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Abstract.20

Background: Chronic traumatic encephalopathy, diagnosed postmortem (hyperphosphorylated tau), is preceded by traumatic
encephalopathy syndrome with worsening cognition and behavior/mood disturbances, over years. Transcranial photobiomod-
ulation (tPBM) may promote improvements by increasing ATP in compromised/stressed cells and increasing local blood,
lymphatic vessel vasodilation.
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Objective: Aim 1: Examine cognition, behavior/mood changes Post-tPBM. Aim 2: MRI changes - resting-state functional-
connectivity MRI: salience, central executive, default mode networks (SN, CEN, DMN); magnetic resonance spectroscopy,
cingulate cortex.
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Methods: Four ex-players with traumatic encephalopathy syndrome/possible chronic traumatic encephalopathy, playing
11–16 years, received In-office, red/near-infrared tPBM to scalp, 3x/week for 6 weeks. Two had cavum septum pellucidum.
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2 M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE

Results: The three younger cases (ages 55, 57, 65) improved 2 SD (p < 0.05) on three to six neuropsychological tests/subtests
at 1 week or 1 month Post-tPBM, compared to Pre-Treatment, while the older case (age 74) improved by 1.5 SD on three
tests. There was significant improvement at 1 month on post-traumatic stress disorder (PTSD), depression, pain, and sleep.
One case discontinued narcotic pain medications and had reduced tinnitus. The possible placebo effect is unknown. At 2
months Post-tPBM, two cases regressed. Then, home tPBM was applied to only cortical nodes, DMN (12 weeks); again,
significant improvements were seen. Significant correlations for increased SN functional connectivity (FC) over time, with
executive function, attention, PTSD, pain, and sleep; and CEN FC, with verbal learning/memory, depression. Increased n-
acetyl-aspartate (NAA) (oxygen consumption, mitochondria) was present in anterior cingulate cortex (ACC), parallel to less
pain and PTSD.
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Conclusion: After tPBM, these ex-football players improved. Significant correlations of increased SN FC and CEN FC with
specific cognitive tests and behavior/mood ratings, plus increased NAA in ACC support beneficial effects from tPBM.
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Keywords: Chronic traumatic encephalopathy, dementia, depression, neurodegenerative, pain, photobiomodulation, post-
traumatic stress disorder, sleep, traumatic brain injury, traumatic encephalopathy syndrome
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INTRODUCTION30

Chronic traumatic encephalopathy (CTE)31

CTE is a progressive neurodegenerative disease32

diagnosed only at postmortem where hyperphos-33

phorylated tau (p-tau) deposits are present in34

neurofibrillary tangles located in an irregular pat-35

tern around small blood vessels in deep cortical36

sulci [1, 2]. CTE is preceded by worsening cogni-37

tion, behavior, and mood over time, e.g., traumatic38

encephalopathy syndrome (TES) [3–7]. CTE is pri-39

marily observed in athletes with repetitive head40

impacts (RHI) from contact/collision sports [1, 4,41

6, 8–16]; and in veterans with blast-traumatic brain42

injury (TBI) due to injurious head acceleration [17,43

18]. Different neurotrauma injuries trigger common44

pathogenic mechanisms inducing convergent CTE45

pathology [19].46

The four stages of CTE ranging from mild to47

severe, have pathology based on density and regional48

deposition of p-tau across the brain, primarily in49

dorsolateral frontal cortex, superior temporal cor-50

tex, entorhinal cortex, amygdala, and brainstem locus51

coeruleus [1, 6, 15, 16]. The earliest stage with52

the youngest cases shows p-tau only in dorsolateral53

frontal cortex and locus coeruleus [20].54

CTE has been observed in teenagers and up to55

age 79 in tackle football players [1, 6]. Among 20256

ex-football players, CTE was diagnosed in 87% [6].57

Severe CTE pathology was present in the majority58

of former college (56%), semi-professional (56%),59

and professional (86%) football players, where 95%60

had cognitive disturbance, and 89% showed behav-61

ior/mood disturbance. Age of first exposure (AFE) to 62

tackle football at less than 12 years predicted earlier 63

onset of cognitive and behavior/mood disturbances; 64

youth exposure may reduce resiliency to late-life neu- 65

ropathology [21]. A greater proportion with severe 66

CTE had played as linemen (offense or defense) [6]. 67

National Football League (NFL) linemen had higher 68

plasma t-tau from blood protein analysis, relative to 69

non-linemen [22], and higher t-tau concentrations in 70

lumbar puncture cerebrospinal fluid [23]. Among col- 71

legiate football players, offensive linemen reported 72

returning to play while still experiencing post-impact 73

symptoms, although not concussion [24]. Increased 74

years of playing is associated with greater CTE sever- 75

ity [25]. Those with CTE were 10 times more likely to 76

have played football for at least 14.5 years; sensitivity 77

and specificity were maximized at 11 years. 78

Brain positron emission tomography (PET) scans 79

with flortaucipir in former NFL players with cog- 80

nitive and behavior/mood disturbances have shown 81

significant increase in tau deposits in football play- 82

ers as a group, compared to age-matched healthy 83

controls in three cortical areas: 1) bilateral superior 84

frontal; 2) bilateral medial temporal, and 3) left pari- 85

etal [26]. These overlap with cortical areas of p-tau 86

deposits postmortem in CTE [1, 6, 20]. These PET 87

scans are not refined enough to diagnose CTE in vivo, 88

in individual cases. 89

Currently, medical history including participa- 90

tion in contact/collision sports with RHI, mild TBIs 91

(mTBIs), or military exposure to blast-TBI, as well as 92

presence of worsening cognitive and behavior/mood 93

disturbances over time, are primary for TES to posit a 94

future CTE diagnosis postmortem in a living person 95



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE 3

[3, 5, 6]. TES is not fully accounted for by any other96

neurologic, psychiatric, or medical condition [7].97

Mechanisms of photobiomodulation (PBM)98

PBM therapy is a safe, painless, noninva-99

sive, nonthermal modality using primarily visible100

red wavelengths (600–700 nm), and/or non-visible,101

near-infrared (NIR) wavelengths (800–1100 nm)102

to stimulate, heal, and repair damaged or dying103

cells [27–31]. On the cellular level, photons in104

red/NIR wavelengths are absorbed in mitochon-105

dria by cytochrome C oxidase (CCO), terminal106

enzyme in the electron transport chain, particularly107

in hypoxic/stressed cells [32]. In these compromised108

cells, there is build-up of nitric oxide (NO) in CCO,109

resulting in low oxygen and low production of adeno-110

sine tri-phosphate (ATP) by mitochondria. Following111

application of red/NIR photons, there is release of NO112

from CCO to outside the cell wall, promoting local113

vasodilation, as well as increased production of ATP,114

thus improving mitochondrial and cellular function115

[27, 28, 33, 34].116

Transcranial PBM (tPBM) promotes dilation of117

lymphatic vessels, as well as blood vessels [35]. In the118

human brain, lymphatic vessels within the dura mater119

run alongside blood vessels located in the superior120

sagittal and transverse sinuses [36–38], participating121

in waste clearance [36, 39, 40]. In mouse models122

of Alzheimer’s disease (AD), application of NIR123

laser to frontal scalp showed significant reduction124

of amyloid-� plaques, along with improved cogni-125

tive, memory, and neurological status, compared to126

untreated animals [41]. In TBI mice, impaired glym-127

phatic function has promoted tau pathology [42].128

Improving lymphatic drainage has been suggested as129

a novel target for treating neurological diseases [43].130

Other PBM mechanisms include anti-131

inflammatory effects [44–46]; promotion of132

brain-derived neurotrophic factor (BDNF)—a133

neurotrophin associated with neural regeneration,134

dendritic sprouting, reconnection, and improved135

synaptic efficacy; promotion of Synapsin-1, associ-136

ated with synaptogenesis [47, 48]; and less oxidative137

damage [46]. These effects have been reviewed138

[49–51].139

Since 1981, the depth of photon penetration from140

scalp application using NIR laser on human cadavers141

has been examined [52]. Some photons from 808 nm,142

NIR laser have been detected at a depth of 4-5 cm143

[53]. There is deeper penetration from NIR, 830 nm144

light-emitting diodes (LED), than red, 633 nm [54].145

Computer simulations have demonstrated that when 146

an LED is placed on the scalp surface over a cortical 147

target area, relatively more photons are delivered to 148

that target area than others; photons in nearby regions 149

follow an exponential decay [55, 56]. PBM research 150

and clinical studies have been performed safely since 151

the 1960 s [57]. PBM offers the possibility of endoge- 152

nous, self-repair mechanisms without negative side 153

effects. 154

Clinical tPBM studies in humans 155

When used with chronic mTBI, tPBM has 156

improved cognition, mood, and sleep in open- 157

protocol studies; the whole scalp was treated with 158

red/NIR LEDs [58–61]. Significant improvements in 159

executive function and verbal memory were present, 160

lasting for 2 months after the final, 18th transcranial 161

LED (tLED) treatment [59, 60]. Fewer post-traumatic 162

stress disorder (PTSD) symptoms were reported 163

[58–61]. Similar improvements were reported with 164

a Pro Ice-Hockey player (age 23) with six concus- 165

sions in 5.5 years [62]. tPBM has been used safely in 166

acute, moderate TBI; follow-up magnetic resonance 167

imaging (MRI) after 3 months showed significant 168

improvement in diffusion parameters of white matter 169

tracts for real tPBM (not sham) [63]. 170

In mild to moderately-severe dementia cases, 171

tPBM has also improved cognition, mood, and sleep 172

[64–66]. Cases treated for 12 weeks showed sig- 173

nificant cognitive improvements soon after the final 174

tPBM treatment [64]. One month later, however, 175

decline was present. They likely had neurodegener- 176

ative disease, e.g., AD. These follow-up results with 177

AD are in contrast to those with chronic mTBI, where 178

improved cognition was still present 2 months after 179

the final, 18th tLED treatment [59, 60]. 180

tPBM has been helpful in treating chronic stroke 181

patients. Left-hemisphere (LH) stroke patients with 182

lasting language problems (aphasia), showed sig- 183

nificant improvement in naming ability following 184

18 tPBM treatments applied to the left side of 185

the head/scalp, e.g., same side as where the stroke 186

occurred [67]. No improvement occurred when the 187

LEDs were applied to both sides of the head. 188

tPBM has been used in acute, non-hemorrhagic 189

stroke [68–70]. The NeuroThera Effectiveness and 190

Safety Trial applied NIR transcranial laser once, 191

within the first 24 h post-stroke to both sides of the 192

head/scalp. Initial results showed significance for bet- 193

ter outcome at day 90, for real versus sham, but 194

analysis halfway into Phase III trials did not. Since 195
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then, other tPBM studies with humans have applied196

at least 18 tPBM treatments in various CNS disor-197

ders, with safety and efficacy, e.g., chronic mTBI198

[58–61]; dementia [64, 65]; and chronic stroke, where199

the tPBM was applied only to the same side as the200

stroke [67].201

SPECT, MRI, and EEG studies with transcranial202

PBM203

Brain imaging studies have reported increased204

local, regional cerebral blood flow (rCBF) post-205

tPBM, e.g., increased rCBF at the frontal pole after206

one tLED application to the forehead in major207

depressive disorder [71], and on brain single pho-208

ton emission computed tomography (SPECT) scans209

after a tLED series to the forehead in a chronic, severe210

TBI case [72]. Significant increase in rCBF was211

present overall on brain SPECT following a series212

of tLED applications to the whole head in veterans213

with chronic, mTBI; improved cognition and mood214

followed [61].215

Using resting-state functional-connectivity MRI216

(rs-fcMRI), increased functional connectivity (FC)217

has been observed between cortical nodes within spe-218

cific, intrinsic neural networks after tPBM. In chronic219

dementia, increased FC between posterior nodes of220

the default mode network (DMN) was present, along221

with improved cognition [65]. In chronic, LH stroke222

patients with aphasia, application of 2-inch diam-223

eter red/NIR LED cluster heads to the LH, plus224

two midline nodes of DMN [mesial prefrontal cor-225

tex (mPFC), precuneus] significantly increased FC226

in DMN, salience network (SN), and central execu-227

tive network (CEN), with improved naming ability228

[67].229

In healthy adults (ages 18–40) undergoing rs-230

fcMRI during NIR laser application toward the R231

forehead, increased FC began within 1 min in the232

right hemisphere [31]. Broadband NIR has shown233

that NIR laser (1064 nm) applied to the forehead234

in healthy young adults significantly increased cere-235

bral concentrations of oxidized CCO and oxygenated236

hemoglobin in cortical regions treated; sham had no237

effect [73, 74]. An EEG study with NIR tPBM in238

healthy, older adults (ages 61–74) showed Increased239

power of gamma, alpha, and beta waves, and240

decreased power of delta and theta immediately after241

one, 20-min NIR tLED application to only nodes of242

the DMN with a 40 Hz pulse rate (gamma frequency);243

sham had no effect [75]. Alpha and beta frequencies244

are associated with attention and cognitive processes245

[76]. Higher power in the lower frequency bands, 246

along with reduced power in the higher frequency 247

bands, have been observed in disorders involving cog- 248

nitive impairment, such as dementia and AD [77, 249

78]. 250

Aims of study 251

The primary aim was to present post-tPBM 252

changes in cognition and behavior/mood for four, 253

American-style ex-football players who had progres- 254

sive symptoms of TES, possible CTE. The secondary 255

aim was to present post-tPBM changes on MRI, 256

including rs-fcMRI (SN, CEN, DMN), and mag- 257

netic resonance spectroscopy (MRS) for metabolites 258

in cingulate cortex. 259

This study was approved by the Institutional 260

Review Board, VA Boston Healthcare System. 261

The MRI scan portion was approved by the IRB, 262

Boston University School of Medicine where MRI 263

scans were performed. Participants signed Informed 264

Consent Forms; all methods were performed in accor- 265

dance with relevant guidelines and regulations. This 266

was an open-protocol, pilot study. 267

MATERIALS AND METHODS 268

Participant selection 269

Inclusion criteria 270

Subjects, ages 18–75 years, with history of RHI, 271

and appropriate results from screening neuropsy- 272

chological (NP) cognitive tests and behavior/mood 273

questionnaires: 274

Screening, NP tests, and behavior/mood ques- 275

tionnaires. At screening, the TOMM [79] was 276

administered to rule out malingering. Also, the Word 277

Reading Subtest from the Wide Range Achieve- 278

ment Test-4 (WRAT-4) was administered to estimate 279

premorbid level of cognitive functioning [80]. For 280

inclusion, a participant needed to score at least 281

2 SD below average on one, or 1 SD below on 282

two, of the following NP tests/subtests (age and 283

education-adjusted norms): 1) Trail Making Tests A 284

& B [81]; 2) Controlled Oral Word Association Test 285

(COWAT)/FAS Test [82, 83]; 3) California Verbal 286

Learning Test-II (CVLT) [84]; and 4) Color-Word 287

Interference Test for Executive Function, Stroop [85]. 288

Screening scores were adjusted, based on estimated 289

premorbid level of cognitive functioning from the 290

WRAT-4 [80]. Self-reported pain questionnaires were 291

also administered, the VAS Pain Rating (0–10), and 292
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Table 1
Participant demographics: Four ex-football players who played American football for 11 to 16 years

ID Age at Entry
(y) Race

Education (y)
Highest
Degree

Age First
Exposure (y)
Organized
Football

Total years
Played
Football

Total years
Played
Pro-Football

Primary
Position
Played

Chief Complaints at Entry

P1 65 Cau-
casian/White

20 PhD, in
Exercise
Physiology
after football

10 Pop Warner 14 1.5 CFL Middle
Linebacker,
Defense

Emotional outbursts,
depression, cognitive
problems, poor memory,
poor sleep

P2 55 Cau-
casian/White

16 BA 7 Pop Warner 15 0 Pop Warner,
High School,
College, only

Tackle,
Offensive
Lineman

Emotional outbursts,
cognitive problems, poor
memory

P3 57 African
Ameri-
can/Black

16 BA 14 High
School

16 8 NFL Cornerback,
Defense
Position

Emotional outbursts,
depression, cognitive
problems, poor memory,
poor sleep; chronic pain
(15 surgeries during
NFL); tinnitus

P4 74 Cau-
casian/Whit

17 BS,
Engineering

13 11 4 NFL Defensive
End, and
Offensive
Lineman, all
positions

Emotional outbursts,
cognitive problems,
chronic pain (4 hip
replacements, 3 shoulder
surgeries; 2 knee
surgeries; 3 wrist/hand
surgeries; 2 biceps
surgeries)

NFL, National Football League; CFL, Canadian Football League.

the Short Form, McGill Pain Questionnaire (SF-293

MPQ) [86].294

Exclusion criteria295

Diagnosis of a progressive neurological disease296

such as amyotrophic lateral sclerosis, Parkinson’s297

disease, dementia; severe TBI with history of cran-298

iotomy or craniectomy; a life-threatening disease299

(cancer or disease requiring organ transplant); severe300

mental disorder (schizophrenia, bipolar); current sub-301

stance abuse or active treatment; and on test for302

memory malingering [79], a score of less than 45 on303

either Part 1 or 2 indicating evidence of malingering;304

a pain level of greater than 7/10 on VAS pain scale,305

or greater than 38/50 on the SF-MPQ [86].306

Participants307

Table 1 provides demographics for the four ex-308

football players. They were under continuing medical309

care from their own physicians; treatable conditions310

were addressed [87]. Using the 2021 NIH, TES311

consensus criteria for CTE [7], all four ex-football312

players met TES criteria for “Possible CTE.” This313

included documented cognitive impairment (here,314

screening NP tests at Entry); substantial exposure315

to contact/collision sport, ≥5 years football (here,316

11–16 years); delayed onset; and neurobehavioral 317

dysregulation (here, behavior/mood questionnaires, 318

self-ratings). Three cases were able to undergo MRI 319

scanning (P1, P2, P4) (Supplementary Figures 1 and 320

2). A cavum septum pellucidum (possible future 321

biomarker for CTE [7]) was present in two of these 322

three cases (P1, P4). There were no focal lesions, 323

although cortical atrophy was present. P3 could not 324

undergo MRI due to shoulder pain if inside a closed- 325

bore scanner. MRI acquisition protocols and analysis 326

programs are in Supplementary Material 1. 327

Initial, in-office tPBM series 328

Each participant received an initial, In-office tPBM 329

treatment series. This included 18 tLED treatments, 330

each lasting approximately 22–40 min (3x/week, 6 331

weeks), with 48 h between treatments. Three differ- 332

ent tPBM devices/protocols were used. This is due 333

to availability of more advanced devices, as the pilot 334

study progressed. Common characteristics across all 335

devices included application of NIR wavelengths 336

(810 nm, 850 nm, or 870 nm) to scalp locations, and 337

26 J/cm2 at each location. Each device, and treatment 338

protocol is described within each case report below 339

(Results, Part 1). 340
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Fig. 1. LED devices used for tPBM Protocols A, B, and C. Protocol A: In-office treatments with red/NIR, LED cluster heads (1); two sets of
six, LED cluster heads were held in place with a soft, breathable, nylon cap (arrow, 2), MedX Health, Inc., Canada. Supplementary Table 2
lists all LED parameters. Protocol B: At-home treatments with single, NIR diodes (810 nm, pulsed 40 Hz) placed on scalp only over cortical
nodes, Default Mode Network, including a single, NIR intranasal applicator directed towards olfactory bulbs to indirectly treat connections
with hippocampal areas (3), Neuro Gamma device; plus a separate, red intranasal diode (4), Vielight, Inc., Canada. Not necessary to shave
the head. Additional home treatment information is in Supplementary Material 2. Protocol C: In-office treatment with a helmet (5), lined
with red/NIR, LED cluster heads placed in rows inside the helmet (6), THOR Photomedicine, Ltd., UK. NIR, near-infrared. Permissions:
Protocol A, (2) reprinted with authors’ permission from [59]. Protocol B, (3) and (4) reprinted with permission from Vielight, Inc., in the
public domain.

Pre-/post-testing schedule for a tPBM series341

Pre- and Post- a tPBM treatment series, each342

participant was examined with NP cognitive tests,343

and self-rated, behavior/mood questionnaires (Sup-344

plementary Table 1). Participants were tested345

pre-treatment, and at 1 week, 1 month (4–6 weeks),346

and 2 months (8–12 weeks) after the final, 18th in-347

office tPBM treatment (6-week treatment series). If a348

later, at-home tPBM series was performed, one post-349

testing was obtained within 2 weeks following that350

12-week series.351

Results are presented below in two parts: Part 1,352

Results for NP tests and behavior/mood ratings - four353

cases; and Part 2, Results for MRI studies - three354

cases.355

RESULTS, PART 1. NP TESTS AND356

BEHAVIOR/MOOD QUESTIONNAIRES:357

FOUR CASES358

Case P1359

P1 entered at age 65, with AFE to football at age360

10. He played middle linebacker, defense position for361

14 years including 1.5 years in the Canadian Football 362

League (Table 1). He received two tPBM treatment 363

series, e.g., initial, in-office, and later, at-home. 364

Initial, in-office tPBM series 365

P1 was treated with tPBM Protocol A (Fig. 1, 366

column A; Supplementary Table 2). This protocol 367

applied red/NIR LED cluster heads (2-inch diameter) 368

over the entire scalp, using the same scalp locations 369

as with our previous mTBI studies [59, 60]. 370

Results: Initial, in-office tPBM series 371

NP tests: At 1 week or 1 month after the final, 372

18th In-office treatment (compared to pre-treatment), 373

P1 showed significant improvement (2 SD, p < 0.05) 374

on five tests/subtests: 1) CVLT for 16 words to 375

remember: Short Delay Cued Recall; 2) and 3), 376

the computer-timed Continuous Performance Test 377

(CPT): decreased False Alarm Rate, and improved 378

d prime, detectability; 4) and 5), Brief Visuospa- 379

tial Memory Test (BVMT): Immediate Recall, and 380

Recognition Discrimination Index (Recognition Hits 381
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minus False Alarms). At the 2-months post-testing,382

however, there was decline, with significant improve-383

ment remaining only on one subtest, the BVMT,384

Recognition Discrimination Index (graphs, Fig. 2A;385

full data, Supplementary Table 3A).386

Behavior/mood questionnaires: Lower ratings387

indicate less impairment; there are no Z-scores. At 1388

week or 1 month after the In-office series (compared389

to pre-treatment), P1 showed improvement in390

four areas: 1) PTSD/PCL-C; 2) Beck Depression391

Inventory (BDI); 3) pain/SF-MPQ; and 4) Dysex-392

ecutive Questionnaire (DEX, interference with393

family/community involvement). At the 2-months394

post-testing, however, these self-ratings regressed,395

particularly for PTSD/PCL-C [88, 89] (graphs,396

Fig. 2B; Supplementary Table 3B).397

At the 2-months post-testing visit, P1 mentioned398

that return of emotional outbursts and depression was399

disturbing. Within one week, he obtained his own400

tPBM devices for at-home, self-treatment.401

Later, at-home tPBM series402

P1 self-treated at home for 12 weeks with Protocol403

B (Fig. 1, column B; Supplementary Table 2). There404

were two LED devices: 1) The NIR, Neuro Gamma405

device was applied for 20 min, 3x/week, with 48 h406

between treatments. This device targeted only corti-407

cal nodes of the DMN (Supplementary Material 2);408

and 2) A red diode, nasal applicator was used for409

25 min, 6x/week. The two devices were often used410

simultaneously; no PBM treatments were performed411

one day a week.412

Results: Later, at-home tPBM series413

NP Tests: P1 re-gained most of the previous sig-414

nificant improvements present at 1 week or 1 month415

following the In-office series (but had lost after416

2 months). Six tests/subtests showed significant417

improvement after the at-home series (compared to418

pre-treatment). This included for the first time, the419

Stroop, Trial 3, inhibition, suggesting improved exec-420

utive function; and BVMT, Total Recall (Fig. 2A;421

Supplementary Table 3A).422

Behavior/mood questionnaires: There were also423

improved (lower) self-ratings on PTSD/PCL-C, BDI,424

SF-MPQ, and DEX. These were at near-normal levels425

(Fig. 2B; Supplementary Table 3B).426

P1 continues to self-treat at home, to date for 4427

years, and reports doing well. He has initiated tPBM428

treatment research with college football players at429

two universities with prominent football programs, as 430

well as with retired, ex-football players experiencing 431

cognitive and behavior/mood disturbances. 432

Case P2 433

P2 entered at age 55, with AFE to football at age 7. 434

He played offensive lineman, tackle position for 15 435

years through college only (Table 1). He received two 436

tPBM series, e.g., initial, in-office, and later, at-home. 437

Initial, in-office tPBM series 438

P2 was treated with tPBM Protocol C (Fig. 1, col- 439

umn C; Supplementary Table 2). The tPBM device 440

was a helmet, lined with red/NIR LED cluster heads. 441

Results: Initial, in-office tPBM series 442

NP tests: At 1 week or 6 weeks after the 443

final, 18th in-office treatment (compared to pre- 444

treatment), P2 showed significant improvement on 445

six tests/subtests: 1)–4), CVLT four subtests: Total 446

Trials 1–5; Short Delay, Cued Recall; Long Delay 447

(20 min) Free Recall, and Cued Recall; 5), ver- 448

bal fluency on COWAT; and 6) BVMT, Immediate 449

Recall. At 12 weeks after the in-office series, 450

five tests/subtests (CVLT) still showed significant 451

improvement (Fig. 3A; Supplementary Table 4A). 452

Behavior/mood questionnaires: At 1-week or 6- 453

weeks post- the in-office tPBM series (compared 454

to pre-treatment), improvements were present for 455

PTSD/PCL-C, BDI, SF-MPQ, and DEX. At 12 456

weeks, however, there was an increase in PTSD/PCL- 457

C, and some increased pain on the SF-MPQ rating to 458

9, the same as pre-treatment (Fig. 3B; Supplementary 459

Table 4B). 460

At 12 weeks after the in-office series had ended, 461

P2 was disturbed by return of emotional outbursts. 462

One week later, he obtained his own tPBM devices 463

for at-home, self-treatment. 464

Later, at-home tPBM series 465

P2 self-treated at home for 12 weeks using Protocol 466

B (Fig. 1, column B; Supplementary Table 2), the 467

same as P1. 468

Results: Later, at-home, tPBM series 469

NP tests: No in-person, NP cognitive testing could 470

be performed after the 12-week, at-home tPBM series 471

due to COVID restrictions. 472
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Fig. 2. P1, cognitive and behavior/mood results. A) Z-Score graphs for some NP tests (Stroop, CPT, BVMT) after the initial, In-office tPBM
series (Protocol A); and the later, at-home series (Protocol B). B) Self-ratings for behavior/mood questionnaires after each series. These
ratings showed a pattern similar to NP tests, e.g., improvements at 1 week or 1 month after initial series, but worsening 2 months later,
especially, PTSD/PCL-C (a). Graphs show improved (lower) ratings after the 12-week, at-home series. See Supplementary Table 3A and
B. NP, neuropsychological; PTSD/PCL-C, Post-traumatic Stress Disorder Checklist, Civilian; the // refers to time period when 18 tPBM
treatments were applied; ∗p < 0.05.
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Fig. 3. P2, cognitive and behavior/mood results. A) Z-Score graphs for some CVLT subtests after the initial in-office tPBM series (Protocol C).
B) Ratings for behavior/mood questionnaires after the initial, in-office series, and after the later, at-home series (Protocol B). Improvements
(lower ratings) were present at 1 week and 6 weeks after the in-office series; however, there was some worsening (higher ratings) at 12
weeks on PTSD/PCL-C (a) and pain/SF-MPQ (c). Improved (lower) ratings for PTSD (a) and pain (c) were again present after the 12-week,
at-home tPBM series. See Supplementary Table 4A and B. CVLT, California Verbal Learning Test; PTSD/PCL-C, Post-traumatic Stress
Disorder Checklist, Civilian; SF-MPQ, Short form, McGill Pain Questionnaire; ∗p < 0.05.



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

10 M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE

Behavior/mood questionnaires: The question-473

naires were mailed to his home after 12 weeks of474

home treatments. The PTSD/PCL-C, BDI, SF-MPQ,475

and DEX were again improved (lower ratings)476

(Fig. 3B; Supplementary Table 4B).477

P2 reports he continues to self-treat at home, to478

date for two years, and is doing well. He remains479

employed in his own business.480

Case P3481

P3 entered at age 57, with AFE to football at age 14.482

He played cornerback, defense position for 16 years,483

including 8 years in the NFL (Table 1). He received484

only the initial, in-office tPBM series.485

In-office tPBM series486

P3 was treated with tPBM Protocol C (Fig. 1, col-487

umn C; Supplementary Table 2). The tPBM device488

was a helmet, lined with red/NIR LED cluster heads.489

Results: In-office tPBM series490

NP tests: At 1 month after the 18th In-office treat-491

ment, P3 showed significant improvement on three492

tests/subtests: 1) and 2), CVLT: Total Trials 1–5, and493

Short Delay, Cued Recall; and 3), the computer-timed494

CPT, with improved d prime, detectability (Fig. 4A;495

Supplementary Table 5A).496

Behavior/mood questionnaires: At 1-week and at497

1-month post- the in-office series, P3 improved on498

PTSD/PCL-C, BDI, SF-MPQ, and DEX (Fig. 4B;499

Supplementary Table 5B).500

Additional, unexpected improvements: P3 showed501

two unexpected improvements at 1-month post- the502

tPBM series. First, he was able to discontinue two503

narcotic medications and still maintain satisfactory504

pain relief; the SF-MPQ rating was reduced by505

82%. He discontinued Opana (oxymorphone) and506

Exalgo (hydromorphone). He continued Neurontin507

(gabapentin). Pre-treatment, his VAS pain rating was508

7/10; at 1-week post-testing, 3/10; and at 1 month,509

5.5/10 after discontinuing the narcotic medications510

(Supplementary Table 5B). Application of NIR tPBM511

to the forehead has been reported to reduce opioid512

cravings [90]. Second, his severe tinnitus level was513

reduced by 36%, to only mild. Figure 5 shows that514

the visible red, and hence, the non-visible NIR pho-515

tons reached the sides of the neck. Application of NIR516

photons to sides of the neck (stellate ganglion areas)517

has been reported to reduce severe tinnitus [91]. No518

MRI scans were available for P3.519

Within a few weeks after completion of the 1- 520

month post-testing, P3 obtained his own tPBM 521

equipment (Neuro Gamma) and began self-treating 522

at home, the same as P1. There are no further post- 523

testing data. He reports anecdotally that he is doing 524

well, and to date, has continued to treat at home for 525

over 2 years. 526

Case P4 527

P4 entered at age 74, with AFE to football at age 528

13. He played 11 years, including 4 years in the 529

NFL (Table 1). His position was defensive end, and 530

offensive lineman, playing all linemen positions. He 531

received only the initial, in-office tPBM series. 532

In-office tPBM series 533

P4 was treated with tPBM Protocol C (Fig. 1, col- 534

umn C; Supplementary Table 2). The tPBM device 535

was a helmet, lined with red/NIR LED cluster heads. 536

Results: In-office tPBM treatment series 537

NP tests: No NP, cognitive test data were available 538

at 1-week post- the initial, on-office tPBM series. At 539

the 1-month post-testing, there were improvements 540

(1.5 SD) on three tests/subtests: 1) CVLT: Long Delay 541

(20 min) Free Recall; 2) CPT: Correct Detections; 542

and 3) BVMT, Delayed (20 min) Recall (Fig. 6A; 543

Supplementary Table 6A). 544

Behavior/mood questionnaires: The question- 545

naires were mailed to P4, for the 1-week post-testing. 546

At 1-week and 1-month post- the final, in-office 547

tPBM treatment, there were improved ratings for 548

PTSD/PCL-C, BDI, SF-MPQ, and DEX, compared 549

to pre-treatment (Fig. 6B; Supplementary Table 6B). 550

One year after completing study participation, P4 551

started tPBM home treatments, the same as P1. He 552

has now self-treated for over 2 years and reports doing 553

well. At age 77, he continues to work in his own 554

business; he recently helped care for an elderly family 555

member out of state. 556

SUMMARY RESULTS, PART 1. NP TESTS, 557

AND BEHAVIOR/MOOD 558

QUESTIONNAIRES 559

Table 2 shows the specific NP tests with signif- 560

icant improvement (2 SD, p < 0.05) for each of the 561

three younger players (P1, P2, P3) at each time point. 562

These three players showed significant improvement 563

on three to six tests/subtests at 1-week or 1-month 564

post-treatment. (P4, the older player, had shown 1.5 565

SD improvement on three NP tests.) Table 2 shows 566
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Fig. 4. P3, cognitive and behavior/mood results. A) Z-Score graphs for some NP tests (CVLT, CPT) after the in-office tPBM series (Protocol
C). B) Behavior/mood ratings after the in-office series. Graphs show improved (lower) ratings for pain; at 1 week and at 1 month, P3 had
discontinued two narcotic medications a few weeks before the 1-month post-testing time point, yet still had satisfactory pain relief (c).
See Supplementary Table 5A and B. NP, neuropsychological; CVLT, California Verbal Learning Test; CPT, computer-timed, Continuous
Performance Test; ∗p < 0.05.
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Fig. 5. P3, Tinnitus Handicap Inventory. The severe tinnitus ratings on the THI were reduced at 1 week, and at 1 month after the in-office
series. White arrows suggest that the red/NIR photons reached sides of the neck with the LED-lined helmet (Protocol C). The NIR photons
likely reached the left and right stellate ganglion areas, a target for NIR photons to reduce tinnitus [91]. THI, Tinnitus Handicap Inventory.

that the CVLT (verbal learning and memory) showed567

the highest number of observations of significant568

improvement (six), particularly at the 1-month post-569

testing time point. A somewhat similar pattern was570

present for the CPT; however, pre-treatment data on571

CPT for P2 were missing. Across all NP tests, the572

1-month post-testing time point showed the highest573

number of significant improvements (twelve), com-574

pared to 1 week (seven), or 2 months (five).575

To further analyze results for the behavior/mood576

questionnaires, repeated measures ANOVAs were577

performed with data for the four ex-football players578

as a group (Fig. 7; Supplementary Table 7). Signifi- 579

cant improvements were present at 1 month after the 580

in-office series for PTSD/PCL-C (p < 0.05); depres- 581

sion/BDI (p < 0.04); pain/SF-MPQ (p < 0.03); and 582

sleep/PSQI (p < 0.04). The DEX showed borderline 583

improvement, p < 0.097. 584

In two cases, some initial gains present at 1-month 585

post-treatment, declined at 2 months (P1, in cogni- 586

tion and behavior/mood; P2, behavior/mood). After 587

treating only the cortical nodes of the DMN at home 588

for 12 weeks, most improvements present at 1 month 589

(but lost at 2 months) were re-gained. All four cases 590

Fig. 6. (Continued)
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Fig. 6. P4, cognitive and behavior/mood results. A) Z-Score graphs for some NP tests (CVLT, CPT, BVMT, Stroop) after the initial, in-office
tPBM series (Protocol C). B) Behavior/mood ratings after the In-office series. See Supplementary Table 6A and B. NP, neuropsychological;
CVLT, California Verbal Learning Test; CPT, Continuous Performance Test; BVMT, Brief Visuospatial Memory Test.

have continued with tPBM home treatments for 2–4591

years, with complete safety; they anecdotally report592

doing well.593

RESULTS, PART 2. MRI STUDIES: THREE594

CASES595

Resting-state functional-connectivity MRI: SN,596

CEN, DMN597

Case P1598

There were rs-fcMRI data for the initial, in-office599

series, and for the later, at-home series. P1 showed a600

pattern of increased FC within the SN at 1 week and601

at 1 month after the initial, in-office series (Fig. 8,602

top row, graph A). These are the same time points603

when he showed significant improvement on five NP604

tests/subtests (Fig. 2A, Supplementary Table 3A);605

and better (lower) ratings for PTSD/PCL-C, BDI, and606

SF-MPQ (Fig. 2B, Supplementary Table 3B).607

At 2-months Post-tPBM, however, his NP tests and608

behavior/mood ratings regressed. Likewise, the rs-609

fcMRI at 3 months after the in-office series showed610

decreased SN FC. The SN FC increased again, 611

however, after 12 weeks of tPBM home treatment, 612

when his cognitive tests showed significant improve- 613

ment on six tests/subtests (Fig. 2A, Supplementary 614

Table 3A); and his PTSD/PCL-C, BDI and SF-MPQ 615

self-ratings were his best observed (Fig. 2B, Supple- 616

mentary Table 3B). 617

Figure 8 also shows significant correlations 618

between increased FC in two different networks (SN, 619

CEN) over time, and specific NP tests and behav- 620

ior/mood ratings over time, for P1. These include 621

a significant positive correlation between increased 622

SN FC and scores on the Stroop, Color-Word Inter- 623

ference Test (executive function), Trial 3, inhibition 624

(graph D), and Trial 4, inhibition/switching (graph E). 625

There was a significant negative correlation between 626

increased SN FC, and shorter reaction times on the 627

computer-timed CPT: False Alarm Rate, sustained 628

attention (graph F); and d prime, detectability (graph 629

G). In addition, significant negative correlations 630

were present between increased SN FC and lower 631

ratings, PTSD/PCL-C (graph H), and sleep/PQSI 632

[p = 0.05, r = –0.88 (Supplementary Table 8)]. These 633
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Table 2
Cases with significant improvement* on specific Neuropsychological tests/subtests, at three post-testing time points. This includes only the

younger cases (P1, P2, P3; ages 55, 57, 65 years); and only for the initial, In-office tPBM series

Neuropsychological Test or Subtest 1 Week Post- 1 Month
Post-(4–6
weeks)

2 Months
Post-(8–12
weeks)

California Verbal Learning Test II
Total Trials 1–5 – P2, P3 P2
Short Delay, Free Recall – – P2
Short Delay, Cued Recall P1 P2, P3 P2
Long Delay (20 min), Free Recall P2 P2 P2
Long Delay (20 min), Cued Recall P2 P2 P2
Total Subtests, Three Cases 3 6 5

Continuous Performance Test**
Correct Detections – – –
False Alarm Rate P1 P1 –
d prime P1 P1, P3 –
Total Subtests, Two Cases 2 3 0

Brief Visuospatial Memory Test - Revised
Trial 1 (Immediate Recall) P2 P1 –
Total Recall – – –
Delayed (20 min) Recall – – –
Recognition Discrimination Index: (Hits minus Recognition False Alarms) P1 P1 P1
Total Subtests, Three Cases 2 2 1

Controlled Oral Word Association Test
For Each Letter, FAS or BHR – P2 –
Total Subtests, Three Cases 0 1 0

Stroop: Color Word Interference Test
Trial 3, inhibition – – –
Trial 4, inhibition/switching – – –
Total Subtests, Three Cases 0 0 0

Total Tests/Subtests Improved, at Each Time Point
1 Week Post-, or 1 Month Post-, or 2 Months Post- 7 12 6

∗≥ = 2 SD (p < 0.05) Improvement; Tx, treatment. ∗∗Missing data for P2, for Continuous Performance Test.

significant correlations suggest a parallel relationship634

between increased SN FC, and better performance635

on objective tests (executive function, Stroop; atten-636

tion, CPT), as well as subjective ratings (PTSD,637

sleep).638

Figure 8 also shows there was a significant pos-639

itive correlation with a second intrinsic network,640

e.g., increased CEN FC, and CVLT: Long Delay641

(20 min) Free Recall (graph I), and Long Delay, Cued642

Recall (graph J). A significant negative correlation643

was present between increased CEN FC and lower644

BDI ratings (graph K). These significant correlations645

also suggest a parallel relationship between increased646

CEN FC and better performance on objective tests647

(verbal learning and memory, CVLT), as well as sub-648

jective self-ratings (depression, BDI).649

There were no significant correlations between650

DMN FC over time, and cognitive tests, or behav-651

ior/mood ratings. All correlations for FC within each652

intrinsic network over time, and NP tests and behav-653

ior/mood questionnaires for each case (P1, P2, P4)654

are listed at the end of Supplementary Tables section655

(Supplementary Tables 8–10).656

Case P2 657

Resting-state fcMRI scans were available for the 658

initial, in-office series, but not for the at-home series 659

due to COVID restrictions. There was a pattern of 660

increased SN FC at 1 week and at 12 weeks after the 661

In-office series (Fig. 9, top row, graph A). 662

Figure 9 also shows there was a significant, positive 663

correlation between increased SN FC over time, and 664

performance on the Stroop, Color-Word Interference 665

Test (executive function), Trial 3, inhibition (graph 666

D). 667

Case P4 668

Compared to pre-treatment, the SN FC pattern for 669

P4 showed increase at 1 week, 1 month, and 5 months 670

(Fig. 10, top row, graph A). A significant negative 671

correlation was present between increased SN FC, 672

and lower ratings for pain, SF-MPQ (graph D). 673

Magnetic resonance spectroscopy 674

Case P2 675

MRS metabolites were examined in ACC, and 676

posterior cingulate cortex (PCC) separately, for the 677
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Fig. 7. Group statistical analyses (repeated measures ANOVAs), pre- versus post- the initial, in-office tPBM series at 1-week and 1-month
post-treatment for behavior/mood questionnaires (a, b, c, d). See Supplementary Table 7.

initial, in-office series only. The metabolite n-acetyl-678

aspartate (NAA) was examined as well as others.679

NAA is a neural marker present only within the body680

of neural cells, axons, and dendrites; it is synthe-681

sized in mitochondria and correlates with oxygen682

consumption [92].683

At 1 week and 6 weeks after the in-office series684

(compared to pre-treatment), the NAA levels were685

higher in ACC (Fig. 11). (Changes were negligible686

in PCC, not shown.) At 12 weeks after the in-office687

series, however, the NAA levels decreased to pre-688

treatment levels. Increased NAA in ACC at 1-week689

and 6-weeks post-tPBM were parallel to his reduced690

pain ratings on SF-MPQ at those times, e.g., at 1691

week, 0; at 6 weeks, 0, compared to pre-treatment,692

9. At 12 weeks, however, the pain rating worsened693

to 9, same as pre-treatment (Fig. 3B; Supplemen-694

tary Table 4B). A similar pattern was present for695

PTSD/PCL-C. The SF-MPQ and PTSD ratings were696

again improved, however, after the at-home series697

(questionnaires were mailed back), where SF-MPQ698

pain was 2, and PTSD/PCL-C was 28, suggesting699

no presence of PTSD symptomatology. There are no700

MRS data following the at-home tPBM series due to 701

COVID restrictions. 702

Summary results, part 2. MRI studies 703

There was a pattern of increased SN FC at 1-week 704

post- the in-office tPBM series for all three cases 705

(P1, P2, P4, Figs. 8–10). Table 3 shows significant 706

correlations between increased SN FC and CEN FC 707

over time, with specific NP tests and behavior/mood 708

questionnaires for each of the three cases. The SN 709

showed the highest number of significant correlations 710

with NP tests and behavior/mood questionnaires. 711

There were eight instances of significant correlations 712

between increased SN FC and the following: Stroop, 713

Trial 3 (P1, P2); Stroop, Trial 4; CPT: False Alarm 714

Rate and d-prime; PTSD/PCL-C (all, P1); SF-MPQ 715

(P4); and PSQI (P1). There were three instances of 716

significant correlations between increased CEN FC 717

and CVLT: Long Delay, Free Recall and Cued Recall; 718

and BDI (all, P1). 719

On MRS, increased levels of NAA (correlated with 720

oxygen consumption in mitochondria) in ACC were 721
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Fig. 8. P1, rs-fcMRI. Top: Average FC within each network over time, pre- /post- the initial, in-office tPBM series and the later, at-home
series. Compared to pre-treatment, there was a pattern of increased SN FC at 1 week and 1 month, but not at 3 months. There was return
of increased SN FC after 12 weeks of home treatment. Bottom: Significant correlations were present between increased SN FC over time,
and Stroop, Trials 3 and 4 (D, E), CPT (F, G), and PTSD (H); and between increased CEN FC over time, and CVLT (I, J) and BDI (K).
rs-fcMRI, resting-state functional-connectivity MRI; SN, salience network; CEN, central executive network; DMN, default mode network;
CPT, computer-timed, Continuous Performance Test; CVLT, California Verbal Learning Test; BDI, Beck Depression Inventory.
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Fig. 9. P2, rs-fcMRI. Top: Average FC within each network over time, pre- /post- the initial, in-office tPBM series only. Compared to
pre-treatment, there was a pattern of increased SN FC at 1 week and at 12 weeks. Bottom: Significant positive correlation between increased
SN FC over time, and Stroop, Trial 3 (D). rs-fcMRI, resting-state functional-connectivity MRI; SN, salience network; CEN, central executive
network; DMN, default mode network.

present at 1 week and 6 weeks after the in-office tPBM722

series (P2). These NAA increases were parallel to his723

reduced pain and PTSD, at those times. At 12 weeks,724

however, the NAA level, along with the pain and725

PTSD ratings, returned towards (or at) pre-treatment726

levels. This suggests an inverse relationship where727

higher NAA levels in ACC were associated with less728

pain and PTSD.729

DISCUSSION730

To our knowledge, this is the first treatment study731

(open-protocol) reporting significant improvements732

(cognition, behavior/mood) in ex-football players733

with a level of TES compatible with possible CTE734

[7]. Post-tPBM results and possible mechanisms are735

discussed in relationship to previous tPBM studies736

with chronic mTBI, and dementia.737

Improvement in cognition738

Significant cognitive improvements here are sim-739

ilar to areas of cognitive improvement in tPBM740

studies with chronic mTBI, e.g., executive function, 741

attention, verbal learning and memory, visuospatial 742

memory, and verbal fluency. In those studies, either 743

the whole head/scalp had been treated [59–61] or five 744

nodes of the DMN [62]. 745

Improvement in behavior/mood 746

Behavior/mood ratings after the In-office tPBM 747

series for the four ex-football players as a 748

group, showed significant improvement at 1-month 749

post-tPBM, e.g., PTSD/PCL-C, depression/BDI, 750

pain/SF-MPQ, and sleep/PSQI. Reduced PTSD 751

symptoms following tPBM with tLEDs were previ- 752

ously reported in chronic mTBI [58–62]. A recent 753

tPBM study including 49 athletes with RHI reported 754

significant improvement in PTSD, depression, adjust- 755

ment/adaptability, and sleep after 8 weeks of tLED 756

treatment to DMN with the Neuro Gamma [93]. 757

Another study reported less mood dysregulation, anx- 758

iety, and irritability symptoms after tPBM with a 759

Class IV, high-power NIR laser in chronic mTBI [94]. 760
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Fig. 10. P4, rs-fcMRI. Top: Average FC within each network over time, pre- /post- the initial, in-office tPBM series. Compared to pre-
treatment, the SN FC showed increase at 1 week, 1 month, and 5 months. Bottom: Significant negative correlation was present between
increased SN FC over time, and decreased SF-MPQ pain ratings (D). rs-fcMRI, resting-state functional-connectivity MRI; SN, salience
network; CEN, central executive network; DMN, default mode network.

Fig. 11. P2, MRS results for metabolite levels in anterior cingulate cortex over time, pre- /post- the initial, in-office tPBM series (Protocol
C). Increased NAA (a correlate of oxygen consumption in mitochondria) was present at 1 week and 6 weeks after the in-office tPBM series,
but not at 12 weeks, when NAA returned to pre-treatment level. P2 had rated less pain and PTSD at 1 week and 6 weeks; however, these
self-ratings returned towards, or at pre-, at 12 weeks (Fig. 3B, graphs a and c). The PTSD and pain ratings again improved after the at-home
tLED series. No MRS data are available then, due to COVID restrictions. MRS, magnetic resonance spectroscopy; NAA, n-acetyl-aspartate;
MI, myo-inositol; Cho, choline; Cr, creatine; PPM, parts per million; PTSD, post-traumatic stress disorder.
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Table 3
Significant correlations between increased resting-state functional-connectivity in Salience Network, and in Central Executive Network over
time, with Neuropsychological Tests and Behavior/Mood Questionnaires, Pre- /Post-tPBM for each case with rs-fcMRI data (P1, P2, P4).

CVLT, California Verbal Learning Test

Intrinsic
Network

Neuropsychological Tests
Stroop, Stroop,

Trial 4
Continuous
Performance Test

Continuous
Performance
Test

CVLT CVLT

Trial 3
Inhibition

Inhibition/
switching

False Alarm Rate d-prime,
Detect.

Long
Delay Free
Recall

Long
Delay
Cued
Recall

Salience
Network

P1 P1 P1 P1

r = 0.94 r = 0.93 r = –0.91 r = –0.90
p = 0.017 p = 0.020 p = 0.030 p = 0.038
P2
r = 0.99
p = 0.007

Central
Executive
Network

P1 P1

r = 0.96 r = 0.96
p = 0.011 p = 0.009

Behavior/Mood Questionnaires
PTSD
PCL-C

Short
Form
McGill
Pain Q.

Pittsburgh Sleep
Quality Index

Beck
Depression
Inventory-II

Salience
Network

P1 P4 P1

r = –0.96 r = –0.99 r = –0.88
p = 0.008 p = 0.007 p = 0.05

Central
Executive
Network

P1

r = –0.91
p = 0.03

Ex-football players’ pattern of response over761

time, similar to neurodegenerative disease762

The pattern of improvement at 1 month after the763

initial, in-office tPBM series, but followed by decline764

2 months later (P1, P2), is similar to the pattern of765

response to tPBM in dementia [64], but not in chronic766

mTBI [59, 60]. When dementia cases were tested767

within 1 week after 12 weeks of tPBM, there were768

significant improvements on Alzheimer’s Disease769

Assessment Scale-Cognitive Subscale (p < 0.032)770

and Mini-Mental State Examination (p < 0.003).771

When LED equipment was withdrawn for the next772

month, however, these gains regressed. The demen-773

tia cases likely had neurodegenerative disease (AD).774

Thus, the pattern of response following tPBM treat-775

ment in the present study with ex-football players (P1,776

P2) was similar to the dementia cases. Later decline777

was not observed in mTBI cases, where improve-778

ments continued out to 2 months after the final tPBM 779

treatment [59, 60]. The pattern of initial improve- 780

ment (at 1 week, 1 month), but later decline (after 2-3 781

month) in the present study (P1, P2) suggests pres- 782

ence of a neurodegenerative disease, e.g., possible 783

CTE. Each case improved again, after tPBM home 784

treatments. 785

MRI changes post-tPBM 786

rs-fcMRI 787

Average FC was examined in three intrinsic net- 788

works (SN, CEN, DMN), across the pre-/post-tPBM 789

time points available for each player (P1, P2, P4). The 790

SN and CEN are discussed. 791

Salience network (cingulo-opercular network) 792

The SN showed the most consistent pattern of 793

increased FC among the three networks examined, 794
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with increased FC at 1 week after the in-office tPBM795

series for all three cases (P1, P2, P4; Figs. 8–10),796

compared to pre-treatment. The SN FC also showed797

the highest number of significant correlations over798

time, with cognitive tests/subtests (Stroop, CPT); and799

behavior/mood (PTSD, pain, sleep); total of eight800

cognitive and behavior/mood measures.801

Significant correlations between SN FC and cog-802

nition are compatible with the literature. The SN is803

necessary for efficient regulation of activity in the804

DMN; failure leads to inefficient cognitive control805

[95]. Significant positive correlation for increased806

SN FC and performance on Stroop, Trial 3, exec-807

utive function (P1, P2) supports the role of SN in808

regulation of cognitive control for DMN. Significant809

negative correlation between SN FC and performance810

on the reaction-time, CPT also supports the role of811

the SN (particularly ACC, within SN) in facilitat-812

ing sustained attention (P1). Significant correlations813

between increased SN FC over time, and improved814

performance on these tests of executive function815

and attention, suggests that tPBM supported these816

improvements.817

It is noteworthy that in the Chao et al. case report818

[62] with a professional ice-hockey player, age 23 (6819

concussions), only nodes of the DMN were treated,820

yet no change was observed in DMN FC, only in821

SN FC, similar to the present study. The SN and822

the DMN are closely linked and dysfunction in SN823

impairs DMN after TBI [96, 97].824

There was a significant negative correlation825

between SN FC and pain ratings on SF-MPQ (P4). P4826

had had 14 surgeries, associated with football. Dys-827

function of ACC (a node of SN) has been reported in828

college football players with concussion studied up to829

19 weeks post-injury [98]. A relationship between SN830

and chronic pain has been reported [99, 100]. There831

are more frequent shifts between SN and DMN in832

chronic pain, possibly indicating greater attention to833

pain [100]. There was significant reduction in pain834

(SF-MPQ) for the four ex-football players as a group835

at 1 month after the initial tPBM series. Pain-related836

neurons are present in the human ACC [101, 102].837

Placement of tPBM over the mPFC (target area of838

DMN) may have also delivered NIR photons to ACC,839

in close anatomical proximity. Targeting the ACC in840

SN with tPBM in chronic pain cases could be bene-841

ficial.842

A significant negative correlation between843

increased SN FC, and lower PTSD ratings was844

also present (P1). Neurocircuitry of PTSD includes845

deficiency in top-down regulation of amygdala by846

ACC, mPFC, and hippocampus [103–105]. Direct 847

tPBM treatment of mPFC and indirect treatment 848

of ACC in the present study may have improved 849

top-down control of amygdala, thus reducing PTSD 850

as also observed in other tPBM studies [58–62, 93, 851

94]. A role for SN in active duty US Army soldiers 852

with PTSD has been reported [106]. Treatment of 853

the SN with tPBM could reduce symptoms of PTSD 854

in the military, as well as civilians. 855

To our knowledge, SN FC has not been pre- 856

viously reported in TES/Possible CTE. Here, 857

significant correlations between SN FC over time, 858

and improvements in executive function/Stroop (P1, 859

P2), attention/CPT (P1), PTSD (P1), pain (P4), and 860

sleep (P1) suggest that scalp application of NIR tPBM 861

affected SN FC in a beneficial manner for cognition, 862

as well as behavior/mood. The midline frontal loca- 863

tions of mPFC and ACC (anatomically close) suggest 864

they are both vulnerable to damage following RHI to 865

the forehead in American-style football, especially 866

linemen positions [6, 22, 24]. Delivering NIR pho- 867

tons to both the mPFC and ACC could be especially 868

important in treating ex-football players with RHI 869

and possible CTE. 870

Central executive network (fronto-parietal 871

network) 872

A significant, positive correlation was observed 873

between increased CEN FC and verbal learning and 874

memory on CVLT: Long Delay Free Recall, and Cued 875

Recall (P1). Cortical nodes of the CEN are primarily 876

the L and R DLPFC, plus the L and R intraparietal 877

cortex (angular gyrus area). The CEN is important in 878

initiating and adjusting cognitive control that enables 879

an immediate transfer of knowledge to novel tasks 880

[107]. Increased CEN FC for P1 at 1 week and 1 881

month after the in-office tPBM series supports his 882

improved CVLT scores at those times on the two most 883

difficult subtests, Long Delay (20 min) Free Recall 884

and Cued Recall for 16 words previously heard. 885

The CVLT scores for P1 declined, however, at 2 886

months after the in-office tPBM series, as did CEN 887

FC near that time (3 months). His later scores on 888

these two CVLT subtests after the 12-week at-home 889

series, however, did not rebound, nor did the CEN FC. 890

The at-home series had treated only cortical nodes 891

of DMN; these did not include L and R DLPFC 892

nodes of CEN, only the L and R intraparietal cortex 893

nodes of both networks (DMN, CEN). The initial, in- 894

office tPBM series had treated the whole head/scalp 895

including the L and R DLPFC, as well as intrapari- 896

etal cortex. Single diodes over L and R, DLPFC have 897
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been added to the new Neuro Pro device, which still898

includes all DMN nodes.899

There was a significant negative correlation900

between increased CEN FC and less depression/BDI901

(P1). Depression ratings were reduced from 24 at pre-902

treatment, to 1 at 1 week, and 0 at 1 month after the903

In-office series; but had increased to 9, at 2 months904

after that series. The CEN FC at 3 months was also905

decreased to almost pre-treatment level. There was906

little change, however, in CEN FC after the at-home907

tPBM series, mentioned above. Nevertheless, the908

depression rating had improved to 0 after the at-home909

series, but the contributing factors are unknown. Stud-910

ies have reported a relationship between CEN FC911

and depression. In subthreshold depression, there912

was dysfunction in the cognitive control network913

(similar to CEN nodes), particularly with decreased914

FC between DLPFC and temporo-parietal junction915

[108]. Decreased connectivity between CEN and the916

rest of the brain has been related to increased depres-917

sion [109]. tPBM treatment to both sets of nodes918

in CEN (DLPFC and intraparietal cortex) could be919

helpful to treat depression.920

MRS: Increased NAA in ACC post-tPBM921

Increased NAA was present in ACC at 1 week and922

6 weeks after the initial, in-office series, compared923

to pre-treatment (P2). His pain ratings (SF-MPQ)924

had improved at those two times (lower, rated 0).925

At 12 weeks, however, his pain rating returned to926

pre-treatment (rated 9), and NAA also returned to927

pre-treatment level. Decreased NAA in ACC has been928

reported in chronic pain [110]. In the section above,929

the importance of ACC (node in SN), and relevance930

of ACC and SN to pain were reviewed (P4).931

There was also a similar pattern for NAA levels932

in ACC over time, and PTSD ratings for P2. Rat-933

ings were lower at 1-week and 6-weeks post-tPBM,934

when NAA levels in ACC were higher. A relation-935

ship between presence of PTSD and reduced NAA in936

ACC has been reported [111, 112].937

To our knowledge, this is the first report of increas-938

ing NAA in the cortex (ACC) following a series of939

red/NIR tPBM treatments. Reduced NAA in the brain940

has been reported in aging, mild cognitive impair-941

ment, AD [113], blast-TBI with memory problems942

(in hippocampus) [114, 115], retired NFL players943

symptomatic for behavior/mood disturbances (pari-944

etal white matter) [116], and in all levels of TBI945

[117]. In athletes with a recent mTBI (one concus-946

sion), reduced NAA was present in frontal WM after947

3 days, with return to normal at 30 days; however, at948

45 days, if a second concussion had occurred within 949

2 weeks [118]. These athletes self-reported “ready to 950

play” at 3 days. Increase towards normal NAA levels 951

was slower the first two weeks, and faster, the sec- 952

ond two weeks [119]. In animal studies with repeat 953

mTBIs, low ATP and ADP were reported [120]; PBM 954

is known to increase ATP in hypoxic/stressed cells 955

[33, 34]. tPBM should be considered in treatment of 956

acute (non-hemorrhagic) TBI. 957

Application of tPBM to increase NAA in ACC may 958

be especially important for ex-football players with 959

RHI primarily to frontal lobes, where p-tau deposits 960

are present even in early-stage CTE [1, 2, 6, 20]. Indi- 961

rect RHI to ACC could have occurred, considering the 962

manner football was played 35–55 years ago. For P2, 963

it may be particularly relevant that he played tackle, 964

offensive lineman, e.g., a position with higher inci- 965

dence of severe CTE pathology postmortem [6]. P2 966

also had AFE to tackle football at less than age 12 967

(age 7, Pop Warner), and he played American foot- 968

ball for 15 years; both factors posit increased risk for 969

CTE postmortem [21, 25]. 970

Possible cellular changes 971

There was likely increased production of ATP by 972

mitochondria in cortical neurons exposed to NIR pho- 973

tons during a tPBM treatment series, thus improving 974

cellular oxygenation and respiration [27, 28, 33, 34]. 975

In addition, there was likely release of NO from CCO 976

in the mitochondria of hypoxic/compromised cells 977

[32], thus increasing vasodilation in local blood and 978

lymphatic vessels. Reduced inflammation and oxida- 979

tive damage would be expected [46]. 980

There was also likely increased BDNF following 981

a tPBM series. BDNF is a neurotrophin associ- 982

ated with neural regeneration, dendritic sprouting, 983

reconnection, and improved synaptic efficacy [48]. 984

Dysregulation of BDNF has been observed both in 985

TBI and PTSD in humans [121]. A significantly lower 986

level of plasma BDNF has been reported in PTSD, 987

suggesting involvement of BDNF in the pathophys- 988

iology of PTSD [122]. Here, there was a significant 989

decrease in symptoms of PTSD at 1 month after the 990

initial, in-office tPBM series in the four, ex-football 991

players as a group. It is possible increased BDNF was 992

present at that time. 993

In addition, there may have been improved func- 994

tion of “fast-spiking interneurons,” post- tPBM. 995

Gamma oscillations (approximately 30 to 100 Hz) are 996

present in many brain regions, including hippocam- 997

pus and neocortex, with rhythmic and synchronous 998
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Fig. 12. A) Frontal, coronal diagram of blood vessels including valveless, emissary veins in superior sagittal sinus. Emissary veins connect
the extracranial venous system with intracranial venous sinuses, including direct passage from external scalp to meninges. Application of
NIR photons promotes vasodilation of local blood vessels [61,71,72]. B) Frontal, coronal MRI of lymphatic vessels in superior sagittal
sinus [134]. C) Sagittal MRI showing location of lymphatic vessels along superior sagittal sinus, rostral-to-caudal [134]. Application of NIR
photons delivered here, are hypothesized to promote vasodilation of lymphatic vessels in dura mater [125]. This could assist in removing
abnormal protein deposits, including p-tau present in CTE. Permissions: A) reprinted with authors’ permission [58]; schematic diagram by
C. Foltz, based on plates from Grey’s Anatomy, Oxford University Press, public domain; B) and C) reprinted from open-access article [134].

fluctuations common to most or all neurons in a999

neuronal network [123]. These fluctuations are asso-1000

ciated with precise synaptic interactions of excitatory1001

pyramidal cells and inhibitory GABAergic interneu-1002

rons. Action potentials generated at high frequency1003

in these fast-spiking interneurons require high oxy-1004

gen consumption. They are particularly enriched1005

with mitochondria and CCO to accommodate this.1006

Nakazono et al. [124] have suggested that gamma1007

oscillations may offer a future therapeutic target. In1008

the present study, it is possible that mitochondrial1009

function in these critical, fast-spiking interneurons1010

was improved following each series of tPBM treat-1011

ments. The addition of at-home tPBM treatments1012

(with 40-Hz gamma frequency) long-term would1013

have provided continued delivery of NIR photons1014

to compromised cortex, including interneurons. This1015

may have contributed to continued well-being for 2–41016

years thus far, in these ex-football players who have1017

continued home treatments with tPBM.1018

Potential for tPBM application to superior1019

sagittal sinus, to drain lymphatics and p-tau1020

The potential for tPBM to augment brain glym-1021

phatic drainage has been reviewed [125]. In the1022

present study, it is likely there was dilation of lym- 1023

phatic vessels, as well as blood vessels in the dura, 1024

within the superior sagittal sinus area (Fig. 12). 1025

Meningeal lymphatic vessels participate in waste 1026

clearance [36, 39, 40]. In advancing CTE, there is 1027

increasing accumulation of p-tau [2]. There are direct 1028

vascular channels connecting skull bone marrow and 1029

the brain surface enabling myeloid cell migration 1030

[126]. 1031

During the initial in-office series, the entire mid- 1032

line, superior sagittal sinus was treated with red/NIR 1033

photons (Fig. 1, Protocol A or C). Thus, focal vasodi- 1034

lation of lymphatic and blood vessels likely occurred 1035

there. This would be compatible with results from a 1036

study with AD mice, where clearance of amyloid- 1037

� via the lymphatic system of the brain and the 1038

neck was observed following application of NIR laser 1039

(1267 nm, 32 J/cm2) to the frontal scalp area [41]. 1040

When the ex-football players later used only the 1041

Neuro Gamma device at home, treating only corti- 1042

cal nodes of the DMN, they continued to improve 1043

(P1, P2). The Neuro Gamma uses only two NIR 1044

diode placements on the midline, superior sagittal 1045

sinus area, e.g., 1) midline, bilateral mPFC, and 2) 1046

midline, bilateral precuneus. It is possible that place- 1047

ment of only two LEDs over the superior sagittal 1048
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sinus - anterior (frontal) and posterior (high parietal),1049

was adequate to dilate lymphatic and blood vessels1050

within the dura to promote continued waste clearance.1051

Application of tPBM to the confluence of sinuses area1052

(midline, near occipital protuberance) could have an1053

additive effect to further promote waste removal.1054

Ex-football players who played 35–55 years ago1055

are increasing in age. Increasing age has been asso-1056

ciated with a dramatic decline in the efficiency of1057

exchange between subarachnoid cerebrospinal fluid1058

and brain parenchyma as part of waste removal. This1059

contributes to impaired glymphatic clearance, cogni-1060

tive decline, and dementia among the elderly [127,1061

128]. It has been suggested that improving glym-1062

phatic clearance “is a novel therapeutic target for1063

treatment of neurodegenerative diseases with accu-1064

mulation of misfolded protein aggregates” [127]. The1065

glymphatic system is more effective during sleep1066

[129]; a recent study with mice has reported an asso-1067

ciated circadian rhythm for this [130]. Impaired sleep1068

was a major complaint for the four ex-football players1069

at entry into this tPBM study. There was significant1070

improvement in sleep at 1 month after the in-office1071

tPBM series. Their improved sleep may have been1072

associated with improved glymphatic clearance of1073

waste products. Treating in sync with a person’s own1074

circadian rhythm, perhaps even at night, might have1075

a greater beneficial effect [131].1076

Conclusions1077

Overall results are encouraging from this first,1078

case-series report with four ex-football players meet-1079

ing TES criteria for possible CTE. Their cognitive and1080

behavior/mood disturbances were well-managed and1081

significantly improved following NIR tPBM treat-1082

ments. To the authors’ knowledge, this is the first1083

report of a potential treatment modality to mitigate1084

symptoms of possible CTE. Instead of continuing1085

to worsen over time, these cases improved with1086

tPBM. Without sham-control, a possible placebo1087

effect is unknown. Significant correlations on rs-1088

fcMRI with increased SN FC and improvements in1089

executive function, attention, PTSD, pain, and sleep;1090

and increased CEN FC with verbal learning and mem-1091

ory, less depression; plus increased NAA in ACC on1092

MRS along with less pain and PTSD, all support a1093

beneficial effect from tPBM.1094

The NINDS Consensus Workshop regarding TES1095

criteria for CTE in vivo, suggested MRI might1096

offer future biomarkers [7]. The present study1097

supports this notion in three areas of MRI: 1)1098

structural MRI showed presence of cavum septum 1099

pellucidum; reported in former pro-football players 1100

with CTE postmortem [1, 132, 133]; 2) rs-fcMRI 1101

showed changes/increased FC in SN and CEN post- 1102

tPBM, parallel to improvements; 3) MRS showed 1103

changes/increased NAA in ACC. 1104

Limitations and future directions 1105

This was a small, open-protocol case series (n = 4). 1106

Future studies with sham and real NIR tPBM 1107

devices for self-treatment at home are suggested; 1108

NIR photons >700 nm, e.g., 810 nm, are not visible. 1109

MRI studies can be used to monitor changes post- 1110

tPBM, including FC of intrinsic networks, and MRS 1111

metabolites (especially, NAA). There was likely dila- 1112

tion of lymphatic vessels in superior sagittal sinus. 1113

Change in lymphatic vessels could be monitored 1114

with post- gadobutrol, T2-FLAIR MRI, and subtrac- 1115

tion images [134]. Dilation may assist in removal 1116

of abnormal protein deposits (p-tau). Reduction in 1117

pain medications (narcotic) and tinnitus should be 1118

studied. More than one post-testing time point is 1119

recommended. Here, there were more instances of 1120

significant improvement on cognitive tests after 1 1121

month (twelve), than after 1 week (seven). This pat- 1122

tern was observed in previous tPBM studies with 1123

mTBI [59, 60] and Gulf War Illness [135]. Here, 1124

decline was present after 2 months in two cases 1125

(where data were available); this prompted tPBM 1126

home treatments. No negative side effects, adverse or 1127

serious adverse events occurred. tLED treatments are 1128

safe and can be self-administered at home—here for 1129

2–4 years, to date. Not all concussion cases recover, 1130

even after three years [136]. tPBM could be consid- 1131

ered for very chronic TBI. 1132
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Wethe JV, Zafonte RD, Foley ÉM, Babcock DJ, Koroshetz 1210

WJ, Tripodis Y, McKee AC, Shenton ME, Cummings 1211

JL, Reiman EM, Stern RA (2021) National Institute of 1212

Neurological Disorders and Stroke Consensus Diagnostic 1213

Criteria for Traumatic Encephalopathy Syndrome. Neu- 1214

rology 96, 848-863. 1215

[8] Martland HS (1928) Punch drunk. JAMA 91, 1103-1107. 1216

[9] Omalu BI, DeKosky ST, Minster RL, Kamboh MI, 1217

Hamilton RL, Wecht CH (2005) Chronic traumatic 1218

encephalopathy in a National Football League player. Neu- 1219

rosurgery 57, 128-134. 1220

[10] McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, 1221

Gavett BE, Budson AE, Santini VE, Lee H-S, Kubilus 1222

CA, Stern RA (2009) Chronic traumatic encephalopathy in 1223

athletes: Progressive tauopathy after repetitive head injury. 1224

J Neuropathol Exp Neurol 68, 709-735. 1225

[11] Omalu BI, Bailes J, Hammers JL, Fitzsimmons RP (2010) 1226

Chronic traumatic encephalopathy, suicides and parasui- 1227

cides in professional American athletes: The role of the 1228

forensic pathologist. Am J Forensic Med Pathol 31, 130- 1229

132. 1230

[12] Omalu B, Bailes J, Hamilton RL, Kamboh MI, Hammers 1231

J, Case M, Fitzsimmons R (2011) Emerging histomorpho- 1232

logic phenotypes of chronic traumatic encephalopathy in 1233

American athletes. Neurosurgery 69, 173-183; discussion 1234

183. 1235

[13] McKee AC, Daneshvar DH, Alvarez VE, Stein TD (2014) 1236

The neuropathology of sport. Acta Neuropathol 127, 29- 1237

51. 1238

[14] Maroon JC, Winkelman R, Bost J, Amos A, Mathyssek 1239

C, Miele V (2015) Chronic traumatic encephalopathy in 1240

contact sports: A systematic review of all reported patho- 1241

logical cases. PLoS One 10, e0117338. 1242

[15] McKee AC, Alosco ML, Huber BR (2016) Repetitive head 1243

impacts and chronic traumatic encephalopathy. Neurosurg 1244

Clin N Am 27, 529-535. 1245

[16] Stewart W, McNamara PH, Lawlor B, Hutchinson S, 1246

Farrell M (2016) Chronic traumatic encephalopathy: A 1247

potential late and under recognized consequence of rugby 1248

union? QJM 109, 11-15. 1249

[17] Omalu B, Hammers JL, Bailes J, Hamilton RL, Kamboh 1250

MI, Webster G, Fitzsimmons RP (2011) Chronic traumatic 1251

encephalopathy in an Iraqi war veteran with posttraumatic 1252

stress disorder who committed suicide. Neurosurg Focus 1253

31, E3. 1254

[18] Goldstein LE, Fisher AM, Tagge CA, Zhang X-L, Velisek 1255

L, Sullivan JA, Upreti C, Kracht JM, Ericsson M, Woj- 1256

narowicz MW, Goletiani CJ, Maglakelidze GM, Casey 1257

N, Moncaster JA, Minaeva O, Moir RD, Nowinski CJ, 1258

Stern RA, Cantu RC, Geiling J, Blusztajn JK, Wolozin 1259

http://dx.doi.org/10.3233/ADR-220022
http://dx.doi.org/10.3233/ADR-220022


U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE 25

BL, Ikezu T, Stein TD, Budson AE, Kowall NW, Chargin1260

D, Sharon A, Saman S, Hall GF, Moss WC, Cleveland RO,1261

Tanzi RE, Stanton PK, McKee AC (2012) Chronic trau-1262

matic encephalopathy in blast-exposed military beterans1263

and a blast neurotrauma mouse model. Sci Transl Med 4,1264

134ra60.1265

[19] Tagge CA, Fisher AM, Minaeva OV, Gaudreau-1266

Balderrama A, Moncaster JA, Zhang X-L, Wojnarowicz1267

MW, Casey N, Lu H, Kokiko-Cochran ON, Saman S, Eric-1268

sson M, Onos KD, Veksler R, Senatorov VVJ, Kondo A,1269

Zhou XZ, Miry O, Vose LR, Gopaul KR, Upreti C, Nowin-1270

ski CJ, Cantu RC, Alvarez VE, Hildebrandt AM, Franz ES,1271

Konrad J, Hamilton JA, Hua N, Tripodis Y, Anderson AT,1272

Howell GR, Kaufer D, Hall GF, Lu KP, Ransohoff RM,1273

Cleveland RO, Kowall NW, Stein TD, Lamb BT, Huber1274

BR, Moss WC, Friedman A, Stanton PK, McKee AC,1275

Goldstein LE (2018) Concussion, microvascular injury,1276

and early tauopathy in young athletes after impact head1277

injury and an impact concussion mouse model. Brain 141,1278

422-458.1279

[20] Alosco ML, Cherry JD, Huber BR, Tripodis Y, Baucom1280

Z, Kowall NW, Saltiel N, Goldstein LE, Katz DI, Dwyer1281

B, Daneshvar DH, Palmisano JN, Martin B, Cantu RC,1282

Stern RA, Alvarez VE, Mez J, Stein TD, McKee AC1283

(2020) Characterizing tau deposition in chronic traumatic1284

encephalopathy (CTE): Utility of the McKee CTE staging1285

scheme. Acta Neuropathol 140, 495-512.1286

[21] Alosco ML, Mez J, Tripodis Y, Kiernan PT, Abdolmo-1287

hammadi B, Murphy L, Kowall NW, Stein TD, Huber BR,1288

Goldstein LE, Cantu RC, Katz DI, Chaisson CE, Martin1289

B, Solomon TM, McClean MD, Daneshvar DH, Nowinski1290

CJ, Stern RA, McKee AC (2018) Age of first exposure to1291

tackle football and chronic traumatic encephalopathy. Ann1292

Neurol 83, 886-901.1293

[22] Alosco ML, Tripodis Y, Jarnagin J, Baugh CM, Martin1294

B, Chaisson CE, Estochen N, Song L, Cantu RC, Jeromin1295

A, Stern RA (2016) Repetitive head impact exposure and1296

later-life plasma total tau in former National Football1297

League players. Alzheimers Dement 7, 33-40.1298

[23] Alosco ML, Tripodis Y, Fritts NG, Heslegrave A, Baugh1299

CM, Conneely S, Mariani M, Martin BM, Frank S,1300

Mez J, Stein TD, Cantu RC, McKee AC, Shaw LM,1301

Trojanowski JQ, Blennow K, Zetterberg H, Stern RA1302

(2018) Cerebrospinal fluid tau, A�, and sTREM2 in1303

Former National Football League Players: Modeling the1304

relationship between repetitive head impacts, microglial1305

activation, and neurodegeneration. Alzheimers Dement 14,1306

1159-1170.1307

[24] Baugh CM, Kiernan PT, Kroshus E, Daneshvar DH, Mon-1308

tenigro PH, McKee AC, Stern RA (2015) Frequency1309

of head-impact-related outcomes by position in NCAA1310

division I collegiate football players. J Neurotrauma 32,1311

314-326.1312

[25] Mez J, Daneshvar DH, Abdolmohammadi B, Chua AS,1313

Alosco ML, Kiernan PT, Evers L, Marshall L, Martin BM,1314

Palmisano JN, Nowinski CJ, Mahar I, Cherry JD, Alvarez1315

VE, Dwyer B, Huber BR, Stein TD, Goldstein LE, Katz1316

DI, Cantu RC, Au R, Kowall NW, Stern RA, McClean MD,1317

Weuve J, Tripodis Y, McKee AC (2020) Duration of Amer-1318

ican football play and chronic traumatic encephalopathy.1319

Ann Neurol 87, 116-131.1320

[26] Stern RA, Adler CH, Chen K, Navitsky M, Luo J, Dod-1321

ick DW, Alosco ML, Tripodis Y, Goradia DD, Martin B,1322

Mastroeni D, Fritts NG, Jarnagin J, Devous MD, Mintun1323

MA, Pontecorvo MJ, Shenton ME, Reiman EM (2019) Tau1324

positron-emission tomography in former national football 1325

league players. N Engl J Med 380, 1716-1725. 1326

[27] Karu TI, Pyatibrat LV, Afanasyeva NI (2005) Cellular 1327

effects of low power laser therapy can be mediated by 1328

nitric oxide. Lasers Surg Med 36, 307-314. 1329

[28] Wong-Riley MTT, Liang HL, Eells JT, Chance B, 1330

Henry MM, Buchmann E, Kane M, Whelan HT (2005) 1331

Photobiomodulation directly benefits primary neurons 1332

functionally inactivated by toxins: Role of cytochrome c 1333

oxidase. J Biol Chem 280, 4761-4771. 1334

[29] Uozumi Y, Nawashiro H, Sato S, Kawauchi S, Shima K, 1335

Kikuchi M (2010) Targeted increase in cerebral blood flow 1336

by transcranial near-infrared laser irradiation. Lasers Surg 1337

Med 42, 566-576. 1338

[30] Ferraresi C, Parizotto NA, Pires de Sousa MV, Kaip- 1339

pert B, Huang Y-Y, Koiso T, Bagnato VS, Hamblin MR 1340

(2015) Light-emitting diode therapy in exercise-trained 1341

mice increases muscle performance, cytochrome c oxi- 1342

dase activity, ATP and cell proliferation. J Biophotonics 8, 1343

740-754. 1344

[31] Dmochowski GM, Shereen A (Duke), Berisha D, Dmo- 1345

chowski JP (2020) Near-infrared light increases functional 1346

connectivity with a non-thermal mechanism. Cereb Cortex 1347

Commun 1, tgaa004. 1348

[32] Ayuk SM, Houreld NN, Abrahamse H (2018) Effect of 660 1349

nm visible red light on cell proliferation and viability in 1350

diabetic models in vitro under stressed conditions. Lasers 1351

Med Sci 33, 1085-1093. 1352

[33] Karu T, Pyatibrat L, Kalendo G (1995) Irradiation with He- 1353

Ne laser increases ATP level in cells cultivated in vitro. J 1354

Photochem Photobiol B 27, 219-223. 1355

[34] Eells JT, Henry MM, Summerfelt P, Wong-Riley MTT, 1356

Buchmann EV, Kane M, Whelan NT, Whelan HT (2003) 1357

Therapeutic photobiomodulation for methanol-induced 1358

retinal toxicity. Proc Natl Acad Sci U S A 100, 3439. 1359

[35] Semyachkina-Glushkovskaya O, Abdurashitov A, 1360

Klimova M, Dubrovsky A, Shirokov A, Fomin A, 1361

Terskov A, Agranovich I, Mamedova A, Khorovodov 1362

A (2020) Photostimulation of cerebral and peripheral 1363

lymphatic functions. Transl Biophotonics 2, e201900036. 1364

[36] Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani 1365

SJ, Peske JD, Derecki NC, Castle D, Mandell JW, 1366

Lee KS (2015) Structural and functional features of 1367

central nervous system lymphatic vessels. Nature 523, 1368

337-341. 1369

[37] Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman 1370

S, Detmar M, Wiig H, Alitalo K (2015) A dural lym- 1371

phatic vascular system that drains brain interstitial fluid 1372

and macromolecules. J Exp Med 212, 991-999. 1373

[38] Louveau A, Herz J, Alme MN, Salvador AF, Dong MQ, 1374

Viar KE, Herod SG, Knopp J, Setliff JC, Lupi AL (2018) 1375

CNS lymphatic drainage and neuroinflammation are reg- 1376

ulated by meningeal lymphatic vasculature. Nat Neurosci 1377

21, 1380-1391. 1378

[39] Raper D, Louveau A, Kipnis J (2016) How do meningeal 1379

lymphatic vessels drain the CNS? Trends Neurosci 39, 1380

581-586. 1381

[40] Kipnis J (2016) Multifaceted interactions between adap- 1382

tive immunity and the central nervous system. Science 353, 1383

766-771. 1384

[41] Zinchenko E, Navolokin N, Shirokov A, Khlebtsov B, 1385

Dubrovsky A, Saranceva E, Abdurashitov A, Khorovodov 1386

A, Terskov A, Mamedova A (2019) Pilot study of 1387

transcranial photobiomodulation of lymphatic clearance 1388

of beta-amyloid from the mouse brain: Breakthrough 1389



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

26 M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE

strategies for non-pharmacologic therapy of Alzheimer’s1390

disease. Biomed Opt Express 10, 4003-4017.1391

[42] Iliff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero1392

M, Yang L, Singh I, Deane R, Nedergaard M (2014)1393

Impairment of glymphatic pathway function promotes1394

tau pathology after traumatic brain injury. J Neurosci 34,1395

16180-16193.1396

[43] Sun BL, Wang L, Yang T, Sun J, Mao L, Yang M, Yuan H,1397

Colvin RA, Yang X (2018) Lymphatic drainage system of1398

the brain: A novel target for intervention of neurological1399

diseases. Prog Neurobiol 163-164, 118-143.1400

[44] Khuman J, Zhang J, Park J, Carroll JD, Donahue C,1401

Whalen MJ (2012) Low-level laser light therapy improves1402

cognitive deficits and inhibits microglial activation after1403

controlled cortical impact in mice. J Neurotrauma 29,1404

408-417.1405

[45] Thunshelle C, Hamblin MR (2016) Transcranial low-level1406

laser (light) therapy for brain injury. Photomed Laser Surg1407

34, 587-598.1408

[46] Hamblin MR (2017) Mechanisms and applications of the1409

anti-inflammatory effects of photobiomodulation. AIMS1410

Biophys 4, 337-361.1411

[47] Xuan W, Vatansever F, Huang L, Hamblin MR (2014)1412

Transcranial low-level laser therapy enhances learning,1413

memory, and neuroprogenitor cells after traumatic brain1414

injury in mice. Journal Biomed Opt 19, 108003.1415

[48] Xuan W, Agrawal T, Huang L, Gupta GK, Hamblin MR1416

(2015) Low-level laser therapy for traumatic brain injury in1417

mice increases brain derived neurotrophic factor (BDNF)1418

and synaptogenesis. J Biophotonics 8, 502-511.1419

[49] Hamblin MR, Demidova TN (2006) Mechanisms of1420

low level light therapy. Proc SPIE 6140, 614001;1421

https://doi.org/10.1117/12.646294.1422

[50] de Freitas LF, Hamblin MR (2016) Proposed mechanisms1423

of photobiomodulation or low-level light therapy. IEEE J1424

Sel Top Quantum Electron 22, 348-364.1425

[51] Salehpour F, Mahmoudi J, Kamari F, Sadigh-Eteghad1426

S, Rasta SH, Hamblin MR (2018) Brain photobiomod-1427

ulation therapy: A narrative review. Mol Neurobiol 55,1428

6601-6636.1429

[52] Wan S, Anderson RR, Parrish JA (1981) Analytical mod-1430

eling for the optical properties of the skin with in vitro and1431

in vivo applications. Photochem Photobiol 34, 493-499.1432

[53] Tedford CE, DeLapp S, Jacques S, Anders J (2015) Quan-1433

titative analysis of transcranial and intraparenchymal light1434

penetration in human cadaver brain tissue. Lasers Surg1435

Med 47, 312-322.1436

[54] Jagdeo JR, Adams LE, Brody NI, Siegel DM (2012)1437

Transcranial red and near infrared light transmission in1438

a cadaveric model. PLoS One 7, e47460.1439

[55] Cassano P, Tran AP, Katnani H, Bleier BS, Hamblin MR,1440

Yuan YS, Fang QQ (2019) Selective photobiomodula-1441

tion for emotion regulation: Model-based dosimetry study.1442

Neurophotonics 6, 015004.1443

[56] Yuan YS, Cassano P, Pias M, Fang QQ (2020) Tran-1444

scranial photobiomodulation with near-infrared light from1445

childhood to elderliness: Simulation of dosimetry. Neu-1446

rophotonics 7, 015009.1447

[57] Mester E, Spiry T, Szende B, Tota JG (1971) Effect of1448

laser rays on wound healing. Am J Surg 122, 532-535.1449

[58] Naeser MA, Saltmarche A, Krengel MH, Hamblin MR,1450

Knight JA (2011) Improved cognitive function after1451

transcranial, light-emitting diode treatments in chronic,1452

traumatic brain injury: Two case reports. Photomed Laser1453

Surg 29, 351-358.1454

[59] Naeser MA, Zafonte R, Krengel MH, Martin PI, Fra- 1455

zier J, Hamblin MR, Knight JA, Meehan III WP, Baker 1456

EH (2014) Significant improvements in cognitive perfor- 1457

mance post-transcranial, red/near-infrared light-emitting 1458

diode treatments in chronic, mild traumatic brain injury: 1459

Open-protocol study. J Neurotrauma 31, 1008-1017. 1460

[60] Naeser MA, Martin PI, Ho MD, Krengel MH, Bogdanova 1461

Y, Knight JA, Yee MK, Zafonte R, Frazier J, Hamblin 1462

MR (2016) Transcranial, red/near-infrared light-emitting 1463

diode therapy to improve cognition in chronic traumatic 1464

brain injury. Photomed Laser Surg 34, 610-626. 1465

[61] Hipskind SG, Grover FL Jr, Fort TR, Helffenstein D, Burke 1466

TJ, Quint SA, Bussiere G, Stone M, Hurtado T (2019) 1467

Pulsed transcranial red/near-infrared light therapy using 1468

light-emitting diodes improves cerebral blood flow and 1469

cognitive function in veterans with chronic traumatic brain 1470

injury: A case series. Photomed Laser Surg 37, 77-84. 1471

[62] Chao LL, Barlow C, Karimpoor M, Lim L (2020) Changes 1472

in brain function and structure after self-administered 1473

home photobiomodulation treatment in a concussion case. 1474

Front Neurol 11, 952. 1475

[63] Figueiro Longo MG, Tan CO, Chan S-T, Welt J, Avesta A, 1476

Ratai E, Mercaldo ND, Yendiki A, Namati J, Chico-Calero 1477

I, Parry BA, Drake L, Anderson R, Rauch T, Diaz-Arrastia 1478

R, Lev M, Lee J, Hamblin M, Vakoc B, Gupta R (2020) 1479

Effect of transcranial low-level light therapy vs sham 1480

therapy among patients with moderate traumatic brain 1481

injury: A randomized clinical trial. JAMA Netw Open 3, 1482

e2017337. 1483

[64] Saltmarche AE, Naeser MA, Ho KF, Hamblin MR, Lim 1484

L (2017) Significant improvement in cognition in mild 1485

to moderately severe dementia cases treated with tran- 1486

scranial plus intranasal photobiomodulation: Case series 1487

report. Photomed Laser Surg 35, 432-441. 1488

[65] Chao LL (2019) Effects of home photobiomodulation 1489

treatments on cognitive and behavioral function, cere- 1490

bral perfusion, and resting-state functional connectivity 1491

in patients with dementia: A pilot trial. Photobiomodul 1492

Photomed Laser Surg 37, 133-141. 1493

[66] Salehpour F, Hamblin MR, DiDuro JO (2019) Rapid rever- 1494

sal of cognitive decline, olfactory dysfunction, and quality 1495

of life using multi-modality photobiomodulation therapy: 1496

Case report. Photobiomodul Photomed Laser Surg 37, 1497

159-167. 1498

[67] Naeser MA, Ho MD, Martin PI, Hamblin MR, Koo B-B 1499

(2020) Increased functional connectivity within intrinsic 1500

neural networks in chronic stroke following treatment with 1501

red/near-infrared transcranial photobiomodulation: Case 1502

series with improved naming in aphasia. Photobiomodul 1503

Photomed Laser Surg 38, 115-131. 1504

[68] Lampl Y, Zivin JA, Fisher M, Lew R, Welin L, Dahlof 1505

B, Borenstein P, Andersson B, Perez J, Caparo C (2007) 1506

Infrared laser therapy for ischemic stroke: A new treat- 1507

ment strategy: Results of the NeuroThera Effectiveness 1508

and Safety Trial-1 (NEST-1). Stroke 38, 1843-1849. 1509

[69] Zivin JA, Albers GW, Bornstein N, Chippendale T, Dahlof 1510

B, Devlin T, Fisher M, Hacke W, Holt W, Ilic S, Kasner S, 1511

Lew R, Nash M, Perez J, Rymer M, Schellinger P, Schnei- 1512

der D, Schwab S, Veltkamp R, Walker M, Streeter J (2009) 1513

Effectiveness and safety of transcranial laser therapy for 1514

acute ischemic stroke. Stroke 40, 1359-1364. 1515

[70] Stemer AB, Huisa BN, Zivin JA (2010) The evolution 1516

of transcranial laser therapy for acute ischemic stroke, 1517

including a pooled analysis of NEST-1 and NEST-2. Curr 1518

Cardiol Rep 12, 29-33. 1519

https://doi.org/10.1117/12.646294


U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

M.A. Naeser et al. / tPBM: Improvements Ex-Football, Possible CTE 27

[71] Schiffer F, Johnston AL, Ravichandran C, Polcari A,1520

Teicher MH, Webb RH, Hamblin MR (2009) Psycholog-1521

ical benefits 2 and 4 weeks after a single treatment with1522

near infrared light to the forehead: A pilot study of 101523

patients with major depression and anxiety. Behav Brain1524

Funct 5, 46.1525

[72] Nawashiro H, Wada K, Nakai K, Sato S (2012) Focal1526

increase in cerebral blood flow after treatment with near-1527

infrared light to the forehead in a patient in a persistent1528

vegetative state. Photomed Laser Surg 30, 231-233.1529

[73] Tian F, Hase SN, Gonzalez-Lima F, Liu H (2016)1530

Transcranial laser stimulation improves human cerebral1531

oxygenation. Lasers Surg Med 48, 343-349.1532

[74] Wang X, Tian F, Reddy DD, Nalawade SS, Barrett DW,1533

Gonzalez-Lima F, Liu H (2017) Up-regulation of cerebral1534

cytochrome-c-oxidase and hemodynamics by transcra-1535

nial infrared laser stimulation: A broadband near-infrared1536

spectroscopy study. J Cereb Blood Flow Metab 37, 3789-1537

3802.1538

[75] Zomorrodi R, Loheswaran G, Pushparaj A, Lim L (2019)1539

Pulsed near infrared transcranial and intranasal photo-1540

biomodulation significantly modulates neural oscillations:1541

A pilot exploratory study. Sci Rep 9, 6309.1542

[76] Ray WJ, Cole HW (1985) EEG alpha activity reflects1543

attentional demands, and beta activity reflects emotional1544

and cognitive processes. Science 228, 750-752.1545

[77] Coben LA, Danziger W, Storandt M (1985) A longitudinal1546

EEG study of mild senile dementia of Alzheimer type:1547

Changes at 1 year and at 2.5 years. Electoencephalogr1548

Clin Neurophysiol 61, 101-112.1549

[78] Meghdadi AH, Stevanović Karić M, McConnell M, Rupp1550
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