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Light modulates oscillatory alpha
activity in the occipital cortex of
totally visually blind individuals
with intact non-image-forming
photoreception
Gilles Vandewalle1,2,3, Markus J. van Ackeren4, Véronique Daneault1,2, Joseph T. Hull5,6,
Geneviève Albouy1, Franco Lepore7, Julien Doyon1, Charles A. Czeisler5,6, Marie Dumont2,
Julie Carrier1,2,7, Steven W. Lockley5,6 & Olivier Collignon4,7,8
The discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) marked a major shift in our
understanding of how light information is processed by the mammalian brain. These ipRGCs influence
multiple functions not directly related to image formation such as circadian resetting and entrainment,
pupil constriction, enhancement of alertness, as well as the modulation of cognition. More recently, it
was demonstrated that ipRGCs may also contribute to basic visual functions. The impact of ipRGCs on
visual function, independently of image forming photoreceptors, remains difficult to isolate, however,
particularly in humans. We previously showed that exposure to intense monochromatic blue light
(465 nm) induced non-conscious light perception in a forced choice task in three rare totally visually
blind individuals without detectable rod and cone function, but who retained non-image-forming
responses to light, very likely via ipRGCs. The neural foundation of such light perception in the absence
of conscious vision is unknown, however. In this study, we characterized the brain activity of these
three participants using electroencephalography (EEG), and demonstrate that unconsciously perceived
light triggers an early and reliable transient desynchronization (i.e. decreased power) of the alpha EEG
rhythm (8–14 Hz) over the occipital cortex. These results provide compelling insight into how ipRGC
may contribute to transient changes in ongoing brain activity. They suggest that occipital alpha rhythm
synchrony, which is typically linked to the visual system, is modulated by ipRGCs photoreception; a
process that may contribute to the non-conscious light perception in those blind individuals.
While vision is the best understood sensory system in the human brain, we are just beginning to understand
the neuronal pathways mediating the ‘non-image-forming’ effects of ocular light exposure1,2. Evidence for
non-rod, non-cone retinal photoreceptors had been suspected in mice, mole rats and humans3–9, before the
discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) was reported in animals at the turn of
the century10–12. These retinal ganglion cells express the photosensory opsin, melanopsin, which is maximally
sensitive to short-wavelength blue light (~480 nm). IpRGCs are the primary photoreception channel mediating
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non-image-forming functions of light including entrainment of the circadian clock, suppression of the pineal
hormone melatonin, and pupillary constriction1,13–15. IpRGC light signaling has also been strongly suggested
to acutely enhance human alertness and cognitive brain functions16–18. Melanopsin-driven intrinsic responses
of ipRGCs are more sluggish than the response of the classical photoreceptors19. IpRGCs also receive incoming
signals from rods and cones, however, so their response output is phasic1,20. This photic response then propagates to non-image-forming brain areas, including hypothalamic nuclei notably involved in circadian rhythm
generation and sleep-wake regulation21,22. IpRGCs also project to brain areas that primarily mediate vision
in rodents and primates, such as the lateral geniculate nucleus of the thalamus20,22. It has been suggested that
ipRGCs contribute to basic vision (e.g. low-spatial frequency contrast, brightness detection, and adjustment
of the sensitivities of rods and cones) in humans and rodents23–29. Similarly to animal models, many human
non-image-forming responses to light are more sensitive to shorter wavelength (blue) light suggesting a role of
ipRGCs in these responses5,16,30–33. Isolating the independent role of ipRGCs apart from those of rods, cones and
other non-photosensitive RGCs can be achieved in animals by knocking down, amplifying, or modifying part
of the photoreception system26,34. Recently, new psychophysical techniques have also been developed in order to
target melanopsin separately from the cones (e.g. silent substitution using metameric lights)18,24,35–38. However,
the specific role of ipRGCs in non-image-forming functions remains difficult to isolate in human subjects who
have intact retinal (rod/cone) function.
To investigate ipRGCs in isolation, we studied a rare and small group (n = 9) of totally visually blind human
individuals who despite absence of detectable rod and cone function, retained non-image-forming responses to
light, very likely via ipRGCs. These blinds individuals have been reported to exhibit normal 24-hour circadian
rhythms, light-induced melatonin suppression, pupil constriction and/or circadian phase resetting in response
to nighttime ocular light exposure3,19,39–41. The etiology of blindness of most of these individuals was due to retinitis or retinopathy and a neuro-ophthalmologic exam confirmed individuals’ reports of having no conscious
light perception suggesting the absence of rod and cone function41. The implication of ipRGCs is supported by
the observation that ocular exposure to light in the shorter wavelength light range (blue; ~470 nm) compared to
light in longer wavelength ranges (>500 nm), was more efficient in triggering an alerting or pupil response19,40.
Furthermore, when exposed to blue light during a cognitively challenging task as compared to while in darkness,
these atypical blind individuals showed enhanced activation in a widespread subcortical and cortical network,
including the occipital cortex (using functional magnetic resonance imaging – fMRI)17. Altogether, these results
support the notion that these blind individuals provide a unique human model system to study the role of ipRGCs
in the absence of conscious vision.
Critically, these rare individuals present the ability to non-randomly detect the presence or absence of light
in a two-alternative choice forced task (2AFC) indicating some degree of light perception in the absence of
conscious vision [n = 140; n = 317]. The brain mechanisms involved in this non-conscious light perception are
unknown. Cortical oscillations in the alpha range (8–14 Hz) may provide important insights to address this issue.
In sighted individuals, alpha oscillations show transient responses to visual stimulation, which emerge in the
order of milliseconds to seconds. These oscillations are thought to reflect changes in visual attention allocation
and are typically observed locally as a transient decrease in alpha power, or a transient desynchronization, over
the area of the brain that processes the stimulus presented42–46. Interestingly, recent evidence suggests that these
more transient oscillatory changes could be modulated by prior exposure to bright blue light, which likely implicate input from ipRGCs47,48. Exposure to blue light at night also increases high alpha power in sighted individuals
(~10–12 Hz)32,49,50, as well as in a blind individual with presumably intact ipRGCs (~8–10 Hz)40. However, these
sustained changes in alpha power are typically reported over the entire cortex following prolonged exposure to
light and seem to take minutes to tens of minutes to be detected.
Alpha transient responses to light have not been investigated in blind participants who retain non-imageforming responses. Since non-conscious light perception appears somewhat typically visual in these blind individuals, we hypothesized that ocular light exposure would decrease alpha power over the occipital cortex transiently, which would then support the concept that non-conscious light perception arises from a specific impact
on visual attention.
To test this hypothesis, EEG was recorded in three totally visually blind individuals who previously exhibited non-image forming responses to light during a forced choice task during which they chose the presence
or absence of light non-randomly despite their complete lack of conscious vision17. Spectral analysis and EEG
source reconstruction computations were performed to quantify short-term (10 s) light-induced changes in alpha
rhythm over the occipital cortex task.

Methods

These data were collected simultaneously with data reported in17; the EEG data and analyses reported herein have
not been reported previously. Except for EEG data analyses, methods included here were described previously17.
All experiments were approved by the Comité mixte d’éthique de la recherche du Regroupement Neuroimagerie/
Québec. All methods were carried out in accordance with Canada and Québec guidelines and regulations.

Participants.

Three totally visually blind individuals participated [1 female/2 males, range 60–67 years;
see Table 1 for detailed characteristics, previously reported in17]. Each participant provided written informed
consent and received financial compensation for their participation. Each participant reported having no conscious light perception, but each previously exhibited light-induced melatonin suppressions to 6.5 h ocular exposure to white39–41. A neuro-ophthalmologic examination was conducted in each participant. A Visual Evoked
Potential (VEP) test was performed in Participants 1 and 2, and an electroretinogram (ERG) was performed in
Participant 3; no detectable activation was observed. Participant 1 had miotic pupil bilaterally, while participant 3
had no clearly distinguishable pupil. Only participant 2 exhibited pupil constriction after prolonged (>10 s) light

SCIENTIFIC RepOrts |

(2018) 8:16968 | DOI:10.1038/s41598-018-35400-9

2

www.nature.com/scientificreports/
Participant 1

Participant 2

Participant 3

Age

67

60

66

Sex

Female

Male

Male

Body Mass index (BMI)

27.3

30.0

27.4

Cause of blindness

Retinitis Pigmentosa

Retinitis Pigmentosa

Retinopathy of
Prematurity

Years of total blindness

10

25

66

Chronotype (Horne & Ostberg, 1976)

62 - Moderate morning
type

72 - Moderate morning
type

68 - Moderate
morning type

Sleep disturbances (from 0 = lowest, to 21 = highest)
(Buysse et al., 1989)

3

10

4

Daytime propensity to fall asleep (Johns, 1991)

1

4

16

Last confirmation of light – induced melatonin suppression

in 2008

in 2006

in 2002

Previous standard ERG examination (no detectable signal)

No

No

in 1994

Previous standard VEP examination (no detectable signal)

in 2008

in 2006

No

Pupil response to prolonged light exposure (>5 s)

No

Yes

No

Participated in a published study

41

19,40,41

39,41

Table 1. Participants characteristics. A more exhaustive description of participants’ characteristics is provided in17.

Peak wavelength (nm)

465

Full width at half maximum (nm)

27

Photopic illuminance (lux)

283

Irradiance (µW/cm2)

414

Photon flux (ph/cm2 s)

9.97 × 1014

Spectrally weighted irradiance (µW/cm2):
- Cyanopic (S cone) stimulation

249.86

- Melanopic stimulation

332.55

- Rhodopic stimulation

275.54

- Chloropic (M cone) stimulation

153.60

- Erythropric (L cone) stimulation

84.83

Table 2. Light characteristic. All values were determined based on the irradiance toolbox published in1.

exposure19. A fundoscopic examination in Participants 1 and 2 confirmed atrophy of the retinal pigment epithelium, with thinning of retinal vessels and bone spicule pigmentation.

Experimental design.

The experiment was conducted in Montreal in October and November 2009. It is
important to stress that the very rare participants involved in the study came for various places in Canada and
US and were involved in 2 days of intense testing involving: psychophysics, EEG, fMRI and pupillometry. Since
the participants were relatively senior (60, 66 and 67 y at the time of testing), we had to find the best trade-off
between carrying out as many tests as possible (including control ones) without creating cognitive overload, stress
and fatigue. Our goal was to evaluate whether all three participants would be able to non-randomly detect the
presence or absence of light while they underwent EEG recording, in addition to separate EEG and fMRI testing
as reported in17. For this purpose, we decided to concentrate on the condition that previously provided successful
non-conscious vision, namely the blue light condition40.
Participants maintained a regular sleep schedule for 7 days before the experiment (verified using sleep logs;
the remained on the clock of their original time zone during the entire experiment). The tests were conducted in
the afternoon, 6.5 h after habitual wake up time, in an electromagnetically shielded and sound attenuated room in
complete darkness. Participants were blindfolded for 1 h upon arrival. The light source covered 120 × 85 degrees
of visual angles and was elicited via an array of 48 blue light emitting diodes [LED, peak = 465 nm, Full Width
at Half Maximum (FWHM) = 27 nm; spectrum assessed with Lightspex - GretagMacbeth, New Windsor, NY]
behind a 21 × 11 cm2 diffusion glass with ultraviolet and infrared filters. Photon flux at corneal level was 9.7 × 1014
photons/cm2/s (see Table 2 for detailed light characteristics). The light device produced no perceptible sounds or
temperature change. The light source was controlled via a computer code that pseudo-randomly turned it on or
off, without any intervention from the experimenter. The experimenter was in another room and could see the
participants and light via video camera and hear the verbal response from the participants. The experimenter
could, however, not communicate with the participant once data acquisition was started. Throughout the EEG
protocol, participants’ gaze was monitored with an infrared camera to ensure that their eyes remained open.
Brief, intermittent blue-light flashes (duration = 500 ms, ISI = 1600–1800ms) were administered during
four blocks of 200 trials (800 trials in total) to record any visually evoked potentials (VEP). No EEG responses
could be detected confirming previous assessments in these participants and further reinforcing the notion
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these participants lack residual rod and cone function [see]17. EEG recordings were also acquired during a
two-alternative forced choice task (2AFC). Each trial lasted 20 s during which blue light was pseudo-randomly
presented during the first or last 10 s (10 s light ON and OFF). Each trial started with a pre-recorded auditory cue
(“start”) and ended with another pre-recorded auditory cue (“end”). A brief auditory pure tone (500 ms, 1000 Hz)
indicated the middle of the trial. After each trial, the participant was asked to state whether the light stimulus
was presented during the first or second half of the trial both orally and by pressing a key. Participants were presented with 40 trials in total resulting in 80 segments, half with and half without light stimulus. Only the overall
performance on the task is available for Participant 1, (i.e., responses to individual trials were not recorded due
to a scripting error), however, despite this, Participant 1 provided the highest number of correct “guesses” about
the presence of the light stimulus (95% of correct guesses) compared to the other two participants, such that participant 1 would have had only 2 incorrected guesses to contrast with the 38 correct ones, precluding any reliable
analyses between EEG and behavioral measures at the individual trial level.

EEG data acquisition and preprocessing. EEG was recorded continuously from 40 Ag-AgCl electrodes

on an extended 10–20 system (Neurosoft Inc., Sterling, VA) using a sampling rate of 1000 Hz. The signal was
filtered online using a band-pass filter (0.1–100 Hz) and referenced to the algebraic average of the two mastoids.
Impedances were kept below 5 kΩ. The signal was filtered offline with a low-pass filter with a cut-off at 30 Hz,
re-referenced to the algebraic average across electrodes, and down-sampled to 150 Hz. Due to the long duration
and limited number of trials of the 2AFC, extended infomax independent component analysis (ICA) was performed with a weight change stop criterion of 10−7. Components reflecting ocular artifacts (e.g. eye blinks and
lateral saccades) were rejected by MJvA based on visual inspection of topography and time course.

Spectral analysis.

All offline analysis was conducted using Fieldtrip51, under Matlab (The Mathworks Inc,
Natick, MA). Analysis was performed separately for the 10 s exposure to light (Light ON) and darkness (light
OFF). Spectral analysis was applied over the entire 10 s period for frequencies between 5 and 25 Hz using the
multitaper method52 with 19 Slepian tapers resulting in a frequency smoothing of ±1 Hz. Statistical analysis
was performed on the log-transformed power spectra and centered on the alpha band (8–14 Hz) in occipital
electrodes (O1, Oz, and O2). Between-trial comparisons for the light-ON versus light-OFF segments were conducted for each participant using independent sample t-tests. A cluster permutation approach was used (500
permutations) to control for multiple comparisons using a maximum cluster extent threshold53. Permutation
tests provide a robust inferential statistic, without assumptions about the shape of the sampling distribution.
Furthermore, by selecting a liberal alpha-range (8–14 Hz), the method optimally captures potential variation in
the individual alpha peak frequency. To explore the time-course of alpha power modulation in response to light
further, a separate time-frequency analysis was performed using 6 cycle Morlet wavelets (100 ms steps, 1 Hz frequency resolution). Here, the frequency-averaged alpha power time course was compared between the light-ON
versus light-OFF condition and clustering was performed across time (0–10 s post stimulus onset) and space
(electrodes). We want to emphasize that this test followed the initial comparison of the frequency spectra and
should, therefore, be considered exploratory.

Source-level analysis. In line with the recommendations by Gross and collaborators54, statistical analysis of

the differences between the light-ON and light-OFF condition were performed at the sensor level and subsequent
source reconstruction was performed to identify the generators. Source reconstruction was performed using
structural MR-images from each of the three blind participants. T1 weighted images (voxel size: 1 × 1 × 1 mm3,
TR = 2.3 s, TE = 2.91 ms, flip angle = 9°, field of view 265 × 224 mm2) were acquired on a 3-T TIM-TRIO MR
scanner (Siemens, Erlangen, Germany). Individual T1 MRI images were segmented in cerebrospinal, white matter, grey matter and skull compartments. The white and grey matter brain compartments were used to construct
individual head models using the Boundary Element Method (BEM)55. Source activity was projected on a regular
three dimensional grid (10 × 10 × 10 mm3), using a frequency domain beamformer, called Dynamic Imaging
of Coherent Sources56,57. A regularization of 15% was applied. To identify robust peak differences in the alpha
range, statistical maps for the difference between the light-ON versus light-OFF conditions were computed using
independent-sample t-tests, using a permutation approach, with a threshold of α = 0.05 (FDR corrected).

Results

As reported previously17, both Participants 1 and 2 showed a very high accuracy in detecting when the blue light
stimulus was presented (95%, and 80%, both p < 0.001). Participant 3 also showed detection rates different from
chance although accuracy was below chance (30%, p = 0.008). A parsimonious explanation for what could appear
as a very low performance is that the participant had a sense of the presence/absence of the light stimulus, but
he could not correctly attribute the physical presence of the light stimulus to the metacognitive reasoning that
the light stimulus was actually presented (see e.g.58). EEG spectral analysis of the alpha power difference between
the light-ON versus light-OFF across occipital electrodes and over the entire 10 s time windows revealed significantly reduced alpha power in all three participants (participant 1: p = 0.034; participant 2: p = 0.024; participant 3: p = 0.028) (Fig. 1A). This sustained difference between conditions was strongest in the upper alpha range
[11–14 Hz] for each of the three participants (Participant 1: 12.1–12.8 Hz; Participant 2: 12.8–13.9 Hz; Participant
3: 11.3–12.5 Hz).
Subsequent source reconstruction was performed (i.e. not restricting to occipital electrodes) on the entire 10 s
time window, using the individual peak in alpha power difference between light-ON and light-OFF (participant
1: 12.2 Hz; participant 2: 13.4 Hz; and participant 3: 11.3 Hz; see highlighted peaks on Fig. 1A). Although the
analyses were not restricted to the posterior part of the brain, the neural generators of the alpha power decrease
during light-ON was localized primarily to occipital cortex in Participants 1 and 2, and to occipito-parietal cortex
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Figure 1. Desynchronization of the occipital alpha/low beta rhythm during 10 second stimulation with blue
light in three blind participants with intact non-image-forming photoreception. (A) Frequency spectra for the
entire 10 s period of blue light (blue), and darkness (black) show differences between conditions in all three
participants (horizontal gray bar, p < 0.05, permutation-cluster-corrected for multiple comparisons) for the
frequency band of interest (shaded area, 8–14 Hz). (B) Source reconstructions depict the difference between
conditions (thresholded at p < 0.05, FDR corrected for multiple comparisons), at the individual alpha frequency
showing greatest light-induced decrease (see main text). Statistical maps (t-values) of the topographies with
the absolute difference between conditions at the individual alpha frequencies show that the spatial extent of
the decrease in alpha power is largely restricted to occipital lobe. (C) Time-frequency representations illustrate
differences between the light-ON versus light-OFF condition in time. Open rectangles highlight the time range
of greatest difference (p < 0.05, FDR-cluster-corrected for multiple comparisons).

in Participant 3 (Fig. 1B). In addition, a distinct conjunction analysis, seeking for significant sources common to
all participants combining all three statistical maps, revealed an area in bilateral superior occipital gyrus (SOG)
(Fig. 2). The light-induced decrease in alpha power observed over occipital sensors seems therefore to be mostly
confined to the occipital cortical areas.
Finally, Fig. 1C shows the time-frequency maps for the statistical difference between the light-ON and
light-OFF condition for each of the three participants. This exploratory follow-up and distinct analyses on the
upper alpha range (11–14 Hz) performed across time and space showed a transient alpha suppression effect.
These transient statistically significant changes indicate the time points at which the sustained light-induced
reduction in alpha power detected across the 10 s exposure is strongest. Participant 1 showed a broadband significant desynchronization shortly after stimulation onset (400–600 ms, p = 0.01), Participant 2 (6200–6400 ms,
p = 0.012), and Participant 3 (6400–6600 ms, p = 0.038) showed significant desynchronization only after several
seconds.

Discussion

Some totally visually blind individuals with preserved non-image-forming photoreception can detect successfully
the presence or absence of light in a forced choice task17,40. In this study, we investigated the brain mechanisms
underlying this non-conscious light perception using EEG data recordings during the 2AFC task. We show that
10 s of light exposure is able to reliably induce a transient and local decrease of alpha power over the occipital cortex in the three participants tested. Although the exact frequency seems to vary slightly across individuals (peak
of alpha power decrease between 11.3 Hz and 13.4 Hz), this decrease is more prominent in the higher alpha band
between 11 and 14 Hz rather than in the lower alpha range.
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Figure 2. Conjunction analysis across the source statistical maps identified an area in bilateral superior
occipital gyrus and cuneus as a significant (p < 0.05) cortical source of the alpha suppression in response to blue
light, common to all three participants.

Transient alpha oscillations are thought to reflect a sensory gating, or prioritization, mechanism44,45. For example, fluctuations in the cortical alpha rhythm have been associated with visual-spatial, sensory, and object-based
attention43,59–61, including response to a blue-enriched white light47. Specifically, transient reduced alpha power
typically reflects enhanced neuronal activity, or excitability62–64, while transient enhanced alpha power is considered a marker for cortical inhibition44,45. For example, if alpha power in a given sensory area is low, participants
are more likely to perceive a near-threshold event in the same modality63,65,66. If transient reduced alpha power is a
marker for increased cortical excitability in visual areas, or indeed a precursor to non-conscious light perception,
this could explain why participants made non-random selections about the presence or absence of the blue light
during the 2AFC task.
In our view, the source of the effects is most parsimoniously explained by ipRGCs photoreception because
(1) these cells are known to be preserved in individuals with outer retinal degeneration such as the 3 participants
of the present study67, (2) ophthalmological examination confirmed in all 3 participants atrophy of the retinal
pigment epithelium and found no detectable functional responses from rods and cones40 (cf. Table 1), (3) light
effects were more pronounced using 460- to 480-nm monochromatic light as compared with other wavelengths
in a previous study including participant 2 of the present study40, and (4) recent data show that the dynamics of
pupillary constriction in the same participant 2 with outer retinal degeneration was compatible with the exclusive involvement of ipRGCs19. Moreover, the fact that no VEP response (see supplementary material) could be
observed with 800 flashes of the exact same stimulation demonstrate that it is extremely unlikely that the effect
we observed are due to a crude preservation of rods/cones photoreception. Finally, participants had no conscious
light perception. Including other wavelengths of light and showing that EEG modulation was stronger with exposure around 480 nm could have strengthened our finding and should be the aim of future investigations, but it
would not add to the fact that light modulated EEG activity in individual with no detectable residual outer retina
function. Therefore, although we cannot formally exclude a marginal contribution of remaining but yet undetected rod or cones, we provide compelling evidence that the melanopsin-driven photosensitivity of ipRGCs feed
to the human visual cortex and trigger some non-conscious light perception.
This assumption is supported by recent data in sighted individuals exposed to metameric light that stimulated
melanospin while leaving the other retinal photoreceptor equally stimulated18,24,35–38. This type of light stimulation has been used to show that melanopsin-driven ipRGCs output modulate activity of the frontal eye field, a
brain region involved in visual attention and ocular motor responses37 and of the occipital cortex35, extending
previous animal research68. In addition, metameric light geared toward melanopsin sensitivity indicated that
ipRGC output contributed to conscious visual perception of brightness in human24,35, but only if the modulation
of light spectral composition was relatively slow35,36. One could assume that, in blind individuals with intact
ipRGCs, brightness is a difficult concept to elaborate on that can be detected in the conscious percept through
a forced guess. If true, then this could mean that brightness detection in sighted individual is, at least in part,
mediated through a transient change in alpha oscillation over the occipital cortex. This remains to be investigated,
using for instance metameric light stimulation18. Alternatively, the moment at which alpha is most desynchronized could correspond to moment at which each participants makes, on average, the forced choice decision on
the presence/absence of light.
The significant transient change in alpha occipital activity appears to be brief in the time-frequency analysis
(~200 ms). The strength of the finding is emphasized by the stringent statistic we applied to our small sample size.
Indeed, simple spectral analysis yielded significant alpha reduction on average over the entire 10 s trials. One
should consider the time-frequency as an indicator of the moment at which desynchronization is strongest. This
moment varied from ~500 ms in participant 1 to ~6 s in the other two participants, which is long, in any case, with
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respect to classical rod-cone photoreception. This relatively late onset response may be related to the relatively
sluggish responses of the intrinsic melanopsin-driven light sensitivity of ipRGCs in the absence of classical photoreceptor inputs1,11,19,20.
We can only speculate about the pathways that mediates the occipital effect of light we report. IpRGCs have
strong projections to the lateral geniculate nucleus69, the principal thalamic relay between the retina and the
striate cortex. IpRGCs also project densely to many hypothalamic and non-hypothalamic structures, including
the superior colliculus69. The superior colliculus project to the extrastriate visual cortex via the pulvinar, such that
ipRGCs could affect occipital activity through a colliculo-pulvinar pathway70. Interestingly the superior occipital cortex (area 19), which is significantly affected by light across our 3 participants (conjunction analysis), is a
heterogeneous peristriate visual area that may contain several visual representations and that receives particularly dense colliculo-pulvinar projections71,72. Interestingly also, projections between the pulvinar and extrastriate
occipital regions have been implicated in blindsight which is another form of unconscious light perception73.
One could therefore hypothesize that ipRGC signals reach the occipital cortex through the blindsight pathway.
It is however important to note that the phenomena of blindsight has always been interpreted in the context of
image-forming pathways linked to rods/cones photoreception and whether ipRGCs play a potential role in blindsight remains purely speculative at this stage. Aside from potential LGN or colliculo-pulvinar pathways one could
also envisage a modulation of brain activity through other indirect pathways, for instance via wake-promoting
brainstem nuclei74.
IpRGCs are considered to mediate at least in part the impact of light on alertness and attention30, which is evident through a sustained and global decrease in delta (0.5–4 Hz) and theta (4–8 Hz) power in EEG recordings of
spontaneous (i.e. task free) brain activity49,75 concomitant to an increase in alpha power32. In situation of vigilance
(cf.40), the impact of light would express at late temporal scale with an increase in alpha power. In contrast, when
attending transient stimuli changes, light appears to induce a transient reduction of alpha power at relatively short
time-scale. These results therefore bring new information about how ipRGCs can play a prominent role in visual
functions that is distinct from the slow fluctuating effects observed in relation to alertness circuits. How related
are the perceptual role of ipRGCs and their impact on vigilance and attention requires further investigation.
Future research should also use other light wavelengths and intensities, as well as administer light at other times
of day to generalize our findings to other light conditions and gain further insight into ipRGC photoreception.
In summary, we demonstrate that short exposure to light, in the order of several seconds, reduces alpha power
in occipital cortex in three blind human participants who demonstrate non-conscious light perception. This effect
is likely attributed to ipRGCs and could be related to their suggested role in brightness detection in sighted individuals24,35. Using a human model of isolated ipRGCs photoreception has proven to be insightful to better comprehend melatonin suppression, pupil and cognition regulation, and circadian phase resetting by light3,17,19,39,40.
The present results extend these previous results by strengthening the view that ipRGCs photoreception influence
the visual system to a much greater extent than previously thought.

References

1. Lucas, R. J. et al. Measuring and using light in the melanopsin age. Trends Neurosci. 37, 1–9 (2014).
2. Hubbard, J., Ruppert, E., Gropp, C. M. & Bourgin, P. Non-circadian direct effects of light on sleep and alertness: Lessons from
transgenic mouse models. Sleep Med. Rev. 17, 445–452 (2013).
3. Czeisler, C. A. et al. Suppression of Melatonin Secretion in Some Blind Patients by Exposure to Bright Light. N. Engl. J. Med. 332,
6–11 (1995).
4. Ruberg, F. L. et al. Melatonin regulation in humans with color vision deficiencies. J. Clin. Endocrinol. Metab. 81, 2980–2985 (1996).
5. Brainard, G. C. et al. Action spectrum for melatonin regulation in humans: evidence for a novel circadian photoreceptor. J. Neurosci.
21, 6405–12 (2001).
6. Thapan, K., Arendt, J. & Skene, D. J. An action spectrum for melatonin suppression: Evidence for a novel non-rod, non-cone
photoreceptor system in humans. J. Physiol. 535, 261–267 (2001).
7. Cooper, H. M., Herbin, M. & Nevo, E. Ocular regression conceals adaptive progression of the visual system in a blind subterranean
mammal. Nature 361, 156–159 (1993).
8. Foster, R. G. et al. Circadian photoreception in the retinally degenerate mouse (rd/rd). J. Comp. Physiol. A. 169, 39–50 (1991).
9. Ebihara, S. & Tsuji, K. Entrainment of the circadian activity rhythm to the light cycle: effective light intensity for a Zeitgeber in the
retinal degenerate C3H mouse and the normal C57BL mouse. Physiol. Behav. 24, 523–7 (1980).
10. Provencio, I., Jiang, G., de Grip, W. J., Hayes, W. P. & Rollag, M. D. Melanopsin: An opsin in melanophores, brain, and eye. Proc. Natl.
Acad. Sci. USA 95, 340–345 (1998).
11. Berson, D. M., Dunn, F. A. & Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock. Science (80-.). 295,
1070–1073 (2002).
12. Hattar, S., Liao, H. W., Takao, M., Berson, D. M. & Yau, K. W. Melanopsin-containing retinal ganglion cells: architecture, projections,
and intrinsic photosensitivity. Science (80-.). 295, 1065–1070 (2002).
13. Güler, A. D. et al. Melanopsin cells are the principal conduits for rod-cone input to non-image-forming vision. Nature 453, 102–105
(2008).
14. Pilorz, V. et al. Melanopsin Regulates Both Sleep-Promoting and Arousal-Promoting Responses to Light. PLoS Biol. 14, e1002482
(2016).
15. Tsai, J. W. et al. Melanopsin as a sleep modulator: Circadian gating of the direct effects of light on sleep and altered sleep homeostasis
in Opn4−/− mice. PLoS Biol. 7, e1000125 (2009).
16. Chellappa, S. L. et al. Photic memory for executive brain responses. Proc. Natl. Acad. Sci. USA 111, 6087–91 (2014).
17. Vandewalle, G. et al. Blue light stimulates cognitive brain activity in visually blind individuals. J. Cogn. Neurosci. 25, 2072–85 (2013).
18. Allen, A. E., Hazelhoff, E. M., Martial, F. P., Cajochen, C. & Lucas, R. J. Exploiting Metamerism to Regulate the impact of a Visual
Display on Alertness and Melatonin Suppression Independent of Visual Appearance. Sleep. https://doi.org/10.1093/sleep/zsy100
(2018).
19. Gooley, J. J. et al. Melanopsin and Rod-Cone Photoreceptors Play Different Roles in Mediating Pupillary Light Responses during
Exposure to Continuous Light in Humans. J. Neurosci. 32, 14242–14253 (2012).
20. Dacey, D. M. et al. Melanopsin-expressing ganglion cells in primate retina signal colour and irradiance and project to the LGN.
Nature 433, 749–54 (2005).

SCIENTIFIC RepOrts |

(2018) 8:16968 | DOI:10.1038/s41598-018-35400-9

7

www.nature.com/scientificreports/
21. Milosavljevic, N., Cehajic-Kapetanovic, J., Procyk, C. A. & Lucas, R. J. Chemogenetic Activation of Melanopsin Retinal Ganglion
Cells Induces Signatures of Arousal and/or Anxiety in Mice. Curr. Biol. 26, 2358–2363 (2016).
22. Hannibal, J., Christiansen, A. T., Heegaard, S., Fahrenkrug, J. & Kiilgaard, J. F. Melanopsin expressing human retinal ganglion cells:
Subtypes, distribution, and intraretinal connectivity. J. Comp. Neurol. 525, 1934–1961 (2017).
23. Allen, A. E. et al. Melanopsin-driven light adaptation in mouse vision. Curr. Biol. 24, 2481–2490 (2014).
24. Brown, T. M. et al. Melanopsin-based brightness discrimination in mice and humans. Curr. Biol. 22, 1134–1141 (2012).
25. Ecker, J. L. et al. Melanopsin-expressing retinal ganglion-cell photoreceptors: Cellular diversity and role in pattern vision. Neuron
67, 49–60 (2010).
26. Allen, A. E., Storchi, R., Martial, F. P., Bedford, R. A. & Lucas, R. J. Melanopsin Contributions to the Representation of Images in the
Early Visual System. Curr. Biol. 27, 1623–1632.e4 (2017).
27. Storchi, R. et al. Melanopsin-driven increases in maintained activity enhance thalamic visual response reliability across a simulated
dawn. Proc. Natl. Acad. Sci. USA 112, E5734–43 (2015).
28. Mouland, J. W., Stinchcombe, A. R., Forger, D. B., Brown, T. M. & Lucas, R. J. Responses to Spatial Contrast in the Mouse
Suprachiasmatic Nuclei. Curr. Biol. 27, 1633–1640.e3 (2017).
29. Hankins, M. W. & Lucas, R. J. The primary visual pathway in humans is regulated according to long-term light exposure through the
action of a nonclassical photopigment. Curr. Biol. 12, 191–198 (2002).
30. Gaggioni, G., Maquet, P., Schmidt, C., Dijk, D. & Vandewalle, G. Neuroimaging, cognition, light and circadian rhythms. Front. Syst.
Neurosci. 8, 126 (2014).
31. Santhi, N. et al. The spectral composition of evening light and individual differences in the suppression of melatonin and delay of
sleep in humans. J. Pineal Res. 53, 47–59 (2012).
32. Lockley, S. W. et al. Short-wavelength sensitivity for the direct effects of light on alertness, vigilance, and the waking
electroencephalogram in humans. Sleep 29, 161–8 (2006).
33. Chellappa, S. L. et al. Non-visual effects of light on melatonin, alertness and cognitive performance: Can blue-enriched light keep us
alert? PLoS One 6, e16429 (2011).
34. Procyk, C. A. et al. Spatial receptive fields in the retina and dorsal lateral geniculate nucleus (dLGN) of mice lacking rods and cones.
J. Neurophysiol. jn.00368.2015, https://doi.org/10.1152/jn.00368.2015 (2015).
35. Spitschan, M. et al. The human visual cortex response to melanopsin-directed stimulation is accompanied by a distinct perceptual
experience. Proc. Natl. Acad. Sci. 114, 12291–12296 (2017).
36. Spitschan, M., Datta, R., Stern, A. M., Brainard, D. H. & Aguirre, G. K. Human Visual Cortex Responses to Rapid Cone and
Melanopsin-Directed Flicker. J. Neurosci. 36, 1471–1482 (2016).
37. Hung, S.-M. et al. Cerebral Neural Correlates of Differential Melanopic Photic Stimulation in Humans. Neuroimage, https://doi.
org/10.1016/j.neuroimage.2016.09.061 (2016).
38. Woelders, T. et al. Melanopsin- and L-cone–induced pupil constriction is inhibited by S- and M-cones in humans. Proc. Natl. Acad.
Sci. 115, 792–797 (2018).
39. Klerman, E. B. et al. Photic resetting of the human circadian pacemaker in the absence of conscious vision. J. Biol. Rhythms 17,
548–555 (2002).
40. Zaidi, F. H. et al. Short-Wavelength Light Sensitivity of Circadian, Pupillary, and Visual Awareness in Humans Lacking an Outer
Retina. Curr. Biol. 17, 2122–2128 (2007).
41. Hull, J. T., Czeisler, C. A. & Lockley, S. W. Suppression of Melatonin Secretion in Totally Visually Blind People by Ocular Exposure
to White Light: Clinical Characteristics. Ophthalmology, https://doi.org/10.1016/j.ophtha.2018.01.036 (2018).
42. Bollimunta, A., Mo, J., Schroeder, C. E. & Ding, M. Neuronal mechanisms and attentional modulation of corticothalamic α
oscillations. J. Neurosci. 31, 4935–43 (2011).
43. Foxe, J. J. & Snyder, A. C. The Role of Alpha-Band Brain Oscillations as a Sensory Suppression Mechanism during Selective
Attention. Front. Psychol. 2, 154 (2011).
44. Jensen, O. & Mazaheri, A. Shaping functional architecture by oscillatory alpha activity: gating by inhibition. Front. Hum. Neurosci.
4, 186 (2010).
45. Klimesch, W., Sauseng, P. & Hanslmayr, S. EEG alpha oscillations: the inhibition-timing hypothesis. Brain Res. Rev. 53, 63–88 (2007).
46. Pfurtscheller, G. & Lopes da Silva, F. H. Event-related EEG/MEG synchronization and desynchronization: basic principles. Clin.
Neurophysiol. 110, 1842–57 (1999).
47. Newman, D. P. et al. Ocular exposure to blue-enriched light has an asymmetric influence on neural activity and spatial attention. Sci.
Rep. 6, 27754 (2016).
48. Min, B. K., Jung, Y. C., Kim, E. & Park, J. Y. Bright illumination reduces parietal EEG alpha activity during a sustained attention task.
Brain Res. 1538, 83–92 (2013).
49. Rahman, S. A. et al. Diurnal spectral sensitivity of the acute alerting effects of light. Sleep 37, 271–81 (2014).
50. Münch, M. et al. Effects on subjective and objective alertness and sleep in response to evening light exposure in older subjects.
Behav. Brain Res. 224, 272–278 (2011).
51. Oostenveld, R., Fries, P., Maris, E. & Schoffelen, J. M. FieldTrip: open source software for advanced analysis of MEG, EEG, and
invasive electrophysiological data. Comput. Intell. Neurosci. 2011, 1 (2011).
52. Mitra, P. P. & Pesaran, B. Analysis of Dynamic Brain Imaging Data. Biophys. J. 76, 691–708 (1999).
53. Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. J. Neurosci. Methods 164, 177–190 (2007).
54. Gross, J. et al. Good practice for conducting and reporting MEG research. NeuroImage 65, 349–363 (2013).
55. Oostenveld, R., Stegeman, D. F., Praamstra, P. & Van Oosterom, A. Brain symmetry and topographic analysis of lateralized eventrelated potentials. Clin. Neurophysiol. 114, 1194–1202 (2003).
56. Gross, J. et al. Dynamic Imaging of Coherent Sources: Studying Neural Interactions in the HumanBrain. Proc. Natl. Acad. Sci. 98,
694–699 (2001).
57. Liljeström, M., Kujala, J., Jensen, O. & Salmelin, R. Neuromagnetic localization of rhythmic activity in the human brain: a
comparison of three methods. Neuroimage 25, 734–745 (2005).
58. Fleming, S. M. & Lau, H. C. How to measure metacognition. Front. Hum. Neurosci. 8, 443 (2014).
59. Jokisch, D. & Jensen, O. Modulation of gamma and alpha activity during a working memory task engaging the dorsal or ventral
stream. J. Neurosci. 27, 3244–3251 (2007).
60. Frey, J. N. et al. Selective Modulation of Auditory Cortical Alpha Activity in an Audiovisual Spatial Attention Task. J. Neurosci. 34,
6634–6639 (2014).
61. Haegens, S., Händel, B. F. & Jensen, O. Top-down controlled alpha band activity in somatosensory areas determines behavioral
performance in a discrimination task. J. Neurosci. 31, 5197–204 (2011).
62. Romei, V. et al. Spontaneous Fluctuations in Posterior -Band EEG Activity Reflect Variability in Excitability of Human Visual Areas.
Cereb. Cortex 18, 2010–2018 (2008).
63. Romei, V., Gross, J. & Thut, G. On the role of prestimulus alpha rhythms over occipito-parietal areas in visual input regulation:
correlation or causation? J. Neurosci. 30, 8692–8697 (2010).
64. Romei, V., Rihs, T., Brodbeck, V. & Thut, G. Resting electroencephalogram alpha-power over posterior sites indexes baseline visual
cortex excitability. Neuroreport 19, 203–208 (2008).

SCIENTIFIC RepOrts |

(2018) 8:16968 | DOI:10.1038/s41598-018-35400-9

8

www.nature.com/scientificreports/
65. Linkenkaer-Hansen, K., Nikulin, V. V., Palva, S., Ilmoniemi, R. J. & Palva, J. M. Prestimulus oscillations enhance psychophysical
performance in humans. J. Neurosci. 24, 10186–10190 (2004).
66. Weisz, N. et al. Prestimulus oscillatory power and connectivity patterns predispose conscious somatosensory perception. Proc. Natl.
Acad. Sci. USA 111, E417–25 (2014).
67. Hannibal, J. et al. Melanopsin is expressed in PACAP-containing retinal ganglion cells of the human retinohypothalamic tract.
Investig. Ophthalmol. Vis. Sci. 45, 4202–4209 (2004).
68. Brown, T. M. et al. Melanopsin contributions to irradiance coding in the thalamo-cortical visual system. PLoS Biol. 8, e1000558
(2010).
69. Delwig, A. et al. Retinofugal projections from melanopsin-expressing retinal ganglion cells revealed by intraocular injections of
Cre-dependent virus. PLoS One 11, e0149501 (2016).
70. Pessoa, L. & Adolphs, R. Emotion processing and the amygdala: from a ‘low road’ to ‘many roads’ of evaluating biological
significance. Nat. Rev. Neurosci. 11, 773–782 (2010).
71. Gattass, R., Galkin, T. W., Desimone, R. & Ungerleider, L. G. Subcortical connections of area V4 in the macaque. J. Comp. Neurol.
522, 1941–1965 (2014).
72. Meyer-Lindenberg, A. et al. Evidence for abnormal cortical functional connectivity during working memory in schizophrenia. Am.
J. Psychiatry 158, 1809–1817 (2001).
73. Cowey, A. Visual System: How Does Blindsight Arise? Curr. Biol. 20, R702–R704 (2010).
74. Scammell, T. E., Arrigoni, E. & Lipton, J. O. Neural Circuitry of Wakefulness and Sleep. Neuron 93, 747–765 (2017).
75. Cajochen, C., Zeitzer, J. M., Czeisler, C. A. & Dijk, D. J. Dose-response relationship for light intensity and ocular and
electroencephalographic correlates of human alertness. Behav. Brain Res. 115, 75–83 (2000).

Acknowledgements

We thank Amélie Apinis-Deshaies, Hélène Blais, Nathalie Bouloute, Annick Cartier, André Cyr, Stéphane
Denis, Mathieu Desrosiers, Sonia Frenette, Simon Girard, Philippe Grenier-Vallée, Carollyn Hurst, Marjolaine
Lafortune, Frédéric Lesage, Nicolas Ouakli, Caroline Reinhardt, Manon Robert, Zoran Sekerovic for their
invaluable help to conduct the experiment reported here. We also thank Dr. Joseph F. Rizzo III, Dr. Eliot L Berson,
and Dr. Keith H. Chiappa for performing initial neuroophthalmology examinations of the participants and Dr.
Elizabeth B. Klerman for medical supervision of the studies conducted in Boston. This study was partly supported
by the Réseau Vision du Québec and Réseau de Bioimagerie du Québec (RBiQ), the Fonds de Recherche en
Santé du Québec (FRSQ) and a European Research Council starting grant attributed to OC (MADVIS: ERCStG 337573). GV and OC are supported by the Fonds National de la Recherche Scientifique (FNRS, Belgium).
Initial screening and melatonin suppression confirmation was supported by the National Institute of Neurological
Disorders and Stroke (R01NS40982 to CAC and SWL), The Wellcome Trust, UK (060018/B/99/Z to SWL), and
the National Center for Research Resources through the Harvard Clinical and Translational Science Center at
Brigham and Women’s Hospital (M01RR02635 and UL1RR025758). JTH was supported in-part by a Cephalon
Clinical Fellowship in Circadian Medicine and a National Heart, Lung and Blood Institute fellowship in Sleep,
Circadian and Respiratory Neurobiology (T32 HL079010), Division of Sleep Medicine, Harvard Medical School.

Author Contributions

G.V., O.C., J.C., S.W.L., J.T.H., designed the experiment; G.V., O.C., V.D., G.A., performed the experiment; C.A.C.,
J.T.H., S.W.L. identified and recruited the rare participants included in the study; M.J.V.A. analyzed the data in
interaction with G.V. and O.C. F.L., J.D., M.D., contributed to study design and statistical analyses; G.V., M.J.V.A.,
O.C., J.T.H., J.C., S.W.L., V.D. wrote the manuscript; G.A., F.L., J.D., C.A.C., M.D. edited the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35400-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

SCIENTIFIC RepOrts |

(2018) 8:16968 | DOI:10.1038/s41598-018-35400-9

9

