
Light as a modulator of cognitive brain
function
Gilles Vandewalle1,2,3, Pierre Maquet1 and Derk-Jan Dijk4
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Humans are a diurnal species usually exposed to light
while engaged in cognitive tasks. Light not only guides
performance on these tasks through vision but also exerts
non-visual effects that are mediated in part by recently
discovered retinal ganglion cells maximally sensitive to
blue light. We review recent neuroimaging studies which
demonstrate that the wavelength, duration and intensity
of light exposure modulate brain responses to (non-
visual) cognitive tasks. These responses to light are
initially observed in alertness-related subcortical struc-
tures (hypothalamus, brainstem, thalamus) and limbic
areas (amygdala and hippocampus), followed by modu-
lations of activity in cortical areas, which can ultimately
affect behaviour. Light emerges as an important modu-
lator of brain function and cognition.

Light is not just for vision
Light is necessary for vision and light is essential for many
cognitive tasks. Light, however, does not only provide
visual information but also constitutes a powerful modu-
lator of non-visual functions including improvement of
alertness and performance on several cognitive tasks
[1,2]. Until recently the brain mechanisms involved in
the non-visual effects of light were largely unknown. In
this reviewwe first provide an overview of the physiological
basis of the non-visual effects of light as they emerged from
circadian rhythm research, before summarizing recent
neuroimaging data that reveal some of the brain mechan-
isms involved in the effects of light on cognition. The data
indicate that ambient light and its physical characteristics
are major modulators of brain function and cognition.

Circadian and non-visual effects of light
Many behavioral and physiological functions, such as
sleep-wake regulation, hormone secretion and thermore-
gulation, vary across the day–night cycle and these
rhythms persist with a near 24-h (circadian) period in
the absence of time-of-day information [3,4]. Circadian
rhythms are driven by endogenous circadian clocks, the
physiological correlates and molecular machinery of which
have been described in some detail [5]. Animal and human
studies have established that the daily light–dark cycle is

the primary environmental signal that synchronizes
endogenous circadian rhythms to the rotation of the Earth.
A change in the timing of the light–dark cycle (e.g. a
nocturnal light exposure) will result in a shift in the phase
of circadian rhythms [1]. This phase-shifting effect of light
can only be detected in the longer term (i.e. in the next
circadian cycle), but the effects of light are not limited to
these long-term effects. Effects of light on (circadian)
physiology can be observed during or immediately after
the light exposure. They have been reported for many
physiological processes such as hormone secretion, heart
rate, sleep propensity, alertness, body temperature, retinal
neurophysiology, pupillary constriction and gene expres-
sion [1,2,6–8]. Although the acute effects of light were first
studied using bright light, it has emerged that they can be
elicited by ordinary room light or even dimmer light [9–11].

The long term and acute effects of light on (circadian)
physiology are referred to as non-visual (or Non-Image
Forming - NIF) effects of light because they are not directly
related to vision and because they present several features
that distinguish them from the visual system [12]. We will
briefly summarize these features before focusing on the
effect of light on cognition.

Non-visual effects of light are mediated by a non-
classical photoreception system
Several lines of evidence demonstrate that the non-visual
effects of light are in part mediated by a retinal
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n-back task: this task requires participants to attend to a series of items (e.g.
letters presented in the auditory modality for the version used in the studies
reviewed) and to state for each item whether or not it is identical to the item
presented n items earlier. 1-, 2- or 3-back versions of the task are used most
frequently [67]. The task recruits working memory, updating, attention and
sensory processing (visual or auditory) [68].
Biological (or subjective) day and night: this terminology refers to the internal
day and night of an individual that will depend on its habitual sleep-wake cycle
and circadian clock as opposed to environmental day and night which is
governed by the rotation of the Earth.
Oddball paradigm task: this task requires participants to detect rare randomly
occurring (odd) items (e.g. a high pitch sound) in a stream of frequent items
(e.g. series of low pitch sounds). It recruits attention and sensory processing
(visual or auditory) [69,70]. In the version used in the studies reviewed here,
participants were also required to count the number of odd items and report it
at the end of the recording session. In that case, the task also recruits some
working memory and updating functions.
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photoreceptor system distinct from the rods and cones. In
some totally blind people and in blind rodents light
exposure can induce acute and long-term non-visual
responses [12–14]. Furthermore, studies using monochro-
matic light exposures in humans, macaques and rodents
have demonstrated that non-visual responses are maxi-
mally sensitive to blue light (between 459 and 483 nm
[1,8,12,15]). This blue light sensitivity is at odds with
the spectral sensitivity of classical photoreceptors respon-
sible for vision, which is maximal for green light
(!550 nm). In fact, human studies contrasting blue and
green exposures have established greater responses to blue
light for many variables including changes in the timing of
the rhythm of melatonin, acute suppression of melatonin
secretion, elevation of body temperature and heart rate,
reduction of subjective sleepiness and improvement of
alertness [16–19] (Figure 1a). All these observations point
to the existence of a non-classical photoreception system
that mediates the non-visual effects of light.

We now know that the photopigment melanopsin plays
a key role in mediating these non-visual effects. Mela-
nopsin is expressed in the human inner retina [20], and
renders a small subset of retinal ganglion cells intrinsi-
cally photosensitive (ipRGC) with a maximal sensitivity
to blue light (!480 nm) [8,21]. Experiments in genetically
modified mice have demonstrated that ipRGCs play a key
role in non-visual responses to light and that classical
photoreceptors, which send indirect inputs to ipRGCs
[22,23], are necessary to observe a complete response
[8] (Box 1). The efferent projections of the ipRGCs include

multiple hypothalamic, thalamic, striatal, brainstem and
limbic structures [24] (Box 1) but the functional signifi-
cance of most of these projections has not been elucidated.
The brain areas that may be involved in the non-visual
effect of light beyond these ipRGC projections are also
unknown. Nevertheless, if we only consider the number of
brain areas that are just one synapse away from ipRGCs,
and the numerous projections of just one key target of
ipRGCs, the suprachiasmatic nucleus (SCN) of the hypo-
thalamus, site of the principal circadian clock [25], it
becomes evident that non-visual responses to light could
affect many brain functions, including cognitive func-
tions.

Cognition is modulated by circadian rhythms and non-
visual effects of light
In humans, circadian rhythmicity influences numerous
cognitive processes including attention, executive func-
tions and memory [26–28]. Typically, circadian rhythms
in cognitive performance are characterized by a progress-
ive decline in performance during the biological night and a
progressive improvement during the biological day. Light
can affect cognitive performance through its synchroniz-
ing/phase-shifting effects on the circadian clock. Thus,
prolonged night-time bright light exposure and modifi-
cations of sleep–wake schedules can alter the timing of
the rhythm in performance on a simple reaction time task
[29]. Light can also affect cognitive performance through
direct activating effects (Figure 1b). It was indeed shown
that performance improves acutely after the onset of light

Figure 1. Effect of light exposures on melatonin secretion, subjective sleepiness, performance and the electroencephalogram in young healthy volunteers.
(a) Effects of a 2-h darkness period (-&-) and of 2-h monochromatic light exposures at 460 nm ( ) and 550 nm ( ) of equal photon density (2.8x1013 photons/cm2/s) in the
evening (started 11.5 h after habitual wake time) and under constant routine conditions (i.e. supine in bed, dim white light) on salivary melatonin levels and subjective
sleepiness [mean +/" SEM (n = 9)]. Modified with permission from Ref. [18] (Copyright 2005, The Endocrine Society, high resolution figures kindly provided by Dr.
Cajochen).
(b) Continuous 6.5 h night-time exposure to blue (460 nm ; n = 8) monochromatic light (boxed area; 2.8x1013 photons/cm2/s; started 9.25 h before habitual wake-up time;
followed and preceded by dim white ambient lighting < 2 lux) significantly improved auditory reaction times to a simple vigilance task when compared to a green (555 nm

; n = 8) monochromatic light of equal photon density. Reproduced with permission from Ref. [19] (Copyright 2006, Associated Professional Sleep Societies).
(c) Mean EEG power density during continuous 6.5 h night-time exposure to monochromatic light (2.8x1013 photons/cm2/s; started 9.25 h before habitual wake-up time). As
compared with green light (555 nm ; n = 8), blue light (460 nm ; n = 8) significantly decreased waking EEG power density in the delta-theta frequency range, and
increased power density in the high-frequency alpha range. Reproduced with permission from Ref. [19] (Copyright 2006, Associated Professional Sleep Societies; color
version of panel b and c kindly provided by Dr Lockley).
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exposure, both at night [11,19,30–32] and during the day
[33,34], typically within 30 minutes (being the typical time
resolution of the experiments). Such performance-enhan-
cing effects have been shown for visual search, digit recall,
serial addition-subtraction, two-column addition, logical

reasoning task, letter cancellation task and simple reac-
tion time tasks.

Classical electroencephalogram (EEG) and ocular cor-
relates of alertness and attention have been shown to co-
vary to some extent with performance. For example, EEG

Box 1. Retinal photoreception in vertebrates

(a) Rods (R) and cones (C) convey light information to the ganglion
cells (G) via the second-order bipolar cells (B). Horizontal cells (H)
facilitate lateral connectivity and feedback to the photoreceptors.
Amacrine cells (A) allow lateral connections between bipolar and
ganglion cells. Light passes through the ganglion cell layer before
reaching rods and cones. Light information is transferred by the optic
nerve composed of ganglion cells axons. The photopigment mela-
nopsin is expressed in a subset of intrinsically photosensitive retinal
ganglion cells (ipRGCs). IpRGCs are present with low density over the
entire retina and seems to constitute the only channel through which
light triggers non-visual responses [23]. IpRGCs receive indirect
inputs from rods and cones that are added to their intrinsic
melanopsin-driven response to light. The relative contributions of
this melanopsin-driven response and of rods and cones inputs to non-
visual responses to light dynamically change with time [62], with
classical photoreceptor contribution gradually diminishing [21,22].
Cones respond to light immediately at light onset, cease immediately
at light offset and their response undergoes rapid attenuation during
the exposure. The melanopsin-driven response is sluggish, requires
higher light intensities, and is maintained for tens of seconds after
light is turned off, demonstrating that these cells can account for the
longer integration time, higher response threshold, and slower

response dynamics of the non-visual system. Adapted with permis-
sion from [8] (Copyright 2008, Elsevier).

(b) IpRGC projections include many hypothalamic nuclei such as
the SCN, the ventro-lateral preoptic nucleus (VLPO), which contains
sleep active neurons, as well as the lateral hypothalamic area (LH)
containing the cell bodies of orexinergic neurons, which regulate
wakefulness. IpRGCs also target, among others, the olivary pretectal
nuclei (OPN), involved in pupillary constriction, the lateral habenula
(LHb), relay site between limbic and striatal areas and the midbrain,
the amygdala (MA), involved in emotion regulation, the intergenicu-
late leaflet of the thalamus (IGL), as well as areas typically involved in
vision such as the thalamic lateral geniculate nuclei (LGv/d), and the
brainstem superior colliculus (SC). AH: anterior hypothalamus; BST:
bed nucleus of the stria terminalis; PAG: periaqueductal gray; pSON:
peri-supraoptic nucleus; SPZ: subparaventricular zone. Reprinted with
permission from Ref. [24] (Copyright 2006, John Wiley & Sons, Inc).

(c) Wavelength sensitivities of S-cones (S ), M-cones (M ),
L-cones (L ), rods ( ), and melanopsin-expressing ipRGC ( ).
IpRGC have a maximum sensitivity around 480 nm. This is distinct
from the maximum sensitivity of rods (!505 nm), S-cones (!430 nm),
M-cones (!530 nm) or L-cones (!560 nm). Adapted with permission
from Ref. [22] (Copyright 2005, Nature Publishing Group).
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alpha (8–12 Hz) and beta activity (20–30 Hz) show a pro-
nounced circadian rhythmwith a peak in the secondhalf of
the biological day [35]. Light exposure reduces alpha,
theta and low frequency activity, which are correlates of
sleepiness [7,11,19] (Figure 1c). Furthermore, light
exposure also reduces the incidence of slow eye move-
ments which are indicators of inattention that increase
in response to sustained wakefulness especially during
the biological night [11,31].

Whereas these data speak to the importance of circa-
dian rhythmicity and light for cognition, they do not
concern the neural processes underlying the circadian
variation of cognitive performance. More specifically, data
which show how activity in specific brain areas during a
cognitive task is affected by light exposure were not avail-
able until recently.

Neuroimaging the non-visual effects of light on
cognition
A recent series of neuroimaging studies aimed to identify
how brain activity related to ongoing (non-visual) auditory
tasks is modulated by light exposure [36–39]. These
experiments were conducted in young healthy subjects
with normal visual functions, in a laboratory setting
(Figure 2) and concerned three aspects of cognition: audi-
tory perception, attention, as well as executive function,

and specifically working memory and updating. These
aspects of cognition were investigated using an oddball
paradigm task [36,37] and an auditory 2-back task [38,39]
(Glossary). The first study used Positron Emission Tom-
ography (PET) to investigate the effects of light at night
[36]. The three other experiments used functional Mag-
netic Resonance Imaging (fMRI) to detect the effects of
light exposure during the day [37–39]; after all, being a
diurnal species, it is during the day that humans are most
exposed to light and engage in cognitive tasks.

Because these studies aimed to describe non-visual
effects of light rather than vision-related effects, the
approach used is very different from classical visual stu-
dies. First, in accordance with the characteristics of the
non-visual system (Box 1), these studies characterized
responses to light that either outlast the exposure or are
sustained for the duration of the exposure. This is in
contrast to visual responses that are typically transient
and time-locked to the stimulation. Second, ambient light
levels (irradiance) were selectively manipulated using
uniform diffusive light sources devoid of spatial structure
that the classical visual system preferentially decodes.
Third, when investigating wavelength impact, monochro-
matic lights of different wavelengths were carefully equa-
ted for photon densities, which is the unit of measurement
of the non-visual system (Box 2), rather than equated for

Figure 2. Different light conditions used to characterize the non-visual effect of light on cognition with neuroimaging techniques in young and healthy participants.
(a) Single long bright polychromatic white light exposures (16–20 min; >7,000 lux) in PET (at night) [36] and fMRI (during the day) [37] while participants were performing an
auditory oddball task. In these protocols, scanning sessions were conducted in complete darkness before and after light exposure.
(b) Single long monochromatic daytime light exposures (17 min; 3x1013 photons/cm2/s) in fMRI while participants were performing an auditory 2-back task.
Participants took part in two separate visits: one with blue light (470 nm) and the other with green light (550 nm) [38].
(c) Repeated short monochromatic daytime light exposures (50 s; 1013 photons/cm2/s; use of pupil dilator) separated by short periods of darkness (from 5 to 14 s)
in fMRI while participants were performing an auditory 2-back task [39]. Light alternated between blue (473 nm), green (527 nm) and violet (430 nm) within a single
visit.
Vertical arrows indicate that light-induced modulations of the brain responses related to an ongoing auditory cognitive task were investigated after a prolonged
exposure (panels a and b), during a prolonged exposure (panel b), during the first minute of an exposure (panel c) and at light onset (panel c).
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luminance or contrast, which are parameters relevant to
the visual system.

Widespread impact of light on the brain
The series of neuroimaging studies first demonstrated that
modulation of ongoing non-visual cognitive brain activity
by light can be detected using PET and fMRI [36–39].
These modulations were observed during the exposure
and also outlasted it for several minutes. Light-induced
modulationsofbrainactivitywhileparticipants areengaged
in non visual cognitive tasks were detected in numerous
areas including: alertness-related subcortical structures
such as the brainstem, in a location compatible with the
locus coeruleus (LC) [39]; the hypothalamus, in a location
encompassing the SCN [36]; and dorsal and posterior parts
of thalamus [37–39], but also in long-term memory and
emotion-related areas such as the hippocampus [37,39]
and amygdala [39] (Figure 3). At the cortical level, such
modulations were detected in areas involved in top-down
regulation of attention such as the dorso-lateral prefrontal
cortex, intraparietal sulcus (IPS) and superior parietal
lobule [36–38]; as well as in areas involved in bottom-up
reorientation of attention including the right insula, the
anterior cingulate cortex and the superior temporal sulcus
[37,38] (Figure 3). Light-induced activity modulation was
alsodetected in the left frontalandparietal cortices typically
implicated inworkingmemory (middle frontal gyrus, supra-
marginal gyrus and IPS) [38,39]. Furthermore, modulation
of activitywas alsodetected in other areas typically engaged
by the oddball task such as the precuneus, posterior cingu-
late and fusiform gyrus [37].

Thus, a first important feature of the modulation of
ongoing cognitive processes by non visual effects of light is
that it is triggered in widespread sets of subcortical and
cortical regions encompassing different cognitive fea-
tures. The distribution of these effects is most probably
task-dependent: using other cognitive tasks, the modula-
tory effects of light may be observed in different brain
areas.

Wavelength-dependent modulation of brain responses
A next question is whether the non-visual effects of light on
brain responses are wavelength dependent. At the beha-
vioral level, blue light (460 nm, !wavelength of peak sen-
sitivity of melanopsin) has been shown to be more effective
in sustaining performance than green light (550 nm, peak
sensitivity of visual system) in a simple vigilance reaction
time task [19]. Functional MRI assessed brain responses
were shown to be modulated by the wavelength of the light
exposure during a higher executive task (2-back task).
These modulations were observed in the brainstem (in a
LC-compatible location), in the thalamus and insula, as
well as in the working memory – associated left frontal and
parietal cortices [38,39]. Blue light (!480 nm) enhanced
brain responses or at least prevented the decline otherwise
observed during green (!550 nm) or violet exposures
(!430 nm; peak sensitivity of S-cones). This supremacy
of blue light was observed as early as 50 seconds after the
start of the exposure [39] and persisted for 18 minutes of
exposure [38]. In addition, blue light also elicited greater
brain responses than green light (527 nm; peak sensitivity
of M-cones) at light onset, which is an event independent
from the ongoing cognitive brain activity. These light onset
responses were observed in the thalamus, amygdala and
hippocampus [39].

The non-visual modulation of brain activity elicited by
cognitive processes is therefore wavelength dependent,
with a pre-eminence of blue light in eliciting these effects
for exposure durations ranging from a few seconds to about
20 minutes. This suggests that, in humans, the contri-
bution of melanopsin-expressing ipRGCs to light-induced
modulation of regional brain cognitive responses is
superior to the contribution of the other retinal photo-
receptors (S-, M- and L-cones; Box 1).

Different dynamics for different brain regions,
intensities and durations
Another aspect that emerged from these neuroimaging
data is that the magnitude, time-course and regional brain

Box 2. Luminance, power and photon-density measures

The quantification of light-induced modulations of brain responses
principally triggered by the visual or non-visual photoreception
systems requires that both systems are equally stimulated. Because
these systems have different wavelength sensitivities (Box 1)
luminance or power scales should not be used [63]. The luminance
scale, classically used to study the visual system, is adjusted for the
sensitivity of the visual system, whereas power measures are only
based on physical properties of the light. Photoreceptors behave like
photon catchers; they only elicit responses to discrete light quanta.
Equating photon densities appears therefore as a more appropriate
way to compare both photoreception systems. However, this
approach does not take into account the differences in spatial
distribution of the photoreceptors of both systems and the fact that,
even though retinal photoreceptors have distinct maximal sensitiv-
ity, there is a considerable overlap in the range of wavelength they
are sensitive to.

Photon density is computed by dividing the energy of given
monochromatic light beam with the energy of a single photon of the
peak wavelength (l) of the light beam (the energy of the photon
change with the wavelength). This single photon energy (E) is
obtained through the following simple equation: E = h c/ l, where c
is light velocity and h is Planck’s constant.

Outstanding aspects to investigate

# Non-visual effects of light on other brain functions (emotion
regulation – long-term memory).

# Time-of-day variations, isolation of the changes associated with
circadian phase and changes in homeostatic sleep pressure.

# Changes associated with healthy aging or neurological disorders
in aging (e.g. Alzheimer’s disease).

# Isolation of the intrinsic melanopsin driven response to light (e.g.
using blind individuals with intact melanopsin-ipRGC system or
polymorphism in the melanopsin gene).

# Changes in the non-visual effects of light associated with clinical
disorder (e.g. seasonal affective disorder, other major depression)
and their treatment with light (before and after several weeks of
light therapy).

# Effect of prior light exposure on the non-visual effects of a light
exposure [64,65].

# Would change in ambient light levels also modulate sleep in
humans? Recent evidence show that alteration of light input to the
brain by genetic ablation of melanopsin in (nocturnal) mice alter
not only the quality and consolidation of wakefulness but also
sleep duration and homeostasis [6,66], i.e. the response to sleep
loss [6,66].
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distribution of non-visual effects of light appear related to
the dose of light administered, which itself depends on both
exposure duration and intensity. Although a systematic
dose response study was not conducted, longer durations
and/or higher intensities triggered larger and longer last-
ing modulations of task-related responses [36,37]. More-
over, subcortical regions were more likely to express swift
and more transient responses to light and could be trig-
gered by weaker stimuli, while cortical activity modu-
lations required stronger and longer stimulations. At the
cerebral level, 20 minutes of bright white light induced
both thalamic and cortical modulations that started to
decline swiftly after the end of the exposure but never-
theless outlasted the exposure by several minutes [37].
Exposure to a monochromatic light of similar duration but
composed of 100 times fewer photons modulated activity of
similar brain areas but these responses did not seem to
outlast the exposure [38]. In addition, when the duration of

light exposurewas reduced to less than aminute to identify
brain areas involved in establishing non-visual responses
to light, the effects were largely restricted to subcortical
structures such as the dorso-posterior thalamus and the
brainstem (LC-compatible area), and the number of cor-
tical modulations was greatly reduced (only one prefrontal
region was detected) [39].

Swift limbic responses to light
An exception to this latter scheme consists of the effect of
blue light on the responses elicited in the hippocampus and
amygdala [39]. In these limbic structures responses were
detected almost immediately after light onset. These swift
limbic responses can be explained in part by the anatom-
ical connectivity of these structures. The amygdala
receives direct inputs from ipRGCs [24] and indirect
retinal inputs through the superior colliculus and
thalamus [40]. The amygdala in turn directly projects to

Figure 3. Brain areas in which light elicited modulation of regional activity, as detected by either PET (a) or fMRI (b–h), during non-visual cognitive tasks.
(a) Sustained decrease in activity in the hypothalamus (including the SCN area) following a bright white light exposure while participants performed an auditory oddball
task [36].
(b) Sustained increase in activity evoked by an auditory 2-back task in the brainstem (including the locus coereleus area) during a 50s blue light exposure as compared with
a 50s violet light exposure [39].
(c) Sustained increase in activity evoked by an auditory oddball task in thalamus following a bright white light exposure [37]. Light-induced modulation of the thalamic
activity evoked by an auditory 2-back task was also detected during prolonged blue light exposure as compared with prolonged green light exposure [38], during 50s blue
light exposure as compared to 50s violet light exposure [39] and at blue light onset as compared with green light onset [39].
(d) Transient increase in activity evoked by blue light onset in the amygdala as compared with green light onset [39].
(e) Transient increase in activity evoked by blue light onset in the hippocampus as compared with green light onset [39]. Sustained increase in activity evoked by an auditory
oddball task was also detected in the same brain location following a bright white light exposure [37].
(f) Sustained increase in activity evoked by an auditory 2-back task in the middle frontal gyrus during a 50s blue light exposure as compared with a 50s violet light exposure
[39]. A sustained increase in activity evoked by the same task in the same brain area was also elicited by prolonged blue light exposure as compared with prolonged green
light exposure [38].
(g) Sustained increase in the activity evoked by an auditory 2-back task in the insula during prolonged blue light exposure as compared with prolonged green light exposure
[38]. A sustained increase in the activity evoked by an auditory oddball task in the same brain area was also detected following a bright white light exposure [37].
(h) Sustained increase in activity evoked by an auditory 2-back in the parietal cortex (supramarginal gyrus - left arrow; intraparietal sulcus - right arrow) during prolonged
blue light exposure as compared with prolonged green light exposure [28].
Adapted with permission from Refs [36,37] (Copyright 2004, Elsevier), Ref. [38] (Copyright 2004, Oxford Journals), and Ref [39].
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the hippocampus [41] which, like the amygdala, also
receives activating inputs from the brainstem [42].
Although the functional significance of these limbic
responses remains unknown, they raise the intriguing
possibility that blue light favors an early affective and
mnemonic arousal, which potentially participates in a
prompt behavioral adaptation to the environment. It is
also tantalizing to relate the light-induced modulation of
amygdala activity with the use of light as a therapeutic
agent for mood disorders. Light therapy is the treatment of
choice of seasonal affective disorder (SAD) and the relative
contribution of blue light to overall natural light exposure
is smaller during the winter than during the summer [43].
Light therapy is also emerging as an promising treatment

for many other psychiatric disorders [44]. However, it
remains to be established whether the long-term effects
of repeated exposures used in light therapy are related to
the acute modulation of brain activity to tasks that did not
involve emotion, as reported in the neuroimaging studies.

Light as a modulator of cognition: a scenario of the
brain mechanisms
The available data can be summarized in a scenario that
describes how in humans non-visual effects of light spread
from the retina to various brain structures and ultimately
modulate cognition. This scenario is based on the human
neuroimaging results (Figure 4) and guided by rodent
neuroanatomical data.

Figure 4. Likely scenario of the brain mechanisms involved in the light-induced non-visual modulation of cognitive brain responses.
(a) Summary of the 4 neuroimaging studies investigating the light-induced non-visual modulation of cognitive brain responses.
Subcortical activity modulation was detected in the thalamus (A, B1, C) throughout the exposure, in the brainstem (B2) within 50 seconds of an exposure, and in the
hypothalamus (D) after 17 minutes of exposure. Limbic activity modulation was present in the right amygdala (E1) and left hippocampus (E2) at light onset and in the left
hippocampus (F) after 20 minutes of light. Cortical activity modulation was observed in a single area [left middle frontal gyrus (G)] within the first 50 seconds of exposure
and in 4 regions during 18 minutes of exposure [left middle frontal gyrus (H1), left supramarginal gyrus (H2), left intraparietal sulcus (H3), right insula (I)] and in multiple
regions following 20 minutes of exposure [as examples: modulations in the anterior (J1) and posterior (J2) cingulate cortex, right dorsolateral prefrontal cortex (K1), right
intraparietal sulcus (K2), precuneus (K3), right insula (L1) and right superior temporal gyrus (L2)].
(b) Schematic representation of the scenario
(1) Response to light at light onset; (2) early response within the first tens of seconds of exposure; (3) late response detected during or after prolonged exposure (16–20 min).
Light irradiance signal reaches the SCN in the hypothalamus ( ), and then the LC in the brainstem ( ) that triggers a widespread modulation over cortical activity ( ).
Thalamic activity is modulated throughout the exposure ( ).
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Light quickly activates alertness-related subcortical
structures
A non-visual response to light in the anterior hypothala-
mus, in a location compatible with the SCN or other
relevant structures in this area, for example the dorsome-
dial hypothalamus (DMH) and ventro-lateral preoptic
nucleus (VLPO), has been described in functional neuroi-
maging studies of the non-visual effects of light in humans
[36]. We propose this to be a first step in the pathway
linking the retina to cognition. The enhancement in SCN
activity elicited by lightmight then spread to the forebrain
by different routes. In rodents an indirect projection from
the SCN to the prefrontal cortex, via the paraventricular
thalamic nucleus, has been identified [45]. Its function-
ality, however, has not been demonstrated and human
neuroimaging data do not provide any positive evidence
for the recruitment of this pathway. Irradiance infor-
mation could also be transferred to the forebrain through
a multisynaptic pathway involving the LC, which receive
indirect SCN inputs from the DMH [46]. The LC is the
major source of brain noradrenalin; it projects to numer-
ous cortical sites and is therefore well placed to mediate
light-induced changes in alertness and cognition [47,48].
In addition, a link between ambient light level, the pre-
frontal cortex and the LC has recently been reported [49].
It is in this context that we identified the LC as the area of
enhanced activity early after light onset in the brainstem
[39], although a number of other (aminergic) nuclei of the
ascending arousal system could possibly be recruited as
well [48].

The thalamus as an interface between alertness,
cognition and the effects of light
The neuroimaging studies show that the thalamus is the
structure most consistently recruited in response to light
exposures during a cognitive task, and this both for the
initial and maintained response [37–39]. Similar to the
brainstem, the thalamus, and in particular its dorsal and
posterior nuclei such as the pulvinar, are key structures
involved in the interaction between alertness and cognition
in humans [50,51], and are recruited by executive tasks
[52]. Furthermore, the light-induced change in activity
detected in the thalamus was found to be directly related
to the improvement in subjective alertness induced by the
light exposure [37].

The thalamus is key in the relay of information to the
cortex, either from the retina to the visual cortex (lateral
geniculate nucleus [LGN]) or between cortical areas
(Pulvinar) [53,54]. It can thereby regulate information
flow in the brain, and an effect of light on the thalamus
will probably result in widespread cortical effects. Among
the thalamic nuclei, the paraventricular thalamic
nucleus, which provides an indirect link between the
SCN and the prefrontal cortex [45], receives a direct
retinal projection in rodents [55]. The rodent intergenicu-
late leaflet (IGL) of the thalamus,which corresponds to the
human ventral LGN, also receives strong retinal inner-
vations [56]. It has strong connections with the SCN, and
projects to and receives afferents from numerous brain-
stem and hypothalamic nuclei involved in arousal regu-
lation.

The changes in forebrain activity foreshadow behavioral
effects
The data reviewed here suggest that the modulation of
cortical activity by light (irradiance) results from the
recruitment of multiple (multisynaptic) pathways. These
modifications of cortical function can in turn lead to beha-
vioural changes. Light exposure duration is typically long
in human chronobiology studies, that is several hours,
which is not suitable for PET and fMRI techniques. The
data reviewed here nevertheless suggest that only when
light stimulation is of sufficient duration will behaviour be
affected. Thus, alertness was significantly improved only
with the longer duration exposures [36–38]. However per-
formance on the tasks was not influenced by light in any of
the neuroimaging experiments, contrary to other reports
using much longer light exposure [19,30,31,34]. Likewise,
even though 18 minutes of blue light triggered greater
modulation of brain activity than 18 minutes of green light,
the behavioral impact of blue and green light did not differ.
We speculate that a stronger exposure would have differ-
entiated blue and green light behavioral cognitive effect, as
reported in behavioral studies [19].

Concluding remarks
The data reviewed here demonstrate that light signifi-
cantly modulates cognitive brain responses with a magni-
tude which depends on light exposure strength (duration
and photon density) and wavelength. These findings only
begin to reveal the mechanisms involved and further stu-
dies will be needed to characterize the interrelations be-
tween photon density, duration of light exposure, time-of-
day, regional brain responses and the nature of the cog-
nitive task. Such characterization is now feasible because
of the methodological advances introduced in the more
recent fMRI study reviewed here [39] which allow the
assessment of the effects of interest within a single session.
Such fast, reliable and sensitive techniques to assess light-
induced non-visual brain responses will undoubtedly
further expand our understanding of the characteristics
of the light environment required to optimize brain func-
tion in the laboratory environment and in the real world.

Evaluation of the non-visual impact of light on emotion
regulation and long-term memory is warranted given the
effects we observed in the amygdala and hippocampus
[37,39]. Furthermore, if an impact of light on the emotional
brain is demonstrated, assessment of the effects of light on
patients suffering from mood disorders, including SAD,
will also be of interest. This is particularly the case because
polymorphisms in the melanopsin gene have now been
associated with SAD [57], and the spectral composition
of light exposure varies with season [43]. Acquiring data in
different age groups should also be considered as recent
data suggest that non-visual responses to light are affected
by age [58,59]. In addition, light exposure has been shown
to slow down the cognitive decline in Alzheimer’s disease
[60]. Finally, recent data show that light affects the EEG in
completely blind individuals with intact ipRGCs [14].
These blind individuals could constitute a unique model
to isolate the impact of ipRGCs on cognition.

In general, the use of light in the aforementioned
populations, as well as in shift-workers and jet-lagged
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populations, could greatly benefit from a better under-
standing of the cognitive impact of light. Artificial light
sources do not take into account ipRGC spectral sensitivity
and, compared with natural daylight, our artificially lit
work environments may leave us blue light ‘deprived’.
Indeed, exposure of office workers to blue-enriched white
light during daytimework hours improves subjective alert-
ness and performance, and reduces evening fatigue [61].
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