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Abstract—We explore whether near infrared light can change patterns of resting (task-negative) and/or evoked
(task-positive; eg finger-tapping) brain activity in normal, young human subjects using fMRI (functional magnetic
resonance imaging). To this end, we used a vielight transcranial device (810 nm) and compared the scans in sub-
jects after active- and sham-light sessions. Our fMRI results showed that, while light had no effect on cerebral
blood flow and global resting state brain activity (task-negative), there were clear differences between the
active- and sham-light sessions in the patterns of evoked brain activity after finger-tapping (task-positive). The
evoked brain regions included the putamen, primary somatosensory and parietal association cortex, and the
overall effect of the light was to suppress or reduce their activity. We also found that while light had no effect
on the resting functional connectivity of the putamen and primary somatosensory cortex and the rest of the brain,
it did have an effect on the functional connectivity of parietal association cortex. In summary, our fMRI findings
indicated that transcranially applied light did have a major impact on brain activity in normal subjects, but only
when the brain region was itself functionally active, when undertaking a particular task. We suggest that these
light-induced changes, particularly those in parietal association cortex, were associated with attention and nov-
elty, and served to deactivate the so-called default mode network. Our results lay the template for our planned
fMRI explorations into the effects of light in both Alzheimer’s and Parkinson’s disease patients. Crown Copyright

� 2019 Published by Elsevier Ltd on behalf of IBRO. All rights reserved.
Key words: photobiomodulation, 810 nm, transcranial, finger-tapping, parietal association cortex.
INTRODUCTION

Many recent studies have provided compelling evidence

that red to infrared light (k= 600–1070 nm) has a major

influence on the structure and function of the nervous

system. In particular, light across these wavelengths

has been reported to influence both the survival of

neurones, helping them to self-protect and -repair

against trauma or disease and to maintain their ongoing

survival (ie neuroprotection), as well as the function of

neurones, being able to change their overall patterns of

activity. The application of this type of light on the

nervous system, as indeed on all body tissues, is

referred to as photobiomodulation (referred to forthwith

as ‘‘light”). Although the precise mechanisms are not

clear, there is a general agreement among authors that

the beneficial effects of light are cellular, and not
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thermal, and that the central, target intracellular

organelle is the mitochondria. Light, after being

absorbed a photoacceptor within the mitochondria, such

as cytochrome oxidase and/or interfacial water, triggers

an increase in electron transfer in the respiratory chain

and in the mitochondrial membrane potential, resulting

in a surge of ATP (adenosine triphosphate) energy. The

increase in mitochondrial activity and ATP energy leads

to changes in the activity of ion membrane pumps,

together with an activation of transcription factors in the

nucleus and the expression of genes associated with

neuronal survival and function (Eells et al., 2004; Karu,

2010; Rojas and Gonzalez-Lima, 2011; Khan and

Arany, 2015; Sommer et al., 2015; Hamblin, 2016;

Hennessy and Hamblin, 2017).

In animal models of disease, from traumatic brain

injury (Ando et al., 2011; Xuan et al., 2013) to multiple

sclerosis (Muili et al., 2012; 2013) and from Alzheimer’s

(Michalikova et al., 2008; Purushothuman et al., 2014)

to Parkinson’s (Shaw et al., 2010; Darlot et al., 2016) dis-

ease, light has been reported to be neuroprotective of dis-

tressed neurones, together with improving the

behavioural patterns of the animals, from locomotion to

cognition. There have also been some clinical reports in

patients indicating that transcranial application of light
. All rights reserved.
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improves cognition in Alzheimer’s disease (Saltmarche

et al., 2017), mood in depression (Schiffer et al., 2009;

Cassano et al., 2015; Salehpour and Rasta, 2017) and

motor signs and non-motor symptoms in Parkinson’s dis-

ease (Hamilton et al., 2018a,b). In Alzheimer’s disease

patients (Chao, 2019) and in middle-aged and older

human subjects suffering mild memory loss (Vargas

et al., 2017), light has been shown to change electroen-

cephalography (EEG) patterns and cerebral blood flow

(CBF)/blood-oxygen-level-dependent (BOLD) signal

under fMRI (functional magnetic resonance imaging).

Together with influencing the survival and function of

distressed neurones in disease, there are also findings

indicating that light can effect the function of neurones

that are otherwise normal and ‘‘healthy”. Light has been

shown to change the firing rates of neurones in the

substantia nigra pars compacta of normal mice (Romeo

et al., 2017) and in the motor cortex of normal human sub-

jects (Konstantinovic et al., 2013). Further, in normal

human subjects, application of transcranial light improves

the executive, cognitive and emotional functions (Barrett

and Gonzalez-Lima, 2013; Gonzalez-Lima and Barrett,

2014; Blanco et al., 2017), together with changing EEG

patterns (Wang et al 2017; Zomorrodi et al 2019).

In this study, we explored whether light can change

patterns of resting state, task-negative, brain activity in

normal, young human subjects using fMRI. In addition,

we examined if light influenced evoked brain activity

when the subjects were undertaking a particular

functional task, namely, finger-tapping (task-positive). In

essence, we wanted to determine which regions of the

brain, if any, changed activity after transcranially applied

light. To this end, we used the commercially available

light device from vielight (vielight.com) and compared

the scans in subjects after active- and sham-light

sessions. Previous studies have indicated that

transcranially applied light can penetrate 20–30 mm

through body tissues (Lapchak et al., 2004; Byrnes

et al., 2005; Zivin et al., 2009; Haeussinger et al., 2011;

Moro et al., 2014; Henderson and Morries, 2015), so light

penetration through the cranium to the brain, at least to

the superficial regions, is more than feasible (Hamblin,

2016). Our fMRI study here on the effects of transcranially

applied light on brain activity in young normal subjects will

lay the template for our planned explorations into the

effects of light in both Alzheimer’s and Parkinson’s dis-

ease patients.
EXPERIMENTAL PROCEDURES

Subjects

Twenty four normal, healthy, young subjects (12 of each

gender; mean age 32 ± 4 years [±SEM]) were

recruited for the study from the general population using

an advertisement. Exclusion criteria were the current

use of brain altering medication or any neurological

disorder. Informed written consent was obtained for all

procedures according to the Declaration of Helsinki and

local Institutional Human Research Ethics Committees

approved the study.
MRI acquisition

Subjects were instructed to lay still, to close their eyes

and to not fall asleep. Using a 3 Tesla MRI scanner

(Philips Achieva, 32-channel SENSE head coil), three

scans encompassing the whole brain were collected

while the subject was relaxed and at rest:

(1) Anatomical MRI: a high-resolution 3D T1-weighted

anatomical image (200 axial slices, echo time

[TE] = 2.5 ms, repetition time [TR] = 5600 ms,

raw voxel size = 0.87 mm3)

(2) Resting state fMRI (task-negative); a series of 180

wholebrain resting state gradient echo echo-planar

functional images (37 axial slices, [TE] = 30 ms,

[TR] = 2000 ms, raw voxel size = 3 � 3 � 4 mm3)

and,

(3) ASL (arterial spin labelling): a series of 108 pseudo-

continuous arterial spin labelling (pCASL) images

(50 axial slices, 54 label/control image pairs, [TE]

= 12.7 ms, [TR] = 5310 ms, raw voxel

size = 2.4 � 2.4 � 3.0 mm3, labelling

time = 1650 ms, slice time = 36.6 ms, post label

delay time = 1600 ms, background suppression).

Following these three resting scans, another series of

180 wholebrain gradient echo echo-planar functional

images (37 axial slices, [TE] = 30 ms, [TR] = 2000 ms,

raw voxel size = 3 � 3 � 4 mm3) was collected (fMRI

with finger-tapping; task-positive). During this fourth

scan, following a 30 volume baseline (60 s), subjects

were asked to move the pad of their right thumb to

touch the pad of their right pointer finger at a frequency

of approximately 1 Hz for a period of 6 volumes (12 s).

This finger-tapping period was then followed by a 6

volume rest period and this procedure was then

repeated a further 12 times for a total of 13 finger-

tapping and 12 rest periods.
Light delivery: the device

Each subject was removed from the MRI scanner and sat

comfortably in a chair in an adjacent room. They were

then asked to wear the vielight-a light device (10 Hz

pulse rate, up to 100 mW/cm2 per diode). This device

uses 810 nm near infrared light through 5 non-laser light

emitting diodes (LEDs). Each LED was positioned over

the frontal (midline) and parietal bones, in line with the

ventral medial prefrontal, dorsal medial prefrontal,

posterior cingulate/precuneus and lateral parietal and

entorhinal cortex, all the regions associated with the so-

called default mode network (Zomorrodi et al., 2019).

For each of our exposures, all the diodes were used

and hence potentially influencing all regions of the net-

work, as well as other regions of the brain. We chose this

device for use because it offered a consistency of well-

tested parameters, for example the pulse rate and power,

that were not available at the time of study commence-

ment. Further, this device was similar to ones used by

previous studies, and hence offered a point of comparison

(eg, Saltmarche et al., 2017; Chao, 2019; Zomorrodi

et al., 2019). The 810 nm near infrared wavelength was
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chosen by the manufacturer (vielight.com) because of its

ability to penetrate a little deeper into body tissues when

compared to other wavelengths (Hamblin, 2016) and

hence potentially reaching a greater number of brain

areas from a transcranial application in humans.

Subjects then received either (i) a 20 minute active-

light vielight session during which time the light was

delivered (‘‘active”) or (ii) a 20 minute sham session

where the vielight was in place but not turned on

(‘‘sham”). Subjects were assigned randomly into either

the active or sham group and did not know which group

they were a part of (all on/off lights on the power device

were completely covered/shielded from the subject’s

view; further, the ‘‘sham” process was made much

easier by the fact that 810 nm light was near, if not

totally, invisible). Immediately following this active- or

sham-session, subjects were placed back into the MRI

scanner and the same three functional scans collected

during the first MRI session, namely resting state fMRI,

ASL, and fMRI with finger-tapping, were collected again.

Note that the vielight device was not imaging-

compatible, hence it had to be used outside of the

scanner.

Between 4 and 12 weeks following the first MRI

session, each subject retuned for a second MRI

session. During this second session, an identical series

of procedures to that during the first MRI session were

performed. However, if the subject was in the active

group during the first MRI session, they were placed

into the sham group for the second MRI session and

vice versa.
fMRI processing and statistical analysis
fMRI image preprocessing. Using SPM12 and Matlab

software, for each subject, both the resting state and

finger-tapping fMRI image sets were motion corrected,

linear detrended to remove global signal drifts and the

effects of movement were modelled and removed from

the fMRI signal by LMRP detrending (Macey et al.,

2004). There was significant movement (greater than

0.5 mm in any direction) in; 2 subjects during one or more

of the four finger-tapping scans; in 4 subjects during any

of the four resting state fMRI scans and; in 5 subjects dur-

ing any of the four pCASL scans and their data was

removed from the subsequent analysis. This resulted in

22 subjects for the finger-tapping analysis, 20 subjects

for the resting state fMRI and 19 subjects remaining for

the pCASL analysis. Each subject’s fMRI image sets were

coregistered to their own T1-weighted anatomical image

set. The T1 images were then normalised spatially to

the Montreal Neurological Institute template and the

parameters applied to the fMRI image sets so that both

the T1-weighted and fMRI images were in the same loca-

tions in 3-dimensional space. All images were then

smoothed using a 6 mm full-width at half-maximum Gaus-

sian filter. Finally, to remove the potential influence of sig-

nal intensity changes within the cerebrospinal fluid,

cerebrospinal fluid brain maps were created by segment-

ing the spatially normalised T1 anatomical images. This
map was used to mask the fMRI images so that only grey

and white matter remained.

Arterial spin labelling image preprocessing. All pCASL

image sets were realigned, co-registered to each

individual’s T1-weighted image set, the label and control

images averaged and a mean cerebral blood flow (CBF)

image created using the subtraction method using the

ASL toolbox (Wang et al., 2008). Each subject’s T1-

weighted anatomical image was spatially normalised to

a template in MNI space and the parameters applied to

the CBF maps. The CBF maps were then smoothed using

a 6 mm Gaussian filter. A grey matter mask derived from

the T1-weighted anatomical image segmentation was

used to restrict the wholebrain analysis to grey matter.

Finger-tapping analysis. Brain activation patterns

during finger-tapping prior to active-light were assessed

in each subject pre and post active-light and pre and

post sham-light. Using a repeated box car model with

‘‘on” periods as those during finger-tapping, combined

with a haemodynamic delay function, significant

changes in signal intensity were assessed in each

subject for each of the four finger-tapping fMRI scans.

Significant differences in brain activation patterns during

finger-tapping pre and post active-light and pre and post

sham-light were determined using paired second-level

random effects analyses (p< 0.05, false discovery rate

corrected for multiple comparisons, minimum cluster 5

contiguous voxels). To assess the effect of active

compared with sham-light on finger-tapping evoked

brain activation, brain contrast maps (representing the

strength of signal changes during finger-tapping) of

finger-tapping pre active-light were subtracted from

those maps post active-light. Thus, positive values

represent greater finger-tapping activation after active-

light than before active-light. The same procedure was

also performed for the pre and post sham-light scans.

To determine if the differences observed following

active-light were significantly different to those following

sham-light, we performed an analysis restricted to those

brain regions displaying significant differences pre

versus post active-light. That is, the two contrast maps:

post-pre active-light and post-pre sham-light, for each

subject were placed into a paired random effects

analysis to determined significant differences in the

effects of active and sham-light on finger-tapping

evoked brain activation (p< 0.05, false discovery rate

corrected). Finally, for each significantly different cluster

(active versus sham-light), the individual contrast values

(post-pre) were plotted for each subject for the active

and sham-light scans.

Resting functional connectivity. The effects of light on

resting functional connectivity was assessed using the

resting state fMRI scans. Three clusters derived from

the finger-tapping analysis were used as ‘‘seeding”

regions. These clusters were the (i) left putamen (ii)

right parietal association cortex and (iii) right primary

somatosensory cortex. Mean resting signal intensity

changes within these seeds were calculated and a
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voxel-by-voxel analyses were performed to determine

regions that displayed significant signal intensity

covariations with each of the three seed signals. The

resulting brain maps were then smoothed using a 6 mm

Gaussian filter. Since we derived the seeds from the

finger-tapping analysis and were interested in

determining if connectivity changes were altered within

this circuitry, we restricted our analysis to those regions

activated by finger-tapping by applying a mask of the

initial analysis of finger-tapping activation prior to active-

light. To assess the effect of active- compared with

sham-light on resting connectivity of each of the three

regions, the resting connectivity strength brain maps pre

active-light were subtracted from those maps post

active-light. Thus, positive values represent greater

resting connectivity strength after active-light than

before active-light. The same procedure was also

performed for the pre and post sham-light scans. To

determine if the differences observed following active-

light were significantly different to those following sham-

light, the two brain connectivity brain maps: post-pre

active-light and post-pre sham-light, for each subject

were placed into a paired random effects (p< 0.05,

false discovery rate corrected). Finally, for each

significantly different cluster (active versus sham-light),

the individual contrast values (post-pre) were plotted for

each subject for the active and sham-light scans.

Arterial spin labelling. The effects of light on resting

blood flow was assessed using the CBF maps derived

from the pCASL scans. To assess the effect of active

compared with sham-light on regional blood flow, CBF

brain maps before active-light were subtracted from

after active-light CBF maps and the same procedure

was performed for the pre and post sham-light maps.

To determine if the differences observed following

active-light were significantly different to those following

sham-light, the two CBF brain maps: post-pre active-

light and post-pre sham-light, for each subject were

placed into a paired random effects (p< 0.05, false

discovery rate corrected). Finally, to determine if there

were any CBF differences in any of the clusters derived

from the finger-tapping or resting state connectivity

analyses, the CBF values pre and post light and pre

and post sham-light were extracted for each significant

cluster and plotted. Significant differences in CBF were

then determined using paired t-tests (p< 0.05).

RESULTS

In the section that follows, the effects of transcranially

applied light on the patterns of brain activity after finger-

tapping, resting functional connectivity and CBF will be

considered separately.

Finger-tapping

Finger-tapping tasks under the fMRI are among the most

commonly used methods to study the patterns of evoked

brain, task-positive, activity in the sensorimotor system in

humans, in both health and disease (Witt et al., 2008; Lv

et al., 2013, 2018). In our subjects, finger-tapping of the
right hand evoked increases in signal intensity in regions

of the left (contralateral) putamen, primary somatosen-

sory (S1) and motor (M1) cortex, parietal association cor-

tex (adjacent to the postcentral gyrus, in region of

intraparietal sulcus), thalamus and cerebellum (not

shown). In the subjects that received light treatment

(active-light), there was a clear effect on the finger-

tapping evoked signal intensities across the brain

(Fig. 1A, Table 1). Light reduced (as indicated by the

cooler colours in Fig. 1A) finger-tapping evoked activation

in the left (contralateral) putamen (mean ± SEM contrast

value: pre-light: 0.24 ± 0.04; post-light: 0.08 ± 0.03),

right primary somatosensory and motor cortex (pre-light:

0.05 ± 0.05; post-light: �0.15 ± 0.04), right somatosen-

sory/parietal association cortex (pre-light: �0.09 ± 0.05;

post-light: �0.27 ± 0.04) and left parietal association cor-

tex (pre-light: 0.11 ± 0.05; post-light: �0.05 ± 0.04). In

no brain region did light increase finger-tapping evoked

activity.

In striking contrast, in the subjects that received no

light treatment (sham-light), there was no significant

effect on finger-tapping activation in any brain region

(Fig. 1B). Further, a direct comparison of the effects of

active-light compared with sham-light on finger-tapping

evoked activation revealed significant differences in the

left putamen (mean ± SEM contrast value post-pre:

active-light: �0.13 ± 0.4; sham-light: 0.04 ± 0.06), right

primary somatosensory (active-light: �0.10 ± 0.04;

sham-light: 0.05 ± 0.04) and right parietal association

cortex (active-light: �0.17 ± 0.03; sham-light: �0.01

± 0.02) (Fig. 1C). That is, in these three brain regions,

active-light reduced finger-tapping activation whereas

sham-light had no effect.

The plots of changes in the individual subjects

revealed that the direction of difference in the putamen,

primary somatosensory and parietal association cortex,

were remarkably consistent. In the left putamen 19 of

the 22 subjects displayed a reduction in activation

during active-light than sham-light, 16 subjects

displayed a reduction in the right primary

somatosensory cortex and 17 subjects in the right

parietal association cortex (Fig. 2).
Resting functional connectivity

To determine if the effect of light on evoked brain

activation was accompanied by changes in resting

functional connectivity, we assessed the effects of

active- and sham-light on resting functional connectivity

of the left putamen, right primary somatosensory and

right parietal association cortex. The analysis of resting

functional connectivity is a well-known means for

exploring the patterns of connectivity between different

regions of the brain. It represents a measure of the

degree of synchrony and correlation between different

brain regions, either by direct anatomic projection or by

and indirect route, through another region of the brain.

In other words, the measure of resting functional

connectivity provides information on the density of flow

of information traffic between select regions of the brain

(van den Heuvel and Hulshoff Pol. 2010; Lv et al., 2018).



Fig. 1. Effects of active- and sham-light on finger-tapping evoked activity. (A) Significant differences

in finger-tapping evoked activation before and after active-light. Regions in which activation was

reduced significantly by light are indicated by the cool colour shading and overlaid onto a series of

axial and coronal T1-weighted anatomical images. Slice locations in Montreal Neurological institute

space are indicated at the top right of each image. Note that active-light significantly reduces

activation during finger-tapping in the contralateral (to finger-tapping) putamen, ipsilateral primary

motor/somatosensory (M1/S1) cortex and in the bilateral parietal association cortex. (B) Significant

effects of sham-light on finger-tapping activation. Note that there is no effect of sham-light on finger-

tapping evoked activation. (C) Significant differences in active versus sham-light evoked activation.

Note that active-light results in a significantly greater reduction in finger-tapping evoked activations in

the contralateral (left) putamen, right primary somatosensory (S1) and right parietal association

cortex.

Table 1. Location of significant clusters in Montreal Neurological Institute space, cluster sizes and t value

analyses. The t values relate to the differences seen in each region after finger-tapping (1) pre- compared t

compared to sham-light cases and in resting parietal association cortex connectivity in (3) active- compa

MNI co-ordinates

x y z

Finger-tapping

(1) active-light: pre > post

left putamen �24 10 �2

right S1/M1 54 �6 34

left S1/parietal association cortex �46 �36 40

right S1/parietal association cortex 48 �26 44

(2) active > sham-light

left putamen �24 �8 �4

right S1 44 �18 40

right parietal association cortex 44

30

�30

�38

42

42

resting parietal association cortex connectivity

(3) active > sham-light

left M1 �46 �14 34

right M1 46 �10 34

left posterior parietal cortex �46 �70 8

right posterior parietal cortex 54 �56 14
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Although active- and sham-light

had no significant effect on resting

functional connectivity between

either the left putamen or right

primary somatosensory cortex and

the rest of the brain (not shown), it

did have a significant effect on the

resting functional connectivity of

the right parietal association

cortex (Fig. 3, Table 1). A direct

comparison of the effects of

active-light compared with sham-

light on resting functional

connectivity of parietal association

cortex revealed significant

differences in the left primary

motor cortex (mean ± SEM

connectivity strength post-pre:

active-light: �0.06 ± 0.2; sham-

light: 0.05 ± 0.02), right primary

motor cortex (active-light: �0.06

± 0.2; sham-light: 0.05 ± 0.02),

left posterior parietal cortex

(active-light: �0.07 ± 0.2; sham-

light: 0.04 ± 0.02) and right

posterior parietal cortex (active-

light: �0.06 ± 0.2; sham-light:

0.05 ± 0.02).

Plots of connectivity strength

changes in individual subjects

revealed that the direction of

difference in these three regions -

primary motor, posterior parietal

and parietal association cortex -

were remarkably consistent. In the

left primary motor cortex, 18 of the

20 subjects displayed a greater

reduction in connectivity during
s for finger-tapping and resting connectivity

o post-scans in active-light cases (2) active-

red to sham-light cases.

Cluster size t value

12 5.04

37 5.10

12 4.77

198 6.07

42 4.02

3 2.62

11

3

2.92

2.95

115 5.68

51 5.19

99 4.88

25 4.48



Fig. 2. The effect of active- and sham-light on individual subject brain

activation. Plots of individual subject significance measures (contrast

values) of finger-tapping activations post active-light minus pre

active-light and post sham-light minus pre sham-light for the

putamen, parietal association and primary somatosensory cortex.

Clusters are shaded black. Negative values indicate that active- or

sham-light reduced finger-tapping evoked activations. The large filled

black circles indicate means. Note that active-light reduced finger-

tapping evoked activations in all three regions whereas sham-light did

not.
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active-light than sham-light, 17 subjects in the right

primary motor cortex, left posterior parietal cortex and

right posterior parietal cortex (Fig. 4).
Fig. 3. Effects of active- and sham-light on resting parietal association c

association cortex resting connectivity strengths before and after active c

significant reduced by active-light more than sham-light are indicated by the c

weighted anatomical images. Slice locations in Montreal Neurological institut

light significantly reduces resting connectivity strength between the right parie

well as the left and right primary motor cortex (M1).
Resting cerebral blood flow

We also explored if light had any effect on resting, task-

negative, brain activity levels. To this end, we examined

the effects of active- and sham-light on resting regional

CBF using ASL, a non-ionising method for measuring

tissue perfusion that uses magnetically labeled arterial

blood water protons as an endogenous tracer. It is used

as a more global measure of brain activity in any given

region (Petcharunpaisan et al., 2010). In contrast to

finger-tapping evoked brain activity and resting functional

connectivity, active- and sham-light had no significant

effect on on-going CBF in any region of the brain. Further,

direct comparisons of the effects of active- and sham-light

on resting CBF in the clusters derived from the finger-

tapping scans confirmed no significant CBF change in

the left putamen (mean ± SEM cerebral blood flow ml/

min/g: active-light pre: 48.2 ± 2.7, post: 51.1 ± 2.4;

sham-light pre: 47.8 ± 2.8, post 48.8 ± 2.7), right pari-

etal association cortex (active-light pre: 43.4 ± 2.3, post:

37.3 ± 2.5; sham-light pre: 40.4 ± 3.0, post 40.5 ± 3.4)

or right primary somatosensory cortex (active-light pre:

50.7 ± 2.5, post: 47.2 ± 3.5; sham-light pre: 52.1

± 3.1, post 51.7 ± 3.7; all p> 0.05; Fig. 5). Similarly,

comparisons of CBF in clusters identified in the parietal

association cortex connectivity revealed no significant

effects of active or sham-light on CBF in the left primary

motor cortex (active-light pre: 54.0 ± 2.5, post: 54.8

± 2.2; sham-light pre: 52.5 ± 3.0, post 52.1 ± 2.4), right

primary motor cortex (active-light pre: 50.8 ± 2.9, post:

50.1 ± 2.6; sham-light pre: 48.9 ± 4.0, post 48.1

± 3.7), left posterior parietal cortex (in region of angular

gyrus) (active-light pre: 75.3 ± 5.7, post: 79.7 ± 4.2;

sham-light pre: 78.4 ± 3.8, post 79.4 ± 3.9), or right pos-

terior parietal cortex active-light pre: 80.6 ± 5.2, post:

77.4 ± 4.4; sham-light pre: 73.2 ± 3.8, post 78.1 ± 4.8;

all p> 0.05)
DISCUSSION

We have three major findings with light use and fMRI.

First, that transcranially applied light (810 nm) reduced

evoked activation after finger-tapping (task-positive) in
ortex functional connectivity. Significant differences in right parietal

ompared with sham-light. Region in which resting connectivity was

ool colour shading and overlaid onto a series of axial and coronal T1-

e space are indicated at the top right of each image. Note that active-

tal association cortex and the left and right posterior parietal cortex as



Fig. 4. The effect of active and sham-light on individual subject resting functional connectivity. Plots

of individual subject right parietal association cortex resting connectivity strengths post active-light

minus pre active-light and post sham-light minus pre sham-light for the left and right primary motor

cortex (M1) and the left and right posterior parietal cortex. Clusters are shaded black. Negative

values indicate that active or sham-light reduced resting connectivity strengths. The large filled black

circles indicate means. Note that active-light reduced resting connectivity strengths in all four regions

whereas sham-light did not but instead increased connectivity strengths in all regions.
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rather discrete regions of the brain. Second that these

light-induced changes in evoked brain activity were

accompanied by distinct changes in resting functional

connectivity, and third, that the transcranially applied
Fig. 5. The effect of active and sham-light on resting cerebral blood flow. Plots of mean (±SEM) cerebr

from the finger-tapping analysis and 4 clusters derived from the resting connectivity analysis. Note th

effects on resting cerebral blood flow (CBF) in any of the 7 clusters.
light - in contrast to the finger-

tapping evoked activity and resting

functional connectivity - had no

effect on overall resting state brain

activity (task-negative). When

taken all together, our fMRI

findings indicated that

transcranially applied light can

have a clear impact on the activity

of the brain on normal subjects,

but only when a region of the brain

was itself functionally active, for

example, when undertaking a

particular task. These issues will

form the focus of the Discussion

that follows.
Light impacted on evoked brain
activity

One of our major aims was to

explore the effect of light on

evoked brain activity, namely when

subjects were undertaking

particular task (task-positive). To

this end, we chose the well-known
finger-tapping exercise, a test that has been used by

many previous fMRI studies examining aspects of the

motor system in humans (Witt et al., 2008; Lv et al.,
al blood flow in 7 clusters, 3 clusters derived

at active and sham-light had no significant
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2013, 2018). Our finding that finger-tapping evoked activ-

ity in primary somatosensory and motor cortex, parietal

association cortex, thalamus, putamen and cerebellum

was largely consistent with previous ones (Witt et al.,

2008). We showed that transcranially applied light - when

compared directly to sham-treated - reduced, with

remarkable consistency across our 22 subjects, this

evoked activation in many of these regions, including

the putamen, primary somatosensory and parietal associ-

ation cortex. By contrast, sham treatments had no effect

on finger-tapping activation in any region of the brain.

These results here were similar to previous ones that

have reported a reduction in BOLD-fMRI signal - a com-

bined measure of increased CBF, cerebral blood volume

and reduced oxygen consumption - within regions of pre-

frontal and parietal association cortex in response to cog-

nitive, working memory tasks after transcranial application

of light (k= 1064 nm) in middle-aged and older subjects

(Vargas et al., 2017).

There are several features of our results that areworthy

of further comment. First, that light did not have an impact

on the activity patterns in all the regions evoked by finger-

tapping; there was clear light-induced effect on the

putamen, primary somatosensory and motor cortex, and

parietal association cortex, but not on the thalamus and

cerebellum. This finding may well have reflected on the

tissue penetration properties of the transcranially applied

light, with the light not being able to reach the more

distant and deeper locations of the thalamus and

cerebellum, distances over 20–30 mm from cranial

surface (see Introduction). Nevertheless, it was striking

that light could have such a clear and consistent influence

on the specific regions it could reach. Of course, there

remains the possibility that at least some of these

changes were induced by an indirect route, in that light

might have influenced the activity of one region (eg motor

cortex), that then lead to a change in activity in another

region (eg putamen). Such details remain to be

determined. Second, that the overall effect of light was to

reduce, rather than increase, the activity of these brain

regions. This seemingly counterintuitive finding is not

inconsistent with previous reports. For example,

transcranially applied light over primary motor cortex, as

measured by transcranial magnetic stimulation elicited

motor evoked potential amplitudes, has been reported to

reduce overall excitability for up to thirty minutes following

the application of the light (k= 905 nm; Konstantinovic

et al., 2013). Further, from both in vivo and in vitro studies,

light (k= �600–1070 nm) can inhibit the activity of many

types of peripheral nerves, from radial to saphenous,

resulting in a reduced transmission of sensory, in particu-

larly nociceptive, information to the spinal cord and brain

(Chow and Armati, 2016).

The precise mechanism of action of the light is not

entirely clear, but it appears to involve a disturbance of

several ATP dependent ion membrane pumps within the

neurones. In particular, light has been reported to

stimulate mitochondrial function and ATP levels and the

overall activity these pumps, leading ultimately to a

greater membrane stability and inhibition of neuronal

firing (Konstantinovic et al., 2013; Chow and Armati,
2016). In relation to our study here, the reduction in brain

activity could be viewed as a protective measure induced

by light (see section below), limiting the overall excitability

- and the potential for excitotoxic damage - of the neu-

rones after they have been stimulated, in this case, by

finger-tapping. This is particularly poignant for the cortical

activations, where most of the neurones are glutamater-

gic (ie pyramidal neurones). It should be noted that there

is one report, on the substantia nigra pars compacta of

mice, indicating that light (k= 710 nm) increases, rather

than decreases the activity of neurones (Romeo et al.,

2017). The impact of light, from across the broad red to

near infrared range, on neuronal activity may therefore

be dependent on the type of neurone involved and the

transmitter system it may use. In particular, light could

have a very different effect on the membrane pumps on

the nigral dopaminergic neurones, resulting in excitation,

compared to the glutamatergic pyramidal neurones of

the cortex, resulting in inhibition (see above;

Konstantinovic et al., 2013). Interestingly, as with the inhi-

bition of pyramidal neurones, the excitation of nigral neu-

rones lasts for periods long after the end of light

application (Romeo et al., 2017). All in all, the effect of

light on neuronal activity appears to thence last well after

its application, indicating that light must activate intrinsic

cellular pathways, namely transcription factors within the

nucleus, that lead to long lasting changes in functional

activity and patterns of survival (Hamblin, 2016).

It is also worth nothing at this stage that a limitation of

our analysis was that, because the vielight device was not

MRI compatible, we could not determine the effect of light

on brain activity during the actual light application

process. The best we could do was apply the light

immediately before the scan, after baseline.

Notwithstanding this limitation, a clear light effect was

evident from our analysis, indicating that light can alter

neuronal activity for a period well after application, in fact,

following on from previous studies using either

transcranial magnetic stimulation (Konstantinovic et al.,

2013) or EEG recordings (Vargas et al., 2017), for at least

10 to 30 minutes thereafter. In addition, a further limitation

of our study could include the use of the vielight device

itself, that had LEDs placed in particular nodes over frontal

(midline) and parietal bones (see Experimental Proce-

dures), possibly biasing the impact of the light to brain

regions associated with the default mode network (eg pre-

frontal, cingulate, precuneus, parietal and entorhinal cor-

tex). This apparent limitation is offset by our findings that

the light-induced changes across the brain were verymuch

outside of the location of theLEDnodes - for examplewithin

the putamen, primary somatosensory and motor cortex -

and the reach of the light from the vielight device was not

limited to the regions of the default mode network.

Light influenced the resting functional connectivity
of parietal association cortex

Our results showed that the light-induced evoked

activations across the brain, namely within the putamen,

primary somatosensory and parietal association cortex,

were not necessarily accompanied by changes in

resting functional connectivity in these same regions.
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While light had no major effect on the resting functional

connectivity between either the putamen or primary

somatosensory cortex and the rest of the brain, it did

have a considerable effect on the resting connectivity of

parietal association cortex. This brain region has been

associated with many higher-order circuits such as

attention, novelty, sensorimotor integration and visually-

guided behaviour (DiMattia and Kesner 1988; Tulving

et al., 1996; Whitlock, 2017). It has also been one of the

main brain regions associated with the so-called default

mode network, a network of highly interconnected regions

of the brain that are most active when an individual is

awake and at rest (Buckner, 2012; Raichle, 2015; Long

et al., 2016). The network is particularly active when an

individual has focus on so-called ‘‘internal tasks” such

as day-dreaming and mind-wandering (Buckner, 2012;

Raichle, 2015; Long et al., 2016) and tends to be corre-

lated negatively with neural systems that focus on exter-

nal visual tasks (Fox et al., 2005) and attention (Broyd

et al., 2009), although it has been reported to be active

in some goal-oriented functions, such as working memory

(Spreng, 2012). With regard to our findings here, it

remains to be determined precisely why light was associ-

ated with parietal association cortex in particular. As a

working hypothesis, we suggest that it was involved in

enhancing the ‘‘novelty of action and focus of attention”

aspect of the finger-tapping task, linking in with the idea

that light helps deactivate the default mode network

(Naeser et al., 2014; Naeser and Hamblin, 2015;

Naeser et al., 2016). In this case, light would deactivate

the default mode network so that the novelty and attention

circuits of parietal association cortex and other regions of

the brain could communicate and function better.

Our findings here on the patterns of resting functional

connectivity in normal subjects appear very different to

those evident in patients suffering from either dementia,

stroke or trauma. In a recent fMRI study in patients with

dementia has reported that transcranial light application

using the vielight device (k= 810 nm) increased, after

12 weeks, the resting functional connectivity and

cerebral perfusion in the parietal association cortex, as

well as posterior cingulate cortex. This increase in

functional connectivity was associated with the resulting

clinical improvement in cognition in the patients after

this long-term time-period (Chao, 2019). Similar findings

of increased resting functional connectivity were evident

after transcranial light application in stroke patients with

chronic aphasia and in retired football players with diffuse

brain damage (Marney Naeser, personal communication).

It remains to be determined if these differences in normal

subjects and patients was due to either the diseased/

lesioned state of the brain, or to the different time-

periods post light application (short-term vs long-term).
Light had no effect on resting state brain activity
using fMRI

In contrast to the major influence of light on the evoked,

task-positive, brain activity induced by finger-tapping, we

found that light did not alter the global resting state,

task-negative, brain activity in normal subjects using
fMRI. Further, the effects of light on resting CBF in the

clusters derived from the finger-tapping scans also

indicated no major change in CBF in the putamen,

primary somatosensory or parietal association cortex.

Notwithstanding the limited alteration in global resting

state activity evident from our observations of CBF under

fMRI, that does not rule out the possibility that neurones

may undergo some change in activity after light

application. For instance, there are the light-induced

changes in resting functional connectivity in parietal

association cortex, as noted in the present study (see

above) and in patients with dementia (Chao, 2019) and

other conditions (see above). Further, transcranial light

application with the vielight device (k= 810 nm) has been

shown, using EEG, to influence the connectivity and inte-

gration of the brain in normal subjects at rest, together

with the resting power spectrum of the different brain

waves, with increases evident in the a, b and c waves,

but decreases in the D andH ones; in addition, consistent

with the present findings using fMRI, light application

results in an increase in inhibition using EEG (Zomorrodi

et al., 2019). Similar patterns of EEG in the resting state

have been reported in other studies using normal, healthy

subjects (k= 1064 nm; Wang et al 2017), as well as

middle-aged to older ones suffering mild memory loss

(k= 1064 nm; Vargas et al 2017) subjects.

Taken all together, these findings suggest that when

in a resting state (task-negative), light has no impact on

the CBF and global brain activity, although it can

influence the resting functional connectivity of some

brain regions (this study; Chao, 2019) and the frequency

patterns of brain waves (Zomorrodi et al., 2019). From

our results here using fMRI, the impact of light becomes

much more evident after a particular brain region

becomes functionally active (task-positive). This is in line

with the idea that when a neurone undergoes a change in

its equilibrium or homeostasis, for example after it has

become activated functionally (eg finger-tapping) or it

becomes distressed from either disease (eg Parkinson’s

or Alzheimer’s) or damage (eg traumatic brain injury),

then an effect of light is clearer (Hamblin, 2016). Light

can for example, influence the functional activity of the

neurone by suppressing any overactivity (see section

above), or it may help distressed neurones survive better

against any insult, being neuroprotective (Johnstone

et al., 2016; Mitrofanis, 2017). This key property of light,

that it can aide neurones to maintain both efficient func-

tion and overall survival against insult better, appears to

be a feature that may have deep evolutionary links

(Mitrofanis, 2017).

Our fMRI results showed that transcranially applied

light had a clear influence on brain activity, but only in

regions that were functionally active, for example, after

undertaking a particular task (task-positive; eg finger-

tapping). These regions included the putamen, primary

somatosensory and motor cortex and parietal association

cortex. Light had no effect on resting state or task-

negative brain activity using fMRI, although some light-

induced impact on resting activity appears to be evident

using other measures, such as EEG. In the evoked brain

regions after finger-tapping, the overall effect of light was
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to suppress or reduce activity. We suggest that these light-

induced changes, particularly those in parietal association

cortex, were associated with attention and novelty, and

served to deactivate the so-called default mode network

(Naeser et al., 2014; Naeser and Hamblin, 2015; Chao

2019; Zomorrodi et al., 2019).

The challenge that remains for future studies would be

to explore whether light has similar effects on evoked

brain activity when normal subjects are undertaking a

series of different functional tasks, such as in memory

recall tests (see Vargas et al., 2017) or undergoing

somatosensory activation (eg tactile stimulation of a limb).

In particular, would there be comparable light-induced

changes in brain activity evident in posterior parietal asso-

ciation cortex after such tasks? The potential involvement

and significance of light in deactivating the default mode

network in these circumstances would also be a most

worthwhile consideration for the future. Finally, our results

here on normal subjects set a template for our future

planned experiments on Alzheimer’s and Parkinson’s dis-

ease patients, and whether similar changes in brain activ-

ity are evident after transcranially applied light.
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