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Abstract

Objective: To examine effects of four different transcranial, red/near-infrared (NIR), light-emitting diode
(tLED) protocols on naming ability in persons with aphasia (PWA) due to left hemisphere (LH) stroke. This is
the first study to report beneficial effects from tLED therapy in chronic stroke, and parallel changes on
functional magnetic resonance imaging (fMRI).
Materials and methods: Six PWA, 2–18 years poststroke, in whom 18 tLED treatments were applied (3 · /
week, 6 weeks) using LED cluster heads: 500 mW, red (633 nm) and NIR (870 nm), 22.48 cm2, 22.2 mW/cm2.
Results: After Protocol A with bilateral LED placements, including midline, at scalp vertex over left and right
supplementary motor areas (L and R SMAs), picture naming was not improved. P1 underwent pre-/postovert,
picture-naming task-fMRI scans; P2 could not. After Protocol A, P1 showed increased activation in LH and
right hemisphere, including L and R SMAs. After Protocol B with LEDs only on ipsilesional, LH side, naming
ability significantly improved for P1 and P2; the fMRI scans for P1 then showed activation only on the
ipsilesional LH side. After Protocol C with LED placements on ipsilesional LH side, plus one midline
placement over mesial prefrontal cortex (mPFC) at front hairline, a cortical node of the default mode network
(DMN), P3 and P4 had only moderate/poor response, and no increase in functional connectivity on resting-state
functional-connectivity MRI. After Protocol D, however, with LED placements on ipsilesional LH side, plus
over two midline nodes of DMN, mPFC, and precuneus (high parietal) simultaneously, P5 and P6 each had good
response with significant increase in functional connectivity within DMN, p < 0.0005; salience network,
p < 0.0005; and central executive network, p < 0.05.
Conclusions: NIR photons can affect surface brain cortex areas subjacent to where LEDs are applied on the
scalp. Improved naming ability was present with optimal Protocol D. Transcranial photobiomodulation may be
an additional noninvasive therapy for stroke.
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Introduction

Photobiomodulation (PBM) therapy is a safe, painless,
noninvasive, nonthermal modality using primarily visi-

ble red and/or near-infrared (NIR) wavelengths, *600–
1100 nm to stimulate, heal, and repair damaged or dying cells
and tissues.1–3 Multiple effects are associated with application
of red/NIR PBM to hypoxic/compromised cells. These include
increased local vasodilation after release of nitric oxide from
cytochrome C oxidase in mitochondria of hypoxic cells, and
increased production of adenosine triphosphate (ATP). After
application of NIR light-emitting diodes (LED) to the fore-
head, increased local regional cerebral blood flow (rCBF) in
the frontal pole cortex areas, and improved behavior have been
reported in major depressive disorder4 and severe traumatic
brain injury (TBI).5 Increased overall rCBF was present on
brain single-photon emission computerized tomography scans
in veterans with chronic TBI,6 and focal increases were ob-
served in pilot reports with chronic stroke patients.7,8

After exposure to red/NIR photons, there is a brief burst of
reactive oxygen species that induces redox-sensitive transcrip-
tion factors including nuclear factor-kappa B (NF-jB) that
promote gene transcription, including activation of secondary
antioxidant mechanisms that result in a net reduction of oxida-
tive stress.9,10 Two genes that are upregulated after NF-jB ac-
tivation include those for mitochondrial superoxide dismutase, a
powerful antioxidant11 and heat-shock protein 70, a molecular
chaperone for protein molecules that prevents misfolding and
unwanted protein aggregation that is neuroprotective.12

In small-animal studies, transcranial PBM (tPBM) was
observed to have an anti-inflammatory effect in the brain in
acute TBI, as well as in Alzheimer’s disease (AD) mice.13–16

In acute TBI, increased brain-derived neurotrophic factor
(BDNF) was present at day 7 (promoting neurogenesis)
when NIR tPBM was started at 4 h post-TBI, for 3 days. At
day 28, there was increased Synapsin-1 (promoting sy-
naptogenesis), along with improved behavior.17,18

TPBM has improved cognition in chronic TBI in humans.19

The red/NIR LEDs were placed on the head (midline, from
front-to-back hairline; bilaterally on frontal, parietal, and
temporal areas). These scalp placements included, in part,
cortical nodes of the intrinsic neural network, the default mode
network (DMN)—for example, mesial prefrontal cortex
(mPFC) and precuneus, as well as the L and R inferior parietal
cortex (intraparietal sulcus/angular gyrus areas).19,20 The
DMN is active during daydreaming, but must downregulate, in
order for goal-directed tasks (executive function) to take place.
The DMN is dysregulated in TBI, likely due to the twisting and
shearing of white matter axons associated with TBI.21 Sig-
nificant improvements in executive function and verbal
memory were observed after 18 transcranial LED (tLED)
treatments (3 · /week, 6 weeks), with improvements lasting out
to 2 months after the final treatment. In addition to improved
cognition, the TBI participants reported improved sleep. The
red wavelength has been shown to increase melatonin.22 Fewer
post-traumatic stress disorder (PTSD) symptoms were also
reported.19,20 Chronic PTSD shares some of the same abnor-
mal neurocircuitry with chronic TBI, including mPFC dys-
function. The mPFC is important for top-down governance of
the amygdala to modulate emotional outbursts.23

TPBM has improved cognition in mild to moderately severe
dementia cases.24,25 The DMN is dysregulated in AD.26–29 The

cortical nodes of the DMN (especially mPFC) have high de-
mand for glucose and energy.30,31 In both dementia studies,24,25

the tPBM treatments included LED placements over only
cortical nodes of the DMN. In addition, a NIR LED noseclip
was placed in a nostril, hypothesized to deliver NIR photons to
the olfactory bulbs (on orbitofrontal cortex) with direct con-
nections to parahippocampal areas.32 There were significant
improvements after 12 weeks of tPBM—for example, MMSE,
p < 0.003; and the Alzheimer’s Disease Assessment Scale-
Cognition (ADAS-Cog), p < 0.023.24 Better sleep, fewer angry
outbursts, and fewer episodes of wandering were reported by
families. Precipitous declines were observed, however, during
the follow-up 4-week no-treatment period (weeks 12 to 16) in
these cases with a progressive neurodegenerative disease.24

These results with dementia were in juxtaposition to the con-
tinued cognitive improvements observed at 2 months after the
final tPBM treatment with chronic TBI cases.19,20

TPBM was used to treat acute human stroke in the
NeuroThera Effectiveness and Safety Trial (NEST).33–35

Patients received only one tPBM treatment, at <24 h post-
stroke onset, and placements followed the 10/20 electro-
encephalography (EEG) system over the left hemisphere
(LH) plus over the right hemisphere (RH), regardless of the
side of stroke. There was significant improvement on the
NIH Stroke Severity Scale (NIHSSS) in the real, but not in
the sham-treated groups. When the NEST tPBM protocol
was extended into Phase III clinical trials, however, it failed
to reach significance at the interim analysis point and the
study was suspended. Some possible contributing factors for
this are presented in the Discussion section.

Neurogenesis persists in the adult mammalian brain36 and
is upregulated after ischemia and brain injury.37 Mi-
tochondrial dysfunction inhibits adult neurogenesis.38 Thus,
improving mitochondrial function with NIR tPBM would be
desirable, not only to promote increased ATP and rCBF, but
also to possibly promote some adult neurogenesis.

Since 1981, the depth of brain penetration from scalp
surface with NIR laser in human cadavers has been stud-
ied.39 Photons from an 808 nm laser have been detected at a
depth of 4–5 cm.40 The effect is nonthermal.41 There have
been no negative side effects reported in animal or human
studies since research and clinical studies began in the
1960s.42 PBM offers the possibility of endogenous self-
repair mechanisms.

The purpose of this case series report was to examine the
effects of red/NIR tPBM on language and functional mag-
netic resonance imaging (fMRI) scans in persons with
aphasia (PWA) due to LH stroke. Four different tLED
protocols were examined. Part 1 (Protocols A and B) ex-
amined which side/s of the head/brain to optimally treat
(bilateral LED placements vs. ipsilesional, only LH place-
ments). Part 2 (Protocols C and D) examined the effect of
LED placements over only the LH, plus one midline node of
the DMN (mPFC) versus two midline nodes of the DMN
(mPFC plus precuneus), and the effect of dosage applied to
each placement area (13 vs. 26 J/cm2).

Methods

Participants

Demographics for each right-handed PWA are provided
in Table 1. Six males, ages 46–49 years, participated at 2–18
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years after single LH stroke. Figure 1 shows the LH areas of
infarction for each PWA on T1-weighted structural MRI
scans.

Language testing

Each PWA was administered the Boston Diagnostic
Aphasia Exam (BDAE)43 within 1 month before participa-
tion to establish the type of aphasia. The primary outcome
variable was naming ability. Within 2 weeks before the first
tLED treatment, the Boston Naming Test (BNT)44 and the
Philadelphia Naming Test (PNT)45 were administered three
times to each PWA, to establish a baseline mean and stan-
dard deviation (SD) for each naming test, for that PWA. If
the PWA scored near ceiling for picture naming (BNT and/or
PNT) at baseline, then the timed, Benton Controlled Oral
Word Association Test (Letters, FAS test),46 and the verbal

fluency/category-naming test for animals (BDAE)43 were
used instead. Each category was timed for 1 min, where the
PWA was asked to name aloud as many words as pos-
sible, within that category. Post-testing was obtained at
1 or 2 weeks after the 18th tLED treatment, and again
at 1 and 2 months later. A change from baseline of 2SD
at a post-testing time point was considered significant
( p = 0.05).

LED equipment and treatment schedule

The nonsignificant risk FDA-cleared MedX Health
(Toronto) Model 1100 LED cluster heads were used in all
four LED Protocols (A, B, C, and D). Although many dif-
ferent wavelengths have been shown to be active in PBM,
the two wavelengths used in this study, 633 nm and 870 nm
in each LED cluster head, are close to two of the four
wavelength groups identified by Tiina Karu in a study of the
action spectrum of HeLa cell adhesion in vitro.47

Specific LED parameters are provided in Table 2. Each
protocol applied 18 tLED treatments, 3 · /week with at least
48 h between treatments (Monday, Wednesday, and Friday)
for 6 weeks, during outpatient visits to the VA Boston
Healthcare System (VABHS). See Fig. 2.

The LED treatment portion was approved by the In-
stitutional Review Board of the VABHS, where the LED
treatments took place. The MRI scan portion was approved
by the Institutional Review Boards of both the Boston
University School of Medicine, where the MRI scans took
place, and the VABHS. Each participant signed informed
consent forms from both institutions, and all methods were
performed in accordance with the relevant guidelines and
regulations. This was an open-protocol exploratory study.

Part 1: Method

Protocol A: Bilateral (LH and RH) LED placements,
and midline placements including both L and R supplemen-
tary motor areas (SMAs) at vertex. Protocol A LED
placements (Table 3) are similar to those used in our TBI
studies.19,20 Two MedX Health (Toronto) Console Model
1100 LED units were used, permitting up to six tLED
placements simultaneously. Two sequential placement sets
of five or six LED cluster heads were applied at each
treatment visit. The LED cluster heads were secured in place
with a soft nylon cap (Fig. 2).

P1 performed overt picture-naming task-fMRI scans
pre/post the Protocol A treatment series. The MRI acquisi-
tion parameters for structural and fMRI scans are provided
in Supplementary Data S1. P2 was unable to undergo 3
Tesla fMRI, due to the type of stents that had been placed
postmyocardial infarction.

Protocol B: Only LH ipsilesional LED place-
ments. Within a few weeks after completing post-testing
for Protocol A, P1 and P2 were each treated with Protocol B
(Tables 2 and 3), where LEDs were placed only on the LH
ipsilesional side. There were no RH placements, no midline
placements, including no placement over both L and R
SMAs at the midline vertex. P1 again underwent post-LED
overt picture-naming task-fMRIs.

FIG. 1. Axial T1-weighted structural MRI scans for each
person with aphasia, P1–P6. The nonfluent aphasia cases
(P1, P2, P3, P4, and P6) each had white matter lesions near
ventricle, which were compatible with nonfluent apha-
sia81—that is, lesion located anterolateral to the left frontal
horn, deep to Broca’s area, including medial subcallosal
fasciculus with pathways from L SMA and anterior cingu-
late to head of caudate, and in the middle periventricular
white matter area, lateral to body of lateral ventricle (deep to
sensorimotor cortex areas for mouth). The white matter le-
sion anterolateral to left frontal horn likely also included
fibers of the aslant tract.59,82 The fluent aphasia case (P5,
with rare, unilateral word deafness)78 had left temporopar-
ietal lesion, including Wernicke’s area, plus lesion adjacent
to posterior rim of body of left lateral ventricle, interrupting
auditory callosal fibers from right temporal lobe.79 See also
Supplementary Fig. S1. MRI, magnetic resonance imaging;
SMA, supplementary motor area.
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Part 2: Method

The results from Part 1 indicated that improved naming
was limited to LED placements on only the LH, ipsilesional
side, and not both sides. Thus, in Part 2 only the LH side was
treated, with four other PWA (P3–P6). The effects of adding
one versus two midline LED placements over cortical nodes
of the DMN (mPFC, precuneus) and fluence delivered (13,
26 J/cm2) were examined. Each PWA (P3–P6) participated
in resting-state functional-connectivity MRI (rs-fcMRI)
scans pre/post one LED treatment series.

Rationale for rs-fcMRI scans

The rs-fcMRI scans have become more widely used than
task-fMRI scans to study stroke recovery because they re-
quire no speech or motor movements during fMRI scan
acquisition. During rs-fcMRI, the participant is lying in the
scanner, resting, and merely looking at a white dot on a
black background for 7 min. He/she is instructed to think of
nothing in particular, but to keep the eyes open. The rs-
fcMRI scans provide information on the strength of func-
tional connections, or correlations, between pairs of specific
cortical regions of interest (ROIs), within a specific neural
network. For normal brain function to occur, the cortical
nodes within a neural network need to have a high degree of
correlated temporal oscillations among themselves, during
activation (or deactivation). The cortical nodes have very
slow, yet coherent, temporal oscillations (only 0.01 to
0.08 Hz), repeating one cycle every 12.5 to 100 sec during
rest. There is a range of possible correlation coefficients
from -1.0 to +1.0 (Pearson’s r). Higher positive correlations
suggest that the cortical nodes within a specific network are
functionally connected—that is, have temporally coherent
oscillations. The DMN is often dysregulated (without

Table 2. Parameters for Light-Emitting Diode Cluster Heads (MedX Health, Toronto) Used for Each

Light-Emitting Diode Protocol: A, B, C, and D

Parameters for each
LED cluster head

(MedX Health, Toronto) Protocol A Protocol B Protocol C Protocol D

LED cluster head size 22.48 cm2

5.34 cm diameter
Power output 500 mW
Power density 22.2 mW/cm2

No. of red LEDs, 633 nm 9
No. of NIR LEDs, 870 nm 52
Mode: PW or CW PW, 146 Hz PW, 146 Hz CW CW
No. of sec required

to reach 1 J/cm2
45 sec, CW 56.2 sec, PW 56.2 sec, PW 45 sec, CW 45 sec, CW

No. of LED cluster head
placements, per session

12 6 9 8

Total fluence per LED
placement

13 J/cm2 39 J/cm2 13 J/cm2 26 J/cm2

Time per LED placement,
per session

12 min, 11 sec 36 min, 33 sec 9 min, 45 sec 19 min, 30 sec

Total time duration of
LED session

24 min, 22 sec 36 min, 33 sec 19 min, 30 sec 39 min, 0 sec

Total fluence delivered,
across the 18 LED
treatment sessions

2808 J/cm2 4212 J/cm2 2106 J/cm2 3744 J/cm2

LED placement locations were different for each of the four protocols (Table 3).
CW, continuous wave; NIR, near-infrared; PW, pulsed wave.

FIG. 2. (a) Sample LED cluster head applied to the
skin/scalp. The ‘‘X’’ indicates location of the nine red LEDs
embedded within the LED cluster head. The 52 near-infrared
LEDs surrounding the ‘‘X’’ are not visible to the eye. (b)
Subject treated in recliner chair, showing some LED place-
ments used in Protocol A—Bilateral (LH and RH) LED
placements, including the L and R SMAs at midline vertex of
the head. The LED cluster heads were held in place with a
soft nylon cap. LED, light-emitting diode; LH, left hemi-
sphere. Reprinted with author’s permission, Naeser et al.19
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temporally coherent oscillations, and with low correlation
coefficients) in disorders such as TBI and AD.21,25,26,28,29

The DMN is of particular interest because it controls
other networks. For example, the DMN needs to deactivate
(downregulate itself) when other neural networks need to
activate (upregulate) to allow normal brain function for
various tasks. This is particularly important for executive
function (decision-making, planning, and multi-tasking),
requiring activation of the dorsolateral prefrontal cortex and
intraparietal sulcus, cortical areas, parts of the central ex-
ecutive network (CEN). In this study, rs-fcMRI scans were
used to examine functional connectivity in three intrinsic
neural networks—for example, the DMN; the salience net-
work (SN) that drives the DMN; and the CEN, important for
executive function. The language network could not be
studied, due to heterogeneity of the LH lesion sites. More
information on rs-fcMRI scan acquisition parameters and
analysis programs is given in Supplementary Data S1.

Protocol C. Only LH, plus one midline cortical node
of DMN (mPFC) using 13 J/cm2. P3 and P4 were treated
with LED Protocol C (Tables 2 and 3).

Protocol D: Only LH, plus two midline cortical nodes
of DMN (mPFC and precuneus) using 26 J/cm2. P5 and P6
were treated with Protocol D (Tables 2 and 3).

Results

Part 1: Results

Protocol A: Bilateral (LH and RH) LED placements,
and midline placements including both L and R SMAs
at vertex. After Protocol A, picture naming was signifi-
cantly impaired on the PNT for P1; scores were also lower
for P2 (Table 4, top). (BNT scores were not available for

these first two cases.) The percent change from Baseline for
PNT-naming scores post-Protocol A is shown in red on bar
graphs (Fig. 3).

After Protocol A, the overt picture-naming task-fMRI
scans for P1 showed increased activation in the LH perile-
sional areas, and in the RH, post- the 18th bilateral LED
treatment compared with pre-LED treatment (Fig. 3, top
row, left side). This included high activation in R frontal,
temporal, and parietal contralesional areas, plus in both the
R and L SMAs at midline, vertex. All of these cortical areas
had been treated with the LEDs.

Protocol B: Only LH ipsilesional LED placements. After
Protocol B, picture-naming scores for P1 and P2 were sig-
nificantly improved on the PNT (Table 4, bottom). The
percent change from Baseline for the PNT naming scores
post-Protocol B is shown in green on bar graphs (Fig. 3).

After Protocol B, the overt picture-naming task-fMRI
scans for P1 showed increased activation primarily on the
ipsilesional LH side (the side treated with LEDs), and in the
L SMA, despite no direct treatment to the L SMA (Fig. 3,
top row, right side). There are connections between the L
SMA, and LH language and motor cortex areas, addressed
in the Discussion section. There was little or no activation in
R frontal, temporal, parietal, and contralesional areas, nor
the R SMA; these RH areas were not treated with the LED
cluster heads in Protocol B.

Part 2: Results

Part 2: Definitions of response levels for naming, post--
LED. In Part 2, it was possible to define different response
levels after each tLED treatment series—for example, good,
moderate, or poor. Good response (GR) was defined as an
increase of +2SD from baseline, on at least two of the six
post-LED test scores. Moderate response (MR) was defined

Table 4. Part 1: Pre/Post, Naming Test Scores for Protocol A (Top),

and for Protocol B (Bottom), for P1 and P2

Part 1: Naming test scores

Protocol A: Bilateral (LH and RH) LED placements, and both L and R SMAs

Baseline
mean (SD)

1 week 1 month 2 months
Post-18th Tx. Post-18th Tx. Post-18th Tx.

P1 (first LED series)
Picture naming

PNT (Max = 50) 25.33 (1.53) 25 22 (-)* 26
P2 (first LED series)
Picture naming

PNT (Max = 50) 5.00 (2.00) 6 3 5

Protocol B: Ipsilesional, only LH LED placements

P1 (second LED series)
Picture naming

PNT (Max = 50) 25.33 (1.53) 27 29 (+)* 25
P2 (second LED series)
Picture naming

PNT (Max = 50) 5.00 (2.00) 9 (+)* 8 7

*p < 0.05 (–2 SD post-LED, relative to three baseline testing sessions, pre-LED).
PNT, Philadelphia Naming Test; SD, standard deviation; Tx., treatment.
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as significant increase on some of the post-LED test scores,
but also a decrease of -2SD on any of the post-LED test
scores. Poor response (PR) was defined as no significant
increase on any of the six post-LED test scores.

The six post-LED test scores were comprised of the fol-
lowing: there were three post-LED testing time points—for
example, at 1 or 2 weeks after the 18th LED treatment, and
at 1 month and 2 months later. For each of these three post-
LED testing time points, each PWA had naming data for
two naming tests—for example, for either two picture-
naming tests (BNT, PNT), or for two verbal fluency/category-
naming tests (Letters FAS test; Animals). Thus, for each
PWA, there was a total of six post-LED test scores.

Protocol C: Only LH plus one midline cortical node of DMN
(mPFC) using 13 J/cm2. After Protocol C, P3 and P4 each
had only MR or PR, respectively (Table 5, top). P4 had a
history of severe depression; he required 12 weeks to
complete the 18 tLED treatments compared with 6–7 weeks
for the other participants.

After Protocol C, these MR/PR cases showed no signifi-
cant increase in functional connectivity on the rs-fcMRI
scans in the neural networks examined—for example, DMN,
SN, and CEN. The rs-fcMRI scan correlation matrices pre-/
post-LED for P3 and for P4 are shown in Fig. 4. Statistical
analyses for these pre/post comparisons in functional con-
nectivity are provided in Table 6.

Protocol D: Only LH plus two midline cortical nodes
of DMN (mPFC and precuneus) using 26 J/cm2. After
Protocol D, P5 and P6 each had significant improvements
(GR) on post-LED naming test scores (Table 5, bottom).

After Protocol D, P5 and P6 also showed significant
increase in functional connectivity on rs-fcMRI scans in
the three neural networks examined—for example, DMN
( p < 0.0005), SN ( p < 0.0005), and CEN ( p < 0.05). See rs-
fcMRI correlation matrices pre-/post-LED for P5 and for
P6 (Fig. 5). Statistical analyses for these pre/post com-
parisons in functional connectivity are provided in
Table 6.

FIG. 3. Part 1: After Protocol A (top row, left side), the overt picture-naming task-fMRI scans for P1 showed increased
activation (green circles) in the LH perilesional area, and in the RH, post- the 18th bilateral LED treatment, compared with
pre-LED. This included high activation in R frontal, temporal, and parietal, contra-lesional cortical areas, plus in both the R
and L SMAs at midline vertex of the brain. All of these cortical areas had been treated with the LEDs. After Protocol A, the
red bar graphs (left side), showing percentage change in naming from baseline, indicated decreased naming for P1 and P2.
After Protocol B (top row, right side), the overt picture-naming task-fMRI scans for P1, especially at 2 weeks post-LED,
showed primarily increased activation only in the LH perilesional area (green circle). Other areas with change after Protocol
B compared with Protocol A are marked with pink circles. After Protocol B, the green bar graphs (right side) indicated
increased naming for P1 and P2. The activation patterns on the overt picture-naming task-fMRI scans for P1, after Protocol
B compared with Protocol A, suggested that the two different LED placement sets affected different surface brain cortex
areas, subjacent to the different LED scalp placement locations. As a result, there were different effects on naming post-
LED—that is, Protocol A with bilateral placements was associated with no improvement in naming; however, Protocol B
with only LH ipsilesional placements was associated with significant improvement in naming. *p < 0.05.
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Table 5. Part 2: Pre/Post Naming Test Scores for Protocol C (Top), P3, and P4;
and for Protocol D (Bottom), P5, and P6

Part 2: Naming test scores

Protocol C: LH, plus one midline cortical node of DMN (mPFC)

Baseline
mean (SD)

1 week
post-18th Tx.

1 month
post-18th Tx.

2 month
Post-18th Tx.

P3 (moderate response)
Category naming

Words begin with letters F, A, or S 11.00 (3.46) 17 12 13
Total F, A, S
Animals 9.00 (0.00) 10 (+) 10 (+) 5 (-)

P4 (poor response)
Category naming

Words begin with letters F, A, or S 13.67 (6.66) 23 13 19
Total F, A, S
Animals 14.33 (1.53) 16 16 12

Protocol D: LH, plus two midline cortical nodes of DMN (mPFC and precuneus)

P5 (good response)
Category naming

Words begin with letters F, A, or S 46.33 (3.79) 45 58 (+)* 44
Total F, A, S
Animals 20.00 (1.00) 22 (+)* 21 20

P6 (good response)
Picture naming

BNT (max = 60) 33.67 (0.58) 40 (+)* 43 (+)* 42 (+)*
PNT (max = 50) 26.00 (2.75) 22 36 (+)* 29

If person with aphasia was already near ceiling on picture naming (PNT and BNT) at baseline, then verbal fluency/category naming
(letters, FAS test; and animals) was used as the primary outcome measure.

*p < 0.05 (–2 SD post-LED, relative to three baseline testing sessions, pre-LED).
BNT, Boston Naming Test.

FIG. 4. Part 2: Pre/post rs-fcMRI scan correlation matrices for 20 cortical ROIs for Protocol C, for case P3, MR, and case
P4, PR (Table 5, top, naming test scores). These two cases did not show significant increase in functional connectivity
within the DMN, SN, or CEN, post-18 tLED treatments (Table 6). With Protocol C, the LED cluster heads were placed only
on the LH, the ipsilesional side, plus one midline node on the DMN—for example, mPFC, with 13 J/cm2 per LED placement.
The pre-LED node efficiency, which assessed the connectedness of the edges for the 20 ROI nodes, ranged from 0.39 (P3) to
only 0.31 (P4). The post-LED efficiency increased for P3 to 0.58 (change of +0.19), but for P4, it decreased to 0.24 (change
of -0.07). P4 required 12 weeks to complete the 18 tLED treatments, often receiving only one treatment per week. CEN,
central executive network; DMN, default mode network; mPFC, mesial prefrontal cortex; MR, moderate response; PR, poor
response; ROIs, regions of interest; rs-fcMRI, resting-state functional-connectivity MRI; SN, salience network; tLED,
transcranial LED.
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In addition, P6 who had nonfluent aphasia (13 years
poststroke) showed significant increase in number of dif-
ferent verbs used to describe the BDAE Cookie Theft Pic-
ture43 post-LED Protocol D. His baseline mean for number
of different verbs used was 6.3 (SD, 0.58); at 1 month post-

LED, number of different verbs was 9; and at 2 months post-
LED, number of different verbs was 11—for example, al-
most double the number of different verbs from baseline.
Supplemental language data for P6 are shown in Supple-
mentary Figs. S2–S4.

Figure 6 shows the paired t-test results in bar graph form
for Pearson’s r correlations transformed into z-scores, for
the three separate intrinsic neural networks (DMN, SN, and
CEN), pre/post Protocols C and D. Although pre-LED there
were no significant differences in functional connectivity
within each of the three networks for those treated with
Protocol C versus Protocol D, post-LED there were signif-
icant differences in functional connectivity within each of
the three networks for those treated with Protocol C versus
Protocol D, where significant increased functional connec-
tivity was present following Protocol D.

Discussion

Part 1

The overt picture-naming task-fMRI scans with P1 are the
first to show different behavioral effects with different tLED
placement locations in chronic stroke. In Part 1, Protocol A
showed that bilateral (LH and RH) application of the LED
cluster heads, including both L and R SMAs (midline,
vertex of the head), did not improve naming. Protocol B,
however, showed that LED application to only the LH, ip-
silesional side of the head where the stroke had occurred,
was associated with significant increase in post-LED nam-
ing ability. The overt picture-naming task-fMRI scans also
showed different patterns of activation for Protocol A versus
Protocol B. After bilateral LED application (Protocol A), the
fMRI scans showed bilateral activation—for example, LH,
perilesional activation, as well as overall RH activation,
including both the L and R SMAs. In aphasia recovery
studies with fMRI scans, higher activation in the L SMA
than in the R SMA (and not high activation in both SMAs)
has been associated with better language recovery.48,49 High
fMRI activation in the RH, in LH stroke patients with

Table 6. Part 2: Paired t-Test Results

for Pearson’s r Correlations Transformed

into z-Scores for Cortical Regions of Interest

in the Default Mode, Salience and Central

Executive Networks, Pre/Post Protocols C and D

Protocol C Protocol D

Mod./poor responders Good responders

Pre- Post- Pre- Post-

DMN
Mean 0.93 0.97 0.84 1.17
SD 0.39 0.38 0.40 0.31
SE 0.05 0.05 0.05 0.04
df 71 71
t-stat -1.87 -11.35
p 0.0653 0.0000

SN
Mean 0.66 0.64 0.75 1.07
SD 0.45 0.51 0.40 0.39
SE 0.10 0.12 0.09 0.09
df 19 19
t-stat 0.39 -5.94
p 0.7021 0.0000

CEN
Mean 0.44 0.47 0.57 1.18
SD 0.42 0.30 0.45 0.47
SE 0.17 0.12 0.18 0.19
df 5 5
t-stat -0.23 -3.54
p 0.8297 0.0166

See also Supplementary Table S1, for list of ROIs in each network.
Mod/Poor, moderate/poor response level; ROI, region of interest.

FIG. 5. Part 2: Pre/post rs-fcMRI correlation matrices for 20 cortical ROIs for Protocol D, for P5 and P6, both GR cases
(Table 5, bottom, naming test scores). These two cases showed significant increase in functional connectivity within the DMN,
SN, and CEN, post-18 tLED treatments (Table 6). With Protocol D, the LED cluster heads were placed only on the LH ipsilesional
side, plus two midline nodes of the DMN—for example, mPFC and precuneus simultaneously, with 26 J/cm2 per LED placement.
The pre-LED node efficiency for the 20 ROI nodes ranged from 0.40 (P5) to 0.64 (P6). The post-LED efficiency increased for P5
to 0.84 (change of +0.44), and for P6, it also increased to 0.84 (change of +0.20). GR, good response.
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nonfluent aphasia, has been considered a maladaptive pat-
tern, likely due to less transcallosal inhibition from the
damaged dominant L frontal areas.50–55 Multiple studies
with repetitive transcranial magnetic stimulation (rTMS)
have shown that suppression of the R pars triangularis (pTr)
in the R inferior frontal gyrus, with 1 Hz rTMS in chronic
nonfluent aphasia, has significantly improved naming.56,57

Overt picture-naming task-fMRI scans after a series of rTMS
treatments to suppress the R pTr area have shown increased
LH activation along with improved naming in nonfluent
aphasia.58

For Protocol B, the overt picture-naming task-fMRI scans
showed primarily only LH activation (not RH activation),
and only L SMA activation (not R SMA), despite no direct
LED treatment of the L SMA. Connections between the L
SMA and the L inferior gyrus, pars opercularis, a posterior
portion of L Broca’s area, have been documented using the
diffusion tensor MRI method.59 Connections between motor
cortex and SMA are well established. Activation of the L
SMA is important for motor speech initiation. P1 had
minimal lesion in the L motor cortex area for mouth. Hence,
it is likely that at least some connections between the L
motor cortex and the L SMA were preserved, promoting the
increased L SMA activation after LED placements to only
the LH perisylvian cortical areas (including the L motor
cortex area) in Protocol B, with P1.

Several functional imaging studies in aphasia have reported
increased LH activation to be associated with better language
recovery after language therapy.60–65 The role of the RH in
recovery from aphasia may be beneficial, however, when a
large lesion is present in LH language areas.66,67 However,
increased RH activation was not associated with improved
naming post-bilateral tLED placements in this tPBM study.

These results suggest that at least some NIR photons from
the LEDs were penetrating through scalp, bone, and me-

ninges to reach specific surface brain cortex areas at an
adequate amount to promote beneficial change in the re-
maining (perilesional) parts of the LH neural network for
language, when only the LH was treated (Protocol B). The
different post-LED fMRI cortical activation patterns for
Protocol B versus Protocol A were parallel to the changes in
naming ability following Protocol B versus Protocol A.
These specific effects from tPBM on language (and fMRI
scans) are in fact analogous to previously known effects
from other noninvasive treatment methods—for example,
rTMS and language therapy, wherein improved language
and improved activation in the LH on fMRI scans were
present. The parallel patterns observed between tPBM and
other noninvasive treatment methods suggest that the NIR
photons applied on the scalp were reaching the targeted
subjacent surface brain cortex areas.

Part 2

These rs-fcMRI scans are the first to show significant
increased functional connectivity in neural networks, in
chronic stroke patients after a series of tPBM treatments. In
Part 2, rs-fcMRI scans were used to examine functional
connectivity in domain-general (not language-specific) in-
trinsic neural networks after a series of tLED treatments to
only the LH ipsilesional side plus additional LED place-
ment/s over specific midline cortical node/s of the DMN.
When LEDs were placed on only the LH ipsilesional side,
plus over one midline node of the DMN (mPFC), however,
there was only MR or PR in naming, and no significant
increase in functional connectivity within the DMN, SN, or
CEN. When LEDs were placed on only the LH ipsilesional
side, plus over two midline nodes of the DMN (mPFC and
precuneus, simultaneously), there was GR, with significant
increase in naming for both PWA, and there was significant

FIG. 6. Part 2: Bar graphs showing paired t-test results for Pearson’s r correlations transformed into z-scores for ROIs in
the intrinsic neural networks—for example, default mode, salience and central executive, pre-/post-LED Protocols C and D.
Protocol C, wherein there was only MR/PR in naming post-LED (P3, P4), showed no significant changes post-LED in
functional connectivity in the DMN, SN, or CEN. Protocol C had treated only the LH, ipsilesional side, plus one midline
node on the DMN (mPFC) using 13 J/cm2. Protocol D, however, wherein there was GR in naming post-LED, P5 and P6
showed significant increase post-LED in functional connectivity within the DMN, SN, and CEN. Protocol D had treated
only the LH ipsilesional side, plus two midline nodes on the DMN (mPFC and precuneus) using 26 J/cm2. Although there
were no significant differences pre-LED in functional connectivity within each of the three networks for those treated with
Protocol C versus Protocol D, there were significant differences post-LED in functional connectivity within each of the three
networks for those treated with Protocol C versus Protocol D, with greater functional connectivity in the latter.
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increase in functional connectivity within the intrinsic
neural networks—DMN, SN, and CEN.

Positive results after the additional midline LED place-
ment over the precuneus cortical node of the DMN are
parallel to previous aphasia research wherein the role of the
precuneus was observed to be especially important within
the DMN in aphasia patients who responded well to a series
of language treatments for anomia.68 The role of the pre-
cuneus during cognitive tasks with normal subjects is also
well known.69 Abnormalities in the DMN have been re-
ported in acute stroke patients,70 as well as in subacute
stroke patients.71 Improvements in the DMN have been re-
ported in stroke patients with better recovery in cognition at
2 or 3 months poststroke.72

Marcotte et al.73 were the first to study the DMN with rs-
fcMRI scans in chronic aphasia patients, ranging from 4 to 25
years poststroke. They examined pre/post changes in the
DMN after a language therapy program for anomia, based on
semantic feature analysis. They observed improved integra-
tion of the posterior parts of the DMN, but this change was
not significantly correlated with changes post-therapy in
naming, for their nine aphasia patients. They did suggest,
however, that at least some pre-therapy integration of the
DMN may predict therapy outcomes, and strongly re-
commended additional studies of the DMN in aphasia. Citing
Kelly et al.,74 a higher DMN functional connectivity at rest
would favor network efficiency. Network efficiency refers to
the connectedness of the edges for the ROIs examined.

In this study, the network efficiency data for the 20 ROIs
in the rs-fcMRI correlation matrices (Figs. 4 and 5) suggest
that examining pre-LED efficiency might inform ‘‘poten-
tial’’ for improvement after tLED treatments. For example,
the efficiency data pre-LED for P3 and P4 were only 0.39
and 0.31, respectively, and these two cases had only MR/PR
following Protocol C. However, the efficiency data pre-LED
for P5 and P6 were 0.40 and 0.64, respectively, and these
two cases each had GR after LED placements on the LH,
plus two nodes of the DMN (Protocol D).

The PWA who had no change in naming post-LED, PR
case P4, had the lowest efficiency pre-LED (0.31), and the
PWA who had the most improvement in naming post-LED,
GR case P6, had the highest efficiency pre-LED (0.64). P4
had a history of severe depression and required 12 weeks to
complete the 18 tLED treatments, compared with 6–7 weeks
for the other participants. The pre-LED network efficiency
for MR case P3 (0.39) and for GR case P5 (0.40) was very
close. More studies would be necessary to learn whether rs-
fcMRI efficiency data pre-LED might serve as a biomarker
for potential improvement post-LED.

The importance of domain-general intrinsic neural net-
works, including the DMN, SN, and CEN to aphasia re-
covery has been emphasized.75,76 Those authors concluded
that impaired attention and executive function (associated
with poor functional connectivity in these three intrinsic
networks) interfered with language recovery—for example,
oral picture description. In this study, GR case P5 showed
significant improvement on both of the two verbal fluency/
category-naming tests (requiring executive function) post-
Protocol D. The GR case P6 showed significant improve-
ment on the two picture-naming tests, as well as on oral
picture description wherein he nearly doubled the number of
different verbs, and total verbs spoken (BDAE Cookie Theft

Picture),43 post-Protocol D. Language improvements for GR
cases P5 and P6 were parallel to significant increases in
functional connectivity within the three intrinsic networks
(DMN, SN, and CEN). Increases in functional connectivity
within these three intrinsic networks may also have con-
tributed to better language recovery by possibly improving
executive function and attention.

A stronger deactivation of the DMN is present during a
speech production task than during listening to speech in
normal subjects.77 Hence, there is motivation to further
study the effect of tPBM applied over midline cortical nodes
of the DMN, as well as the LH, strengthening both the DMN
and the remaining LH language network to improve speech
output in aphasia.

A recent pilot trial that included rs-fcMRI scans in de-
mentia cases wherein NIR tLEDs were placed only over the
cortical nodes of the DMN showed significant improvement
in cognition, as well as increased functional connectivity
within the DMN between the posterior cingulate cortex and
lateral parietal nodes, after 12 weeks of tLED.25 Thus, the
rs-fcMRI results from this study with chronic stroke pa-
tients, and those from the Chao study with chronic dementia
cases,25 suggest that tPBM can increase functional connec-
tivity within neural networks. The NEST clinical trial
studies with tPBM to treat acute stroke patients were ini-
tially successful.33–35 However, the Phase III trial was sus-
pended at the half-way point due to lack of significance.
Possible factors contributing to this may be that (1) both
sides of the head were treated regardless of the side of
stroke, (2) midline nodes of the DMN were not treated, and
(3) only one tPBM treatment was administered. The rs-
fcMRI results from this study with chronic stroke, and those
of Chao with chronic dementia,25 suggest that a clinical trial
with acute stroke patients would still be indicated, but using
a tPBM protocol different from that of the NEST studies—
for example, treatment of only the ipsilesional side of the
stroke (not bilateral), plus two midline nodes of the DMN,
and at least 18 tPBM treatments.

Two of the PWA (P1, P5) in this study had unique
characteristics deserving comment. P1, who had nonfluent
aphasia (treated in this LED study at 18 years poststroke),
had made significant improvements in naming when treated
10 years earlier (at 8 years poststroke) with rTMS to sup-
press the R pTr.58 He still made significant improvements in
naming, however, after tLED treatments to only the LH
(Protocol B) in this study. Future studies may sequentially
use tPBM plus rTMS for maximum improvements. Con-
current language therapy along with rTMS has also further
improved language.56 Thus, combining language therapy
plus tPBM might also maximize language recovery.

P5 had a rare type of aphasia, unilateral word deafness,
yet he still improved in verbal fluency/category naming
when treated with Protocol D, at 11 years poststroke. Word
deafness is a type of aphasia that is usually associated with
bilateral temporal lobe lesions, involving the superior tem-
poral gyrus of the LH (Wernicke’s area, auditory association
cortex) and the RH superior temporal gyrus.78 These PWA
hear speech and environmental sounds, but cannot compre-
hend or identify them; they rely more on writing and reading
to communicate—often using closed caption for videos.
A shower of emboli can cause this unusual combination of
bilateral temporal lobe lesions. P5 had suffered only a single
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L temporoparietal stroke (tissue plasminogen activator, tPA
was used). The cortical area of infarction included L Wer-
nicke’s area (posterior two-thirds, L superior temporal gyrus)
with deep extension to include white matter at the posterior
rim of the body of the L lateral ventricle, interrupting audi-
tory pathways from the right superior temporal gyrus to the
left, crossing the corpus callosum.79 The structural MRI for
P5 is shown in Fig. 1, and in more detail in Supplementary
Fig. S1. The final behavioral effect of this unilateral LH le-
sion was the same as if there had been two separate lesions—
for example, one in the LH and one in the RH, superior
temporal gyrus areas. Despite this bilateral lesion effect with
only a single LH lesion, this patient showed significant im-
provement in verbal fluency/category naming, when tLED
treatments were applied only to the ipsilesional LH side plus
two midline nodes of the DMN, 26 J/cm2 (Protocol D).

LED parameters

PW or continuous wave (CW) was used in the four LED
protocols. In Part 1, pulsed LEDs (146 Hz) were used, and in
Part 2, only CW was used. Results did not show an ad-
vantage of using PW over CW (Supplementary Data S2).
The PW rates were used with complete safety, even though
a few of the stroke patients already had a history of seizures,
and were on antiseizure medications before they entered this
study. No seizures occurred.

The total fluence (sum of total Joules/cm2) applied across
the 18 tLED sessions for each of the four LED treatment
protocols is listed in Tables 2 and 3. These values suggest
that when a higher fluence was applied, better results were
observed—that is, the two LED protocols without signifi-
cant improvements (A and C) had total applications of
<3000 J/cm2 (Protocol A, 2800 J/cm2; Protocol C, 2100 J/cm2).
The two LED protocols with significant improvements (B and
D), however, each had a total application of >3700 J/cm2

(Protocol B, 4212 J/cm2 and Protocol D, 3744 J/cm2). In this
study with PWA who had LH stroke, however, the LED
placement locations (LH only) and two placements on the
midline, DMN, were also found to be important. More
studies with at least a total fluence of 3700 J/cm2 and ap-
propriate LED placements are indicated with stroke patients.

Limitations of the study

Limitations include small sample size (n = 6) and het-
erogeneity among the LH lesion sites and types of aphasia.
There were three cases with mild–moderate nonfluent Bro-
ca’s aphasia (P1, P2, and P6): two cases with recovered
nonfluent Broca’s aphasia who presented with anomia (P3
and P4) and one fluent case with a rare unilateral word
deafness (P5). Overall, there was significant improvement
with the three mild–moderate nonfluent Broca’s aphasia
cases, when the LH was treated with higher levels of fluence
per LED cluster head—for example, P1 and P2, with
39 J/cm2 (Protocol B), and P6, with 26 J/cm2 (Protocol D).
There was also significant improvement for the fluent word
deafness PWA, P5, treated with a fluence of 26 J/cm2

(Protocol D). Thus, significant improvements in naming
were observed for nonfluent, as well as for fluent, aphasia
when only the LH was treated, and a higher fluence was
used, at least 26 J/cm2 per LED cluster head, and total flu-
ence was at least 3700 J/cm2.

The possible effect of the suboccipital LED placement
also deserves mention. There was one midline LED place-
ment, inferior to the occipital protuberance over the midline
cerebellum area used in Protocol D. The effect is unknown.
This placement was part of the original LED treatment
protocol used with TBI, and it was initially chosen to pos-
sibly increase rCBF to the cerebellum, and possibly promote
vasodilation for the vertebral and basilar arteries. Placement
of an LED on the midline cerebellum was also part of
Protocols A and C, however, and neither of these two pro-
tocols was associated with significant improvements in
naming. Protocol A had used bilateral placements (total
fluence was only 2808 J/cm2). Protocol C had used only
13 J/cm2 on each LED cluster head, over the LH plus only
one node of the DMN, mPFC (total fluence was only
2106 J/cm2). Thus, although the midline cerebellum place-
ment may have contributed to overall better naming fol-
lowing Protocol D, the relative effect of the suboccipital
placement is unknown, but deserves further study.

Conclusions

This tPBM study supports the ideas of Dijkhuizen et al.80

regarding recovery and rehabilitation in stroke: ‘‘Restora-
tion of functional connectivity in surviving networks is
critical for functional recovery, and may be promoted with
specific therapeutic strategies such as .noninvasive brain
stimulation’’ (p. 638). Application of NIR tPBM may serve
as a new form of noninvasive brain stimulation that can
promote better neuromodulation poststroke, thus adding
another therapeutic modality for poststroke treatment.

Additional fMRI studies to examine the effects of tran-
scranial NIR photons applied to specific cortical brain areas
in stroke and in other CNS disorders are warranted. Dif-
ferent tPBM treatment protocols are likely indicated for
different CNS disorders—for example, ipsilesional for
stroke, but bilateral for TBI/PTSD and AD/dementia. Also,
the possibility for tLED to increase functional connectivity
through targeted application over at least two, cortical nodes
within an intrinsic neural network simultaneously (perhaps
simultaneously strengthening a targeted neural connection)
during, and after a series of tPBM treatments, may be a
unique feature of tPBM that deserves further exploration.
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