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Abstract

There is a notable lack of therapeutic alternatives for what is fast becoming a global epidemic of
traumatic brain injury (TBI). Photobiomodulation (PBM) employs red or near-infrared (NIR) light
(600-1100nm) to stimulate healing, protect tissue from dying, increase mitochondrial function,
improve blood flow, and tissue oxygenation. PBM can also act to reduce swelling, increase antioxi-
dants, decrease inflammation, protect against apoptosis, and modulate microglial activation state.
All these mechanisms of action strongly suggest that PBM delivered to the head should be benefi-
cial in cases of both acute and chronic TBI. Most reports have used NIR light either from lasers or
from light-emitting diodes (LEDs). Many studies in small animal models of acute TBI have found
positive effects on neurological function, learning and memory, and reduced inflammation and cell
death in the brain. There is evidence that PBM can help the brain repair itself by stimulating neuro-
genesis, upregulating BDNF synthesis, and encouraging synaptogenesis. In healthy human
volunteers (including students and healthy elderly women), PBM has been shown to increase
regional cerebral blood flow, tissue oxygenation, and improve memory, mood, and cognitive func-
tion. Clinical studies have been conducted in patients suffering from the chronic effects of TBI.
There have been reports showing improvement in executive function, working memory, and sleep.
Functional magnetic resonance imaging has shown modulation of activation in intrinsic brain net-

works likely to be damaged in TBI (default mode network and salience network).

KEYWORDS
animal studies, chromophores, clinical trials, human studies, low-level laser therapy, photobiomodu-
lation, stroke, traumatic brain injury

conditions (Aimbire et al., 2006; Gam, Thorsen, & Lonnberg, 1993), and

mitigation of cancer therapy side effects (Zecha et al., 2016a; Zecha

Photobiomodulation (PBM), formerly known as low-level laser (light)
therapy (LLLT), is approaching its 50th anniversary, after being discov-
ered by Endre Mester working in Hungary in 1967 (Hamblin, de Sousa,
& Agrawal, 2016). Originally thought to be a property of red lasers
(600-700nm), PBM has broadened to include near-infrared (NIR)
wavelengths 760-1200nm, and even blue and green wavelengths.
Moreover, the advent of inexpensive and safe light-emitting diodes
(LEDs) has supplanted the use of expensive lasers in many indications.
The better tissue penetration properties of NIR light, together with its
good efficacy, has made it the most popular wavelength range overall.
The best-known medical applications of PBM have been for indica-
tions, including stimulation of wound healing (Hopkins, McLoda, Seeg-
miller, Baxter, 2004; Kovacs, Mester, & Gorog, 1974), reduction of

pain, reduction of inflammation in orthopedic and musculoskeletal

et al., 2016b). However, in recent years, there has been growing inter-
est in the use of PBM in various brain disorders (Hamblin, 2016b; Hen-
nessy & Hamblin, 2016; Naeser & Hamblin, 2011; Naeser & Hamblin,
2015). The (almost) complete lack of any adverse side effects of PBM,

Significance

Photobiomodulation involves shining harmless red or near
infrared light onto the head. The light penetrates through the
scalp and skull into the brain where it is absorbed by specific
chromophores. It has been shown to treat diverse brain
disorders in both animal models and human clinical trials. Stroke
and traumatic brain injury (both acute and chronic) are
particularly suitable for photobiomodulation.
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coupled with the growing disillusion with pharmaceutical drugs that
affect brain function, have combined together to suggest an alternative
physical therapy approach to improving brain function.

Traumatic brain injury (TBI) is caused by some type of trauma to
the head, often resulting from road traffic accidents, assaults, falls,
sports injuries, or blast injuries suffered in military conflict. TBI is classi-
fied as mild (loss of consciousness 0-30 minutes, altered mental state-
<24 hours, post-trauma amnesia<1 day), moderate (loss of
consciousness 30 minutes to 24 hours, altered mental state >24 hours,
post-trauma amnesia > 1-7 days), or severe (loss of consciousness > 24
hours; altered mental state > 24 hours; post-trauma amnesia > 7 days;
Blennow et al., 2016). There are three cases of TBI sustained each
minute in the US (Faul, Xu, Wald, & Coronado, 2010). Repeated mild
episodes of TBI (also known as concussions), even without loss of con-
sciousness, may have devastating cumulative effects (Kamins & Giza,
2016). Chronic traumatic encephalopathy is a recently recognized condi-
tion found in boxers, football players, and military personnel, resulting
from repeated head trauma (McKee, Alosco, & Huber, 2016; Safinia
et al., 2016). There is presently no accepted treatment for TBI, although
some investigational approaches are being tested in both the acute (neu-
roprotection) and chronic (neurorehabilitation) settings (Loane & Faden,
2010). One of these novel approaches is PBM/LLLT (Hamblin, 2016a;
Hamblin, 2016b; Huang et al., 2012; Thunshelle & Hamblin, 2016).

2 | MECHANISMS OF ACTION

Uncertainties about the mechanism of action of PBM at the molecular
and cellular levels have undoubtedly held back its acceptance in the
wider biomedical community. However, in recent years, substantial
progress has been made in this regard (de Freitas & Hamblin, 2016). In
the following section the state-of-the-art knowledge about the mecha-
nisms of PBM is summarized. Figure 1 shows a graphical representation
of the cellular and molecular mechanisms of PBM.

2.1 | Chromophores

The first law of photobiology states that: a photon must be absorbed
by some molecule within the tissue to have any biological effect. The
identity of these chromophores has been the subject of much scientific
investigation and speculation. Largely due to the efforts of Tiina Karu
in Russia, the enzyme cytochrome c oxidase (CCO) has been identified
as a major chromophore of red/NIR light (Karu, 1999; Karu & Kolyakov,
2005; Karu, Pyatibrat, & Afanasyeva, 2004a; Karu, Pyatibrat, &
Kalendo, 2004b). CCO is unit IV in the mitochondrial respiratory chain
and has absorption peaks reaching well into the NIR spectral region (up
to 900 nm) as well as in the red and blue regions. The most discussed
hypothesis to explain exactly how photon absorption can stimulate the
activity of CCO involves the photodissociation of inhibitory nitric oxide
(NO) that can bind to the copper and heme centers in the enzyme and
prevent oxygen from gaining access to the active sites (Lane, 2006). In
experimental models (such as isolated mitochondria) oxygen consump-
tion and ATP production are increased and the mitochondrial mem-

brane potential is raised (Passarella et al., 1984).
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FIGURE 1 Molecular mechanisms of tPBM. Light passes through
the scalp and skull where, depending on the wavelength, it is
absorbed by two different chromophores. Red and NIR light (up to
940 nm) is primarily absorbed by cytochrome c oxidase in the
mitochondrial respiratory chain of the cortical neurons. The longer
wavelength NIR light (980 nm and 1064 nm) is primarily absorbed
by heat and light-sensitive transient receptor potential ion chan-
nels. In both cases, cell signaling and messenger molecules are
upregulated as a result of stimulated mitochondrial activity, includ-
ing reactive oxygen species (ROS) and adenosine triphosphate
(ATP). Note: hv is light and TRPV is transient receptor potential
vanilloid (ion channels)

A less appreciated mechanism involves light and heat-gated ion
channels. These cation ion channels are thought to be members of the
transient receptor potential (TRP) superfamily, consisting of over 28 dis-
tinct members, organized into six subfamilies, based on their primary
amino acid structures (Caterina & Pang, 2016). TRPV (vanilloid sub-fam-
ily) members, including TRPV1 (capsaicin receptor), have shown to be

activated by various wavelengths of light, including green, red, and NIR

2.2 | Cellular mechanisms

After the primary photon absorption event occurs, whether the photons
are absorbed by CCO, or by TRP ion channels, a series of secondary
events occur. One of these events is the generation of reactive oxygen
species (ROS), which are thought to be produced inside the mitochon-
dria due to an increase in electron transport and a rise in the mitochon-
drial membrane potential above the baseline levels (Suski et al., 2012). It
should be noted that mitochondrial ROS can be produced when MMP is
raised above normal and also when ROS is reduced below normal. It is
thought that the type of ROS produced when MMP is lowered (mito-
chondrial dysfunction) are more damaging than the ROS produced when
MMP is raised (mitochondrial stimulation). Nitric oxide is produced after
PBM (Hamblin, 2008), possibly by photodissociation from CCO where it
inhibits oxygen consumption and electron transport (Lane, 2006). Cyclic
adenosine monophosphate (CAMP; Gao & Xing, 2009) and intracellular
calcium are increased (Alexandratou, Yova, Handris, Kletsas, & Loukas,
2002). Many of these secondary mediators in the signaling pathways
triggered by PBM can induce activation of transcription factors that go
on to upregulate or downregulate expression levels of a large number of
genes. One of the best-known transcription factors is NF-kB that can
regulate expression of over one hundred genes, including proteins with
antioxidant, anti-apoptotic, pro-proliferation, and pro-migration func-

tions. PBM (810 nm 3J/cm?) was shown to activate NF-kB in mouse
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FIGURE 2 Brain-specific mechanisms of tPBM.The gene transcription process described in figure 1 can lead to decreases in neuronal
apoptosis and excitotoxicity, a lessening of inflammation, and a reduction of edema due to increased lymphatic flow, which together (with
protective factors such as antioxidants) will all help to reduce progressive brain damage. Increases in angiogenesis, expression of
neurotrophins leading to activation of neural progenitor cells and more cell migration, and increased synaptogenesis may all contribute to
the brain repairing itself from damage sustained in the trauma. Note: AUC is the area under the curve

embryonic fibroblasts via ROS production (Chen et al., 2011a). Since
NF-kB is known to be a pro-inflammatory transcription factor, it might
be thought that PBM would be pro-inflammatory. However, it was
shown that NF-KB was decreased in already activated (treated with toll-
like receptor ligands) inflammatory dendritic cells by PBM (810 nm
3J/cm?; Chen, Huang, Sharma, & Hamblin, 2011b).

2.3 | Tissue mechanisms

The changes in expression levels of proteins involved in antioxidant
and redox-regulation, anti-apoptotic and pro-survival, cellular prolifera-
tion, etc., means that distinct changes in tissue homeostasis, healing,
and regeneration can be expected after PBM. For instance, structural
proteins such as collagen are newly synthesized in order to repair tissue
damage (Tatmatsu-Rocha et al., 2016). Cells at risk of dying in tissue
that has been subjected to ischemic, or other insults, are protected
(Sussai et al., 2010). Stem cells are activated to leave their niche, prolif-
erate, and differentiate (Oron & Oron, 2016; Zhang, Dong, Li, & Wu,
2016). Pain and inflammation are reduced (Chow, Johnson, Lopes-
Martins, & Bjordal, 2009) and blood flow is increased (Samoilova, Zhe-
vago, Petrishchev, & Zimin, 2008), possibly as a result of the release of
NO (Mitchell & Mack, 2013), which also stimulates lymphatic drainage,
thereby reducing edema (Dirican et al., 2011).

2.4 | Brain specific mechanisms

In addition to the foregoing, there are some PBM tissue mechanisms
that are specific to the brain. One of the most important is an increase
in cerebral blood flow often reported after transcranial photobiomo-
dualtion (tPBM; Salgado, Zangaro, Parreira, & Kerppers, 2015), leading
to increased tissue oxygenation, and more oxidized CCO as measured
by NIR spectroscopy (Rojas & Gonzalez-Lima, 2013). tPBM has been
shown to reduce activated microglia in the brains of TBI mice as meas-
ured by IBA1 (ionized calcium-binding adapter molecule-1) expression,
thus demonstrating reduced neuroinflammation (Khuman et al., 2012).
tPBM has been shown to increase neurogenesis (formation of new
brain cells derived from neuroprogenitor cells; Xuan, Vatansever,
Huang, & Hamblin, 2014), and synaptogenesis (formation of new con-
nections between existing brain cells; Xuan, Agrawal, Huang, Gupta, &
Hamblin, 2015), both in TBI mice. Figure 2 shows a graphical represen-
tation of a variety of these brain-specific tissue mechanisms.

3 | TRANSCRANIAL
PHOTOBIOMODULATION

Transcranial PBM is a growing approach to many different brain disor-

ders that may be classified as sudden onset (stroke, TBI, global
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ischemia), neurodegenerative (Alzheimer's, Parkinson’s, dementia), or
psychiatric (depression, anxiety, post-traumatic stress disorder; Ham-
blin, 2016b; Hennessy & Hamblin, 2016; Thunshelle & Hamblin, 2016).
In the following section, some issues concerning where the light should
be delivered and the effects of PBM on uninjured mice and humans

are addressed.

3.1 | Light penetration

Several laboratories working in the field of tissue optics have investi-
gated the penetration of light of different wavelengths though the
scalp and the skull, and to what depths into the parenchyma of the
brain this light can penetrate Tedford et al. (2015). Answering the ques-
tion “can light shone on the head sufficiently penetrate to reach the
brain?” is difficult. The main reason is that presently it is unclear what
threshold of power density is necessary (expressed in mW/cm?) at
some depth inside the brain to have a biological effect. There clearly
must be a minimum value, below which the light can be delivered for
an infinite time without having any effect, but whether this threshold is
in the region of pW/cm? or mW/cm? is presently unknown.

Haeussinger et al. (2011) estimated that the mean penetration
depth (5% remaining intensity) of NIR light through the scalp and skull
was 23.6 + 0:7 mm. Other studies have found comparable results with
some variations depending on the precise location on the head and the
precise wavelength studied (Okada & Delpy, 2003; Strangman, Zhang,
& Li, 2014).

Jagdeo et al. (2012) used human cadaver heads (skull with intact
soft tissue) to measure penetration of 830nm light, and found that
penetration depended on the anatomical region of the skull (0.9% at
the temporal region, 2.1% at the frontal region, and 11.7% at the occi-
pital region). Tedford et al. (2015) also used human cadaver heads to
compare penetration of 660 nm, 808 nm, and 940 nm light. They found
that 808 nm light penetrated best, and could reach a depth in the brain
of 40-50mm. Lapchak et al. (2015) compared the transmission of
810 nm light through the skulls (no soft tissue) of four different species,
and found that the mouse skull transmitted 40%, the rat skull transmit-
ted 21%, the rabbit skull transmitted 11.3, and the human skull trans-
mitted 4.2%. Pitzschke et al. (2015) compared penetration of 670 nm
and 810 nm light into the brain when delivered by a transcranial or a
transphenoidal approach, and found that the best combination was
810 nm delivered transphenoidally. Yaroslavsky et al. (2002) examined
light penetration of different wavelengths through different parts of
the brain tissue (white brain matter, gray brain matter, cerebellum, and
brainstem tissues, pons, thalamus). Best penetration was found with
wavelengths between 1000 and 1100nm. Henderson and Morries
(2015a) found that between 0.45% and 2.90% of 810 nm or 980 nm,
light penetrated through 3 cm of scalp, skull, and brain tissue in ex vivo
lamb heads.

3.2 | Local verse systemic effects of light

It is possible that the beneficial effects of PBM on the brain cannot be
entirely explained by penetration of light through the scalp and skull

and into the brain itself at a sufficient intensity to have an effect on
the brain cells. The surface power density that can be safely applied to
the head is limited by heating of the skin. Perceptible heating of the
skin starts to be felt when the power density is over (about) 500 mW/
cm?, and can become severe at 1 W/cm?.

There has been one study that explicitly addressed whether direct
transcranial PBM or indirect PBM is best for the brain. In a study of PBM
for Parkinson’s disease in a mouse model (Johnstone, el Massri, Moro,
Spana, & Wang, 2014), Mitrofanis and colleagues compared the direct
delivery of light to the mouse head, however, they also covered up the
head with aluminum foil so the light was delivered to the remainder of
the mouse body. They found that there was a highly beneficial effect on
brain histology with light delivered to the head, but nevertheless there
was also a statistically significant, although less pronounced, benefit
(referred to as an “abscopal effect”) when the head was shielded from
light. Moreover, Oron and coworkers (Farfara et al., 2015) have shown
that delivering NIR light to the mouse tibia (using either surface illumina-
tion or a fiber optic) resulted in improvements in memory and spatial
learning in a transgenic mouse model of Alzheimer’s disease. They pro-
posed the mechanism involved PBM stimulating c-kit-positive mesenchy-
mal stem cells (MSCs) that were normally resident in autologous bone
marrow. These MSCs were proposed to be able to infiltrate the brain and
clear B-amyloid plaques (Oron & Oron, 2016). It should be noted in gen-
eral that the calvarial bone marrow of the skull contains substantial num-
bers of stem cells (Iwashita, Tada, Zhan, Tanaka, & Hongo, 2003).

3.3 | PBM for brain in uninjured animals

Several laboratories have reported that shining light onto the head of
uninjured healthy mice or rats can improve various cognitive and emo-
tional parameters. The first study reported that exposure of the middle
aged (12 months) CD1 female mice to 1072 nm LED arrays (Michali-
kova, Ennaceur, van Rensburg, & Chazot, 2008) produced improved
performance in a 3D maze when compared to sham treated age-
matched controls. Gonzalez-Lima and Barrett (2014) showed that trans-
cranial PBM (9 mW/cm? with a 660 nm LED array) delivered to rats
induced dose-dependent increases in oxygen consumption (5% after 1
J/em? and 16% after 5 J/cm?). They also found that tPBM reduced fear
renewal and prevented the reemergence of the extinguished condi-

tioned fear-responses (Rojas, Bruchey, & Gonzalez-Lima, 2012).

3.4 | PBM for enhancement of brain function in
uninjured human volunteers

Barrett and Gonzalez-Lima (2013) delivered transcranial PBM (1064
nm laser, 60 J/cm2 at 250 mW/cm2) to the forehead in uninjured
human volunteers in a placebo-controlled randomized study. The goal
was to improve performance of cognitive tasks related to the prefrontal
cortex, including a psychomotor vigilance task (PVT), a delayed match-
to-sample (DMS) memory task, and improved mood as measured by
the positive and negative affect schedule (PANAS-X). Subsequent stud-
ies in uninjured humans showed that tPBM with 1064 nm laser could
improve performance in the Wisconsin Card Sorting Task (considered
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the gold standard test for executive function; Blanco, Maddox, &
Gonzalez-Lima., 2015). They also showed that tPBM to the right fore-
head (but not the left forehead) could improve attention bias modifica-
tion (ABM) in humans with depression (Disner, Beevers, & Gonzalez-
Lima, 2016).

Salgado et al. (2015) applied transcranial LED to enhance cerebral
blood flow in healthy elderly women, as measured by transcranial
Doppler ultrasound (TCD) of the right and left middle cerebral artery
and the basilar artery. Twenty-five noninstitutionalized elderly women
(mean age 72 years), with cognitive status > 24, were assessed using
TCD before and after transcranial LED therapy. tPBM (627 nm, 70
mW/cm2, 10 J/cm2) was performed at four points of the frontal and
parietal region for 30 seconds each, twice a week, for 4 weeks. There
was a significant increase in the systolic and diastolic velocity of the
left middle cerebral artery (25 and 30%, respectively) and the basilar
artery (up to 17 and 25%), as well as a decrease in the pulsatility index

and resistance index values of the three cerebral arteries analyzed.

3.5 | PBM for acute stroke

Transcranial PBM delivered to the head, has been investigated as a
possible treatment for acute stroke (Lapchak, 2010). Animal models
such as rats and rabbits, were first used as laboratory models, and
these animals had experimental strokes induced by a variety of meth-
ods and were then treated with light (usually 810 nm laser) within 24
hours of stroke onset (Lampl, 2007). In these studies intervention by
tLLLT within 24 hours had meaningful beneficial effects.

Treatment of acute stroke in human patients was then addressed in
a series of three clinical trials called “Neurothera Effectiveness and
Safety Trials” (NEST-1; Lampl et al., 2007), NEST-2 (Huisa et al., 2013),
and NEST-3 (Zivin et al., 2014). The protocol used an 810nm laser
applied to the shaved head (20 separate points in the 10/20 EEG sys-
tem) within 24 hours of patients suffering an ischemic stroke. The first
study, NEST-1, enrolled 120 patients between the ages of 40 to 85
years of age and found a significantly improved outcome (p < 0.05 real
vs. sham, NIH Stroke Severity Scale) 5 days after a single laser treat-
ment had been administered (Lampl et al., 2007). This significantly
improved status was still present 90 days post-stroke in 70% of the
PBM patients (but only 51% of the sham patients). The second clinical
trial, NEST-2, enrolled 660 patients, aged 40 to 90, who were randomly
assigned to one of two groups (331 to PBM, 327 to sham; Zivin et al.,
2009). Significant improvements (p < 0.04) were found in the moderate
and moderate-severe (but not for the severe) stroke patients. The last
clinical trial, NEST-3, was planned for 1000 patients enrolled, but the
study was prematurely terminated by the DSMB for futility (an
expected lack of statistical significance; Lapchak & Boitano 2016).
Many commentators have asked how tPBM could work so well in the
first trial, yet fail in the third. Insufficient light penetration, too long an
interval between stroke onset and PBM, inappropriate stroke severity
measurement scale, use of only one single tPBM treatment, and failure
to illuminate different specific areas of the brain for individual patients
have all been suggested as contributory reasons (Hamblin, 2016b). It is

undoubtedly the case that the failure of NEST-3 has cast a cloud over

WILEYL”

the whole application of PBMT for TBI and stroke. Many commentators
have asked “Why are you testing PBMT for TBI, if it has been shown
not to work for stroke?” The failure of the investigators not to take into
account the anatomical location of the stroke (and also whether it was
deep or superficial) was also likely to have played a role in the failure of
NEST-3. It is logical that light should be applied to the same side of the
head where the lesion was located and not both sides of the head
(Naeser, Ho, & Martin, 2012). In my opinion, the use of a single applica-
tion of PBMT also bore some of the responsibility. Although a single
application of PBM to the head works very well for experimental ani-
mals (mice, rats, rabbits) that have suffered a stroke or a TBI, the same

may not apply to humans.

4 | ANIMAL STUDIES OF PBM IN ACUTE
TBlI MODELS

4.1 | Studies from the Oron laboratory

Oron et al. (2007) was the first to demonstrate that a single exposure of
the head of a mouse a few hours after creation of a TBI lesion using a
NIR laser (808 nm) could improve neurological performance and reduce
the size of the brain lesion. A weight-drop device was used to induce a
closed-head TBI in the mice. An 808 nm diode laser with two energy
densities calculated at the surface of the brain (1.2-2.4 J/cm? delivered
by 2 minutes of irradiation with 200mW laser power to the scalp) was
delivered to the head 4 hours after TBI was induced. Neurobehavioral
function was assessed using the neurological severity score (NSS).
There was no significant difference between the control and laser-
treated groups in NSS between the power densities (10 vs. 20mW/
cm2), and no significant difference at early time points (24 and 48
hours) post TBl. However, there was a significant improvement (27%
lower NSS score) in the PBM group at times between 5 days and 4
weeks. The laser treated group also showed a smaller loss of cortical tis-
sue than the sham group (Oron et al., 2012).

In another study (Oron et al., 2012), they varied the pulse parame-
ters (CW, 100 Hz, or 600 Hz) and tested whether the tPBM was equally
effective when delivered at 4, 6, or 8 hours post-TBI. They first estab-
lished that a calculated dose to the cortical surface of 1.2 J/cm? of
808 nm laser at 200mW, applied to the head, was more effective when
delivered at 6 hours post TBI than at 8 hours. They then selected an
even shorter time post-TBI (4 hours) and compared CW with 100 Hz
and 600 Hz. At 56 days, more mice in the 100 Hz group (compared to
the CW and 600 Hz groups) had fully recovered. The 600 Hz group had
lower NSS scores than the CW and 100 Hz groups up to 20 days. Mag-
netic resonance imaging (MRI) analysis demonstrated significantly

smaller lesion volumes in PBM-treated mice compared to controls.

4.2 | Studies from the Hamblin laboratory

Wu et al. (2012) first explored the effect of varying the laser wave-
lengths of PBM had on closed-head TBI in mice. Mice were randomly
assigned to a PBM treatment group with a particular wavelength or to
a sham treatment group as a control. Closed-head injury (CHI) was
induced via a weight-drop apparatus. To analyze the severity of the
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TBI, the neurological severity score (NSS) was measured and recorded.
The injured mice were then treated with varying wavelengths of laser
light (665, 730, 810, or 980nm) at an energy density of 36 J/cm?
directed onto the scalp at 4 hours post-TBI. The 665nm and 810 nm
laser groups showed significant improvement in NSS when compared
to the control group between days 5 to 28. By contrast, the 730 nm
and 980 nm laser groups did not show any significant improvement in
NSS (Wu et al., 2012; figure 3). The tissue chromophore cytochrome c
oxidase (CCO) is proposed to be responsible for the underlying photon
absorption process that underlies many PBM effects. CCO has absorp-
tion bands around 665 nm and 810 nm while it has a low absorption
region at the wavelength of 730nm (Karu, Pyatibrat, & Afanasyeva,
2005). It should be noted that this particular study (Wu et al., 2012)
found that the 980 nm did not produce the same positive effects as
the 665nm and 810 nm wavelengths did; nevertheless, previous stud-
ies did find that the 980 nm wavelength was active for PBM (Anders
et al,, 2014). Wu et al. (2012) suggested that these dissimilar results
may be due to differences in the energy density, irradiance, etc.,

between the other studies and the Wu study. In particular, a much

lower dose of 980 nm might have been effective had it been tested
(Wang, Huang, Wang, Lyu, & Hamblin, 2016).

Ando et al. (2011) next used the 810 nm wavelength produced by a
Ga-Al-As diode laser delivered at parameters used in the Wu study, and
varied the pulse modes of the laser. These modes consisted of either a
pulsed wave at 10Hz or at 100Hz (50% duty cycle) or a continuous
wave laser. They used a different mouse model of TBI that induced with
a controlled cortical impact device, directly inflicting a lesion on the cor-
tex via an open craniotomy. A single treatment with a power density of
50 mW/m? and an energy density of 36 J/cm? (duration of 12 minutes)
was given via tLLLT to the closed head in mice at 4 hours post CCI. At
48 hours to 28 days post TBI, all laser treated groups had significant
decreases in the measured neurological severity score (NSS) when com-
pared to the controls. Although all laser treated groups had similar NSS
improvement rates up to day 7, the PW 10Hz group began to show
even greater improvement beyond this point as seen in figure 4. At day
28, the forced swim test for depression and anxiety was used and
showed a significant decrease in the immobility time for the PW 10 Hz

group. In the tail suspension test, which measures depression and
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Reprinted from (Ando et al., 2011; open access)

anxiety, there was also a significant decrease in the immobility time at
day 28, and also at day 1, in the PW 10 Hz group.

Studies using immunofluorescence staining of sections cut from
mouse brains showed that tPBM increased neuroprogenitor cells (incor-
porating BrdU) in the dentate gyrus (DG) of the hippocampus and the
subventricular zone (SVZ) at 7 days posttreatment (Xuan et al., 2014).
The neurotrophin known as brain derived neurotrophic factor (BDNF)
was also increased in the DG and SVZ at 7 days, while the protein marker
(synapsin-1) for synaptogenesis and neuroplasticity was increased in the
cortex at 28 days, but not in the DG, SVZ, or in any location at 7 days
(Xuan et al., 2015). Learning and memory, as measured by the Morris

water maze, was also improved by tPBM (Xuan et al., 2014).

4.3 | Studies from the Wu laboratory

Zhang et al. (2014) first showed that secondary brain injury occurred to
a worse degree in mice that had been genetically engineered to lack
“immediate early response” gene X-1 (IEX-1). When these mice were
exposed to a gentle head impact (thought to closely resemble mild TBI
in humans), they had a worse NSS than uninjured mice with the same
TBI. Exposure of IEX-1 knockout mice to PBM (150 mW/cm?, 4 min,
and 36 J/cm?), delivered at 4 hours post injury, restored the NSS to
almost baseline levels, suppressed proinflammatory cytokine expression
of interleukin (IL)-1g and IL-6, but upregulated TNF-a. The original lack
of IEX-1 decreased ATP production, but exposing the injured brain to
LLLT, elevated ATP production back to near normal levels.

Dong et al. (2015) asked whether the beneficial effects of PBM on
TBI in mice could be enhanced by combining PBM with administration of
metabolic substrates such as pyruvate and/or lactate. The goal was to
even further improve mitochondrial function in the brain. This combinato-

rial treatment was able to reverse memory and learning deficits in TBI

injured mice back to normal levels as well as leaving the hippocampal
region completely protected from tissue loss; a stark contrast to control

TBI mice that exhibited severe tissue loss from secondary brain injury.

4.4 | Studies from the Whalen laboratory

Khuman et al (2012) delivered PBM (800 nm) either directly to the
injured brain tissue (through the craniotomy) or transcranially in mice
beginning 60-80 min after CCI TBI. At a dose of 60J/cm? (500mW/
cm?) the mice showed increased performance in the Morris water maze
(latency to the hidden platform, p<0.05, and probe trial, p<0.01) com-
pared to non-treated controls. When PBM was delivered via open cra-
niotomy there was reduced microgliosis at 48h (IbA-1 + cells, p<0.05).
Little or no effect of tPBM on post-injury cognitive function was
observed using lower or higher doses, a 4-h administration time point
or 60J/cm? at 7-days post-TBI.

4.5 | Studies from the Whelan laboratory

Quirk et al. (2012) studied Sprague-Dawley rats who had received a
severe CCl TBI and were divided into three groups: real TBI, sham sur-
gery, and anesthetization only. Each group received either real or sham
PBM consisting of 670nm LED treatments of 15J/cm2, 50mW/cm2,
5min, given two times per day, for 3 days (chemical analysis) or 10 days
(behavioral analysis using a TruScan nose-poke device). Significant dif-
ferences in task entries, repeat entries, and task errors were seen in the
TBI rats treated with PBM verse untreated TBI mice, and in sham sur-
gery mice treated with PBM verse untreated sham surgery mice. A stat-
istically significant decrease was found in the pro-apoptotic marker Bax,
increases in the anti-apoptotic marker Bcl-2, and reduced glutathione
(GSH) levels in tPBM TBI mice.
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4.6 | Studies from the Marques laboratory

Moreira et al. (2009) used a different model of TBI. Wistar rats received
a craniotomy and a copper probe cooled in liquid nitrogen was applied
to the surface of the brain to create a standardized cryogenic injury.
They treated the rats with either a 780 nm or a 660 nm laser at one of
two different doses (3J/cm? or 5J/cm?), twice (once immediately after
the injury and again 3 hours later). Rats were sacrificed 6 hours and 24
hours after the injury. The 780 nm laser was better at reducing levels of
pro-inflammatory cytokines (TNFa, IL1B, IL6), particularly at early time
points (Moreira et al., 2009). In a follow-up study using 3 J/cm? (Moreira
et al., 2011), these workers reported on the healing of the injuries in
these rats at time points 6 hours, 1 day, 7 days, and 14 days after the
last irradiation. Cryogenic injury created focal lesions in the cortex char-
acterized by necrosis, edema, hemorrhage, and inflammatory infiltrate.
The most striking findings were: PBM-treated lesions showed less tis-
sue loss than control lesions at 6 hours. During the first 24 hours, the
amount of viable neurons was significantly higher in the PBM groups.
PBM reduced the amount of GFAP (glial fibrillary acidic protein, a
marker of astrogliosis) and the numbers of leukocytes and lymphocytes,

thus demonstrating its anti-inflammatory effect.

5 | PATIENTS WITH CHRONIC TBI

The majority of studies of PBM for TBI in laboratory animals have been
conducted in the acute setting, while the majority of human studies of
PBM for TBI have been conducted in patients who have suffered head

injuries at various times in the past (sometimes quite a long time ago).

5.1 | Naeser case reports

Naeser et al. (2011) published the first report describing two chronic TBI
cases treated with tPBM. A 500 mW CW LED source (mixture of 660 nm
red and 870 nm NIR LEDs) with a power density of 22.2 mW/cm? (area
of 22.48 cm?) was applied all over the head for 10 minutes at each place-
ment location (13.3 J/cm?). In the first case study, the patient reported
that she could concentrate on tasks for a longer period of time (the time
able to work at a computer increased from 20 minutes to 3 hours). She
had a better ability to remember what she read, decreased sensitivity
when receiving haircuts in the spots where PBM was applied, and
improved mathematical skills after undergoing PBM. The second patient
had statistically significant improvements compared to prior neuropsycho-
logical tests after 9 months of treatment. The patient had a 2 standard
deviation (SD) increase on tests of inhibition and inhibition accuracy (9th
percentile to 63rd percentile on the Stroop test for executive function
and a 1 SD increase on the Wechsler Memory scale test for the logical
memory test (83rd percentile to 99th percentile; Naeser et al., 2011).

5.2 | Naeser case series

Naeser et al. (2014) then went on to report a case series containing a fur-
ther 11 patients. This was an open protocol study that examined whether
scalp application of red and NIR LED could improve cognition in patients
with chronic, mild TBI (mTBI). This study enrolled 11 participants ranging

in age from 26 to 62 years (6 males, 5 females), who suffered from persis-
tent cognitive dysfunction after mTBI. The injuries in the participants had
been caused by motor vehicle accidents, sports related events, and for
one participant, an improvised explosive device (IED) blast. tPBM con-
sisted of 18 sessions (Monday, Wednesday, and Friday for 6 weeks) and
was started anywhere from 10 months to 8 years post-TBI. A total of 11
LED cluster heads (5.25cm in diameter, 500mW, 22.2mW/cm?, 13 J/
cm?) were applied for 10 minutes per set (5 or 6 LED placements per set,
Set A and then Set B, in each session). Neuropsychological testing was
performed pre-LED application and 1 week, 1 month, and 2 months after
the final treatment. They found that there was a significant positive linear
trend for the Stroop Test for executive function, in trial 3 inhibition
(p =0.004); Stroop, trial 4 inhibition switching (p = 0.003); California
Verbal Learning Test (CVLT)-lI, total trials 1-5 (p = 0.003); CVLT-II, long
delay free recall (p = 0.006). Improved sleep and fewer post-traumatic
stress disorder (PTSD) symptoms, if present beforehand, were observed
after treatment. Participants and family members also reported better
social function and a better ability to perform interpersonal and occupa-
tional activities. Although these results were significant, the authors sug-
gested that further placebo-controlled studies would be needed to
ensure the reliability of this approach (Naeser et al., 2014).

Naeser has proposed that specific scalp placements of the LED
cluster heads may affect specific cortical nodes in the intrinsic net-
works of the brain, such as the default mode network (DMN), the sali-
ence network (SN), and the central executive network (CEN; Naeser
et al, 2016; Naeser et al., 2014). These intrinsic networks are often
dysregulated after TBI (Sharp, Scott, & Leech, 2014). Naeser proposed
that the specific areas of the head to receive light, to target cortical

nodes in these networks were as follows:

(1) For the DMN, placement of the LED cluster head on the midline of
face, centered on the upper forehead and the front hairline, tar-
geted the left and right mesial prefrontal cortex; and on a midline,
scalp location half-way between the occipital protuberance and the
vertex of the head, targeted the precuneus; and on left and right,
LED placements, superior to the tip of each ear and posterior to
each ear, targeted the inferior parietal cortex/angular gyrus areas.

(2) For the SN, placement of LED cluster heads on the left and right
temple areas to target the anterior insula (but due to depth of
insula, unknown if the photons reached the target); midline of the
vertex of the head, to target the left and right presupplementary
motor areas; and the LED cluster head placed on the midline of
face, centered on the upper forehead and the front hairline, also
targeted the left and right dorsal anterior cingulate cortex.

(3) For the CEN, left and right scalp LED placements immediately pos-
terior to the front hairline (on a line directly superior from the pupils
of the eyes) targeted the dorso-lateral prefrontal cortex areas; and
the left and right LED placements, superior to the tip of each ear
and posterior to each ear, also targeted the posterolateral inferior
parietal cortex/angular gyrus areas (also treated as part of the
DMN).
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Further studies from Naeser et al. (2016) tested an intranasal LED
(iLED) device. Two small iLEDs (one red and the other NIR) were
clipped into each nostril and used at the same time for 25 minutes. The
parameters were as follows: red, 633nm, 8mW CW, 1cm?, energy
density 12 J/cm? (25 min); NIR 810 nm, 14.2mW, pulsed 10 Hz, 1cm?,
21.3J/cm?. The first mTBI participant (24-year old female) who had
sustained four sports-related concussions (two during snowboarding
and two during field hockey), received iLED PBM three times per week
for 6 weeks. Significant improvements were observed in tasks meas-
uring executive function and verbal memory as well as attention and
verbal fluency. At 1 week after the 18th iLED treatment, the average
total time asleep had increased by 61 minutes per night and her sleep
efficiency (total sleep time divided by total time in bed) had increased
by 11%. At 12 weeks after the last iLED treatment, she was able to dis-
continue all sleep medications that she had previously been using. The
second mTBI participant who received the intranasal only LED treat-
ment series was a 49 Yr. M (non-Veteran) who sustained mTBI in a
MVA 30 years prior to receiving the intranasal LED treatment series.
He showed significant improvement on the Controlled Oral Word
Association-FAS Test post-iLED treatment series, improving by +1.3
SD and +1.5 SD at 1 and 2 months post the 18th iLED treatment. His

sleep data indicated he was already a good sleeper at entry.

5.3 | Bogdanova and Naeser studies

Bogdanova reported (Bogdanova et al., 2014) a case report of two
patients (1 female) with moderate TBI (medical records and clinical
evaluation) and persistent cognitive dysfunction (as measured by neu-
ropsychological tests of executive function and memory). Patients
received 18 sessions of transcranial LED therapy (3x/week for 6 weeks)
using the mixed red/NIR cluster described above (Naeser et al., 2011).
Standardized neuropsychological tests for executive function,
memory, depression, PTSD, and sleep measures (PSQI, actigraphy)
were administered to participants pre-(T1), mid-(T2), and one week (T3)
post-PBM treatment. Both PBM treated cases (P1 and P2) showed
marked improvement in sleep (actigraphy total sleep) 1 week post-LED
treatment (T3), as compared to pre-treatment (T1). P1 also improved in
executive function, verbal memory, and sleep efficiency; while P2 sig-
nificantly improved on measures of PTSD (PCL-M) and depression. No

adverse events were reported.

5.4 | Studies from Henderson and Morries

Henderson and Morries (Henderson & Morries, 2015b) used a high-
power NIR laser (10-15 W, at 810, and 980 nm) and applied it to the
head to treat a patient with moderate TBI. The patient received 20 NIR
applications over a 2-month period. They carried out anatomical mag-
netic resonance imaging (MRI) and perfusion single-photon emission
computed tomography (SPECT). The patient showed decreased depres-
sion, anxiety, headache, and insomnia, whereas cognition and quality of
life improved, accompanied by changes in the SPECT imaging.

They next reported (Morries et al., 2015) a series of 10 patients
with chronic TBI (average time since injury 9.3 years), where each

WILEYL?

patient received ten treatments over the course of 2 months using a
high-power NIR laser (13.2 W/0.89 cm? equivalent to 14.6 W/cm? at
810nm; or 9 W/0.89 cm? equivalent to 10.11 W/cm? at 980 nm). A
continuous sweeping motion over the forehead was utilized to mini-
mize skin heating and cover a larger area. Skin temperature increased
no more than 3°C. Overall symptoms of headache, sleep disturbance,
cognition, mood dysregulation, anxiety, and irritability improved. Symp-
toms were monitored by depression scales and a novel patient diary
system specifically designed for this study. These authors have pro-
posed that high power lasers are preferable for tPBM treatments
because the photons can better reach the brain (Henderson & Morries,
2015a).

5.5 | Case study from Nawashiro

Nawashiro et al. (2012) treated a single patient who had suffered a
severe TBI. The patient survived but was left in a persistent vegetative
state for 8 months after the accident. He showed no spontaneous
movement of limbs and a CT scan of the head 8 months after the acci-
dent showed a focal low-density area in the right frontal lobe. The
device had 23 individual 850nm LEDs (13mW each; total power
299mW, total area 57cm2). A treatment time of 30 minutes per session
delivered 20.5 J/cm? over the left and right forehead areas repeated
twice daily (6 hours apart), for 73 days. Five days after beginning the
PBM (after 10 treatments), the patient began to spontaneously move
his left arm and hand, which had not occurred during the previous 8
months. Single-photon emission computed tomography with N-isopro-
pyl-[123l]p-iodoamphetamine (IMP-SPECT) was performed twice. The
IMP-SPECT scans showed a focal increase (20% higher) in cerebral
blood flow in the uninjured left anterior frontal lobe 30 minutes after
the last (146th) PBM treatment, compared to before PBM began.

6 | CONCLUSION AND FUTURE
PROSPECTS

As was mentioned above, one of the most important questions to be
answered when contemplating clinical treatment of TBI patients with
tPBM, is what is the best time to administer the treatment? All the
available reports of studies using PBM in laboratory animal models of
TBI and stroke, and also in patients treated for stroke have been in the
acute phase where the overall goal of the intervention can be best
described as neuroprotection. Not only that, but there are several
reports (Lapchak, Salgado, Chao, & Zivin, 2007; Oron et al., 2012) that
PBM for both TBI and stroke is most effective when it is delivered as
soon as possible after the actual event (head impact or ischemic
stroke). The protocols for the series of NEST clinical trials specified that
patients should be treated with PBM within 24 hours of the stroke
occurring. By contrast, all the clinical trials of PBM for patients with
TBI that have so far been carried out have been with chronic TBI, after
varying periods of elapsed time after the original head injury—some-
times as long as 8 years. Although it would be generally supposed that
tPBM would be effective when delivered to acute TBI patients, this
has not yet been actually tested. If tPBM were to be used for acute
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TBI patients, then presumably the PBM should be delivered perhaps
beginning at 4 to 6 hours post-TBI, for a limited number of times after
the injur—perhaps once a day for 7 days?

The dosimetry and optimum delivery apparatus of tPBM is still
uncertain. Although there is some consensus that wavelengths in the
region of 800-200 nm will penetrate the scalp and skull, other workers
have used longer NIR wavelengths, 980 nm, 1064 nm, or 1072 nm. Puls-
ing or CW is another unresolved question. The exact locations on the
head that should receive the light are still unknown. Naeser et al. (2016)
has proposed some interesting considerations regarding the scalp place-
ments of the tLEDS, and their effect on various intrinsic cortical net-
works of the brain. Targeted LED placements could promote better
neuromodulation (activation/deactivation) in specific cortical nodes. It is
possible that communication between nodes within one single network,
and/or across networks could be improved. Moreover, preliminary data
indicate that intranasal, red plus near-infrared LEDs can also benefit TBI
patients, although the degree to which light incident on the nasal
mucosa, and possibly delivered transsphenoidally (Pitzschke et al., 2015)
can penetrate directly into the brain, remains to be determined.

An advantage of intranasal and/or transcranial LED PBM therapy
is that it can be performed in the home for long-term use (Naeser et al.,
2011). Also, five chronic mild to moderately-severe dementia cases
recently showed significant improvement on the Mini-Mental State
Examination (p <0.003) and on the Alzheimer's Disease Assessment
Scale-Cognitive subscale (p < 0.023) after 12 weeks of daily, at-home,
intranasal, near-infrared LED PBM treatments (810nm, pulsed at
10Hz), and, once-a-week in-office tLED treatments, applied to the
cortical nodes of the Default Mode Network (Saltmarche, Naeser, Ho,
Hamblin, & Lim, 2017). Anecdotally, there was also improved sleep,
fewer angry outbursts, and less wandering. When all LED treatments
were withdrawn after 12 weeks of active LED PBM treatment, there
was precipitous decline in cognition and behavior. Thus, at-home, long-
term use of iLED plus tLED PBM offers a potential therapy to mitigate
the sequelae of Alzheimer's disease and possibly other neurodegenera-
tive disorders, including TBI and stroke.

One highly distressing aspect of TBI symptomatology that has so
far not been addressed by PBM is that of post-traumatic epilepsy
(PTE). TBI is the most significant cause of symptomatic epilepsy in
people from 15 to 24 years of age. The frontal and temporal lobes
are the most frequently affected regions, but imaging (MRI) often fails
to show the precise cause. During PTE seizures there is an abnormal
electrical discharge in the brain, with staring and unresponsiveness;
stiffening or shaking of the body, legs, arms, or head; strange sounds,
tastes, visual images, feelings, or smells; inability to speak or under-
stand; as well as other symptoms (Cotter, Kelso, & Neligan, 2017).
Epilepsy has traditionally been considered to be a contra-indication
for PBMT (Navratil & Kymplova, 2002). However, the knowledge
that has recently been gained concerning the beneficial effects of
PBMT on the damaged brain, suggests that this view may need to be
critically revisited.

Moreover there is also potential of tPBM to treat a wide range of
brain disorders only loosely associated with TBI, including Parkinson’s
disease (Purushothuman, Nandasena, Johnstone, Stone, & Mitrofanis,

2013), depression, anxiety, post-traumatic stress disorder, autism spec-
trum disorder, and so on (Hamblin, 2016b).

The ongoing and accelerating clinical research efforts in testing
PBM for TBI are expected to lead the way towards answering many of

these questions in the coming years.
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