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Traumatic Brain Injury:
A Major Medical Problem That Could Be Treated

Using Transcranial, Red/Near-Infrared
LED Photobiomodulation
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Traumatic Brain Injury: Severity of the Problem

Three traumatic brain injuries (TBIs) occur every
minute in the United States. TBI is a major medical

problem worldwide.1 More than 5,000,000 Americans are
living with TBI-related disabilities with an annual cost of
$60–76.5 billion.1,2 Nonpenetrating, mild TBI (mTBI) is the
most common type (75%). mTBI is defined by loss of con-
sciousness (LOC) lasting £30 min (or no LOC), and with a
period of altered mental status (amnesia/confusion) lasting up
to 24 h. Persistent cognitive problems occur in 5–22% of
cases.

Sports-related concussion or mTBI, followed by cognitive
dysfunction are of increasing concern both in males and
females.3 With each successive concussion, there is a cu-
mulative effect,4 including a prolonged period of recovery
and progressively increased risk for re-injury.5 Blast TBI
caused by an improvised explosive device (IED) is the
signature injury of soldiers returning from Iraq and Afgha-
nistan.6 It is estimated that 28% of patients with combat-
related mTBI also have clinical levels of post-traumatic
stress disorder (PTSD) symptoms.7

Approximately 53% of individuals with TBI also report
sleep disturbances.8 Poor sleep disrupts the clearing of
metabolites from the brain, including b-amyloid and other
potentially neurotoxic waste products that accumulate dur-
ing periods when a person is awake.9

Persistent neuroinflammation may be a mechanistic link
between TBI and potential for later development of neuro-
degenerative disease, including Alzheimer’s disease
(AD).10,11 Increased microglial activity may persist for a
long time post-TBI.12 Chronic traumatic encephalopathy
(CTE), a progressive tau protein-linked neurodegenerative
disease, is believed to develop (at least in part) from re-
peated head trauma.13 Symptoms include cognitive dys-
function, progressive irritability, suicidal ideation, and
dementia. It may develop years after the original head
trauma occurred. CTE has also been documented in United

States military veterans exposed to blast injury in Iraq and
Afghanistan.14

Structural CT or MRI brain scans show no focal brain
abnormalities with nonpenetrating mTBI, although abnor-
malities in the white matter axons, important for connecting
areas of brain cortex, can be observed on special diffusion
tensor imaging MRI scans.15 The frontal lobes, including
medial and lateral prefrontal cortex areas that are important
for normal cognitive function, are especially vulnerable
to damage following rapid acceleration/deceleration and
twisting, for example, whiplash in a motor vehicle accident
(MVA), concussive blast force, or even direct impacts to
the head.14,16 Loss of brain interconnectivity from axonal
damage produces the cognitive, emotional, and behavioral
problems observed following TBI.17

In healthy controls, specific brain networks have been
identified that function in a temporally coherent, correlated
manner, even during the ‘‘resting state’’ (when no task is
being performed).18,19 The cortical brain areas that comprise
a specific brain network may be located in areas close to
each other, or further away. These brain networks are
studied in the MRI scanner while the participant is simply at
rest, looking at a fixation point for 5–7 min. These resting-
state functional connectivity MRI scans (rs fMRI) have
shown abnormalities in TBI cases in specific brain networks
critical for cognitive function.20–22 These networks have
very low-frequency, coherent oscillations in the frequency
range of 0.01–0.08 Hz. The general features appear to also
be present in the brains of monkeys and small animals.23

There are three, highly specialized brain networks im-
portant for cognition that have been observed to be dysre-
gulated on rs fMRI scans in TBI. The first of these is the
default mode network (DMN), which consists of: (1) ante-
rior areas in the medial frontal lobes [medial prefrontal
cortex (mPFC)]; (2) posterior areas in the medial parietal
lobes [precuneus and posterior cingulate cortex (precun/
PCC)] and in posterolateral areas in the lateral parietal lobes
(angular gyri); and (3) deep, medial temporal lobes/
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hippocampal areas.19 In order for normal cognitive function
to occur, the DMN, particularly the medial posterior portion
(precun/PCC) needs to de-activate, so that a different net-
work can activate, for example, the central executive net-
work (CEN). The CEN is the second network that can be
affected. The CEN consists of the dorsolateral prefrontal
cortex areas and the intraparietal sulcus areas. Abnormality
in the DMN (with failure to de-activate) has been observed
in multiple studies with mTBI cases.20–22 The third network
affected in mTBI cases is the salience network (SN).24 The
SN controls the DMN, and the SN consists of the anterior
insulae, the presupplementary motor areas (preSMAs), and
the dorsal anterior cingulate cortex (dACC) areas. The SN is
critical for normal executive function and inhibition.25,26

The cerebral cortex in the anterior parts of the SN (preSMAs
and dACC) help to promote inhibitory control (de-
activation) of the posterior parts of the DMN (precun/PCC),
particularly during tasks that require inhibition and rapid
switching for success. The SN is important for signaling the
need to change behavior.27 Patients with mTBI (and PTSD)
often present with diminished control of inhibition.28

There are currently no pharmacologic treatments for
the secondary injuries that follow mTBI, or for prevention
of cognitive and behavioral problems associated with
mTBI.29 Cognitive behavioral therapy approaches for TBI
patients attempt to maximize the patient’s behavioral
functioning by working with residual cognitive capa-
cities,30 but injured, nonfunctioning brain cells may limit
their potential for success. Treatments are needed that di-
rectly target injured brain cells to improve the functioning
of underlying brain systems (including functional con-
nectivity in networks such as the DMN, CEN, and SN) that
regulate attention, executive function, memory, emotions,
and behavior.

Rationale for Applying Transcranial, Red/Near-Infrared
(NIR) LED Photobiomodulation to Treat TBI

NIR wavelengths (800–900 nm) can penetrate through
scalp and skull (2–3%, *1 cm).31–33 These NIR wavelengths
have the potential to improve the subnormal, cellular activity
of compromised brain tissue by increasing adenosine tri-
phosphate (ATP) production in the mitochondria,34–36 and
increasing regional cerebral blood flow.37–39

Application of NIR transcranial LED (tLED) has been
shown to have an anti-inflammatory effect, inhibiting mi-
croglial activation.40 There are also strong antioxidant ef-
fects (increase in mitochondrial superoxide dismutase),41

and increase in heat-shock protein 70, a molecular chaper-
one that prevents mis-folding and unwanted protein aggre-
gation, especially at the telomeres of DNA.42 Perhaps the
most important effects are the potential for increased neu-
rogenesis and synaptogenesis, reported in small animal
studies treated with NIR in the acute stage post-TBI.43,44

Clinical studies showing improvements in cognition (exec-
utive function and verbal memory), PTSD, and sleep, follow-
ing a series of tLED treatments in chronic TBI, are promising.
For example, significant improvements were reported in ex-
ecutive function and verbal memory, after a series of 18 red/
NIR tLED treatments (500 mW, 22.2 mW/cm2, 22.48 cm2 per
treatment area) in chronic TBI patients who began tLED at 10
months to 8 years post-TBI.45 These cognitive tests included,

in part, the Stroop (Color Word Interference) test for executive
function; Trial 4 inhibition switching ( p = 0.003); and Cali-
fornia Verbal Learning Test II, Alternating Versions, Long
Delay (20 min) Free Recall ( p = 0.006). The tLED treatments
may also be performed at home.46

Participants reported improved sleep, and fewer PTSD
symptoms, if present. Post-tLED, one participant was able to
write checks and pay bills for the first time since an MVA 5
years earlier. For another participant, his mTBI was caused
by having been pulled into a blast furnace. His recurring
nightmares of this TBI, which had lasted for 2 years, ceased
post-tLED. One of the participants was still active duty
military, but had been unable to return to his unit for 3 years
following blast TBI. Post-tLED he returned for further
evaluation by his special operations unit. These significant
improvements post-tLED suggest that the NIR photon
placements on the head may be affecting cortical areas in the
DMN, CEN, and SN.

Resting-state fMRI scans have been obtained before and
after 18 tLED treatments in left-hemisphere stroke patients
with chronic aphasia. These pilot data show significantly
increased correlations between pairs of cortical nodes within
each of three separate networks (DMN, CEN, SN) post-
tLED, along with significant increases in ‘‘naming ability.’’
These changes on rs fMRI were observed in aphasia patients
treated with 26 J/cm2 per LED cluster head placement (red/
NIR, 500 mW, 22.2 mW/cm2). Two LED cluster heads were
placed simultaneously on midline nodes within the DMN
(mPFC and precun/PCC), as well as on the left-hemisphere
language areas (Naeser Laboratory, personal observation).
These results suggest that rs fMRI studies obtained pre- and
post-tLED could be supportive of tLED effects in future
tLED studies with TBI.

Improved sleep (measured with wristwatch actigraphy)
and improved cognition were recently reported post-red/
NIR tLED or intranasal LED (iLED) in chronic TBI pa-
tients.47 These TBI patients showed an average increase of
1 h of sleep per night at 1 week following 18 LED treat-
ments. Red photons have been reported to increase mela-
tonin levels.48 It is hypothesized that some NIR photons can
reach the hippocampal/lateral entorhinal cortex areas via
intranasal delivery to potentially improve memory.

Results from these open-protocol, LED studies with
chronic TBI patients suggest that future studies are war-
ranted. Newly funded, sham-controlled studies with red/NIR
tLED and iLED for PTSD, blast-TBI and Gulf War illness
are underway at the VA Boston Healthcare System, Boston
University School of Medicine, and the United States
Army Research Institute of Environmental Medicine. In
addition, a tLED study with acute TBI patients is under-
way through the Emergency Department at Massachusetts
General Hospital.

Acknowledgments

Dr. Naeser’s research is funded by the Department of
Veterans Affairs, Clinical Sciences Research and Develop-
ment. The research of Dr. Hamblin is funded by the National
Institutes of Health (NIH) (Grant R01AI050875). The au-
thors thank Megan K. Yee, MA, Michael D. Ho, PhD, Paula
I. Martin, PhD, and Carole L. Palumbo, PhD, for assistance
with article preparation.

444 NAESER AND HAMBLIN



References

1. Faul M, Xu L, Wald MM, Coronado VG. Traumatic brain
injury in the United States: emergency department visits,
hospitalizations, and deaths. 2013. Available at: http://
www.cdc.gov/traumaticbraininjury/statistics.html (Last ac-
cessed August 7, 2015).

2. Maas AI, Menon DK. Traumatic brain injury: rethinking
ideas and approaches. Lancet 2012;11:12–13.

3. Lincoln AE, Caswell SV, Almquist JL, Dunn RE, Norris
JB, Hinton RY. Trends in concussion incidence in high
school sports: a prospective 11-year study. Am J Sports
Med 2011;39:958–963.

4. McAllister TW, Flashman LA, Maerlender A, et al. Cog-
nitive effects of one season of head impacts in a cohort of
collegiate contact sport athletes. Neurology 2012;78:1777–
1784.

5. Guskiewicz KM, McCrea M, Marshall SW, et al. Cumu-
lative effects associated with recurrent concussion in col-
legiate football players: the NCAA Concussion Study.
JAMA 2003;290:2549–2555.

6. Hoge CW, McGurk D, Thomas JL, Cox AL, Engel CC,
Castro CA. Mild traumatic brain injury in U.S. soldiers
returning from Iraq. N Engl J Med 2008;358:453–463.

7. Kontos AP, Kotwal RS, Elbin RJ, et al. Residual effects of
combat-related mild traumatic brain injury. J Neurotrauma
2013;30:680–686.

8. Mathias JL, Alvaro PK. Prevalence of sleep disturbances,
disorders, and problems following traumatic brain injury: a
meta-analysis. Sleep Med 2012;13:898–905.

9. Xie L, Kang H, Xu Q, et al. Sleep drives metabolite
clearance from the adult brain. Science 2013;342:373–377.

10. Johnson VE, Stewart W, Smith DH. Traumatic brain injury
and amyloid-beta pathology: a link to Alzheimer’s disease?
Nat Rev Neurosci 2010;11:361–370.

11. Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ,
Smith DH, Stewart W. Inflammation and white matter de-
generation persist for years after a single traumatic brain
injury. Brain 2013;136(Pt 1):28–42.

12. Ramlackhansingh AF, Brooks DJ, Greenwood RJ, et al.
Inflammation after trauma: microglial activation and trau-
matic brain injury. Ann Neurol 2011;70:374–383.

13. McKee AC, Cantu RC, Nowinski CJ, et al. Chronic trau-
matic encephalopathy in athletes: progressive tauopathy
after repetitive head injury. J Neuropathol Exp Neurol
2009;68:709–735.

14. Goldstein LE, Fisher AM, Tagge CA, et al. Chronic trau-
matic encephalopathy in blast-exposed military veterans
and a blast neurotrauma mouse model. Sci Transl Med
2012;4:34ra160.

15. Bazarian JJ, Zhong J, Blyth B, Zhu T, Kavcic V, Peterson
D. Diffusion tensor imaging detects clinically important
axonal damage after mild traumatic brain injury: a pilot
study. J Neurotrauma 2007;24:1447–1459.

16. Laplaca MC, Prado GR. Neural mechanobiology and neu-
ronal vulnerability to traumatic loading. J Biomech 2010;
43:71–78.

17. Niogi SN, Mukherjee P, Ghajar J, et al. Extent of micro-
structural white matter injury in postconcussive syndrome
correlates with impaired cognitive reaction time: a 3T
diffusion tensor imaging study of mild traumatic brain in-
jury. AJNR Am J Neuroradiol 2008;29:967–973.

18. Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Func-
tional connectivity in the motor cortex of resting human

brain using echo-planar MRI. Magn Reson Med 1995;34:
537–541.

19. Greicius MD, Krasnow B, Reiss AL, Menon V. Functional
connectivity in the resting brain: a network analysis of the
default mode hypothesis. Proc Natl Acad Sci U S A
2003;100:253–258.

20. Bonnelle V, Leech R, Kinnunen KM, et al. Default mode
network connectivity predicts sustained attention deficits
after traumatic brain injury. J Neurosci 2011;31:13,442–
13,451.

21. Mayer AR, Mannell MV, Ling J, Gasparovic C, Yeo RA.
Functional connectivity in mild traumatic brain injury.
Hum Brain Mapp 2011;32:1825–1835.

22. Johnson B, Zhang K, Gay M, et al. Alteration of brain
default network in subacute phase of injury in concussed
individuals: resting-state fMRI study. NeuroImage 2012;59:
511–518.

23. Raichle ME. The brain’s default mode network. Annu Rev
Neurosci 2015;38:433–447.

24. Bonnelle V, Ham TE, Leech R, et al. Salience network
integrity predicts default mode network function after
traumatic brain injury. Proc Natl Acad Sci U S A 2012;
109:4690–4695.

25. Seeley WW, Menon V, Schatzberg AF, et al. Dissociable
intrinsic connectivity networks for salience processing and
executive control. J Neurosci 2007;27:2349–2356.

26. Sridharan D, Levitin DJ, Menon V. A critical role for the
right fronto-insular cortex in switching between central-
executive and default-mode networks. Proc Natl Acad Sci
U S A 2008;105:12,569–12,574.

27. Menon V, Uddin LQ. Saliency, switching, attention and
control: a network model of insula function. Brain Struct
Funct 2010;214:655–667.

28. Swick D, Honzel N, Larsen J, Ashley V, Justus T. Impaired
response inhibition in veterans with post-traumatic stress
disorder and mild traumatic brain injury. J Int Neu-
ropsychol Soc 2012;18:917–926.

29. Loane DJ, Faden AI. Neuroprotection for traumatic brain
injury: translational challenges and emerging therapeutic
strategies. Trends Pharmacol Sci 2010;31:596–604.

30. Cicerone KD, Langenbahn DM, Braden C, et al. Evidence-
based cognitive rehabilitation: updated review of the liter-
ature from 2003 through 2008. Arch Phys Med Rehabil
2011;92:519–530.

31. Wan S, Parrish JA, Anderson RR, Madden M. Transmit-
tance of nonionizing radiation in human tissues. Photochem
Photobiol 1981;34:679–681.

32. Tedford CE, DeLapp S, Jacques S, Anders J. Quantitative
analysis of transcranial and intraparenchymal light pene-
tration in human cadaver brain tissue. Lasers Surg Med
2015;47:312–322.

33. Pitzschke A, Lovisa B, Seydoux O, et al. Red and NIR light
dosimetry in the human deep brain. Phys Med Biol
2015;60:2921–2937.

34. Karu T. Primary and secondary mechanisms of action of
visible to near-IR radiation on cells. J Photochem Photobiol
B 1999;49:1–17.

35. Karu TI, Pyatibrat LV, Afanasyeva NI. Cellular effects of
low power laser therapy can be mediated by nitric oxide.
Lasers Surg Med 2005;36:307–314.

36. Wong–Riley MT, Liang HL, Eells JT, et al. Photo-
biomodulation directly benefits primary neurons function-
ally inactivated by toxins: role of cytochrome c oxidase. J
Biol Chem 2005;280:4761–4771.

LED PHOTOBIOMODULATION TO TREAT TBI 445



37. Schiffer F, Johnston AL, Ravichandran C, et al. Psycho-
logical benefits 2 and 4 weeks after a single treatment with
near infrared light to the forehead: a pilot study of 10 pa-
tients with major depression and anxiety. Behav Brain
Funct 2009;5:46.

38. Nawashiro H, Wada K, Nakai K, Sato S. Focal increase in
cerebral blood flow after treatment with near-infrared light
to the forehead in a patient in a persistent vegetative state.
Photomed Laser Surg 2012;30:231–233.

39. Naeser MA, Ho M, Martin PI, et al. Improved language
after scalp application of red/near-infrared light-emitting
diodes: pilot study supporting a new, noninvasive treatment
for chronic aphasia. Procedia Soc Behav Sci 2012;61:
138–139.

40. Khuman J, Zhang J, Park J, Carroll JD, Donahue C, Whalen
MJ. Low-level laser light therapy improves cognitive def-
icits and inhibits microglial activation after controlled
cortical impact in mice. J Neurotrauma 2012;29:408–417.

41. Sompol P, Xu Y, Ittarat W, Daosukho C, St Clair D. NF-
kappaB-associated MnSOD induction protects against beta-
amyloid-induced neuronal apoptosis. J Mol Neurosci 2006;
29:279–288.

42. Zhang YH, Takahashi K, Jiang GZ, et al. In vivo produc-
tion of heat shock protein in mouse peritoneal macrophages
by administration of lipopolysaccharide. Infect Immun
1994;62:4140–4144.

43. Xuan W, Agrawal T, Huang L, Gupta GK, Hamblin MR.
Low-level laser therapy for traumatic brain injury in mice
increases brain derived neurotrophic factor (BDNF) and
synaptogenesis. J Biophotonics 2015;8:502–511.

44. Xuan W, Vatansever F, Huang L, Hamblin MR. Tran-
scranial low-level laser therapy enhances learning, mem-

ory, and neuroprogenitor cells after traumatic brain injury
in mice. J Biomed Opt 2014;19:108003.

45. Naeser MA, Zafonte R, Krengel MH, et al. Significant
improvements in cognitive performance post-transcranial,
red/near-infrared light-emitting diode treatments in chronic,
mild traumatic brain injury: open-protocol study. J Neu-
rotrauma 2014;31:1008–1017.

46. Naeser MA, Saltmarche A, Krengel MH, Hamblin MR,
Knight JA. Improved cognitive function after transcranial,
light-emitting diode treatments in chronic, traumatic brain
injury: two case reports. Photomed Laser Surg 2011;
29:351–358.

47. Bogdanova Y, Martin PI, Ho MD, et al. Improved sleep and
cognition post transcranial or intranasal, red/near-infrared
LED treatments in chronic TBI: pilot case series. J Head
Trauma Rehabil 2015;30:E61–E116.

48. Zhao J, Tian Y, Nie J, Xu J, Liu D. Red light and the sleep
quality and endurance performance of Chinese female
basketball players. J Athl Train 2012;47:673–678.

Address correspondence to:
Margaret A. Naeser

Transcranial, Light-emitting Diode (LED) Therapy
Research to improve Cognition in Chronic TBI

and Gulf War Illness
Neuroimaging/Aphasia Research

VA Boston Healthcare System (12-A)
150 So. Huntington Ave.

Boston, MA 02130

E-mail: mnaeser@bu.edu

446 NAESER AND HAMBLIN


