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Acquired brain injury (ABI) is an injury that affects the brain structure and function. Traditional
ABI treatment strategies, including medications and rehabilitation therapy, exhibit their ability
to improve its impairments in cognition, emotion, and physical activity. Recently, near-infrared
(NIR) photobiomodulation (PBM) has emerged as a promising physical intervention method for
ABI, demonstrating that low-level light therapy can modulate cellular metabolic processes, re-
duce the inflammation and reactive oxygen species of ABI microenvironments, and promote
neural repair and regeneration. Preclinical studies using ABI models have been carried out,
revealing the potential of PBM in promoting brain injury recovery although its clinical appli-
cation is still in its early stages. In this review, we first inspected the possible physical and
biological mechanisms of NIR-PBM, and then reported the pathophysiology and physiology of
ABI underlying NIR-PBM intervention. Therefore, the potential of NIR-PBM as a therapeutic
intervention in ABI was demonstrated and it is also expected that further work can facilitate its
clinical applications.
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1. Introduction

Acquired brain injury (ABI) encompasses any form
of brain damage resulting from traumatic or non-
traumatic incidents like traumatic brain injury
(TBI), stroke, neoplasm, infection, and anoxia.'”
These injuries can result in devastating con-
sequences, causing cognitive, motor, and behavioral
impairments that might have profound impact on
the patient’s quality of life.””® With the greatest
population in the world, China’s absolute numbers
of patients with TBI and stroke exceed those of
most other nations, imposing a significant burden
on society and families.®” Despite advancements in
medical care, effective treatments for ABI remain
very limited, highlighting the urgent need for the
development of innovative therapeutic methods.

Photobiomodulation (PBM), also known as low-
level laser therapy (LLLT), has the ability to induce
biochemical changes,® reduce the inflammation,’
and promote tissue regeneration by activating
cellular signaling pathways and modulating gene
expression.'’"'! The noninvasive and low-intensity
light therapy makes PBM an attractive candidate
for therapeutic use in the intervention of brain dis-
orders including psychiatric disorders and neurode-
generative diseases.'>'? More importantly, PBM is
now approved by the U.S. Food and Drug Admin-
istration (FDA) for stimulating healing. Besides,
previous research has used PBM to enhance human
cognitive performance. Improved inhibition and
cognitive flexibility were observed in healthy indi-
viduals,'* while patients with traumatic brain injury
showed improvements in executive function.!”:'0
Therefore, PBM can promote damage repair and
cognitive improvement in patients with ABI.

Near-infrared photobiomodulation (NIR-PBM)
is based on the interaction between near-infrared
(NIR) light (700-1100nm) and biological tissues
through the mitochondrial respiratory chain. In
particular, NIR-PBM has exhibited its obvious
efficacy for the intervention of various categories of
ABL'"2! The unique properties of near-infrared
light, including its ability to penetrate deep into
tissue and its minimal risk of adverse effects, make it
an attractive candidate for therapeutic use in neu-
rological disorders such as stroke and various cate-
gories of ABL??7?° Herein, we aim to provide a
comprehensive overview on the recent work on
NIR-PBM as a therapeutic modality for the
treatment of ABI.

2. The Biological Mechanism
of Near-Infrared
Photobiomodulation Therapy

NIR-PBM is able to irritate brain parenchyma with
multifaceted effects, eliciting immediate cascades of
key signaling regulatory molecules through evoked
local and distant systemic responses. Previous
studies showed that cytochrome c oxidase plays an
important role in mediating the effects of PBM. In
particular, low-intensity NIR light stimulation is
able to prompt the dissociation of inhibitory nitric
oxide from the enzyme, thereby facilitating electron
transport and ATP synthesis. This cascade
potentiates mitochondrial membrane potential,
augments ATP production, and engenders the ex-
pression of transcription factors pivotal in govern-
ing gene expression, protein synthesis, and diverse
cellular and tissue functions.?”?® Currently, NIR-
PBM shows the ability to modulate Meningeal
lymphatic vessels (mLVs) drainage and attenuate
cognitive decline in aged mice and Alzheimer’s dis-
ease (AD) mice.?” Importantly, the local responses
underlying NIR-PBM consist of a number of ther-
apeutic effects® % (1) augmentation of intracellu-
lar adenosine triphosphate (ATP) generation;
(2) enhancement of mitochondrial function; (3)
mitigation of oxidative stress; (4) attenuation of
neuroinflammation; (5) facilitation of synaptogen-
esis and restoration of damaged synaptic connec-
tions; (6) induction of neurotrophic factors and
promotion of neurogenesis; and (7) instigation of
angiogenesis (Fig. 1(B)).

Interestingly, the therapeutic effects of NIR-
PBM are due to the optical absorption of cyto-
chrome c oxidase. NIR light can prompt redox
changes within cytochrome c oxidase, thereby ini-
tiating intracellular signaling cascades that posi-
tively modulate mitochondrial function and confer
intracellular protection through the upregulation of
cytoprotective factors (Fig. 1(B)).?°? Besides, NIR
light is able to facilitate the expression and accu-
mulation of antioxidants and cytoprotective fac-
tors,”® with gene profile analyses revealing the
promotion of noncoding RNAs (ncRNAs) under its
influence,** thereby delineating a compelling avenue
for further investigation into the role of noncoding
sequences. Further, NIR light exerts robust neuro-
protective effects, facilitating functional restoration
and improvement in damaged cortical regions
through enhancements in mitochondrial function,
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Fig. 1.

augmenting blood flow to injured neurons, and
amplifying cell survival factors (Fig. 1(C)).

To sum up, NIR-PBM can reduce inflammation
and neuronal mortality, enhance neurotrophic fac-
tor expression and neural progenitor cell prolifera-
tion, and overexpress protrusion proteins to
enhance the cognitive performances in ABI
patients.'? Additionally, NIR-PBM has been shown
by electroencephalography (EEG) and magnetoen-
cephalography (MEG) to influence neurophysio-
logical activity both locally and in distant cortical
regions.”” " Another research indicated that
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(A) The underlying mitochondrial biological mechanism of PBM. (B) Brain-focused mechanisms of transcranial PBM.
(C) Mechanisms of NIR-PBM at the cellular and molecular levels.

NIR-PBM can modulate brain connectivity to
improve cognitive function in ABI patients, which
can be detected in functional magnetic resonance
imaging (fMRI).!%15:16:38

3. Pathophysiology of Acquired Brain
Injury

Since ABI is characterized by distinct pathophysi-

ological mechanisms, it is essential to inspect the

underlying processes for developing effective thera-
peutic interventions. ABI consists of two primary
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categories: traumatic brain injury (TBI) and non-
traumatic brain injury (non-TBI) (Figs. 2(A) and
2(B)).>*>31 TBI is caused by external traumatic
incidents while non-TBI is due to internal patholog-
ical processes causing similar brain tissue impair-
ments. Interestingly, various factors contribute to
TBI such as motor vehicle accidents, falls, sports-
related incidents, and acts of violence. By contrast,
non-TBI can be instigated by events such as strokes,
neoplasms, infections, and oxygen deprivation.’
Likewise, clinical outcomes of ABI exhibit consider-
able diversity, affected by both the specific disease
mechanisms and demographic factors such as age,
genetic predispositions, and, socioeconomic status.

3.1.

TBI resulting from external mechanical forces
shows primary and secondary injury cascades.*!
Intracranial bleeding, diffuse axonal damage, and
localized contusions are examples of primary inju-
ries that occur at the time of impact. The
mechanisms for secondary damage transpire in the
hours to days following the original insult and in-
clude a multifaceted interaction between neuroin-
flammation, excitotoxicity, oxidative stress, and
altered cerebral blood flow.*?** These processes
exacerbate neuronal injury, demonstrating long-
term neurological deficits.

Traumatic brain injury

3.2. Ischemic stroke

Ischemic stroke arises from impaired cerebral blood
flow, depriving neurons of oxygen and nutrients.
Numerous harmful events, such as energy failure,
excitotoxicity, oxidative stress, and inflammation,
are a part of the ischemia cascade.*>*® The most
prevalent kind of ischemic brain damage, ischemic
stroke, is caused by thrombotic or embolic blockage
of the cerebral arteries.’® Subsequent neuronal
death and tissue damage occur in the core ischemic
zone, while surrounding regions undergo a cascade
of molecular and cellular changes, termed the pen-
umbra, which may be salvageable with timely
intervention.*"*®

3.3. Other forms of acquired brain
njury

In addition to TBI and ischemic stroke, ABI

encompasses a variety of other insults, including

anoxia, epidural or subdural hematomas and sub-
arachnoid hemorrhage, infection and neo-
plasm.?**°! Each condition is characterized by
distinct pathophysiological mechanisms, yet shares
common themes of neuronal injury, inflammation,
and impaired neuroplasticity.

3.4.

Despite advances in acute care and rehabilitation,
treatment options for ABI remain limited. Most of
the therapeutic strategies target specific aspects of
the injury cascade, such as reducing intracranial
pressure or restoring cerebral perfusion. However,
challenges persist in translating preclinical findings
into effective clinical interventions, highlighting the
need for innovative approaches to address the
multifaceted nature of ABI pathophysiology.’?

Challenges in treatment

4. Potential Mechanisms of NIR-PBM
in ABI

NIR-PBM has shown promising results in the
treatment of acquired brain injuries, but the exact
mechanisms behind its effectiveness are yet not fully
understood. One potential mechanism of action is
the stimulation of mitochondrial function through
the absorption of photons by cytochrome ¢ oxidase,
leading to increased ATP production and improved
cellular energy metabolism.?” In addition, NIR-
PBM shows its ability to reduce inflammation and
oxidative stress in the brain, which are common
factors in ABI pathophysiology. Further, NIR-PBM
may also promote neurogenesis and synaptogenesis,
leading to improved neuronal connectivity and
function.”®

4.1. Mzitochondrial function and energy
metabolism

Mitochondrial function and energy metabolism
stand as central focal points through which NIR-
PBM exerts its effects. NIR light, absorbed by
chromophores within the mitochondria, orches-
trates a series of events culminating in heightened
adenosine triphosphate (ATP) production, aug-
mented mitochondrial respiration, and enhanced
cellular energy metabolism.” This restoration of
mitochondrial function holds promise for mitigating
cellular dysfunction and fostering neuronal survival
post-injury.
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Fig. 2. (a) ABI: Etiopathology, classifications, the brain region affected, and related complications. (b) Schematic representation
of pathophysiology of ABI.
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Extensive investigations across diverse cell types
underscore the efficacy of PBM in bolstering mito-
chondrial function and metabolic equilibrium.””
Given the abundant mitochondrial density in neu-
ronal tissues, exposure to light precipitates the ac-
tivation of cytochrome c¢ oxidase (CCO), thereby
enhancing energy metabolism via increased oxygen
consumption and subsequent ATP generation.”%>7

The complex effects of NIR light on neuronal
ATP production have been outlined in earlier re-
search. In vitro experiment has demonstrated sig-
nificant restoration of ATP levels in potassium
cyanide (KCN)-treated neurons following exposure
to NIR-PBM by 770 nm, 830 nm, and 880nm LED
sources.”! Moreover, as shown in Fig. 3(A), in SH-
SY5Y cells, NIR laser PBM at 970 nm elicited a
notable increase in ATP production on days2
and 4.°® Complementing these findings, numerous
in vivo investigations have affirmed the capacity of
NIR-PBM to augment cerebral ATP production
across other neuropathological models.””:%°

The restoration of mitochondrial membrane
potential (MMP) is crucial in alleviating cellular
dysfunction, as evidenced by its key role in ATP
generation. Studies showed promising efficacious of
NIR-PBM in MMP restoration in pinkl mutant
Drosophila fruit flies.! Furthermore, in a variety of
animal models, transcranial laser PBM at around
810nm has shown the capacity to restore cerebral
MMP.%2:6% Notably, the quantity and efficiency of
mitochondria in neurons are directly linked to the
preservation of regular respiration and ATP syn-
thesis in the brain. Investigations have revealed
that both short and long-term exposure to 810 nm
laser PBM can increase mitochondrial number and
function within brain tissue.?!:%"

4.2. Anti-inflammatory, antioridant
and anti-apoptotic effects

One significant advantage of PBM lies in its potent
anti-neuroinflammatory properties. NIR-PBM has
demonstrated efficacy in attenuating neuroin-
flammation by suppressing the expression of pro-
inflammatory cytokines and modulating microglial
activation.’* Notably, an 808 nm laser PBM, ad-
ministered at lower fluences ranging from 0.2 J/cm®
to 10J/cm?, has been shown to induce the expres-
sion of M2 polarization markers such as CD206, in
BV2 microglia.®> Moreover, a plethora of studies

has corroborated the anti-neuroinflammatory
effects of NIR-PBM across various animal models of
TBRI.66

Additionally, NIR-PBM’s antioxidant qualities
may provide neuroprotection by efficiently scav-
enging reactive oxygen species (ROS) and reducing
oxidative stress. In vitro studies have underscored
the neuroprotective efficacy of PBM against ROS-
induced neurotoxicity, particularly against damage
instigated by hydrogen peroxide (H»O,) and
potassium cyanide (KCN) (Fig. 3(B)).*%%7 Addi-
tionally, in various animal models, PBM has dem-
onstrated the ability to bolster cerebral antioxidant
defense systems, further enhancing its neuropro-
tective potential.’?

Apoptosis represents a pivotal pathophysiologi-
cal mechanism implicated in a myriad of brain
injuries and disorders. Notably, an 810nm laser
PBM intervention has exhibited significant mitiga-
tion of neuronal apoptosis induced by oxygen-glucose
deprivation (OGD) via regulation of protein level in
cell death/survival pathways such as Akt, p-Akt and
Bcl-2, coupled with reduction of NO level (Figs. 3(C)
and 3(D)).%® Some in wvivo studies have reported
the attenuation of apoptosis in models of TBI** and
cerebral ischemia.®”

4.3. Neurotrophic factors and
neurogenesis

Neurotrophic factors, a pivotal family of proteins,
play integral roles in fostering the growth, viability,
and differentiation of neurons.’” Among the pri-
mary members of this family are Brain-Derived
Neurotrophic Factor (BDNF), Glial Cell-Derived
Neurotrophic Factor (GDNF), and Neuronal
Growth Factor (NGF).”"” BDNF, notably, exhibits
the capability to enhance the expression of Growth-
Associated Protein 43 (GAP-43), a crucial regulator
involved in neurite growth cone extension.”! GDNF
is expressed by various cellular entities including
astrocytes, neurons and microglia. It exerts neuro-
protective effects primarily on dopaminergic neu-
rons.”> The upregulation of BDNF and NGF
expression is thought to underpin the basement of
synaptogenesis and neurogenesis. "’

The pioneering in vitro evidence showcasing the
efficacy of 810 nm laser PBM in augmenting BDNF
and GDNF expression has profound implications.
This elevation in neurotrophic factor levels
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Fig. 3. (A) Reactive oxygen species (ROS) and ATP generation in SH-SY5Y cells treated with 445-nm and 970-nm wavelengths in
comparison to untreated cells on days 2 and 4. (B) Representative images of cortical neurons in different treatment groups.
Mitochondrial ROS was shown by MitoRox (red), mitochondrial colocalization was shown by Mitotracker green, and nuclei was
shown by Hoescht (blue) which can be observed in triple overlay. (C) Effects of NIR on pivotal cell death/survival signaling
pathways. Representative Western blot images and quantitation of p-Akt and Bcl-2 protein levels following Oxygen Glucose
Deprivation (OGD) and NIR. (D) Effects of NIR on Nitric Oxide (NO) production in primary cultured mouse cortical neurons.
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correlates with an increased proliferation of olfac-
tory ensheathing cells.” In murine models of TBI,
Hamblin and colleagues demonstrated that tran-
scranial 810 nm laser PBM robustly promotes neu-
rogenesis, enhancing the migration and
differentiation of neural progenitor cells.”* " Addi-
tionally, higher levels of BDNF expression were
noted in areas including the subventricular zone
and dentate gyrus, which coincided with the cortical
stimulation of synaptogenesis and neurogenesis.”
Anders et al. compared the treatment outcomes of
different parameters for 810 nm and 980 nm lasers
using an in vitro model, and subsequently confirmed
that PBM could enhance axonal regrowth in a
rabbit mode.”® PBM significantly increased cortical
neurogenesis while maintaining the survival of de-
veloping neurons in a photothrombotic rat para-
digm that mimics an ischemic stroke. Furthermore,
PBM promoted synaptogenesis in recently created
cortical neurons.®*

4.4. Cerebral blood flow and
angiogenesis

NIR-PBM enhances cerebral blood flow (CBF) and
promotes angiogenesis, both crucial for mitigating
neuronal damage and promoting recovery in ac-
quired brain injury. By inducing vasodilation
through nitric oxide release and reducing vascular
resistance, NIR-PBM improves blood flow to in-
jured brain regions.” This enhanced CBF ensures
an adequate supply of oxygen and nutrients while
facilitating the removal of metabolic waste, crucial
for neuronal survival.®’ Additionally, NIR-PBM
stimulates angiogenesis by upregulating angiogenic
growth factors like VEGF and bFGF, activating
endothelial cells, and remodeling the extracellular
matrix.®! These processes promote the formation of
new blood vessels, further improving blood supply
to the affected areas. The combined effects of en-
hanced CBF and angiogenesis create a favorable
environment for neuroprotection and neurogenesis,
supporting the brain’s natural repair mechanisms
and significantly contributing to the therapeutic
potential of NIR-PBM in treating ABI.5%:%3

In summary, NIR-PBM represents a novel ther-
apeutic approach that capitalizes on the unique
properties of NIR light to modulate cellular function
and promote tissue repair. By elucidating the fun-
damental principles and mechanisms of NIR-PBM,
we can gain insight into its therapeutic potential for

neurological disorders such as ABIL. Subsequent
sections will explore the application of NIR-PBM in
the context of ABI, including preclinical studies,
clinical applications, and future directions for re-
search and translation.

5. Current Applications of NIR-PBM

The promising therapeutic effects of near-infrared
photobiomodulation in preclinical studies have
spurred interest in its clinical application for ac-
quired brain injury. This section reviews existing
clinical research and case reports, evaluating the
effectiveness and safety of NIR-PBM in human
populations with ABI.

5.1. Traumatic brain injury

Current applications of NIR-PBM in TBI are
summarized in Table 1. The initial use of NIR-PBM
in an animal model of traumatic brain injury was
documented by Oron et al.** A transcranial 808-nm
Ga-As diode laser was utilized 4 h post-trauma to
illuminate the entire brain cortex, resulting in a
significant long-term functional neurological im-
provement in TBI. Regarding the PBM parameter,
various groups conducted different studies. Oron
et al. further explored the effects of continuous wave
(CW) or pulsed wave (PW) mode using an 808-nm
Ga-As diode laser and determined that the pulsed
laser mode at 100 Hz is the optimal choice for TBI
treatment.®® Ando et al. concluded that an 810 nm
Ga-Al-As diode laser pulsed at 10-Hz was the most
effective approach based on improvements in NSS
and body weight.®¢ Additionally, they observed
that PBM could reduce brain lesion volume and
exhibit an antidepressant effect in forced swim and
tail suspension tests. Wu et al. compared the
treatment effects of PBM in TBI mice using differ-
ent wavelengths (Figs. 4(A) and 4(B)).®” They
discovered that 665nm and 810nm (excluding
730nm and 980 nm) provided benefits for TBI.
Several studies have explored the underlying
mechanisms. Moreira et al. discovered that PBM
can impact TNF-«, IL-13, and IL-6 levels in the
brain and circulation within the initial 24 h follow-
ing cryogenic brain injury.®® They also demon-
strated that PBM using a 780nm AlGaAs diode
laser can enhance wound healing by preventing
neuronal death and severe astrogliosis (Figs. 4(D)
and 4).%” Khuman et al. indicated that NIR-PBM
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Recent advances in near-infrared photobiomodulation for the intervention of ABI

(800nm) can enhance cognitive function in a TBI
model by inhibiting microglial activation.’® Addi-
tionally, Xuan et al. proposed that PBM therapy
with a continuous wave 810 nm laser could promote

neurogenesis and reduce the lesion size of TBI."®
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Source: Adapted from Refs. 87, 89 and 92 with permission.
Fig. 4.

They further revealed that NIR-PBM might benefit
TBI by decreasing cell death in the lesion and
stimulating neurogenesis.”” Specifically, this ad-
vantage could be mediated by the stimulation of
brain-derived  neurotrophic  factor =~ (BDNF)

Neuron prosurvival
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(A) Scheme illustration of the possible mechanisms of transcranial LLLT for TBI. (B) Time course of NSS scores of shams

and laser-treated mice. (C) Changes in regional cerebral blood flow following 6 weeks of treatment (P3). Sagittal and superior views.
(D) Hlustrative photomicrographs of immunohistochemical reactions for GFAP-positive cells of lased animals and control animals in
14 days. (E) Evolution of the healing process of the cryogenic lesions of both experimental groups.
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Fig. 4.

production, which might promote synaptogenesis.”

Xuan et al. observed an intriguing biphasic dose
response in 3 or 14 daily sessions of NIR-PBM
treatment.”> Another study was conducted to
compare two groups receiving 3 or 14 daily sessions
of NIR-PBM treatment. They found that excessive
PBM might induce reactive gliosis and temporarily
impede the brain repair process stimulated by NIR-
PBM.” Zhang et al. examined the impact of NIR-
PBM on secondary brain injury in immediate early
responsive gene X-1 (IEX-1) knockout mice.”” They
observed that NIR-PBM provided significant pro-
tection by enhancing ATP production and selec-
tively modulating proinflammatory mediators.
Dong et al. demonstrated that NIR-PBM shielded
cells from apoptosis by maintaining the mitochon-
drial membrane potential and preventing cyto-
chrome c leakage.”” They suggested that combining
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NIR-PBM with energy metabolic modulators could
enhance the therapeutic effects on TBI mice.

A novel NIR-PBM technique called nano-pulsed
laser therapy (NPLT) system was developed by
Esenaliev et al.>* This system combines the advan-
tages of near-infrared laser light and optoacoustic
waves, which are produced with each short laser
pulse within the tissue. TBI rats treated by NPLT
showed better performance in cognitive tests with
lower apoptosis protein levels and higher BDNF
levels. Then they further investigated the neuro-
protective effects of NPLT probably due to modu-
lating the specific microRNAs (miRNAs) in neural
stem cells (NSC) in the dentate gyrus (DG).”!

For the clinical studies, Naeser et al. initially
reported an improvement in the cognitive function
of two chronic TBI patients after the application of
transcranial LED with 61 diodes (9 x 633nm,
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52 x 870nm).'> Subsequently, Naeser et al. con-
ducted an open-protocol study to confirm the posi-
tive effects in 11 chronic TBI patients following
transcranial rted/NIR, LED therapy.'® These
patients exhibited significant enhancements in
executive function, verbal learning, and memory.
Hipskind et al. utilized pulsed transcranial red/in-
frared LED (220 infrared and 180 red) PBM to
enhance cognitive function and regional cerebral
blood flow in chronic TBI patients (Fig. 4(C)).””
Chao et al. implemented a self-administered home
photobiomodulation in a 23-year-old professional
hockey player with a history of concussions using a
LED device emitting 810nm light pulses.”® This
study detailed increased brain volumes, improved
functional connectivity, increased cerebral perfu-
sion, and enhancements in neuropsychological test
scores after 8 weeks of PBM treatments, suggesting
a promising treatment option for TBI. In addition
to the benefits for long-term chronic TBI, a ran-
domized, single-center, prospective, double-blind,
placebo-controlled parallel-group trial was carried
out by Longo et al.”* Sixty-eight moderate TBI
patients were enrolled and received transcranial
LLLT using a custom-built helmet (360 LED sour-
ces emitting at a center wavelength of 810nm)
within 72 h post-trauma. The findings demonstrated
the feasibility of LLLT in all patients without any
adverse events. This study provided the first human
evidence indicating that light therapy activates
neural substrates involved in the pathophysiologic
mechanisms of moderate TBI. Rindner et al. pre-
sented a promising clinical trial involving 1064 nm
laser PBM.”” All participants in this study were able
to undergo the procedures without experiencing any
negative effects. Nine out of eleven individuals
showed clinically meaningful enhancements in the
participant-rated global rating of change score
(GRS). Results from neuropsychological assess-
ments and mood questionnaires also indicated a fa-
vorable therapeutic impact.

5.2. Ischemic brain injury

As shown in Table 2, PBM has been assessed in
stroke animal models and patients. Lapchak et al.
initially studied the effectiveness of NIR-PBM
(808 nm) for stroke in a rabbit small clot embolic
stroke model (RSCEM).” They discovered that
PBM enhanced behavioral performance and had

lasting benefits when started within 6 h of an em-
bolic stroke. Subsequently, they compared the
impacts of continuous wave or pulse wave NIR-
PBM and determined that PW offers superior
benefits.”” In a separate study, DeTaboada et al.
contrasted the effects of NIR-PBM applied ipsilat-
erally, contralaterally, and bilaterally to the in-
duced stroke.”® They observed that all treated
groups exhibited significant improvement compared
to the no-laser control group. Huisa et al. proposed
that additional NIR-PBM treatments yield greater
behavioral improvement than a single laser treat-
ment when administered during the acute ischemic
stroke phase (Fig. 5(D)).%”

For the mechanism study, Oron et al., the no-
table functional enhancement in stroke outcomes
attributed to NIR-PBM may be linked to the
stimulation of neurogenesis (Fig. 5(A)).'%° Lapchak
et al. first demonstrated that embolization can
lower the amount of ATP in rabbit cortex and that
NIR-PBM dramatically raised the amount of ATP
in the cortex in embolized rabbits.’® Yang et al.
investigated PBM’s effects on neurogenesis in a rat
photothrombotic (PT) model of ischemic stroke.*
PBM may improve the neural microenvironment
by enhancing mitochondrial function and altering
the inflammatory state. It may also increase neu-
rogenesis by encouraging the proliferation and dif-
ferentiation of internal neuroprogenitor cells in the
peri-infarct zone. Turker et al. investigated the
possible advantages of NIR-PBM for newborn brain
damage brought on by hypoxia-ischemia (HI) in a
rat model.’? They concluded that NIR-PBM ther-
apy significantly reduced neuronal apoptosis, oxi-
dative stress, and mitochondrial dysfunction in the
newborn HI brain. Wang et al. proposed that NIR-
PBM could help preserve the dynamics and activi-
ties of the mitochondria while preventing delayed
apoptotic neuronal death (Fig. 5(E)).'°! According
to de Jesus Fonseca et al., neurogenesis, muscular
resistance, and animal motor behavior after ische-
mic stroke may all benefit from exposure to 904-nm
LED light PBM.'%? Vogel et al. demonstrated that
780nm NIR-PBM could decrease epileptiform dis-
charges in stroke-induced epilepsy (Figs. 5(B) and
5(C)).1% Additionally, they confirmed that NIR-
PBM might increase astroglial activity in the peri-
lesioned area following stroke while decreasing
levels of TNF-«, IL-13, IL-6, brain injury, neu-
roinflammation, and microglial activation. Accord-
ing to Feng et al., NIR-PBM can prevent stroke
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Fig. 5. (A) Representative micrographs and quantified immunoreactivity of control and laser-irradiated rat brain slices of the SVZ
of the ipsilateral hemisphere (a—c) for bromodeoxyuridine (BrdU), (d—g) for tubulin isotype III (TUJI), and (h-k) for double
staining of TUJ1 and BrdU and (1-o0) for doublecortin (DCX). (B) Levels of inflammatory cytokines in brain tissue. (C) Number of
cells GFAP+, Iba+ and percentage of cells NeuN+ in the peri-lesional region. (D) Effects of laser treatments on stroke outcomes in
rabbits (triple laser curves). (E) Effect of PBM on the mitochondria-mediated caspase activation pathway in hippocampal CAl
subregion following GCI. (F) Photobiomodulation treatment (PBMT) increases vascular testosterone concentrations in photo-
thrombosis (PT)-stroke rats and OGD-treated bEND.3 cells.

damage to neurons in vivo and in wvitro, preserve  with testosterone following ischemic stroke

synaptic integrity, and inhibit neurotoxic astrocytic
polarization.?” Another study by Feng et al. pre-
sented evidence that NIR-PBM mitigates cerebro-
vascular injury and behavioral deficits associated

(Fig. 5(F)).'"* Yokomizo et al. demonstrated that
pretreatment with a 1064-nm laser enhanced cere-
bral blood flow, endothelial nitric oxide synthase
(eNOS) phosphorylation, and stroke outcomes.'%
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The PBM clinical trials for patients with acute
ischemic stroke were conducted as part of the neu-
rothera efficacy and safety trials (NEST) set of
investigations. The safety and effectiveness of in-
frared laser treatment for treating ischemic stroke in
humans was first assessed by Lampl et al. within
24 h of the stroke start.'’% 120 patients with acute
ischemic stroke were recruited for the NEST-1
experiment; 79 of them received head treatment
with an 808 nm laser, while the remaining patients
were placed in a sham treatment group that did not
receive any laser energy. Compared to the sham
treatment group, the patients undergoing laser
therapy exhibited improvement after 90 days.
Subsequently, Zivin et al. conducted the NEST-2
trial involving 660 patients aged 40 to 90 with acute
ischemic stroke.'%” Although TLT was proven to be
safe when administered within 24h after the be-
ginning of a stroke, its effectiveness did not achieve
formal statistical significance. NEST-1 and NEST-2
both showed that PBM had no effect on adverse
events or death rates. Unfortunately, the lack of
anticipated statistical significance led to the pre-
mature termination of NEST-3.10%

A clinical study on painful shoulder and shoul-
der-hand syndrome after stroke was reported in
2009.''Y Seventy stroke patients with shoulder pain
and edema in the paralyzed hand were examined.
They were split into two groups of 35 each. The
experimental group received treatment with a laser
probe (830nm), while the control group received
electrotherapy. The laser therapy administered to
the experimental group showed significantly better
outcomes in reducing pain, swelling, disability, and
enhancing independence compared to the control
group. A case report in 2012 suggested that PBM
conducted using an LED device (combining 660 nm
and 850 nm) on cerebral cortices, brainstem, cervi-
cal spine, core musculature, and lymphatics, along
with subsequent muscle/bone/joint recovery tech-
niques, could aid in the rehabilitation of stroke
patients.''! Two clinical studies by dos Reis et al.
and das Neves et al. indicated that 808 nm laser
PBM could enhance muscle function and decrease
pain intensity in stroke patients with spastici-
ty. 112113 In 2020, das Neves et al. presented a long-
term analysis showing that 808 nm laser PBM could
improve signal conduction in spastic muscle fibers of
chronic post-stroke spastic patients, leading to in-
creased elbow motion range, muscle fiber recruit-
ment, and muscle strength.!'* Most recently, das

Neves et al. reported that 780nm PBM demon-
strated significant enhancements in muscle perfor-
mance, reduction in fatigue and pain levels, and
improvement in range of motion in post-stroke
patients with spastic hemiparesis.*®

Casalechi et al. used a combination of various
light sources (12 diodes: four laser diodes at 905 nm,
four LED diodes at 875 nm, and four LED diodes at
640 nm) along with a static magnetic field to treat
stroke patients.''® They discovered that this ap-
proach had positive immediate effects on functional
mobility. Two years later, Dumont et al. further
examined the impact of this combined therapy at
varying doses.''® They noted that there were no
significant differences in spatiotemporal variables
observed among the different doses when compared
to the initial assessment. However, there were sig-
nificant differences (p < 0.05) in the kinematic
variable of the hip in both the affected and un-
affected limbs.

Besides the research on PBM in stroke-related
muscle disorders, Naeser et al. conducted a series of
studies on Red/Near-Infrared Transcranial PBM in
individuals with aphasia resulting from left hemi-
sphere stroke.''” Six patients received different PBM
protocols using LED cluster heads (633nm and
870nm). They discovered that NIR photons can
impact surface areas of the brain cortex beneath the
placement of the LED. Enhanced naming ability was
observed with the optimal Protocol: LED placement
on the left hemisphere along with the medial pre-
frontal cortex and precuneus. This is the initial study
to demonstrate positive effects from PBM therapy in
chronic stroke cases, revealing a significant increase
in functional connectivity within neural networks on
functional magnetic resonance imaging. A case study
indicated that transcranial photobiomodulation
(tPBM) in combination with traditional speech-
language therapy can enhance and expedite the
outcomes of speech-language therapy in stroke
patients with aphasia.''? Subsequently, Paolillo
et al. explored the impacts of transcranial laser
photobiomodulation in conjunction with neuro-
muscular electrical stimulation (NMES) in post-
stroke individuals.''® The laser cluster comprised 12
diode laser beams (4 x 660nm, 4 x 808 nm, and
4 x 980nm). This clinical trial demonstrated
enhancements in cognitive function, pain relief, in-
creased manual dexterity, and improvements in
physical and social-emotional well-being, suggesting
that transcranial laser  photobiomodulation
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Table 3.

Summary of studies on the effects of NIR-PBM in other forms of ABI.

Preclinical studies Animal models Wavelength

Irradiation parameters

Irradiation

approaches Effects and findings

Shirokov et al.'?®  Wistar rats 1050 nm
injected by C6

rat glioma cell

CW; 500 mW /cm?;

Skull contact PBM course during sleep
as opposed to
wakefulness more
successfully inhibits
glioma development
and promotes survival
compared with the
control by raising the
amount of CD8 in
glioma cells,
triggering apoptosis,
and preventing glioma
cell proliferation.'*”

10J/cm?

Clinical studies Human cases Wavelength

Irradiation parameters

Irradiation

approaches Effects and findings

People who
recovered from
the acute phase
of COVID-19
and presented
with brain fog

Bowen et al.'* 1070 nm, 660 nm,

and 850 nm

CW; 24 mW /cm?;

Helmet Cognitive test scores
significantly improved
with each PBM

delivery device.

20.2J/cm?

Notes: *Abbreviation: COVID-19: coronavirus disease 2019.

combined with NMES could serve as a valuable
therapeutic option for post-stroke rehabilitation.

5.3. Other forms of acquired brain
njury

Beyond TBI and ischemic stroke, NIR-PBM has
shown promise in other forms of ABI, such as in-
fection, glioma.'? Shirokov et al. compared the
effects of NIR-PBM for rat glioma during sleep and
wakefulness using a device for PBM under EEG
control.'?! They found that taking PBM during
sleep was more effective in inhibiting glioma growth
and improving survival than taking PBM during
wakefulness. These benefits may be due to an in-
crease in the number of CD8* in glioma cells, ac-
tivation of apoptosis, and blocking of glioma cell
proliferation. There is growing recognition that the
after-effects of COVID-19 include chronic fatigue
and brain fog. To investigate the effect of PBM on
COVID-19 brain fog, Bowen et al. utilized a
1070 nm helmet for transcranial PBM (tPBM) and
a light bed with 660 nm and 850 nm for whole-body
PBM (wbPBM).!”? This pilot clinical study

demonstrated that each PBM delivery device was
associated with significant improvements in cogni-
tive tests, highlighting the benefits of using PBM
therapy to treat long-COVID brain fog.

We can see the application of NIR-PBM to
another form of ABI is still an initial stage. The
primary reason may be that NIR-PBM cannot
directly eliminate tumors or infection. However,
NIR-PBM could potentially be used in tumor or
infection prognosis recovery.

5.4. Safety and considerations

Overall, NIR-PBM with low power density laser or
LED sources, appears to be well-tolerated with
minimal adverse effects reported in preclinical and
clinical studies. But there are still some safety issues
that need consideration.

First, the photon of NIR with a wavelength
> 700 nm cannot be perceived by the human eye, so
a safety concern arises from unintentionally expos-
ing the naked eye to NIR radiation.'?? Before and
during NIR-PBM treatment, goggles that have a
light density appropriate to the power and
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wavelength may need to be applied. Secondly, the
thermal effects of NIR-PBM also need consider-
ation.'?%!?> Some animal studies have shown a
slight temperature rise in the laser region, but no
obvious side effects have been detected.”-?%:126 Data
comparing CW and PW modes showed that the
PW laser had a smaller temperature rise on the
scalp and brain tissue surface.'?” The transcranial
1064 nm laser (3.4W) was used to irradiate the
human forehead. The skin temperature rose grad-
ually from 32°C to 41°C over the 4-minute irradi-
ation period and then remained constant at 41°C
for the next 4 min.'?® Therefore, the use of a thermal
imaging camera and cooling system may be neces-
sary. Thirdly, some side effects of NIR-PBM applied
to ABI have been reported. In a study on patients
with depression comorbidity along with TBI, 15
percent reported headaches and 28 percent felt tired
or fatigued after the first one to three sessions of IR-
PBM. However, these symptoms were released with
further treatment.'?’

In summary, clinical studies conducted to date
suggest that NIR-PBM holds promise as a safe and
effective adjunctive therapy for ABI. However, ad-
ditional research is needed to establish its efficacy,
optimize treatment protocols, and translate pre-
clinical findings into clinical practice.

6. Conclusion and Future Direction

Near-infrared photobiomodulation delivered nonin-
vasively to deep brain tissue represents a promising
therapeutic modality for acquired brain injury. It
offers the potential to mitigate neuronal damage
and promote recovery through its effects on mito-
chondrial function, neuroprotection, and neurogen-
esis. Numerous studies have demonstrated its
efficacy in treating traumatic brain injury, stroke,
and other forms of ABI.

Despite the growing evidence affirming the
therapeutic efficacy of NIR-PBM, several critical
questions remain. Future research should prioritize
elucidating optimal treatment parameters, including
the most efficacious wavelength, mode, intensity,
irradiation approach, and duration. Recent studies
have shown that wavelengths in the near-infrared
region, such as 780nm to 1070 nm, are effective,
with 808 nm being the most widely used. Combining
different wavelengths may yield more favorable
outcomes and become a trend in clinical studies.
In addition, NIR-PBM with energy densities of

0.1-15J/cm® is effective for neurons in animal
models, while 10-84J/cm? is effective in humans.
While PW mode has shown better outcomes in
animal studies, CW mode is more preferred in
clinical settings. Transcranial stimulation is com-
monly used, but for acute trauma or cerebral in-
farction, focusing NIR-PBM on the injured site may
provide more benefits. The biphasic dose response of
NIR-PBM highlights the importance of optimizing
treatment dose and duration for different situations.
Furthermore, identifying biomarkers indicative of
treatment response and establishing patient selec-
tion criteria are essential to optimize therapeutic
outcomes.

Translational investigations are imperative to
ascertain the enduring effects of NIR-PBM in
human cohorts with ABI. Large-scale, multicenter
clinical trials are crucial to establish the safety, ef-
ficacy, and cost-effectiveness of NIR-PBM as a
standard adjunctive therapy for ABI. Additionally,
exploring combination therapies that integrate
NIR-PBM with pharmacological agents or rehabil-
itation strategies holds promise for synergistically
enhancing therapeutic outcomes.

In conclusion, NIR-PBM represents a burgeoning
frontier in the therapeutic armamentarium for ABI.
By unraveling its underlying mechanisms of action
and conducting meticulous clinical investigations,
we stand poised to unlock the full therapeutic po-
tential of NIR-PBM, thereby improving outcomes
for individuals with ABI. Persistent dedication to
research in this domain is essential for advancing
our understanding of NIR-PBM and facilitating its
integration into clinical practice.
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