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ABSTRACT 

Photons are emitted during brain activity and when 
applied externally alter its functional connectivity 
during the resting state. In the present study we ap- 
plied constant or time varying light (~10,000 lux) 
stimuli to one side of the skull and measured by pho- 
tomultiplier tubes the photon density emitted from 
the opposite side of the skull along its two horizontal 
planes. Global quantitative electroencephalographic 
activity (QEEG) was recorded simultaneously. Reli- 
able increases of ~2.5 × 10−11 W·m−2 during either con- 
stant or specific flash frequencies between 3 and 7 Hz 
as well as enhanced QEEG power in the theta and 
low beta range were measured. According to source 
localization by Low Resolution Electromagnetic To- 
mography (LORETA) the right parahippocampal 
region was particularly enhanced. Calculations em- 
ploying known quantitative values for permeability 
and permittivity of brain tissue were consistent with 
this frequency band. Estimated concentrations of pro- 
tons from hydronium ions indicated a Grotthuss 
chain-like process for moving photon energy through 
the cerebral medium may have mediated the dis- 
tance-dependent latency. The results suggest that ex- 
ternal light is transmitted through cerebral tissue, 
can be measured externally, and significantly affects 
functional connectivity. The findings support the con- 
clusions of Starck et al. (World Journal Neuroscience, 
2012).  
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1. INTRODUCTION 

Within the last three decades there have been multiple 
reports of the emissions of Ultraweak Photon Emissions 
(UPE) from brain tissue [1]. In addition to the approxi- 
mately 106 photons·m−2·s−1 that are measurable from sur- 
faces of living organisms [2], slices of hippocampal 
tissue emit photon densities of ~10−12 W·m−2 that are 
coupled to theta-activity [3]. Recently Bokkon and his 
colleagues [4] reported that retinal tissue from rats emits 
photons in response to exogenous light stimulation, an 
observation compatible with several theoretical and qu- 
antitative solutions [5].  

We have been examining the intricacies of photon 
emissions from the human brain, as measured by photo- 
multiplier tubes (PMT), during protocols for imaging vs 
not imaging white light while subjects sat in complete 
darkness [6,7]. We then asked the question if very bright 
light (about 10,000 lux) applied tightly against the skull 
could traverse cerebral space and be discerned by PMTs 
and affect the power of specific bands of quantitative 
electroencephalographic (QEEG) activity on the opposite 
side of the skull. Here we present evidence that reliable 
changes for both measures can be discerned. 

That photons can traverse the skull and influence 
biochemical and biophysical functions within brain space 
has been known or suspected by many previous resear- 
chers [8]. The pineal organ is responsive to external light 
sources even when the neural input is removed. Although 
frequency-dependent changes in QEEG activity in res- 
ponse to external light flash intervals are so reliable they 
are routinely employed for neurological diagnosis of some 
types of epilepsy, the effects of light flashed against the 
scalp for a person blinded folded sitting in the dark has 
not been systematically investigated. There are also the 
more recent discoveries of light sensitive molecules dis- 
tributed throughout the human brain [9] which have been 
coupled to release of gamma-aminobutyric acid [10] and 
mobilization of intracellular calcium [11]. For the pre- 
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sent experiments we reasoned that if the effect was bio- 
physically robust a reliable effect should be evident by 
only triplicate replication (3 subjects) which is the nor- 
mal procedure to assess most biochemical reactions. 

2. MATERIALS AND METHODS  

2.1. Experiment 1: Constant Light Transmission 

In Experiment 1, we examined the density of photons that 
emerged on the contralateral skull when light was ap- 
plied. There were three subjects that were measured over 
a two month period. Each subject sat in a comfortable 
chair within a completely darkened room. In separate ex- 
periments (different days) for each subject a commercial 
LED flashlight (4 cm wide) was applied either: 1) direc- 
tly below the occipital notch so that the linear path of the 
light emerged through the forehead, or 2) along the left 
temporal area so the light would emerge from the right 
temporal region.  

The flashlight was modified so that it could be turned 
on or off in a second room where the PMT was main- 
tained. The flash light was also wrapped with dense black 
terry cloth material around the subject’s head to insure no 
stray light occurred. This was verified by the absence of 
any immediate change in PMT reading when the light 
was on or off. 

A RCA electron tube (no filters) within a BCA IP21 
housing (the PMT) was placed 15 cm on the side op- 
posite to the flashlight. The PMT output was connected 
to a millivolt meter and to a SRI Pacific Instruments 
photometer. The output from the 0 to 100 unit scale was 
recorded 3 times per second (maximum limit of the 
software) to an IBM ThinkPad laptop (Windows 95). 
Based upon three different methods of calibration, an 
increase of 1 unit was equivalent to 5 × 10−12 W·m−2 [12]. 
We selected 30 s for the trial duration based upon pilot 
experiments.  

For each subject and each experiment there were four 
sequential sets of 30 s intervals for light off and light on 
conditions. The subjects were either told or not told 
when the light was activated (a procedure that did not 
alter the results) and were instructed to simply relax. To 
insure there was no light scatter through the dense 
material the light was activated against a 2 cm thick pine 
board and wrapped in the same manner. The PMT was 
placed 15 cm on the other side of the board. Comparison 
of the 90 measurements when the light was on (30 s) vs 
off (30 s) indicated no statistically significant difference 
between the two conditions. 

2.2. Experiment 2: Frequency-Varying Light  
Transmission: Quantitative EEG (QEEG)  
Measurements 

In Experiment 2 and 3 different volunteers each sat 

blind-folded in a high-back, soft arm chair that was housed 
in a dark industrial acoustic chamber that was also a 
Faraday cage (a different room than in Experiment 1). 
Quantitative EEG activity was recorded at 250 Hz with a 
Mitsar-201 amplifier equipped with 19-channel sensors. 
The cap was fit comfortably for each subject whose head 
rested slightly backward for relaxation. The face of a dif- 
ferent (but same type) flashlight was placed against the 
back of the skull as in Experiment 1. The light was held 
in place by black thick soft terry cloth towels that also 
wrapped around the flash light. The frequencies of light 
flashes were controlled by a Heath-Schlumberger func- 
tional generator. Both the function generator and the lap- 
top recording the EEG output from the cap were housed 
externally to the chamber. 

The following light flash frequencies were employed: 
all integers from 1 to 10 Hz. In some trials the 0.5 Hz 
intermediate frequencies, e.g., 7.0 Hz, 7.5 Hz, 8.0 Hz be- 
tween each integer were inserted. The frequencies were 
presented in quasi random order between minimum and 
maximum and were in different orders for each subject. 
Each flash frequency was presented for 30 s followed  
by a 30 s period of no flash. The subjects reported they 
only experienced complete darkness and no sounds of 
any kind. 

According to our usual protocol [13,14], spectral ana- 
lyses and power in µV2·Hz−1 were integrated over tradi- 
tional frequency bands by employing Matlab software 
for delta (1 to 3.9 Hz), theta (4 to 7.9 Hz), low alpha (8.0 
to 10.5 Hz), high alpha (10.6 to 13 Hz), low beta (13.1 to 
20 Hz) high beta (21 to 35 Hz) and gamma (35.1 to 50 
Hz). The data from the digitized EEG were plotted as a 
function of frequency for each subject. 30 s segments 
corresponding to the presentation of the light frequencies 
were imported into LORETA (LOw Resolution Electro- 
magnetic TomogrAphy) for source localization [15]. On 
the bases of the preliminary most significant results for 
systematic frequency-dependent changes over the va- 
rious lobes for the three subjects, the LORETA to ROI 
(region of interest) function was employed to calculate 
activation within classic frequency bands. The area se- 
lected was the right parahippocampal gyrus because of 
its multimodal input and output to cerebral cortical areas. 
These data were subsequently imported into SPSS soft- 
ware for further analyses. To accommodate individual 
differences and drift fluctuations from sitting in a cham- 
ber, the QEEG changes for any light-frequency flash in- 
terval from the immediately previous no-flash interval 
(relative changes in power) were calculated. 

2.3. Experiment 3: Light Emission from the  
Brain During Frequency-Varying Light 

In Experiment 3, 3 different volunteers sat within the same 
chamber as in Experiment 2 and were exposed to the 
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same procedure. However a digital photometer Model 
DM009C (Senstech Ltd.) was placed 15 cm directly in 
front of the forehead. The difference between this PMT 
and the one employed in Experiment 1 was that it 
measured numbers of photons per sample rather than 
W·m−2. Sampling rate was 50/s (20 msec intervals) for 
the entire duration of exposure for each subject. The 
numbers of photons per sample for each of the light flash 
frequencies (repeated twice for every subject) were trans- 
ported to SPSS-PC software for analyses.  

3. RESULTS 

3.1. Experiment 1: Constant Light Transmission  

The typical result for each subject for the repeated off-on 
(30 s each) design for measuring photon changes through 
cerebral space when light was presented to the left tem- 
poral skull and photon density was measured on the op- 
posite (right side) of the skull is shown in Figure 1. The 
values refer to the actual photometer units during the 
successive 30 s intervals when the light was applied (on) 
or not applied (off). The vertical bars refer to the SEMS 
for the 90 measurements (3/s) within each 30 s interval. 
Compared to the off condition, the on conditions were 
associated with a net increase of between 0.5 and 1 unit 
or 2.5 × 10−11 W·m−2 to 5 × 10−11 W·m−2. The effects 
were similar for each of the three subjects. 

The latencies for the point-to-point (0.33 s) increases 
in photon density for the 3 samples per sec measure- 
ments when the light was activated along the major axis 
(caudal to frontal skull) or the minor axis (left to right 
temporal lobe) are shown in Figure 2. In order to com- 
pare the two measurements directly z-scores for the pho- 
ton units were computed for the 1 s before to 5 s after the 
light activation for the various trials. The latency for 
photon emission to increase during lateral (side to side) 
application was 0.66 s while the caudal-rostral latency 
was about 1.66 s. The absolute increase in photon emis- 
sion ranged between 0.5 to 0.6 units or about 2.5 × 10−11  

 

 

Figure 1. Photon units (1 unit = 5 × 10−11 W·m−2) on the right 
side of the head during periods when a light source placed 
tightly over the left side of the head was on or off. Each 
interval wasa 30 sec. BL is baseline. Vertical bars indicate 
standard errors of the mean for 90 successive measurements. 

W·m−2. 

3.2. Experiment 2: Frequency-Varying Light  
Transmission: Quantitative EEG (QEEG)  
Measurements 

Seven separate MANOVAs with two within subject fac- 
tors (frequency of light and left-right hemisphere) were 
performed for each frequency band. There were only two 
statistically significant changes as a function of light flash 
frequency for the source-localization data. These oc- 
curred within the right paraphippocampal gyrus. The first 
was a statistically significant frequency effect (F(7,28) = 
3.14, p < 0.05; eta2 = 0.44). Post hoc analysis indicated 
the major source of the effect, as shown in Figure 3, was 
the increase in power within the theta range within the 
right parahippocampal gyrus during the presence of the 7 
Hz (6.5 to 7.5 Hz) light flashes. 
 

 

Figure 2. Latency of response from the onset of the light to the 
emergence of photon emission from the right side (from left 
side stimulation) or from the front of the skull (from applica- 
tion of light to the caudal scalp). Vertical bars are SEMs. BL = 
baseline;* indicates application of light stimulus. 
 

 

Figure 3. Relative change from baseline in power within the 
theta (4 - 7 Hz) band within the right parahippocampal gyrus as 
a function of the frequency of light flash frequency delivered 
against the back of the head. 
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Within the low beta (13 - 20 Hz) EEG band,  
MANOVA revealed a statistically significant (F(7,28) = 
3.58, p < 0.05; eta2 = 0.47) two-way way interaction be- 
tween power and light flash frequency within the right 
parahippocampal region. Post hoc analyses indicated that 
the major source of this interaction was the increase in 
power within the low beta band when the 4 to 5 Hz and 9 
Hz stimulations were applied relative to the 2 Hz pres- 
entations (Figure 4). 

3.3. Experiment 3: Light Emission from the  
Brain During Frequency-Varying Light 

For all three subjects there was a clear frequency-de- 
pendence between the light flash frequency delivered 
through the caudal scalp and the output of photons from 
the front of the skull. As can be seen in Figure 5, there 
were significant increases in the photon emissions from  
 

 

Figure 4. Relative changes in power compared to baseline in 
the low beta range within the right parahippocampal region as a 
function of the light flash frequencies. 

 

 

Figure 5. Photon counts 15 cm from the forehead of subjects 
blindfolded sitting in the dark during frequencies (1 to 9 Hz) of 
light applied against the back of the skull (and covered com- 
pletely with black terrycloth). Data are averages of two trials 
for each subject and 3 subjects. Vertical bars indicate standard 
deviations. There were 1200 samples for each frequency for 
each subject. A change of 0.5 z is equivalent to 250 photons/20 
ms sample. 

the brain when the light flash frequency ranged between 
3 and 7 Hz, compared to 1 - 2 Hz or 9 Hz or compared to 
the no light condition. The maximum deviation (z-score 
of 0.50) is equivalent to an average of 250 photons/20 ms 
interval over the 30 s interval for a given light flash fre-
quency. 

The data are means of standardized scores of the wi- 
thin subject z-scores for each subject. The difference in 
average absolute background photon counts from each 
subject was equivalent to 2.5 × 101 photons per 25 ms 
interval or 1.25 × 104 photons·s−1. Assuming the median 
wavelength was 555 nm, each photon would be 0.54 × 
1015 Hz (1/s) and when multiplied by Planck’s constant 
(6.62 × 10−34 J·s) would be 3.6 × 10−19 J per photon or a 
total of 4.5 × 10−15 J·s−1. Given the aperture of the digital 
PMT was π × 10−4 m2, the equivalent power would be 
1.4 × 10−11 W·m−2 which is almost identical to that 
measured by the analog PMT. 

4. DISCUSSION 

The results of these studies indicated that approximately 
10,000 lux of steady white light when applied against the 
skull for successive presentations of 30 s on and 30 s off 
conditions results in detectable and reversible increases 
in photon emission from the contralateral side. The mea- 
surements were not likely to be artifact for three reasons. 
First, the time required for the response was much slower 
than that when light was activated in free space. Second, 
the latency along the rostral-caudal axis (~1.3 s) vs the 
lateral-lateral (side-to-side) axis (~0.7 s) was propor- 
tional to the actual linear distance for the subjects’ skulls. 
Third, when the same procedure was completed with a 2 
cm thick pine board, there were no changes in photon de- 
tection. 

The discernable latency (about 1 s) to traverse cerebral 
space would require a substantial slowing of the velocity 
of the photons. If one assumes a Grotthuss-like chain 
reaction, then a species of matter with a specific density 
and life-time could accommodate this latency. One can-
didate is the hydronium ion whose concentration in 
physiological systems is about 40 nM and displays a life 
time is about 10−12 s [16]. If one assumes the classic 
Grotthuss chain, then the time for a quantum of energy to 
traverse a volume through the mobile H+ (proton) can be 
estimated.  

The mobility of a proton in water is 3.6 × 10−3 
cm2·V−1·s−1. Assuming a potential difference of 10−1 V 
across the rostral-caudal boundaries, in 1 s the mobility 
would be 3.6 × 10−4 cm2 and through 15 cm of linear 
brain space would involve 5.4 × 10−3 cc or 5.4 × 10−6 L. 
This value multiplied by (40 × 10−9 M(H+)/L) × (6.023 × 
1023 molecules/Mole) × 10−12 s/hydronium molecule) 
results in a traversal latency of ~0.13 s for the population. 
If one assumes only about 25% of cerebral space is ex- 
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tracellular fluid, then the time would 4 times slower or 
about 0.5 s, which is within the range of measurement of 
our observations. 

When the light stimuli was flashed (similar light source) 
within the major power spectrum of the electroencepha- 
lographic range (1 to 10 Hz), the photon emissions from 
the contralateral side of the skull as measured by a dif- 
ferent (digital) PMT at 15 cm were comparable in power 
density to that measured with the analog equipment. Not 
all frequencies displayed the optimal transparency. Maxi- 
mum transmission occurred between 3 and 7 Hz. The 
absence of an effect for either 1 or 2 Hz or 8 or 9 Hz sug- 
gests that the enhanced was relatively precise and not an 
artifact of the time-variation. 

A similar enhancement of electroencephalographic 
power occurred within the right parahippocampal region 
of the subjects. We selected this region rather than whole 
brain power because of its conspicuous enhancement 
when the light was activated through the brain as dis- 
cerned by LORETA. There was clear convergence be- 
tween the flash frequency of 7 Hz and increased power 
within the theta (4 - 7 Hz) band (Figure 3) within this 
region in particular although it was evident globally. This 
pattern is similar to the canonical correlations of brain 
electric spectral states during spontaneous conscious 
covert cognition measured by Lehmann et al. [17]. They 
found a strong concordance (r = 0.68) with a power peak 
between 4 - 7 Hz over the medial right hemisphere dur- 
ing passive cognition. The medial cortices, particularly 
the parietal lobe have significant connections with the 
pa- rahippocampal regions which we observed to be acti- 
vated during intracerebral transmission of external light. 

Assuming a permeability (inductance·m−1) at 1 kHz 
(functional duration of an action potential, i.e. 10−3 s) is 
about 10−2 Henrys (calculated by dimensional analysis 
from conductivity in S·m−1) and a permittivity for grey 
matter is 2 × 10−1 F·m−1, the formula f = (2π × (LC)−1/2)−1 
results in a resonance frequency of about 7 Hz [18]. This 
congruence between the physical properties of cerebral 
tissue and the resonant frequency, the narrow range of 
the light flash effect on power enhancement upon quan- 
titative electroencephalographic changes, and the optimal 
transparency for frequency-varying bursts of photons 
indicate that the applied light may directly influence in- 
tracerebral space and the neurons within it through reso- 
nance-related mechanisms.  

The validity of the observations is supported by the 
additional increased power within the 13 to 20 Hz (beta) 
range that occurred during the 4 - 5 Hz light flashes. The 
discrepancy between the applied light flash frequency 
and the frequency band in which the power increased 
indicates one was not an artifact of the other. Again, as 
shown by the original studies of Lehmann et al. [17] the 
first canonical EEG variables associated with ideation 

involve prominent peaks within the 2 - 6 Hz and 13 - 15 
Hz band. 

The results of this study are commensurate with the 
recent elegant experiments by Starck et al. [19]. While 
applying LED-generated light through the ear canals, 
they found a gradual increase in the functional connec- 
tivity as measured by BOLD (Blood Oxygen Level De- 
pendent) MRI across the extrastriate visual cortices that 
included the dorsal and ventral visual “streams”. By ex- 
trapolating from their graphs, the effect would have been 
apparent within about 40 s and according to their obser- 
vations asymptoted after about six minutes. The area 
encountering most of the light, because of their method 
of application, involved the inferior temporal lobe, ante- 
rior cerebellum and pons. 

The activation of the parahippocampal region inferred 
from our measurements is consistent with excitatory 
functional pathways. There are direct afferents from vis- 
ual (Brodmann 20) and auditory (Brodmann 22) areas, 
particularly the caudal third (the posteroventral portion 
of the angular gyrus) of the inferior parietal lobule 
(Brodmann 7a), to the paraphippocampal region. It is a 
component of a mutually interconnected multimodal area 
that involves projections from areas that include the ret- 
rosplenial cortex, superior temporal sulcus, and medial 
pulvinar. Fibers from the angular gyrus and superior oc- 
cipital gyrus are also connected with the parahippocam- 
pal gyrus [20]. Consequently it could be responsive to 
light-activation of similar pathways. 

Input from the entire cortical mantle converges upon 
layers II and III of the entorhinal cortices, a major com- 
ponent of the parahippocampal gyrus. Axons from the 
entorhinal cortices are the origins of the perforant path- 
way which is the major input to the hippocampus where 
synaptic interactions occur within the molecular layer of 
the dentate gyrus and the lacunosum-moleculare layer of 
CA3. Clusters of stellate cells in layer II of the entorhinal 
cortices possess a conspicuous intrinsic rhythmic, sub- 
threshold oscillation with a peak around 8 Hz [21]. This 
periodicity is remarkably convergent with the interval of 
maximum light transparency and enhancement of EEG 
power measured in our studies. 

Starck et al. [19] applied intensities of 7 lumen from 
which lux can be discerned by dividing by 4 πr2. The 
average diameter of the auditory canal is 3.7 mm [22]. 
This would be equivalent to about 1.4 × 105 lux (compa- 
rable to the range of direct sunlight). Assuming 1 lux 
equals about 1.5 × 10−3 W·m−2 within the green wave- 
length, the energy density of the photons from their light 
emissions would have been ~2.1 × 102 W·m−2 and when 
accommodating the cross-sectional area of the auditory 
canal would be ~8 × 10−4 J·s−1. Given the approximately 
10−12 J involved with the metabolism of glucose per av- 
erage neuron and glial cell [23], this would indicate that 
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about 8 × 108 cells would have been activated potentially 
by light energy equivalence. The significant increase in 
functional connectivity within the ventral and dorsal 
stream neurons involved 5.2 cc. Assuming 10 µm widths 
per cell (5.2 × 10−10 cc) and the occupation of about 10% 
of the space by somas this volume would involve about 
109 neurons. Thus there was convergence between the 
volume affected, the estimated number of neurons within 
this volume, and the energetic contribution from the ap- 
plied photon source.  

The observation that the group exposed to light showed 
an elevation of the spectrum at frequencies below 0.035 
Hz, that is longer than periods of 29 s, suggests that there 
are intrinsic variations within neuronal populations that 
respond to the passage of intracerebal light. We had se- 
lected the 30 s on, 30 s off paradigm in our studies based 
upon our pilot data that indicated these durations were 
required to obtain visually discernable real time changes 
in photon emission and QEEG power. Whereas the latter 
required about 20 s to 30 s to emerge and asymptote, the 
former required about 1 s to be evident but displayed pe- 
riodic fluctuations within the 30 s range. 

These results support the observations by Starck et al. 
[19] who employed a different method of measurement. 
The increased power within the theta and low beta range 
that we observed during light transmission through brain 
space would be consistent with enhanced connectivity of 
cerebral neurons within specific areas. These areas are 
grossly related to discerning where and what events oc- 
cur within the environment. If patterns of photons move 
as slowly through the cerebral medium as our results 
indicate then the traversal time for the width of a neu- 
ronal soma or the average length of an intracortical axon 
would be within the millisecond range. This congruence 
could be sufficient to allow direct interaction with in- 
formation processing within neural circuits [24]. 
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