled, double-blind study of 19 participants with chronic LE, we
investigated the effect of 830nm laser (OmniLase, Laserdyne Technologies,
N. Stenning & Co., Pty Ltd) at 3 Jcm? applied repeatedly to the 3 most tender
points for a total of 13 exposures (Barnes and Laakso, 2008). Participants
acted as their own controls. The same outcome measures were included as
used in the above study by McKirdy and Laakso (2005). The findings dem-
onstrated no measurable effects on immediate post-treatment pain scores or
on sympathetically-mediated outcome measures. However, all participants reported
improved pain scores at 24 h after the laser intervention.

The above study (Barnes and Laakso, 2008) was designed to identify the
minimum laser dose threshold required to gain an immediate treatment effect.
Despite the improved pain scores at 24 h, the decision to use a different
wavelength in this study (compared to the wavelength used in the previous
study by McKirdy and Laakso, 2005) confirmed the wavelength-dependent
nature and the time-dependent nature of laser hypoalgesia, and partly con-
firms the WALT guidelines which recommend only wavelengths between
780-820nm or 904nm for LE.

Conclusions

The studies described above, outline the continuum of work which we
have pursued over a number of years, in order to understand the nature of
dosing, timing of treatment responses, and the effects of wavelength on pos-
sible descending pathways of pain. Much work is still required to elucidate
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the effect mechanisms / pathways for laser hypoalgesia, and the effective laser
and dose parameters required. At this point in time, it is reasonable to con-
clude that some wavelength/dose combinations have an effect through opioid-
dependent pathways, and other such combinations do not. Beyond a better
understanding of the specific conditions in which laser is likely to be most
efficacious, knowledge of effect mechanisms is unlikely to have a significant
bearing on those who are ‘laser converts . However, this knowledge is impor-
tant in convincing those who remain yet to be convinced of the efficacy of
laser. Most importantly, knowledge of the minimum effective dose threshold
Is important to understand, if we wish to optimise the way in which we utilise
laser phototherapy.
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Summary

The Laser Therapy effects on the cellular proliferation are extensively
searched and widely known. However, there are controversies on the best out
put power used in the applications, the ideal fluency and irradiance, better
emission mode and the adequate number of sessions in order to obtain the
best results. The aim of this paper was to search for the best application
fluency and emission mode, using an infrared laser in the repair of bone
defects in the rat tibia. Thus, the histological quality of the neo-formed bone
was evaluated by analysis using common optic microscopy and polarized
light. Application Parameters. 100 mw, 830 nm, spot diameter = 0,06 nm,
CW and 10 Hz, 3 sessions with 72 h of interval, energies and respective
fluencies: 2 J =70 Jcm?* 4 J =140 Jcm?, 6 J =210 Jcm?, 8 J =160 Jcm?, 10
J =200 Jcm?. Conclusions. Laser Therapy has increased and accelerated the
time bone repairing process (in the initial period of 10 days). This laser effect
showed to be dose-dependent with the presence of an effective therapeutic
window presenting biostimulation of the bone tissue between 4J and 8 J of
total energy for both emission mode. The use of the laser with 10 J of energy
generated, characterized by the bioinhibition of the tissues (in the initial pe-
riod of 10 days). This inhibition took place at the exact irradiation spot).

©2008 by MEDIMOND Sir.l. KX19C0006
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I ntr oduction

The Laser Therapy effects on the cellular proliferation are extensively
researched and widely known. However there are controversies on the best
out put power used in the applications, the ideal fluency and irradiance, and
the adequate number of sessions in order to obtain the best results (ALMEIDA -
LOPES, et. a. 2001; BAXTER, 1997; PRETEL, et a. 2007). An incorrect use
of Laser Therapy may provoke inhibitory effects however a small number of
papers in the literature has proven this effect (GIMENEZ, 1985; BOLTON,
1995). The am of this paper was to search for the best application fluency,
using a 830nm pulsed diode laser in the repair of bone defects in the Rat tibia.
Thus, the histological quality of the neo-formed bone was evaluated by analy-
Sis using common optic microscopy and polarized light.

M ethods

The sample consisted by 72 Holtzman rats, weight was 300 g on average
were used in this study, obtained from the Dentistry School of Araraguara —
UNESP — Brazil)

The research project was reviewed and approved by the Ethics in Animal
Research Committee of the Dentistry School of Araraquara, UNIARA, Brazil
(process number 462/06).

After shaving and asepsis of the tibia with 2% chlorhexidine, a incision
was made, skin and periosteal flaps were elevated, the underlying bone tissue
was exposed and a trephin cylindrical blade was prepared using stainless steel
bur at low speed under constant sterile saline coolant (Fig.1). Thereafter, the
animals were randomly assigned to two groups (n=36) according to the treat-
ment of the bone defects.

The histomorphological analysis was performed under light microscopy.
Each specimen was independently examined by two trained examiners blinded
to the treatment of each group. The followed histomorphological event tissue
repair were evaluated.

Table 1 — Aplicattion parameters and distribution of the animals

Application Parameters Periods (10t and 30t)
Potency: 100 mW
Wavelength: 830 nm Continuons laser
laser beam diameter = 0,06 mm Pulsed laser
laser operation: CW and 10 Hz
Treatment: 3 sessions with 72 h of interval Three rats for period and group

Treatment groups

Fluency (J/cm?) 0 70 140 210 280 350
Energy (J) 0 2 4 6 8 10
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= - -

Figure 1 — Surgery procedure and treatment of the animals

Results

The mesoscopic and histological results showed by the slides.

Continuous Laser

10 days
Control 2J

6J 8J
Control 24

S 1,', ).j.

8J

Figure 2 - Mesoscopic and histological results by continuons laser at 10th and 30th
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Pulsed Laser

104
Figure 3 - Mesoscopic and histological results by pulsed laser at 10" and 30"

Conclusions

— Laser Therapy continuous and pulsed has increased and accelerated the
tissue bone repairing process (in the initial period of 10 days).

7 -
Graphic - Level of Bone Tissue Repair
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Figure 4 - showing average scores of tissue repair in function of the energy density with
continuous laser mode.
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This Laser effect showed to be dose-dependent with the presence of an
effective therapeutic window presenting biostimulation of the bone tissue
between 4J and 8J of total Energy in both modes.

The use of the Laser with 10J of Energy, CW generated local damage,
characterized by the bioinhibition of the tissues (in the initial period of 10
days). This inhibition took place at the exact irradiation spot.
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Abstract The goal of this study was to analyze the role of
cyclo-oxygenase-2 following bone repair in rats submitted
to low-level laser therapy. A total of 48 rats underwent
surgery to inflict bone defects in their tibias having been
randomly distributed into two groups: negative control and
laser exposed group, i.c., the animals were treated with low-
level laser therapy by means of gallium arsenide laser at
16 J/em®. The animals were killed after 48 h, 7 days,
14 days, or 21 days. The tibias were removed for
morphological, morphometrie, and immunohistochemistry
analysis for cyclo-oxygenase-2. Statistical significant differ-
ences (P<0.05) were observed in the quality of bone repair
and quantity of formed bone between groups 14 days after
surgery in the laser exposed group. [n the same way, cyclo-
oxygenase-2 immunoreactivity was more intense in bone
cells for intermediate periods evaluated in this group, Taken
together, such results suggest that low-level laser therapy is
able to improve bone repair in the tibia of rats afier 14 days
of surgery as a result of an up-regulation for cyclo-
oxygenase-2 expression in bone cells.

Keywords Cyclo-oxygenase-2 - Immunohistochemistry -
Rats - Bone repair
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Introduction

In past decades, laser has been indicated for several
therapeutic purposes [1-4]. There arc many laser types
available in the global market, with different modes of
action. Independent of its mode of presentation, a plethora
of beneficial effects has been demonstrated for many in
vitro and in vivo test systems, including antibacterial,
antiviral, anti-tumor, cell differentiation, immuno-potentiating
and repair activities [5-10]. Particularly, low-level laser
therapy has been increasingly used to treat hard tissue
injuries by promoting wound healing and reducing pain [11].
This is because this type of laser has been demonstrated as a
noninvasive method for the stimulation of osteogenesis and
to reduce the time of fracture consolidation through
bioenergetic, bioelectrical, biochemical and biostimulatory
effects on cells [12].

The tibia is the long bone most often fractured, and it is
associated with a high incidence of nonunion and delayed
healing [13]. With the aim of reducing the substantial
incapacity associated with bone fracture and the high
socioeconomic costs, a variety of interventions has been
studied, including the use of low-level laser therapy [14],
However, few reports have been published with low-level
laser therapy focusing on bone repair after mechanical
damage in the tibias up to now [15].

Cyclo-oxygenase is the rate-limiting enzyme in the
conversion of arachidonic acid to prostaglandins, and two
isoforms, cyclo-oxygenase-1 and cyclo-oxygenase-2, have
been identified. Cyclo-oxygenase-1 is constitutively
expressed in many tissues and mediates the synthesis of
prostaglandins required for normal physiological function.
Cyclo-oxygenase-2 is normally undetectable in most tissues
but is rapidly induced by pro-inflammatory or mitogenic
stimuli [16]. Recently, cyclo-oxygenase-2 has been implicated

@ Springer
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in several different cellular mechanisms, such as angiogen-
esis, proliferation and the prevention of apoptosis [17]. To
date, there arc no reports that have investigated cyclo-
oxygenase-2 expression during bone repair submitted to
low laser therapy. This justifies this study and others as
well.

Therefore, the aim of this study was to analyze the role
of cyclo-oxygenase-2 following bone repair in rats submitted
to low-level laser therapy. Certainly, such data will contrib-
ute 10 a better understanding of laser outcomes upon cellular
systems during bone repair.

Material and methods
Animals and experimental design

All experimental protocols used in this study were
approved by the Ethics Committee for Animal Rescarch,
Universidade do Sagrado Coragiio (USC), Bauru, SP,
Brazil.

A total of 48 male rats (Rattus norvegicus albinus,
Wistar), 8 weeks old and weighing approximately 250 g, were
randomly distributed into two groups containing 24 animals
each, with four different periods in which they were killed:
(a) 2 days, (b) 7 days, (c) 14 days, and (d) 21 days. The groups

Fig. 2 Bone repair 7 days after
surgery. a Control group and

b lnser-exposed group. H&E.
The bar represents 48 um

€ Springer

were as follows: group | (control) a, b, ¢, d—negative control,
animals not exposed 1o laser, and group 2 (laser-treated-group)
a, b, ¢, d—animals treated with low-level laser. All control
animals were submitted to the same procedures of handling as
the laser-exposed animals were.

Surgical procedure

At the beginning of the experiment, all animals underwent
surgery to produce bone defects in their tibias. General
anesthesia was obtained by intramuscular administration
of 1% ketamine (Francotar, Virbac Ltda., Sdo Paulo,
Brazil) associated with sedative, 2% xylazine hydrochlo-
ride (Virbaxyl 2%, Virbac Ltda.) in the recommended dose
of 0.1 ml/100 g. A | em incision was made to expose the
tibia. A cavity in the upper metaphyseal region was
prepared, 5 mm deep, in the upper metaphyseal region,
and the bone marrow exposed. A carbon steel round bur
under copious irrigation was used, and, after each
procedure, the bur was discarded and a new onc was
mounted for the next animal,

Laser therapy

A low-energy gallium arsenide laser, 735 nm in wavelength
(DMC, Sao Carlos, Brazil), continuous wave, 3 mm laser
beam diameter, at 16 J/em?, with irradiation time of 1 min,
was used in this experiment. Laser irradiation was initiated
24 h after the surgery and was performed, punctually, every
48 h for 15 days, or until the rat was killed. Laser
irradiation was performed transcutancously, at one point,
above the lesion on the injured tibias,

Histopathological analysis

The animals were killed by the administration of an
overdose of the anesthetic drug, in the experimental periods
established, after 2 days, 7 days, 14 days, or 21 days, for
histopathological and immunchistochemical analysis. The
tibias were removed, fixed in 10% buffer formalin (Merck,
Darmstadt, Germany) for 48 h and decalcified in 4%
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ethylene glycol tetra-acetic acid (EDTA) (Merck). Five-
micrometer slices were obtained in semi-seriate fashion and
stained with hematoxylin and cosin (H&E) (Merck).

Morphometry

For the morphometric analysis the regions of bone repair
previously identified in the histopathological observation
for each animal were measured in a blind fashion by one
expert observer using an image analysis system (KS-300,
Carl Zeiss, Germany) for Windows, The slices stained with
H&E were observed. Three areas of the cortical region of
the defect were selected, named C1 and C3, corresponding
to the regions close to the wall defect, and C2, corresponding
to the central region of the defect. The bone tissue presented
in these regions was measured and the area registered at a
magnification of x20. After the registration, the areas were
added, resulting in the total bone area of the defect. This
analysis had been established in a previous study conduced
by our group [18].

Immunohistochemistry

Paraffin was removed with xylene from serial sections of
4 pm and the sections were rehydrated in graded ethanol,
then pretreated in a microwave with 0.01 M citric acid
buffer (pH 6) for three cycles of 5 min each at 850 W for

antigen retrieval, The material was pre-incubated with 0.3%
hydrogen peroxide in phosphate-buffered saline (PBS)
solution for 5 min for inactivation of endogenous peroxi-
dase and then blocked with 5% normal goat serum in PBS
solution for 10 min. The specimens were then incubated
with anti-cyclo-oxygenase-2 polyclonal primary antibody
(Santa Cruz Biotechnology, USA) at a concentration of
1:50. Incubation was carried out overnight at 4°C within
the refrigerator. This was followed by two washes in PBS
for 10 min. The sections were then incubated with biotin-
conjugated secondary antibody anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA) at a concentration of
1:200 in PBS for | h. The sections were washed twice with
PBS followed by the application of preformed avidin biotin
complex conjugated to peroxidase (Vector Laboratories) for
45 min. The bound complexes were visualized by the
application of a 0.05% solution of 3-3'-diaminobenzidine
solution and counterstained with Harris hematoxylin. For
control studies of the antibodies, the serial sections were
treated with rabbit IgG (Vector Laboratories) at a concen-
tration of 1:200 in place of the primary antibody.
Additionally, internal positive controls were performed
with each staining batch.

Data analysis

Sections stained for immunohistochemistry were examined
under an optical microscope for the percentages of
immuno-positive bone cells, A total of 810 fields per
slice for each animal at 400 magnification were evaluated

- 140 -



by systematic sampling. These values were used as labeling
indices (%).

Statistical methods

The values obtained from morphometric analysis were
submitted to the Kruskal-Wallis statistical test and Dunn’s
post-hoc analysis if a significant effect was detected. Sigma
Stat program (Jandel Scientific, Chicago, USA), version 2.0
for Windows was used.

Resulis

General findings

Neither postoperative complications nor behavioral changes
were observed. The rats returned rapidly to their normal
diet and showed no loss of weight during the experimen-
tation (data not shown). None of the animals died during
the experiment,

Histopathological analysis

Regarding the control group, all the defects were filled by
blood clot after 48 h (Fig. 1). On the seventh day, the central

region of the defeet was filled by granulation tissue (Fig. 2a).
In one of the specimens, a small focus of caleifying hyaline
cartilage was noticed. Afier 14 days, irregular and highly
cellularized woven bone was seen (Fig. 3a). Most of the
specimens showed osteogenic activity also in the medular
region, due to the presence of bone fragments resulting from
bone perforation. Within 21 days, regular bone trabeculas
were seen, covered by osteoblastic cells (Fig. 4). The
repaired bone was thinner than the wall defects,

In the group treated with low-level laser, blood clot filled
the bone defects after 48 h, On day 7, granulation tissue and
woven bone could be seen, In the periphery, however, new
bone formation could be seen coming from the bony walls
(Fig. 2b). In the same way, bone tissue becoming mature
was noticed after 14 days (Fig. 3b). On the 21st day, well-
defined trabeculas underwent remodeling, resulting in the
formation of a bone bridge thinner than the original bony
walls.

Morphometry

The area of newly formed bone was examined using the
slices stained with H&E. The results showed statistically
significant differences (P<0.05) between groups after
14 days. Such findings are shown in Table 1.

Immunohistochemistry

Cyclo-oxygenase-2 expression was detected predominantly
in the cytoplasm. Sections stained for immunohistochemistry
were examined under an optical microscope for the
percentages of immunopositive bone cells.

After 2 days of surgery, cyclo-oxygenase-2 immunore-
activity could be seen in the central region of the lesion in
rats of the control group. A similar pattern occurred in the
group treated with low-level laser (Fig. 5). After 7 days,
cyclo-oxygenase-2 immunoexpression could be seen in the
granulation tissue in the control group, whereas cyclo-
oxygenase-2 was positively detected in the surrounding
bone tissue in the rats exposed to laser (Fig. 6b). This was
more evident on the 14th day, cither in the control group
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Fig. 7 After 21 days of the surpery, cyclo-oxvgenase-2 (COX-2)
immunoreactivity is scen (brown siain) in some cells of the bone
marrow, Immunohistochemistry stain, bar represents 40 um

(Fig. 6a) or in the laser-exposed group (Fig. 6b). Twenty-
one days after the surgery, the control group and the group
treated with laser showed cyclo-oxygenase-2 expression in
some cells of the bone marrow (Fig. 7). All morphometric
findings are also summarized in Fig. 8.

Discussion

It has been postulated that low-level laser has therapeutic
efficacy on various clinical conditions [9]. Taking into
consideration that some inflammatory mediators, such as
prostaglandin and arachidonic acid products, play important
roles during bone repair, the aim of this study was to
evaluate the role of cyclo-oxygenase-2 during low-energy
laser on bone repair. To the best of our knowledge, the
approach has not been addressed so far. For this, we chose
an experimental test system, since animal models have
commonly been the basis for studying the relationship
between mechanical trauma and therapies [12]. Histopa-
thological, morphometric and immunohistochemical analy-
ses were used in this sefting to measure the quantity of
formed bone, since we aimed to evaluate the putative up-
regulation of osteogenesis induced by laser after mechanical
trauma simulating surgical procedures in clinical practice,

After 48 h, our results demonstrated that low-level laser
therapy failed to exert any activity, as depicted by similar
histopathological patterns between laser-exposed and non-
exposed tibias. Although more bone formation was detected
in the laser-exposed group under subjective histopatholog-
ical analysis after 7 days, this finding was not proven
statistically, because no statistically significant differences
were noticed in the morphometric analysis, Taken as a
whole, therefore, we assumed that laser therapy was not
able to accelerate bone repair immediately after mechanical
trauma in this trial.

Conversely, low-level laser exposure resulted in significant
induction of bone formation 14 days after the beginning of the
therapy. This was seen in the histopathological and morpho-

metric analyses. Therefore, the laser cnergy level used appears
to have stimulated an increase in the healing of the bone when
compared with the healing seen in the tibia controls. Our data
are fully in line with others [19, 20]. It is important to stress
that this positive effect is transient, since no positive results
were maintained 21 days after surgery. Overall, several
authors have postulated that low-power laser can stimulate
bone cell proliferation and alkaline phosphatase (ALP)
activity, which reflects osteoblastic activity [21]. Neverthe-
less, it seems that multiple doses, rather than the intensity of
laser irradiation, are more effective for bone formation [22],
This emphasizes our positive results, since laser was applicd
every 48 h after surgery. In a study by Ozawa et al. [23],
however, laser irradiation beyond 14 days failed to cause
stimulation, The authors concluded that the stimulatory
action of laser irradiation occurs during the proliferative
and earlier stages of differentiation of immature precursors
but does not occur during later stages. It is important to keep
in mind that it is sometimes difficult to compare studies
about the action of low-level laser on bone because the
dosimetric parameters, experimental models and duration of
treatments are very distinct. Further studies are necessary to
clucidate this issue.

Cyclo-oxygenase is a key enzyme in the conversion of
arachidonic acid to prostanoids. The expression of isoform
cyclo-oxygenase-2 is relevant to many pathological pro-
cesses, including inflammation, tissue repair and, ulti-
mately, to carcinogenesis [24]. When the expressivity of
eyclo-oxygenase-2 was investigated, our results showed
that laser therapy promotes an up-regulation for this
inflammatory mediator. In the period of 48 h, the
immunohistochemistry of cyclo-oxygenase-2 confirmed
the main activity of the enzyme in the central region of
the defect in both experimental groups and also in the
control group. This situation was not maintained after
7 days, when immunoreactivity was more intense in the
granulation tissue and newly formed bone cells of the laser-
exposed group than in the control group. In the following
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Fig. 8 Cyclo-oxygenase-2 (COX-2) immunoreactivity following laser
therapy. Results are expressed in pereentage as mean+5D. *P<0.03
when compared to control
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periods, i.e., 14 days and 21 days, immuno-expression of
cyclo-oxygenase-2 was observed in the bone marrow, with
a more pronounced effect in the laser-exposed group. Since
low-level laser therapy is able to increase the formation of
new capillaries through the release of growth factors such
as vascular endothelial growth factor (VEGF) [25], stimu-
late DNA and RNA synthesis in the cell nucleus and,
consequently, increase cell proliferation and differentiation
[26], we believe that the immuno-expression of cvclo-
oxygenase-2 found in bone tissue could also be helpful to
bone repair. In 1997, Sato et al. [27] suggested that cyclo-
oxygenase-2 could be involved in the early stage of
osteogenesis, probably associated with the maturation of
osteoblasts. Furthermore, Zhang et al. [28] affirmed that
cyclo-oxygenase-2 enzyme acts on osteoblastogenesis,
regulating osteoblastic differentiation genes such as Chfa-|
and osterix. More recently, it has been postulated that bone
cells are able to produce cyclo-oxygenase-2 after mechanical
trauma [29], being, therefore, imporiant to bone formation
[30]. Our results are in agreement with those of these
previous studies.

In summary, our results support the notion that low-level
laser therapy is able to improve bone repair in the tibia of
rats after 14 days of surgery as a result of an up-regulation
for eyclo-oxygenase-2 expression. However, this sugges-
tion should be verified by further investigation,
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