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Introduction: Transcranial photobiomodulation (tPBM) is a non-invasive
neuromodulation technology which has become a promising therapy for
treating many brain diseases. Although it has been confirmed in studies targeting
neurological diseases including Alzheimer's and Parkinson'’s that tPBM can improve
cognitive function, the effectiveness of interventions targeting TBI patients remains
to be determined. This systematic review examines the cognitive outcomes of
clinical trials concerning tPBM in the treatment of traumatic brain injury (TBI).

Methods: We conducted a systematic literature review, following the PRISMA
guidelines. The PubMed, Web of Science, Scopus, EMBASE, and Cochrane
Library databases were searched before October 31, 2023.

Results: The initial search retrieved 131 articles, and a total of 6 studies were finally
included for full text-analysis after applying inclusion and exclusion criteria.

Conclusion: Results showed improvements in cognition for patients with
chronic TBI after tPBM intervention. The mechanism may be that tPBM
increases the volume of total cortical gray matter (GM), subcortical GM, and
thalamic, improves cerebral blood flow (CBF), functional connectivity (FC), and
cerebral oxygenation, improving brain function. However, due to the significant
heterogeneity in application, we cannot summarize the optimal parameters for
tPBM treatment of TBI. In addition, there is currently a lack of RCT studies in this
field. Therefore, given this encouraging but uncertain finding, it is necessary to
conduct randomized controlled clinical trials to further determine the role of
tPBM in cognitive rehabilitation of TBI patients.

KEYWORDS

transcranial photobiomodulation, cognitive function, traumatic brain injury, brain
function, parameters

1 Introduction

TBI is a serious global public health issue that has attracted more and more attention from all
sectors of society (Mondello et al., 2022). Studies have shown that the incidence rate of TBI is 939
per 100,000 people. Therefore, approximately 69 million people worldwide will suffer from TBI
every year (Dewan et al,, 2018). The disease affects about 2.5 million people every year just in
America (Kwon et al., 2016).
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Undoubtedly, TBI can lead to physical, cognitive, and behavioral
impairments, all of which can lead to various limitations. In terms of
cognitive function - attention, processing speed, language, long- and
short-term memory, and executive function are most often affected
(Zoccolotti et al., 2000; Vallat-Azouvi et al., 2007; Slovarp et al., 2012;
Vakili and Langdon, 2016; Bosco et al., 2017; Shumskaya et al., 2017;
Lee and Kim, 2018; Neville et al,, 2019). These injuries are usually the
main goals of rehabilitation plans after TBI (Nousia et al., 2022).

TBI is caused by external forces, often motor vehicle accidents,
attacks, falls, sports injuries, or explosive injuries during military
service (Menon et al.,, 2010; Hamblin, 2018). Some scholars believe
these brain injuries may be caused by rotational (angular) force,
linear (translational) forces, or the blunt force that decelerates
during impact (Mckee and Daneshvar, 2015; Blennow et al., 2016).
The cerebral cortex, including prefrontal cortex, is often injured in
head trauma (Kato et al., 2007). Because the prefrontal cortex is an
important brain area that controls cognitive function, TBI patients
often suffer from cognitive dysfunction (Miller, 2000; Rabinowitz
and Levin, 2014). The specific manifestations are that patients have
abnormalities in attention, comprehension, processing speed,
memory, language, thinking, judgment and learning abilities which
seriously affect their work and life. Therefore, cognitive rehabilitation
for TBI is crucial.

In fact, due to the complexity of brain structure, there is
currently no recognized method for treating TBI, although some
research methods are conducting tests in acute (neuroprotective)
and chronic (neurorehabilitation) environments (L.oane and Faden,
2010). But it cannot be denied that non-invasive technology has
certain advantages in the treatment of brain diseases (Liew et al.,
2014). In fact, transcranial electrical stimulation (TES) and
transcranial magnetic stimulation (TMS) have been applied
clinically and have achieved some therapeutic effects (Monai et al.,
2016; Zhang et al,, 2021). However, the therapeutic effects of these
technologies are still limited and not without complications, such
as epilepsy (Woollams et al, 2017). In addition, people are
increasingly disappointed with drugs that treat brain function.
Based on the above reasons, in recent years, people have become
more and more interested in the application of tPBM in TBI (Naeser
and Hamblin, 2011, 2015; Hamblin, 2016; Hennessy and Hamblin,
2016). tPBM has almost no adverse side effects (Hamblin, 2018).
Moreover, its cost is much lower than repetitive TMS,
electroconvulsive therapy (ECT), and vagus nerve stimulation
(VNS), and there is no safety risk of selfadministration at home
(Caldieraro and Cassano, 2019). Therefore, tPBM may gradually
become a new alternative treatment method.

tPBM is a general type of photobiomodulation in which light
penetrates the skull and enters the brain matter to provide effects
(Salehpour et al,, 2018). In this process, light passes through a series
of layers, including scalp, periosteum, cranium and meninges, and
causes neurobiological changes in turn (Chen et al., 2013; Rojas and
Gonzalez-Lima, 2013). It is a potential neurorehabilitation treatment
method in the field of brain related diseases (Jahan et al., 2019).

With the rapid development of tPBM in the field of cognitive
neuroscience in recent years, we believe it is necessary to sort out and
summarize the literature in this field. Therefore, this systematic review
evaluates the changes in cognitive function of TBI patients after tPBM
intervention and explores whether tPBM can repair the cognitive
function of TBI populations by reviewing the use of cognitive testing
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methods in existing studies. Specifically, in this regard, we will try to
determine the cognitive functions that can be improved. In addition,
we will extract relevant treatment parameters, hoping to extract an
optimal treatment plan that utilizes tPBM intervention to promote the
cognitive rehabilitation of TBI patients. We will also identify existing
problems based on the current research status and provide suggestions
for future research.

2 Methods

The present systematic review was carried out following the
PRISMA Statement for reporting systematic reviews (Moher et al.,
2009, 2014).

2.1 Search strategy
We searched Web of Science, Cochrane, Scopus, EMBASE,

PubMed
(“photobiomodulation” OR “low-level light therapy” OR “low-level

and DPsycInfo, using the following keywords:
laser therapy” OR “infrared light therapy” OR “infrared laser therapy”
OR “transcranial laser” OR “transcranial light-emitting diode”) AND
(“Traumatic brain injury” OR “Brain injury” OR “Head injury” OR
“concussion”) AND (“cognition” OR “cognitive functioning”). The
search cutoff date was 31 October 2023.

2.2 Screening procedure

The articles’ titles and abstracts were screened independently by
two authors using inclusion and exclusion criteria. The inclusion
criteria were: (1) evaluation of tPBM intervention; (2) traumatic brain
injury population; (3) employed neuropsychological test or
experimental paradigm in measuring participants’ cognitive functions.
Exclusion criteria were: (1) reviews, conference articles, meeting
abstracts, research poster; (2) guideline article, study protocol, expert
opinions, editorials or commentaries; (3) animal studies; (4) lack of
full text; and (5) lack of cognitive outcome measures. There were no
restrictions based on language or publication date. In case of any
disagreement, a third experienced reviewer was called upon to decide
on the inclusion of a contested article (Sharma et al., 2020).

2.3 Quality assessment

Two reviewers used a tool developed by the Johanna Briggs
Institute (JBI) to evaluate the quality of each included article. Each
question has 4 potential answers to choose from, namely: “yes,” “no,”
“clear” or “not applicable” If there are differences, they will have a
discussion to resolve or ask the third party for assistance in judging.
JBI uses separate evaluation tools to evaluate the quality of each type
of study (randomized control trial, cohort, case-study, qualitative
investigation, etc.). The quality score for each study is the percentage
of “yes” (low risk of bias) marks over the total number of criteria. A
study was categorized as high quality, moderate quality, and low
quality if the score is above 80%, between 50 and 80%, and below 50%,
respectively (Lee et al., 2023).
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3 Results
3.1 Sample

The initial search result consisted of 131 articles (Figure 1). The
utilization of “Web of Science” resulted in 44 papers, “PubMed” in 11
articles, “Embase” in 17 articles, “Cochrane” in 15 articles, “Scopus” in
43 articles, “PsycInfo” resulted in 1 article, and “CINAHL’ resulted in
0 articles. Irrelevant studies, review articles, conference papers,
prospective articles, animal studies, or books were excluded. Six
studies were included in this review. The six articles included two case
reports (Naeser et al., 2011; Chao et al., 2020) and four case series
(Naeser et al., 2014, 2023; Carneiro et al., 2019; Hipskind et al., 2019).
There was a total of 40 TBI patients, including 11 males and 29
females, with an age range of 23-74 years. All the included patients
were chronic TBI patients, four of whom were active or retired athletes.

10.3389/fpsyg.2024.1378570

3.2 Irradiation and light dose parameters

Currently, there are many tPBM devices used to treat different
human brain diseases. Lasers and light emitting diodes (LEDs) have
frequently been used for the head, but over time, LED arrays have
increasingly become the most common method to deliver tPBM to
the head. The six studies we included all used LED, not laser light. The
wavelengths used across the studies were inconsistent. The
red wavelengths ranged from 639 to 660 nm, and the near-infrared
wavelengths, from 810 to 870 nm. The shortest wavelength was
629nm (Hipskind et al., 2019) and the longest, 870 nm (Naeser et al.,
2011, 2014).

In terms of the irradiation time per LED placement location
on the scalp, per treatment, the most widely used time was 20 min
(n=3) (Hipskind et al., 2019; Chao et al., 2020; Naeser et al.,
2023). One study used about 30 min (Carneiro et al., 2019). One
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FIGURE 1
PRISMA flow diagram.
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study only used about 5 min for the LED placements for the first
few treatments, and then gradually increased to about 10 min per
placement (Naeser et al., 2011). One study always used 10 min per
placement (Naeser et al., 2014). The most common treatment
schedule was three treatments per week (Naeser et al., 2014, 2023;
Hipskind et al., 2019; Chao et al., 2020), waiting one day in
between, before the next treatment (e.g., Monday, Wednesday,
Friday). With regards to the duration of a treatment series, the
most common was 6 weeks (n=4) (Naeser et al., 2014, 2023;
Carneiro et al.,, 2019; Hipskind et al.,, 2019), and the longest was
9months (n=1) (Naeser et al., 2011). Another treatment series
lasted for 8 weeks (Chao et al., 2020).

The mW/cm?) exhibited
inconsistency across the studies. A power density of 22.2 mW/cm?
was the most frequently used (Naeser et al., 2011, 2014, 2023).
Next, power densities of 75 mW/cm? and 100 mW/cm? were used
(Chao et al., 2020; Naeser et al., 2023). The Hipskind et al. (2019)
study used a pulsed power density of 6.4 mW/cm?. The minimum

irradiance (power density,

irradiance was 2.075 mW/cm? (Carneiro et al., 2019). In addition,
fluency (energy density, J/cm?®) showed large variation. The most
common energy density was 26 J/cm? (Naeser et al., 2011, 2014,
2023). Other energy densities were 60 J/cm?, 45 J/cm?, and 15]/
cm? (Chao et al., 2020; Naeser et al., 2023). The Hipskind et al.
(2019) study used a pulsed energy density of 7.7 J/cm®* The range
of total energy delivered was large, ranging from 4,536] (Naeser
etal., 2023) to 271,107.18 ] (Naeser et al., 2011). Four studies used
continuous wave (Naeser et al., 2011, 2014, 2023; Carneiro et al.,
2019), and two studies used pulsed wave (Hipskind et al., 2019;
Chao et al., 2020) (Table 1).

3.3 Treatment location and mode of
application

There were differences in the specific treatment locations in the
different studies. Most studies primarily used the entire head of the
subject, including frontal, parietal and temporal lobes as the treatment
locations (n=5) (Naeser et al., 2011, 2014, 2023; Carneiro et al., 2019;
Hipskind et al., 2019). One study used photobiomodulation therapy
for only the nasal cavity, in addition to the standard cortical nodes for
the Default Mode Network (Chao et al., 2020). One study also treated
the Default Mode Network starting around 2 months after the first
series of whole-head tPBM treatments had been completed (Naeser
etal., 2023).

3.4 Pre- and post-testing

Cognitive testing included multiple components, and the tests
used were diverse. The Trail Making Test was the most frequently used
(n=5) (Naeser et al., 2014, 2023; Carneiro et al., 2019; Hipskind et al.,
2019; Chao et al,, 2020). Four studies used the Stroop (Naeser et al.,
2011, 2014, 2023; Carneiro et al., 2019) and the California Verbal
Learning Test IT (Naeser et al., 2014, 2023; Hipskind et al., 2019; Chao
et al.,, 2020). Two studies used the Controlled Oral Word Association
Test (COWAT)/FAS Test (Naeser et al.,, 2014, 2023) and Color Word
Interference Test (Chao et al.,, 2020; Naeser et al.,, 2023), and the
Wechsler Adult Intelligence Scale (Hipskind et al., 2019; Chao et al.,
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2020). Other tests used among the six studies reviewed included the
Rey Auditory Verbal Learning Test; the Complex Rey Figure; verbal
and category fluency; the Wechsler Memory Scale, the Digit Vigilance
Test, Continuous Performance Test, Brief Visuospatial Memory Test
and the Symbol Digit Test.

3.5 Intervention effects

Thus far, most of the clinical studies have been conducted on
patients with chronic TBI. People who have had head injuries can
suffer from a variety of long-term symptoms, including cognitive
problems with impaired executive function, difficulty in concentration,
and poor memory. Each study reviewed here, examined the
intervention effect of tPBM on cognitive function. It was found that
these studies examined multiple aspects of cognitive function. All
researchers pointed out that the memory of subjects was enhanced
after tPBM intervention (n=6). In addition, 5 out of 6 studies reported
improvements in the subjects’ executive function (Naeser et al., 2011,
2014, 2023; Carneiro et al., 2019; Chao et al., 2020). It should be noted
that the aspect of improved executive function referred to in these
studies was mainly improved inhibition, as tested with the Stroop test.
Improved cognitive processing speed in TBI patients treated with
tPBM has also received significant attention. Three studies reported
that tPBM accelerated cognitive processing speed (Carneiro et al.,
2019; Hipskind et al., 2019; Chao et al., 2020). Four studies reported
that tPBM intervention improved verbal learning and memory
(Naeser et al., 2014, 2023; Hipskind et al., 2019; Chao et al., 2020).
Four studies observed improvement in executive function/inhibition
on the Stroop, including later home treatment (Naeser et al., 2011,
2014,2023; Chao et al,, 2020). Three studies observed positive changes
in the subjects’ attention and concentration after the tPBM
intervention (Hipskind et al., 2019; Chao et al., 2020; Naeser et al.,
2023). Two studies reported that tPBM intervention improved verbal
fluency (Chao et al., 2020; Naeser et al., 2023). In addition, two case
series reported that tPBM intervention had a significant impact on
visual and verbal episodic memory and visuospatial memory
(Carneiro et al., 2019; Naeser et al., 2023).

It should be emphasized that these early clinical studies using
LED:s to treat TBI were neither controlled nor randomized. This
included results from two case reports (Naeser et al., 2011; Chao
etal, 2020), and four case series (Naeser et al., 2014, 2023; Carneiro
et al., 2019; Hipskind et al., 2019). We did not retrieve any eligible
randomized, controlled trial (RCT) studies. Thus, the results in the
six studies reviewed could include a possible placebo effect. This is
studies need to include randomized,

unknown. Future

controlled trials.

3.6 Quality assessment

Figure 2 shows the results for the overall quality of the two case-
report studies, and the four case-series studies. For the six articles, five
studies (Naeser et al., 2011, 2014, 2023; Hipskind et al., 2019; Chao
etal,, 2020) (83.3%) were evaluated as high quality (e.g., low bias risk),
while the remaining one study (Carneiro et al., 2019) (16.7%) was
rated as medium quality. The methodological quality of most of the
included studies was considered high.
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TABLE 1 Assessment used and treatment outcome of tPBM studies.

Source

Subject

(n)

Light-
emitting
device

Wavelength
(nm)

Irradiance
(mMW/cm?)

Fluency
(3/cm?)

Total
energy
delivered

Treatment
location

Treatment
period

Pre- and
post-
tests

Main outcome

Naeser et al. Chronic TBI LED 633; 870 222 9.324 (7min)- 271107.18 Continuous 3 (Entire head, 1st week: 7min; 2nd | Stroop; Improved executive
(2011) 2) 13.32 (10 min) forehead, frontal, week: 8 min; 3rd WMS-R function (inhibition)
parietal, and week: 9min and memory,
temporoparietal) thereafter: reduction in PTSD.
10 min/9 months
Chao et al. TBI(1) LED 810 Posterior:100; Posterior:60; 6,720 Pulsed wave 5 (DMN; 20min/28/ Tx’s CVLT-1I; Improved verbal
(2020) anterior:75; anterior:45; 10Hz, 40Hz intranasal) 8weeks TMT; VFT; learning and memory,
intranasal:25 intranasal:15 CWIT; executive function,
WAIS-IIT attention, verbal
fluency and
processing speed.
Naeser et al. Chronic TBI LED Protoc. A: 633, 870 Protoc. A: 22.2; Protoc. A&C: Protoc. A: Protoc. A&C: Protocol A&C: 22-40 min/ Stroop; Improved executive
(2023) (4) Protoc. B: 810, 633 Protoc. B: 75, 100, 26 10,800 Continuous Entire head 18/6 weeks TMT; function; attention;
Protoc. C: 660,850 25;8 Protoc. B: 45, Protoc. B: 4,536 = Protoc. B: 40 Protocol B: 810, CVLT-1I; verbal learning and
Protoc. C: 41; 35 60, 15; 12 Protoc. C: DMN, and 630, CPT; CWIT; | memory; visuospatial
29,259 intranasal BVMT-R; memory; verbal
COWAT/ fluency.
FAS
Carneiro Chronic TBI LED 630 2.075 3.74 26,892 Continuous 1 (Entire head) 30min/18/6 weeks Stroop; Improve in visual and
etal. (2019) (10) TMT; DST; verbal episodic
RCFT; memory, planning,
RAVLT; and processing speed.
VFT
Hipskind Chronic TBI LED 629, 850 6.4 7.7 71,892 Pulsed wave 1 (Entire head) 20 min/18/6 weeks CVLT-1I; 60f15
etal. (2019) (12) 73 Hz; 587 Hz; WAIS-1V; neuropsychological
1,175Hz TMT-B; tests, improved verbal
DVT learning; memory;
concentration;
processing speed.
Naeser et al. Chronic TBI LED 630, 870 222 26.64 64,800 Continuous 2 sets of 6 LED 20min/18/6 weeks TMT; Improved executive
(2014) (11) Cluster Heads Stroop; function and verbal
(Entire head, CVLT-II; learning and memory.
frontal, parietal, COWAT/
temporal areas) FAS Test

WMS-R, the Wechsler Memory Scale - Revised; CVLT-II, California Verbal Learning Test II; CWIT, Color Word Interference test; TMT, Trail Making Test; BVMT, Brief Visuospatial Memory Test; CPT, Continuous Performance Test; WAIS-III, Digit Span subtest of

the Wechsler Adult Intelligence Scale-IIT; VFT, Verbal Fluency Test; COWAT/FAS Test, Controlled Oral Word Association Test; DST, Digit Symbol Test; RAVLT, Rey Auditory Verbal Learning Test; RCFT, Rey Complex Figure Test; WAIS-IV, Wechsler Adult Intelligence

Scale IV; DVT, Digit Vigilance Test; PTSD, post-traumatic stress disorder.

eie busaz

0£58/5T 202 6Asd}/6855°0T


https://doi.org/10.3389/fpsyg.2024.1378570
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Zeng et al.

10.3389/fpsyg.2024.1378570

(B) case series.
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FIGURE 2

Cochran risk of bias tool. Each risk of bias item for each included study and presented as percentages across all included studies. (A) Case report,

4 Discussion

The purpose of this study was to systematically evaluate the
effectiveness of tPBM to reduce cognitive impairments in patients
with TBI. In addition, the different tPBM treatment parameters
used in six different studies were reviewed. The cognitive
functions evaluated included executive function (inhibition),
verbal learning and memory, attention, and concentration.
Overall, our results showed that tPBM can promote positive
changes in cognitive function in persons with TBI. This suggests
that tPBM may be a promising technology for treating TBI
patients with cognitive impairment.

Our results are basically consistent with previous meta-analysis
results from different subject populations. For example, Salehpour
et al’s meta-analysis found that tPBM can have beneficial effects on
memory, attention, and executive function in healthy individuals
(Salehpour et al, 2019). Furthermore, meta-analysis studies that
focused on patients with MCI, dementia, stroke, Parkinson’s and
Alzheimer’s disease, also found that tPBM was beneficial to promote
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recovery of cognitive function (Spera et al., 2021; Cheung et al., 2023;
Kuo and Kim, 2023; McGee et al., 2023).

However, no large-scale, controlled clinical trials have been completed
that used tPBM to treat the cognitive function of chronic TBI. Thus, the
application of tPBM to improve cognition after TBI has not been widely
accepted. At present, only one RCT study was found that used tPBM with
TBI (Longo et al,, 2020). The subjects were TBI patients in the acute, early
subacute, and late subacute stage and their cognitive function was not
evaluated before and after the intervention. In various studies, however,
neuroimaging measures have provided objective support for cognitive
improvements following a series of tPBM treatments (Hipskind et al,,
2019; Chao et al., 2020; Naeser et al., 2023).

Chao etal. (2020), examined a 23-year-old professional ice hockey
player who had suffered 6 concussions in 5.5 years, using brain magnetic
resonance imaging (MRI) before and after a series of tPBM treatments.
They found that after these treatments, the volume of total cortical GM,
subcortical GM, and thalamus in this athlete increased. In addition,
these researchers observed that after the 8 weeks of tPBM treatments,
there was a less scattered presence of functional connectivity (FC)
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among several cortical areas. There was a better-defined FC, for
example, between the anterior cingulate cortex (ACC) and the anterior
insula—both are cortical nodes of the Salience Network (SN) which is
important for attention. Initially after head injury, undamaged parts of
the brain may attempt to take over the function of injured areas (Stevens
etal, 2012; Iraji et al,, 2015). After tPBM intervention, there appears to
be less demand for compensatory processes (Chao et al., 2020).

Hipskind et al. conducted single photon emission computed
tomography (SPECT) brain scans on TBI participants before and after
intervention to quantitatively measure regional CBF (rCBF) in 138
regions of interest. After intervention, 8 out of 12 participants showed a
significant increase in rCBF (Hipskind et al., 2019).

Carneiro et al. compared the cerebral hemodynamic conditions of
TBI patients before and after tPBM intervention through transcranial
Doppler (TD). It was found that tPBM promoted increased rCBE,
mainly in left peak systolic velocity (PSV), thereby increasing cerebral
oxygenation, and in turn, improving cerebral function (Carneiro
etal, 2019).

Naeser et al. (2023) investigated the brain changes in TBI participants
before and after a series of tPBM treatments using MRI. Resting-state
functional-connectivity MRI (rs-fcMRI) showed an increase in FC
within SN, and within the central executive network (CEN) following a
6-week tPBM treatment series. Magnetic resonance spectroscopy (MRS)
analysis showed an increase in the metabolite, n-acetyl-aspartate (NAA),
in ACC. Further analysis revealed that rs-fcMRI showed significant
correlations with increases in the SN FC with executive function,
attention, post-traumatic stress disorder (PTSD), pain, and improved
sleep. The increase in CEN FC was related to improved verbal learning
and memory, as well as depression. The increase in NAA in the ACC was
related to reduced pain and PTSD. These changes on rs-fcMRI, and on
MRS support the beneficial cognitive effects of tPBM (Naeser et al., 2023).

Although the six articles included in this review observed similar
beneficial findings, there were differences in the tPBM LED parameters
used. Thus, at this time, there is no consensus on the optimal treatment
parameters for clinical application of tPBM for chronic TBI.

Currently, there are mainly two types of light sources used in tPBM:
lasers and LEDs. tPBM is a radiant energy that utilizes wavelengths
ranging from red to near-infrared, with high penetration to small tissue
areas (Gutiérrez-Menéndez et al., 2020). PBM uses laser or LED light to
regulate biological functions and achieve specific therapeutic effects in a
noninvasive manner. Some studies suggest that a large amount of laser
energy will cause tissue heating, which may increase the risk of damage
(Rojas and Gonzalez-Lima, 2013). The use of LEDs is relatively safe and
less expensive than lasers. They may illuminate large areas of tissue at the
same time. In addition, LEDs do not need to consider the optical safety
issues of lasers (Montazeri et al,, 2021). Flexible LED devices can
be embedded into helmets for tPBM application (Salehpour et al., 2019).
These advantages have encouraged increasingly more researchers to use
LED:s instead of lasers (Berman et al., 2017; Salehpour and Rasta, 2017).
Perhaps due to the above reasons, all six studies included in this review
adopted LED light.

Wavelength is one of the important parameters to consider for tPBM
treatment. The wavelength should be selected within a reasonable range,
to provide better absorption and sufficient tissue penetration to reach the
mitochondria and cytochrome ¢ oxidase (CCO) in the targeted cells
(Carroll, 2019). This range is between 600 and 1,200 nanometers, except
between 700 and 780 nm where there is a potential for reduced efficacy
(de Freitas and Hamblin, 2016; Henderson and Morries, 2017; Carroll,
2019). Similar to this view, studies have shown that light in the spectral
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bands of 650-680 and 800-870nm match the absorption of relatively
oxidized CCO, while the band at 750-770nm matches reduced CCO
(Karu et al,, 2005). On this basis, regarding the TBI studies reviewed in
this paper—although the wavelengths were inconsistent, they were
primarily 630-660 nm and 810-870 nm. This range was associated with
beneficial effects on cognition in the chronic TBI cases treated.

In research on TBI, most studies have set the irradiance at
10-70 mW/cm?, with 22.2 mW/cm? as the most commonly used. The
irradiance depends on the number of watts of the device, and the size of
the area in cm? that is emitting the photons from that device. In order to
ensure patients’ safety, the values used in the medical field are usually low
(Gavish and Houreld, 2018). 10 to 70mW/cm? is the typical LED
irradiance used in studies (Cassano et al., 2015; Salgado et al., 2015). The
irradiance parameters used in intranasal applications are lower than
those used in transcranial applications (Gutiérrez-Menéndez et al., 2020).

Concerning energy density, previous studies have pointed out that
the most commonly used doses for treating neurological disorders are
between 10 and 30]/cm? and for treating psychological disorders,
between 12 and 84 J/cm”. The recommended range for healthy subjects
is between 15 and 60J/cm? (Karu et al., 2005; Cassano et al., 2015). In
this study, the energy density parameters used by the researchers were
different, primarily ranging from 12 to 30J/cm? per LED placement
(Naeser etal., 2011,2014, 2023; Chao et al., 2020), with a few reaching
60J/cm? (Chao et al.,, 2020; Naeser et al., 2023). We also found
significant differences in total energy among different studies (e.g.,
ranging from around 4,536 to 271,107.18]) (Naeser et al., 2011, 2023).
Due to the beneficial intervention effects achieved in all six of the
included studies, we speculate that the total energy dose for TBI
patients should not be too low. However, we also suggest that it may
not be necessary to provide too high doses of total energy in order to
promote cognitive recovery in TBI patients.

Regarding the specific areas on the head to treat in TBI, because the
forehead has little hair, it has been used frequently. The frontal pole areas
are just behind the forehead. In addition, one can likely deliver photons
to the midline, mesial prefrontal cortex area. The mesial prefrontal
cortex area is an important node in the Default Mode Network. Thus,
the forehead was a commonly selected area for tPBM in the studies
reviewed (Naeser et al., 2011, 2014, 2023; Carneiro et al., 2019; Hipskind
etal, 2019; Chao et al.,, 2020). In addition, the parietal (and temporal
lobes) have been treated in studies with tPBM (Naeser et al., 2011, 2014,
2023; Carneiro et al., 2019; Hipskind et al., 2019; Chao et al., 2020).
Some studies applied the tPBM treatments to the entire head (Naeser
et al,, 2014, 2023; Carneiro et al., 2019; Hipskind et al., 2019). Some
studies also delivered photons to the nasal cavity (Chao et al., 2020;
Naeser et al., 2023). tPBM delivered to anatomical sites outside the scalp
(such as the nasal cavity) can allow photons to be absorbed by
circulating blood which can then benefit the brain (Lee et al., 2023).

In regards to the irradiation time during a treatment session, many
studies chose a treatment time of 20 min per LED placement (Hipskind
etal, 2019; Chao etal., 2020; Naeser et al., 2023). Lapchak et al. suggested
that patients should receive multiple tPBM treatments during a tPBM
treatment series for best results (Lapchak, 2012). Many studies with TBI
patients applied a total of 18 tPBM treatments, three times per week (with
a48-h break, between treatments), over a time-period of 6 weeks (Naeser
etal., 2014, 2023; Carneiro et al., 2019; Hipskind et al., 2019). In addition,
we have analyzed safety issues during the treatment process. In the six
studies included, four studies clearly reported no side effects or adverse
events (Naeser et al,, 2011, 2014, 2023; Hipskind et al,, 2019). One study
did not mention the safety issues (Carneiro et al., 2019). Chao et al.
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pointed out in the case report that the subject had mild headaches after
one week of receiving tPBM treatment with the Vielight Neuro Gamma
headframe device, pulsed at 40 Hz. After 10 days of adjusting to a different
headframe device, the Vielight Neuro Alpha device, pulsed at 10Hz, the
headaches were no longer experienced (Chao et al., 2020). The 40 Hz pulse
rate is considered to be more stimulating, whereas the 10Hz pulse rate is
more relaxing (Zomorrodi et al, 2019). Overall, the treatment of tPBM is
relatively safe and has not caused any significant safety issues.

In summary, through a review of the relevant tPBM literature to
treat chronic TBI, it appears that this treatment method can promote
improved cognition. There were differences, however, in details of the
tPBM parameters used in each study. At this time, there is no consensus.
Also, the early research in this field, which includes case reports and
case series, has not had an opportunity to enroll sham-control groups.
Thus, it is not clear if the improvement in cognition for these chronic
TBI cases was entirely associated with the tPBM treatments.

Although the current literature supports the use of tPBM as a
promising treatment to improve cognition in chronic TBI patients,
in order to have sufficient evidence, large, randomized, controlled
clinical trials are necessary (Lee et al., 2023). Future tPBM research
with chronic TBI cases could offer optimal treatment parameters.
Also to date, most research with TBI has been performed with
chronic TBI in humans; the research with acute TBI has mainly only
been conducted on animal models (Stevens et al., 2023). At present,
it is unknown if tPBM is safe and effective for use with acute TBI
patients. Since tPBM has been shown to promote increase in rCBE, it
would be contraindicated in cases with active bleeding—e.g., acute
brain hemorrhage in humans, until bleeding has completely stopped.
Finally, it is likely with the development of, and more widespread use
of better brain imaging techniques—e.g., rs-fcMRI, MRS, SPECT and
PET scans, the mechanisms and effects of tPBM to improve cognitive
function in TBI will become better known.

With the increasing incidence of TBI worldwide, cognitive
rehabilitation methods for acute and chronic TBI patients requires
attention. Treatments that include tPBM offer promise, at this time but
more sham-controlled clinical research studies are needed.

5 Conclusion

In conclusion, this systematic review of two case reports, and four
case series studies using tPBM with chronic TBI patients suggests that
tPBM can be used to improve cognition. tPBM is non-invasive, and safe
as used in these six tPBM studies. Cognitive function was improved in
the areas of executive function (inhibition), processing speed, attention,
concentration, verbal learning and memory, and verbal fluency. tPBM
was reported to increase the volume of total cortical GM, subcortical

References

Berman, M. H., Hamblin, M. R., and Chazot, P. (2017) in Photobiomodulation and
other light stimulation procedures. eds. J. R. Evans and R. P. Turner (London: Academic
Press), 97-129.

Blennow, K., Brody, D. L., Kochanek, P. M., Levin, H., McKee, A., Ribbers, G. M., et al.
(2016). Traumatic brain injuries. Nat. Rev. Dis. Primers 2, 1-19. doi: 10.1038/
nrdp.2016.84

Bosco, E M., Parola, A., Sacco, K., Zettin, M., and Angeleri, R. (2017). Communicative-
pragmatic disorders in traumatic brain injury: the role of theory of mind and executive
functions. Brain Lang. 168, 73-83. doi: 10.1016/j.band].2017.01.007

Frontiers in Psychology

10.3389/fpsyg.2024.1378570

GM, and thalamus, improve CBE, FC, and cerebral oxygenation. These
may be some key mechanisms associated with improved cognition in
the chronic TBI patients studied. The specific tPBM treatment
parameters varied, and future studies should refine them for optimal
effects. Given these encouraging findings in the existing literature, it is
recommended that high-quality, large, randomized controlled clinical
trials be conducted with acute as well as chronic TBI patients.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

JZ: Conceptualization, Data curation, Investigation, Methodology,
Writing - original draft, Writing - review & editing. CW: Data
curation, Methodology, Supervision, Writing — original draft, Writing
- review & editing. YC: Data curation, Methodology, Supervision,
Visualization, Writing - review & editing. DL: Data curation,
Methodology, Supervision, Writing - review & editing. QW:
Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Caldieraro, M. A., and Cassano, P. (2019). Transcranial and systemic photobiomodulation
for major depressive disorder: a systematic review of efficacy, tolerability and biological
mechanisms. J. Affect. Disord. 243, 262-273. doi: 10.1016/j.jad.2018.09.048

Carneiro, A. M. C,, Poiani, G. C., Zaninnoto, A. L., Lazo Osorio, R., Oliveira, M. D.
L., Paiva, W. S, et al. (2019). Transcranial photobiomodulation therapy in the cognitive
rehabilitation of patients with cranioencephalic trauma. Photobiomodul. Photomed.
Laser Surg. 37, 657-666. doi: 10.1089/photob.2019.4683

Carroll, J. D. (2019) in Light sources and dosimetry for the brain and whole body. eds.
R. Michael Hamblin and Y. Y. Huang (Chesham, UK: Academic Press), 89-95.

frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1378570
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1038/nrdp.2016.84
https://doi.org/10.1038/nrdp.2016.84
https://doi.org/10.1016/j.bandl.2017.01.007
https://doi.org/10.1016/j.jad.2018.09.048
https://doi.org/10.1089/photob.2019.4683

Zeng et al.

Cassano, P,, Cusin, C., Mischoulon, D., Hamblin, M. R., De Taboada, L., Pisoni, A.,
et al. (2015). Near-infrared transcranial radiation for major depressive disorder: proof
of concept study. Psychiatry J. 2015, 1-8. doi: 10.1155/2015/352979

Chao, L. L., Barlow, C., Karimpoor, M., and Lim, L. (2020). Changes in brain function
and structure after self-administered home photobiomodulation treatment in a
concussion case. Front. Neurol. 11:952. doi: 10.3389/fneur.2020.00952

Chen, Y., De Taboada, L., O’Connor, M., Delapp, S., and Zivin, J. A. (2013). Thermal
effects of transcranial near-infrared laser irradiation on rabbit cortex. Neurosci. Lett. 553,
99-103. doi: 10.1016/j.neulet.2013.07.049

Cheung, M. C,, Lee, T. L., Sze, S. L., and Chan, A. S. (2023). Photobiomodulation
improves frontal lobe cognitive functions and mental health of older adults with non-
amnestic mild cognitive impairment: case studies. Front. Psychol. 13:1095111. doi:
10.3389/fpsyg.2022.1095111

de Freitas, L. FE, and Hamblin, M. R. (2016). Proposed mechanisms of
photobiomodulation or low-level light therapy. IEEE J. Sel. Top. Quantum Electron. 22,
348-364. doi: 10.1109/JSTQE.2016.2561201

Dewan, M. C,, Rattani, A., Gupta, S., Baticulon, R. E., Hung, Y. C., Punchak, M., et al.
(2018). Estimating the global incidence of traumatic brain injury. J. Neurosurg. 130,
1080-1097. doi: 10.3171/2017.10.JNS17352

Gavish, L., and Houreld, N. N. (2018). Therapeutic efficacy of home-use
photobiomodulation devices: a systematic literature review. Photomed. Laser Surg. 37,
1-13. doi: 10.1089/ph0.2018.4512

Gutiérrez-Menéndez, A., Marcos-Nistal, M., Méndez, M., and Arias, J. L. (2020).
Photobiomodulation as a promising new tool in the management of psychological
disorders: a systematic review. Neurosci. Biobehav. Rev. 119, 242-254. doi: 10.1016/j.
neubiorev.2020.10.002

Hamblin, M. R. (2016). Shining light on the head: photobiomodulation for brain
disorders. BBA Clin. 6, 113-124. doi: 10.1016/j.bbacli.2016.09.002

Hamblin, M. R. (2018). Photobiomodulation for traumatic brain injury and stroke. J.
Neurosci. Res. 96, 731-743. doi: 10.1002/jnr.24190

Henderson, T. A., and Morries, L. D. (2017). Multi-watt near-infrared phototherapy
for the treatment of comorbid depression: an open-label single-arm study. Front. Psych.
8:187. doi: 10.3389/fpsyt.2017.00187

Hennessy, M., and Hamblin, M. R. (2016). Photobiomodulation and the brain: a new
paradigm. J. Opt. 19:013003. doi: 10.1088/2040-8986/19/1/013003

Hipskind, S. G., Grover, E L. Jr., Fort, T. R., Helffenstein, D., Burke, T. J., Quint, S. A.,
et al. (2019). Pulsed transcranial red/near-infrared light therapy using light-emitting
diodes improves cerebral blood flow and cognitive function in veterans with chronic
traumatic brain injury: a case series. Photobiomodul. Photomed. Laser Surg. 37, 77-84.
doi: 10.1089/photob.2018.4489

Iraji, A., Benson, R. R., Welch, R. D., O'Neil, B. ., Woodard, J. L., Ayaz, S. L, et al.
(2015). Resting state functional connectivity in mild traumatic brain injury at the acute
stage: independent component and seed-based analyses. J. Neurotrauma 32, 1031-1045.
doi: 10.1089/neu.2014.3610

Jahan, A., Nazari, M. A., Mahmoudi, J., Salehpour, E, and Salimi, M. M. (2019).
Transcranial —near-infrared  photobiomodulation  could modulate brain
electrophysiological features and attentional performance in healthy young adults.
Lasers Med. Sci. 34, 1193-1200. doi: 10.1007/s10103-018-02710-3

Karu, T. L, Pyatibrat, L. V., Kolyakov, S. E, and Afanasyeva, N. L. (2005). Absorption
measurements of a cell monolayer relevant to phototherapy: reduction of cytochrome ¢
oxidase under near IR radiation. J. Photochem. Photobiol. B Biol. 81, 98-106. doi:
10.1016/j.jphotobiol.2005.07.002

Kato, T., Nakayama, N., Yasokawa, Y., Okumura, A., Shinoda, J., and Iwama, T. (2007).
Statistical image analysis of cerebral glucose metabolism in patients with cognitive
impairment following diffuse traumatic brain injury. J. Neurotrauma 24, 919-926. doi:
10.1089/neu.2006.0203

Kuo, Y. L., and Kim, B. (2023). High dosage transcranial photobiomodulation
increases corticomotor excitability in an individual with chronic stroke: a case report.
Brain Stimul. 16:354. doi: 10.1016/j.brs.2023.01.685

Kwon, E. J., Skalak, M., Lo Bu, R,, and Bhatia, S. N. (2016). Neuron-targeted
nanoparticle for siRNA delivery to traumatic brain injuries. ACS Nano 10, 7926-7933.
doi: 10.1021/acsnano.6b03858

Lapchak, P. A. (2012). Transcranial near-infrared laser therapy applied to promote
clinical recovery in acute and chronic neurodegenerative diseases. Expert Rev. Med.
Devices 9, 71-83. doi: 10.1586/erd.11.64

Lee, T. L., Ding, Z., and Chan, A. S. (2023). Can transcranial photobiomodulation
improve cognitive function? A systematic review of human studies. Ageing Res. Rev.
83:101786. doi: 10.1016/j.arr.2022.101786

Lee, S. A., and Kim, M. K. (2018). Effect of low frequency repetitive transcranial
magnetic stimulation on depression and cognition of patients with traumatic brain
injury: a randomized controlled trial. Med. Sci. Monit. 24, 8789-8794. doi: 10.12659/
MSM.911385

Liew, S. L., Santarnecchi, E., Buch, E. R., and Cohen, L. G. (2014). Non-invasive brain
stimulation in neurorehabilitation: local and distant effects for motor recovery. Front.
Hum. Neurosci. 8:378. doi: 10.3389/fnhum.2014.00378

Frontiers in Psychology

10.3389/fpsyg.2024.1378570

Loane, D. J., and Faden, A. I. (2010). Neuroprotection for traumatic brain injury:
translational challenges and emerging therapeutic strategies. Trends Pharmacol. Sci. 31,
596-604. doi: 10.1016/j.tips.2010.09.005

Longo, M. G. E, Tan, C. O,, Chan, S. T., Welt, J., Avesta, A., Ratai, E., et al. (2020).
Effect of transcranial low-level light therapy vs sham therapy among patients with
moderate traumatic brain injury: a randomized clinical trial. JAMA Netw. Open 3,
-e2017337. doi: 10.1001/jamanetworkopen.2020.17337

McGee, C,, Liebert, A., Bicknell, B., Pang, V., Isaac, V., McLachlan, C. S., et al. (2023).
A randomized placebo-controlled study of a transcranial photobiomodulation helmet
in Parkinson’s disease: post-hoc analysis of motor outcomes. J. Clin. Med. 12:2846. doi:
10.3390/jcm12082846

Mckee, A. C., and Daneshvar, D. H. (2015). The neuropathology of traumatic brain
injury. Handb. Clin. Neurol. 127, 45-66. doi: 10.1016/B978-0-444-52892-6.00004-0

Menon, D. K., Schwab, K., Wright, D. W,, and Maas, A. I. (2010). Position statement:
definition of traumatic brain injury. Arch. Phys. Med. Rehabil. 91, 1637-1640. doi:
10.1016/j.apmr.2010.05.017

Miller, E. K. (2000). The prefontral cortex and cognitive control. Nat. Rev. Neurosci. 1,
59-65. doi: 10.1038/35036228

Mobher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and Prisma, G. (2014). Items de
referencia para publicar revisiones sistematicas y metaanalisis: la Declaracion PRISMA.
Rev Esp Nutr Hum Die. 18, 172-181. doi: 10.14306/renhyd.18.3.114

Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G.The PRISMA Group (2009).
Preferred reporting items for systematic reviews and Meta-analyses: the PRISMA
statement. PLoS Med. 6:¢100097:€1000097. doi: 10.1371/journal.pmed.1000097

Monai, H., Ohkura, M., Tanaka, M., Oe, Y., Konno, A., Hirai, H., et al. (2016). Calcium
imaging reveals glial involvement in transcranial direct current stimulation-induced
plasticity in mouse brain. Nat. Commun. 7:11100. doi: 10.1038/ncomms11100

Mondello, S., Sandner, V., Goli, M., Czeiter, E., Amrein, K., Kochanek, P. M., et al.
(2022). Exploring serum glycome patterns after moderate to severe traumatic brain
injury: a prospective pilot study. EClinicalMedicine 50:101494. doi: 10.1016/j.
eclinm.2022.101494

Montazeri, K., Farhadi, M., Fekrazad, R., Akbarnejad, Z., Chaibakhsh, S., and
Mahmoudian, S. (2021). Transcranial photobiomodulation in the management of brain
disorders. J. Photochem. Photobiol. B 221:112207. doi: 10.1016/j.jphotobiol.2021.112207

Naeser, M. A., and Hamblin, M. R. (2011). Potential for transcranial laser or LED
therapy to treat stroke, traumatic brain injury, and neurodegenerative disease. Photomed.
Laser Surg. 29, 443-446. doi: 10.1089/ph0.2011.9908

Naeser, M. A., and Hamblin, M. R. (2015). Traumatic brain injury: a major medical
problem that could be treated using transcranial, red/near-infrared LED
photobiomodulation. Photomed. Laser Surg. 33, 443-446. doi: 10.1089/pho.2015.3986

Naeser, M. A., Martin, P. I, Ho, M. D,, Krengel, M. H., Bogdanova, Y., Knight, J. A.,
et al. (2023). Transcranial photobiomodulation treatment: significant improvements in
four ex-football players with possible chronic traumatic encephalopathy. J. Alzheimers
Dis. Rep. 7, 77-105. doi: 10.3233/ADR-220022

Naeser, M. A., Saltmarche, A., Krengel, M. H., Hamblin, M. R,, and Knight, J. A.
(2011). Improved cognitive function after transcranial, light-emitting diode treatments
in chronic, traumatic brain injury: two case reports. Photomed. Laser Surg. 29, 351-358.
doi: 10.1089/pho.2010.2814

Naeser, M. A., Zafonte, R., Krengel, M. H., Martin, P. I, Frazier, J., Hamblin, M. R,,
etal. (2014). Significant improvements in cognitive performance post-transcranial, red/
near-infrared light-emitting diode treatments in chronic, mild traumatic brain injury:
open-protocol study. J. Neurotrauma 31, 1008-1017. doi: 10.1089/neu.2013.3244

Neville, I. S., Zaninotto, A. L., Hayashi, C. Y., Rodrigues, P. A., Galhardoni, R., de
Andrade, D. C,, et al. (2019). Repetitive TMS does not improve cognition in patients
with TBI: a randomized double-blind trial. Neurology 93, e190-¢199. doi: 10.1212/
‘WNL.0000000000007748

Nousia, A., Martzoukou, M., Liampas, I., Siokas, V., Bakirtzis, C., Nasios, G., et al.
(2022). The effectiveness of non-invasive brain stimulation alone or combined with
cognitive training on the cognitive performance of patients with traumatic brain injury:
o systematic review. Arch. Clin. Neuropsychol. 37, 497-512. doi: 10.1093/arclin/acab047

Rabinowitz, A. R., and Levin, H. S. (2014). Cognitive sequelae of traumatic brain
injury. Psychiatr. Clin. North Am. 37, 1-11. doi: 10.1016/j.psc.2013.11.004

Rojas, J. C., and Gonzalez-Lima, E. (2013). Neurological and psychological applications
of transcranial lasers and LEDs. Biochem. Pharmacol. 86, 447-457. doi: 10.1016/j.
bcp.2013.06.012

Salehpour, F, Mahmoudi, J., Kamari, E, Sadigh-Eteghad, S., Rasta, S. H., and
Hamblin, M. R. (2018). Brain photobiomodulation therapy: a narrative review. Mol.
Neurobiol. 55, 6601-6636. doi: 10.1007/s12035-017-0852-4

Salehpour, F,, Majdi, A., Pazhuhi, M., Ghasemi, E, Khademi, M., Pashazadeh, F, et al.
(2019). Transcranial photobiomodulation improves cognitive performance in young
healthy adults: a systematic review and meta-analysis. Photobiomodul. Photomed. Laser
Surg. 37, 635-643. doi: 10.1089/photob.2019.4673

Salehpour, E, and Rasta, S. H. (2017). The potential of transcranial photobiomodulation
therapy for treatment of major depressive disorder. Rev. Neurosci. 28, 441-453. doi:
10.1515/revneuro-2016-0087

frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1378570
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1155/2015/352979
https://doi.org/10.3389/fneur.2020.00952
https://doi.org/10.1016/j.neulet.2013.07.049
https://doi.org/10.3389/fpsyg.2022.1095111
https://doi.org/10.1109/JSTQE.2016.2561201
https://doi.org/10.3171/2017.10.JNS17352
https://doi.org/10.1089/pho.2018.4512
https://doi.org/10.1016/j.neubiorev.2020.10.002
https://doi.org/10.1016/j.neubiorev.2020.10.002
https://doi.org/10.1016/j.bbacli.2016.09.002
https://doi.org/10.1002/jnr.24190
https://doi.org/10.3389/fpsyt.2017.00187
https://doi.org/10.1088/2040-8986/19/1/013003
https://doi.org/10.1089/photob.2018.4489
https://doi.org/10.1089/neu.2014.3610
https://doi.org/10.1007/s10103-018-02710-3
https://doi.org/10.1016/j.jphotobiol.2005.07.002
https://doi.org/10.1089/neu.2006.0203
https://doi.org/10.1016/j.brs.2023.01.685
https://doi.org/10.1021/acsnano.6b03858
https://doi.org/10.1586/erd.11.64
https://doi.org/10.1016/j.arr.2022.101786
https://doi.org/10.12659/MSM.911385
https://doi.org/10.12659/MSM.911385
https://doi.org/10.3389/fnhum.2014.00378
https://doi.org/10.1016/j.tips.2010.09.005
https://doi.org/10.1001/jamanetworkopen.2020.17337
https://doi.org/10.3390/jcm12082846
https://doi.org/10.1016/B978-0-444-52892-6.00004-0
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1038/35036228
https://doi.org/10.14306/renhyd.18.3.114
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1038/ncomms11100
https://doi.org/10.1016/j.eclinm.2022.101494
https://doi.org/10.1016/j.eclinm.2022.101494
https://doi.org/10.1016/j.jphotobiol.2021.112207
https://doi.org/10.1089/pho.2011.9908
https://doi.org/10.1089/pho.2015.3986
https://doi.org/10.3233/ADR-220022
https://doi.org/10.1089/pho.2010.2814
https://doi.org/10.1089/neu.2013.3244
https://doi.org/10.1212/WNL.0000000000007748
https://doi.org/10.1212/WNL.0000000000007748
https://doi.org/10.1093/arclin/acab047
https://doi.org/10.1016/j.psc.2013.11.004
https://doi.org/10.1016/j.bcp.2013.06.012
https://doi.org/10.1016/j.bcp.2013.06.012
https://doi.org/10.1007/s12035-017-0852-4
https://doi.org/10.1089/photob.2019.4673
https://doi.org/10.1515/revneuro-2016-0087

Zeng et al.

Salgado, A. S., Zangaro, R. A, Parreira, R. B., and Kerppers, I. I. (2015). The effects of
transcranial LED therapy (TCLT) on cerebral blood flow in the elderly women. J. Lasers
Med. Sci. 30, 339-346. doi: 10.1007/s10103-014-1669-2

Sharma, B., Allison, D., Tucker, P,, Mabbott, D., and Timmons, B. W. (2020). Cognitive and
neural effects of exercise following traumatic brain injury: a systematic review of randomized
and controlled clinical trials. Brain Inj. 34, 149-159. doi: 10.1080/02699052.2019.1683892

Shumskaya, E., van Gerven, M. A. J., Norris, D. G., Vos, P. E., and Kessels, R. P. C.
(2017). Abnormal connectivity in the sensorimotor network predicts attention deficits
in traumatic brain injury. Exp. Brain Res. 235, 799-807. doi: 10.1007/500221-016-4841-z

Slovarp, L., Azuma, T, and Lapointe, L. (2012). The effect of traumatic brain injury
on sustained attention and working memory. Brain Inj. 26, 48-57. doi:
10.3109/02699052.2011.635355

Spera, V., Sitnikova, T., Ward, M. J., Farzam, P, Hughes, J., Gazecki, S., et al. (2021).
Pilot study on dose-dependent effects of transcranial photobiomodulation on brain
electrical oscillations: a potential therapeutic target in Alzheimer’s disease. J. Alzheimers
Dis. 83, 1481-1498. doi: 10.3233/JAD-210058

Stevens, A. R., Hadis, M., Milward, M., Ahmed, Z., Belli, A., Palin, W,, et al. (2023).
Photobiomodulation in acute traumatic brain injury: a systematic review and meta-
analysis. J. Neurotrauma 40, 210-227. doi: 10.1089/neu.2022.0140

Stevens, M. C., Lovejoy, D., Kim, J., Oakes, H., Kureshi, I, and Witt, S. T. (2012).
Multiple resting state network functional connectivity abnormalities in mild

Frontiers in Psychology

10

10.3389/fpsyg.2024.1378570

traumatic brain injury. Brain Imaging Behav. 6, 293-318. doi: 10.1007/
s11682-012-9157-4

Vakili, A., and Langdon, R. (2016). Cognitive rehabilitation of attention deficits in
traumatic brain injury using action video games: a controlled trial. Cogent Psychol.
3:1143732. doi: 10.1080/23311908.2016.1143732

Vallat-Azouvi, C., Weber, T., Legrand, L., and Azouvi, P. (2007). Working memory after
severe traumatic brain injury. New York: Cambridge University Press.

Woollams, A. M., Madrid, G., and Lambon Ralph, M. A. (2017). Using
neurostimulation to understand the impact of pre-morbid individual differences on
post-lesion outcomes. Proc. Natl. Acad. Sci. USA 114, 12279-12284. doi: 10.1073/
pnas.1707162114

Zhang, J., He, Y, Liang, S., Liao, X., Li, T., Qiao, Z., et al. (2021). Non-invasive, opsin-
free mid-infrared modulation activates cortical neurons and accelerates associative
learning. Nat. Commun. 12:2730. doi: 10.1038/s41467-021-23025-y

Zoccolotti, P., Matano, A., Deloche, G., Cantagallo, A., Passadori, A., Leclercq, M.,
et al. (2000). Patterns of attentional impairment following closed head injury: a
collaborative European study. Cortex 36, 93-107. doi: 10.1016/S0010-9452(08)70839-6

Zomorrodi, R., Loheswaran, G., Pushparaj, A., and Lim, L. (2019). Pulsed near
infrared transcranial and intranasal photobiomodulation significantly modulates
neural oscillations: a pilot exploratory study. Sci. Rep. 9, 1-11. doi: 10.1038/
$41598-019-42693-x

frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1378570
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1007/s10103-014-1669-2
https://doi.org/10.1080/02699052.2019.1683892
https://doi.org/10.1007/s00221-016-4841-z
https://doi.org/10.3109/02699052.2011.635355
https://doi.org/10.3233/JAD-210058
https://doi.org/10.1089/neu.2022.0140
https://doi.org/10.1007/s11682-012-9157-4
https://doi.org/10.1007/s11682-012-9157-4
https://doi.org/10.1080/23311908.2016.1143732
https://doi.org/10.1073/pnas.1707162114
https://doi.org/10.1073/pnas.1707162114
https://doi.org/10.1038/s41467-021-23025-y
https://doi.org/10.1016/S0010-9452(08)70839-6
https://doi.org/10.1038/s41598-019-42693-x
https://doi.org/10.1038/s41598-019-42693-x

Zeng et al.

10.3389/fpsyg.2024.1378570

Glossary
tPBM transcranial photobiomodulation
TBI traumatic brain injury
GM cortical gray matter
CBF cerebral blood flow
TES transcranial electrical stimulation
T™S transcranial magnetic stimulation
ECT electroconvulsive therapy
VNS vagus nerve stimulation
LEDs light emitting diodes
COWAT Controlled Oral Word Association Test
MRI magnetic resonance imaging
ACC anterior cingulate cortex
SPECT single photon emission computed tomography
D transcranial Doppler
PSV peak systolic velocity
rs-fcMRI resting state functional connectivity MRI
SN salience network
CEN central executive network
MRS magnetic resonance spectroscopy
NAA n-acetyl-aspartate
PTSD post-traumatic stress disorder
CCO cytochrome c oxidase
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