
R E V I EW

Preclinical studies of transcranial photobiomodulation in
the neurological diseases

Jing You1 | Anatol Bragin2,3 | Hanli Liu4 | Lin Li1,2

1Department of Biomedical Engineering,
University of North Texas, Denton, Texas
2Department of Neurology, University of
California Los Angeles, Los Angeles,
California
3Brain Research Institute, University of
California Los Angeles, Los Angeles,
California
4Department of Bioengineering,
University of Texas at Arlington,
Arlington, Texas

Correspondence
Lin Li, Department of Biomedical
Engineering, University of North Texas,
3940 N Elm St, Denton, TX 76207.
Email: lin.li@unt.edu

Abstract

Photobiomodulation (PBM) takes

advantage of red and near-infrared

light to induce therapeutic effects

on various kinds of diseases, with

transcranial PBM (tPBM) attracting

most attention on neurological dis-

eases. Displaying a noninvasive

superiority over traditional treat-

ment, tPBM is increasingly studied

among research groups. Growing numbers of studies have been conducted in

the last decade regarding neurological diseases; however, the research objects

and lighting parameters among these papers varied from each other. This article

introduces the biophotonics nature of PBM, records the experimental parame-

ters of preclinical studies since 2014 and summarizes the application of tPBM on

the neurobiological diseases in the past two decades. Under the summarized

guidance of parameter setup, tPBM will be shining light in the prevention and

treatment of neurological diseases.
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1 | INTRODUCTION

Soon after the invention of the ruby laser and helium-
neon laser, photobiomodulation (PBM) came as a ther-
apeutic technique in the 1960s, which was also known

as low-level laser therapy (LLLT) [1]. Under PBM
treatment, cells or tissues are exposed to low levels of
600 to 1100 nm wavelength red and near-infrared
(NIR) light, containing relatively lower energy densi-
ties as compared to the lasers applied for ablation and
cutting [2]. Mester et al first discovered the benefits of
PBM in the year of 1967 [3], when he attempted to
treat malignant cancer on shaved rats with a ruby laser
at low power. Instead of destroying tumor cells, it stim-
ulated the healing of skin incisions and the growth of
hair. He carried out a series of experiments of various
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wound models and confirmed the faster wound
healing effect of LLLT [4,5].

Transcranial PBM (tPBM), a noninvasive form of light
energy delivered to the brain, was shortly introduced
after the PBM. Accumulating evidence continues to show
that tPBM is a potential brain stimulation technique
capable of preventing and/or curing neurological diseases
and neurodegenerative diseases [6–10]. In this stimula-
tion process, a series of physiological reactions take place
inside the brain, including increased cerebral blood flow,
oxygen availability and consumption, elevated adenosine
triphosphate (ATP) production and enhanced mitochon-
drial activity [11]. Furthermore, tPBM can modulate
neuroprotection and neuroinflammation responses in the
brain. Studies of tPBM have enormously increased in the
last two decades [1], especially its application to neuro-
logical diseases. With increasing numbers of preclinical
studies focused on neurological diseases, there is a big
variance of parameters (such as wavelength, duration,
power density) among these studies, which can be a limi-
tation for making horizontal comparisons. Thus, this
review aims to elucidate the mechanisms of tPBM, sum-
marize the experimental parameters in the last 6 years,
and integrate current tPBM research developments, while
proposing optimal tPBM method to investigate neurologi-
cal diseases. Our goal is to provide the optimal directions
to initiate preclinical studies and to improve the utiliza-
tion of PBM approaches focusing on neurological
diseases.

1.1 | Biophotonics and tissue-photon
interaction

Modern applications of light in the medical field date
back to the 19th century, with the rapid development in
the understanding of both the physical nature of light
and its fundamental light-matter interactions. The laser
invention even opened new medical avenues, bringing
numerous laser-based diagnostic and therapeutic devices
to the public [12–15].

The nature of light is electromagnetic radiation, com-
posing a spectrum of wavelengths from radio waves to
gamma rays [2]. Light propagates in the form of waves
but interacts with matter as particles called photons. The
primary interaction of photons with biological tissue can
fall into two categories known as absorption and scatter-
ing [16]. Scattering can change the propagation path,
polarization and spectrum of the scattered light. During
the light absorption process, the energy of photons is
transmitted to excite the absorbing molecules into the
electronic or vibrational state. These light-tissue interac-
tions have been applied in the diagnostic analysis and

imaging-based mapping, especially by optical methods
[17,18]. Some parts of the absorbing energy can be
released through luminescence, inelastic scattering, or
acoustomechanical waves, which provide the information
of microstructure or molecular content of the tissue of
interest [19]. Another part of the absorbing energy can
invoke or support some physiological processes in the
tissue.

Scattering increases the volume of tissue affected by
light. However, due to the reflection or refraction at
interfaces between different tissues, it can shorten the dif-
fusing depth of light into the tissue. Absorption is also a
leading factor in limiting the penetration depth of light.
Most tissues are capable of absorbing light energy
through the molecular absorption of photons. Molecules
containing metal ions display a strong capacity for light
absorption and absorbed photons can induce functional
or conformational molecular changes.

The penetration of light through tissue is affected by
several optical parameters such as wavelength, energy,
attenuation coefficient (composed of scattering, refrac-
tion and absorption), area of irradiance, coherence and
pulsing. Generally, longer wavelengths (>1000 nm) can
penetrate further distances; however, the competing
absorption by water starts to play an essential role in
those wavelengths [20]. Also, enhancing power density
can lead to higher penetration with more photons tra-
versing the tissue.

Unlike other organs, light has to travel a long-dis-
tance in the brain from the scalp to the cerebral cortex.
The action of tPBM emanates from the light shone on the
scalp, where skin works as the first barrier and some light
is reflected without penetration into the brain. Reflection
and scattering continue at the second barrier of the skull,
a solid bone structure, where penetrating light can reach
the brain tissue (neurons and glial cells) and are further
absorbed by interstitial fluid (ISF) or blood. The particu-
lar set of wavelengths known as the “optical window”
has been determined from scientific investigation of deep
brain therapies. Optical wavelengths of 650 to 1200 nm,
which correspond to red and NIR lights, have been deter-
mined to provide the farthest and most effective penetra-
tion into the biological tissue [21]. Further validation
studies have been done with functional resonance imag-
ing [8]. Under the noninvasive induction approach, the
effective distance of the NIR light that reaches into the
human brain is 30 to 40 mm [22]. Considering the advan-
tages of penetration depth and photon-tissue interactions,
especially mitochondrial-based mechanisms (discussed in
detail in Section 2), red and NIR light is chosen as the
source of tPBM.

Beyond the wavelength dependencies of red and
NIR light penetration into brain tissue, there have been
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indications that specific adjustable parameters may
influence neural activities. To compare parameters in
preclinical studies of tPBM on neurological diseases,
detailed experimental parameters including wavelength,
light source, time duration, target site and spot size and
power density are recorded based on diseases types:
Tables 2 to 6 refer to PD, AD and dementia, traumatic
brain injury (TBI), stroke and cerebral ischemia, respec-
tively. An explanation of irradiation parameters and
their effect on light-tissue interactions are summarized
in Table S1.

1.2 | Light source: Light-emitting diode
or laser?

PBM makes use of the light from visible red light to NIR
at a relatively low power density to avoid heating or
burning the tissue. Laser light and light-emitting diodes
(LEDs) are the two main sources of light used in research
and therapy by PBM. Laser light comes from the optical
amplification based on the stimulated emission of pho-
tons. Laser-emitted light has an excellent reputation for
its high-level spatial and temporal coherence, displayed
as a diffraction-limited narrow beam [23]. As a result of
the low divergence, laser light can concentrate its power
at great distance [24]. Uniform irradiance is a noteworthy
characteristic of laser light beam. Based on its character-
istics, lasers are broadly used in applications that require
high spatial or temporal coherence that cannot be
achieved by other simple techniques.

Laser source held a dominant role in phototherapy
until the end of the 1990s. The phenomena changed in
1998 when Prof Harry Whelan and his group invented the
“NASA LED” [25]. Compared with older version of LED,
NASA LED has less divergence, much higher and more
stable output power and quasimonochromaticity whereby
emitting photons at the rated wavelength. These character-
istics made LED an alternative light source in PBM. Nowa-
days, with further development of semiconductors, LEDs
are more frequently used as a light source. Modern ver-
sions of LEDs can emit light across the wavelengths of visi-
ble, ultraviolet and infrared with very high brightness [2].
The working principle for LED is based on electrolumines-
cence and its color is determined by the energy gap of the
semiconductor [26]. Constructed to form relatively large
arrays, LEDs can treat wounds that commonly involve
larger areas than that of a laser beam. Regarding biosafety,
both low-level laser and LED display no thermal injury to
tissues [27]. As a therapeutic device, the LED has achieved
Food and Drug Administration (FDA) nonsignificant risk
status based on its better tolerance with biological tissue
and no reported detrimental effects [28]. Furthermore,

LED devices are more compact, portable and affordable to
customers. With costly laser light sources predominantly
marketed to clinicians, LED equipment are more afford-
able and convenient to use personally at home.

Although the monochromatic nature and coherence
of laser light were believed to be beneficial over non-
coherent LED light for many years, this view is no longer
widely held [29]. LED devices can also achieve the same
or even better biological results with different sets of
parameters. As a result, researchers reached an agree-
ment to change the previously used name, “low-level
laser therapy” (LLLT), to “PBM” in 2014, which means
the laser is no longer a necessary light source for applica-
ble treatments by red and NIR light [30]. PBM has had a
comprehensive definition: “a form of light therapy that
utilizes nonionizing forms of light sources, including
lasers, LEDs and broadband light, in the visible and
infrared spectrum. It is a nonthermal process involving
endogenous chromophores-eliciting photophysical (ie,
linear and nonlinear) and photochemical events at vari-
ous biological scales” [30].

1.3 | Trend of tPBM in the neurological
diseases

Since the beginning of the 21st century, enormous pro-
gress has been made toward the application of PBM.
Compared with traditional pharmacotherapy, neuronal
stimulation and brain surgery, tPBM has become a prom-
ising, noninvasive therapeutic method targeting neuro-
logical disease [1]. The trend of treating neurological
diseases by tPBM and its increasing application over the
last two decades are summarized in Figure 1 and Table 1.
We carefully examined the critical parameters (wave-
length, power density and duration) that have been used
in the application of PBM. We also summarized the stud-
ies under different disease categories. Among a total of
56 studies, 40 of them are animal studies, and 16 are
human results. Then, 20 studies utilized LED as light
sources, and the remaining 36 studies used lasers.

Along with the summarized studies, we separated
PBM applications into six groups in response to the types
of neuronal diseases: (a) TBI, (b) stroke, (c) Alzheimer's
disease (AD)/dementia, (d) brain cerebral ischemia, (e)
Parkinson's disease (PD) and (f) others. We also noticed
that a wide range of light wavelengths were adapted in
different PBM applications. Based on the optical window
and tissue absorption features, we put together the light
wavelengths that shared similar tissue optical properties,
yielding seven categories: (a) 620 nm+, including 620,
625, 627, 629, 630 and 633 nm; (b) 650 nm+, including
650, 660, 665, 670 and 675 nm; (c) 780 nm+, including
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780 and 785 nm; (d) 800 nm+, including 800, 808,
810 nm; (e) 830 nm+, including 830, 850 and 870 nm; (f)
1064 nm and (g) others (532 and 1267 nm) not men-
tioned in the former cases. Note that we only summa-
rized the neurological diseases. The neuropsychological
cases such as depression and anxiety disorder were not
discussed in this review.

An overall increasing trend of PBM applications were
observed (Figure 1A). Only three studies (5.4%) were
found in the first decade of the 21st century. The rest of
the studies were conducted in the latest 10 years (94.6%).
The number of studies doubled in the year 2019 com-
pared to previous years. Among these studies, TBI
(35.7%) and AD/dementia (23.2%) take up to more than
50% of the total. The percentages of other types of appli-
cations were relatively close (PD 8.9%, ischemia 12.5%,
stroke 10.7% and others 8.9%) (Figure 1B).

For the studies of PBM, a large variety of wavelengths
were adapted for different types of diseases. In the
AD/dementia group, 4 studies (n = 4) used 800 nm + as
the primary wavelength. Likewise, a “favorite” wave-
length can also be found in other types of diseases
(800 nm + for ischemia [n = 4], stroke [n = 4] and TBI
[n = 13], 650 nm + for PD [n = 4] and 1064 nm + for
others [n = 3]; see more details in Figure 1C). Among the
total studies, the major wavelength that has been used in
PBM of neurological diseases is 800 nm+ (43%). The sec-
ond and third preferred wavelengths are 650 nm+ (18%)
and 620 nm+ (18%), respectively.

Power density and durations are also two critical
parameters used in PBM. Among these studies, the

average power density is (319 ± 1110 mW/cm2), and the
average duration is (36 ± 195 min). A vast range of power
densities (2-6660 mW/cm2) and durations (0-24 hours)
have been described in previous studies. The wavelength/
power density/durations that have been applied for dif-
ferent neurological diseases are discussed in more detail
in Section 3.

2 | MECHANISM OF PBM

Research focused on PBM has been carried out for almost
50 years but still lacks widespread acceptance by the pub-
lic. This limited acceptance is attributed to the uncer-
tainty of its working mechanism [29]. Regarding the
mechanism, there are two existing hypotheses: one is
explained from the mitochondria field, the other is eluci-
dated from light-sensitive ion channels on the cell mem-
brane [1].

2.1 | Mitochondrial mechanism

The mitochondrial mechanism is based on the principle
that absorbing light can give rise to biological reactions
of the living system (Figure 2). When light strikes the bio-
logical tissue, most of the photons are absorbed by spe-
cific types of molecules called photoacceptors or
photoreceptors [85]. The acting sites of photoacceptors
are at chromophores, which are usually organic cofactors
or metal ions containing electrons within a protein

<2
01
0
20
10
20
11
20
12
20
13
20
14
20
15
20
16
20
17
20
18
20
19

0

5

10

P
ub

lic
at
io
n s

AD/Dementia

Ischemia

PD

Stroke

TBI

Other

Year & Type

Total=56

TBI
AD/Dementia
PD
Stroke
Ischemia
Other

AD
/D
em

en
tia

Isc
he
m
ia PD

St
ro
ke TB

I

Ot
he
r

0

10

20

P
ub

lic
at
i o
n s

620nm+

650nm+

780nm+

800nm+

830nm+

1064

other

Wavelength & type

Total=56

1064
830nm+
800nm+
780nm+
650nm+
620nm+
other

(A) (B)

(C) (D)

FIGURE 1 The number of

publications utilizing

photobiomodulation (PBM) in the

neurobiology of diseases. A, The growing

number of publications in the last

20 years, with different color blocks

showing the numbers of neurological

diseases individually. B, The percentage

for each neurological disease in total

publications during the last 20 years. C,

The wavelength of red/near-infrared

(NIR) light applied in different

neurological diseases. D, The percentage

of different wavelengths in all

publications of two decades

4 of 17 YOU ET AL.



TABLE 1 Summary of the PBM studies in the neurobiology of diseases between 1999 and 2019

Year [ref] Light source Wavelength (nm) Subject
Power density
(mW/cm2) Duration (min) Disease Mechanism

2020 [31] Laser 808 Rat 350 2 TBI Neuroprotection

2020 [32] Laser 808 Rat 1000 5 TBI Neuroprotection

2019 [33] LED 904 Rat 11 63 s Stroke Neurogenesis

2019 [6] Laser 1267 Mouse 200 17 AD Neuroprotection

2019 [10] Laser 808 Rat 100 2 Ischemia Neuroprotection

2019 [34] Laser 808 Rat 8 2 Ischemia Neuroprotection

2019 [35] Laser 808/905 Rat 8333/333 9 Other Neuroprotection

2019 [36] LED 635/810 Human 31/75 25 AD Cognition

2019 [37] Laser 810 Mouse 6660 Ischemia Cognition

2019 [7] LED 675 Rat 50 1.5 PD Neuroprotection

2019 [8] LED 633/870 Human 22.2 39 Stroke Synaptogenesis

2019 [38] LED 830 Human 33.2 20 Other Cognition

2019 [39] LED 850 Human 285 2.5 Dementia Cognition

2019 [40] LED 830 Rat 10 30 Ischemia Neurogenesis

2018 [41] LED 629/850 Human 6.4 20 TBI Cognition

2018 [42] Laser + LED 625/850 Mouse 28 10 AD Neuroprotection

2018 [43] Laser 808 Rat 25 2 Ischemia Neuroprotection

2018 [44] Laser 808 Rat 350 2 Stroke Neuroprotection

2018 [9] LED 627 Human 70 2 TBI Cognition

2017 [45] Laser 1064 Human 250 4 Dementia Cognition

2017 [46] Laser 808 Rat 25 2 AD Neuroprotection

2017 [47] Laser 660/810 Mouse 4750 Dementia Cognition

2017 [48] LED 810 Human 41 20 Dementia Cognition

2017 [49] LED 627 Rat 70 100 s AD Cognition

2016 [50] Laser 810 Mouse 25 12 TBI Neuroprotection

2016 [51] Laser 785 Human 10 10 TBI Behavior

2016 [52] LED 633/810 Human 22.2 9.75 TBI Neuroprotection

2016 [53] Laser 1064 Human 250 8 Other Cognition

2016 [54] Laser 670 Monkey 24 h PD Neuroprotection

2015 [55] Laser 810 Mouse 50 12 TBI Synaptogenesis

2015 [56] Laser 1064 Human 250 8 Other Cognition

2015 [57] LED 670 Mouse 2 1.5 Dementia Neuroprotection

2015 [58] Laser 808 Rat 2.5 100 s PD Neuroprotection

2015 [59] Laser 532 Mouse 845 60 Stroke Neurogenesis

2015 [60] Laser 810 Mouse 150 4 TBI

2014 [61] Laser 810 Mouse 150 4 TBI Anti-inflammation

2014 [62] LED 670 Mouse 50 1.5 AD neuroprotection

2014 [63] Laser 810 Mouse 25 12 TBI neurogenesis

2014 [64] LED 633/870 Human 22.2 20 TBI Cognition

2014 [65] LED 670 Mouse 4 1.5 PD Neuroprotection

2013 [66] Laser 1064 Human 60 8 Other cognition

2013 [67] Laser 633 Mouse 12.74 5 AD neuroprotection

(Continues)
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structure. Accepted photons can stimulate electrons from
a ground state to an excited state, accompanying a con-
formation change of the photoacceptors. This process fur-
ther affects the downstream signaling pathway such as
DNA transcription and gene expression [86].

In PBM, the photoacceptor targeted by red light and
NIR light is the mitochondrial enzyme called cyto-
chrome-c-oxidase (CCO). Being the terminal enzyme of
the mitochondrial electron transfer chain in eukaryotic
cells, CCO is composed of 13 protein subunits, including

TABLE 1 (Continued)

Year [ref] Light source Wavelength (nm) Subject
Power density
(mW/cm2) Duration (min) Disease Mechanism

2013 [68] Laser 810 Mouse 25 12 TBI Neuroprotection

2013 [69] Laser 808.5 Rabbit 20 2 Stroke Neuroprotection

2012 [70] LED 670 Rat 50 5 TBI Neuroprotection

2012 [71] Laser 800 Mouse 500 2 TBI Anti-inflammation

2012 [72] Laser 810 Mouse 36 4 TBI Cognition

2012 [73] LED 850 Human 11.4 30 TBI CBF

2012 [74] Laser 808 Mouse 10 2 TBI Neuroprotection

2011 [75] LED 633/870 Human 25.8 10 TBI Cognition

2011 [76] Laser 780 Rat 1000 3 s Ischemia Neuroprotection

2011 [77] Laser 808 Mouse 10 2 AD Anti-inflammation

2011 [78] Laser 810 Mouse 50 12 TBI Neuroprotection

2010 [79] LED 670 Mouse 7.5 1.5 PD Neuroprotection

2010 [80] Laser 808 Rabbit 25 2 Stroke ATP

2010 [81] Laser 665/810 Mouse 150 4 TBI Behavior

2007 [82] Laser 808 Mouse 20 2 TBI Neuroprotection

2006 [83] Laser 808 Rat 7.5 2 Stroke Behavior

2002 [84] Laser 660 Rat 44 5 Ischemia Anti-inflammation

Abbreviations: AD, Alzheimer's disease; PD, Parkinson's disease; TBI, traumatic brain injury.

FIGURE 2 Mitochondrial

mechanisms of

photobiomodulation. Upon light

shining on the tissue, photons

pass through cell membranes to

directly interact with

mitochondria. In the inner

membrane of a mitochondrion,

photons induce a series of

reactions on the respiratory

chain, boosting ATP production

and regulating downstream

signaling pathways which may

affect gene translation and

expression
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four redox-active metal centers—two copper centers
(CuA and CuB) and two heme centers (Heme a and Heme
a3). Based on the biological structure, CCO can work as
the photoreceptor absorbing the visible and infrared
lights and further influences the related signaling path-
way. Also, CCO can catalyze the transfer of electrons
from cytochrome-c to molecular oxygen [87]. When light
is shone on CCO, photon energy is accepted by the metal
centers of CCO. As a result, cytochrome-c loses electrons
to become oxidized, which can catalyze the reduction of
oxygen to water in cellular respiration. Dissociation of
nitric oxide (NO) happens at the same time, which origi-
nally binds to the heme irons and copper centers of CCO.
NO competes with oxygen and inhibits the activity of
CCO, further limiting the cellular respiration [29].

When red/NIR light strikes cells, it penetrates the cell
membrane and is absorbed by the CCO on the mitochon-
dria membrane. There is electron transport on the respi-
ratory chain, which further produces ATP and reactive
oxygen species (ROS) to change the cellular function.
This process also triggers a series of downstream signal-
ing pathways which affect gene translation and expres-
sion (see Fig. 2). Through the activation of related genes,
PBM can affect other physiological processes indirectly.

Light absorption also results in the increased produc-
tion of ATP. CCO, the terminal enzyme in the electron
transport chain, is located in the outer mitochondrial
membrane, where redox reactions take place to drive
electrons moving across. The electron transfer produces a
proton gradient across the mitochondrial membrane and
further boosts the energy production by enhancing the
activity of ATP synthase, which converts ADP to ATP
[88]. Having the highest energy demand in the body, the
brain requires a large amount of ATP to sustain the nor-
mal functions of neurons, such as maintaining mem-
brane potential or conducting action potential. Of all
neuron actions, active transport of ions against their con-
centration and electrical gradients serves as a mechanical
basis and is the greatest energy-consuming activ-
ity [89,90]. As a result, neuronal activity and energy
metabolism are closely connected with mitochondria—
the primary source of energy supply. In some neurologi-
cal diseases, such as AD and TBI, the main contributing
factor of pathological symptoms is mitochondrial dys-
function [91,92]. Also, the distribution of mitochondria
inside neurons displays different metabolic requirements;
for example, the highest amount of mitochondria exist in
dendrites, a moderate amount in cell bodies and the low-
est amount in axons. Subcellular structure of mitochon-
dria maximizes efficiency in energy utilization, providing
immediate energy upon demand.

In addition to increased ATP formation, PBM may
also initiate cell-signaling pathways known as secondary

effects. These effects will take place in hours or in days
after light exposure, mainly including an increase in the
NAD/NADH (nicotinamide adenine dinucleotide/nicotin-
amide adenine dinucleotide) ratio and mitochondrial inter-
membrane potential, dissociation of nitric oxide from its
binding site in cytochrome oxidase and changes in gene
expression. These effects impact mitogenic signaling, sur-
face molecule expression and expression of proteins regu-
lating inflammation, redox states and apoptosis.

NO release also plays an essential role in the therapeu-
tic effect of PBM. It competes with oxygen for the binding
to CCO [29], so when the red/NIR light shines, the
increase of oxygen consumption and NO production hap-
pen at the same pace (see Fig. 2). When combined with
CCO, NO works as a cellular respiration inhibitor, so PBM
therapy can reverse the mitochondria inhibition of cellular
respiration by releasing the excessive binding of NO.

With an increase in the mitochondrial membrane
potential by PBM, there is also an increase of ROS, which
is linked to various pathologic conditions, such as hypoxia
[93] and aging [94]. ROS starts from the superoxide pro-
duced by complexes I and III of electron-transport chain in
mitochondria, and the superoxide further induces the pro-
duction of hydrogen peroxide and other downstream prod-
ucts, which are called ROS in total [95]. Excessive ROS is
linked to the dysfunction of mitochondria, so there exists a
self-amplifying feedback loop called “ROS-induced ROS
release.” When cells undertake excessive or prolonged oxi-
dative stress, the ROS level may reach the threshold and
trigger the opening of the mitochondrial channel [96].

2.2 | Light-gated ion channels

In addition to CCO being the most potent chromophore
in PBM, accumulating evidence has also found other pri-
mary chromophores playing essential roles in PBM such
as opsins, flavins and cryptochromes. They can absorb
light at shorter wavelengths (blue and green light), which
induce protein configuration changes and further initiate
downstream signaling pathways.

Although supported by limited research, the light-
gated ion channel is another action mechanism of PBM.
Transient receptor potential (TRP) channels are a leading
group of light-gated ion channels in PBM. TRP channels
are a superfamily consisting of over 28 distinct members,
organized into six subfamilies based on their primary
amino acid structures [97]. As pleiotropic cellular sensors,
TRP channels can mediate the response to a wide range
of external stimuli (heat, cold, pressure, taste, and smell)
and are involved in many different cellular processes [97].
Activation of TRP causes nonselective permeabilization
(mainly of the plasma membrane) to calcium, sodium and
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magnesium [98]. TRP channels were recently reported to
be involved in sensing the “redox status” [99]. Light-gated
ion channels have attracted much attention in the applica-
tion of optogenetics, and more evidence indicates green
light activation of TRP channels [100, 101]. However, green
light has reduced penetration distance as compared with
red or infrared light, so its practical clinical application is
limited.

3 | PBM IN THE NEUROLOGICAL
DISEASES

3.1 | PBM in dementia and ADs

Dementia is a major neurocognitive disease caused by
abnormal brain function and prompts confusion in daily
activities [48]. AD accounts for the majority of dementia
cases, affecting millions of older adults worldwide. There
are histopathological changes in the AD brain character-
ized by extracellular accumulation of amyloid-beta (Aβ)
plaques and intracellular tangles of hyperphosphorylated
tau protein [88]. A large amount of effort has been put
into figuring out the causative mechanism, but, unfortu-
nately, it remains elusive.

Years of research has culminated in several com-
mercialized drugs approved by the FDA, including
Donepezil, Galantamine, Rivastigmine, Memantine
and Namzaric. Disappointingly, none of these drugs
are effective in reversing the symptoms of AD or stop-
ping the progress of neurodegeneration. As a result of
that, researchers are searching for alternative therapy
methods for AD. As a noninvasive method, PBM can
alleviate a broad spectrum of Aβ-induced pathologies
that includes mitochondrial dysfunction, oxidative
stress, neuroinflammation, neuronal apoptosis and tau
pathology [46]. Therefore, PBM may be a promising
therapy in the treatment of AD.

Highly promising results of PBM therapy on AD were
provided in 2011 by de Taboada et al [77]. They discov-
ered a significant reduction of Aβ in the mouse brain
when treated with 810 nm laser light. There was also a
dose-dependent reduction of soluble amyloid-β protein
precursor and brain inflammatory markers [77]. This
may due to the anti-inflammatory effect of tPBM therapy.
Purushothuman et al confirmed the PBM potential on
transgenic mouse models using 670 nm LED light [62].
There was an evident decrease of hyperphosphorylated
tau protein, neurofibrillary tangles, oxidative stress
markers in the hippocampus and neocortex and
increased expression of CCO in surviving neurons [62].

Instead of tPBM therapy, Farfara et al used peripheral
PBM targeting the bone marrow to study the therapeutic

effects mesenchymal stem cells may have on AD [102].
Mesenchymal stem cells have the ability of multilineage
differentiation from a single cell and reconstitution of
injured tissues [103, 104]. In this aspect, neurogenesis
may be able to reverse the neurodegeneration of the
brain. At a wavelength of 810 nm, there is a significant
reduction of Aβ and improved cognitive performance of
mice [102]. PBM can stimulate the clearance of Aβ
through meningeal lymphatic vessels (MLV). Newly dis-
covered MLV are drainage routes for clearance of macro-
molecules, collecting wastes from cerebrospinal fluid and
ISF and sending it to the cervical lymph nodes [105].
Accumulation of Aβ protein in the brain is associated
with the reduction of synapses and cognitive dysfunction.
Zinchenko et al used gold nanorods (GND) to mimic the
deposition of Aβ in the hippocampus and cortex [6]. They
found that when applying 1267 nm laser PBM to the
mouse brain, there is a reduction of GND in these brain
areas. Furthermore, in the Aβ-injected AD model, they
discovered increased clearance of Aβ by tPBM and cogni-
tion improvement in the mouse [6].

3.2 | PBM in PD

PD is the second most common neurodegenerative disor-
der. Patients suffering PD will display typical symptoms
related to motor deficits, such as resting tremors, rigidity
and difficulty in initiating and sustaining voluntary move-
ments [106, 107]. The widely acknowledged mechanism
for explaining these symptoms is the progressive loss of
dopaminergic neurons in the substantia nigra pars com-
pacta (SNc) of the midbrain [108, 109]. The loss of cells
will contribute subsequently to a reduction in the levels of
dopamine in the striatum, which is a hallmark of the dis-
ease. Along with this primary loss of dopaminergic cells in
the brainstem, there are also pathological changes in the
regions of the olfactory bulb, the dorsal motor nucleus of
the vagus nerve and the locus coeruleus, while affecting
the cortex as the disease progresses into the later stages.

PD can result from exposure to neurotoxins, such as
paraquat, rotenone, 6-hydroxydopamine (6-OHDA) and
methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP). Based
on this, current animal models are constructed with 6-
OHDA or MPTP injections to specific brain areas. As an
example, when MPTP is injected into the brain, MPTP can
convert to an active form, MPP+, which becomes concen-
trated in the mitochondria. MPP+ can suppress the func-
tion of complex 1 of the electron transport chain, leading
to ATP depletion and oxygen-free radical accumulation.
This process causes a detrimental effect on cell proteins,
including tyrosine hydroxylase (TH) [79,110–112]. To com-
bat this, PBM therapy performs a neuroprotection role
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through activation of the mitochondrial respiration chain
and increases ATP synthesis.

In vitro tests by Liang et al [113] and Ying et al [114]
have shown PBM (670 nm LED light) to reverse the effects
of neurotoxins through increased ATP production and
reduced oxidative stress in rat striatal and cortical cells,
confirming its neuroprotective roles. Trimmer et al [115]
have discovered the movement of mitochondria along
axons when treated with PBM (810 nm laser light). The
same neuroprotection effects of PBM are manifested in
chemical-induced animal models and transgenic animal
models. Purushothuman et al [116] used the K3 transgenic
mouse model, which can overexpress tau protein after
mutation of the pathogenic K369I gene. After applying a
670 nm LED light, they found decreased oxidative stress
and hyperphosphorylated tau and increased dopaminergic
cell survival in the SNc. There is also a promising result
on nonhuman primate. PBM can affect gene expression
through signaling pathways, and early onset of PD starts
from gene mutations—presynaptic protein α-synuclein
being the most important. Accumulation of synuclein in
neuron cells is the leading cause of cell death [76].

A large degree of cell loss in the SNc (50%-70%) is the
precondition of PD motor symptoms to become clinically
evident [117, 118], offering possibilities to detect and arrest
disease progress before clinical symptoms become too
severe. PBM can perform its neuroprotective roles by acti-
vating downstream signaling pathways which increase the
expression of trophic factors such as glia-derived neuro-
trophic factor (GDNF) and brain-derived neurotrophic
factor (BDNF). Massri et al [119] tested PBM therapy on
a MPTP-induced PD monkey model with the stimulation
of a 670 nm laser light and discovered a striking increase
in striatal TH+ cell numbers, accompanied by increases
in GDNF expression. PBM also displays its function by
controlling cerebrovascular leakage in the MPTP-induced
PD mouse model. Miguel et al [120] perfused fluorescein
isothiocyanate (FITC) labeled albumin into SNc and CPu
(caudate-putamen complex) brain areas of MPTP-induced
mice and noticed a significant reduction of leakage under
670 nm tPBM. Besides tPBM, remote PBM targeting on
peripheral tissue also displays protective effects against
PD mice. Johnstone et al [65] compared remote PBM with
tPBM on the MPTP mouse model and noticed an increased
number of TH+ cells in SNc at mild MPTP dose (50 mg/kg)
when 670 nm NIR was targeting the mouse dorsum,
although not as robust as the effect of tPBM.

3.3 | PBM in TBI

As one of the leading causes of death and disability, TBI
is affecting the daily life of 69 million people worldwide

[121]. The trauma to the head usually comes from traffic
accidents, sports injury, or even blast injury from military
conflict. Based on the severity degree, TBI can be classi-
fied into three types: mild (loss of consciousness 0-
30 minutes, altered mental state <24 hours, posttrauma
amnesia <1 day), moderate (loss of consciousness
30 minutes to 24 hours, altered mental state >24 hours,
posttrauma amnesia >1-7 days) and severe (loss of con-
sciousness >24 hours; altered mental state >24 hours;
posttrauma amnesia >7 days) [122]. Although having
minimum severity, mild TBI may be induced by repeat
concussions which cause cumulative damage to the neu-
ral system.

TBI results in cerebral structural damage and func-
tion deficits through both primary and secondary inju-
ries. Survivors from TBI often develop chronic
neurocognitive, psychological and neurological dis-
eases that will profoundly affect the quality of daily
life [123]. TBI is also a causative factor of acquired
epilepsy, which is defined as recurrent and
unprovoked seizures that occur at least 1 week after
TBI, resulting in severe behavioral morbidity [124].
Recovery of function in TBI mostly occurs through
behavioral practice and molecular and cellular routes,
including upregulated gene expression, axon
sprouting and neural connection remapping [125].
Although researchers widely study these phenomena,
there are still no medical therapies to relieve these
symptoms. As a noninvasive approach, tPBM may be
an effective treatment for TBI.

tPBM can reduce neuroinflammation by reducing
activated microglia. Zhang et al [61] took advantage of
gene X-1 deficient mice to study the anti-inflamma-
tory effect of PBM. Mice lacking the early responsive
X-1 gene continuously suffer a secondary brain injury
characterized by a pathologic lesion with extensive
cell death, widespread leukocyte infiltrates and severe
tissue loss. However, PBM treatment saved the mice
from secondary brain injury and suppressed pro-
inflammatory cytokine expression of interleukin (IL)-
1b and IL-6.

tPBM can protect against apoptosis and reduce the
lesion area. Using a hypoxic TBI model, Dong et al [60]
observed a suppressive effect of 810 nm PBM therapy on
cell apoptosis by downregulating the apoptotic protease
activating factor. PBM blunted cytochrome-c leakage and
retained cytochrome-c in the mitochondria in these hyp-
oxic cells. PBM also protected blood vessels from a sec-
ondary injury of cerebral hypoxia.

tPBM can increase cerebral blood flow, leading to
increased tissue oxygenation and oxidized CCO.
Nawashiro et al [73] performed PBM therapy on a
patient who suffered a vegetative state after severe head
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injury. There was a significant increase in the regional
cerebral blood flow after transcranial treatment of
850 nm LED light. Later on, the medical disability of
this patient discontinued.

tPBM may also induce neurogenesis and syn-
aptogenesis to cure brain injury. Xuan et al reported an
improved neurological severity score with 810 nm laser
light treatment on mice [55], and the immunohistochem-
ical results on brain slices showed an increased expres-
sion of BDNF, a crucial regulator of synaptic plasticity.
The induction of BDNF may lead to an increase of syn-
aptogenesis in the cortex, which explains the improved
neurological functions.

3.4 | PBM in stroke

Stroke is the second leading cause of death and disability
worldwide, having a high incidence rate, high mortality
rate and high disability rate. Based on the pathological
mechanism, it can be divided into two types: ischemic
stroke resulting from poor blood supply and hemorrhagic
stroke caused by bleeding. Ischemic stroke has a higher
incidence rate compared with hemorrhagic stroke, and it
is induced by the occlusion of the cerebral vasculature,
resulting in irreversible tissue infarction and abnormal
cellular death.

Current stroke therapy includes the thrombolytic
drug Alteplase, which is approved by the FDA for acute
ischemic stroke. With increasing research in light ther-
apy, PBM serves as a promising, noninvasive therapeutic
method. It can increase cerebral blood flow through the
release of NO from CCO and increase the energy supply
by ATP production. In 2006, Detaboada et al [83] did the
first animal experiment on rats to test PBM treatment on
acute stroke. Then, 808-nm laser light was applied to
three different sites on the shaved head. There were sig-
nificant improvements in the neurological severity score
after PBM therapy.

Ilic et al [126] tested the safety of PBM therapy under
several different power densities and found there is no
neurological and histological damage except under very
high power density (750 mW/cm2). As cells continue to
die after stroke onset, an optical treatment window exists
for stroke. Oron et al [127] tested the timing of PBM
(either 4 or 24 hours poststroke). There was no significant
difference in the 4 hours poststroke groups, but there
were increased neural progenitor cells in the 24 hours
poststroke group and increased expression of migration
markers for these cells. This confirmed PBM could signif-
icantly reduce neurological deficits. Lapchak et al [128,
129] used a rabbit to construct a clot embolic stroke
model. After PBM therapy with 808 nm laser light, the

rabbit experienced improved motor function. They also
found no difference between pulsed light and continu-
ous-wave light. A series of clinical trials named Neuro-
Thera Effectiveness and Safety Trials (NEST-1, NEST-2
and NEST-3) was carried out starting in 2007 [130]. They
were international, double-blind, randomized, sham (pla-
cebo) controlled trials conducted at six medical centers in
three countries: Israel, Peru and Sweden. The study eval-
uated the safety and effectiveness of PBM treatment on
ischemic stroke. tPBM worked well in NEST-1 and
NEST-2 but failed in NEST-3 [131, 132]. For the failure of
tPBM in NEST-3, possible reasons include the selection
of late therapeutic window which could influence the
therapeutic performance of tPBM. Other reasons may lay
by the lack of dosage to penetrate the thick human skull.
To achieve better result in future clinical trials, more
effective dosage as well as earlier therapeutic window are
of primary consideration.

3.5 | PBM in cerebral ischemia

Cerebral ischemia is a pathological condition when
blood supply cannot meet metabolic demand. This
insufficient blood flow can further restrict oxygen-rich
blood into the brain and cause brain injury. This symp-
tom mainly occurs in neonatal and older people [34].
For infants, cerebral ischemia can be caused by
impaired cerebral blood flow and oxygen deprivation,
affecting the brain within the perinatal period. More-
over, for older adults, aging of the vasculature and
heart attack are the primary causes of ischemia. It can
induce severe life-long motor and cognitive deficits,
which lowers the patient's quality of life and adds a
burden to family and society [40].

As is known to all, the brain is an energy-consuming
organ that needs a continuous supply of oxygen and glu-
cose to maintain its survival and function. However, due
to the deprivation of oxygen and glucose in cerebral
ischemia, brain injury occurs due to delayed neuronal
cell death in the cortex and hippocampus, resulting in
impairments in hearing, learning, behavior, or even
death. Mitochondria are the primary energy supply inside
the brain, and their dysfunction will result in fission
followed by the release of proapoptotic proteins into the
cytosol. PBM is effective in regulating mitochondrial
function, so it provides another choice of therapeutic
intervention against brain ischemia. NO is a cytotoxin
produced during the ischemia process; it has a protective
function only during the very early stage (<2 hours) of
cerebral ischemia, but its overproduction will be detri-
mental to neuronal survival. Transforming growth factor-
β1 (TGF-β1) is a protective endogenous mediator in brain
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ischemia. The action of these two mediators is closely
related to neuronal survival and neurite growth.

Leung et al [84] studied PBM treatment by applica-
tion of a 660 nm laser light with a brain ischemia rat
model. Under more prolonged laser treatment (5 and
10 minutes), there was a significant reduction of nitric
oxide synthase and increased TGF-β1 in the right hemi-
sphere. Mitochondria undergo cycles of fission and
fusion, and optic atrophy 1 is essential in the fusion pro-
cess, while Dynamin-related protein 1 (Drp1) functions
as a mitochondrial fission protein. Using a laser light of
808 nm wavelength, Wang et al [34] confirmed the ther-
apeutic effect of PBM on neuronal protection, behavior
improvement and suppression of mitochondrial frag-
mentation by Drp1 downregulation.

4 | FUTURE DIRECTIONS

In this review, we described potential PBM mechanisms
from the perspectives of mitochondria and light-acti-
vated ion channels. The interaction between red/NIR
light with mitochondria can trigger several different
physiological reactions, including ATP synthesis, NO
release, ROS production and trigger downstream signal-
ing pathways. Compared with the mitochondrial mech-
anism, less is known in the field of light-activated ion
channels, which remains a potential research focus.

The primary concern of applying PBM in clinical
settings stems from uncertainty of its induced biochemi-
cal mechanisms, which has been confirmed through
molecular-level studies. To increase its credibility
among the public, other confirming methods and tech-
niques, such as functional and structural brain map-
ping, can be used from cortical to subcortical levels to
define the relationship between light absorption and
neuronal activities. Future work should also implement
electrophysiological assessments to understand tran-
sient neuronal activity and long-term network interac-
tions in response to light stimulation.

According to our summary of PBM parameters
(Tables 1-6), there are significant variations of power
density and time duration. This variation comes from
the light source (laser or LED) and power supply. Laser
light tends to have a shorter acting duration with rela-
tively higher power densities and a coherent light beam.
In some studies, researchers preferred long period act-
ing cycles, usually in days or weeks, while others prefer
a one-time treatment. Moving forward, both longer
periods and a one-time treatment should be considered
in further research.

Biphasic dose response exists in PBM. It means
insufficient power density or too short duration will T
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have little effect on the pathology, while too much
power density and / or duration may have inhibitory
effects. There may be an optimal balance between
power density and time that produces a maximal bene-
ficial effect [138]. This should be taken into great
consideration.

As noted in Tables 2 to 6, locations of measuring
power density are not uniform or standardized. Some
measurements were taken at the surface of scalp, some
from the surface of skull and others from the cortex level.
Regulations need to be made regarding measurement
location, so power density and other parameters can be
comparable among different studies and useful for down-
stream research.

A difference in the size of the targeting area can also
affect power density. Considering the coherence property
of laser light, it is much easier to measure its spot size as
compared to LED light, so the spot size of LED in tPBM
should be clarified in future research.

Comparison of separate parameters on a fixed neuro-
logical disease is summarized in Tables 2 to 6. This prac-
tical toolbox can offer guidance in experimental design
on further research regarding neurological diseases.
Future studies should compare different power densities
under fixed conditions as well as target size and acting
duration of PBM.

Being a powerful noninvasive treatment method,
PBM alone has shown promising results in treating neu-
rological diseases such as neuroprotection and anti-
inflammation. When combined with other therapeutic
methods such as optogenetic tools and nanosized drug
delivery, it is believed to improve the efficiency and out-
come in curing neurological diseases.
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