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Abstract

We review the use of transcranial low-level laser (light) therapy (LLLT) as a possible treatment for
traumatic-brain injury (TBI). The basic mechanisms of LLLT at the cellular and molecular level
and its effects on the brain are outlined. Many interacting processes may contribute to the
beneficial effects in TBI including neuroprotection, reduction of inflammation and stimulation of
neurogenesis. Animal studies and clinical trials of transcranial-LLLT for ischemic stroke are
summarized. Several laboratories have shown that LLLT is effective in increasing neurological
performance and memory and learning in mouse models of TBI. There have been case report
papers that show beneficial effects of transcranial-LLLT in a total of three patients with chronic
TBI. Our laboratory has conducted three studies on LLLT and TBI in mice. One looked at pulsed-
vs-continuous wave laser-irradiation and found 10 Hz to be superior. The second looked at four
different laser-wavelengths (660, 730, 810, and 980 nm); only 660 and 810 nm were effective. The
last looked at different treatment repetition regimens (1, 3 and 14-daily laser-treatments).

Graphical Abstract

Schematic of transcranial LLLT employed for stroke.
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1. Introduction

Traumatic brain injury (TBI) includes skull fractures, intracranial hemorrhages, elevated
intracranial pressure, and cerebral contusion. Unlike stroke, which is often associated with
senior citizens, TBI affects a predominantly young population. Severe and moderate TBI,
whether accidental or inflicted, is a major health and socio-economic problem throughout
the world. In the United States alone, approximately 2 million injuries occur each year
resulting in 56,000 deaths and 18,000 survivors suffering from permanent neurological
impairment [1-3]. The consequent direct and indirect annual costs in the US are estimated at
$56 billion [4]. The World Health Organization (WHO) has projected that by 2020, road
traffic accidents, a major cause of TBI, will rank third as a cause of the global burden of
disease and disablement, behind only ischemic heart disease and unipolar major depression
[5]. Despite advances in our understanding of the pathophysiological damage that occurs
following brain injury, current treatments are limited both in their efficacy and utility [6].
The pathophysiology of TBI is very complex and still poorly understood. Immediately
following the primary impact, activation of several different pathways begins, resulting in
secondary brain injury. These include inflammation, oxidative stress, ionic imbalance,
increased vascular permeability, mitochondrial dysfunction and excitotoxic damage [7].
These processes result in brain edema, increased intracranial pressure and impaired cerebral
perfusion. This combination of cellular and physiologic disturbances causes increased
neuronal cell death, enlargement of infarct size and neurological, motor and cognitive
impairment. Efforts to improve the treatment and outcome of TBI must therefore remain the
priority for clinicians and researches [8].

Although TBI is a severe health concern, the search for better therapies in the recent years
has not been successful. This has led to interest in more radical alternatives to existing
procedures, such as transcranial low level-laser (light) therapy (LLLT). There have been a
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number of papers showing that transcranial LLLT can ameliorate brain damage in stroke
models such as middle cerebral artery occlusion in rats and after clot injection in rabbits.

2. Mechanisms of LLLT

In low level-laser (light) therapy (LLLT) the question is no longer whether light has
biological effects but rather how light energy from lasers or LEDs works at the cellular and
organism levels and what are the optimal parameters for different applications of these light
sources for different diseases. Several postulated mechanisms seem unlikely: heat
production, although closely associated with lasers, did not appreciably elevate brain
temperature in preclinical studies, suggesting that photothermal effects do not play a role
[17]. Therefore, photochemistry became a widely accepted hypothesis to explain the
induction of photobiological processes in cells via absorption of light energy [9]. Any effect
ultimately relies on the absorption of light by chromophores within the cell to produce
biological effects including increased energy within cells in the form of ATP, increased
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), nitric oxide (NO) release, more
cytochrome ¢ oxidase activity, modulation of reactive oxygen species (ROS), modifications
to intracellular organelle membrane activity particularly in mitochondria, calcium flux and
stress proteins [18-22]. Moreover, in tissue there is an “optical window” that runs
approximately from 600 nm to 1200 nm where the effective tissue penetration of light is
maximized. Therefore the use of LLLT in animals and patients almost exclusively involves
red and near-infrared light (600-1100 nm) [10].

Mitochondria are perhaps the single most important organelle within cells governing the
LLLT response. In addition to acting as the cellular energy supply, mitochondria are
involved in a range of other processes, such as signaling, cellular differentiation, cell death,
as well as the control of the cellular metabolism and cell proliferation. Action spectra (a plot
of biological effect against wavelength) identified the relevant chromophore by matching the
biological response to light in the visble/NIR range to the absorption spectra of the four
membrane-bound complexes identified in mitochondria [11]. This procedure indicates that
complex IV on the mitochondrial inner membrane, also known as cytochrome ¢ oxidase
(CCOQ), is the crucial chromophore in the cellular response to LLLT [10]. CCO is a large
transmembrane protein complex, consisting of two copper centers and two heme-iron
centers, which is a component of the respiratory electron transport chain [12]. The precise
manner in which laser light affects CCO is not yet known. The effects of LLLT on both cells
and tissues will undoubtedly involve a complex cascade of pathways with altered
intracellular signaling and changes to redox states. Mitochondrial ROS may act as a
modulatable redox signal, reversibly affecting the activity of a range of functions in the
mitochondria, cytosol and nucleus. LLLT was reported to produce a shift in overall cell
redox potential in the direction of greater oxidation [13] and increased ROS generation and
cell redox activity have been demonstrated [14]. Several transcription factors are regulated
by changes in cellular redox state. Among them are redox factor -1 (Ref-1), activator
protein-1 (AP-1) (a heterodimer of ¢-Fos and ¢-Jun), nuclear factor kappa B (NF-xB), p53,
activating transcription factor/cAMP-response element-binding protein (ATF/CREB),
hypoxia-inducible factor (HIF)-1, and HIF-like factor. LLLT induced ROS have been
proposed to be involved in regulation of activation of redox-sensitive early/intermediate
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genes and related transcription factors including NF-xB [15]. One important feature of
LLLT that has been repeatedly reported is its intrinsic biphasic dose-response curve [16,
17]. In other words although a small amount of light is good, delivering more light may lose
the beneficial effects of the low levels of light, and delivering a lot more light might actually
be harmful. This effect could be explained by the “Janus” effect of two of the proposed
mediators of LLLT signaling; ROS [18] and NO [19]. Both these species have been
proposed to be beneficial in low concentrations but can be actually harmful in high doses.

Another possible regulator of cell signaling, nitric oxide (NO) has also been observed to be
released from cells during LLLT. It is possible that LLLT may cause photodissociation of
NO from CCO [20, 21]. Cellular respiration is down-regulated by the production of NO by
mitochondrial NO synthase (mtNOS, a NOS isoform specific to mitochondria), that binds to
CCO and inhibits it. The NO displaces oxygen from CCO, inhibiting cellular respiration and
thus decreasing the production of ATP [22]. By dissociating NO from CCO, LLLT prevents
this process from taking place and results in increased ATP production [23, 24]. Therefore,
at the tissue level light can influence blood flow, following release of the vasodilator, NO
[24]. Enhanced perfusion will facilitate improved oxygenation and recruitment of
inflammation cells to the areas undergoing repair as well as further re-vascularization and
proliferation of cells to achieve systemic effect. Figure 1 graphically illustrates some of the
intracellular signaling pathways that are proposed to occur after LLLT.

More specific mechanisms of LLLT need to be discussed when it is used as a transcranial
approach for disorders of the brain. Figure 2 illustrates some of the possible brain-specific
mechanisms of transcranial LLLT for TBI. Cortical neurons in the injured or damaged brain
are proposed to be prevented from dying by the cytoprotective effects of LLLT that have
been widely reported including reduction of neuronal cell death due to cyanide [25],
tetrodotoxin [26], and methanol [27]. The mediators of this protective effect may include
such inducible proteins such as survivin [28], Bcl2, heat shock proteins [29] and superoxide
dismutase [30]. Other processes associated with LLLT that may be beneficial in TBI include
the anti-inflammatory effect of LLLT, thought to include down-regulation of pro-
inflammatory mediators from dendritic cells [31], and the increase of suppressor cells
secreting anti-inflammatory mediators such as IL10 and TGF-beta [32]. Another process
related to LLLT that may be important in TBI is its pro-angiogenic effect that has been well
documented in wound healing and similar studies [33-35]. Neurogenesis or neuroplasticity
(synaptogenesis) may be an additional mechanism of action contributing toward improved
outcomes after transcranial LLLT to the brain [36]. These processes may be stimulated by
increased expression of neurotrophins such as BDNF and NGF.

3. Transcranial LLLT for stroke and TBI

Stroke is a leading cause of death in the world and a common reason for hospitalization. The
approved treatment for stroke is administration of tissue plasminogen activator within 3
hours from stroke onset [37, 38]. The short time available to intervene, reduces the
opportunity to treat many patients and only 5% of patients receive the therapy [39]. Many
studies have been carried out to investigate alternative treatments for stroke.
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LLLT has been investigated as an alternative treatment for stroke. Several studies have
demonstrated that LLLT can modulate many biological processes [40-42], and can have a
cardioprotective effects [43, 44].

Light can penetrate several tissues, including the scalp and skull into the brain; preclinical
and clinical studies have demonstrated improved recovery after stroke [45]. Stroke was
induced with two different methods in rat and rabbit models. In rats, stroke was produced
using permanent middle cerebral artery occlusion (MCAQ) through craniotomy or insertion
of a filament in carotid artery [46, 47]. The data obtained in some of these studies
demonstrated that intervening with LLLT 24 h after acute stroke could provide significant
benefits. In other studies, stroke was induced in rabbits using the small clot embolic stroke
model (RSCEM) injecting a blood microclot prepared from blood drawn from a donor rabbit
[48]. In these models, the light was administered transcranially with a laser probe was placed
in direct contact with the skin. These studies, treatments and results are summarized in Table
1.

Two clinical studies have been carried out in human patients. In the first one called NEST-1,
120 patients were involved. The study required to patients to be between 40 to 85 years of
age with a diagnosis of ischemic stroke and a measurable neurological deficit. Laser
irradiation (808 nm) was delivered to the whole head in 20 sequential spots each lasting for
2 minutes as shown in Figure 3. The patients in LLLT group received the treatment within
24 h of stroke onset. This first clinical trial demonstrated the safety and effectiveness of
LLLT [49]. In the second clinical trial, NEST-2, 660 patients were randomized into two
groups (331 LLLT group and 327 sham group) [50]. The results of NEST-1 and 2 clinical
studies are reported in Table 2.

4. Transcranial LLLT studies for TBIl in mice

The success of transcranial LLLT for stroke encouraged researchers to test the technique in
animal models of TBI. Oron and coworkers evaluated the effects of LLLT for TBI in mice.
Closed-head injury of mice was induced by using a weight-drop device. An 808-nm Gs-As
diode laser with two different energy density (1.2—2.4 J/lcm? over 2 minutes irradiation with
10 and 20 mW/cm?) was delivered to the brain 4 h after TBI. Neurobehavioral function was
assessed by neurological severity score (NSS). There was no statistical difference in NSS
between the power density of 10 and 20 mW/cmZ. There was no significant difference
between control/non-laser-treated group and laser-irradiated group at 24 h and 48 hours post
CHI. There was a significant improvement in neurobehavioral function in the laser-irradiated
groups from day 5 up to day 28, where the NSS were 26-27% lower in the laser-irradiated
group. The laser-treated group showed a lower loss (1.4%) of cortical tissue at the injured
site compared to the sham control group (12.1%) (P < 0.001). This study suggested that
transcranial LLLT significantly reduced long-term neurological deficits [51].

Moreira et al. reported the effect of low intensity laser phototherapy on local and systemic
immuno-modulation following cryogenic brain injury in rat. The rats were irradiated with
780 and 660 nm laser on 3 and 5 J/cm?2. This study concluded that LLLT could modulate
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TNF-alpha, IL-6 and IL-beta concentrations in the brain and blood of rats with cryogenic
brain injury [52].

Khuman and coworkers proved treatment of low level laser therapy could improve cognitive
deficits after controlled cortical impact in mice. The controlled cortical impact was induced
by a 3 mm flat-tipped pneumatic piston at a velocity of 6 m/sec and a depth of 0.6 mm, for
100 millisecond duration. The mice were randomly assigned to open craniotomy group
underwent 800 nm low-level laser irradiation with different energy level (30, 60, 105, 120,
210, and 0 J/cm?) at 60-80 min after CCI or transcranial group underwent 60 J/cm? at
different time points (60-80 mins or 4 h after CCI, or one treatment per day for 7 days).
Cognitive function by Morris water maze (MWM), motor function by wire grip test, brain
edema, lesion volume, nitrosative stress by nitrotyrosine ELISA were assessed. Mice with
CClI treated with 60 J/cm? (500 mW/cm? x 2 min) had significant improvement of the
latency to the hidden platform and probe trails either via an open craniotomy or
transcranially. An anti-inflammatory effect was noted via a significant reduction of
microgliosis at 48 h with 60 J/cm2 LLLT. There was no significant difference on motor
function (day 1 to 7), brain edema (24 h), nitrosative stress (24 h), or lesion volume (14
days) between LLLT and control group [53].

Oron et al. [54] next examined the long-term effect of various transcranial laser therapy
modes (pulsed versus continious) and at different treatment time points in mild to moderate
closed-head injury mice (NSS 4-6) induced using a weight-drop device. A Ga—-Al-As 808
nm wavelength laser with an energy level of 1.2 J/cm? (10 mW/cm? for 2 min) was delivered
4 h, 6 h, 8 h post injury transcranially. Another experiment the laser was applied at a dose of
10 mW/cm? at 100 Hz, 600 Hz or continuous wave 4 h post-CHI. The difference in NSS of
the laser treated group 6 h and 8 h post injury were 3.4- and 1.8-fold that in control non-
treated group at day 56. Compared to control non-treated group, there were an
approximately 3.5-flod increase in difference in NSS for all three modes laser therapy (100
Hz, 600 Hz, and CW). The mice received transcranial LLLT with PW at 100 Hz 4 h post
injury have the highest full recovery (NSS 0) percentage (67%) at day 56. The lesion size
was significant smaller in both CW and PW laser treated group than control group on MRI
[54].

5. TBI case report studies in humans

Red or near-infra-red light at wavelengths can penetrate tissue 1 cm deep through the skin or
scalp (based on post-mortem studies), thus the brain cortex is estimated to receive 2 to 3% of
the incident light. Naeser et al. treated two chronic, TBI patients in a clinical case study [55,
56]. The pioneering LLLT case study reported improvement without formal testing in the
first patient via patient narratives such as length of time for continued attention span
(minutes able to work on a computer from 30 to 4 hours), “to remember what she read” and
improved mathematical abilities and decreased sensitivity to scalp during hair cuts
depending on the specific area where the 19.39 cm?, continuous wave (CW), 25.8 mW/cm?,
500 mW total power red/NIR light emitting diodes (LED) was applied to the forehead as
shown in Figure 4. Improved sleep and better control of social behavior was commaon for
both TBI patients undergoing red/NIR LLLT LED treatments applied bilaterally and to
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midline sagittal areas [55]. After 9 months of similar treatment differing by using 22.48 cm?,
22.2 mW/cm? power density, the second patient showed statistically significant
improvement over prior neuropsychological testing (+2 SD for two areas of the Stroop test
for executive function, where before treatment she scored below average 9t to 63
percentile, in two areas: inhibition and inhibition accuracy. +1 SD improvement was
measured on the Wechsler Memory Scale test, logical memory passage, an area where she
was already well above average, 83 to 99" percentile, before/after treatment) [55].

Another case study used single-photon emission computed tomography with A-isopropyl-
(1231) p-iodoamphetamine (IMP-SPECT) to quantify cerebral blood flow reported by
Nawashiro et al. in 2012 [57]. They treated a single patient in a “persistent vegetative state
following severe head injury” with 146 LED treatments over 73 days from an array of 23 x
850 nm LED, 13 mW each, held 5 mm from the skin, 30 min per session, the power density
was 11.4 mW/cm?; the and the energy density was 20.5 J/cm? at the skin. After bilateral
LED treatment to the forehead above the brow, a unilateral, left anterior frontal lobe focal
increase of 20% in cerebral blood flow was observed. They also observed the movement of
the left arm of the patient who had been previously in a persistent vegetative state.

Both these studies Nawashiro et al. [57] and Naeser et al. [55] reported significant
improvement and no adverse effects, other than sleepiness in the conscious patients which
dissipated after one week, and switching the time of the treatment to just before bed. This is
despite a potentially wide variety of factors: (1) time since brain injury varied from 2 years
vs. 7 years; (2) cause(s) of injury (one motor vehicle accident vs. several injuries without
loss of consciousness (LOC) rugby, sky diving, military deployment and one concussion
with LOC (falling onto concrete from a swing); (3) co-morbidities of depression and suicidal
ideation vs. post traumatic stress disorder (PTSD); and (4) functional severity based on
patient performance (vegetative state vs. defined as medically disabled enough for
government medical disability payments vs. unable to concentrate longer than 20 minutes
and (4) different medications (Concerta begun several years before LED treatment (Pt. 1),
Lexapro which was exchanged for Ritalin (30 mg per day) 3 months after LED beginning
treatments, in addition to Provigil, Armour thyroid replacement, liquid glutathione and twice
weekly vitamin B injections (Pt. 2)). Larger clinical studies are needed to gather a much
larger cohort of patients to determine the factors that influence TBI treatment response based
on level of severity, area of brain affected and altered function, in order to better quantify
how transcranial LLLT affects persons with TBI. Quantitative measures may include MR,
IMPSPECT and neuropsychiatric testing before and after treatment. Consistency among
authors for quantifying the extent and location of brain injury or changes in cerebral blood
flow will be needed.

6. Effect of different laser wavelengths in transcranial LLLT in closed head

TBI model in mice

The following sections will summarize studies from our laboratory that have explored the
use of transcranial LLLT to treat TBI in animal models.
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Wu and colleagues [58] investigated the effect of different wavelengths of LLLT for closed-
head TBI in mice. Closed-head injury was induced by using a weight drop apparatus.
Moderate to severe degree TBI mice by assessing neurological severity score (NSS) 6-8 one
hour post-injury randomly received a single irradiation with 665, 730, 810, or 980 nm laser
with 36 J/cm?2 (150 mW/cm? over 4 min) at 4 h after contusion. 665 and 810 nm groups
showed significant improvements of NSS than sham-treated control group after day 5 to day
28 as shown in Figure 5. The mean fractional areas of brain determined by morphometry for
665 and 810 nm LLLT groups was significantly decreased compared to the fractional area
for the sham-treated control group at day 28. [58]. NIR lasers at 730 or 980 nm did not
produce the same beneficial effects on NSS [58]. The principal tissue chromophore that is
proposed to be responsible for photobiomodualtion effects induced by LLLT is cytochrome ¢
oxidase (CCO). CCO has distinct absorption bands in the red (~665 nm) and in the NRI
(~810 nm), and there is a minimum CCO absorption spectrum at 730 nm [59]. Furthermore,
the study mentioned that 980 nm laser did not produce the same positive effect. However,
other previous reports have shown that 980 nm was an active wavelength in LLLT
applications. Wu et al. suggested that ineffectiveness of 980 nm in their study might be due
to use of different laser dosimetry (irradiance, energy density etc.) selected for their study
[58].

7. Effect of pulsing in LLLT for controlled cortical impact (CCI)-TBI in mice

Although many studies have shown common consensus on the best wavelengths of laser for
treatment of brain disorders, and a range of accepted dosages to be used (irradiance and
fluence), however there is no consensus on whether continuous wave or pulse light is best
and on what factors govern the pulse parameters to be chosen. Ando and colleagues [60]
compared the same 810 nm laser parameters delivered in different modes, either pulsed at 10
Hz or at 100 Hz with 50% duty cycle compared with continuous wave (CW) laser in a
mouse TB | model. TBI was induced by a controlled cortical-impact device through an open
craniotomy. The head was closed up and 4 hours after injury LLLT was delivered to the top
of the head using a 1-cm diameter spot. They used an 810 nm Ga—Al-As diode laser with a
single exposure with an average power density of 50 mW/cm? for 12 minutes giving a total
fluence of 36 J/cm?2. At 48 hours to 28 days after TBI, the neurological severity score (NSS)
showed a significant decrease in all laser treated groups. The improvement in the 10 Hz
group became greater than in the PW 100 Hz and CW groups after day 7 as shown in Figure
6. The PW 10 Hz group showed a significant decrease of immobility time in the forced swim
test for depression and anxiety compared to the untreated TBI group at day 28. There was a
significant decrease of the immaobility periods of the tail suspension test (another measure of
depression and anxiety) in the PW 10 Hz group compared with untreated TBI group at day 1
and 28. These results suggest the antidepressant effect of LLLT. The significant decrease of
lesion size in brain tissue around the traumatized site was noted at the PW 10 Hz group at
day 15 and 28. It implied LLLT has a neuroprotective effect at the early stage of TBI. The
therapeutic effects including the severity of injury, the antidepressant effects and protection
of brain tissue of LLLT for TBI with 810 nm laser was more effective at 10 Hz pulse
frequency than the 100 Hz and continuous wave. Ando et al. also hypothesized that a
possible reason why laser irradiation at 10 Hz pulsed mode was most effective for improving
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neurological outcome is that the frequency affects the whole brain. Resonance may occur
between the frequency of the pulsed light and that of the brain waves. Particularly relevant is
the fact that oscillation of theta waves that have a prominent 4-10 Hz rhythm in the
hippocampal region of all mammals [61].

8. Effects of transcranial LLLT repetition regimen in CCI-TBI in mice

The efficacy of LLLT on TBI has been previously investigated to a limited extent. However
there are still many questions to be solved, for example, what is the best regimen of
treatment repetition? It is well established during 40 years of LLLT studies that there is a
pervasive biphasic dose response relationship that applies not only in cell culture studies, but
also in preclinical animal studies and even in clinical reports [62]. It has been found that
there is generally an optimum level of energy density (J/cm?), power density (mW/cm?)
and/or treatment repetition required to give the best therapeutic effects. A less than optimal
choice of parameters can results in reduced effectiveness of the treatment, or even a negative
therapeutic outcome [40].

Xuan et al. (W. Xuan, L. Huang, Q. Wu, Y. Xuan, T. Dai, T. Ando, T. Xu, Y-Y. Huang, and
M. R. Hamblin, 2012, submitted for publication) used a CCI mouse model of severe TBI,
and studied the effects of different treatment repetitions of 810 nm LLLT on neurobehavioral
and vestibulomotor functioning, histomorphological analysis and histological evidence of
neuroprotection and neurogenesis. The animals of the TBI treatment groups received
transcranial LLLT (continuous wave 810 nm laser, 25 mW/cm2, 18 J/cm?) either once at 4
hours post-TBI, 3 treatments (once a day for 3 days) or 14 treatments (once a day for 14
days). They found that LLLT may have beneficial effects in the acute treatment of TBI and
demonstrated that mice with severe TBI treated with once laser treatment (and to a greater
extent 3 daily laser) had significant improvements in NSS, and wire-grip and motion test.
However 14 daily laser treatments provided no benefit. Furthermore, the study reported
LLLT for TBI in mice could significantly improve neural function, decrease lesion volume,
augment cell proliferation, and even protect the brain against neuronal damage to some
degree.

9. Conclusion

Evidence that transcranial LLLT is a beneficial treatment for acute TBI is rapidly
accumulating. The large number of published studies that transcranial LLLT is effective for
acute stroke suggested that the same approach would also be effective for acute TBI which
shares many of the pathophysiological features found in ischemic stroke. The benefits of
transcranial LLLT appear to be based on many different biological mechanisms.
Neuroprotection or the ability of the laser to prevent the spread of brain cell death that
occurs in the hours and days after a brain lesion is formed, is shown by the smaller size of
the lesion area in LLLT treated mice. Anti-inflammatory, anti-edema and proangiogenic
effects of LLLT may also have roles to play in the beneficial effects. Perhaps the most
exciting possible beneficial mechanism is that LLLT may stimulate neurogenesis or increase
the ability of the brain to repair itself. Not only may new brain cells be formed after LLLT
but the existing brain cells may be encouraged to form new synaptic connections in the
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process known as synaptogenesis or synaptic plasticity. If these processes can be reliably
shown to occur after transcranial LLLT it opens the door to the treatment being applied to
neurodegenerative diseases such as Alzheimer’s and many diverse psychiatric disorders.
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Molecular mechanisms of transcranial LLLT. Light passes through the scalp and the skull,
whereupon it is absorbed by cytochrome c oxidase in the mitochondrial respiratory chain of
the cortical neurons. Cell signaling and messenger molecules are upregulated as a result of
stimulated mitochondrial activity, including reactive oxygen species (ROS), nitric oxide
(NO), and adenosine triphosphate (ATP). These signaling molecules activate transcription
factors including NF-xB and AP-1 that enter the nucleus and cause transcription of a range

of new gene products.
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Figure 2.
Functional mechanisms of transcranial LLLT. The gene transcription described in Figure 1

can lead to decreases in neuronal apoptosis and excitotoxicity and lessening of inflammation
and edema that will help reduce progressive brain damage. Increases in angiogenesis,
expression of neurotrophins leading to activation of neural progenitor cells and incrar4sed
synaptogenesis may all contribute to the brain repairing itself from damage sustained in the
trauma.
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Transcranial low level laser (light)

Blood Clot

Figure 3.
Schematic of transcranial LLLT employed for stroke. 808 nm laser spot sequentially applied

twenty times to cover the whole head.
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Figure 4.
Transcranial LLLT for chronic TBI. Showing right and left forehead placement areas for

transcranial LED treatments performed by the patient at home, using a single, circular-
shaped cluster head. The usual treatment time is 10 minutes per area (13.3 J/cm?2). Reprinted
with permission from Naeser et al. [55].
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Figure 5.

Effect of different laser wavelengths in transcranial LLLT in closed head TBI in mice. Time
course of NSS scores of sham and laser-treated mice. (A) Sham-treated control vs 665 nm
laser, (B) Sham-treated control vs. 730 nm laser, (C) Sham-treated control vs. 810 nm laser,
(D) Sham-treated control vs. 980 nm laser, Points are means of 8-12 mice and bars are SD.
*p<0.05; **p<0.01; ***p < 0.001 (one-way ANOVA). Reprinted with permission from
Wau et al. [58].
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Figure 6.

Effect of pulsing in transcranial LLLT for CCI-TBI in mice. (A) Time course of neurological
severity score (NSS) of mice with TBI receiving either control (no laser-treatment), or 810
nm laser (36 J/cm? delivered at 50 m\W/cm? with a spot size of 0.78 cm?) in either CW, PW
10 Hz or PW 100 Hz modes. Results are expressed as mean = S.E.M (7= 10). ***P< 0.001
vs. the other conditions.

Mean areas under the NSS-time curves in the two-dimensional coordinate system over the
28-day study for the 4 groups of mice. Results are means + SD (/7= 10). Reprinted with
permission from Ando et al. [60].
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Table 1

Reports of transcranial LLLT used for stroke in animal models.

Page 20

Subject  Stroke model Parameters Effect References
Rat MCAO 660 nm; 8.8 mW; 2.64 J/cm?; pulse frequency 10 kHz. Suppression of NOS activity and up [45]
Laser was applied at cerebrum at 1; 5 and 10 minutes regulation of TGF-bl
Rabbit RSCEM 808 + 5 nm; 7.5 mW/cm?2, 2 minutes duration 3 h after Improvement behavi_oral perfornjar_wce [48]
stroke and 25 mW/cm? 10 minutes duration 1 or 6 hours ~ and durable effect with LLLT within 6
after stroke hours from stroke onset
Rat MCAO 808 nm; 7.5 mW/cm?; 0.9 J/cm?; 3.6 J/cm? at cortical Administration of LLLT after 24 hours [46]
surface; CW and 70 Hz, 4 mm diameter after stroke onset induces functional
benefit and mechanism of neurogenesis
induction
Rat MCAO 808 nm; 0.5 mW/cm?; 0.9 J/cm?2 on brain 3 mm dorsal to  LLLT applied at different location inthe ~ [63]
the eye and 2 mm anterior to the ear skull improve neurological function
after acute stroke
Rabbit RSCEM 808 nm; 7.5 mW/cm?: 0.9 J/cm?; 3.6 J/cm? at cortical LLLT administered 6 hours after [64]

surface; CW; 300 ps; pulse at 1 kHz, 2 ms at 100 Hz

embolic stroke results in clinical
improvements in rabbits
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