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Editorial on the Research Topic

Translation and Processing of Light by the Non-image Forming Visual System—Context,

Mechanisms and Applications

IT’S ABOUT LIGHT

We have the great pleasure of editing a special issue concerning the sensory integration of
visible light across different exposure durations by the non-image forming photobiological system
including the central circadian system. Throughout the past several decades, the circadian
field has seen extraordinary progress. Sixty years have passed since the seminal Cold Spring
Harbor Symposium on Biological Clocks. Forty have passed since the finding that light gates
melatonin secretion in humans, while only 20 years separates us from the discovery of intrinsically
photosensitive retinal ganglion cells (ipRGCs) and their expression of the short-wavelength
photopigment, melanopsin. The field is once again at an exciting watershed, this time created
by advances in semiconductor light emission technologies that offer the ability to “tune” multiple
characteristics of photic stimulation (e.g., intensity, duration, spectrum, exposure pattern), thereby
enabling us to engineer human-centric lighting that is designed for not just optimal vision but
also mental and physical health. In observance of this watershed (which is still unfolding), we have
drawn together an issue of 16 articles covering a wide range of model organisms and considerations
for what constitutes “biologically active” light, how to quantify, measure, and report it, as well as
applications of biologically-active exposure patterns that might improve health outcomes. The issue
is thus comprised around the following topics.

APPROACHES TO DEFINING LIGHT EXPOSURE

Kicking off the volume with a didactic tutorial, Spitschan introduces the concept of time-varying
light (from milliseconds to hours), its properties, and how to describe its ambient/environmental
and exposure characteristics during laboratory investigations assessing the impacts of light on
sleep and circadian function. Important issues are raised in the specification of these domains,
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including: (1) the challenges with calibrating the temporal output
of light generators operating on the sub-second timescale, and
(2) the possibility of non-linear distortions occurring in light
emission across the exposure duration based on input variability
(e.g., the output spectra of LEDs can shift by a few nanometers
depending on the electrical driver, creating potential artifacts
in photoreceptor stimulation). The mini-review ends with a
call for more consistency in scientific communication to assure
that current reports are “future-proofed” as changes in lighting
technology increasingly fuel investigations of non-image forming
responses to new and enhanced human centric lighting devices.

Understanding the biological potency of light exposure
requires accurate metrology. Schlangen and Price introduce
fundamental concepts related to the measurement and
characterization of emission sources and of the lighting
environment in general, with reference to the recent
International Standard CIE S 026/E:2018. This standard
recommends grounding predictions about the wake or sleep-
promoting effects of light exposure on its activation of each of
the five photoreceptor types. The authors close their article by
contributing new data illustrating how the melanopic content
of light can be derived from everyday light sources, including
daylight, and how such assessments, if standardized, can be used
to better understand and improve the impact of lighting on
human well-being.

Three author teams examine the bench-to-bedside extension of
laboratory findings on the biological effects of light exposure into
everyday application. First, Stefani and Cajochen review current
advisories on ambient lighting that are intercalated across various
societal frameworks, from academic recommendations to formal
“best-practices” guidelines and workplace-industry ordinances.
They conclude that in many cases existing standards are based
on visual lighting needs for a given occupational setting (e.g.,
minimum levels of illuminance required for performance or
color rendering quality needed to ensure visual comfort) and
have yet to fully integrate an understanding of the influence
of light exposure on non-visual physiological responses (e.g.,
minimum levels of melanopic-EDI required for alertness across
the workday). Rounding out their perspective, the authors discuss
several laboratory experiments suggesting that dynamic lighting
mimicking changes in natural daylight can improve circadian and
sleep health while maintaining adequate illumination for work-
related visual tasks. As such, regulations looking to integrate
visual and non-visual lighting considerations can be credibly
developed, as embodied in several design guidelines for the built
environment already emerging in North America and Europe.

Next, targeting practitioners, Houser and Esposito outline a
five-step process for imbuing current scientific knowledge on
the non-visual effects of light exposure into (physiologically
relevant) human-centric lighting design. These steps include
characterizing the lighting application, determining the habitual
or desired sleep-wake schedule of the occupants and their
sleep needs, and staying informed of building specifications
that optimize functional balance between the visual, arousal,
and circadian systems. Like Stefani and Cajochen, the authors
conclude that architecture lighting (with the proper control
systems) can be engineered to deliver biologically potent light

during the day and low-potency light at night, all while balancing
traditional factors such as color quality, flicker, and visibility.

Soler and Voss discuss principles for the application of
emergent lighting technology including LED lighting from an
industry perspective. They summarize the influence of important
variables such as spectral power distribution and spatial geometry
of the built environment that require careful consideration
when designing indoor lighting solutions. Incorporating such
principles at the design stage has the potential to maximize the
ability to create “biologically” brighter days and darker nights.
Their piece complements the reviews from Stefani and Cajochen,
and from Houser and Esposito providing insights relevant for
industry practitioners.

Taking a broad comparative-translational perspective, from
rodents to humans, Walbeek et al. review evidence that
naturalistic intensities of light at night (nLAN) provide
important information that orients mammalian circadian
and neuroendocrine physiology. The authors note that the
terminology used in the field to date has been wildly inconsistent,
with the term “dim light” being used to describe light levels
ranging seven orders of magnitude (0.0001 to 500 lux). When
properly defined and calibrated to intensities approximating the
moon and stars, extant data suggest that nLAN can influence
common parameters measured within circadian oscillations (e.g.,
free-running period and waveform), function as a zeitgeber,
and produce direct non-visual effects on melatonin secretion
and pupil constriction. While the properties of nLAN have
been documented exclusively in rodents, there is a reasonable
expectation that they will have translational potential for
humans—imparting either analogous effects to those in animal
models or more subtle effects on the plasticity of light responses.
The authors close their discussion with a consideration of
some of the challenges involved with measuring nLAN and
the need to possibly rethink the current human-centric lighting
recommendation that nights should be completely dark.

MODEL SYSTEMS, MECHANISTIC

INSIGHTS, AND BENCHMARKING THE

EFFECTS OF LIGHT EXPOSURE

Understanding the effects of light exposure on the circadian
pacemaker requires understanding the molecular and cellular
mechanisms underlying the encoding of stimulus strength
and the circuitry that integrates the signal from the retina
to the pacemaker. In this issue, four contributions provide
unique insights into these mechanisms and pathways, each
using a different model system. First, Tabuchi et al. review the
signaling biology that connects oscillations of the molecular
clock with daily changes in membrane excitability in Drosophila
timekeeping neurons. At the cross-roads of each is cryptochrome
(CRY), a photosensitive molecule in flies that is embedded
within the circadian transcriptional–translational machinery and
an effector of the potassium ion channel β-subunit redox
sensor. In addition to CRY, several other molecular clock
constituents have been shown to modulate the neural activity
of fly timekeeping neurons via interactions with ligand-gated

Frontiers in Neurology | www.frontiersin.org 2 August 2021 | Volume 12 | Article 7278496

https://doi.org/10.3389/fneur.2021.624861
https://doi.org/10.3389/fpsyt.2021.652161
https://doi.org/10.3389/fneur.2021.630553
https://doi.org/10.3389/fpsyt.2021.652161
https://doi.org/10.3389/fnins.2021.637221
https://doi.org/10.3389/fneur.2021.625334
https://doi.org/10.3389/fneur.2021.625369
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Rahman et al. Editorial: Translation and Processing of Light

and voltage-dependent/independent channels, channel-binding
proteins, and subunits of the electrogenic ion pump. The
authors suggest that the generalization of this crosstalk motif—
between clock gene oscillations and daily changes in neuronal
excitability—offers a new paradigm by which to study the
effects of light exposure on sleep-wake rhythms, cognition, and
neurological disorder.

Hannibal provides an intriguing and in-depth review of
the comparative neuroanatomy of the retinohypothalamic tract
and its role in mediating non-image forming (NIF) responses
to light exposure in mammals. Drawing insights from studies
on various genetic models and unique neuroanatomic features
(e.g., 90% of retinal ganglion cells in the mole rat express
melanopsin compared to 1% of the cell population in most
laboratory rodents), Hannibal elucidates the molecular and
neuronal pathways underlying NIF responses to light exposure.
A spotlight is placed on neurotransmitter systems connecting
the front-end of circadian photoreception to the hypothalamus,
including those using the neuropeptide PACAP. A perspective is
also provided on the harmful effects of light exposure at night on
humans and other animals.

Next, Wong and Fernandez zoom out of the picture to
discuss how intermittent light exposure through a sequence
of millisecond light flashes is encoded as a coherent stimulus
by the circadian system. They place the signaling of time
at twilight within a theoretical framework that suggests the
pivotal role of cones in this process, tying together different
ideas from Gestalt theory and bringing them into a non-image
forming context, thus generalizing principles of efficient sensory
coding from one to the other. To support their “Cone Sentinel”
model, the authors provide the first experimental data showing
that ipRGC responses to short light flashes are dependent on
extrinsic synaptic relays from classic photoreceptor cells and
not intrinsic melanopsin expression. These data offer the unique
perspective that flash protocols optimizing the stimulus-response
characteristics of cone photoreception have the potential to
be used clinically to treat sleep/circadian disorders and other
medical conditions with an underlying circadian impairment.

While light exposure can be modulated to examine how
the circadian system responds to it, it can also be used
to disrupt the system—or eliminate it entirely. To do so,
Ruby introduces the disruptive phase shift (DPS) protocol,
a simple manipulation of ambient lighting that renders
animals (Siberian hamsters) arrhythmic without altering
their genome, or the tissue and developmental integrity of
the brain’s clock, the suprachiasmatic nucleus (SCN). The
DPS model has the advantage of studying arrhythmia in
a “natural” state within the brain. In this model, the SCN
circuitry remains normally intact (albeit dysfunctional) and
thus can influence other structures to which it projects
and receive input from networks returning from those
structures. In that regard, Ruby offers an inroad to studying
the neurophysiology of circadian dysrhythmia in an animal
the way it is most likely to present in a human. DPS hamsters
show severe impairments in declarative memory that are
associated with fragmentation of electroencephalographic theta
oscillations, as well as altered GABAergic and cholinergic

signaling in the hippocampus. These phenotypes may point
the way toward developing pharmacological treatments for
circadian disturbances related to jetlag and those incurred with
chronic disease.

Finally, Mure provides a state-of-the-art review on what
is currently known about the functional properties of
human ipRGCs, an extremely difficult system in which
to conduct electrophysiological recordings. The article
takes an integrative stance, reviewing transcriptomic and
morphological phenotypes that may distinguish various subtypes
(GM1, M1-M4) and brain connectivity maps generated via
PACAP (pituitary adenylate-cyclase-activating polypeptide)
immunohistochemistry. By and large, the light-response
characteristics of human ipRGCs are similar to their variants
in rodents and primates. In each case, the spectral sensitivity
of the cells peaks around ∼460 nm, with kinetic properties
of intrinsic responses exhibiting a slow, sustained period
of activity during stimulation that continues after light
exposure. The author concludes the article by reviewing how
altered ipRGC response kinetics or cell loss might provide
insight into pathological mechanisms underlying aging-
related neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease.

PRECISION LIGHTING: APPLICATIONS OF

TUNABLE LIGHT EXPOSURE

Current lighting technology allows tuning of various stimulus
characteristics, including timing, intensity, spectrum, and
pattern. Kawasaki et al. investigate the extent to which morning
bright light (∼10,000 lux, 30min per day for 4 weeks) influences
metrics related to sleep and non-visual physiological function
in patients with glaucoma, an optic neuropathy that results in
ipRGC loss. Post-intervention, those exposed to light therapy
reported better subjective sleep quality on a Likert scale.
The treatment group also demonstrated increased melanopsin-
dependent, post-illumination pupil responses that correlated
with common measures employed to quantify the robustness
of daily ∼24-h oscillations in physical activity assessed using
actigraphy. The authors concluded that scheduled bright light
exposure may be a cost-effective strategy to improve sleep,
circadian entrainment, and general sense of well-being in patients
with glaucoma.

Using an overnight (2-day) in-laboratory randomized trial
in healthy college-aged young adults, Grant et al. examined
whether daytime exposure to LED task lighting with different
spectra conferring different melanopic illuminance (melEDI)
can affect neurobehavioral performance. Their key finding was
that long duration (8 h) light exposure with higher melanopic
content was associated with significant improvements in working
memory and processing speed (as assessed using a 2-min addition
task) and improved procedural learning in a motor sequence
task. These data provide preliminary evidence indicating that
the incorporation of lighting with higher melEDI in the built
environment (i.e., a modification resulting in few changes in
perceived lighting) may improve neurobehavioral performance
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in the classroom in college-aged young adults with a naturally
restricted sleep schedule.

An additional two primary reports from randomized trials
elucidate how spectrally tuned light exposure affects the brain
and behaviors associated with underlying mood, cognition, and
arousal. First, Raikes et al. examined the extent to which daily
morning short-wavelength (blue) light therapy over 6 weeks,
compared to therapy with longer wavelength (amber) light
exposure, changes regional functional connectivity in the brain
and ratings of subjective sleepiness in patients recovering from
a mild traumatic brain injury (mTBI). At the conclusion of
the 6-week treatment, improvements were observed in gray
matter volume in the right thalamus and functional connectivity
between regions of interest related to attention, somatomotor,
and visual networks as well as the default mode network (e.g.,
those interconnecting the thalamus with the prefrontal and
orbitofrontal cortices) in patients receiving blue light exposure
as compared to amber light exposure. Furthermore, these
morphological and functional connectivity improvements were
associated with less daytime sleepiness reported with the Epworth
Sleepiness Scale. The authors concluded that blue light therapy
might be a non-invasive way of improving sleep and thereby
improving functional outcomes after mTBI.

Using a shorter duration (30min) single-exposure
administration of blue and amber light, Alkozei et al. examined
changes in indices of functional and directed connectivity
between the amygdala and the left dorsolateral prefrontal cortex,
and the association of these outcomes with affect. The authors
report that individuals receiving blue light exposure had greater
bidirectional information flow between these two regions about
an hour after the light exposure had stopped. This enhanced
connectivity was associated with decreased negative affect. These
results suggest that short-interval blue-light therapy can facilitate
the engagement of cognitive control strategies needed to regulate
arousal/mood and provide some mechanistic insight into why
conventional bright light therapy during the winter months
might improve depressive symptoms in people with seasonal
affective disorder.

Finally, Figueiro and Leggett review the evidence for the
beneficial effects of intermittent light exposure in Alzheimer’s
disease (AD). Two strategies are discussed relating to (1) the
delivery of 40-Hz flickering light to promote gamma oscillations
and gamma-related clearance of the amyloid beta (Aβ) peptides
contributing to plaque formation in the AD brain and (2) the
delivery of timed millisecond flashes during sleep to induce
phase-resetting responses that may help reinforce entrainment of

sleep-wake schedules, thereby also facilitating Aβ clearance (e.g.,
the recently discovered glymphatic system has been shown to
remove Aβ specifically during sleep). Overall, the authors point
out that these two strategies are not mutually exclusive when
considering how intermittent light stimulation can be parlayed
for the treatment of AD-related phenotypes and envision the
development of personalized light therapy devices that might one
day achieve both.

This volume touches on only a sliver of the developments
that are currently permeating the field of circadian photobiology.
Nevertheless, we hope that we have been able to capture some of
the current “frontier” thinking in editing this issue, thus inching
a little beyond the zeitgeist.
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Improve Well-Being and Sleep? A
Pilot Study of Patients With
Glaucoma
Aki Kawasaki 1*, Morgane Udry 1, Mohamad El Wardani 1,2 and Mirjam Münch 3*

1Hôpital Ophtalmique Jules Gonin, Fondation Asile des Aveugles, Department of Biology and Medicine, University of
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Glaucoma damages retinal ganglion cells, including intrinsically photosensitive retinal

ganglion cells (ipRGCs). These cells modulate various non-visual physiological and

psychological functions which are modulated by light. In patients with glaucoma, we

assessed the effect of daily bright light exposure (LE) on several melanopsin-dependent

functions, such as the pupil constriction, circadian rest-activity cycles, sleep and

subjective well-being including relaxation, alertness and mood. Twenty patients

participated in the study (9 women, 11 men, mean age= 67.6± 7.5 y). Pupillometry was

performed before the LE weeks and repeated on the last day of LE. The post-illumination

pupil response (PIPR) was calculated as a proxy for melanopsin-dependent activation.

Participants continuously wore an activity monitor and self-assessed sleep quality,

well-being and visual comfort for 7 days before and during 4 weeks of daily bright

LE (30min to 10,000 lux polychromatic bright white light). After the LE, there was a

significantly greater PIPR and higher subjective sleep quality when compared to the

pre-LE week (p < 0.05), but no significant changes in 24-h rhythms or sleep parameters.

A greater PIPR was correlated with an increase in circadian amplitude and higher

inter-daily stability (derived from rest-activity cycles; p < 0.05). In a small group of

patients with glaucoma, scheduled daily bright light exposure could improve subjective

sleep quality. These findings highlight the importance to evaluate and maintain non-visual

functions at different levels in patients with progressive loss of ipRGCs.

Keywords: light therapy, pupil, glaucoma, retinal ganglion cells, melanopsin, sleep, mood, circadian

INTRODUCTION

Glaucoma is a common optic neuropathy that results in retinal ganglion cell loss. In
patients with advanced glaucoma, loss of intrinsically photosensitive retinal ganglion cells
(ipRGCs) has been demonstrated (1). The ipRGCs express melanopsin and synapse centrally
to modulate a variety of non-visual physiological functions such as the pupil, circadian
rhythms, alertness and sleep (2). Reduced capacity to entrain to light and was first
shown in glaucomatous rats (3, 4). Extending those findings to patients with glaucoma,
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even those with mild visual dysfunction may demonstrate
abnormal light responses including reduced acute alerting
effects to light, reduced light-induced suppression of nocturnal
melatonin and reduced pupil light reflex to selected light stimuli
as these are effects mediated by melanopsin (5–10). Glaucoma
patients have also been shown to have a higher prevalence
for impaired executive daytime functions, depressive symptoms,
impairedmood (11, 12) and anxiety (13) and clinical implications
have been discussed [for a reviews see (14–16)].

Additionally, there is evidence that patients with glaucoma
have greater daytime sleepiness and/or decreased sleep quality
compared to age-matched control subjects (17–19). A large
cross-sectional study with more than 6,700 patients reported
an association between glaucoma and very long sleep duration
(20). Lanzani et al. reported increased wakefulness with lower
sleep efficiency at night (21) and similarly Gubin et al. found
later bed times and shorter sleep duration in primary open angle
glaucoma patients (22) suggesting a higher prevalence for sleep
disturbances in patients with glaucoma (13, 23, 24). There is some
evidence that obstructive sleep apnea might be a systemic risk
factor for glaucoma (25–28), even though not all study reports
confirmed this (20, 29).

One factor contributing to the mechanism of impaired
sleep in glaucoma may be related to loss of ipRGCs and
consequently, a reduction of the melanopsin-mediated light
signaling to the suprachiasmatic nuclei (SCN), the principal
biological pacemaker in the hypothalamus. Such reduced light
input due to glaucoma-related loss of ipRGCs (1) may be further
amplified by physiologically occurring age-related ipRGC loss
(30), and physiologic changes of circadian rhythm regulation and
sleep (31, 32), as glaucoma generally affects elderly persons (30,
33). Since light is the principal external zeitgeber on which the
biological circadian clock aligns to the 24-h day–night cycle, the
combination of inadequate light exposure during daytime and
loss of ipRGCs together may reduce the effectiveness of light as
a zeitgeber in patients with glaucoma. The potential consequence
is impaired circadian entrainment and adverse influence on well-
being, mood, 24-h rest-activity cycles and sleep (34).

We hypothesize that it is possible to enhance the external
zeitgeber strength by increasing daytime light exposure in
patients with glaucoma. This, in turn, will have beneficial effects,
particularly on sleep, 24-h rest-activity cycles, mood and well-
being. Because we presume the effect of light is mediated through
the melanopsin system, we also hypothesize that melanopsin
activity will change and will be detectable in the pupil response
(6, 35, 36). Thus, the aim of this study is to assess how
scheduled additional bright light exposure during daytime might
impact pupil light reflex, sleep, circadian rest-activity cycles and
subjective mood and well-being in patients with glaucoma.

METHODS

Participants
Study participants were recruited from patients actively treated
for glaucoma at the Hôpital Ophtalmique Jules-Gonin in
Lausanne, Switzerland. Patients with the following conditions

were excluded: unilateral glaucoma, congenital glaucoma, non-
glaucomatous optic neuropathy, diabetes, past or present cancer,
sleep apnea, diagnosed mood disorder, recent use of recreational
drugs (e.g. cannabis, cocaine), alcohol dependency or pregnancy.
Other exclusionary criteria included night shift work within the
last three months, current use of sleeping pills or travel across a
time zone <1 month before study participation. All participants
provided oral and written informed consent and were approved
by their treating ophthalmologist to participate in the study. The
study was conducted at the Hôpital Ophtalmique Jules Gonin,
Lausanne, Switzerland according to the tenets of the Declaration
of Helsinki and received authorization from the local ethical
review board for human research (Commission d’Ethique de
Recherche sur l’être humain de Canton de Vaud, Switzerland
no. 2018-01749). All participants were clinically examined at
least once by their treating ophthalmologist during or after
study participation.

Twenty patients with glaucoma participated in the study. They
were 9 women and 11 men, mean age = 67.55 ± 7.45 years,
age range 53 to 79 years. The types of glaucoma were primary
open angle (n = 10), primary angle closure (n = 8) and pseudo
exfoliative glaucoma (n = 2). Eight patients had undergone laser
iridoplasty, and seven patients had undergone glaucoma filtration
surgery. Ten patients had undergone uncomplicated cataract
surgery with intraocular lens replacement. All procedures had
been performed at least 6 months prior to study participation.
These procedures did not affect the iris sphincter muscle
contractibility, as assessed at the slit lamp.

Study Design
From the medical charts, the following ophthalmologic
information was extracted for each eye: best-corrected visual
acuity, mean defect of the automated visual field, and thickness
of the peripapillary retinal nerve fiber layer (RNFL) from the
optical coherence tomography (see Supplementary Table 1).
If the ophthalmologic examination dated more than 6 months
before study participation, the participant underwent these tests
at the first study session. The study comprised 4 sessions at
the Hôpital Ophtalmique Jules Gonin (46.5197◦ N, 6.6323◦ E),
Switzerland over 5 consecutive weeks and was conducted from
January to July 2019.

At session 1, the participant came to the hospital, gave
informed written consent and completed six standardized
questionnaires: Horne-Ostberg [HO; (37)], Munich Chronotype
Questionnaire [MCTQ; (38)], Epworth Sleepiness Scale [ESS;
(39)], Pittsburgh Sleep Quality Index [PSQI; (40)], Seasonal
Pattern Assessment Questionnaire [SPAQ; (41)] and the Beck
Depression Inventory [BDI; (42)]. These questionnaires were
used to assess chronotype, daytime sleepiness, habitual sleep
quality (during the preceding 4 weeks), seasonal effects and
depressive symptoms (see Supplementary Table 2). At the end of
session 1, the participant received an activity monitor (Actiwatch
L, Camntech Cambridge, UK) to be continuously worn on
the non-dominant wrist during the next 5 weeks in order to
record 24-h rest-activity cycles. The participant was instructed
to maintain a daily sleep log (bedtime, wake up time) and note
subjective sleep quality (1 = very bad sleep, 10= excellent sleep)
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every morning. Also, the participant made a daily self-assessment
of well-being and visual comfort using a visual analog scale (see
section Methods).

After 1 week, the participant came again to the hospital
(session 2) and underwent pupillometry (see below). At the
end of session 2, the participant was given a commercially
available table-based light box (EnergyUp / HF3419TM Philips,
The Netherlands) for home use. The light source emits a
diffuse polychromatic bright white light at 10,000 lux [see light
measures according to the CIE Standard, (CIE S 026) in the
Supplementary Table 3]. The participant was instructed to sit
face-forward at 50 cm distance from the light box every morning
around the same time for 30min over the next 4 weeks. No
additional change of their usual lifestyle was requested.

After 2 weeks, participants were asked to come to the
laboratory for session 3 which served to verify compliance
with the light exposure at home and to download rest-activity
data of the first 3 weeks. The activity monitor was then
returned to participants. After another 2 weeks, participants
came to the laboratory for the final session 4 to complete
one questionnaire (second PSQI) and to undergo the second
pupillometry. Participants also returned the completed subjective
assessments, the activity monitor and the light box. An overview
of the study design is shown in Supplementary Figure 1.

Pupillometry
In this study, pupillometry was used as a quantitative method
to assess the functionality of the melanopsin-signaling pathway.
The pupillometer used for this study was a monocular device
(Neurolight, IDMed, Marseille, France) which presented light
stimuli and recorded the pupil of the stimulated eye at a
sampling frequency of 67Hz. The light stimulus was a narrow
bandwidth short-wavelength light stimulus (peak wavelength at
470 nm; “blue”) having a 1s duration. Two brightness intensities
(luminance: 56 cd/m2 and 170 cd/m2) were used with intention
of activating rod and cone photoreceptors as well as the
melanopsin photopigment of ipRGCs, as described in previous
studies (36, 43). The pupil test started with 3 s of darkness
followed by a blue light stimulus at lower luminance (56 cd/m2)
and then a second blue light stimulus at higher luminance (170
cd/m2). The inter-stimulus dark interval was 15 s. By convention,
the right eye was always tested first. Both eyes were tested under
photopic condition (prior adaptation to room light at 150 lux at a
vertical direction at eye level for 10min), and scotopic condition
(adaptation to darkness 0 lux for 20min). The non-tested eye was
covered by the participant’s hand. Pupils were measured twice,
once at session 2, that is, before the start of scheduled daily
bright light exposure from the light box and denoted as pre-light
exposure (= pre-LE), and again at session 4, that is, after 4 weeks
of daily bright light, denoted as post-light exposure (= post-LE).

From the pupillometer device, raw tracings were downloaded
with NL Viewer Software (v 1.2, IDMED, Marseille, France).
All recorded tracings were visually inspected and artifacts from
movement or blinking were removed by linear interpolation
in Excel (Microsoft Office, v 7). The following outcome
parameters were determined for each pupil recording: baseline

pupil size (BL), maximum contraction amplitude (MCA), post-
illumination pupil response (PIPR). The BL was calculated as the
averaged pupil size during 0.25 s before the first light stimulus.
Thereafter, pupil size was normalized by expressing absolute
pupil size in mm as a percentage of BL in mm (%). Normalization
of pupil size was important because BL of the pupil before the
second stimulus was often slightly smaller than BL before the
first stimulus. The MCA was identified as the smallest pupil size
within 3 s from light stimulus onset and expressed in % as the
difference from the baseline pupil size [maximum contraction
amplitude= (1 – smallest relative pupil size)× 100%]. The PIPR
(in %) was amount of pupil constriction 6 s after the stimulus
light was terminated and calculated as: [(1 – relative pupil size
at 6 s after light offset)× 100%].

Rest-Activity Recordings for 24-h Rhythms
and Sleep
After downloading the rest-activity data (sampling frequency =
1min), all recordings across 5 weeks were joined to one file per
participant and each 24-h epoch was visually inspected. Any
24-h days with more than 3 h of missing data were excluded
from further analysis (44). Missing data of <3 h were edited
with the mean activity of 24-h using the software Sleep Analysis
(v7, Camntech, Cambridge, UK) with an inbuilt algorithm
to detect sleep (at medium sensitivity of the device). Using
the non-parametric circadian rhythm analysis [NPCRA; (45)]
implemented in the software (Sleep Analysis, v7), the following
parameters were assessed: intra-daily variability (IV), inter-daily
stability (IS), the absolute amplitudes derived from rest-activity
oscillations (in arbitrary units) of 24 h (absolute amplitude, AMP)
and of the 5 h with least activity (L5) and the 10 h of highest
activity (M10) during a 24 h period. The M10 onset typically
occurs during daytime and L5 onset typically occurs during
nighttime. We also assessed the onset clock time of the 10
consecutive hours of greatest activity (M10on), the onset clock
time of 5 consecutive hours of least activity (L5on). The IV
evaluates the frequency of transitions between rest and activity
per day, which is an indicator of fragmentation of the 24-h rest-
activity rhythm. A lower IV score reflects less rest-activity rhythm
fragmentation. The IS evaluates the strength of coupling between
the rest-activity rhythm (45). A higher IS score is considered as
greater invariability between days. The relative amplitude (RA)
derives from the difference between M10 minus L5 expressed
relative to the 24 h activity, where a higher RA indicates more
consolidated high daytime and low nighttime activity.

In addition, bedtime (clock time), get-up time (clock time)
were determined semi-manually from the activity recordings
(and sleep logs). The sleep analysis tool of the same software
(Sleep Analysis, v7) was used to determine the following sleep
parameters, derived from rest-activity recordings (sampling
frequency = 1min epochs): time in bed (hours), sleep duration
(hours), actual wake time during scheduled sleep (hours), sleep
efficiency (sleep duration / time in bed x 100; %), sleep
latency (time range between bed time until the first episode of
consolidated sleep, as assessed by the sleep software).
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Subjective sleep quality was daily assessed for 5 weeks after
get-up (on the sleep log) by indicating a number between 1 (very
bad sleep) and 10 (excellent sleep) on a paper-based version and
individual scores were averaged per week.

Visual Analog Scales for Subjective
Well-Being and Visual Comfort
Participants were instructed to complete a paper-based visual
analog scale (VAS) for subjective well-being and visual comfort
every day around the same clock time in the morning
during 5 weeks. For subjective well-being, the VAS consists
of a vertical line from 0 and 100mm and represents the
extremes of relaxation, physical comfort, alertness: 0mm =

extremely relaxed/100mm= extremely tense; 0mm= physically
comfortable/100mm = physically not at all comfortable; 0mm
= extremely alert/100mm = extremely sleepy; 0mm = bad
mood/100mm = very good mood. The participant indicated the
current state of these parameters by marking a vertical line on
the scale.

For visual comfort, five specific items of lighting were assessed
[adapted from the Office Lighting scale (46)] and presented on a
VAS between 0mm and 100 mm: (1) I like the lighting (0mm)/I
do not like the lighting in this room (100mm); (2) the lighting is
pleasant (0mm)/the lighting is not pleasant at all (100mm); (3)
this room is too bright (0mm)/this room is too dark (100mm);
(4) there is too much light to read/work properly (0mm)/there
is not enough light to read/work properly (100mm); and (5) the
glare in this room is imperceptible (0mm)/the glare in this room
is intolerable (100mm). The participant indicated the current
state of these items by marking a vertical line on the VAS
scale. For analysis, a weekly average was determined from the
paper-based daily assessed VAS, for each parameter of well-being
(relaxation, physical comfort, alertness, mood) and for five items
of visual comfort.

Statistics
For differences between ophthalmological screening measures
(left and right eyes) two-tailed t-tests were applied. For pupil
data, a mixed linear model with the factor WEEK was applied
to compare the recording of the pre-LE with the recording after
the 4 weeks (= post-LE) with daily scheduled light exposure with
AGE, SEX and their interactions also added to the model. For
all analyses, AGE was used on dichotomized variables based on
median split (median = 69.5 years). For continuous rest-activity
and sleep data as well as subjective assessments, all averaged
per week, a generalized linear regression model was used with
the repeated factor WEEK (i.e., averages of pre-LE week 1 and
each of the LE weeks 2-5) and the fixed factors AGE, SEX,
and their interactions. Post-hoc tests were performed with the
Tukey-Kramer, adjusted for multiple comparisons. For tables,
averaged values of the pre-LE and the average of LE-weeks 2–5
are shown. For correlations Pearson’s correlation was used. The
SAS software (v. 9.4.; SAS Institute Inc., Cary, NC, USA) was used
for statistical analyses.

RESULTS

Participants
There was no significant interocular difference for visual acuity
(VA) and for mean deviation (MD) on automated perimetry (2-
sided t-tests; p> 0.09). The VA ranged from 0.3 to 1.5, mean 0.85
± 0.17 for both eyes (Supplementary Table 1). The mean MD
for both eyes was 5.41 dB ± 3.17 for both eyes, range −0.9 to
20 dB. On OCT, the peripapillary retinal nerve fiber layer (RNFL)
thickness was abnormal or borderline in all but one eye of 19
patients as OCT data from one patient was not available. The
descriptive statistics for the questionnaires (MCTQ, ESS, HO,
SPAQ, BDI and PSQI) are shown on Supplementary Table 2.
The post-LE PSQI was not significantly different (p = 0.67;
generalized linear model) from pre-LE.

Pupillometry
There were small, but statistically significant differences
between left and right eyes in scotopic baseline pupil size
(Supplementary Table 4). Because the right eye was always
tested first and reflects the most accurate photopic and scotopic
adapted condition, we used the pupil results from right eyes for
further analyses. Older participants had a smaller baseline pupil
size before the first light stimulus under scotopic conditions
(main effect of AGE; F1,20 = 5.49; p = 0.03; mean ± SD older:
4.83mm± 0.55mm; younger participants; 5.38mm± 0.84mm).
As expected, the pupil response (MCA and PIPR) to the 1s light
stimulus at higher luminance (170 cd/ m2) was greater (and BL
pupil size smaller) than the response to the 1s light stimulus at
lower luminance (56 cd/ m2; Table 1; F1,20 > 4.9; p < 0.038)
under photopic and scotopic testing conditions.

For all pupil parameters related to the 1s light stimulus at
lower luminance (56 cd/ m2) there was no statistically significant
difference between the pre-LE and post-LE (i.e., after 4 weeks
of daily scheduled bright light exposure; Table 1; F1,20 < 1.5; p
> 0.24).

As a main finding of this study, the scotopic post-LE PIPR
to the 1s light stimulus at higher luminance (170 cd/ m2) was,
however, significantly greater compared to pre-LE PIPR (Table 1
and Figure 1). The increase in the scotopic post-light PIPR was,
on average, 13% and was observed in 14 out of 20 patients (main
effect ofWEEK; F1,20 = 6.02, p= 0.02, Supplementary Figure 2).

24-h Rest-Activity Cycles and Sleep
Results from rest-activity recordings were averaged per week (see
also methods; for one participant, the first 2 weeks of rest-activity
data with daily bright light exposure were missing, and for one
participant the rest-activity data during the last LE week was only
available for 2 days). For 24-h rest-activity variables, there was no
significant difference between the pre-LE week and the LE weeks
values (Table 2; F4,60 < 1.8, p > 0.17), except for the RA which
dropped in week 5 (0.84± 0.09) when compared to week 4 (0.87
± 0.06; main effect of WEEK; F4,59 = 3.1, p = 0.02). However,
there was no difference for RA between the pre-LE week and any
single week during the daily light exposure (p > 0.48).

The sleep variables did not reveal significant changes between
pre-LE and LE weeks for any of the parameters (see means ± SD
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TABLE 1 | Mean values (± SD) across patients (for right eyes) for baseline pupil

size (BL), maximum contraction amplitude (MCA) and post-illumination pupil

response (PIPR).

Pre-LE week Post-LE weeks

BL photopic low (mm) 3.50 (0.73) 3.59 (0.72)

BL photopic high (mm) ∧ 3.41 (0.73) 3.51 (0.72)

BL scotopic low (mm) 5.07 (0.76) 5.14 (0.77)

BL scotopic high (mm) ∧ 4.61 (0.73) 4.64 (0.64)

MCA photopic low (%) 23.86 (8.79) 23.88 (7.97)

MCA photopic high (%) ∧ 29.33 (8.56) 29.29 (7.98)

MCA scotopic low (%) 40.74 (6.11) 40.32 (6.37)

MCA scotopic high (%) ∧ 46.02 (6.51) 46.40 (6.39)

PIPR photopic low (%) 4.17 (3.33) 3.26 (2.87)

PIPR photopic high (%) ∧ 9.48 (5.90) 9.07 (3.92)

PIPR scotopic low (%) 19.14 (8.66) 20.35 (10.15)

PIPR scotopic high (%) ∧,* 25.07 (9.53) 28.71 (10.46)

BL in mm = 100 %; MCA in % difference to BL and PIPR in % difference to BL. All

mean values are shown for recordings before the pre-light exposure (pre-LE) week and

the post-light exposure (post-LE), that is, the pupil recording immediately at the end of

4 weeks of scheduled daily bright light exposure. Photopic low = 1s short-wavelength

narrow bandwidth light stimulus (= blue light stimulus) at lower luminance (56 cd/m2 )

under photopic conditions (i.e., after 10min of room light adaptation); photopic high = 1s

blue light stimulus at higher luminance (170 cd/m2 ) under photopic conditions; scotopic

low= 1s blue light stimulus at lower luminance (56 cd/m2 ) under scotopic conditions (i.e.,

after 20min of dark adaptation); scotopic high= 1s blue light stimulus at higher luminance

(170 cd/m2 ) under scotopic conditions; ∧ = p < 0.05, indicate differences between light

stimuli used for pupil measures at higher (170 cd/m2 ) and lower luminance (56 cd/m2 ).

* = p < 0.05, shows difference between pupil tests pre-light exposure and post-light

exposure; n = 20.

FIGURE 1 | Mean (solid lines) pupil recordings for 20 subjects with glaucoma

(right eyes, SEM shown as dotted lines). The pre-LE recordings (taken in week

1) are shown in black; the post-LE recordings (taken immediately after 4 weeks

after daily scheduled bright light exposure) are shown in blue (SEM = dotted

black and blue lines). LE = light exposure. The two vertical bars indicate when

the two blue light stimuli are given (1s duration). The first 1s light stimulus is at

lower (56 cd/m2 ) and the second 1s light stimulus at higher luminance (170

cd/m2). The arrow and asterisk designate the PIPR after the second (brighter)

light stimulus with a significant difference between pre- and post-LE measures

(p < 0.05). The data is shown relative to baseline (= 100 %).

for the pre-LE week and averaged LE weeks on Table 3). There
was a decrease in sleep efficiency from week 3 and 4 to week
5 (main effect of WEEK; F4,62 = 3.3, p = 0.02) from 87.6 ±

TABLE 2 | Mean values (and SD in brackets) for variables from the circadian

rest-activity cycles.

Variable Pre-LE week LE weeks

IS 0.58 (0.11) 0.59 (0.11)

IV 0.82 (0.28) 0.82 (0.22)

L5 1,434 (759) 1,600 (926)

L5on 24.78 (1.30) 24.92 (1.33)

M10 21,477 (8,100) 21,979 (8,450)

M10on 8.83 (1.63) 8.67 (1.71)

AMP 20,043 (7,935) 20,378 (8,271)

RA ∧ 0.87 (0.07) 0.86 (0.08)

IS= inter-daily stability; IV= intra-daily variability; L5= 5 h with lowest activity; L5 onset=

onset time of the 5 h with least activity; M10 = 10 h with highest activity oscillations; M10

onset = onset hours of the 10 h with greatest activity. AMP = absolute amplitude; RA =

relative amplitude (see method section for more explanations). Averaged values across

participants are shown with SD (in brackets) for the pre – LE week and the LE weeks

(i.e., the 4 weeks with scheduled daily bright light; weeks 2–5). ∧ = p < 0.05, indicating

higher RA during week 4 than 5 (main effect of week; for mean values in weeks 4 and 5

separately see also text); n = 20.

TABLE 3 | Sleep variables derived from rest-activity recordings.

Pre – LE week LE weeks

Bedtime (clock time) 23.59 (1.19) 23.67 (1.31)

Sleep onset (clock time) 23.79 (1.18) 23.89 (1.32)

Wake time (clock time) 7.24 (0.99) 7.31 (1.05)

Get-up time (clock time) 7.33 (0.99) 7.39 (1.05)

Time in bed (h) 7.72 (0.74) 7.71 (0.77)

Sleep duration (h) 7.44 (0.73) 7.41 (0.77)

Wake duration (h) 0.68 (0.39) 0.69 (0.34)

Sleep efficiency (%) ∧ 87.43 (6.42) 87.14 (5.77)

Sleep latency (h) 0.21 (0.16) 0.22 (0.16)

All values are indicated as means and SD (in brackets) for the pre – light exposure (LE)

week and LE weeks (i.e., average of weeks 2–5 when patients were exposed to bright

light); n = 20. Bedtimes, sleep onset, wake and get-up times are indicated as clock time

(h.mm), and time in bed as well as sleep duration and wakefulness during sleep episodes

in hours (h.mm). Sleep efficiency (SE) derived from the ratio of sleep duration / time in bed

is expressed as percentage (%). Sleep latency indicates the time range between bedtime

and consolidated sleep (indirectly assessed via the inbuilt algorithm of the sleep analysis

software). There were no statistically significant differences between pre-LE and LEweeks.

∧ = p < 0.05, indicating higher SE during weeks 3 and 4 than 5 (main effect of week; for

mean values in weeks 3–5 separately see also text); n = 20.

5.6 and 87.5 ± 5.8 (weeks 3 and 4) % to 86. 1 ± 6.8 % (week
5). When sleep analysis was performed only between pre-LE
and LE week 5, there were no significant differences (p > 0.36;
Supplementary Table 5) for any of the parameters.

Subjective Sleep Quality and Well-Being
Subjective sleep quality became significantly better for week 4
of the LE weeks (7.5 ± 1.5 mean ± SD) when compared to
the pre-LE week (6.8 ± 1.5; F4,63 = 2.7, p = 0.04; main effect
of WEEK). Table 4a shows the values for the pre-LE week and
the average of all LE weeks. For the time course of subjective
sleep quality, see Figure 2. The Supplementary Figure 2 shows
individual increases of subjective sleep quality in 15 of 20
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TABLE 4a | Subjective assessments for sleep quality [score 1 (very bad) – 10

(excellent)], and results from visual analog scales for relaxation (0 = extremely

relaxed, 100 = extremely tense), physical comfort (0 = physically comfortable,

100 = physically not at all comfortable), alertness (0 = extremely alert, 100 =

extremely sleepy) and mood (0 = bad mood and 100 = very good mood) on

visual analog scales (0–100mm).

Pre – LE week LE weeks

Subjective sleep quality* 6.83 (1.53) 7.25 (1.53)

Relaxation 37.6 (19.0) 36.6 (22.1)

Physical comfort 32.2 (17.7) 34.2 (20.3)

Alertness 35.9 (23.2) 32.7 (19.2)

Mood* 71.3 (16.7) 66.5 (18.2)

LE = light exposure; all values are indicated as means and SD (in brackets) for the pre –

LE week and the light LE weeks (i.e., average of weeks 2–5 when patients were exposed

to bright light); n = 20; * = p < 0.05, main effect WEEK.

FIGURE 2 | Subjective sleep quality score (1 = very bad sleep, 10 = excellent

sleep) averaged per week during 5 weeks for 20 subjects with glaucoma.

Mean values (black filled circles) and SEM are shown; LE = light exposure;

week 1 = pre-LE week; weeks 2–5 = LE weeks. * = significant differences

between weeks 1 and 4 (see text for mean value during week 4; p < 0.05).

participants during the LE weeks (subjective sleep quality data
for week 3 was missing from one participant).

For relaxation, physical comfort and alertness there was no
significant difference between pre-LE and LE weeks values. Mood
decreased in the first LE week compared to pre-LE, but was not
significantly different from pre-LE for the other 3 weeks (main
effect of WEEK, F4,62 = 2.7, p= 0.04).

Visual Comfort
In general, the enhanced daily bright light exposure was well-
tolerated by all participants and there were no negative reports
from the light exposure such as headache, discomfort glare or eye
strain. None of the 5 items of the visual comfort changed between
the pre-LE week and the LE weeks (main effect of WEEK; F4,61 <

1.5, p > 0.22). All visual comfort scores were on average in the
first half, that is, better comfort (item 1, 2, 5) or neutral (items 3,
4; i.e., in the middle, around 50; Table 4b). Visual comfort (and

TABLE 4b | Subjective daily assessments for visual comfort (five items) on visual

analog scales (1 – 100mm).

Pre – LE week LE weeks

I like the light in this room (yes – no) 31.4 (17.0) 30.0 (17.3)

The light is comfortable (yes – no) 30.7 (17.0) 30.1 (17.4)

This room is too bright/too dark 50.7 (13.3) 47.2 (11.5)

There is too much light to read/there is not

enough light to read

51.8 (13.8) 48.2 (10.6)

The glare in this room is

imperceptible/intolerable

35.4 (16.4) 34.1 (20.5)

LE = light exposure.

All values are shown as mean values and SD (in brackets) for the pre-LE week and LE

weeks (i.e., average of weeks 2–5 when patients were exposed to scheduled daily bright

light); n = 20.

well-being) data from one participant was missing for 2 weeks
during light exposure.

Correlations
To correlate changes between the pre-LE and the LE week, values
of the pre-LE week were subtracted from mean values of 4 LE
weeks for the circadian and sleep related parameters as well as the
subjective sleep quality and the VAS. Also, the difference between
pre-LE and post-LE was used for all pupil parameters from two
recordings, and the same was also done for the PSQI. There were
significant correlations for increased PIPR (at lower luminance;
56 cd/m2) during LE weeks with greater inter-daily stability (IS;
R2 = 0.275; p= 0.018; Figure 3, upper graph) and greater relative
amplitude of 24-h rest-activity cycles (RA; R2 = 0.296; p= 0.013;
Figure 3, lower graph) during LE-weeks. A statistical trend in
the same direction was observed for the higher luminance PIPR
(170 cd/m2) and relative amplitude (p = 0.07; R2 = 0.17). An
increase in subjective sleep quality during LE was correlated with
a lower global PSQI score post LE (a lower PSQI is better),
which suggests, that both assessments went in the same (positive)
direction (p = 0.04; R2 = 0.21; see Supplementary Figure 3,
upper graph). An increase in subjective mood during the LE
weeks was correlated with earlier wake time (p= 0.03; R2 = 0.23;
see Supplementary Figure 3, lower graph).

DISCUSSION

In a small group of patients with glaucoma of heterogeneous
types and without severe visual loss, we found that increasing
their daily light exposure during daytime by adding a table-
based light box in their home had a favorable effect on subjective
sleep quality and increased their melanopsin dependent pupil
response (PIPR). This effect was observed after only 4 weeks.
The scheduled bright light exposure, which was added to habitual
light exposure for 30min daily, did not alter or interfere with the
daily activities of the participants. The additional light exposure
did not alter timing or duration of habitual sleep nor did it change
24-h rest-activity cycles (both assessed from activity recordings).
There was an increase in PIPR at the end of 4 weeks of light
exposure and there was a significant correlation between the
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FIGURE 3 | Scatterplots (and regression lines) for significant correlations

between changes of the scotopic PIPR (to the lower luminance 1s light

stimulus at 56 cd/m2 ) and inter-daily stability (IS; upper graph; R2
= 0.275) and

with relative amplitude of rest-activity cycles (RA; lower graph; R2
= 0.296;

Pearson’s correlation; n = 20). Positive numbers indicate higher IS and RA as

well as greater scotopic PIPR (to the 1s light stimulus at lower luminance; 56

cd/m2) during LE weeks (compared to pre-LE; p < 0.05; n = 20.

change in PIPR and the change in 24-h amplitude and inter-daily
stability of rest-activity cycles during light exposure.

In line with our hypothesis, we found the melanopsin-
mediated pupil response, the PIPR, was greater after 4 weeks of
additional daytime light exposure. This change in PIPR suggests
that in patients with glaucoma, the melanopsin activity in viable
ipRGCs can adapt to different light levels if sustained over a
certain period. Why might we think that additional daytime
light exposure over 4 weeks is an adaptation response of the
melanopsin system? In a previous study, we had demonstrated
that the PIPR to a bright narrow-bandwidth short wavelength
light modulates with long-term changes in light timing, such as
seasonal changes of daylight (36, 47). In the current study, we did
not change the light exposure timing, but enhanced brightness
of light exposure in the morning over 4 weeks. We found a
greater PIPR at the end of 4 weeks without any substantial change
in timing of rest-activity, sleep duration or 24-h amplitude as
assessed from rest-activity recordings. The significant correlation

with higher relative amplitude and inter-daily stability (both
derived from rest-activity cycles over 4 weeks) with higher PIPR
after LE weeks suggests that there may be a common mode of
action conveyed by melanopsin, even though this correlation is
not taken as evidence for causality.

We cannot exclude the possibility that the increase in
subjective sleep quality is a “placebo” effect or linked to other
behavioral factors as it may be the decrease of mood between the
pre-LE week and the first week with LE. The absence of change in
the objective sleep (or circadian) parameters, assessed from the
activity recordings, when compared to the pre-LE week might be
taken as support for a placebo effect, especially since we did not
ask participants to adhere to a certain sleep-wake schedule. We
would argue that this seeming discrepancy in the subjective vs.
objective sleep evaluation may be a methodologic one. Given the
nature of this field study, we used rest-activity recordings as an
indirect objective measure of sleep whereas the studies assessing
sleep in a laboratory setting with standardized means, that is,
polysomnography, have demonstrated that improved subjective
sleep quality implicates objectively improved sleep. These studies
found that sleep continuity and rapid eye movement (REM) sleep
were correlated with subjective sleep quality (48) and that slow
wave sleep (“deep sleep”) was the best predictor for subjective
sleep quality (49).

Another minor but interesting result of our study was the
correlation between changes toward earlier wake times during
the LE weeks and better subjective mood when compared to
pre-LE. This goes along with well-established evidence for light
therapy outcomes for patients with mood disorders. Benedetti
and colleagues for example showed, (50) that a combination of
light therapy and sleep deprivation resulted in antidepressant
effects which were correlated with circadian phase advances of
rest-activity acrophases. Even though our patients with glaucoma
were not depressed, and we did not determine circadian phase
or found a difference in their sleep timing over 4 weeks, the
correlation with an earlier wake time and better mood during
the LE weeks (compared to pre-LE) points in a similar direction,
but will certainly need further consideration to confirm improved
non-visual functions in patients with ipRGC loss. We recognize
that 10 of 20 patients had an artificial intraocular lens (non-
blue-light blocking) which permits greater transmission of the
light into the eye compared to the natural lens of the other 10
patients. However, a previous study had shown no correlation
between lens transmission of blue light and pupil response (51).
The current study assessed the change in pupil response before
and after additional daytime light in a within subject-design, thus
lens status is not likely to be a confounding variable to our results.

A potential concern regarding use of a light box might
be the “blue light hazard.” Indeed there is a photochemical
risk to the retinal tissues of the eye associated with ocular
exposure to bright light sources such as the sun or welding
arcs (52). The term “blue light hazard” defines the optical
radiation risk for photochemical injury which peaks in the short-
wavelength (“blue”) part of the optical radiation spectrum around
435 to 440 nm. The International Commission on Illumination
(Commission Internationale de l’ Eclairage, CIE) published a
standard on this [as part of the CIE S 009:2002 “Photobiological
safety of lamps and lamp systems,” (53)] and states in its position

Frontiers in Neurology | www.frontiersin.org 7 January 2021 | Volume 11 | Article 58447915

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kawasaki et al. Light Exposure, Sleep, and Glaucoma

statement:. . . ’There is no evidence in humans of any adverse
health effects from occasional exposure to optical radiation at the
exposure limits.’. . . (54). The lamps in our study emitted a broad
spectrum white light and exposure followed the manufacturer
guidelines. Clinical follow-up of patients within months of study
participation did not demonstrate evidence of retinal toxicity.

This study is not a call for the use of light therapy for patients
with glaucoma. Rather, the study results lend further support
to the notion that patients in whom ipRGCs are damaged or
dysfunctional due to glaucoma (or other neuroretinal disorders)
may benefit from enhanced daytime light exposure which serves
as a more effective zeitgeber. In turn, better distinction of their
biological day and night may influence active synchronization
of the internal circadian clocks with the external 24-h day (also
called entrainment). While more daytime light may seem like
obvious good advice, it is not always apparent and in practice.
Most persons are indoors during many hours of the day (school,
workplace, home) and office lighting is far less bright than natural
daylight. Elderly persons tend to remain indoors for a variety of
reasons: medical problems such as unsteady gait or poor vision,
social issues such as fear of public transport, social isolation or
confined living in an institution and personal comfort such as
getting cold easily. This study has demonstrated that even a rather
short duration of added light exposure (30min) in a room is
beneficial and supports the general advice to elderly persons to
sit outdoors or go outside for 30min each morning.

Thus, while glaucoma patients can never recover the vision
lost from damaged retinal ganglion cells, they may be able
to maintain a robust day–night cycle and concomitant good
circadian entrainment which helps maintain high sleep quality.
This will indirectly support good daytime performance and

a sense of well-being. All these effects together might reduce
vulnerability for other co-morbidities such as depression and
disordered sleep. For this reason, further studies examining
optimized light (intensity and timing) for glaucoma patients
are needed.
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At its best, human-centric lighting considers the visual and non-visual effects of

light in support of positive human outcomes. At its worst, it is a marketing phrase

used to healthwash lighting products or lighting design solutions. There is no doubt

that environmental lighting contributes to human health, but how might one practice

human-centric lighting given both the credible potential and the implausible hype?

Marketing literature is filled with promises. Technical lighting societies have summarized

the science but have not yet offered design guidance. Meanwhile, designers are in the

middle, attempting to distinguish credible knowledge from that which is dubious to make

design decisions that affect people directly. This article is intended to: (1) empower the

reader with fundamental understandings of ways in which light affects health; (2) provide

a process for human-centric lighting design that can dovetail with the decision-making

process that is already a part of a designer’s workflow.

Keywords: human-centric lighting, lighting quality, non-visual action of light, circadian light effects, alertness

INTRODUCTION

Human-centric lighting is an idiom intended to describe lighting solutions that considers the
traditional elements of lighting quality that are rooted in human vision while simultaneously
incorporating new insights about the non-visual effects of light. Recently, Houser et al. (1) outlined
the rise of human-centric lighting and its current status in lighting. That manuscript describes a
range of visual and non-visual responses and the eye-brain pathways that drive them, outlines the
agreed upon science that can inform the practice of human-centric lighting, and offers general
guidance for the practice of human-centric lighting. That work asserts that human-centric lighting,
also called integrative lighting (2, 3), is not a product feature, and that lighting products that claim
to improve sleep or performance should be met with skepticism.

Instead, human-centric lighting begins with effective prioritization of design goals and is
an outcome of good decision making at every step in the lighting design process. Human-
centric lighting begins with project conceptualization, and continues through prioritization of
design goals, architectural design (including daylighting design), lighting equipment specification,
commissioning, and operation of the lighting systems. Successful implementation requires
buy-in from all stakeholders involved in building design, construction, and operation,
including occupants.

The stakeholders with the most at stake are occupants, since it is their health, well-being, and
cognitive performance that we are concerned about. Yet, designers cannot influence light exposure
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when occupants are elsewhere, such as at home, in transit,
or in other buildings. Individual outcomes will vary based on
individual lifestyles and habits. As will be expanded upon later,
the best that a designer can do is to provide the proper light at the
proper time for the projects that they design.

Since many American adults spend about 90% of their time in
buildings (4, 5), we believe that human-centric lighting should
almost always be a part of a designer’s scope and a building
owner’s desires. For the many people that spend their time
indoors, days are dimmer and nights are brighter than would be
experienced in nature (6–8). Thus, while natural light from the
sky and sun is ideal for many health outcomes associated with
light, electric lighting has a critical role in supporting human
health in the modern world.

Implementing a successful human-centric lighting solution
is complex. The goal of this work, therefore, is to outline
the early stages of the design process for projects where
human-centric lighting is deemed important. We offer a five-
step process that will help organize information gathering and
decision-making. Though no standard for biologically effective
lighting has gone through the full consensus process required
by ANSI, ISO, or IEC, we consider compliance with WELL
v2 (9) and UL Design Guideline 24480 (10) as they may
be appropriate for some projects. In support of informed
decision making, we summarize relevant responses of people
to light and lighting. Our review is intended to not overwhelm
the reader with every study that links light with human
physiology. Instead, we offer enough background to describe
the unequivocal physiological responses to light, including why
such responses may not always affect real-world outcomes. The
content covered in this manuscript is complemented by reviews
by others (1, 11–16).

FOUNDATIONAL CONSIDERATIONS

The goal of this section is to succinctly introduce the principles
of human-centric lighting in support of conversational
understanding of the most relevant considerations for
lighting design.

The Stimulus Response Relationship
Between Light and Human Outcomes
Figure 1 is a schematic of the stimulus response relationship
between light and human outcomes. The top four categories are
lighting variables that can be manipulated in the design of a light
stimulus, whether in lighting experiments or in the design of the
built environment. These categories are temporal pattern, light
level, light spectrum, and spatial pattern.

These four aspects of the light stimulus can be manipulated
to influence two categories of human responses to light, visual
and non-visual, as illustrated in the middle of Figure 1. A
visual response is an eye-brain response that enables sight,
contributing to visual performance, the visual experience
including emotional responses, and visual comfort (or
discomfort, as with glare). Non-visual responses might also
be called non-image forming (NIF) effects of light, biological

responses, or physiological responses. CIE adopted the phrase
ipRGC-influenced light responses (18) and IES uses the
phrase visual, circadian, neuroendocrine, and neurobehavioral
responses (19). Circadian responses are internal biological
processes that occur on a roughly 24-h period, such as the
sleep-wake cycle. Neuroendocrine responses refer to how the
brain regulates hormones, such as expression of melatonin.
Neurobehavioral responses refer to the relationship between the
action of the nervous system and human behavior. The IES
terminology is adopted in the bottom of Figure 1 because this
collection of responses encompasses all the ways that light may
affect people through the eyes. Table 1 provides examples of
physiological and psychophysical responses that are important
to human health, well-being, cognition, and performance, and
which may be influenced by light and lighting over different
time periods.

The four categories of lighting variables identified in the top
row of Figure 1 have unequal influences on non-visual responses
to light, and thus contribute unequally to the biological potency
of a light stimulus. Biological potency refers to the strength of
influence of a light stimulus on a human biological response.

The temporal pattern is most important to non-visual
responses because the brain tells time by observing nature’s daily
pattern of light and dark (20). The same light stimulus may be
beneficial at one time of day but detrimental at another. For
day-active people—that is, people who are active during the day,
relatively less active in the evening, and sleep at night—bright
light in the morning and during the day will support health,
whereas bright light in the evening may delay the onset of sleep
and be detrimental to health.

At any given time, the biological potency of a light
stimulus can be altered first by adjusting light level and
second by adjusting light spectrum. Brighter light with
proportionally more short-wavelength radiation, coinciding with
the melanopsin action spectrum, is more biologically potent
than dimmer light with proportionally less short-wavelength
radiation that coincides with the melanopsin action spectrum.
At constant illuminance, broadband sources with a higher
CCT are often more biologically potent than those with a
lower CCT, though this depends upon how biological potency
is quantified. CCT, however, is a one-dimensional reduction
of a light source SPD that cannot reliably predict biological
potency, a limitation that is especially apparent for color-
mixed LEDs (21, 22) or any other SPD with pronounced peaks
and valleys.

With respect to the spatial pattern of light, light exposure on
the lower retina more effectively suppresses melatonin than light
on the upper retina (23), and light exposure on the nasal side
of the retina is more biologically potent than light exposure on
the temporal side of the retina (24, 25). In building interiors,
these effects are likely dwarfed by gaze direction. Looking toward
a bright window will produce a more biologically potent light
stimulus than looking toward a dimly lit interior wall. Lighting
criteria for vision are at task locations and are often oriented
horizontally (26), whereas criteria for circadian lighting design
are at the plane of the occupant’s eyes and are oriented vertically
(9, 10, 27). There are opportunities for novel lighting solutions
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FIGURE 1 | An overview of the stimulus (top) response (bottom) relationship between light and human responses, with a schematic subdivision of the visual and

non-visual responses. At the top level, the temporal pattern relates the timing and duration of exposure to a light stimulus, spatial pattern refers to the spatial

distribution of light in the three-dimensional light field, light spectrum refers to the spectral power distribution (SPD) that governs color qualities, and light level refers to

the quantity of light in radiometric or photometric units. These four factors contribute to the biological potency of the light stimulus. Designers often vary factors

together, though any of the factors can be disengaged from any other. Researchers usually vary just a small number of factors, sometimes only one, to isolate cause

and effect. Non-lighting factors not shown such as age and chronotype moderate the effects of light on people and are important in practice. This figure only considers

the effects of light through the eyes; the effects of optical radiation on or through the skin are not considered here. Figure inspired by de Kort and Veitch (17).

TABLE 1 | Examples of psychophysical and physiological responses that are influenced by light and lighting.

Time Course Psychophysical Physiological

Immediate (seconds or minutes) • Brightness perception

• Visual amenity

• Visual discomfort

• Attention response

• Pupil size

• Acute melatonin suppression

• Luminance adaptation

• Short-term chromatic adaptation

Delayed (hours, days, or weeks) • Mood

• Cognition

• Motivation

• Circadian phase shift

• Sleep quality

• Long-term chromatic adaptation

Long-Term (months or years) • Productivity

• Depression

• Stress

• Poor health

• Seasonal affective disorder

• Depression

Psychophysical responses are largely though not exclusively driven by the visual pathway and physiological responses are largely though not exclusively driven by the non-visual pathway

(see also Figure 1). Every item in this table is subject to influence by non-lighting factors. For example, even an immediate effect like pupil size may be affected by signals from other

senses. The longer the delay between the stimulus and the response, the more opportunity there is for other factors to influence the response.

that balance the need to deliver light at the plane of an observer’s
eyes without causing visual discomfort.

Quantifying the Biological Potency of Light
for Human-Centric Lighting Design
Visual and non-visual responses are driven by photoreceptors
that reside in the retina and send signals to the brain. Visual
responses in humans are largely driven by the rods and
cones. Non-visual responses are largely driven by intrinsically
photosensitive retinal ganglion cells (ipRGCs) (28, 29). The
ipRGCs combine their own intrinsic response to light with

extrinsic inputs from the rods and cones (30). Though the

understanding of the balance between extrinsic and intrinsic
signaling in the various ipRGC subtypes (31) is incomplete, it
is known that all photoreceptors contribute to both visual and
non-visual responses.

There are two prevalent methods for quantifying light as
a non-visual stimulus: (1) based on the spectral response
of the photopigments in the rods, cones, and ipRGCs (18,
32), (2) based on nocturnal suppression of the hormone
melatonin (33–36).

Equivalent Melanopic Lux (EML) introduced by Lucas et al.
(32) is computed as the product of Photopic Illuminance, E, and
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the Melanopic Ratio, R, where:

EML = (E)(R) (1)

EML is expressed in units of melanopic lux (m-lux), which is
not recognized by the International System of Units (SI). R is
computed as the ratio of a light source’s melanopsin-activating
radiation to its photopic-activating radiation, multiplied by
1.218, which guarantees that R = 1.0 for the Equal Energy
illuminant. R is unitless and ranges from ∼0.45 to 1.70. On
average, light sources with a higher CCT also have a higher value
for R.

CIE has proscribed the use of EML and has proposed an SI
compliant quantity as its replacement (18). Melanopic Equivalent
Daylight Illuminance, melanopic EDI, ED65

v,mel
, or “mel-EDI” for

short, is the illuminance of standard daylight (D65), at a point,
that provides equal melanopic irradiance as the test source. For
example, a mel-EDI of 100 lx means that the light source under
evaluation produces the same amount of melanopsin-activating
radiation as 100 lx of daylight at 6,500K. It is computed as
the product of photopic illuminance, Ev, and the melanopic
Daylight Efficacy Ratio, melanopic DER, γD65

v,mel
, or “mel-DER” for

short, where:

ED65v,mel = (Ev)
(

γ
D65
mel,v

)

(2)

ED65
v,mel

(mel-EDI) is expressed in units of lux, which is an SI-

compliant unit. γ
D65
v,mel

(mel-DER) is computed as the ratio of
a test source’s melanopic efficacy of luminous radiation to the
melanopic efficacy of luminous radiation of D65.Melanopic DER
is unitless and ranges from ∼0.40 to 1.60. EML and mel-EDI are
related by a scalar multiplier, where

EML≈(mel-EDI)(1.103) (3)

A limitation of the Lucas et al. and CIE methods is that they
are based solely on photopigment signals, yet it is unknown
how photopigment signals are combined by photoreceptors and
processed by the brain. Understanding of how EML and mel-
EDI relate to non-visual outcomes in real-world settings is
incomplete. The CIE method is the only consensus standard
for characterizing the instantaneous biological potency of a light
stimulus, but it comes with the caveat that quantities derived
using the CIE system may not necessarily represent how light
influences non-visual responses in real-world settings.

Circadian Stimulus (CS) is a non-linear model of human
nocturnal melatonin suppression that is based on the quantity
and spectrum of light and assumes 1-h of exposure time (33–36).
CS models a hypothesized relationship between the retina and
pineal gland as operating on a spectral opponency between the
“blue” and “yellow” channels, from which Circadian Light, CLa,
values are determined. CS is calculated by fitting CLa values to
a four-parameter logistic function. CS is expressed as a decimal
percentage of melatonin suppression. CS ranges from 0.00 (0%)
to 0.70 (70%). Though CS is a measure of melatonin suppression,
it is intended to be relevant for the regulation of circadian
rhythms. A limitation of CS is that melatonin suppression and

circadian phase shift are not proxies for each other (37), and
CS does not necessarily represent how light influences other
non-visual responses.

There are publicly available calculators for computing the
above quantities. For a Microsoft Excel calculator to compute
EML see IWBI (38). For a Microsoft Excel calculator to compute
mel-EDI see CIE (39). CS can be computed using an online
calculator (40) or Microsoft Excel (41). Computation of EML,
mel-EDI and CS require two inputs, a light source’s spectral
power distribution (SPD) and photopic illuminance at the plane
of the eye. In principal, these quantities can be measured on
site—though the complexity and cost of doing so in a non-
cursory way must be acknowledged. It should also be understood
that instantaneous measurements may not be representative of
mean light exposure, which is almost always transitory and
varies with things such as view direction, instantaneous daylight
exposure, and lamp aging factors such as lumen depreciation
and spectral changes with time. There are recommendations for
measurement and reporting of light exposure in experiments
(42, 43), with some recommendations being transferable to field
settings. Spectral lighting software is available to investigate some
of these measures via simulation (44, 45).

Responses to Light That Matter
Humans have a wide range of visual and non-visual responses
to light. Human outcomes most commonly relevant in applied
lighting are visual performance, visual experience, visual comfort,
circadian phase-shifting, and alertness. This prioritization is
similar to the response headings in Figure 1, but not identical
since here we are endeavoring to be more explicit. For example,
while alertness, melatonin suppression, and pupil size can all
be acute responses, we believe that alertness is more tangible in
daily life.

Visual performance refers to the ability of the eye/brain system
to gather and process visual information to perform a task.
Visual experience refers to the perceptual response to illuminated
environments, including evoked perceptions and emotions such
as feelings of relaxation, tension, spaciousness, closure, and the
like.Visual comfort is a reference to the perceptual response to the
qualities and quantities of light in an environment, and whether
they result in comfortable or uncomfortable seeing. Since visual
discomfort is usually simpler to define than visual comfort, a
visually comfortable environment is often defined as one that
does not create visual discomfort. Circadian phase-shifting refers
to the ability of light to advance or delay the circadian clock, and
so sleep timing. Alertness refers to light’s potential to moderate a
person’s state of sensory awareness and active attention. These
five categories are not exhaustive and may not receive equal
prioritization in a design solution. For example, the primary goal
in retail lighting may be to encourage sales (46) and in open
surgery visual performance will dominate the design criteria (47).

Visual performance, visual experience, and visual comfort
have undergone decades of research and are the basis for
lighting industry standards, recommended practices, and design
guidelines. Of the various non-visual responses to light, alertness
(48, 49), melatonin suppression (50, 51), and circadian phase
shifting (51, 52) have been most extensively studied, mostly
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in laboratory settings. Pupillary response (53, 54), heart rate
(55, 56), mood state (57, 58), and body temperature (55, 56) have
also been studied, as has student performance in school settings
(59–62), workspaces (63–66), and senior living centers (67). In
this section we summarize considerations related to circadian
entrainment, alertness, and performance of students and office
workers since these considerations are especially relevant to how
lighting design influences human health.

Circadian Entrainment

Circadian rhythms are biological rhythms with predictable
changes in magnitude that repeat on a period of about 24 h.
Examples include core body temperature, alertness, and the
concentration of melatonin. Circadian entrainment is a stable
relationship between a biological rhythm and an external
environmental cue. A circadian phase shift is a change in the
timing of circadian rhythms, where a phase-advance means
that bedtime and wake-up time will move earlier in the day,
and a phase-delay means that bedtime and wake-up time will
move later in the day. The light/ dark cycle is the most
important exogenous cue for entraining circadian rhythms.
Reduced contrast between day and night can weaken circadian
entrainment (6).

Acute suppression of the hormone melatonin is much easier
to measure than changes in circadian rhythms and has been
treated as a proxy measure in some of the studies endeavoring
to study the effects of light on circadian health (33, 34, 36, 68, 69).
Unfortunately, acute melatonin suppression by light may not be a
suitable proxy for other physiological responses, such as circadian
phase shifting and alertness (37, 70). The human circadian system
adapts to prior light exposure (71), light exposure earlier in the
day affects the biological potency of light later in the day (72–
75), extended periods under dim light may negatively impact
subsequent sleep (76), and there is considerable interindividual
variability in the response to evening light (77). Collectively,
these findings suggest nuance in the human circadian response
to light, raising questions about the veracity of numerical design
targets for circadian lighting design. For example, the CS targets
in UL 24480 (10) are based on research that characterizes
acute melatonin suppression after a 1-h exposure to light, yet
compliance with the UL standard requires a minimum of a 2-
h exposure of CS > 0.30 between 7 a.m. and 4 p.m., and is
intended to support a broad range of health outcomes for all
day-shift workers.

Daylight naturally provides bright days and dark nights,
creating both the cycle and light/dark ratio that is essential
for circadian entrainment (78, 79). Daylight offers other
psychological and physiological benefits (80–82) and, whenever
possible, should play a key role in human-centric lighting
design (83).

Alertness

The potential to use light to enhance alertness and improve
cognitive performance is of interest to educational institutions
and knowledge-work environments. Organizations that operate
24/7 may also aspire to reduce errors and increase safety by using
light to enhance nighttime alertness of employees.

The alerting response has largely been characterized in
laboratory settings during nighttime. The acute alerting
properties of light have been compared to that observed after
caffeine consumption (84). In laboratory settings, light has
reduced attentional lapses, decreased subjective sleepiness,
improved alertness, and enhanced performance on some
cognitive tests (11, 15, 85–87). The alerting effects of light may
be stronger at night than during the day (87). During daytime
hours, improvements in alertness may be minimal for well-rested
people (88). Many studies of alertness and cognition have shown
mixed results where some measures have improved but others
have not (15, 89–92).

Alertness is commonly characterized using an objective
assessment of sustained attention (93) or a subjective alertness
measure (94). An advantage of these standardized tests is that
they are sensitive to sleep deprivation and have a large base of
prior literature for comparison. More complex tasks, however,
may be resistant to the short-term alerting effects of light. The
generalizability of simplistic assessments of attention to real-
world outcomes is questionable.

In their review, Souman et al. (15) concluded that increasing
the intensity of white light sometimes increases subjective
ratings of alertness, that the effect of CCT on subjective
alertness is unclear, and that no studies show a systematic
relationship between alertness and wavelength. The meta-
analysis by Brown (95) suggests a sigmoidal relationship between
subjective sleepiness and mel-EDI (18). Others have shown that
light without short-wavelength content can maintain subjective
alertness without suppressing melatonin (96, 97), and that long-
wavelength (red) light can elicit an alerting response during
daytime hours without acute melatonin suppression (98). Few
studies have tested the potential alerting benefits of architectural
lighting relative to operational outcomes in real-world settings.
Despite the consensus that light influences alertness, especially
in controlled settings, and general guidance in the peer-reviewed
literature (99), no consensus body has offered lighting criteria
that implies a direct stimulus response relationship between light
and alertness.

Student and Office Worker Performance

There is some evidence that lighting influences student
performance. Early evidence demonstrated a positive connection
between the presence of daylight in classrooms and student
performance (100). More recently, classroom lighting with
relatively more short-wavelength radiation was shown to
improve cognitive processing speed in high school students
(59), improve concentration in elementary school children (60),
and improve oral reading fluency performance in third-grade
students (61). Lighting that varies in color temperature
and illuminance was shown to increase attention and
reading speed of elementary and high school students (62).
Collectively, these studies suggest that architectural lighting,
including daylight, has the potential to positively impact
student learning.

There is also some evidence that lighting influences knowledge
worker performance. Lighting with a very high CCT of
17,000K was employed within a shift-working call center
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(63) and in an office setting (64). Mills et al. found mean
improvements on fatigue, alertness, daytime sleepiness, and
work performance. Viola et al. found mean improvements on
alertness, mood, daytime sleepiness, evening fatigue, and work
performance. Office workers in windowless environments self-
reported poorer well-being and sleep quality in comparison
to workers with access to windows (65). View very likely
plays a role, but the reported positive effects of daylight
and view have not yet been disentangled (101). Figueiro
et al. (66) linked daytime light exposure to the sleep
quality and mood of office workers. Collectively, these studies
suggest that architectural lighting, including daylight (and
view), has the potential to influence office worker well-being
and performance.

External Validity
External validity is the extent to which results can be applied
to other people or contexts that differ from the specific
circumstances of the experiment (102). Outside of laboratory
settings, responses to light do not occur in isolation. The same
light stimulus may simultaneously influence none or many
biological responses. A biological response may or may not
translate to a change in performance or overall health. Any of
the outcomes mentioned above can be influenced by factors
other than light, such as age, climate, diet, disease, exercise,
genetics, medications, mental health, pregnancy, sleep habits,
stress, and travel. Responses evoked by light may also be evoked
by other sensory inputs, such as an attention response evoked
by auditory (103) or olfactory (104) stimuli. While light is
indeed potent, it is important to consider the effects of light
in a broader context that includes other sensory and non-
sensory inputs.

Of the field studies available, many have used participants with
limited or less-common exposure to light, such as elders with
limited mobility (67, 105–107), night shift workers (108–111),
fatigued cancer survivors (112), hospitalized patients (113), and
infants (114). In most of these studies, the benefit of lighting was
modest or the outcome was mixed.

The least studied group are healthy adults that work during
the day, sleep at night, and who have exposure to daylight.
For this group, if electric light exposure is compliant with
guidelines for vison (26, 115), it is unclear the degree to
which changing the lighting will affect non-visual outcomes.
While laboratory studies have demonstrated the capacity and
potential of light to influence non-visual outcomes, more field
studies are needed to understand the veracity of the effects in
real-world settings.

A FIVE-STEP DESIGN PROCESS FOR
HUMAN-CENTRIC LIGHTING

Though there is still much to learn, enough is known today
to at least offer a framework for addressing visual and non-
visual outcomes through lighting design decisions. The five-step
process outlined below augments the already well-established
lighting design processes (116) and can be used to integrate

human-centric lighting design concepts into design practice.
Table 2 provides an overview of the process with examples for
select application types.

Step 1: Characterize the Lighting
Application
The first step is to establish the application’s primary tasks
and activities, when they occur, and the desired outcomes or
operational goals. For example, healthcare environments are
typified by the intent to prevent, cure, or treat illness. Operational
goals will likely include improving patient health and well-being,
which often requires visual evaluation, diagnostic testing, and
interpersonal communication. Architectural design and human-
centric lighting strategies should support these activities.

A thorough understanding of desired outcomes will guide
prioritization of design criteria and facilitate rational design
decisions when all outcomes cannot be simultaneously achieved.
For example, in a healthcare environment, temporary visual
discomfort of a patient may be acceptable if it increases the speed
and efficacy with which a caregiver can diagnose and administer
treatment (e.g., over-bed patient exam lights tends to be very
bright when viewed from the perspective of a patient, but are
necessary for the caregiver). In an office environment, such visual
discomfort would likely affect productivity and would therefore
be unacceptable. There is no one-size-fits all approach.

Step 2: Determine the Likely Sleep-Wake
Cycle(s) of Occupants
Determine if the application includes day-active people, night-
active people, or both. Occupants that are day-active/night-
inactive have wake-sleep cycles that are largely synchronous
with the day-night cycle. Their lighting needs may conflict with
occupants that are night-active/day-inactive and who have wake-
sleep cycles that are largely asynchronous with the day-night
cycle. Day-active people benefit from light with high biological
potency during the morning and daytime, low biological potency
in the evening, and as little biological potency as possible
at night. Night-active people need nighttime illumination to
adequately and safely perform personal or professional tasks
while minimizing the potential negative human outcomes
associated with an asynchronous sleep-wake cycle and nighttime
light exposure.

For example, education settings are likely to have
predominately day-active occupants, 24/7 industrial facilities
may have day-active or night-active people sequentially
throughout the day as the work shift changes from day-shift, to
second-shift, to night-shift, and healthcare facilities may include
both day-active and night-active occupants simultaneously.
Applications with both day-active and night-active people—
either sequentially or simultaneously—may require specialized
design solutions that include advanced lighting controls
(e.g., controlling zones, scenes, intensity, spectrum) and/or
architectural interventions (e.g., barriers to block obtrusive light,
temporary or permanent partitions to create zonal workspaces)
that rethink traditional architectural and spatial relationships.
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TABLE 2 | A sample of representative application-specific examples.

Application Characteristics Step 1 Step 2 Step 3 Step 4

Operational goals Likely occupant

sleep-wake cycle

Occupant sleep needs Human-centric

lighting principlesa,b

Military and

Maritime

• Demanding environment

with low tolerance

for errors

• Safety

• Achieve mission

objectives

• Maximize energy

efficiency

• Maximum

system reliability

• Applications are likely to

have both day-active and

night-active people, or

both simultaneously

• Application is likely to

have a mix of sleeping

and active occupants

A, B, C, D, E, F

Healthcare • Environments intended to

prevent, cure, or

treat illness

• Safety

• Save lives

• Improve patients’ quality

of life

• Minimize suffering

• Patients: likely to be

day-active, but may be

night-night active as well

• Care providers: doctors

and nurses are likely to be

both day-active and

night-active depending on

the shift and the type of

healthcare environment

• Application is likely to

have a mix of sleeping

and active occupants

• Sleeping occupants

consists of patients using

inpatient services

A, B, C, D, E, F

Hotel • Strong need for aesthetic

considerations and

brand-conscious design

• Create mood and

atmosphere consistent

with brand identity

• Accommodate guest

sleeping and

waking needs

• Guests: Quite variable,

with many suffering from

jet lag

• Employees: 24/7

operation requires some

day and some

night workers

• Guest have a variety of

sleep needs due to

circadian phase shifts

from different time zones

B, D, E

Education • Environments dedicated

principally to teaching

and learning

• Learning • Mostly day-active people,

though likely

working/studying into

evening hours

• Application is unlikely to

have sleeping occupants

A, B, C, D, E

Industrial and

Commercial

• Productivity is important

• May be non-specific

productivity, such as

increasing attentiveness

of office workers

• May be task-specific

productivity, such as

minimizing assembly

line errors

• Safety

• Productivity

• Day-active

• Some applications, such

as 24/7 industrial

facilities, may include

night-active workers

• Application is unlikely to

have sleeping occupants

A, B, C, D, E, F

There could be many sub-categories within each row that are not shown.
aAll applicable codes and standards must also be addressed, including those related to safety and energy.
bRefer to Table 3 for published WELL v2 and UL guidelines.

Key for human-centric lighting principles

A Comply with recommended practice for light level and quality, as from CIBSE (115) or IES (26).

B Address lighting quality (e.g., low glare, no flicker, good color rendition).

C Maximize daylight exposure/outside view while controlling for possible glare from the sun and sky.

D Consider psychological reinforcement (e.g., positive distraction in healthcare, color tuning in classrooms, aesthetics in hotels).

E Evaluate/consider WELL and/or UL guidelines for day-active people where applicable.

F Provide light to promote visual performance for nighttime activities where applicable.

It is especially challenging to address the needs of workers
with rotating shifts, such as nurses that cycle between dayshifts
and nightshifts. During periods of rotation, the circadian
pacemaker is playing perpetual catch-up to the changing
timing of the light exposure rhythms. The optimal lighting
solution for an occupant with a rotating shift may differ
from the optimal lighting solution for an occupant with a
permanent shift, even when both people occupy the same
environment at the same time and are performing comparable
work tasks.

Step 3: Determine the Sleep Needs of
Occupants
Determine if the application includes sleeping occupants.
If yes, determine if the sleeping occupants will be day-
active, night-active, or both. Darkness promotes sleep and
spaces where occupants will sleep should be as dark as
possible while providing enough light for safe navigation
(27). For day-active people sleep occurs primarily in the
evening and throughout the night—this may require
window treatments to block intrusive light. For night
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active people, sleep occurs primarily during daytime
hours and window treatments or eye coverings are almost
certainly necessary.

For example, healthcare environments are likely to have a
combination of occupant needs: day-active (or night-active)
patients seeking treatment during the day (outpatient);
day-active (or night-active) patients seeking treatment
over several days (inpatient), with both active and sleep
requirements; and the healthcare workers that provide care,
and who may be day-active or night-active, depending on
the shift. These groups have separate and distinct needs
that change throughout the day and the interplay between
conflicting needs by different occupants demands careful
examination, including prioritization and a considered
understanding of tradeoffs. See Zee and Goldstein (117)
for guidance about using light and sleep hygiene practices
to improve outcomes for people with non-traditional
work schedules.

Step 4: Review Published Human-Centric
Lighting Guidance
Human-centric lighting design can be informed by industry
guidelines that endeavor to bridge the gap between scientific
understanding and guidance for application. Organizations
like the Society for Light and Lighting and the Illuminating
Engineering Society (IES) provide standards that focus of visual
outcomes (26, 115). The WELL Building Standard (WELL)
(9) and Underwriters Laboratory (UL) (10) each recommend
quantitative design targets for circadian lighting design. The
WELL standard has changed threshold values over time; to
our knowledge, the rationale for the threshold design targets
and changes to the thresholds has never been disclosed. The
IES maintains that, to ensure transparency and involvement of
relevant constituencies, any recommended practice related to
light and health should be a consensus document developed
through an accredited ANSI process (118), which was not done
with either the WELL or UL standards. DIN SPEC 67600 also
provides design guidelines for biologically effective illumination
(119). DIN SPEC 67600 was not developed through the full ISO
consensus standards process, which is why it bears the “SPEC”
modifier in the title (120).

The WELL criteria are based primarily on EML (32), while
also allowing compliance with mel-EDI (18) or CS (36). UL’s
criteria are primarily expressed using CS while also allowing
compliance using EML or photopic illuminance. Both WELL
and UL have exposure times and durations associated with their
recommendations. The UL standard is limited to promoting
circadian entrainment for day-active and night-inactive people
in commercial, educational, and industrial settings, while
encouraging consideration of other legitimate design goals such
as glare and color quality. The WELL standard is also intended
to promote circadian entrainment, while also including explicit
pass/fail criteria related to illuminance, glare, visual comfort,
access to daylight, views, color quality, flicker, and personal
control. Both systems endeavor to promote a comprehensive
approach to human-centric lighting. The criteria related to

circadian entrainment for the UL and WELL systems are
provided in Table 3. The criteria are based on the temporal
pattern of light exposure (time of day and duration of exposure),
light level, spectrum, and the location where the light is delivered.
While Table 3 is current as of the date of this article, it is prudent
to check for updates since recommendations may change.

Brown et al. (27) provide recent and noteworthy light
exposure recommendations for healthy adults with regular
daytime schedule. They recommend mel-EDI ≥ 250 lx
throughout the day, mel-EDI ≤ 10 lx in the 3 h before bedtime,
and sleep environments as dark as possible (mel-EDI ≤ 1 lx). All
measurements are at the plane of an observer’s eye, simplified
as a vertical plane at ≈ 1.2m height. Insofar as possible, these
recommendations should be applied daily at the same time of
day. These recommendations are not intended to supersede
existing guidelines related to visual function and safety; rather,
they are additional criteria to be considered by lighting specifiers.
The daytime criteria of Brown et al. (27) are higher in quantity
and longer in duration than both the WELL and UL criteria.

WELL v2 (9), UL 24480 (10), and Brown et al. (27) provide
pass/fail criteria that facilitate ease-of-use in practice but may
promote a false sense of precision. Considerations of precision
and accuracy are relevant (121) since they can complicate
the debate about how to establish metrics and thresholds
that serve both vision and autonomic body functions that are
influenced by light. It is already appreciated that under many
circumstances great precision is not needed when designing
lighting systems. The IES Lighting Handbook (26) suggest that,
at time of occupancy, illuminance measurements within 30% of
the target are sufficiently accurate for most applications. Similar
considerations are likely relevant for non-visual effects, since
physiological responses are modulated by large relative changes
more so than by small fractional changes. The key considerations
in Well v2 (9), UL 24480 (10), and Brown et al. (27) focus
on defining the magnitude of photic stimulation at the plane
of the eye, linked to time of day, for a given length of time.
While the recommendations available today are not identical,
they are comparable in manner and degree, which we view as
progress toward consensus. The fuzziness that exists today is not
a problem since estimates need not be overly precise or accurate
to be useful in lighting practice. We believe WELL v2 (9), UL
24480 (10), and Brown et al. (27) all move lighting practice in
a positive direction by encouraging consideration of non-visual
responses to light and by providing quantitative target that can
inform the development of design criteria.

Step 5: Put It All Together
Once the application characteristics and operational goals have
been defined, the occupants’ sleep-wake cycles established,
occupant sleep requirements have been determined, and
published guidance has been reviewed, design criteria and
numerical design targets can be established. Recommendations
from WELL, UL, CIBSE, and IES provide guidance, but it
is ultimately the duty of the design team, in consultation
with the building owner, to balance the relative importance
of visual and non-visual needs. The WELL and UL
circadian lighting guidelines are specifically for day-active
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TABLE 3 | Guidelines published by the WELL Building Standard v2 and Underwriter’s Laboratory 24480.

Standard Temporal pattern Lighting quantity (Note: these are a function of light level and spectrum) Location

Timing of

exposure

Duration of

exposure

Circadian

stimulus (CS)

(Percent)

Equivalent

melanopic Lux

(EML)

(Melanopic Lux)

Melanopic

equivalent

daylight

illuminance

(Melanopic EDI)

(Lux)

Photopic

Illuminance (Lux)

WELL v2.0

Requirements for

1 point

At least between

the hours of 9 a.m.

and 1 p.m. Light

levels may be

lowered after 8

p.m.

Minimum of 4 h. ≥0.30 (if electric

light only)

≥150 (if electric

light only)

≥120 from electric

lighting (if certain

daylighting criteria

are met)

≥ 136 (if electric

light only)

≥109 from electric

lighting (if certain

daylighting criteria

are met)

N/A Vertical plane at

eye level

WELL v2.0

Requirements for

3 points

At least between

the hours of 9 a.m.

and 1 p.m. Light

levels may be

lowered after 8

p.m.

Minimum of 4 h. N/A ≥240 (if electric

light only)

≥180 from electric

lighting (if certain

daylighting criteria

are met)

≥ 218 (if electric

light only)

≥163 from electric

lighting (if certain

daylighting criteria

are met)

N/A Vertical plane at

eye level

UL 24480 7 a.m.−4 p.m. Minimum of 2 h,

morning

If not full period

≥0.30 Comply with

WELL criteria

shown above

based on desire

for 1 point or 3

points

N/A ≥500 Vertical plane at

eye level

5–7 p.m. During full period ≤0.20 N/A N/A

After 8 p.m. During full period ≤0.10 N/A N/A

Note that where alternative compliance paths are offered, either CS, EML, EDI, or Photopic Illuminance can meet the criteria.

(night-inactive) people; stakeholders will need to use
their best judgement when designing lighting systems
for people who do not fit this profile or where multiple
populations or people with different schedules occupy the
same spaces.

Lighting design demands consideration of competing criteria.
Prioritization may be needed to balance tradeoffs between visual
and non-visual design goals. For example, bright light during
the day is expected to better support non-visual outcomes
for day-active people. But, if the light is so bright that it
creates glare, then productivity may suffer. Higher light levels
also require more energy, which may not be compatible with
required energy codes (122). As another example, darkness
is most desirable at nighttime for circadian health, but light
may be needed to support safe navigation. Such difficult
tradeoffs are best addressed by competent professionals and
thoughtful clients that are willing to prioritize needs and define
expected outcomes.

Design teams work on projects on a per-project basis,
where a typical project may be a building or a subset of
spaces within a building. Yet, people transition through many
buildings and spaces through the course of a day, week, month,
and year. Coworkers or classmates may have very different
spectral diets (123), which will moderate the manner with
which comparable workplace or school lighting affects individual
outcomes. Individuals have different levels of control over their
exposure to light. Some people may be able to take morning

and lunchtime walks and limit screen use at night. Others
may have limited mobility or inflexible work schedules. Even
longitudinal position within a time zone affects cancer risk,
likely due to varying degrees of circadian disruption (124).
Though the design team cannot control these and other pertinent
factors, designers have some control over the light stimulus
received by occupants in the spaces they design. By providing
light with appropriate qualities (e.g., intensity, spectrum, spatial
pattern, controllability) at the right time of day, designers
can support good outcomes even against this background
of uncertainty.

CONCLUSIONS

For day-active people, visual and non-visual needs are generally
synchronized. While light from the sun and sky naturally
provides the cycle and light/dark ratio that supports circadian
health, electric lighting has a critical role since most of us
spend most of our time indoors (4, 5). Architecture, glazing,
lighting equipment, and lighting control solutions can be used
in combination to deliver biologically potent light during
the day while minimizing light exposure as night, all while
balancing traditional factors such as color quality, flicker, glare,
psychological reinforcement, and visibility (26, 115). Perhaps the
simplest guidance to support the health of day-active people is to
provide light of high biologically potency during the day and low
biological potency at night.
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For night-active people, visual and non-visual needs are
in conflict, requiring explicit prioritization. Many night-active
people provide critical societal functions, such as night shift
nurses and doctors, with visually demanding jobs that have a
low tolerance for errors. For these people, factors like visibility
and alertness may be prioritized over circadian entrainment,
even while recognizing that circadian disruption from an
asynchronous sleep-wake cycle is associated with long-term
negative health outcomes (125). Lighting design solutions for
night-active people demands complete consideration of tradeoffs.

Good outcomes are most likely when a knowledgeable team
that includes designers, owners, and equipment manufacturers
prioritize visual and non-visual design outcomes. Such teams are
well-positioned to develop lighting solutions that deliver light of
an appropriate amount and spectrum at the right time of day, for
an appropriate length of time.

Because there is no one-size-fits-all solution, we suggested
a framework to guide lighting design: characterize the lighting
application, determine the likely sleep-wake cycle(s) of
occupants, determine the sleep needs of the occupants,
review published guidance to develop goals and design

criteria that support visual and non-visual outcomes, then
use this information to establish design criteria that will
guide decisions in the latter stages of the design process.
We hope that implementation of this process facilitates
realization of what we all want—lighting solutions that support
human outcomes.
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In this review, we discuss the remarkable potency and potential applications of a form of

light that is often overlooked in a circadian context: naturalistic levels of dim light at night

(nLAN), equivalent to intensities produced by the moon and stars. It is often assumed

that such low levels of light do not produce circadian responses typically associated

with brighter light levels. A solid understanding of the impacts of very low light levels is

complicated further by the broad use of the somewhat ambiguous term “dim light,” which

has been used to describe light levels ranging seven orders of magnitude. Here, we lay

out the argument that nLAN exerts potent circadian effects on numerous mammalian

species, and that given conservation of anatomy and function, the efficacy of light in this

range in humans warrants further investigation. We also provide recommendations for the

field of chronobiological research, including minimum requirements for the measurement

and reporting of light, standardization of terminology (specifically as it pertains to “dim”

light), and ideas for reconsidering old data and designing new studies.

Keywords: entrainment, physiology, translation, parametric effects, circadian, dim light, nLAN

INTRODUCTION

Light has a profound influence on the biological health of mammals, including humans. In addition
to illuminating the environment for vision (i.e., image forming), light also regulates non-image
forming processes, such as the circadian timing system, neuroendocrine fluctuations, and acute
alerting effects, just to name a few (1, 2). All of the non-image forming effects of light studied
to date appear to be most sensitive to short-wavelength light and at intensities greater than what is
required for visual illumination (3). As current architectural lighting strategies have been developed
around the human visual system, most do not fully support biological health and well-being.
Yet, the timing of photic delivery is also of utmost importance: one major non-image forming
function of light is to synchronize internal biological rhythms—orchestrated by amaster pacemaker
in the suprachiasmatic nucleus (SCN) in the hypothalamus—to environmental light-dark cycles.
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This process is called entrainment. To provide a daily photic
temporal cue in lieu of exposure to the solar light dark cycle,
a biologically potent light stimulus should be used to signal
daytime (4), whereas a relatively less potent stimulus (dimmer
and depleted in shorter wavelengths) should be utilized during
the evening and night. It has been proposed that the current
suboptimal patterns of photic exposure, including insufficient
light during the day and excessive light at night, are at least
partly responsible for a variety of negative health and safety
consequences (5, 6).

Interestingly, much of the seminal work characterizing non-
image forming responses to light has taken place during the
biological night, yet the focus of lighting countermeasures
in humans has been on optimizing photic exposure during
the day. By far, the majority of these studies assesses the
responses elicited by exposure to a short duration pulse
of light (typically <2 h) against a background of complete
darkness or dim light. Using this approach, investigators have
operationally defined the lower limits of light sensitivity with
respect to these biological responses to acute light pulses. A
growing body of literature, however, demonstrates that light
far below these putative thresholds for circadian sensitivity
nevertheless exerts potent biological effects in non-human
mammals, particularly if the illumination is present over several
hours (7, 8).

Compared to complete darkness (to the extent that this
can be feasibly created in the laboratory), dim illumination in
the range approximately of moonlight and starlight markedly
alters the fundamental properties of circadian rhythms in
model organisms. Specifically, the addition of a relatively small
number of photons throughout the biological night enhances
the flexibility of behavioral entrainment by traditionally
bright lighting regimens. These rarely recognized, and highly
potent actions of very low light doses have been particularly
well-documented in nocturnal mammals. Given the broad
conservation of circadian (neuro)biology (e.g., molecular
feedback loops, brain structures) and function (e.g., phase-
shifting, light sensitivity) across taxa and ecological niche (see
below for more detail), it is critical to ask whether comparable
effects could be elicited in humans. If so, dim light treatments
would represent a novel and more efficient approach for
correcting or preventing circadian disturbances, particularly in
more extreme cases, such as is common with jet lag and shift
work. This review first aims to clarify terminology on different
definitions of “dim light” and summarize the effects of very dim
light in model systems. We limit the scope of our review to
circadian research in mammalian organisms because of the focus
on potential translational value for human circadian studies.
Next, we discuss why the biological potency of very low levels
of dim light should be considered and examined in humans.
Although some reports showing effects of lunar cycles on human
sleep exist (9–12), there are few experiments examining the
effects of comparable dim light levels on circadian endpoints
in humans. Therefore, we identify a range of opportunities for
future human work and include recommendations for the field
going forward.

DIFFERENT LEVELS AND DEFINITIONS OF

DIM LIGHT AND DARK

Light levels may be reported in photometric (e.g., lux),
radiometric (e.g., µW/cm2 or photons/cm2/s) and the emergent
melanopic EDI (also in lux). If sufficient information is provided,
which must include the spectral power distribution (SPD), these
measures can all be converted into each other (13, 14). Because
of very different scales, however, comparing across metrics may
not always be intuitive, especially with polychromatic light.
Throughout this review, we prioritize presenting measures as
reported in the original work, but have converted to melanopic
lux when possible and when useful for comparison.

Across the circadian literature, studies have used dim light
for different purposes and defined a wide range of light levels
as “dim” (Figure 1). These studies can generally be divided into
three categories. The first group aims to eliminate any form of
temporal information by exposing subjects to equal amounts of
light throughout the night and day. It is worth noting that despite
constant levels of environmental light, orientation of the head as
well as opening and closing of the eyes inevitably leads to varied
photic exposure patterns. In humans, dim constant light is more
commonly used to study intrinsic clock properties that are not
directly driven (or masked) by light (20).

The second body of work aims to mimic urban levels of
artificial light at night to study its effects on sleep or health
(21, 22). These studies usually focus on the ramifications of our
modern lifestyle and the ubiquity of artificial light on natural
processes, such as exposure to electronic devices, indoor LED
lighting, or light derived from artificial light sources outside,
such as street lights. Thus, such studies typically use 5–30 lux
during the “night,” as opposed to near darkness. These protocols
lead to all kinds of health decrements, including loss of sleep
and metabolic syndrome in both rodents [reviewed in (23)] and
humans [reviewed in (24)].

The last group of studies uses much lower levels of light
(commonly 0.01–0.1 lux) that are more consistent with natural
light at night (nLAN) cast by the moon or stars (9–12, 25–38).
In contrast to the relatively brighter light used in constant light
or studies of urban nighttime light, nLAN seemingly does not
induce circadian health disruption, though data are limited. It
does, however, have marked effects on circadian organization of
behavior, despite being reported as below threshold for phase
shifting or melatonin suppression. These changes in circadian
behavior, which generally indicate a higher degree of circadian
flexibility, have so far been primarily studied in rodents, but yield
strong translational potential in aiding the adjustment of the
human circadian clock to either rapid travel across multiple time
zones or irregular schedules such as in shiftwork.

To illustrate the wide range of light levels referred to as
“dim light” by circadian researchers, we performed a literature
review and gathered light parameters summarized in Figure 1

(see legend for search methodology). When reviewing these
articles, we noticed that, often, investigators reported extensive
detail about the bright light stimuli employed in their studies but
did not quantify or qualify the “dim light.” Specifically, 39/71
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FIGURE 1 | Distribution of light intensities referred to as “dim light” in human circadian research papers. Light intensities were converted into melanopic lux [using the

Lucas toolbox 2014 (13)] and plotted on log units. Additional scales with white fluorescent light and narrowband green (550 ± 23 nm) light are provided and aligned for

equivalent biological potency [e.g., “10 lux” (1.5 µW/cm2) narrowband green LED light has the same biological potency as 4.7 lux while fluorescent light: 2.92

melanopic lux]. Fifty-five percent of the papers (39/71) did not report any spectral or color information about their light, so SPD for fluorescent white light was assumed

for conversion. Overall density is represented by the black line. Individual papers are plotted as dots, and color coded for the reported unit type; 62/71 (87%) reported

light intensities in lux alone. Both mode (tallest stack) and median intensities reported as “dim light” in our search were 10 lux fluorescent white light (6.2 melanopic lux)

– bright enough for phase shifting (15), entrainment (16), or melatonin suppression (17) in humans. The three papers below 0.1 melanopic lux all reported the use of

red dim light; all other papers used either white light or did not report color information. Range of intensities used in Gorman lab rodent studies is indicated by the

green bracket, and extends to lower values outside the bounds of the figure (see Table 1). Search strategy: A pubmed search was performed on October 23, 2020

with search terms: “human circadian dim light.” Results were filtered for “2,000-present” and “Journal Article,” which resulted in a total of 509 articles, and sorted for

“Best Match.” The first 100 results were downloaded and screened for light intensity information. In total, 29 papers were excluded because they were either review

papers (n = 11), used non-human subjects (n = 13), or reported neither intensity nor source (n = 5). From each paper the brightest light referred to as “dim light” was

recorded. If the paper reported a range (e.g., 1–5 lux, or <5 lux), the highest value within the range was used. If multiple units were reported (e.g., Lux and µW/cm2 )

irradiance was used over illuminance.

(55%) only reported “dim light” levels in lux (only relevant for
the image-forming system), without any information on spectral
quality or source; a further 5/76 (6%) were excluded from our
analyses because they did not even report intensity.

Because absolute darkness in the laboratory often cannot
be feasibly achieved or measured with any confidence, it is
difficult to define precisely where the “threshold” is between
(very) dim light and darkness.Walls, doors and ceilings are rarely
completely light-tight, and equipment in or near animal housing
may also generate light. The QA-4 modules in the VitalView data
collection system commonly used for circadian monitoring, for
example, have red indicator lights that fluctuate when an activity
signal is received and can produce feedback (39). Moreover,
investigatorsmay intentionally put in place constant, low levels of
illumination for practical reasons, such as animal husbandry (6),
sometimes without reporting. Careful exclusion or attenuation of
all such light sources can, of course, diminish light exposure.

It is our impression that many circadian researchers share
the assumption that (very) dim light is biologically equivalent
to actual darkness. Such beliefs might be founded on carefully
executed experiments demonstrating minimal light levels that
are required to induce phase shifts or melatonin suppression

(40–42). As we will lay out in this review, however, there is a
multitude of evidence, within the circadian literature, as well as
from other fields, that light well below 1 lux can have dramatic
effects on circadian oscillators or their outputs, challenging
these common assumptions. By summarizing these (perhaps
unintentionally) overlooked effects of very dim light levels within
circadian research, we hope to provide a framework to aid
researchers in designing and reporting on their experimental
lighting conditions.

HISTORICAL VIEW OF nLAN STUDIES

Laboratory studies cannot escape trade-offs between simplicity
and experimental control on one hand and real-word validity on
the other. In the domain of circadian entrainment, this trade-
off has been operationally resolved in favor of exposure to an
alternation between just two photic conditions, each of unvarying
spectrum, intensity and geometry, to represent “day” and “night.”
Twilight transitions, lunar cycles, and variability due to cloud
cover are just a few examples that reflect naturally-occurring
changes in intensity and spectrum that are rarely simulated,
although each of these photic dimensions may be highly
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relevant to circadian timing systems of particular organisms,
and it could be adaptive for such organisms to be sensitive
to them (43). The work in the 1960’s of zoologist JL Kavanau
(44–46) on rest/activity cycles of mammals provided myriad
demonstrations of the behavioral importance of additional
domains of photic stimuli. For example, running speed, perhaps
a reflection of motivation, was sensitive to light intensity during
twilight; rodents of various genera operantly manipulated light
intensity in relation to their endogenous rest/activity cycles; and
animals expressed reliable (but non-homogenous) orientation
preferences toward light sources, such as always running toward
a dim night-time light source, conceptualized by the investigator
as a simulated moon. In short, there emerged a rich ecology
of environmental lighting that did not, for whatever historical
reason, strongly imprint on the emergent field of chronobiology,
though the zoological tradition remains important (30, 37, 47).

SERENDIPITOUS DISCOVERY OF nLAN

EFFECTS IN AN EXPERIMENTAL SETTING

It came as a great surprise when we accidentally “rediscovered”
the fundamental importance of dim illumination on circadian
entrainment, when we thought we knew it to be of little
consequence. In preparing for a time series collection of Syrian
hamster (Mesocricetus auratus) brains for a study of SCN
rhythmicity in a paradigm termed “bifurcation,” we discovered
notable and nearly categorical entrainment differences between
the first and second cohort of animals. We had thought that
each set of 20 hamsters was exposed to identical conditions,
which included a very dim green light that was continuously
illuminated—day and night—to aid in working with animals
at night. These lights (see Table 1 for intensities) had been
incorporated after thorough (but perhaps not thorough enough)
consultation of the literature suggested their inefficacy (e.g.,
thresholds for melatonin suppression and phase shifting) and
some further experimental validations that they did not induce
classic circadian responses. Confronted by the statistically
improbable result that chance alone caused animals 1–20 to
respond one way and animals 21–40 another, we looked for
other explanations, only to discover that the electrical power
for dim nocturnal illumination had been disrupted in half of
the animals. Although we approached this explanation with
skepticism, a de novo-test confirmed a potent entrainment role
of this very dim light source (48). Since that time, we have come
to appreciate that the effects of nLAN aremore generalizable than
we initially imagined.

Demonstrations of a potent circadian role for nLAN both
preceded and ran parallel to our work [reviewed in (30, 37,
47)]. Working with bats, for example, Erkert demonstrated
systematic variation in circadian entrainment parameters with
variations in light intensity in the range of starlight (32–35, 49).
Readers interested in the ecological breadth of the biological
effects of nighttime light could probably not do better than
to consult a comprehensive resource, such as that from Rich
and Longcore (47), or this recent review (50). But in the
circadian domain specifically, our lab has accrued a critical

TABLE 1 | Range of reported Gorman lab nLAN values.

560 + 23nm LED Lowest reported

value (18)

Highest reported

intensity (19)

Illuminance (Lux)a,b 0.004 0.03

Irradiance (µW/cm2) 0.00062 0.00390

Photon Flux (Photons/cm2/s) 1.75 × 109 1.09 × 1010

S Cone (α opic lux)a,b 0.0000001 0.000014

M Cone (α opic lux)a,b 0.00367 0.02370

L Cone (α opic lux)a,b 0.00352 0.02150

Rod (α opic lux)a 0.00193 0.01440

Melanopsin (α opic lux)a 0.000614 0.0053

aValues are calculated based on reported irradiance using the Lucas toolbox 2014 (13).
bValues based on human cone sensitivity.

mass of studies contrasting fundamental properties of circadian
rhythms in animals under dimly illuminated vs. conditions
without detectable light. We present a synthesis here that
is not easily derived from reading the publications as they
individually appeared.

Range of Parameters Used in our Lab Over

the Years
Over the years, we have used a variety of nLAN sources. Our
initial studies assessed the efficacy of a single green narrowband
LED (560 nm, full width at half maximum of 23 nm) mounted
on the wall of a light-tight enclosure containing a single
opaque plastic cage that provided some diffusion. Other studies
employed panelescent LED nightlights ∼1m from free-standing
caging racks, with animals housed in clear cages. Most of our
studies have used a single green LED mounted in a standard
position ∼10–30 cm from the orthogonally oriented running
wheel in transparent cages (Table 1).

Unlike highly controlled human studies that can employ
Ganzfeld domes, pharmacological pupil dilation etc., the animal
housing environment allows ample opportunity for variation in
effective light exposure. Although in various enclosures we have
taken pains to minimize variability in light exposure via diffusers,
positioning of cages, etc., conventionally, we have reported light
intensity at the brightest location in the cage. But as intensity
falls off by the inverse square law, it can vary considerably
within the cage. Moreover, animals oriented directly toward the
light [as in Kavanau’s rodents (44)] might, depending on the
experimental setup, be sampling several orders of magnitude
more light than animals with their gaze diverted from the point
source. Conversely, effective illumination of the retina could be
attenuated with pupillary constriction.

In short, it is not yet possible to define with any precision the
range of parameters of nLAN that produce a substantial effect
on rodent rest/activity cycles, but the sources and configurations
used do not appear to be near the limits of an operating
range. Effects appear to be robust with respect to some
variation in caging configuration and light orientation, although
systematic assessments of these factors have not been completed.
Finally, the narrowband green light is likely to activate multiple
photoreceptor mechanisms. In limited studies, white light proved
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also to have efficacy, so we have little reason to believe that
narrowband stimulation is a requirement, although this remains
to be thoroughly assessed.

Despite a variety of enclosures as well as light sources
and intensities (see Table 1) used throughout two decades
of experiments to investigate the effect of simulated natural
night light levels, the nLAN conditions were always deliberately
contrasted with darkness, created by careful exclusion or
attenuation of all light sources. As mentioned above, typical
laboratory conditions do not achieve complete darkness. In
our lab, we made every effort to exclude light to approximate
complete darkness. Even after covering all equipment LEDs with
black electrical tape and blocking all visible light coming into the
room through doors or ventilation, however, our dark conditions
may not be absolute. Nevertheless, they were always below the
limits of detection (using an IL1700 radiometer; International
Light, Inc., Newburyport, MA).

HOW DOES nLAN AFFECT CIRCADIAN

RHYTHMS IN MODEL SYSTEMS?

Historically, the actions of light on circadian systems have been
commonly categorized as either parametric or non-parametric.
A non-parametric effect is exemplified by an acute resetting
of circadian phase induced by a brief light pulse, and an
absence of any sustained changes in any other parameters of
the underlying clock oscillation. Such effects are the basis for
much entrainment theory, particularly as it applies to nocturnal
animals that are exposed to short intervals of bright light at
dawn and dusk. Parametric actions, in contrast, are typified by
ongoing modulations of clock function, such as a change in
the free-running period, often caused by chronic light exposure.
In reality, this conceptual distinction can be problematic,
because parametric and non-parametric effects cannot always be
completely distinguished. A brief light pulse, for example, can
both acutely reset circadian phase and alter free-running period
(51). Further, shifts in the light:dark cycle induce rapid shifts
in the phase of activity but the SCN oscillatory network may
be perturbed for several cycles before returning to steady state
(52, 53).

Circadian rhythms in behavior are described using several
common metrics, including period and amplitude. Even though
different circadian assays are often used to measure one or
more of these metrics, basic circadian theory suggests that these
parameters are interrelated. Here we describe the effects of nLAN
on some of the most common circadian measures. Throughout
this review, we will use “nLAN” to refer to light levels below one
lux, whether it is used to illuminate strictly during the night, as
a constant condition, or as a brief pulse, and regardless of the
source. For an overview of definitions of the various parameters,
see these reviews: (54–56).

Effects of nLAN on Common Rhythm

Parameters
Period
Period is the time it takes for the circadian oscillator to complete
one cycle. The period of the internal circadian pacemaker

can only be measured in conditions absent external time cues
(zeitgebers) such as light or temperature cycles. Across multiple
species, nLAN changes the free-running period (8, 25, 57, 58).
For example, Syrian hamsters exposed to continuous complete
darkness have a free running period (FRP) of just under 24 h. In
contrast, in constant dim illumination (<0.01 lux, nLAN) these
same animals have FRPs of ∼0.3 h longer (8). These findings
are consistent with one of “Aschoff’s rules” (more accurately
characterized as generalizations), which notes the tendency of
FRPs to increase with light intensity in nocturnal rodents (59, 60).

Waveform
Each full cycle in behavioral rhythms can be divided into
biological day and night, which can be assessed by monitoring
the relative lengths of an organism’s active (alpha, α) and rest
(rho, ρ) phases. In nocturnal rodents, alpha and rho correspond
to (biological) night and (biological) day, respectively, and vice
versa in diurnal humans. Although less commonly assayed
and reported than is free-running period, waveform (relative
length of alpha and rho) is a fundamental property of a
circadian rhythm and is encoded in the SCN (56, 61–65). Aschoff
observed that alpha in nocturnal rodents tends to decrease
with increasing light intensity. In stark contradiction of this
rule, the active phase of Syrian hamsters increases by 3 h in
nLAN vs. darkness (8). Effects of nLAN on alpha are discernible
even under entrained conditions with varying photoperiods.
In most nocturnal species examined, exposure to long winter
nights – or short days – eventually yields a waveform with
an elongated biological night as assessed by lengthened activity
duration, melatonin secretion or SCN pattern of electrical firing
and gene expression (61, 66). Upon transfer of male Siberian
(Phodopus sungorus) and Syrian hamsters from summer to winter
photoperiods, nLAN accelerates short-photoperiod entrainment
as well as its downstream sequelae (e.g., photoperiodic regulation
of reproduction) (8, 67–70).

Amplitude
Whereas the free-running rhythm of a measured rhythm
unambiguously reflects the period of an underlying pacemaker,
the same is not necessarily true for rhythm amplitude. The
amplitude of a rhythm describes the magnitude of the change in
an output signal (for example body temperature, wheel-running
or SCN electrical firing) throughout one cycle. Mathematically,
pacemaker amplitude has been conceptualized as related to its
phase perturbability by external zeitgebers, with small amplitude
pacemakers having larger amplitude phase shifting responses (71,
72). Paradoxically, short photoperiods increase the amplitude
of phase shifting by bright light pulses in rodents (68, 69),
suggesting a smaller pacemaker amplitude while simultaneously
increasing the daily variation in SCN electrical firing (73,
74). With respect to nLAN, there is sporadic evidence of
increased wheel-running amplitude in Syrian hamsters (48). In
subsequent studies using slightly different running wheels, the
amount of wheel-running was indistinguishable in dark vs. nLAN
conditions (8). To our knowledge, wheel-running amplitude has
never been observed to decrease with nLAN. Importantly from
the perspective that wheel-running intensity may have feedback
effects on circadian pacemakers (75), the matched activity levels
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in dark vs. dim nLAN excludes this feedback as the basis for
observed differences in circadian period and waveform among
male Syrian hamsters (8). In other contexts, nLAN-effects can be
documented in the complete absence of running wheels (70).

Together, characterization of basic circadian parameters
clearly demonstrates that feasibly attainable levels of darkness
(e.g., <10−6 lux) and nLAN are not biologically equivalent
despite the common belief that such “dim” intensities fall below
the threshold for markedly altering circadian function.

nLAN as a Zeitgeber
Dim Light PRC
Brief exposure to light (i.e., light pulses) can induce phase shifts
in free running organisms. Depending on the timing of these
light pulses, the phase shifts can be either advancing (shifting
earlier), delaying (shifting later), or of minimal magnitude. The
relationship between timing of the stimulus and the resulting
phase shifts is described in a phase-response curve (PRC). While
the amplitude of the light PRC can vary depending on the
intensity, duration, and spectral properties of light, the shape
is very consistent across species (76). Typically, light induces
advances at the end of the (biological) night, delays at the
beginning of the biological night, and minimal phase shifts
during the middle of the biological day, in both diurnal and
nocturnal animals. Against a dark background, 2-h pulses of
nLAN in male Syrian hamsters yielded a statistically significant
PRC with an amplitude of 45min that was generally similar in
shape to that from a 15-min bright light PRC (8).

Entrainment
The ability of nLAN light pulses to induce phase shifts suggests
that such illumination might be a strong enough zeitgeber to
entrain mammals. The Gorman lab at UC San Diego, however,
has never directly tested entrainment in a light-dark cycle
alternating nLAN and complete darkness (dim-dark). Efforts by
others, on the other hand, did demonstrate that mice (C57Bl/6)
exposed to 12 h dim−12 h dark light cycles were able to entrain
with lights as dim as 0.0005 lux, depending on the wavelength
(77). Similarly, Molossid bats (Molossus molossus) were able to
entrain to 0.1 lux, with half of the animals entraining to light
as dim as 0.00001 lux (33). Lastly, daily 2 h pulses of 0.07 lux of
“deep red” light was enough to reliably entrain female albino rats
(78). In sum, even relatively short exposure to nLAN levels of
light can be a zeitgeber in at least four different species.

Acute Effects of nLAN
In addition to affecting the underlying circadian pacemaker as
described above, low levels of dim light can affect the output
behaviors directly.

Masking + Melatonin Suppression
Masking refers to the phenomena where a stimulus directly
suppresses (negative masking) or enhances (positive masking)
a certain behavior below or above levels expected based on
circadian phase. These changes are direct effects on clock outputs
and might not necessarily change the underlying circadian
pacemaker. In rodents, a common example of negative masking

is the suppression of activity levels by light during the biological
night. Positive masking is often seen following a cage change
during the day, where activity levels are temporarily higher than
typical for the time of day because of novelty-induced activity that
does not reflect the underlying circadian biology (79). Common
examples of masking in humans are activity-induced changes
in core body temperature, light-induced increased alertness,
or suppression of plasma melatonin levels by light. Even if
masked responses do not necessarily originate from or affect
the underlying circadian pacemaker (although in the example
of light-suppressed activity in rodents or melatonin in humans,
it might do both), masking is important to every circadian
researcher as it might affect inferencesmade about the underlying
pacemaker if not appropriately controlled (80, 81). Furthermore,
masked behavioral or physiological signals may feed back to the
core clock and alter it in subsequent cycles.

In rodents, thresholds are different for positive (increased
activity by darkness) and negative (decreased activity by light)
masking, and depend on wavelength (79, 82–86). In mice, the
lowest intensity at which positive and negative masking was
observed with 518 nm light was 109 and 1012 photon flux,
respectively (77). In Siberian hamsters, nLAN was sufficient
to induce strong positive and negative masking, depending on
the timing and duration, although effects cannot be completely
separated from entrainment effects (87).

Melatonin suppression, often considered a form of negative
masking, is the most commonly measured effect of light in
human research (88) and relies on the SCN (66). The threshold
intensity to acutely suppress pineal melatonin in Syrian hamsters
was determined to be between 0.019 and 0.186 µW/cm2, or
0.11 and 1.08 lux (89), similar to a lower threshold for 300 s
503 nm light of 3.5× 1010 photons/cm2/s (41). In an entrainment
study in Syrian hamsters, 8 h of nLAN (0.1 lux) significantly
suppressed melatonin expression compared to darkness (8).
Because 2 or 5 h of nLANwas not sufficient to suppressmelatonin
in the same animals, the effects seen with 8 h of exposure might
result from differences in entrainment itself, rather than acute
suppression (masking). Similarly, in young Sprague-Dawley rats
maintained in light-dark cycles with various amounts of dim
light at night, 0.08 µW/cm2 (0.2 lux) light suppressed plasma
melatonin, while 0.06 µW/cm2 did not (90), and in female
nude rats, 0.08 µW/cm2 (0.2 lux) of light at night was sufficient
to attenuate nightly melatonin levels (91). Again, entrainment
effects cannot be separated from acute masking. Although the
relative contribution of acute and chronic exposure to (or
parametric vs. non-parametric effects of) nLAN might not be
definitive, it should be apparent that nLAN affects both levels of
behavior and melatonin in a variety of rodent species.

Pupil Responses
Because many circadian responses are slow, difficult, invasive,
and/or expensive to measure, pupillometry is commonly used as
a proxy for circadian response. Light-induced pupil constriction
relies on the same non-image forming visual system (e.g.,
photoreceptors and synaptic connections) as the circadian clock,
and can therefore be a useful substitute psychophysical measure
(92). Just like most measures, pupillary light responses are graded
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responses that depend on intensity and wavelength. In mice,
reliable pupil constrictions were observed at 1010.4, 1011.4, and
1012.4 photon flux for 470, 517, and 626 nm light, respectively
(77). These thresholds are roughly comparable to levels reported
by others (93–95), corroborating the overall conclusion that
nLAN elicits biologically relevant responses (77, 96).

nLAN as a Potentiator for Other Stimuli
The research summarized above demonstrates that very low
levels of light influence both internal circadian rhythms as well
as the behavioral and physiological outputs we measure to infer
internal circadian conditions. Furthermore, nLAN can interact
with, or potentiate, other light and non-visual stimuli. In this
section, the research on indirect effects of nLAN is summarized.

Phase Angle of Entrainment
A phase angle is the relative timing between two phase markers.
For the phase angle of entrainment in nocturnal animals, the
timing of onset of activity is often expressed relative to lights-off
transition. Non-parametric entrainment predicts that oscillators
with different free-running rhythms entrain to the same zeitgeber
signal with different phase angles of entrainment (97). Following
the lengthening of FRP with dim light, this would predict a
relatively later activity onset in a light-dim compared to a light-
dark cycle. On the contrary, activity onset was observed to occur
0.8 h earlier in Siberian hamsters exposed to nLAN compared to
dark controls (87).

Resetting
The phase response curve of a 15-min bright light (100 lux) pulse
in male Syrian hamsters free-running in low levels of dim light
does not statistically differ in shape or amplitude from the same
PRC obtained in constant darkness (8). Notwithstanding this
similar bright-light PRC, nLAN does facilitate re-entrainment
following a phase shift (simulated jet-lag experiment) (87, 98).
For example, in both Syrian and Siberian hamsters, nLAN
significantly accelerated re-entrainment recovery following a 4-
or 8-h phase shift compared to completely dark nights, and was
observed for advances as well as delays and among animals of
different ages. In the most robust case, animals exposed to dim
light re-aligned activity up to 68% faster (98).

Resetting to Non-photic Cues
While light is the most potent and dominant zeitgeber for
mammalian circadian rhythms, non-photic cues can also phase
shift and/or entrain rodent behavior. For example, introducing
a wheel-naive animal to a running wheel triggers activity. The
phase shift that can be induced by this novel wheel running is
amplified by nLAN (99). Similarly, a cage change can induce
activity levels atypical for the circadian phase which produces
a significant PRC. Amplitude of the PRC of cage-changing,
however, was not significantly altered by nLAN (8).

Extreme Entrainment: T-Cycles and Bifurcation
Non-parametric entrainment theory explains entrainment by
positing daily discrete phase corrections of the same magnitude
as the difference between the internal and external rhythms.
Real-life entrainment, however, is undoubtedly more complex

than just a daily non-parametric phase resetting (100, 101).
As mentioned above, the shape of the bright light PRC was
not affected by an nLAN background, but re-entrainment to
simulated jetlag is reliably accelerated. This observation indicates
that nLAN influences re-etrainment by bright light regimes in a
manner that goes beyond simple non-parametric resetting.

A near-defining feature of circadian rhythms is their narrow
range of entrainment. In most mammals, entrainment to light-
dark cyclesmuchmore than 2 h longer or shorter than 24 h would
be considered exceptional. This range, however, can be very
markedly expanded by incorporation of nLAN and/or twilight
transitions. Once again, Kavanau raised the possibility of such
an effect, but provided only sketchy data in support of the
claim (46). More definitively, in a study of twilight transition
effects in Syrian hamsters, Boulus et al. (102) demonstrated
a markedly increased range of entrainment to both short
and long (non-24 h) cycles (T-cycles), compared to typical
instantaneous transitions between day and night conditions;
however, besides ramping up or down the intensity gradually,
the experimental manipulations also included a tonic exposure
to nLAN throughout most of the scotophase. Without explicitly
engaging the issue of this nighttime illumination, the authors
attributed the enhanced range of entrainment to the twilight
transitions. Having demonstrated tremendous efficacy of nLAN,
we assessed whether its presence, without twilight transitions,
was sufficient to extend the upper range of entrainment (we
did not conduct a parallel assessment of short T-cycles). Indeed,
the upper range of entrainment was significantly extended with
nLAN, and some animals met entrainment criteria at cycles as
long as 30 h (103). Using dim light at night, various rodent species
have demonstrated reliable entrainment to cycles as extreme as
6 h on either side of 24 h (19, 103–105). This type of circadian
flexibility is unprecedented in genetically intact mammals with
dark nights.

As referenced above, nLAN facilitates a bifurcated pattern of
entrainment in mice and two species of hamsters exposed to
particular 24 h LDLD cycles, which of course is not a zeitgeber
condition experienced in nature. For example, mice (C57Bl/6j)
exposed to LDLD 7:5:7:5 with dark nights will generally entrain
with a unimodal pattern of wheel running and treat the alternate
scotophases as biological day (remain mainly inactive). In
the presence of nLAN, however, most mice reorganize their
behavior and divide activity between the two scotophases nearly
symmetrically. Although some T24 LDLD conditions could
be equivalently described as a T12 LD cycle, non-T12 LDLD
conditions such as LDLD9:5:5:5 etc. also induce and maintain
bifurcation. Systematic investigations of bifurcated entrainment
clearly establish that it reflects temporally reorganized 24 h
underlying oscillations rather than a 12 h clock (48, 106–110).

Both of these consequences of nLAN – enhanced T-cycle
entrainment and behavioral rhythm bifurcation – cannot be
explained by simple masking (19, 104, 106, 110–119). By the
same token, neither entrainment pattern is readily understood
by non-parametric entrainment theory that accurately models
entrainment to more traditional experimental regimens. For
example, the extended upper range of entrainment in nLAN
is not explicable in terms of a proportionately increased delay
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portion of the light pulse PRC, nor a sufficiently large lengthening
of free-running period (beyond the 0.3 h effect described above).
Phase angles in dim-facilitated entrainment in non-24 h lighting
conditions do not consistently follow the patterns predicted
by relative length of the LD-cycle and the FRP, suggesting
more complex entrainment mechanisms must play a role (19,
104, 112, 120). In addition, the acceleration of re-entrainment
following simulated jetlag, which occurs for phase advances
and delays of various sizes, cannot be explained by changes
in free-running period without concomitant changes in the
PRC amplitude.

The mechanisms by which nLAN affects circadian behavior
remain to be much more deeply investigated, but nLAN is
known to acutely affect electrical activity in the SCN. Specifically,
electrophysiological recordings in awake Wistar rats show acute
responses in SCN cellular activity to light levels as low as
0.15 lux (lowest intensity reported) (121). Additionally, some
nLAN effects are mediated by the intergeniculate leaflet (122),
a thalamic area with neuropeptide Y projections to the SCN
and which has been implicated in integration of non-visual
feedback to the SCN (75). Despite the lack of a clear mechanistic
understanding, a recurring theme, beyond the scope of this
review, is that nLAN may alter coupling interactions among
multiple oscillators comprising the circadian pacemaker (67, 123,
124), and this change in coupling results in a more flexibly
entrained oscillator to a host of conditions. Coupling remains a
poorly understood dimension of circadian organization, but it is
central to the functioning of a complex pacemaker. It is worth
mentioning that the behavioral effects of nLAN appear often to be
categorical (e.g., bifurcated or not) rather thanmodest extensions
of entrainment parameters based on bright light entrainment
theory. Thus, nLAN seems to be doing something fundamentally
different than tweaking known dose-response relationships
between light and phase-shifting. Collectively, these experiments
demonstrate that in the right conditions, the circadian system can
be much more flexible than traditional circadian theory predicts.
Such flexibility is unprecedented in intact animals without
genetic or pharmacological intervention or with completely
dark nights.

COMPARING RODENTS TO HUMANS

To properly assess how relevant the summarized research on
nLAN in model organisms is for human circadian rhythms,
in this section we compare the pertinent neurobiology across
species. First, the mammalian circadian system is very well-
conserved (76, 125), including fundamental properties of the
primary oscillators. While the main body of mechanistic basic
research involved nocturnal rodents (mice, rats, hamsters),
circadian rhythms have been well-described in diurnal rodent
species, including grass rats, degus and squirrels as well as
larger mammals, including sheep and several species of non-
human primates [e.g., baboon (126)]. In humans, the possibilities
for mechanistic, anatomical, molecular, or neuronal studies
are limited, but available data from post-mortem studies,
for example, [e.g., (127–129)], confirm homology with other

species. Circadian rhythms in all these species rely on a
similar transcription-translation feedback loop and a functionally
equivalent retinohypothalamic tract, and are orchestrated by
an anatomically similar SCN with comparable cell subtypes
(127, 130). Furthermore, human circadian rhythms in behavior
and physiology match those of other mammalian species rather
closely. Functionally, rhythms in the SCN and melatonin levels
(as well as suppression and resetting by light) are similarly
phased in nocturnal and diurnal species, including humans,
(i.e., they are tied to environmental day/night rather than
the rest/activity cycle) (131–133). Because of the similarities
in circadian clock functions across species (76, 134, 135), the
presumption should be that the human biological clock might,
as in rodents, exhibit un(der)studied responses to low levels
of light that are generally accepted to be ineffective. We will
discuss the field’s use of dim and dark as a control in more
depth below.

Biological potency of light does not solely depend on the
molecular and neurological foundations in the SCN, but also on
the retina. Most mammals have three classes of photoreceptors
(136). Cones are the photoreceptors used for color vision
under photopic conditions (brighter light) and are the most
variable between species. While primates, including humans,
have three types of cones (S, M, and L, for short, medium
and long wavelengths, respectively) (137), mice only have two
types, lacking a long-wavelength cone found in primates and
rendering mice incapable of distinguishing between green and
red light (138). Albeit with less sensitivity, mice can still
respond to long-wavelength light and are not blind to “red
light” [reviewed in (96)]. In primates, 99% of cones are in
the fovea, providing us with high-acuity vision in a small part
of our visual field (139). Mice also lack a fovea, making the
entire retina much more similar to the peripheral retina in
primates. The majority of photoreceptors, in both primates
and rodents, are the much more sensitive rods, which are
primarily at play under low light conditions (140, 141). Because
a primate eye is bigger than a mouse eye, the total number
of photoreceptors is larger in primates. Both cones and rods
have been demonstrated to contribute to circadian responses to
light (142–144).

Furthermore, the mammalian retina contains a third type of
photoreceptor: intrinsically photoreceptive retinal ganglion cells,
or ipRGCs (143, 145–148). The much more recently-discovered
ipRGCs are present in both humans and rodents, are highly
conserved across species (149, 150) and are primarily responsible
for the majority of non-image forming photic responses (85). In
addition to their intrinsic photoreception through melanopsin,
ipRGCs also receive input from other photoreceptor types (151).
Combined intrinsic and extrinsic input makes ipRGCs sensitive,
albeit with an increased latency, to nLAN lower than 107

photons/cm2/s, close to absolute detection limits in human vision
(146, 152). This suggests that nLAN effects rely at least in part
on rod-mediated photoreception, which may be routed through
ipRGCs. The similarities in these two types of photoreceptors
between mammalian species [review: (153, 154)] corroborate
the idea that humans could be sensitive to such light levels
as well.
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Even if retinal circuitry for dim light reception were
comparable between rodents and primates, one might question
whether the inverted rest/activity cycles would render dim light
at night irrelevant to diurnal animals who are sleeping with
closed eyelids through much of the night. First, there is no
data in rodents suggesting dim light needs to be delivered
uninterrupted throughout the night. In fact, outside, under
natural conditions, rodents might spend parts of their night
underground, only experiencing ecological light at night during
a limited window (30, 155, 156). Second, light has been delivered
in sleeping humans (157–159), demonstrating that closed eyes
do not fully block light or its effects on circadian biology. For
example, although the purpose of the experiment was to study
traditional bright light responses, brief pulses of light flashed
through closed eyes while sleeping induced significant phase
shifts in melatonin rhythms (159). Total transmission through
adult eyelids is estimated at 0.3–3%, with more transmission
for longer wavelengths (160, 161). Even if this means intensities
for sleeping humans may need to be adjusted to correct for
closed eyes, given the range of light levels described in nLAN
studies (0.01–0.1 lux), that would still include very dim light
(<3 lux), significantly below intensities of most night lights and
electronic devices as well as most “dim” light used in human
studies (Figure 1).

Together, comparisons of circadian neurobiology and ocular
neuroanatomy provide ample evidence to believe the effects of
nLAN in rodents could be relevant to humans, and that they
would not be impractical or unfeasible as targets of circadian
manipulation. While closed eyelids are a valid factor to consider
when optimizing delivery of light, we believe the cross-species
similarities are strong enough to warrant careful study of the
effects of nLAN in humans.

DIM LIGHT STUDIES IN HUMANS

Most physiological effects of light, albeit not all (e.g., alpha,
as discussed above), in both humans and model systems,
demonstrate a characteristic intensity-dependent response, with
increasing photic intensities yielding relatively greater responses.
Examining the magnitude of these responses across a range
of light intensities allows for the construction of a fluence
response curve, with a reportable goodness of fit of the data
to a sigmoid function, which provides various parameters of
interest. Threshold sensitivity represents the lowest intensity
of light required to elicit a detectable physiological response,
and saturation occurs at the intensity at which additional
light cannot increase the response further. The photic dose
eliciting a half-maximum response (ED50) is also a useful
point of comparison, as it occurs along the steep portion of
the curve, comfortably within the range of responsiveness.
Consequently, when relatively lower light levels are capable of
eliciting an equivalent (ED50) response, greater photic sensitivity
can be inferred.

In comparing human fluence-response curves for phase
shifting and melatonin suppression to those in some of the most
commonly employed model systems [but see (162) for greater

taxonomic consideration], there appear to be species differences
in photic sensitivity, as indicated by significantly lower values
of ED50 in hamsters 0.04–1.64 melanopic lux (41, 68, 163) vs.
humans ∼4–60 melanopic lux (40, 42, 164–168) (see Table 2).
When human studies did not optimize other elements known to
exert an influence, such as spectrum and pupil dilation, relatively
greater intensities of light (60–75 melanopic lux) were required
to achieve a comparable half-saturation response, and this is
true across different physiological effects of light (2, 40). Yet, the
light levels required to elicit a response in those studies are also
more likely to map on to real world applications, where white
polychromatic light exposures to eyes with freely responding
pupils are the norm. Most animal work with complete fluence-
response curves has not optimized spectrum or pupil dilation and
thus, the ∼2 orders of magnitude difference in ED50s between
species is likely to represent an underestimation. Nonetheless, the
560 nm narrowband nLAN stimulus typically used to illuminate
the scotophase inGorman lab experiments is orders ofmagnitude
lower than the calculated ED50 (or even minimum threshold) for
melatonin suppression in the same species. By the same logic,
even after considering species differences in ED50, humans might
be sensitive to light well below 1 lux. Therefore, the presented
effects of nLAN underscore the idea that light in the tail of the
fluence response curves could still be potent enough to elicit
circadian responses, but might be overlooked by focusing on
effects at ED50.

Most commonly, dim light in the nLAN (or even brighter)
range of intensities appears in human studies only as a control
condition and/or in contrast to a “bright light” condition [e.g.,
(15, 169)—see Figure 1]. But the assumption that there is no
effect of nLAN on circadian physiology should be recognized as
such—an assumption. First, without a no-light control group,
we cannot say so definitively. Second, given the fact that
ipRGCs also contribute to brightness discrimination (149), it is
quite conceivable that a circadian response to a light stimulus
might be affected by the contrast (fold increase) with the
background, or light history, rather than absolute intensity. For
example, switching between a background of 0.1 and 1 lux could
conceivably be as important as the difference between a 100 and
1,000 lux stimulus. Lastly, there is emerging evidence that the
precise mechanisms and pathways differ across various circadian
responses (69, 77, 170–174). This also applies to the shape of the
fluence response curve—for example, while effects of light may
be largely linear for phase-shifting or melatonin suppression, the
effects of nLAN, which appear to be largely parametric, are likely
non-linear. The field of circadian research is littered with designs
based on these assumptions, whether implicit or explicit.

In classic studies of the physiological effects of light in
humans, participants are often maintained under dim light
conditions or darkness prior to administration of a light pulse
in order to control for the potential effects of photic history.
Though the intensity and duration of that period of adaptation
varies across studies, research that has systematically examined
the effects of photic history in humans has shown robust effects.
Most of these studies have altered daytime photic exposure
and then, examined subsequent response to a test pulse during
the biological night. For example, Chang et al. (169, 175) had
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TABLE 2 | ED50 for melatonin suppression and phase shifting in humans and hamsters.

Wavelength (nm) FWHMa (nm) Photon flux (Photons/cm2/sec) Photopic lux Melanopic lux

Melatonin suppression

Syrian hamsterb (41) 503 20 1010.11 0.01 0.04

Humanc (42) 555 10–14 1012.94 21.14 4.39

Phase shifting

Syrian hamsterb (41) 503 20 1011.49 0.33 0.93

Humanc (42) 555 10–14 1013.07 28.57 5.85

aFull width at half maximum.
bStudy employed a 5min light pulse.
cStudy employed a 6.5 h light pulse.

participants spend 3 days in the laboratory under either dim
light (1 lux) or relatively brighter light (90 lux) during waking
hours, while scotopic levels were kept very dim (<0.1 lux) across
both conditions. When participants were subsequently exposed
to a 6.5 h light pulse (90 lux) ∼1 h prior to habitual bedtime,
a 40min greater circadian phase delay and increased alertness
occurred with pre-exposure to daytime dim vs. brighter light.
Earlier studies similarly had participants exposed to more or
less daytime light in the week preceding a bright light test
pulse during the biological night, and there was significantly
increased melatonin suppression and phase shifting after the
dimmer daytime condition (176–178). In contrast, within a
single, much shorter time frame (2 h), early in the scotophase
and during the biological night, dim light served to attenuate
the melatonin suppression response to a subsequent 90min test
pulse as compared to a completely dark adaptation period (179).
Together, these findings are consistent with the recommendation
of a high day-night contrast, in terms of biological potency, in
order to clearly signal time of day to the circadian timing system
and maximize physiological responses to light [e.g., (14, 180)];
however, they leave open the question as to whether complete
darkness or nLAN is an optimal scotophase condition.

Two unique examples of studies that included human
exposure to nLAN include work from Wright et al. (181, 182),
in which participants were exposed to only natural sources of
light (including moon and starlight) while tent camping. In
the first paper, circadian outputs for this week were compared,
within participants, to a more typical week that included work,
school, self-selected sleep schedules, and time spent in built
environments with electrical lighting. The smaller phase angle of
entrainment to the solar day during the camping period of only
natural light exposure was primarily attributed to less electrical
light at night and more light (from the sun) during the day, yet

nLAN cannot be discounted as a potential contributing factor.

Indeed, in the second study, nocturnal light while camping is

characterized in more detail, and they report sensor-derived
night light levels in the 500–600 nm range between 0.1 and 1 lux
(in addition to intermittent light from a campfire) (182).

To our knowledge, there has never been a direct examination
of the effects of very dim vs. complete darkness throughout the
scotophase in human studies of the physiological effects of light.
Considering the varied background conditions in the seminal
human work on the topic, it may be possible to retrospectively

compare a variety of “dark” scotophase conditions across
experiments in order to glean whether or not there are potential
effects of nLAN in humans that are similar to what has been
established in model systems.

SUMMARY AND RECOMMENDATIONS TO

THE FIELD

While it remains to be rigorously examined, there is good reason
to suspect that the potent effects of very dim light (akin to moon
and starlight intensities) summarized here have translational
potential for human circadian research, including the fact that
the tremendous overlap in circadian physiology and responses
between species make it likely that such effects are possible in
humans. However, even if these effects do not directly translate
(i.e., if it is established later that these lower levels of light do
not markedly affect the human circadian system in these ways,
or indeed, in any discernible way), they nevertheless provide a
window into the potential for a latent plasticity that may exist
in humans and may be inducible via other mechanisms, which
have yet to be determined (119). Keeping both of these notions in
mind, but focusing on the former, the following section includes
some recommendations for future work for circadian researchers
focused on mammalian systems.

Measurement and Reporting of Light
This review focuses on photic intensity; however, light can vary
along several other important dimensions, including spectral
properties, duration, and directionality. All of these parameters
have been shown to affect biological potency. Recent progress
has been made, via an internationally balloted consensus-based
process, in developing a standardized method of measuring
and reporting light for non-image forming physiological effects
of light [CIE S 026:2018 (14)]. Essentially, the intensity for
each of the five α -opic photoreceptors (S-cone-opic, M-
cone-opic, L-cone-opic, Rhodopic; Melanopic) is determined,
allowing for the assessment of the relative contribution to
a given response; this is conceptually similar to and builds
upon the introduction of melanopic lux (13). Under typical
lighting conditions, melanopic contribution is the dominant
photoreceptor mediating photic input for the physiological
effects of light in humans, such as melatonin suppression
and phase shifting (183–185). Thus, when quantifying photic
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stimuli for these physiological effects of light, stimuli should
be characterized in terms of melanopic Equivalent Daylight
Illuminance (EDI), which is also reported in units of lux (14).
While we support these newmetrics for quantification of light for
non-visual responses, converting previously reported photopic
lux values into precise melanopic lux/EDI is often not feasible
due to insufficient information about the spectral quality of
the light stimulus. The Lucas and CIE toolboxes (13, 14),
however, support such conversions by providing standardized
or estimated SPD for several light sources. (Figure 1; see below
for recommendations for reporting light in research papers).
Furthermore, the primary purpose of this review is to emphasize
the potency of nLAN, which has largely been assumed to be
subthreshold for affecting the mammalian circadian system,
regardless of spectrum. The research summarized above should
make it abundantly clear that light levels multiple orders of
magnitude below 1 lux are sufficient to alter circadian rhythms
both directly and indirectly.

In all work going forward, researchers should take pains to
ensure that lighting conditions are reproducible and convertible.
This requires detailed reporting of the set up, the distance and
gaze of the organism, placement of sensors, the measurement
instruments used (including their ranges of accuracy, the exact
sensor-heads used, the ability to set a 0-reference point, etc.),
and any other factor that could influence the effect of light (e.g.,
directionality, dilated pupils, etc.), see (186). Many labs, however,
are likely ill-equipped to accurately measure light levels in the
nLAN range. At a minimum, researchers should state that light
levels were below levels of detection by their equipment, state
what those levels are, and report details on any effort taken to
reduce light levels, such as removing or blocking light sources.
The availability of open access and supplemental options mean
a much more detailed account of lighting set ups need not
be subject to space or word limit concerns. At a minimum,
the specifications of the light source need to be described. For
example, light sources that can be described as “white light” or
“white fluorescent” can span at least an order of magnitude in
their biological potency (183, 187). Further, as discussed above,
light levels should be reported in units that can be later converted
(e.g., spectral power distributions of all light sources) if reporting
metrics change, as is likely as more is learned (14). For example,
the bulk of the nLAN work described here was conducted before
the emergence of melanopic lux (13, 14). However, because
the spectral composition and irradiance are reported in our
work, we can now calculate the melanopic lux, or any other
metric that emerges from the field subsequently (see Table 1

and Figure 1).

Standardization of Terminology
Standardization of language both within the circadian and
lighting communities surrounding light levels, especially lower
levels, is crucial, both in our science communications as well
as public health outreach and messaging. In the future, it
might be useful to develop a set of agreed upon terms to
further narrow the range of intensities currently termed as
“dim light.” For example, “dim” has been used variously to
describe values between 0.0001 and 500 lux (see Figure 1),

which spans many orders of magnitude. In this paper, we
have used the term “nLAN” throughout to describe intensities
of light no brighter than naturally occurring nighttime
light levels.

As a field, our current recommendation that “nights
should be completely dark,” may warrant further consideration.
Importantly, solar night is not naturally completely dark, and
while the total absence of light is perhaps a more simple aim
than prescribing a sweet-spot range of dim photic intensities
that do more good than harm, absolutely no light at night
may not always be feasible, optimal, or desirable. Furthermore,
the lighting industry may play an important role in helping
to optimize not just our days but our nights as well, with the
development of novel technologies that capitalize on these more
nuanced understandings.

Reconsidering Old Data and Designing

New Studies
Existing data sets and conclusions drawn from them may
be reconsidered in light of the evidence presented here. It
may be possible to conduct a systematic review and/or meta-
analysis of data from near-scotopic conditions, either within or
across species.

Additionally, while painstaking, new studies of the biological
effects of light in humans need to include sufficient data points to
measure responses at different intensities, including no detectable
light, and time courses.

Recent discoveries show that not all physiological effects
of light rely on identical mechanisms [e.g., alertness vs.
melatonin suppression (41, 42, 69, 77, 85, 95, 170–174)]. Thus,
ED50s of one circadian response should not be assumed to
generalize to a different response. The same caution applies
to sensitivity values reflected in the tails of fluence response
curves, where estimation is less reliable. To better understand
these response differences, further studies aiming to better
understand relative photoreceptor contribution and to identify
practically important dose response parameters should ideally
include measurements across multiple responses (e.g., pupillary
constriction, entrainment) in the same subject under the same
experimental conditions. Where collection of multiple endpoints
might not be feasible, the use of standardized, and replicable,
methodologies becomes even more critical to enable between
study comparisons.

Finally, should investigators need dim illumination for
practical purposes, given the relative biological potency of short
wavelengths, including at relatively “dim” levels (Figure 1),
we recommend the use of the dimmest light, most-depleted
of short wavelengths, possible. For example, 10 lux with a
650 nm LED, more than is needed for comfortable vision, is
only 0.01 melanopic lux, as opposed to 10 lux fluorescent
light (∼3,000K), which is 6.2 melanopic lux (Figure 1). While
the former light source is undoubtedly less potent, researchers
should nevertheless bear in mind that, in at least one case,
“deep red” light levels as low as 0.07 lux were sufficient to
elicit behavioral entrainment in albino rats (78). Furthermore,
this same lighting stimulus was described by the authors as

Frontiers in Neurology | www.frontiersin.org 11 February 2021 | Volume 12 | Article 62533441

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Walbeek et al. Circadian Effects of nLAN

insufficient to aid researchers with animal handling. Thus, as
with many experimental design considerations, there are trade-
offs between rigor and practicality; however, there may be no
such thing as “dim enough” when trying to minimize effects
of background light – any amount of light may potentially
affect the circadian system. Therefore, investigators should both
consider and report light levels in every condition, including
those that may have otherwise been simply described as “dim”
or “dark.”
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Background: Mild traumatic brain injuries (mTBIs) are associated with novel or

worsened sleep disruption. Several studies indicate that daily morning blue light therapy

(BLT) is effective for reducing post-mTBI daytime sleepiness and fatigue. Studies

demonstrating changes in brain structure and function following BLT are limited. The

present study’s purpose is to identify the effect of daily morning BLT on brain structure

and functional connectivity and the association between these changes and self-reported

change in post-mTBI daytime sleepiness.

Methods: A total of 62 individuals recovering from a mTBI were recruited from two

US cities to participate in a double-blind placebo-controlled trial. Eligible individuals

were randomly assigned to undergo 6 weeks of 30min daily morning blue or placebo

amber light therapy (ALT). Prior to and following treatment all individuals completed a

comprehensive battery that included the Epworth Sleepiness Scale as a measure of

self-reported daytime sleepiness. All individuals underwent a multimodal neuroimaging

battery that included anatomical and resting-state functional magnetic resonance

imaging. Atlas-based regional change in gray matter volume (GMV) and region-to-region

functional connectivity from baseline to post-treatment were the primary endpoints for

this study.

Results: After adjusting for pre-treatment GMV, individuals receiving BLT had greater

GMV than those receiving amber light in 15 regions of interest, including the right

thalamus and bilateral prefrontal and orbitofrontal cortices. Improved daytime sleepiness

was associated with greater GMV in 74 ROIs, covering many of the same general

regions. Likewise, BLT was associated with increased functional connectivity between

the thalamus and both prefrontal and orbitofrontal cortices. Improved daytime sleepiness

was associated with increased functional connectivity between attention and cognitive

control networks as well as decreased connectivity between visual, motor, and attention

networks (all FDR corrected p < 0.05).

Conclusions: Following daily morning BLT, moderate to large increases in both

gray matter volume and functional connectivity were observed in areas and networks

previously associated with both sleep regulation and daytime cognitive function,

alertness, and attention. Additionally, these findings were associated with improvements
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in self-reported daytime sleepiness. Further work is needed to identify the personal

characteristics that may selectively identify individuals recovering from a mTBI for whom

BLT may be optimally beneficial.

Keywords: concussion, phototherapy, daytime sleepiness, fatigue, gray matter volume, functional connectivity

INTRODUCTION

Mild traumatic brain injury (mTBI), or concussion, occurs
when an individual experiences a blow to the head or other
mechanical force that results in altered cognition and/or brief
loss of consciousness. The short- and long-term effects of mTBIs
are of significant concern across the spectrum of sports, military,
and public health. In light of the conservatively estimated 3
million mTBIs reported to emergency rooms each year (1, 2)
those sustained by athletes (3) and military Service members
(4) that are cared for by embedded medical teams, the need for
effective treatments is great. While considerable work is being
done to identify biomarkers of injury (5–7) and improve clinical
diagnoses (8–10), there is comparatively little in the way of
efficacious treatments (11–14).

Among the myriad of neurobiological consequences faced by
individuals who have sustained a mild traumatic brain injury,
sleep disruption is among the most common and the most
persistent (15–19). Up to 90% of individuals who sustain a
mTBI report some form of sleep disruption—including insomnia,
frequent wakefulness after sleep onset, and a general sense
of poor sleep quality (19–24)—or associated complaints of
increased daytime fatigue or sleepiness that interferes with one
or more activities of daily living (25–28). These sleep-related
complaints often go untreated and may persist for months to
years post-injury.

Post-mTBI sleep disruption is also associated with slowed
recovery (29–32), exacerbated symptom presentation (29, 31),
and degraded overall functioning (cognitive, motor, emotional)
(33–37). Notably, a reciprocal cycle appears to exist where
daytime fatigue and sleepiness predispose individuals
to future mTBIs, while mTBIs predispose individuals to
future daytime fatigue and sleepiness (27). Consequently,
identifying and developing effective treatments to deal
with sleep-related disruptions is necessary to support high-
quality academic, job, and sport performance. While there is
evidence that pharmacologic intervention may be beneficial

for some individuals following a mTBI (38–40), there is

some suggestion that these may not be the best first course

of treatment (41) and it is likely that non-pharmacologically
driven treatments offer the added benefit of lower risk for

substance dependence.
Among available non-pharmacologic treatments for sleep-

related disruptions, morning blue light therapy (BLT) has been

shown to be effective in reducing daytime fatigue in individuals
recovering from amTBI (42–44). Additionally, this work suggests
that these effects on daytime fatigue may be associated with shifts
in circadian phase in some patients (43). While these outward

effects on daytime functioning are encouraging, the associated
effects of blue light therapy on the brain in those recovering from
a mTBI has not been extensively examined.

Work from our group has focused on using multimodal
neuroimaging to examine both the acute effects of blue light on
cognitive function and alertness, as well as the effects of treatment
in those recovering from a mTBI. Our work suggests that – in
comparison to amber light exposure—a single, short duration
(30min) blue light exposure modulates anterior cingulate
activation in anticipation tasks (45), dorso- and ventrolateral
prefrontal cortex activation in working memory tasks (46), and
may improve neural efficiency during interference tasks (47)
while being associated with improved task performance on
anticipation, working memory, and verbal memory tasks (45, 46,
48).

Recently, we completed two separate randomized clinical
trials using morning blue light therapy (BLT) as a treatment
for mTBI-related sleep disruption vs. an amber light control
condition. Across both trials, BLT was associated with reduced
self-reported daytime sleepiness at the end of six of weeks of
treatment (43, 44); a circadian phase advance and increased
midday sleep onset latency (43); and improved actigraphically-
measured nighttime sleep quality (44). Neuroimaging evidence
from the first trial indicated that BLT was associated with
increases in bilateral thalamic volume, particularly in the pulvinar
region (43); improved functional and structural connectivity
between the thalamus and areas of the parietal cortex (43); and
altered white matter diffusion characteristics in white matter
tracts passing the through the thalamus, corpus callosum, and
left anterior corona radiata (43, 49). These neuroimaging findings
suggest that altered brain structure and function in regions and
circuits subserving alertness, attention, and cognitive control
may be facilitated by improved nighttime sleep and reduced
daytime sleepiness.

What remains unknown are the broader effects of BLT on
brain structure and function following a mTBI. The effects on
thalamic volume and connectivity described above were observed
in a small sample (total n= 31) using targeted follow-up analyses
(e.g., thalamic volume changes were observed using voxel-
based morphometry and subsequently used as a seed region for
examining function and structural connectivity changes) (43).
The purpose of the present study is to expand these neuroimaging
findings by (A) combining the samples from both trials and (B)
applying an atlas-based approach to both gray matter volumetry
and functional connectivity to explore the effects of BLT, as
opposed to amber light therapy (ALT), in individuals recovering
from a mTBI. We hypothesized that, consistent with prior
findings, BLT would be associated with increased volume in and
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connectivity between cortical and subcortical regions involved in
task-related attention and cognitive control.

MATERIALS AND METHODS

Participants
Sixty-two individuals were recruited across two conceptually
linked studies on the effects of BLT on sleep-related outcomes
following mTBI. These studies took place in Boston, MA (study
1; n = 31) and Tucson, AZ (study 2; n = 31). Data on these two
samples have been reported previously for individual samples
(43, 44, 49), but the findings reported here are novel and have
not been previously presented. Inclusion and exclusion criteria
were the same across both studies and have been described
elsewhere (43, 44, 50). Briefly, all individuals sustained a mTBI
within 18months of enrollment according to the mTBI definition
consistent with the Veteran’s Administration/Department of
Defense guidelines (51). Individuals provided documentation of
their head injury either from a medical provider, qualified third-
party witness, or first responder. Qualified witness reports—
including those from a coach, allied health professional, or
emergency personnel—were accepted, as many mTBIs are not
evaluated in a physician’s office or emergency department. mTBI
reports were further corroborated by the participants via the
Ohio State University Traumatic Brain Injury ID self-report
form (52, 53). Individuals were excluded on the basis of pre-
existing medical or neuropsychiatric disorders, a history of a
moderate to severe TBI, alcohol or illicit substance abuse, or
contra-indications for neuroimaging. None of the participants
were undergoing treatment or taking medications for sleep
disorders. Complete exclusionary criteria have been previously
described (43, 44). Prior to study initiation, all procedures were
reviewed and approved by the Institutional Review Boards for
Partner’s Healthcare (study 1), the University of Arizona (study
2), and the Human Research Protections Office of the U.S. Army
(both studies). All participants were fully informed of all study
procedures and provided written informed consent.

Study Procedures
Participants completed three in-lab visits separated by 1-
and 6-weeks, respectively. Individuals were first screened to
confirm meeting eligibility criteria and given a wrist-worn
accelerometer used to quantify 24-h sleep patterns for the
duration of the study [Philips Respironics Actiwatch Spectrum;
data previously reported and not included here (43, 44,
50)]. Participants returned to the lab 1 week later and
completed a comprehensive neuropsychological and self-report
assessment battery, as well as a multimodal imaging protocol
(described below). Following these procedures, individuals were
randomized to either the BLT (λ ∼ 469 nm; total illuminance
214 lux; total irradiance: 248 µW/cm2 at 50 cm; Philips goLITE
BLUE, Philips Electronics, Stamford Connecticut) or ALT (λ ∼

578 nm; total illuminance:188 lux; total irradiance: 35 µW/cm2

at 50 cm; Philips Electronics custom light box) treatment groups.
Participants were provided a corresponding light box to be used
at home, based on treatment group. Treatment consisted of 6
weeks of at-home daily light box use (30min per day within

2 h of waking). The light device was placed at arm’s length at a
slight angle from the participant’s direction of gaze, but facing
the participant enough to bathe the face and eyes with the light.
Participants returned to the lab after 6 weeks of light therapy and
completed identical testing and neuroimaging procedures.

Image Acquisition
The multimodal neuroimaging protocol included the collection
of structural, functional, and diffusion weighted imaging.
Neuroimaging was conducted pre- and post-treatment, resulting
in two sets of images for each participant. The results presented
here include only the structural and functional imaging findings.
With a few minor exceptions, imaging protocols were nearly
identical between the two studies.

Study 1: Boston, MA
All imaging data were collected on a 3.0T Siemens Tim Trio
(Erlanger, Germany) magnetic resonance imaging (MRI) scanner
located at McLean Hospital, Belmont, MA. Imaging included
a T1-weighted 3D magnetization-prepared rapid acquisition
gradient echo sequence (MPRAGE; TE: 2.3ms; TR: 2.1 s; flip
angle: 12◦; acquisition matrix: 256 × 256; slice thickness: 1mm,
voxel size: 1 mm3) and a resting-state functional MRI sequence
(rsFMRI; TE: 30ms; TR: 2 s; flip angle: 90◦; acquisition matrix: 64
× 64; slice thickness: 3.5mm; voxel size: 3.5 mm3). For distortion
correction, a gradient echo field map sequence was also collected
(TE: 4.92/7.38ms; TR: 625ms; flip angle: 90◦; acquisition matrix:
64 × 64; slice thickness: 3.5mm; voxel size: 3.5 mm3) resulting
in two magnitude images and a phase difference map. The set
of baseline scans were collected during the in-lab visit, prior to
light therapy. The set of post-treatment scans were collected 6
weeks later during the final in-lab visit, following the completion
of either BLT or ALT.

Study 2: Tucson, AZ
Imaging data were collected on a 3.0 Siemens Skyra (Erlanger,
Germany) MRI scanner located at the University of Arizona.
Imaging included a T1-weightedMPRAGE sequence (TE: 2.3ms;
TR: 2.1 s; flip angle: 12◦; acquisition matrix: 256 × 256; slice
thickness: 1mm, voxel size: 1mm) and a rsFMRI sequence (TE:
25ms; TR: 2 s; flip angle: 90◦; acquisition matrix: 84 × 84; voxel
size: 2 mm3). For distortion correction, a gradient echo field map
sequence was also collected (TE: 4.92/7.38ms; TR: 625ms; flip
angle: 90◦; acquisition matrix: 64 × 64; slice thickness: 3.5mm;
voxel size: 3.5 mm3) resulting in two magnitude images and a
phase difference map. Baseline scans were collected prior to light
therapy and post-treatment scans were collected 6 weeks later,
following the completion of at-home light therapy.

Imaging Processing
Imaging from both studies underwent the same pre- and
post-processing protocol. Prior to pre-processing all data were
converted from DICOM to NIFTI format using HeuDiConv (v.
0.6.0) into a Brain Imaging Dataset (BIDS) compliant format.
Image quality was initially assessed using MRIQC (v 0.15.1).
All participants in the present analyses had complete structural
imaging datasets (one usable T1-weighted image).
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Structural Image Processing
All T1-weighted images were processed using the Computation
Anatomy Toolbox 12 (CAT12 r1450; http://www.neuro.uni-jena.
de/cat/) implemented through Statistical Parametric Mapping
12 (SPM12 r7219; https://www.fil.ion.ucl.ac.uk/spm/) using
MATLAB R2016A (The MathWorks Inc, Natick, MA). Prior to
processing, all images were realigned to the anterior-posterior
commissure axis using Convert3D (http://www.itksnap.org/
pmwiki/pmwiki.php?n=Convert3D.Documentation). These
realigned data were subsequently segmented using CAT12’s
longitudinal pipeline, which included denoising, skull stripping,
three tissue type segmentation, and normalizing to Montreal
Neurological Institute (MNI) space with an output resolution
of 1 mm3. Total intracranial volume (ICV) was additionally
computed using CAT12. Following normalization, gray matter
volume estimates were extracted for each of 400 cortical (54),
36 subcortical (55), and 37 cerebellar (56) regions of interest
(ROIs) using a concatenation of three well-validated atlases
that has been previously used for similar purposes (57). Each
of the ROIs was assigned to one of nine networks based on the
Yeo 17-network parcellation [using overarching network names
when multiple sub-networks exist; e.g., the default mode A, B,
and C networks were labels as DMN; (58)] for the cortical ROIs,
one subcortical network, and a cerebellar network.

rsFMRI Image Pre-processing
Results included in this manuscript come from preprocessing
performed using fMRIPrep 20.1.3 [RRID:SCR_016216, (59, 60)],
which is based on Nipype 1.5.1 [RRID:SCR_002502, (61, 62)].
The descriptions of the pre-processing steps in fMRIPrep are
provided by the creators of the software under a CC0 license
and reproduced here without changes (aside from formatting
for references).

Anatomical data preprocessing
A total of 2 T1-weighted (T1w) images were found within the
input BIDS dataset. All of them were corrected for intensity non-
uniformity (INU) with N4BiasFieldCorrection (63), distributed
with ANTs 2.2.0 [RRID:SCR_004757, (64)]. The T1w-reference
was then skull-stripped with a Nipype implementation of
the antsBrainExtraction.sh workflow (from ANTs), using
OASIS30ANTs as the target template. Brain tissue segmentation
of cerebrospinal fluid (CSF), white-matter (WM) and gray-
matter (GM) was performed on the brain-extracted T1w using
fast [FSL 5.0.9, RRID:SCR_002823, (65)]. A T1w-reference map
was computed after registration of 3 T1w images (after INU-
correction) using mri_robust_template [FreeSurfer 6.0.1, (66)].
Brain surfaces were reconstructed using recon-all [FreeSurfer
6.0.1, RRID:SCR_001847, (67)], and the brain mask estimated
previously was refined with a custom variation of the method to
reconcile ANTs-derived and FreeSurfer-derived segmentations
of the cortical gray-matter of Mindboggle (RRID:SCR_002438)
(68). Volume-based spatial normalization to two standard spaces
(MNI152NLin2009cAsym, MNI152NLin6Asym) was performed
through non-linear registration with antsRegistration (ANTs
2.2.0), using brain-extracted versions of both T1w reference
and the T1w template. The following templates were selected

for spatial normalization: ICBM 152 Non-linear Asymmetrical
template version 2009c [RRID:SCR_008796; TemplateFlow
ID: MNI152NLin2009cAsym, (69)], FSL’s MNI ICBM 152
non-linear 6th Generation Asymmetric Average Brain Stereotaxic
Registration Model [RRID:SCR_002823; TemplateFlow ID:
MNI152NLin6Asym, (70)].

Functional data processing
For each of the two BOLD rsFMRI runs found per subject
(across all sessions), the following preprocessing was performed.
First, a reference volume and its skull-stripped version were
generated using a custom methodology of fMRIPrep. Head-
motion parameters with respect to the BOLD reference
(transformation matrices, and six corresponding rotation and
translation parameters) are estimated before any spatiotemporal
filtering using mcflirt [FSL 5.0.9, (71)]. BOLD runs were
slice-time corrected using 3dTshift from AFNI 20160207
[RRID:SCR_005927, (72)]. A B0-non-uniformity map (or
fieldmap) was estimated based on a phase-difference map
calculated with a dual-echo GRE (gradient-recall echo) sequence,
processed with a custom workflow of SDCFlows inspired by
the epidewarp.fsl script and further improvements in HCP
Pipelines (73). The fieldmap was then co-registered to the target
EPI (echo-planar imaging) reference run and converted to a
displacements field map (amenable to registration tools such as
ANTs) with FSL’s fugue and other SDCflows tools. Based on
the estimated susceptibility distortion, a corrected EPI (echo-
planar imaging) reference was calculated for a more accurate co-
registration with the anatomical reference. The BOLD reference
was then co-registered to the T1w reference using bbregister
(FreeSurfer) which implements boundary-based registration
(74). Co-registration was configured with six degrees of freedom.
The BOLD time-series (including slice-timing correction when
applied) were resampled onto their original, native space by
applying a single, composite transform to correct for head-
motion and susceptibility distortions. These resampled BOLD
time-series will be referred to as preprocessed BOLD in original
space, or just preprocessed BOLD.

The BOLD time-series were resampled into several standard
spaces, correspondingly generating the following spatially-
normalized, preprocessed BOLD runs: MNI152NLin2009cAsym,
MNI152NLin6Asym. First, a reference volume and its skull-
stripped version were generated using a custom methodology
of fMRIPrep. Several confounding time-series were calculated
based on the preprocessed BOLD: framewise displacement
(FD), DVARS and three region-wise global signals. FD was
computed using two formulations following Power [absolute
sum of relative motions, (75)], and Jenkinson [relative root
mean square displacement between affines, (71)]. FD and
DVARS are calculated for each functional run, both using their
implementations in Nipype [following the definitions by Power
et al. (75)]. The three global signals are extracted within the CSF,
the WM, and the whole-brain masks.

Additionally, a set of physiological regressors were extracted
to allow for component-based noise correction [CompCor, (76)].
Principal components are estimated after high-pass filtering
the preprocessed BOLD time-series (using a discrete cosine
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filter with 128 s cut-off) for the two CompCor variants:
temporal (tCompCor) and anatomical (aCompCor). tCompCor
components are then calculated from the top 5% variable
voxels within a mask covering the subcortical regions. This
subcortical mask is obtained by heavily eroding the brain mask,
which ensures it does not include cortical GM regions. For
aCompCor, components are calculated within the intersection
of the aforementioned mask and the union of CSF and
WM masks calculated in T1w space, after their projection to
the native space of each functional run (using the inverse
BOLD-to-T1w transformation). Components are also calculated
separately within the WM and CSF masks. For each CompCor
decomposition, the k components with the largest singular
values are retained, such that the retained components’ time
series are sufficient to explain 50 percent of variance across
the nuisance mask (CSF, WM, combined, or temporal). The
remaining components are dropped from consideration.

The head-motion estimates calculated in the correction
step were also placed within the corresponding confounds
file. The confound time series derived from head motion
estimates and global signals were expanded with the inclusion
of temporal derivatives and quadratic terms for each (77).
Frames that exceeded a threshold of 0.5mm FD or 1.5
standardized DVARS were annotated as motion outliers. All
resamplings can be performed with a single interpolation step
by composing all the pertinent transformations (i.e., head-
motion transform matrices, susceptibility distortion correction
when available, and co-registrations to anatomical and output
spaces). Gridded (volumetric) resamplings were performed
using antsApplyTransforms (ANTs), configured with Lanczos
interpolation to minimize the smoothing effects of other kernels
(78). Non-gridded (surface) resamplings were performed using
mri_vol2surf (FreeSurfer).

Many internal operations of fMRIPrep use Nilearn
0.6.2 [RRID:SCR_001362, (79)], mostly within the
functional processing workflow. For more details of the
pipeline, see the section corresponding to workflows in
fMRIPrep’s documentation.

Functional Connectivity
Post-processing and functional connectivity estimation from the
preprocessed BOLD time series (in MNI152NLin2009cAsym
space) was accomplished for each subject and session using
the eXtensible Connectivity Pipeline (XCP Engine, v 1.2.3;
https://github.com/PennBBL/xcpEngine). Confound regressors
were collected from fMRIPrep and included the mean global,
cerebrospinal fluid, and white matter signals, framewise motion
(x-, y-, and z- axis translation and rotation) as well as
the derivatives and quadratic expansions of these terms [36
parameter confound regressors, (80)]. Processing steps included
demeaning, detrending, and temporal filtering (0.01–0.08Hz
Butterworth filter) of the time series and regressors, as well as
despiking of the BOLD time-series using 3dDespike from AFNI
[RRID:SCR_005927, (72)] followed by regression using the 36
parameters. The residual BOLD time-series following regression
was the averaged in each of the 473 ROIs used in estimating the
gray matter volume. However, due to varying levels of field of

view coverage for the cerebellum during the resting state imaging,
the 37 cerebellar ROIs were ultimately excluded. Functional
connectivity was then computed as the Pearson r correlation
between each ROI, yielding a 436 × 436 functional connectivity
matrix per subject per session (400 cortical ROIs, 36 subcortical
ROIs). These connectivity matrices were subsequently Fisher r-
to-z transformed to improve the normality of the distribution of
the correlation coefficients. Additional quality metrics provided
by XCP Engine included mean root mean square (RMS) motion
estimates and node coverage.

Data Harmonization
A necessary consideration in the analyses of these data is
the collection of imaging on different systems in different
locations over the course of several years. To ensure that
the present findings were not confounded by site effects,
the GMV and functional connectivity data were individually
harmonized using neuroCombat [https://github.com/Jfortin1/
ComBatHarmonization, (81)] implemented in R [v. 3.6.1, (82)].
neuroCombat uses an Empirical Bayes approach tominimize site-
level effects in neuroimaging data while preserving biological
effects. This approach has successfully been used to harmonize
structural, functional, and diffusion-weighted data (81, 83, 84).
To ensure that effects of interest and potentially meaningful
regressors were preserved, we included age, sex, number of
previous mTBIs, days post-injury, and group (BLT, ALT) in the
modeling. For the functional connectivity data, we additionally
included mean root mean square motion from XCP Engine as a
potential covariate.

Statistical Analyses
All post-processing statistical analyses were conducted in R and
Python (v. 3.7.6). All between-groups analyses were ultimately
conducted using DABEST [v 0.3.0, (85)] in Python. DABEST
computes effect sizes for both between-group and within-
group comparisons as well as bootstrapped, bias-corrected,
accelerated (BCa) 95% confidence intervals (using 20,000
bootstrap resamples) around these effect sizes. Additionally,
DABEST provides traditional hypothesis testing using Welch’s
t, Student’s t, and Mann-Whitney U test p-values as well as a
permutation-based p-value (5,000 permutations).

Treatment-Related Effects on GMV
We fit an initial regression model to both baseline and post-
treatment harmonized ROI GMV estimates separately to remove
the effects of total intracranial volume, age, and sex and extracted
the residuals to estimate covariate-adjusted ROI volumes. We
then regressed baseline covariate-adjusted values against post-
treatment covariate-adjusted values. The residuals from this
model were then passed to DABEST to compare BLT to ALT.
Results are reported as Hedges’ g effect sizes. In reporting these
findings, we employed a hierarchical approach to controlling
family-wise error. First, we included only ROIs whose 95%
confidence intervals did not include 0. Second, we applied false
discovery rate (FDR) correction to the permutation p-values
from DABEST and thresholded the findings at FDR corrected p
< 0.05. Treatment-related effects on functional connectivity.
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Univariate correlations were fit for each edge at baseline
in the harmonized dataset in the adjusted baseline models to
additionally assess age, sex, total number of prior mTBIs, days
post-injury, and relative RMS motion as potential covariates.
Approximately 6% of the edges were associated with either age,
total number of prior mTBIs, or days post-injury and none
of these correlations survived multiple comparisons correction
and so no further covariate adjustment was considered. Post-
treatment functional connectivity data were regressed on the
baseline data to remove baseline effects. Residuals from these
baseline-adjusted models were passed to DABEST to compare
BLT to ALT on an edge-by-edge basis. Similar to the GMV
models we report Hedges g effect sizes for each edge thresholded
by (1) 95% confidence intervals not including 0 and (2) FDR
corrected permutation p < 0.05. Results were plotted using in
Python using the plot_connectome function fromNilearn [v 0.6.2;
RRID:SCR_001362; (79)].

Exploratory Analyses
In order to further explore the neuroimaging findings in
relationship to previously identified behavior outcomes,
we conducted several exploratory analyses. These analyses
included correlations between baseline and baseline-adjusted
daytime sleepiness (ESS scores; the primary behavioral outcome
previously reported) and both GMV and functional connectivity.
For baseline-adjusted ESS scores, these were computed as
the residual ESS scores after regressing post-treatment values
on baseline values. Consistent with our prior findings, these
baseline-adjusted values were computed without adjusting
for additional covariates (e.g., sex, number of mTBIs, days
post-injury) as none improved the models in stepwise model
selection. These correlations were fit in Python using the
bootstrap-stat (https://github.com/rwilson4/bootstrap-stat)
package to compute 95% BCa confidence intervals. Findings
were initially thresholded to include only correlations with 95%
BCa confidence intervals not including 0. Results were visualized
using BrainNetViewer [v. 1.7; RRID:SCR_009446; (86)] for GMV
correlations and plot_connectome for functional connectivity.

These exploratory analyses were executed to provide
comprehensive estimates of effects for planning future
similar studies.

RESULTS

A total of 62 individuals (25 males) completed all study
procedures across both cohorts. In general, participants were
young adults (mean age: 24.7 ± 7.8 years) who were in the
chronic phase of mTBI recovery (mean weeks from index
injury: 36.4 ± 20.9). Across the combined sample, ESS scores
approached, on average, the threshold for excessive daytime
sleepiness (mean ESS: 9.2 ± 3.4; threshold for EDS = 10) (87).
We previously reported baseline balance between blue and amber
groups in each of the cohorts separately (43, 44).

Treatment Effects on GMV
After controlling for total intracranial volume, age, sex, and
baseline GMV, a total of 17 ROIs survived multiple comparisons

correction (all FDR corrected p < 0.05) and demonstrated
moderate to large differences, including greater post-treatment
GMV after BLT (n = 15) and ALT (n = 2; Figure 1, Table 1).
Compared to ALT, greater GMV following BLT was observed
primarily in the left hemisphere in regions associated with the
attention, default mode, and limbic networks. Consistent with
prior findings in the Boston subset of this sample, greater GMV
was also observed in the right caudal temporal and right occipital
thalamic ROIs. Greater GMV following ALT compared to BLT
was observed in two areas of the cerebellum.

Treatment Effects on Functional
Connectivity
After controlling for baseline functional connectivity, a total
of 3,276 edges exhibited differences in connectivity (all FDR
corrected p < 0.05) between the BLT and ALT groups. Greater
connectivity following BLT was observed in n = 2,028 edges
while lower connectivity was observed in n = 1,248. Based on
the network labeling for the associated ROIs, these differences
included a widespread network for connections between the
default mode, somatomotor, cognitive control, subcortical gray
matter, as well as dorsal and ventral attention networks.

The largest differences (FDR corrected p < 0.01; Figure 2)
were observed in a total of 16 edges linking these same networks.
These edges specifically include connections with the right
thalamus, prefrontal and orbitofrontal cortices, and numerous
somatomotor regions.

Exploratory Analyses
Relationship Between ESS and GMV
At baseline, ESS scores were inversely correlated with GMV (i.e.,
greater ESS, lower GMV) in 20 cortical ROIs and positively
associated with GMV 5 ROIs, including four subcortical ROIs.
After adjusting for baseline GMV and ESS, decreased ESS scores
at post-treatment were correlated with increased GMV in 15.6%
of the 473 ROIs (n = 74; Figure 3) including the right caudal
temporal thalamus. These ROIs were associated with the bilateral
attention, cognitive control, visual, and default mode networks.

Relationship Between ESS and Functional

Connectivity
Prior to treatment, ESS scores were associated with functional
connectivity across a total of 5,656 edges. Those with the
strongest correlations (r > |0.40|, n = 144 edges) included
positive correlations (greater ESS and greater connectivity; n
= 72 edges) within the DMN as well as between the DMN,
salience and cognitive control networks (n = 27/72 edges)
and negative correlations (greater ESS, lower connectivity; n
= 72 edges) primarily between the DMN and subcortical gray
matter as well as between the temporoparietal network and the
somatomotor and ventral attention networks (n = 27/72 edges
across these connections).

A total 5,039 edges exhibited a change in connectivity
that was associated with a change in daytime sleepiness,
including 3,072 edges with increased connectivity and 1,967 with
decreased connectivity. Examining those edges with the strongest
correlations (r > |0.40|, n = 121 edges; Figure 4) revealed
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FIGURE 1 | Regions of interest (ROIs) exhibiting moderate-to-large baseline adjusted differences in gray matter volume (GMV). Greater GMV was observed following

blue light treatment (ROIs in blue) in 15 cortical and subcortical ROIs. Greater GMV was observed following amber light (red ROIs) in two cerebellar regions. All ROIs

were false discovery rate corrected p < 0.05. Top Left: Lateral left view, Top Middle: Superior view; Top Right, Lateral right view. Bottom Left, anterior view; Bottom

Middle: Inferior view; Bottom Right: Posterior view.

increased connectivity primarily associated with decreased ESS
scores (negative correlation) in edges connecting the dorsal
attention, somatomotor, and visual networks as well as the default
mode, and subcortical networks (n = 48 edges total across these
network connections; 82 total edges with negative correlations;
Figure 4 bottom). Decreased connectivity was associated with
decreased ESS scores in 39 edges (Figure 4 top).

DISCUSSION

The primary purpose of this study was to extend our prior
findings on the effects of 6 weeks of 30min daily morning BLT
on brain structure and function in individuals recovering from
a mTBI. Consistent with our hypotheses and prior findings,
we observed increased gray matter volume and modulated
functional connectivity in and between areas of the brain
associated with attention, cognitive control, salience, and visual

processing among those who received BLT. Increased GMV
after adjusting for baseline GMV was also observed in the
right thalamus, consistent with the earlier voxel-based analysis
of a subset of these data (43). These changes in both GMV
and functional connectivity were additionally correlated with
improvement in subjective daytime sleepiness.

In particular, individuals who reported improved daytime

sleepiness exhibited increased GMV in the thalamus as well as

orbitofrontal and prefrontal cortices and the precuneus, among

other regions. Furthermore, increased functional connectivity
associated with decreases in daytime sleepiness were observed

in ROI-to-ROI connections linking these regions to other
areas in the attention, default mode, visual, and somatomotor
networks. This is consistent with other findings suggesting that
daytime sleepiness is associated with reduced thalamocortical
connectivity (88). These data provide evidence that, particularly
for individuals experiencing daytime sleepiness following a
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mTBI, blue light therapy may confer beneficial effects, in part
due to changes to both structure and function in brain networks
associated with alertness and attention as well as linkage between
these and the default mode network.

Blue Light Effects on GMV
The present findings extend our previous work on blue light
therapy and GMV in several ways. Specifically, we provide
further evidence that reduced thalamic volume is associated with
daytime sleepiness followingmTBI and that this volume increases
following blue light therapy (as opposed to similar exposure to
amber light). We additionally identified several other regions
that were not previously observed in our voxel-wise analyses
that may respond positively (i.e., increased GMV) to blue light

TABLE 1 | Regions of interest demonstrating baseline-adjusted differences in gray

matter volume.

Atlas Region Effect

size

Interpretation

Buckner cerebellar atlas Cerebellum #22 0.563 Amber > Blue

Cerebellum #34 0.554 Amber > Blue

Brainnetome atlas Right occipital thalamus −0.552 Blue > Amber

Right caudal temporal thalamus −0.557 Blue > Amber

Schaefer 400 LH_ContB_PFCd_1 −0.538 Blue > Amber

LH_DefaultB_Temp_2 −0.615 Blue > Amber

LH_DefaultC_PHC_2 −0.572 Blue > Amber

LH_DorsAttnA_TempOcc_2 −0.788 Blue > Amber

LH_DorsAttnB_PostC_4 −0.514 Blue > Amber

LH_Limbic_TempPole_3 −0.522 Blue > Amber

LH_SalVentAttnA_Ins_4 −0.574 Blue > Amber

LH_SalVentAttnB_OFC_1 −0.575 Blue > Amber

LH_SomMotB_Aud_10 −0.554 Blue > Amber

RH_Limbic_OFC_1 −0.644 Blue > Amber

RH_Limbic_OFC_3 −0.541 Blue > Amber

RH_Limbic_OFC_4 −0.552 Blue > Amber

RH_SalVentAttnA_ParMed_6 −0.485 Blue > Amber

Regions of interest defined in the Buckner cerebellar atlas (56), Brainnetome atlas (55),

and Schaefer 400 ROI 17-Network parcellation (54). Effect sizes as Hedges g.

therapy, including the orbitofrontal and prefrontal cortices. For
both mTBI recovery and daytime sleepiness, these regions have
important implications.

First, decreased thalamic volume has been observed following
mTBIs, specifically in individuals with post-mTBI fatigue (89),
while increased thalamic volume is positively associated with
more rapid recovery from post-mTBI cognitive impairment (90).
Second, both decreased thalamic volume and decreased volume
in orbitofrontal and prefrontal regions has been observed in
individuals with chronic insomnia, sleep loss, daytime fatigue,
and daytime sleepiness (91–93). Relatedly, previous studies show
that sleep loss is associated with decreases in glucose metabolism
in pre-/orbitofrontal regions (94) as well as changes in the
upregulation of A1 adenosine receptors which may underpin
homeostatic sleep regulation (95). Given the metabolic crisis
that accompanies an mTBI (96), it is possible that reduced
GMV in these regions may be associated with specifically
compromised glucose metabolism and sleep regulation, while
increases in volume may either facilitate or be facilitated by
improved sleep. Collectively, findings from those studies, as well
as our present findings of decreased volume and increased ESS
scores at baseline, suggest that post-mTBI sleep disruption and
thalamic, orbitofrontal, and prefrontal volume may be closely
linked. However, prospective studies are lacking to identify the
directionality of this relationship as well as the effect of mTBI on
factors associated with sleep regulation (e.g., glucosemetabolism)
in these areas.

Blue Light Effects on Functional
Connectivity
The present work also extends prior findings on the effects
of BLT and functional connectivity. Acute exposure to blue
light (even as short as 1min) modulates task-dependent fMRI
activation in regions critical to cognitive control, attention, and
memory including the anterior cingulate (45) and dorso- and
ventrolateral prefrontal cortex (46, 97, 98) as well as the thalamus
and anterior insula (97). These effects have also been observed
in completely blind individuals with brief (<1min) exposures
to blue light, indicating that these effects are not dependent on
visual perception of blue light (99). Task-dependent modulation
is also evident for acute blue light exposure during emotion

FIGURE 2 | Region-to-region functional connectivity differences following treatment. Blue light treatment was associated with greater functional connectivity in 14

ROI-to-ROI connections linking the visual, default mode, somatomotor, and dorsal attention networks (all FDR p < 0.01).
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FIGURE 3 | Regions of interest (ROIs) exhibiting moderate-to-large correlations (|r| > 0.4) between Epworth Sleepiness Scale scores and gray matter volume (GMV)

at baseline (left) and at post-treatment (right). Treatment-related decreases in daytime sleepiness were associated with moderate-to-large increases in GMV in 74

ROIs. All ROIs were FDR corrected at p < 0.05.

FIGURE 4 | Edges (region-to-region connections) exhibiting moderate-to-large correlations (|r| > 0.4) between Epworth Sleepiness Scale scores and gray matter

volume (GMV) at post-treatment (right). Treatment-related decreases in daytime sleepiness were associated with moderate-to-large increases in functional connectivity

in 82 edges and with decreases in functional connectivity in 39 edges. All edgewise correlations were FDR corrected at p < 0.05.

regulation tasks (100). Additionally, and highly relevant to the
present work, these acute, task-dependent modulations may be
strongly influenced by both circadian phase and sleep pressure
(97). Collectively, these prior findings indicate that acute blue
light exposure enhances functional activation during cognitive
tasks and repeated or prolonged exposure may confer lasting
effects. Future work should specifically examine the similarities
and differences between acute and repeated blue light exposure
on both resting-state and task-dependent activation.

Further, we previously reported increased functional
connectivity specifically between the left thalamus and both
frontal and parietal cortical areas that was associated with

decreased daytime sleepiness following treatment in this
population (43). The present findings demonstrate wider
influences of blue light therapy on increased coherence between
visual, attention, and subcortical gray matter networks, including
bilateral thalamocortical connectivity. We further demonstrate
greater dissociation between internally and externally oriented
networks (i.e., the dorsal vs. ventral attention networks; default
mode vs. frontoparietal control networks). Critically, these
effects of BLT were associated with observed decreases in
daytime sleepiness.

These findings are broadly in line with prior neuroimaging
findings linking mTBI and sleep disrupted states. Decreased
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and disrupted thalamocortical connectivity—including dorsal
attention and frontoparietal control networks—has previously
been reported in individuals recovering from a mTBI who
report fatigue (25, 101, 102). Additional work indicates that
poor quality sleep and fatigue is associated with decreased
functional connectivity within the default mode network and
increased limbic network functional connectivity (including
thalamocortical connectivity) in pediatric mTBI (103). Those
studies also indicate that connectivity in the limbic and default
mode networks normalizes in parallel with the recovery of
cognitive function and sleep.

Sleep Treatments Facilitate mTBI Recovery
The present findings agree both with our prior analyses
and more broadly with a recent randomized controlled
trial investigating exogenous melatonin supplementation for
adolescents recovering from a mTBI (38, 43). Findings from
that study on melatonin also demonstrated increases in GMV
following treatment that was associated with increased sleep
quality (specifically, decreased wake after sleep onset as measured
with actigraphy), particularly in the posterior cingulate cortex.
Changes inWASOwere also associated with increased functional
connectivity between the default mode network and attention,
visual, and somatosensory networks as well as an overall increase
in whole brain functional connectivity (38).

While the exactmechanisms by which either blue light therapy
or melatonin would alter brain structure and function remain to
be fully elucidated, we posit that this is due primarily to effects
on sleep, rather than directly the result of treatment. Recent
work suggests that sleep is a critical component of synaptic
plasticity (104, 105), and sleep is critical for the formation of
oligodendrocyte precursor cells, which form the basis of the
myelin sheath (106), which is often damaged in mTBI. Both
blue light therapy (as a daytime melatonin suppressor) and
melatonin supplementation (as a nighttime sleep-promotor)
exert potent effects on circadian rhythm and sleep regulation
(107–111). Therefore, it is likely that treatment-mediated changes
in circadian rhythm and sleep enable plasticity and modulation
of resting-state connectivity in the recovery from a mTBI, which
may in turn facilitate clinical recovery, in keeping with the
observed relationship between clinical outcomes and functional
connectivity normalization. Future work is necessary to more
conclusively determine the mechanisms by which these effects
are observed.

Limitations
There are several limitations that should be noted in interpreting
the present findings. First, we had limited capability to
fully ensure treatment compliance and dose. Treatment was
completed by participants in their home and required them
to position the light box within their peripheral vision each
day for 6 weeks. However, across both studies self-reported
compliance was high (>80% of treatment sessions completed)
and the individuals with the lowest compliance were those
who had missing or late recording of treatments. These lapses
in self-reporting do not necessarily mean that treatment was

not completed, nor does high reporting compliance necessarily
indicate strict adherence or truthful reporting. The data here
were analyzed with an intention-to-treat design, so that all
cases with available data were included, regardless of treatment
compliance. Future work in this area should endeavor to develop
methods for quantitatively and objectively determining light box
treatment compliance.

Second, we enrolled participants ranging from 5 to 80 weeks
post-injury. Spontaneous recovery from a mTBI has been noted
at least up to 12 weeks post-injury (112) and so some changes
here may be attributable to post-injury timing. However, the
relationship between weeks post-injury and ESS scores was
neither strong nor statistically significant and so the relative
impact of treatment timing may be small. Third, no clinical
reads were performed and so the presence of unidentified brain
pathology (e.g., vascular lesions) may have affected the present
findings. However, our sample is comprised of young adults all
with diagnosed injury no more severe than mild, so we consider
the likelihood of this potential confound to be small.

Fourth, this was not a prospective study and we did not
include a non-injured control group as a baseline or post-
treatment reference. Therefore, we are unable to determine
whether BLT brings individuals recovering from amTBI closer to
a pre-injury or uninjured state from a neuroimaging perspective.
However, the purpose the trial was neither to establish the effects
of mTBIs on brain structure or function (a baseline comparison
to self or an uninjured control group) nor to demonstrate that
blue light therapy normalizes to a pre-injury or non-injured
state. Rather, the overall purpose of the trial was to demonstrate
that, in those individuals self-reporting adverse sleep-related
outcomes following injury, blue light therapy is a viable treatment
alternative for reducing daytime sleepiness and improving sleep
(quantity and quality) as we have previously reported (43,
44), with the present findings as secondary outcomes. Future
prospective studies should examine the capacity of BLT to
minimize both the neurophysiological effects and long-term
sleep disruption stemming from mTBIs relative to pre-injury or
uninjured states.

CONCLUSION

For individuals reporting daytime sleepiness following a mild
traumatic brain injury, BLT is a non-invasive treatment option
that may help to facilitate neural plasticity and hasten recovery.
Here, we demonstrated moderate to large increases in both
gray matter volume and functional connectivity following
blue light therapy in areas previously associated with both
sleep regulation and daytime cognitive function, alertness, and
attention. Further work is needed to more completely elucidate
the exact mechanisms of these changes as well as precision
medicine factors that may selectively identify individuals in
whom the greatest benefits may be seen. These data add to a
growing body of research suggesting that morning BLT may
facilitate structural and functional brain recovery among some
individuals who have sustained a mTBI.
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A growing number of studies document circadian phase-shifting after exposure to

millisecond light flashes. When strung together by intervening periods of darkness,

these stimuli evoke pacemaker responses rivaling or outmatching those created by

steady luminance, suggesting that the circadian system’s relationship to light can be

contextualized outside the principle of simple dose-dependence. In the current review,

we present a brief chronology of this work. We then develop a conceptual model

around it that attempts to relate the circadian effects of flashes to a natural integrative

process the pacemaker uses to intermittently sample the photic information available at

dawn and dusk. Presumably, these snapshots are employed as building blocks in the

construction of a coherent representation of twilight the pacemaker consults to orient

the next day’s physiology (in that way, flash-resetting of pacemaker rhythms might be

less an example of a circadian visual illusion and more an example of the kinds of gestalt

inferences that the image-forming system routinely makes when identifying objects within

the visual field; i.e., closure). We conclude our review with a discussion on the role

of cones in the pacemaker’s twilight predictions, providing new electrophysiological

data suggesting that classical photoreceptors—but not melanopsin—are necessary for

millisecond, intermediate-intensity flash responses in ipRGCs (intrinsically photosensitive

retinal ganglion cells). Future investigations are necessary to confirm this “Cone Sentinel

Model” of circadian flash-integration and twilight-prediction, and to further define the

contribution of cones vs. rods in transducing pacemaker flash signals.

Keywords: light, circadian, rhythms, photostimulation, flash, retina, photoreceptors, ipRGC

INTRODUCTION

The retina integrates light signals detected across a tripartite network of photoreceptors to
convey time-of-day information related to the Earth’s rotation and solar cycle directly to the
brain’s circadian pacemaker, the suprachiasmatic nucleus (SCN) (1–5). Grounded within the
crossroads of this light-detection system is a subset of intrinsically photosensitive retinal ganglion
cells (ipRGCs) containing the vitamin A-based photopigment, melanopsin (6–14). ipRGCs are
recurrently configured in the eye. By virtue of melanopsin expression, these cells are themselves
photo-excitable and can operate as independent relays to the SCN, but—nevertheless—also receive
synaptic connections from rods and cones (15–24), and participate in a centrifugal feedback
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pathway involving several types of retinal amacrine interneurons
(25, 26). As an emergent unit, the whole of the retinal circuitry
that comprises the (non-image forming) input to the SCN
is extremely flexible in its reading of ambient light across
various intensities, spectra, and patterns of contrast. While it
is appreciated that all photoreceptor classes make contributions
to irradiance detection and are activated across an overlapping
range of wavelengths (27–31), there is particular specialization
with regards to each’s role in signaling contact with steady (i.e.,
non-flickering) vs. intermittent light.

For example, ipRGCs provide a sustained signal to the SCN
throughout the duration of exposure to a discrete light stimulus
lasting up to several hours (32–38); cones, on the other hand,
amplify signaling only at the beginning of the exposure owing to
their transient response within the first <1 s of light-onset (39–
44). This functional dissociation is evident in electrophysiological
retinal recordings of ipRGCs (8, 17, 19), single-unit recordings of
SCN neurons (33, 41), as well as behavioral comparisons between
rodents with selective loss of cones vs. wildtype animals. In
the latter case, cone-deficient mice exhibit full-magnitude phase
shifts to 15-min but not 1-min light administration (480 nm)
(40). Conversely, cone-activating light fails to phase-shift the
rodent pacemaker as a continuous 15-min stimulus but does so
when presented intermittently along 15 separated 1-min steps
over an hour (42). These aggregated data suggest a wider truth
about the circadian pacemaker’s timekeeping estimates. They are
based on two superimposed changes in incident light: (1) the slow
intensity variation of sunlight that marks the day’s movement
through the morning and afternoon and that which separates
the day from the night (∼10–12 h; weighted toward melanopsin
function); and (2) the higher-frequency changes in irradiance
and spectrum that punctuate twilight interludes at dawn/dusk
(∼30–60min; weighted toward cone function).

The pacemaker’s phase responses to the same light stimulus
(e.g., a 15-min pulse) change systematically across the subjective
night along a sigmoidal-like wave (45). In the vast majority
of species that have been surveyed, light administration in the
first half of the night will produce phase delays in behavioral-
physiological rhythms commensurate with the difference in
timing between the photic stimulation and the timing of dusk in
the solar cycle or lights-out within an indoor light-dark schedule
[e.g., in humans, lab rodents and Drosophila, introduction of the
light stimulus 2 h after subjective sunset will delay rhythms by
up to 2 h; (46–48)]. The reciprocal is observed in the second half
of the night, where light administration will advance rhythms in
proportion to howmuch earlier the light was seen with respect to
expected sunrise [e.g., stimulation 2 h before sunrise or lights-on
will fast-forward the onset of diurnal physiology and behavior by
up to 2 h; (46–48)]. When describing the circadian pacemaker’s
phase response curve (PRC) to light, many commentators note
the technical shape of the PRC in passing or the relationship it
might bear to a biological phenomenon of interest. Few point out
the bigger picture: the circadian PRC to light is arguably the most
demonstrable example of the brain’s prediction coding.

Predictive processing is a mature field of inquiry in
psychology and cognitive neuroscience (49–52), where diverse
methodologies have established the brain as a prospection device

that interprets sensory information with the express purpose
of generating expectations—and thereby obtaining a level of
preparedness—for the immediately relevant future (49–61). Early
studies of prediction coding or “sensory anticipation” were
primarily motivated by experiments that attempted to resolve
fundamental questions about how the visual field manages to
remain stable with the constant image-displacement introduced
by physical activity, head and eye movements, and blinking
(62, 63). At about the same time as these models of primary
vision were conceived, species-generalizable PRCs-to-light had
been developed across several experimental organisms occupying
different ecological and temporal niches within the biosphere
(45, 64, 65). Ironically, study of the non-image forming visual
system had produced a wealth of empirical data (not to
mention the resounding image of the PRC itself) attesting
to the brain’s prediction-making capabilities and its raison
d’être in reducing the ongoing discrepancies occurring between
expectation and actual experience. Yet, it was in the field
of perceptual vision research that inference, prediction, and
information-seeking became topics of intense scrutiny and now
look to embody cutting-edge algorithms for machine vision and
artificial intelligence [e.g., (66)].

Organisms were pressured to evolve a circadian timekeeping
system that could make predictions about the environment
because, ultimately, an inability to do so meant life or death vis-
à-vis finding food, staying temperature-regulated, and avoiding
predators. While direct responses to light independent of such a
timekeeping mechanism (e.g., masking) would effectively restrict
animals to a nocturnal or diurnal niche (67), they would not be
sufficient for preparing and optimizing vast, interconnected areas
of organismal physiology for times-of-day when—for example—
food might be most readily available and digested or sleep
might be most biologically restorative. Regarding entrainment,
we have lost sight of these stakes and the inferences that came
along with them—namely, that photodetection mechanisms in
the service of the circadian pacemaker are likely to be highly
flexible in the light information they use to localize sunset or
sunrise. Evolutionary pressure not only coaxed the advent of
an entrainable clock but also created a race to the bottom
for sunlight detection. Organisms who won-out were able to
use the least amount of light information in the service of
entrainment and could interpret that information accurately
whether it resulted from consistent or erratic contact with
sunlight. Successful entrainment did not require a prolonged
“sitting” audience with midday or twilight and, for some animals,
could be achieved (well-enough) within their natural habitats by
a few minutes’ exposure once or twice a day (68, 69).

DYNAMIC LIGHT AND THE CIRCADIAN

PACEMAKER

Research has established the lower floors of circadian
photoentrainment in laboratory models such as Drosophila and
mice (70–72). Data suggest that most animals can synchronize
and maintain a stable phase relationship to a 12-h light-
dark schedule with an irradiance of <1 nW/cm2 or with
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skeleton photoperiods consisting of ∼11-h intervals of darkness
bookended by a pair of 30-min light pulses simulating dusk
and dawn (70–75). Despite the appreciation that entrainment
requires little in the way of photic energy, there is still a lingering
assumption among chronobiologists that light-induced phase
shifting demands a relatively large energy investment to trigger
complete resetting of endogenous rhythmicity. This perspective
is best couched by the reciprocity hypothesis, which asserts
that the size of any phase-shift is directly proportional to the
time-integrated illuminance the pacemaker registers from a
light signal (76, 77). However, extant data suggest that light’s
association with circadian timekeeping is more complicated.

Emission technology in the 20th and early 21st centuries
rarely offered control systems equipped to deliver light in a
rapid, intermittent, and multidimensional fashion, where all
physical exposure variables could be manipulated at once in
quick successive steps. Within the technology milieu, however,
were movie/photography studio devices that could produce
microsecond and millisecond xenon flashes at fixed frequencies.
These devices are still used today in order to illuminate and
visualize color in dark scenes (e.g., Metz Mecablitz and DynaLite
units). Over the past 60 years, several investigators have also used
them to examine the phase-shifting effects of flashes in organisms
as diverse as Drosophila, hamsters, rats, mice, and humans (78–
86). The findings collated from these studies have established
that the metazoan circadian pacemaker responds to intermittent
millisecond flashes with phase shifts comparable to those that
would have been generated with continuous, uninterrupted light
administration, provided that the stimuli are delivered at regular
intervals every few seconds or each minute. What’s more, each
circadian hour of the subjective night is equally amenable to
flash stimulation; xenon-flash PRCs have been compiled for the
eclosion rhythm of Drosophila pseudoobscura (79) and the flight
activity of the Schneider’s roundleaf bat (Hipposideros speoris)
(80, 81), and this patterned stimulation has proven effective in
both the delay and advance zones of C57BL/6 mice (82), the most
common mouse strain bred in biomedical science.

Employing electrophysiology amplifiers and LED Ganzfeld
lamps, researchers have summarized a few other observations
germane to the pacemaker’s reaction to (sub)millisecond
light. First, the energy-efficiency with which flashes phase-
shift the clock are maximized by shortening exposure, with
optimization accruing all the way down to at least 10
µs (87–89). Ergo, it is likely that the circadian system
responds to instantaneous light contact, habituates immediately
thereafter, and then cycles through a rapid re-sensitization
process. Second, flashes that reset the clock do so with a
combinatorial logic that integrates the responses of these flashes
with shorter and longer episodes of light (87). This means
that flashes do not require delivery in some invariant or
artificial sequence (e.g., with a fixed pulse duration, metered
along a specific frequency) to impact the circadian system’s
timekeeping (90, 91). Third, the action spectra for flash resetting
of circadian rhythms follows the action spectra that’s been
documented for visible light. Analogous to broad-spectrum
xenon flashes, narrowband blue and green LED flashes can
operate as stand-ins for continuous blue/green light exposure

(92). Finally, the lower energy bounds for photic induction
of circadian resetting reside within the micro-to-nanojoule
range (92).

These observations lend support to a model where the
pacemaker creates wholistic representations of twilight—thereby
predicting the timing of the next day’s dawn and dusk—
by intermittently sampling bits of photic information that
strike the retina as an organism navigates its environment.
Presumably, sampling is done in rapid succession by capturing
snapshots of incident light, integrating these snapshots across
seconds/minutes, and favoring this integration process for the
parts of the day when the sun’s movement in the sky will
invoke the greatest rates of change in ambient illumination
intensity and spectral composition (i.e., the 30–60min of
twilight perceived when the sun is ascending or descending
the horizon). Under this scenario, the pacemaker’s intermittent
reading frame is (1) optimized with photic information
in its most dynamic state, and (2) withstands stochastic
changes in light quantity and quality transiently introduced by
clouds, wind and atmospheric turbidity (e.g., light scattering
from wind-borne particles, haze), and by the behavior of
the organism itself as it moves back-and-forth underground
or underneath a discontinuous awning of trees and green
vegetation (93).

It is worth noting that this model of circadian photoreception
recapitulates an important gestalt principle of the image-
forming visual system referred to as closure, which describes
the brain’s ability to perceive objects as a whole in their
completeness even when the objects appear in the visual
field lacking one or more constituent parts (94). The image-
forming brain is not a stickler for the discrepancies that
arise in detecting and identifying figures when they are
obstructed, appear at an alternative angle, or when constituent
parts may be physically absent. It compensates for the lack
of information, interpolates what is missing, makes (mostly)
correct deductions about the object or person in front of
it, and actively “re-creates” the image of it. Compression
algorithms are applied as soon as light contacts the retina,
continue their processing as the signal traverses the thalamus
and visual cortex, and culminate as the signal breaches the
visual streams (95–97). Gestalt principles of visual perception
detail how the image-forming system creates structure—
and structure within space—by default. Analogous “gestalt”
principles might be valuable toward explaining how the
pacemaker creates automatic representations of time using
twilight as a palette and compression algorithms requiring
operation only within the circumscribed circuitry binding the
retina and SCN.

FLASHES, CONES, AND CIRCADIAN

PREDICTIONS ABOUT TWILIGHT

Throughout millennia, the pacemaker has been conditioned
to track light transitions enveloping sunrise and sunset.
The aggregated literature on flash-induction of circadian
resetting suggests that this timekeeping mechanism occurs
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intermittently, using but a quantum of contact with light,
to set in motion an integrative process that results in the
synthetic construction of a ∼60-min episode of twilight from
just milliseconds of photic information; integration might
occur throughout all stages of signal transduction across
the retina and retinohypothalamic tract (RHT), SCN, and
SCN outputs. With an engram of this temporarily stored
in the SCN circuitry, the representation is then consulted
to orient the synchronization of the SCN’s output signal
to the rest of the brain and periphery, thus phase-locking
the next day’s physiology and behavior. The literature that
has burgeoned from Van den Pol and Heller’s original
observations (82)—that the circadian pacemaker orients to
sequenced intermittent light exposures and not just individual
flashes of oversaturating light (78, 80)—was facilitated by
co-opting studio equipment but has since been enabled by
the advent of semiconductor LEDs. These luminaires provide
spectral/temporal photoemission control at the microsecond-
level and offer the prospect of engineering dynamic patterns
of flash exposure that quickly (and repeatedly) transition from
one set of physical-exposure variables to another (98, 99).
Despite this technology breakthrough, which is now ushering a
fundamental shift in lighting practices around the world, many
investigators still regard flash induction of circadian resetting
as a lab curiosity—an example of a “circadian visual illusion”
worth noting but not necessarily formalizing within studies
of circadian photoreception (100). Perhaps what is needed is
a better mechanistic characterization of the phenomenon and
identification of the relative importance of each photoreceptor
class to these types of physiological responses.

Prior to any experiment, one might hypothesize that classic
photoreceptor cells would be important conduits for transducing
flashes that will feed the pacemaker’s twilight predictions. Both
rods and cones contribute to RHT responses at light onset
and provide short-latency inputs to ipRGCs. If the relative
contribution of rods vs. cones were weighed, however, more
data than not would suggest that cones are the more relevant
photoreceptor class for flash conveyance. Cones with overlapping
ranges of wavelength sensitivity: (1) Are the chief contributors
to retinal responses driven by short-duration light, generating
transient signals that account for most of the RHT activity evoked
by a series of brief light pulses (8, 17–19, 33, 40–43); (2) Are
disproportionately responsible for the upstream ability of the
SCN to track one or more sudden fluctuations in light intensity
and spectral contrast (e.g., akin to the salient changes in ambient
illumination that characterize dawn and dusk) (33, 42, 44); (3)
Differ from melanopsin or rods in that cones cannot drive
sustained RHT activity during continuous, uninterrupted light
exposure; accordingly, they are neither necessary nor sufficient
for photoentrainment of behavioral activity rhythms to recurring
solar or electric light-dark cycles (where light is presented
in a relatively unwavering fashion for 10–12 straight hours)
(27, 29, 33–37, 42); and (4) Are better than melanopsin or
rods at adjusting their sensitivity to background illuminance
(101–103), thus enabling them to operate as twilight detectors
irrespective of how bright or long the photoperiod feeding
into dusk. In short, cones are not “circadian-alignment” tools

à la melanopsin or rods, which signal the enduring presence
of light with fidelity thereby marking the day from the night
and providing an estimation of daylength. Rather, they are
critical sentinels for detecting the flickering kinds of light that
signal the initiation of a sunset or sunrise has migrated to a
time later or earlier than anticipated. In this role, they might
or might not work together with rods, which already have
established roles supporting photoentrainment and quantitative
assessments of irradiance alongside melanopsin (10, 11, 27, 29,
42, 104).

Retinally degenerate and knockout mice offer powerful
platforms for gauging the relative contribution of each
photoreceptor class to a clock light-response of interest.
As a proof-of-concept test of our suggestion that classic
photoreceptors mediate the circadian effects of millisecond
light flashes, one of the authors (KYW) recorded ex vivo ipRGC
responses from Opn4Cre/Cre melanopsin-knockout (105) vs.
Pde6brd1/rd1rod/cone-degenerate mice. The stimuli were 150-s
trains of 2-ms flashes (full-field; 470 nm, 14.0 log photons cm−2

s−1 or roughly 300 lux) with various interstimulus intervals
(ISI, 2.5–10 s; Figure 1). These experiments were motivated by
previous observations suggesting that: (1) Melanopsin responds
better to 20 1-s flashes with certain ISIs than to a continuous 20-s
light step, indicating temporal summation (106); and (2) Flashes
50-ms in duration could, occasionally, evoke a melanopsin
response in ipRGCs (34), indicating that melanopsin might
respond to short as well as prolonged illumination. Given these
properties, and the lack of any preexisting data on temporal
summation of shorter flashes (i.e., <1 s) by melanopsin, it
was not immediately obvious that there would be a clear
dichotomy between an ipRGC’s outer retinal photoreceptor-
driven and melanopsin-mediated responses to millisecond flash
stimulation. Such a dichotomy did emerge, however. Upon flash
exposure, wildtype mouse ipRGCs with fully-intact rod/cone
input showed increases in ipRGC spiking that scaled inversely
with ISI (Figure 1B, left panel). Melanopsin-deficient ipRGCs
(Opn4Cre/Cre) exhibited similar ISI-dependent patterns of flash
response, but ipRGCs in retinas largely devoid of rods and
cones (Pde6brd1/rd1) mounted virtually no response (Figure 1B,
middle and right panels, respectively). Subsequent head-to-head
analysis of wildtype and Opn4Cre/Cre ipRGC light-evoked
spiking indicated that the decay in the spike rate over the
stimulation window was not statistically different for any of the
ISI conditions, suggesting that melanopsin did not contribute to
any temporal summation of the 2-ms flashes (Figure 1C).

Like all data collected from retinal-degenerate mice, these
results need to be interpreted with caution. These models do
not allow us to visualize what would occur within an intact
system where all photoreceptor classes influence the activity of
one another, nor control for the possibility of compensatory
reorganization of the circuit loops in which these photoreceptors
operate [e.g., (107)]. There is also the caveat that melanopsin
might have responded to flashes had they been delivered with
higher-intensity stimulation protocols [moderate regimens were
tested here, instead, because they are more physiologically
relevant for nocturnal rodents and better conform to the flash
intensities that have been studied in humans; (91)]. All that
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FIGURE 1 | Spiking responses of mouse ipRGCs to a 150 s train of 2ms flashes (2.5–10 s intervals) are mediated almost exclusively by rod/cone input. (A) Example

response of a wild-type ipRGC to 30 flashes with a 5 s interstimulus interval (upper recording). This cell was identified as an ipRGC by its sustained response to a

subsequent prolonged light step (lower recording), which evokes transient responses in all non-intrinsically photosensitive RGCs [Wong 2012; (35)]. Spike recording

methods were identical to those described in the “Multielectrode-array recording” section in Wong 2012 except that all stimuli, including the 20 s light step, were 14.0

log photons cm−2 s−1 (∼300 lux) full-field light produced by an LED with peak emission at 470 nm. (B) The light-induced elevation in spike rate averaged across the

flicker plus 30 s of post-flicker darkness (to include responses outlasting the flicker) for C57BL/6 wild-type mice (n = 26 ipRGCs; left plot), Opn4Cre/Cre

melanopsin-knockout mice originally created by Ecker et al. (105) (n = 24 ipRGCs; middle plot), and Pde6brd1/rd1 rod/cone-degenerate mice (n = 43 ipRGCs; right

plot); note the expanded y-axis in the right plot. All mice in each group were about 7 months old and included both sexes. Though flashes delivered with a 2.5 s

interstimulus interval appear to cause a greater spike rate increase in wild-type vs. melanopsin-knockout mice, this difference is not statistically significant (p = 0.156).

The wild-type vs. melanopsin-knockout differences for the other three intervals are also statistically insignificant (p-values between 0.689 and 0.818), suggesting that

melanopsin does not enhance the flicker responses. Asterisks represent p-values calculated using one-way ANOVA with post-hoc Tukey test: *, p < 0.05; **, p <

0.01; ***, p < 0.001. (C) For all four interstimulus intervals, the gradual decay in light-evoked spike rate during the 150 s flicker is comparable between wild-type and

melanopsin-knockout mice, suggesting that melanopsin does not contribute to any temporal summation of successive flash responses. Error bars are S.E.M.

said, the clarity of the data and the conclusion they offer
remain striking: rods and/or cones enable ipRGC detection and
integration of light flashes independent of melanopsin, whose
contribution—if any—is predicated on initial processing by the
outer retinal photoreceptors. The results are consistent with
the suppositions made in the current review and with the
idea that cones (with or without the input of rods) will prove
to be key regulators of flash-induced resetting of pacemaker
rhythms. Future experiments using mice with intact retinal
circuitry (e.g., Opn1mwR) or with selective loss in rod vs.

cone photosensitivity [e.g., Gnat1−/− and Gnat2cpfl3 mice (108–
110)] will be necessary to isolate the relative contributions
of cones to this phenomenon and to determine whether the
retina processes staccatos of narrowband light with any circadian
phase-dependence. Using principles of silent substitution, flash
stimuli differing in the amount of cone-and-rod excitation might
also be probed for their circadian effects in retinally-intact
humans compared to humans with congenital achromatopsia
(i.e., people without a functional cone system; prevalence one in
30,000–50,000) (111).
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CONCLUSION

The way we illuminate our world is changing, moving away
from unidimensional forms of illumination provided by gas-
discharge fluorescent lamps to highly customizable solid-state
lighting with semiconductor LEDs. Data suggest that this
watershed is material to understanding the circadian pacemaker’s
phase-responses to electric light exposure, which are likely
rooted within a natural process where the pacemaker “flash-
samples” the photic information available at twilight to create
predictions about the timing of the next day’s dusk and dawn.
While the mechanisms subserving flash photoreception and the
SCN’s twilight predictions require further study, it is becoming
clear that classical photoreceptors, including cones, operate
as sensors in this process. The “Cone Sentinel Model” we
articulate here [and hinted at by Zeitzer; (91)] raises many
considerations for how different combinations of narrowband
LED stimulation can be strung together in phototherapy
protocols to improve mental and physical health (112). The
gestalt inferences made in this model will be challenging to
demonstrate experimentally. However, prudent first steps might
include the design of studies examining the differential phase-
shifting effects of flashes patterned after twilight progressions—
vs. more randomly generated sequences—in parallel to those
examining the neurophysiological responses arising from flash
regimens highly-optimized (or ill-suited) for driving cone input
to ipRGCs.
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Cognitive Performance in
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Leilah K. Grant 1,2, Brianne A. Kent 1,2, Matthew D. Mayer 1, Robert Stickgold 3,4,

Steven W. Lockley 1,2 and Shadab A. Rahman 1,2*

1Division of Sleep and Circadian Disorders, Departments of Medicine and Neurology, Brigham and Women’s Hospital,

Boston, MA, United States, 2Division of Sleep Medicine, Harvard Medical School, Boston, MA, United States, 3Department

of Psychiatry, Beth Israel Deaconess Medical Center, Boston, MA, United States, 4Department of Psychiatry, Harvard

Medical School, Boston, MA, United States

We tested the effect of daytime indoor light exposure with varying melanopic strength

on cognitive performance in college-aged students who maintained an enforced

nightly sleep opportunity of 7 h (i.e., nightly sleep duration no longer than 7 h) for 1

week immediately preceding the day of light exposure. Participants (n = 39; mean

age ± SD = 24.5 ± 3.2 years; 21 F) were randomized to an 8 h daytime exposure to

one of four white light conditions of equal photopic illuminance (∼50 lux at eye level in

the vertical plane) but different melanopic illuminance [24–45 melanopic-EDI lux (melEDI)]

generated by varying correlated color temperatures [3000K (low-melEDI) or 5000K

(high-melEDI)] and spectra [conventional or daylight-like]. Accuracy on a 2-min addition

task was 5% better in the daylight-like high-melEDI condition (highest melEDI) compared

to the conventional low-melEDI condition (lowest melEDI; p < 0.01). Performance speed

on the motor sequence learning task was 3.2 times faster (p < 0.05) during the

daylight-like high-melEDI condition compared to the conventional low-melEDI. Subjective

sleepiness was 1.5 times lower in the conventional high-melEDI condition compared

to the conventional low-melEDI condition, but levels were similar between conventional

low- and daylight-like high-melEDI conditions. These results demonstrate that exposure

to high-melanopic (short wavelength-enriched) white light improves processing speed,

working memory, and procedural learning on a motor sequence task in modestly sleep

restricted young adults, and have important implications for optimizing lighting conditions

in schools, colleges, and other built environments.

Keywords: light, melanopsin, cognition, learning, melanopic light

INTRODUCTION

The physiological (non-visual) effects of light in humans range from changes in gene expression (1)
to overt behavior (2–4). One of the characteristic non-visual responses to light is the stimulation of
alertness and cognitive performance. These responses are mediated by intrinsically photosensitive
retinal ganglion cells (ipRGCs), primarily through stimulation of the photopigment melanopsin
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that is most sensitive to higher intensity ∼480-nm light (5).
Therefore, high intensity and short wavelength (blue)-enriched
light with greater melanopic content is typically more effective in
inducing physiologic responses relative to dimmer blue-depleted
light with lower melanopic content (6–8).

The spectral sensitivity of non-visual responses to
light, including alertness and cognitive performance, has
predominantly been examined during evening and nighttime
exposures (3, 4, 9–13). Relatively few studies have examined
the effects of short-wavelength light on daytime alertness
and performance. While comparison of monochromatic or
narrow-bandwidth sources of different wavelengths have
shown that short-wavelength light preferentially improves
daytime alertness and performance (14–16), studies examining
the effects of white light with different correlated color
temperatures (CCT) have shown mixed results (17–19).
As these differences may be a result of methodological
inconsistencies, particularly with regard to differences in
the duration of exposure (1–16 h) and photopic illuminance,
more studies are needed to determine whether blue-enriched
white light during the day has a beneficial effect on alertness
and cognition.

While there is evidence for the benefits of blue-enriched light
on alertness and cognitive performance, there is considerably
less understanding of the effect of light spectra on learning and
memory. A small number of studies suggest that declarative
memory (9, 20), and procedural learning (21) are better under
blue-enriched light in the evening, and one study has shown
improved verbal memory recall under blue-enriched light during
the day (20).

In the current study we aimed to examine the effects of an
8-h daytime light exposure (LE) to one of four polychromatic
light emitting diode (LED) light sources with the same photopic
(visual) illuminance but different spectral compositions, and
therefore different melanopic content estimated by melanopic
Equivalent Daylight Illuminance (melEDI) on cognition. It
was hypothesized that learning and memory, sleepiness and
alertness, and vigilance and concentration would improve with
exposure to light with higher melEDI. Additionally, given
recent evidence suggesting that daytime alertness is higher with
exposure to light with daylight-like spectra compared to light
with conventional LED spectra (17), we also compared the effects
of conventional and daylight-like spectra within the high- and
low-melEDI conditions.

MATERIALS AND METHODS

Participants
Thirty-nine healthy college-aged (18–30 years) participants [21
females; mean age (±SD): 24.5 ± 3.2 years)] were studied in the
Intensive Physiological Monitoring (IPM) Unit in the Center for
Clinical Investigation (CCI) at Brigham and Women’s Hospital.
The study was approved by the Partners Human Research
Committee (IRB# 2019-P-000900), and participants provided
written informed consent prior to study. All participants reported
being free from medical and psychological conditions and had a
negative Ishihara Color Blindness Test. Participants were either

currently enrolled in college or had a college degree. For at least
1 week prior to entering the IPM Unit, participants maintained
a consistent sleep/wake schedule that limited time in bed to 7 h
(e.g., 23:00–06:00). Participants selected for themselves the 7-h
interval for time in bed at the start of the study based on their
own preference and schedule, but the same 7-h time in bed was
then maintained every night for 7 consecutive nights leading up
to the in-lab study. Adherence to the sleep/wake schedule was
confirmed with (1) calls to a time- and date-stamped voicemail
at bedtime and wake time, and (2) wrist actigraphy (Actiwatch,
MiniMitter Company, Inc., Sunriver, OR, USA). The 7-h time
in bed was selected based on the average sleep duration of
college students being less than 7 h (22, 23). Participants were
asked to refrain from use of any prescription or nonprescription
medications, supplements, recreational drugs, caffeine, alcohol,
or nicotine. Compliance was verified by urine toxicology upon
entry to the IPM Unit. At the time of study, approximately half
(11/21) of the women were using hormonal contraception (oral
birth control n= 4; intrauterine device n= 5; Nexplanon implant
n = 2). Of the naturally cycling women not using contraception
(n = 10), six were in the follicular phase of their menstrual
cycle, and they were approximately evenly distributed between
the LE conditions.

Study Protocol
Participants were studied using a 2-day laboratory protocol
(Figure 1A) in an environment free of time cues (no access to
windows, clocks, watches, live TV, radio, internet, telephones,
and newspapers and continually supervised by staff trained not
to reveal information about the time of day). Participants were
admitted to the Unit ∼4 h prior to bedtime and were oriented
to their suite following examination by the clinical staff. A 7-h
sleep opportunity (time in bed) was scheduled according to the
centered average of sleep reported daily for 7 days immediately
prior to admission. Upon waking, participants began a constant
posture 25min after wake until the end of the light exposure. Two
hours after wake, participants began their experimental LE, which
continued for 8 h followed by discharge from the Unit.

Light Exposure Conditions
On Day 1 (admission), maximum ambient light during
scheduled wake was 48 µW/cm2 (∼150 lux) when measured
in the horizontal plane at a height of 187 cm and 23 µW/cm2

or (∼89 lux) when measured in the vertical plane at a height
of 137 cm. During the sleep episode, ambient lighting was
switched off (0 lux). Following sleep, maximum ambient light
was decreased to 0.05 µW/cm2 (∼15 lux) in the horizontal
plane at a height of 187 cm and 4.8 µW/cm2 (∼3 lux) when
measured in the vertical plane at a height of 137 cm, and
maintained at that level until the beginning of the experimental
light exposure (Supplemental Table 1). Ambient room lighting
was generated using ceiling-mounted 4100K fluorescent
lamps (F96T12/41U/HO/EW, 95W; F32T8/ADV841/A, 32W;
F25T8/TL841, 25W; Philips Lighting, The Netherlands) with
digital ballasts (Hi-Lume 1% and Eco-10 ballasts, Lutron
Electronics Co., Inc., Coopersburg, PA) transmitted through a
UV-stable filter (Lexan 9030 with prismatic lens, GE Plastics,
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FIGURE 1 | Study protocol and light source spectral characteristics and experimental configuration. The study protocol (A) consisted of one night in the laboratory

where participants were admitted in the evening and maintained their pre-admit sleep-wake cycle including a 7-h sleep opportunity. On Day 2, participants underwent

an 8-h light exposure where they were exposed to ∼50 lux of experimental light with differing spectra (B) 3000K or 5000K of standard (conventional) or full-spectrum

(daylight-like) LED light. During the light exposure, two lamps were configured on either side of the testing station monitor at which participants maintained a constant

posture (C). α-opic EDI and DER values for each light source (D) were derived from the CIE S 026:2018 Toolbox V1.049. ADM, admission; CCT, correlated color

temperature; Con, Conventional; D/C, discharge; DER, daylight (D65) efficacy ratio; DL, Daylight-like; EDI, equivalent daylight (D65) illuminance.

Pittsfield, MA). Routine illuminance and irradiance measures
were conducted using an IL1400 radiometer/powermeter
with an SEL-033/Y/W or SEL-033/F/W detector, respectively
(International Light, Inc., Newburyport, MA).

Participants were randomized to one of four LE conditions
with equal photopic illuminance (∼50 lux in the vertical plane
at the level of the eye, and ∼150 lux in the horizontal plane
at the level of the desk) but different melanopic illuminance
(25–45 melEDI) generated using LED luminaires with either
5000K (high-melEDI) or 3000K (low-melEDI) CCT, and then
further differentiated based on having a conventional or
daylight-like spectra (Figures 1B,C). Luminaires were provided
by Seoul Semiconductor Co., Ltd. (Ansan-si, Gyeonggi-do,

Korea). During the 8-h LE, participants maintained a constant
posture while seated at a testing station (Figure 1D), which
maintained exposure of ∼50 lux in the vertical plane at the level
of the eye, and ∼150 lux in the horizontal plane at level of the
desk (Table 1). All light sources besides the experimental LED
lamps remained turned off throughout the 8-h LE. The spectral
profiles, CIE α-opic equivalent daylight (D65) illuminance (EDI)
and melanopic daylight (D65) efficacy ratio (DER) (24) for
each experimental light sources are shown in Figures 1B,C,
and for the ambient lighting in Supplemental Table 1. Spectral
measurements were conducted using a PR-650 SpectraScan
Colorimeter with CR-650 cosine receptor (Photo Research Inc.,
Chatsworth, CA, USA).
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TABLE 1 | Participant demographic and photopic illuminance and irradiance measures for each condition*.

Light condition Age,

years

Sex female

(n, %)

Bedtime,

hh:mm

Time in bed,

hh:mm

Vertical plane Horizontal plane

Photopic lux Irradiance,

µW/cm2

Photopic lux Irradiance,

µW/cm2

Conventional

low-melEDI

24.20

(3.35)

5

(55.56)

23:25

(0:44)

07:00

(0:01)

50.13

(0.86)

15.11

(1.54)

150.97

(3.51)

47.81

(3.02)

Daylight-like

low-melEDI

24.44

(3.94)

5

(55.56)

23:23

(1:13)

07:04

(0:04)

50.09

(0.71)

17.35

(4.36)

150.03

(2.05)

51.23

(3.09)

Conventional

high-melEDI

25.30

(3.47)

5

(50)

23:50

(1:07)

07:07

(0:11)

50.35

(2.11)

18.06

(2.12)

151.19

(4.27)

49.92

(2.24)

Daylight-like

high-melEDI

23.56

(1.8)

5

(55.56)

23:58

(0:52)

07:03

(0:02)

50.27

(0.74)

19.03

(2.15)

147.40

(5.55)

52.55

(2.48)

*Age, bedtime, time in bed, photopic lux, and irradiance are reported as mean ± SD. Sex is reported as number and percent of female participants. Light measurements in the vertical

and horizontal planes were taken at the level of the eye and desk, respectively. Time-in-bed was derived from call-ins at bed and wake times.

Sleepiness, Wellbeing, Performance, and
Learning Assessments
The timing of assessments throughout the light exposure are
shown in Figure 1A. The Performance Battery, which included
the Psychomotor Vigilance Task [PVT (25)], Addition Task
(26), Karolinska Sleepiness Scale [KSS (27)], and Visual Analog
Scales [VAS, (26)], was administered once during dim light
and then hourly throughout the light exposure. The battery
assessed sustained attention (PVT), working memory and
processing speed (Addition Task), subjective sleepiness (KSS),
and alertness, health andwellbeing (VAS). A brief practice session
to familiarize participants with the battery was administered
at admit (Figure 1A). Approximately 1 h before lights on,
participants completed the d-2 (28) and Word Pairs (29)
tasks, which assessed concentration and declarative memory,
respectively. These tasks were then repeated 7 h later, 6 h into
the light exposure (Figure 1A). Approximately 30min after
lights on, participants completed the Motor Sequence Task
[MST, (30)] to assess procedural learning and the Headache
and Eye Strain Scale (31). These assessments were repeated
7 h later, 30min before the end of the LE (Figure 1A).
Detailed descriptions of the assessments are provided in the
Supplemental Materials and Methods.

Data Analysis
Data from one female and one male participant (3906V, 3907V;
neither reported in Table 1) were excluded from all analyses
due to technical failure during the LE. For tests administered
hourly during the LE, the median of each outcome measure was
calculated across the LE for each individual. For the d-2 test,
only the second session, which was performed during the LE, was
included in the analysis comparing the different LE conditions.
Data from the d-2 task was excluded for one participant (3923V)
in the daylight-like low-melEDI condition as they did not adhere
to testing instructions. MST task performance was analyzed
across the LE such that the average of each trial across both
sessions was used in the analysis. Errors on the MST task
were square-root transformed (

√

x +

√

x+1) prior to analysis.
Headache and Eye Strain Scale responses were dichotomized as

None/Mild symptoms (scores of 0 and 1), and Moderate/Severe
Symptoms (scores of 3 and 4).

The Shapiro–Wilk test was used to assess normal distribution
of the data within each LE condition. Data points that were
located more than ±1.5 times the interquartile range were
considered outliers and removed from analyses (32). No more
than one participant was removed from any LE condition
(see Table 2). The effect of LE condition on each outcome
variable was assessed by one-way ANOVA or the Kruskal–Wallis
test, as appropriate. If a main effect was detected, post-hoc
tests were performed to compare between the (1) conventional
low-melEDI to daylight-like low-melEDI, conventional high-
melEDI and daylight-like high-melEDI; and (2) conventional
low- and high-melEDI to daylight-like low- and high-melEDI,
respectively. Holm-Sidak and Dunn corrections for multiple
comparisons were used for the ANOVA andKruskal–Wallis tests,
respectively. Dichotomized data from the Headache and Eye
Strain Scale were analyzed using Fisher’s Exact test for Session
1 (start of LE) and Session 2 (end of LE). All statistical analyses
were conducted in GraphPad Prism (Version 8.4.0 for Windows,
GraphPad Software, San Diego CA, USA).

RESULTS

There were no significant differences in age, bedtime, or
pre-admission time-in-bed between the light condition groups
(p > 0.05 for all; Table 1). Group mean (±SEM) and statistical
test results for objective and subjective measures collected during
the LE are presented in Table 2. There were no differences
between light conditions in baseline performance for those tests
and subjective ratings assessed under dim-light conditions prior
to the LE, including the PVT, Addition Task, and d-2, and
subjective sleepiness, alertness and general health and wellbeing
(p > 0.05 for all; Supplemental Table 2).

Working Memory, Sustained Attention, and
Concentration
The percentage correct responses on the Addition Task was
significantly different between LE conditions (Kruskal–Wallis;
H = 13.36, p < 0.01), such that participants exposed to
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TABLE 2 | Mean ± SEM and ANOVA results for each test outcome*.

Test outcome Conventional Daylight-like Conventional Daylight-like F

(p-value)low-melEDI low-melEDI high-melEDI high-melEDI

M

(SEM)

N M

(SEM)

N M

(SEM)

N M

(SEM)

N

OBJECTIVE MEASURES

PVT reaction time (ms) 270.70

(6.54)

9 256.40

(8.69)

9 264.00

(12.23)

10 266.10

(10.28)

8 0.37

(0.78)

PVT attentional failures 1.33

(0.29)

9 1.11

(0.41)

9 2.25

(0.78)

10 0.81

(0.31)

8 2.84†

(0.42)

Additions % correct 93.98

(1.02)

9 94.53

(1.09)

9 96.57

(1.11)

10 98.89

(0.42)

8 13.36†

(0.004)

Additions # attempted 25.00

(2.26)

8 30.06

(3.74)

9 23.95

(2.34)

10 24.00

(2.77)

9 1.06

(0.38)

d-2 CP 255.9

(11.66)

9 262.0

(13.13)

8 264.6

(8.51)

10 254.9

(11.54)

9 0.19

(0.91)

d-2 % errors 1.49

(0.26)

9 1.81

(0.42)

8 1.95

(0.34)

10 2.24

(0.50)

9 0.65

(0.59)

MST % change speed 22.32

(9.6)

8 55.08

(14.03)

9 44.83

(7.32)

10 71.16

(9.59)

9 3.68

(0.02)

MST % change errors 54.70

(14.21)

9 3.09

(16.69)

9 15.45

(17.96)

10 −8.33

(14.0)

9 7.20†

(0.06)

Word pairs % recall 94.42

(2.57)

9 95.12

(1.60)

9 92.00

(2.25)

10 93.17

(1.70)

9 0.84†

(0.84)

SUBJECTIVE MEASURES

KSS 5.00

(0.53)

9 3.72

(0.37)

9 3.35

(0.21)

10 5.22

(0.60)

9 11.30†

(0.01)

Sleepy—Alert 60.37

(5.08)

9 76.04

(4.98)

9 71.16

(5.33)

10 63.84

(6.97)

9 4.60†

(0.20)

Calm—Stressed 25.48

(4.02)

9 12.89

(3.91)

9 13.50

(3.96)

9 12.84

(3.32)

9 2.66

(0.07)

Sad—Happy 74.43

(5.30)

9 73.93

(5.33)

9 83.63

(4.95)

10 79.96

(3.86)

9 0.92

(0.44)

Healthy—Sick 16.49

(2.48)

9 7.78

(2.50)

9 6.11

(1.42)

9 23.32

(8.05)

9 3.25

(0.03)

Energetic—Exhausted 49.59

(4.52)

9 34.32

(6.22)

9 32.04

(5.14)

10 42.15

(8.02)

9 1.74

(0.18)

Exhausted—Sharp 56.12

(6.52)

9 67.52

(7.05)

9 66.37

(6.38)

10 67.37

(7.65)

9 0.62

(0.60)

Tired—Fresh 54.25

(5.81)

9 71.42

(7.17)

9 66.80

(5.51)

10 62.32

(6.10)

9 1.39

(0.26)

Motivated—Unmotivated 31.64

(2.01)

9 26.74

(6.46)

9 29.57

(5.76)

10 16.97

(4.89)

9 1.50

(0.23)

*M, mean; N, the number of participants in each group that were included in the analysis following removal of outliers; CP, concentration performance; † denotes Kruskal–Wallis statistic

where data were not normally distributed.

the daylight-like high-melEDI light performed better than
participants exposed to the conventional low-melEDI light
(z = 3.3, p < 0.01). Although there appeared to be a
monotonic improvement in the percentage of correct responses
with increasing melanopic illuminance, we did not detect
a statistically significant difference between the intermediate
melEDI conditions (daylight-like low-melEDI and conventional
high-melEDI) and the conventional low-melEDI condition
(Figure 2B). There were no significant differences between LE
conditions in reaction time and attentional failures on the
PVT, the number of attempted responses on the Addition

task, or accuracy and percentage of errors on the d-2
task (Table 2).

Procedural Learning and Declarative
Memory
Improvement in performance speed across trials (trials 10–
12 relative to trial 1) on the MST task was significantly
different between the groups (ANOVA; F = 3.68, p < 0.05;
Table 2, Figure 2C). Post-hoc analyses showed that improvement
in performance speed across trials was significantly greater
in the daylight-like high-melEDI condition compared to the

Frontiers in Neurology | www.frontiersin.org 5 February 2021 | Volume 12 | Article 62421774

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Grant et al. Blue-Light Effects on Cognition

FIGURE 2 | Performance on the PVT, addition task, and motor sequence task

for each light exposure condition. Mean ± SEM of PVT reaction time

(Continued)

FIGURE 2 | (A), addition task percent correct (B), Motor Sequence Task

percent change in the number of correct sequences (C), and Motor Sequence

Task percent change in the number of errors (D) for each light exposure

condition. Individual participant data are shown for conventional low-melEDI

(•), daylight-like low-melEDI (N), conventional high-melEDI (◦), and daylight-like

high-melEDI (1) light conditions. PVT, psychomotor vigilance task; MST, Motor

Sequence Task; Con, Conventional; DL, Daylight-like. *denotes a significant

difference between light conditions.

conventional low-melEDI condition (t = 3.24, p < 0.05), but
not for the intermediate conditions. Accuracy on the MST
task increased with increasing melEDI exposure although this
difference only approached statistical significance (p = 0.06,
Figure 2D). There was no significant effect of light condition on
percent recall on the word pairs task (Table 2).

Subjective Sleepiness, Health, and
Wellbeing
There was a significant effect of light condition on KSS scores
(Kruskal–Wallis; H = 11.3, p < 0.05; Table 2; Figure 3A).
Participants in the conventional high-melEDI condition had
lower KSS scores, indicating lower subjective sleepiness,
compared to participants in the conventional low-melEDI
condition (z = 2.56, p < 0.05). Conversely, participants in
the daylight-like high-melEDI condition reported significantly
greater subjective sleepiness than participants in the conventional
high-melEDI condition (z = 2.75, p = 0.02). Additional post-
hoc contrasts were not statistically significant (Figure 3A). In
contrast to KSS ratings of sleepiness, the VAS for “sleepy-alert”
was not different between conditions (Figure 3B).

There was a significant effect of LE condition on VAS ratings
for “healthy-sick” (ANOVA; F = 3.25, p < 0.05). Participants
in the daylight-like high-melEDI condition reported feeling
significantly more sick than participants in the conventional
low-melEDI condition (t = 2.74, p < 0.05); however, one
participant in the daylight-like high-melEDI group, while not
a statistical outlier, rated themselves consistently as more sick
compared to other participants, and was clinically documented
as displaying “Common Cold” symptoms during the LE, which
were absent at admission to the laboratory. Additional sensitivity
analysis with removal of this participant from the “healthy-sick”
scale data showed that the post-hoc comparison was no longer
significant (p = 0.1). VAS ratings on the “calm-stressed” scale
trended toward being lower in all LE conditions compared to the
conventional low-melEDI condition (Figure 3C) although this
difference did not reach statistical significance (p = 0.07). There
was no statistical difference between the LE conditions on any
other VAS scales.

Headache and Eye Strain
There was no difference between any of the lighting conditions
in irritability, headache, eye strain, eye discomfort, eye fatigue, or
blurred vision assessed during the light exposure (p > 0.3 for all;
Supplemental Table 3).
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FIGURE 3 | Subjective sleepiness, alertness, and stress for each light

exposure condition. Mean ± SEM of KSS sleepiness scores (A), VAS alertness

ratings (B), and VAS stress ratings (C). Individual participant data are shown

for conventional low-melEDI (•), daylight-like high-melEDI (N), conventional

high-melEDI (◦), and daylight-like melEDI (1) light conditions. KSS, Karolinska

sleepiness scale; Con, Conventional; DL, Daylight-like. *denotes a significant

difference between light conditions.

DISCUSSION

Our results show that compared to being exposed to lower
melEDI light, exposure to short-wavelength enriched higher
melEDI light during the daytime is associated with significantly
less sleepiness, better working memory, processing speed, and
procedural learning in moderately sleep-restricted college-aged
adults. We did not, however, find a statistically significant

difference between lighting conditions in vigilant attention,
concentration, or declarative memory. These results provide
preliminary evidence supporting the incorporation of short-
wavelength (blue) enriched, higher melEDI lighting in the built
environment to facilitate learning and task performance in young
adults following modest sleep restriction.

To our knowledge, this is the first study in moderately
sleep-restricted young healthy adults to find a robust
improvement in procedural learning on a motor task, both
in performance and accuracy, induced by higher melEDI light
exposure during the day. Consistent with our findings, high
melEDI light exposure (6500K) during the evening improved
procedural learning in older adults (mean age > 60 years)
who had UV-blocking (0% light transmission between 300
and 360 nm) intraocular lens (IOL) replacement compared to
older adults with blue-blocking IOLs (0% of light transmission
between 300 and 400 nm and ∼50% transmission between 410
and 480 nm) (21). Together, these results demonstrate that
short-wavelength light exposure facilitates procedural learning,
suggesting that the melanopic system is mediating the direct
effects of light on learning, as has been shown previously for
other cognitive domains [e.g., vigilance (3, 5, 14)].

Working memory and cognitive processing speed, as assessed
by the Addition Task (26), was also better under higher
melEDI light, exhibiting a clear linear dose-response relationship
with melanopic illuminance. These results are consistent
with previous studies showing improved working memory
during exposure to short-wavelength enriched light (9, 33–
35). Studies in similar age groups, but with shorter duration
(≤30min) and monochromatic exposures have also shown
that short-wavelength light exposure activates the brain regions
associated with working memory (35), including the prefrontal
cortex [PFC (33)] whose activation is positively correlated with
processing speed and accuracy on a working memory task. Our
results extend these findings to show observed improvement in
working memory and cognitive processing speed with short-
wavelength light exposure in individuals following moderate
sleep restriction, and under naturalistic long-duration exposures
during the day.

Importantly, our results show that not all cognitive domains
are responsive to short-wavelength enriched light to the same
extent. In the current study, improvements were not observed
in tests of vigilance and reaction time in these modestly sleep-
restricted participants. While these findings are in contrast to
previous reports of positive effects of short wavelength-enriched
light exposure on sustained attention (3, 4, 9–13, 36), not all
studies have shown positive effects, especially during daytime
exposures (17, 37–40). The inconsistent findings may be due
to differences in exposure characteristics including exposure
duration and timing, and differences in spectra and intensity
between experimental groups. Moreover, other factors such as
prior sleep deficiency (40), light history (36), and pupillary
constriction due to differences in light spectra and subsequently
differences in retinal exposure (8) may have contributed to the
differences in performance observed in our study compared to
prior studies, especially given that the effects of light exposure on
performance during the day are smaller compared to exposure
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at night (14). Despite these differences, our results are internally
consistent in that the two associated cognitive domains, namely
sustained attention and concentration (PVT and d-2 tasks,
respectively) were not different between lighting conditions.
Importantly, while short wavelength-enriched light exposure did
not improve all cognitive domains that were assessed, there was
no evidence that light with lower melanopic illuminance was
better. Future studies with higher statistical power are necessary
to better understand the underlying relative photoreceptor
contributions affecting different cognitive domains.

Interestingly, the subjective ratings of sleepiness in response
to light were not consistent between different scales. Although
we found that generally, higher melanopic illuminance was
associated with less subjective sleepiness assessed by the KSS,
which is consistent with some previous studies (2–4, 15, 34, 36),
we did not see an effect of lighting condition on the self-rated
sleepy-alert VAS. This may suggest that the different tests have
differential sensitivity for detecting the effects of light on self-
reported outcomes and may help to understand inconsistencies
in the effect of light on subjective sleepiness and alertness between
studies (8). Moreover, the inconsistency between subjective
ratings of sleepiness and alertness and objective performance is in
agreement with prior reports showing that subjectively reported
sleepiness is often an unreliable indicator of objectively assessed
neurobehavioral performance (40, 41). Surprisingly, subjective
KSS sleepiness ratings did not increase with lower melEDI but
was in fact highest under the highest melEDI exposure. This
unexpected finding suggests that overall spectral composition of
the light, besides only melanopic illuminance, may be influencing
some neurobehavioral responses.

Our current study has several limitations. Given that the
differences in spectra and melanopic illuminance between the
light conditions may not have been large enough to differentiate
their effects in some performance domains (e.g., sustained
attention) and we only examined the effects of a single intensity,
further studies are required to better test a broader range of
melanopic illuminances and spectra. Similarly, future work is
needed to better evaluate the time-course of light effects on
performance. For example, declarativememory was assessed only
once in the current study, several hours into the LE, although
previous studies have shown a positive effect of light when
declarative memory was assessed much sooner after light onset
(9, 20). Furthermore, administering the word pairs task for the
first time after lights on would have allowed us to assess the
effects of light not only on recall but also on learning. Finally,
future work is needed to examine the chronic (multiple days) vs.
acute (single day) effects of light on performance, including the
effects of light on sleep and the impact that this has on subsequent
performance, for example sleep dependent learning and memory
(29, 30).

The acute alerting response to light may be an effective
non-invasive intervention for preventing the neurobehavioral
performance impairment associated with inadequate sleep. Sleep
restriction negatively influences many aspects of cognitive
performance and mood (41, 42), even when only restricted to 7 h
of sleep per night (43), as in the current study where participants

could only sleep at most for 7 h given that their time in bed
was fixed at 7 h. Furthermore, restricted and irregular sleep also
impairs performance to a greater extent than stable sleep loss
(40) and has also been shown to affect GPA in college students
(23, 44), a population with a high prevalence of insufficient
sleep. For example, in a study of college students (n = 1,125),
more than 60% were categorized as poor-quality sleepers and
a quarter reported getting <6.5 h of sleep per night (22). A
sleep duration <7 h in college-aged adults is likely insufficient
as when young adults are given an extended sleep opportunity
(16 h per night for 9 nights) their total sleep duration has
been shown to approach an asymptote of 8.7 h per night (45).
Based on the findings of the current study, the acute alerting
effects of light may be a useful countermeasure for performance
impairment associated with sleep deficiency in this population;
however, additional studies are required to evaluate the impact
of sleep regularity and varying extents of sleep restriction (e.g.,
5 vs. 7 h per night) on the acute alerting effects of light
exposure. Blue-enriched light has been tested as an alertness
countermeasure in school and college students and showed
improvements in processing speed, concentration, and reading
speed [e.g., (28, 46, 47)]. Similar benefits of short-wavelength
enriched light exposure on performance and alertness have also
been observed in office settings (31, 48). These studies, coupled
with our results showing that short wavelength enriched long-
duration light exposure during the daytime improves working
memory/processing speed, procedural learning and subjective
sleepiness, support the incorporation of short wavelength
enriched white light in indoor environments to enhance learning
and cognitive performance.
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International standard CIE S 026:2018 provides lighting professionals and field

researchers in chronobiology with a method to characterize light exposures with

respect to non-visual photoreception and responses. This standard defines five spectral

sensitivity functions that describe optical radiation for its ability to stimulate each of

the five α-opic retinal photoreceptor classes that contribute to the non-visual effects of

light in humans via intrinsically-photosensitive retinal ganglion cells (ipRGCs). The CIE

also recently published an open-access α-opic toolbox that calculates all the quantities

and ratios of the α-opic metrology in the photometric, radiometric and photon systems,

based on either a measured (user-defined) spectrum or selected illuminants (A, D65, E,

FL11, LED-B3) built into the toolbox. For a wide variety of ecologically-valid conditions,

the melanopsin-based photoreception of ipRGCs has been shown to account for the

spectral sensitivity of non-visual responses, from shifting the timing of nocturnal sleep and

melatonin secretion to regulating steady-state pupil diameter. Recent findings continue

to confirm that the photopigment melanopsin also plays a role in visual responses, and

that melanopsin-based photoreception may have a significant influence on brightness

perception and aspects of spatial vision. Although knowledge concerning the extent to

which rods and cones interact with ipRGCs in driving non-visual effects is still growing, a

CIE position statement recently used melanopic equivalent daylight (D65) illuminance

in preliminary guidance on applying “proper light at the proper time” to manipulate

non-visual responses. Further guidance on this approach is awaited from the participants

of the 2nd International Workshop on Circadian and Neurophysiological Photometry (in

Manchester, August 2019). The new α-opic metrology of CIE S 026 enables traceable

measurements and a formal, quantitative specification of personal light exposures, photic

interventions and lighting designs. Here, we apply this metrology to everyday light

sources including a natural daylight time series, a range of LED lighting products and,

using the toobox, to a smartphone display screen. This collection of examples suggests

ways in which variations in the melanopic content of light over the day can be adopted

in strategies that use light to support human health and well-being.

Keywords: melanopsin, intrinsically-photosensitive retinal ganglion cells, circadian rhtyms, melatonin, visual

perception, non-image forming effects of light, sleep, light therapy
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INTRODUCTION

Light is essential for vision, but starting from the earliest weeks
of life (1–5) it also drives important non-image-forming (NIF)
effects that are powerful determinants of sleep (6), circadian
rhythms (7), alertness (8, 9), mood (10) and hormone secretion
(11). This paper is intended for lighting professionals, policy
makers and researchers with a practical interest in lights’ eye-
mediated NIF effects, chronobiology and health. It explains and
discusses a standardized light metrology (12) that is based on five
retinal photoreceptor types, each of which has a distinct spectral
sensitivity and may contribute to non-visual or NIF responses
(13). Significantly, melanopsin is the functional photopigment
for one of these five photoreceptor types.

Accumulating evidence (6, 14–21) suggests that the spectral

sensitivity of melanopsin is themost successful and parsimonious
model to predict responses to medium and long duration

exposures to ambient light like circadian phase shifting, or
modulations in pupil-size, alertness, and melatonin secretion.
However, no single action spectrum or proxy will ever
provide the complete picture (13, 22) for all the testable
variations in intensity, timing, duration, and patterns of light
exposure that can be created in laboratory settings (23, 24).
Moreover, the effects of light in field settings are often
confounded by various uncertainties which may be due to non-
photic effects, interindividual variations in sensitivity to light
(25), differences in the populations studied and the reduced
environmental and behavioral control in real-life environments.
Whilst acknowledging these limitations, some examples will
be presented to suggest ways in which the melanopsin-based
quantities from the standardized light metrology (12) can already
be applied in practice.

The pineal hormone melatonin is an important, commonly
used marker of circadian rhythms and the effects of light on
its nocturnal secretion are well-established (11, 14, 15, 26,
27). In humans, melatonin facilitates sleep initiation and sleep
consolidation (28), and is only secreted (resulting in detectable
levels) during the period that we habitually sleep. Nocturnal light
exposure acutely suppresses circulating melatonin levels (11), but
being awake, or asleep, by itself has no direct effect on urinary
melatonin (29). Under constant dim light conditions, melatonin
levels start rising in the evening and peak at night about 2 h
before the core body temperature reaches its nadir (denoted as
CBTmin), with this nadir typically occurring a further 2 h before
(habitual) wake-up time (30, 31).

The sleep-wake cycle closely follows the 24 h melatonin cycle:
habitual bedtime is about 2 h after the melatonin onset (in
dim light), while habitual wake-up typically occurs about 10 h
after melatonin onset (in dim light), with melatonin onset
being defined as the time point at which the salivary melatonin
concentration increased to and stayed above either 4 pg/ml or
25% of its fitted amplitude (32, 33). Around the habitual wake-
up time, melatonin concentrations are decreasing and drop to
undetectable levels, even in dim light conditions. When living
outdoors for a week in summer, camping under natural light
and without any electric light exposure, average melatonin onset
occurs near sunset, while average melatonin offset occurs before

wake time, just after sunrise (34). An abrupt change of the
sleep-wake cycle leaves the melatonin 24 h profile (virtually)
unaffected (35), whilst a single laboratory light exposure with
the appropriate timing and duration can shift the phase of the
melatonin rhythm by up to 3 h (27, 36). However, negative
feedback in the genetic clock mechanism, regulated by Sik1,
limits the phase-shifting effects of light (37) and in jet-lagged
humans andmost other mammals behavioral phase shifts remain
restricted to about 1 h per day (one time zone) (38).

The effects of light on the 24 h melatonin profile are
shown schematically in Figures 1A–D. Morning light exposure
advances the timing of melatonin secretion, facilitating earlier
bedtimes and sleep onset, while evening light exposure postpones
melatonin secretion, thus delaying the drive to go to bed (27).
The circadian system considers light exposure that occurs before
the CBTmin to be evening light, whereas light exposure that
occurs during the hours after the CBTmin is considered to
be morning light (27). Daytime light exposure can enhance
nocturnal melatonin secretion (39), strengthen the body clock
and reduce sensitivity to late evening/nighttime light exposures
(40–45). Even a single 2.5 h bright light exposure in the early
evening is sufficient to reduce the acute sleep-disruptive effects
of late evening light exposure (46).

Figures 1E,F show the effect of morning and evening light
on the sleep-wake cycle within a double-plotted actogram. When
the light-dark cycle has a low amplitude, i.e., insufficient contrast
between day and night, the circadian rhythm is free-running. A
person that lives in constant dim light, has a sleep-wake cycle
that shifts slowly to a later time every next day. This is depicted
in Figure 1G, and is due to the fact that under dim light the
circadian rhythm is free running at its endogenous period, which
is on average about 24.2 h for humans (35, 47–50). The right
combination of morning and evening light exposure entrains
the circadian rhythm, so that it remains in sync with the 24 h
light-dark cycle, see Figure 1H.

Evidence from the US suggests people in modern society
may spend around 90% of their time indoors (51–53). The
typical human indoor environment provides relatively little
light during daytime, especially compared to the natural light
outdoors, where illuminances may be 1, 2, or even 3 orders
of magnitude higher. For instance, the European standard for
lighting of work places (54) specifies minimum values for
maintained horizontal illuminance in offices between 200 and
750 lx, depending on the specific task, whereas the horizontal
illuminance outdoors can be as high as 150 klx (55). In the
late-evening hours and at night, the widespread use of electrical
light and luminous display devices results in extended exposures
to light (56). Through their impact on circadian rhythms,
these unnatural lighting conditions enhance eveningness (34).
Moreover, modern lifestyles and (unnatural) light exposures are
known to result in more “social jet-lag,” and this has negative
consequences for sleep, performance, well-being and health (57,
58). Evolution shaped us to live in much brighter daytime
conditions than present in our modern indoor life. For a healthy
lit environment, people with a normal diurnal activity pattern
(i.e., day-oriented, and usually in bed at night) need bright
white light during the day, and especially in the morning, while
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FIGURE 1 | (A–D) Schematic representation of the effects of light on the 24 h melatonin profile. This profile marks the circadian rhythm and the habitual sleep period.

The latter is indicated by the horizontal dark rectangle, the light blue line represents the corresponding melatonin profile for an individual in 24 h dim light conditions.

The red triangle indicates the time at which the core body temperature reaches its nadir at about 2 h before (habitual) wake-up time. The vertical rectangles denote a

particular light exposure. (A) Light exposure in the morning advances the timing of melatonin secretion (i.e., supports earlier bedtime and awakening). (B) Light

exposure in the evening delays the timing of melatonin secretion. (C) Light exposure during the habitual sleep period acutely suppresses melatonin secretion. (D)

Daytime light exposure strengthens subsequent nocturnal melatonin secretion. (E–H) Double-plotted actograms schematically showing patterns of the human

sleep-wake (SW) cycle resulting from different light exposures, each starting with several days in 16L:8D and with light restricted on subsequent days. (E) Light

restricted to 1 h in the morning on waking, (F) light restricted to 1 h in the late evening light. (G) In complete darkness (a D:D cycle), since the intrinsic period of the

circadian rhythm in humans slightly exceeds 24 h, the timing of the SW cycle drifts later and later across days. (H) A theoretical example with sufficient light each

morning and evening to entrain the SW cycle.

they should reduce prolonged exposures in the late evening and
avoid light as much as possible at night [see also CIE position
statement (59)].

Although the introduction concentrates on chronobiology, it
should be noted that chronobiological responses are just a subset
of non-visual responses to light. The non-visual metrology tools
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FIGURE 2 | (A) The α-opic action spectra for non-visual metrology (12), sα(λ); S-cone opic (α = sc), M-cone-opic (α = mc), L-cone opic (α = lc), rhodopic (α = rh), or

melanopic (α = mel), where srh(λ) is defined to be equal to the spectral luminous efficiency function for scotopic vision, V ′(λ). The spectral luminous efficiency function

for photopic vision, V (λ), is also plotted. (B) The relative densities of the rods, cones and ipRGCs by angular eccentricity from the central fovea (61, 62). There are no

ipRGCs in the central visual field, but outside this field their density falls off to a steady value. The maximum density of the ipRGCs is ∼20–25 cells·mm−2, 4 orders of

magnitude lower than the maximum densities of the rods or cones.

described in this paper, and the information presented below, can
also be applied to other retinal responses to ambient light.

RETINAL PHOTORECEPTORS

Early this century a new class of retinal photoreceptor, the
intrinsically-photosensitive retinal ganglion cell (ipRGC), was
discovered (60). In addition to receiving extrinsic input signals
from rods and cones, this class of photoreceptor expresses
melanopsin which gives rise to the intrinsic light sensitivity
after which it is named (13). Figure 2A shows the spectral
sensitivities of the five classes of photoreceptors involved
in non-visual photoreception (12), together with the well-
known V(λ) function officially denoted as the spectral luminous
efficiency function for photopic vision. In humans, melanopsin
photoreception occurs efficiently across the short wavelength
range of the visible spectrum between 420 and 560 nm, with
a peak sensitivity in vivo at ∼490 nm (13). Melanopsin-based
signaling is more sluggish in onset and more sustained than
rod or cone signaling (63–65). At least six subtypes of ipRGCs,
M1–M6, have been identified in the mammalian retina (M1–
M5 to date in humans) (66–69). Unlike rods and cones, ipRGCs
have photosensitive dendrites that extend transversely across the
retina. Figure 2B shows the relative densities of the rods, cones
and ipRGCs as a function of retinal eccentricity. Melanopsin-
based photoreception predicts both clock-mediated and acute
non-visual responses under a range of everyday light exposures
(21). The clock-mediated effects include regulation of the sleep-
wake cycle and circadian phase shifting, whereas melatonin
suppression, control of alertness and the steady state pupil
diameter are examples of acute responses to light (17, 18, 20, 21).

During the first 5 years after birth, the crystalline lens in the
human eye is still transmissive for short wavelength visible light
and even for ultraviolet radiation (UVR) close to 320 nm (70). It
becomes opaque toUVR at about an age of 5, and as age increases,
the lens transmittance in the short wavelength range (i.e., violet

and blue) of the visible spectrum decreases. Consequently, retinal
photoreceptors receive less light input at older ages, particularly
the short-wavelength sensitive photoreceptors (rods, S-cones and
ipRGCs). Although adaptation mechanisms and neural plasticity
may compensate for the age-induced decline in short-wavelength
light that actually reaches the retina, the number of ipRGCs
drops with age advancing beyond 50 (71). This loss of ipRGCs
is accompanied by changes in cell morphology and an observable
increase in randomness of the ipRGC distribution pattern.

It has been suggested that a decline in melanopsin
photoreception with age could play a significant, deteriorating
role in sleep and neuro-cognitive effects of aging (71), including
those related to dementia as well as general senescence. It is
plausible that these effects may be partly mediated by the negative
effects on sleep due to a compromised non-visual circadian
regulation with increasing age (72–74). Partly corroborating this
hypothesis, it has also been observed that more fragmented and
less stable sleep-activity patterns are associated with a higher all-
cause mortality (up to∼20%) in the middle-aged and the elderly,
independently of age (75).

QUANTIFYING LIGHT FOR LUMINOUS
PERCEPTION

Traditional lighting practice primarily targets visual
performance, comfort and other aspects of the visual domain,
quantifying lighting designs and installations and light exposures
using luminous flux (in lumens), illuminance (in lux) and
other visually related quantities. These quantities describe the
luminous sensation of a light source under photopic conditions
[i.e., for luminances above 5 cd/m2 (76)], where cones drive
human visual responses. Scotopic vision occurs while the eye
is adapted to very low luminances (below 0.001 cd/m2). Under
scotopic conditions, visual responses are driven by rods. The
conversion between luminance and illuminance depends on the
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apparent source size measured in steradians, so general scotopic
and photopic thresholds cannot be expressed in lux.

Individually, photoreceptors follow the principle of
univariance, meaning they cannot discriminate between a
change in intensity and a change in wavelength (77). As such,
the spectral sensitivities of the human luminous sensation for
photopic and scotopic vision can be described by the spectral
luminous efficiency functions V(λ) and V′(λ), respectively,
see Figure 2A. The spectral power of light, for instance,
can be photopically-weighted or scotopically-weighted by
multiplying each wavelength by V(λ) or V′(λ), respectively.
Photometric units (such as the lumen, lux or candela) are
obtained after summing the result (which is now a photopically-
or scotopically-weighted spectrum) over all wavelengths and
multiplying the result by the corresponding efficacy constants
(Km and K′

m, respectively), as described below.
By definition, monochromatic radiation with a frequency of

540 × 1012 Hz, (which corresponds to the wavelength 555 nm in
standard air1) has a luminous efficacy of 683 lm/W (78). Since
the V(λ) function reaches its peak value at 555 nm, this is where
the maximum luminous efficiency for photopic vision (denoted
by constant Km) equals 683 lm/W. The maximum luminous
efficiency for scotopic vision (denoted by constant K′

m) equals
1,700 lm/W, which follows from the relationship Km·V(555 nm)
= K′

m·V
′(555 nm).

The ratio of the luminous output (of a source) as evaluated
using the scotopic efficiency function to the luminous output
evaluated using the photopic efficiency function is known
as the S/P ratio. The S/P ratio is a characteristic of the
spectral distribution of the light, and by definition, equals 1 for
monochromatic radiation with a frequency of 540× 1012 Hz, or a
wavelength of 555 nm (in air). An S/P ratio above 1 denotes that a
light source is more activating to rods per (photopic) lumen than
1 lumen of monochromatic light at 555 nm.

Mesopic vision occurs while the eye is adapted to light levels
that are in between photopic and scotopic conditions. In this
range, i.e., in the mesopic regime, the combined action of rods
and cones defines the human visual response. However, ipRGCs
are implicated in retinal adaptation (79) and may be involved in
the regulation of mesopic and photopic visual sensitivity (80).

Do and Yau (81) provided an extensive review of ipRGCs
and their functions, including their roles in visual responses.
Already in 2002, Hankins and Lucas had demonstrated that
adaptations of the human primary cone visual pathway according
to time of day are driven by a non-rod, non-cone photopigment
with a spectral sensitivity profile that matches the standard
profile of an opsin:vitamin A-based pigment with a peak at
∼483 nm (79). The resulting curve is now widely accepted as
the prototype action spectrum of the photopigment melanopsin
and describes the intrinsic light sensitivity in ipRGCs. Another
demonstration that melanopsin can drive visual perception
comes from a case study of a blind individual lacking functional
rods and cones who could report whether a monochromatic light

1For readability, 555 nm will be written instead of λd ≈ 555.016 nm for the

wavelength of light corresponding to a frequency of 540 × 1012 Hz for light in

standard air.

stimulus of 480 nm was on or off, but failed to do so for other
wavelengths (82).

Recent studies suggest the possibility of further melanopic
influences on visual responses. Human brightness perception
can be greater when the light stimulus has a larger melanopic
content while being isoluminant for rods and cones (83), and
further experiments have quantified the effect of melanopsin
on brightness perception in more detail (84, 85). Melanopsin
effects can increase brightness perception by up to 10%,
especially for brightness discrimination tasks that involve
little or no differences in luminance and hue (86). Finally,
it is worth noting that melanopsin photoreception can also
improve the detectability of coarse patterns (80). Together
these results indicate that melanopsin is not only implicated
in non-visual responses and visual adaptation, but may also
contribute meaningfully to further visual responses like
brightness perception and pattern recognition. However,
proper demonstration of melanopic influences to vision is
methodologically complex and still faces many challenges (87).
At present, the relevance of melanopsin-based photoreception
for brightness perception beyond laboratory settings is not yet
settled and merits further investigation.

QUANTIFYING LIGHT FOR NON-VISUAL
RESPONSES: α-OPIC METROLOGY

As detailed above, the melanopsin-based photoreception of
ipRGCs constitutes an important driver of non-visual responses.
In their work, many lighting designers already draw on a wide
understanding of the visual, architectural and psychological
aspects of light and lighting. Awareness amongst lighting
professionals is increasing that next to cone-dominated metrics
such as correlated color temperature (CCT), illuminance and
luminance, there is a need to consider melanopsin-based
photoreception in specifications, codes, recommendations and
research. All these metrics are useful tools for quantifying or
comparing individual aspects within a lighting scheme, but they
cannot replace an experienced designer’s overall appreciation of
the interplay between the diverse effects of light. In addition, NIF
photoreception relates to the light arriving at the eyes from all
directions. This requires recommendations framed in terms of
light arriving at eye level—e.g., measured normal to the visual
axis in the vertical plane—rather than with reference to the light
falling on the horizontal plane, walls or object surfaces.

No single action spectrum or proxy can describe all eye-
mediated non-visual responses to light (13, 22). All five known
receptor types can contribute to these responses, and the relative
contribution of each individual photoreceptor type can vary
depending on the specific response and upon light exposure
properties such as intensity, spectrum, duration, timing (external
and internal/circadian), prior light history and sleep deprivation
state of the individual. Based on the Lucas et al. review paper
(13), the International Commission on Illumination (CIE)—
the worldwide body responsible for developing international
standards and reports on light and lighting—has published
CIE S 026:2018 “CIE System for Metrology of Optical Radiation
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TABLE 1 | Glossary of α-opic metrology (12), where sα(λ) refer to the α-opic action spectra shown in Figure 2A, Kα,v is the “α-opic stimulus per lumen,” Kα,v calculated

for D65 (i.e., the α-opic ELR for D65, KD65
α,v ) is a normalization constant. There are two ways to calculate the α-opic DER: α-opic DER = α-opic ELR / α-opic ELR for D65

= α-opic EDI / illuminance.

Quantity Abbreviation Formula Meaning Unit

α-opic irradiance

see note 1

– Eα =

∫

Ee,λ(λ)sα (λ)dλ Weighted spectral irradiance, Ee,λ, integrated

over wavelength

W·m−2

α-opic efficacy of luminous

radiation

α-opic ELR Kα,v = Eα/Ev Quotient of α-opic irradiance, Eα , and

illuminance, Ev

W·lm−1

α-opic equivalent daylight (D65)

illuminance

α-opic EDI ED65v,α = Eα/K
D65
α,v

see notes 2 & 3

Illuminance level of daylight (D65), producing an

equal α-opic irradiance, Eα , as the test light

lx

α-opic daylight (D65) efficacy

ratio

α-opic DER γ
D65
α,v = Kα,v/K

D65
α,v

see note 2

Ratio of the α-opic ELR of the test light, Kα,v, to

the α-opic ELR of daylight (D65), KD65
α,v

–

Note 1. The α-opic photoreceptor types are denoted by five subscripts: S-cone opic (α = sc), M-cone-opic (α = mc), L-cone opic (α = lc), rhodopic (α = rh) and melanopic (α = mel),

and the spectral weighting functions sα (λ) are shown in Figure 2A.

Note 2. The five normalization constants, KD65
α,v , are KD65

sc,v = 0.8173 mW·lm−1, KD65
mc,v = 1.4558 mW·lm−1, KD65

lc,v = 1.6289 mW·lm−1, KD65
rh,v = 1.4497 mW·lm−1, and KD65

mel,v =

1.3262 mW·lm−1.

Note 3. The non-standard quantity “melanopic equivalent illuminance” (often referred to as EML) can be converted into the melanopic EDI by a multiplication with 0.9058 (i.e., the α-opic

DER of illuminant E). The other “α-opic equivalent illuminances” have no such linear relationship with their α-opic EDI analogs, as CIE S 026 and Lucas et al. (13) use slightly different

action spectra for the rods and cones.

for ipRGC-Influenced Responses to Light” (12). This new
International Standard defines spectral sensitivity functions,
quantities and metrics to describe optical radiation for its ability
to stimulate each of the five retinal photoreceptor classes that, via
ipRGCs, can contribute to the non-visual effects and functions of
light in humans.

The Lucas et al. (13) authors used an opsin template and
a lens transmittance function to establish five action spectra
that describe the spectral sensitivity of all five known retinal
photoreceptors that can contribute to non-visual responses. The
CIE standard (12) adopts the same melanopsin action spectrum
as the Lucas et al. (13) authors. However, for consistency with
existing standards and psychophysical data, CIE S 026 adopts
the 10-degree cone fundamentals (88) and the spectral luminous
efficiency function for scotopic vision,V ’(λ), to describe the cone
and rod action spectra, respectively.

Figure 2A shows the five spectral weighting functions or
action spectra, sα(λ), for the five retinal photoreceptor classes:
S cone, M cone, L cone, rhodopsin and melanopsin-encoded
photoreception of ipRGCs as defined in CIE S 026. For each
of these five (α-opic) photoreceptors, an α-opic irradiance can
be calculated from the spectral irradiance, Ee,λ, of a (test) light
source, see Table 1. The α-opic irradiance of a test light divided
by its illuminance, Ev, defines its α-opic efficacy of luminous
radiation (α-opic ELR). The ratio of this α-opic ELR to the α-
opic ELR of standard daylight (D65) defines the α-opic daylight
(D65) efficacy ratio (α-opic DER) of the test light.

REFERENCE ILLUMINANTS, EQUIVALENT
ILLUMINANCES, S/P, AND M/P RATIOS

Since daylight is a naturally occurring stimulus under which we
evolved, it is an interesting and relevant point of reference to
evaluate and express the properties of human light conditions
within the built environment. The CIE standard illuminant
D65 is adopted as the reference illuminant in CIE S 026

(2018) to express each of the five α-opic irradiances as a
photometric equivalent quantity2. These quantities are the five α-
opic equivalent daylight (D65) illuminances (α-opic EDIs). Each
α-opic EDI is expressed in lx and corresponds to the illuminance
of D65 radiation that is required to provide an equal α-opic
irradiance as the test light, for a given α-opic photoreceptor. The
term “test light” used here refers to the light being considered, to
differentiate it from the reference illuminant.

The photometric equivalent concept adopted in S 026 is not
restricted to illuminance (unit lx), and luminance (unit cd/m2).
It can also be applied to other quantities such as light exposure
(unit lx·h), luminous energy (unit lm·s), and luminous intensity
(unit cd) 3.

Returning to CIE S 026, when describing the spectral
properties of a test light, the ratio of the α-opic EDI of a test
light to its illuminance defines the α-opic DER of the test light,
see Table 1. In other words, the melanopic DER represents the
ratio of the melanopic flux (“M”) per photopic luminous flux
(“P”) of a test light, and this dimensionless quantity can usefully
be thought of as the new “M/P ratio.” By definition, this ratio is
normalized to 1 for the reference illuminant D65. The S/P ratio
is an established lighting metric. It equals 1 for monochromatic
radiation of 555 nm, as the S/P ratio effectively uses radiation
of 555 nm as its normalizing reference illuminant. In case the
melanopic EDI is 30 lx, the test light has the same activating effect
on ipRGCs as 30 lx of radiation conforming to the spectrum of

2D65 represents daylight with a color temperature of ∼6,500K. Other reference

illuminants (like standard illuminant A or equi-energy illuminant E) could be

used instead of D65 to define equivalent illuminances, but such non-standard

quantities should be avoided asmuch as possible. Lucas et al. (13) adopted the equi-

energy illuminant (E) as the reference illuminant when introducing the “α-opic

equivalent illuminance” concept for non-visual metrology (13, 89), but without

explicit mention of the reference illuminant selected.
3In the same order, the photometric quantities that correspond to this list are α-

opic equivalent daylight (D65) light exposure [lx·h], α-opic equivalent daylight

(D65) luminous energy [lm·s], and α-opic equivalent daylight (D65) luminous

intensity [cd].
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FIGURE 3 | The three approaches to metrology and the α-opic quantities corresponding to these approaches.

D65 daylight. In the same way, a scotopic illuminance of 30 lx
indicates that the test light has the same effect on rods as 30 lx of
radiation at 555 nm.

PHOTOMETRIC AND RADIOMETRIC
α-OPIC QUANTITIES

There are three differentmainstreammetrological approaches for
quantifying visible optical radiation:

• radiometry based on spectral energy,
• radiometry based on spectral count of photons, and
• photometry based on spectral luminous efficiency function for

photopic vision, V(λ), and the efficacy constant, Km (or V ′(λ)
and K ′

m for scotopic vision).

In the SI system, radiometry is described as “the field
of metrology related to the physical measurement of the
properties of electromagnetic radiation, including visible light.”
Radiometric quantities can be unweighted, but photobiological
quantities are typically weighted according to a suitable action
spectrum that describes the relative efficiency of radiation as a
function of wavelength in producing an effect.

Energy-based radiometry is often used by physicists, whereas
photobiologists and photochemists often use the photon system,
and the light and lighting professions have a strong preference
for photometry. Photometry uses special SI units like cd, lm and
lx. Radiometry and photometry and their units are closely related

through the current definition of the SI base constant Kcd (Kcd

≈ Km, see earlier) and the corresponding SI base unit for the
photometric quantity luminous intensity, namely the candela.
Of the seven SI base units (and their defining constants) the
candela and its defining constant Kcd are unique in relating to
human vision, rather than a fundamental physical phenomenon.
The photon system is very similar to the radiometric system
with energy units replaced by number of photons (requiring
an adjustment4 to spectral weighting functions and quantities),
and is often expressed after taking logs, due to the very large
numbers involved.

Figure 3 illustrates the deep connections between these three
metrological approaches. The set of quantities (illuminance,
luminous flux, luminance, etc.) in the photometric system
has the analogs photopically-weighted (irradiance, radiant flux,
radiance) in the radiometric system and the analogs photopically-
weighted photon (irradiance, flux, radiance) in the photon
system. These analogs have units (lx, lm, cd/m2), (W/m2,
W, W/sr/m2), and (m−2

·s−1, s−1, sr−1
·m−2

·s−1), respectively.
For melanopic quantities—with exactly the same units—the
respective quantities are [melanopic EDI, melanopic equivalent

4The energy, E, of a single photon depends on Planck’s constant, h, the speed of

light, c, its wavelength, λ, and the refractive index of the medium (nair, say), so that

for Np photons (as it is expressed in the photon system) at a given wavelength,

the corresponding radiometric energy is Ee = Np·h·c/λ·nair. When converting

action spectra from the photon system to the radiometric energy system, or vice

versa, once the adjustment has been applied at every wavelength, the entire action

spectrum must also be renormalized so that its new maximum value is equal to 1.
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FIGURE 4 | Representations of the CIE S 026 Toolbox: “Inputs” (areas with blue background) and “Outputs” (areas with white background) with numbers relating to

the melanopic quantities for a mobile phone with a white screen at maximum brightness and an observer at 150mm from the screen. (A) Based on the known

luminance of 367 cd/m2, assuming the emitted spectrum conforms to CIE illuminant LED-B3, and (B) based on the actual measured spectral irradiance (91) with the

same luminance.

daylight (D65) luminous flux, melanopic equivalent daylight
(D65) luminance], melanopic (irradiance, radiant flux, radiance)
and melanopic photon (irradiance, flux, radiance). Equally, for
the other four α-opic quantities, the same relationships hold.
Under CIE S 026 definitions, melanopic equivalent daylight
(D65) luminance can be abbreviated to melanopic EDL.

α-OPIC TOOLBOX

To calculate α-opic quantities in the radiometric, photon and
photometric systems, and convert from one system to another,
CIE has published an interactive ExcelTM spreadsheet, the “CIE
S 026 Toolbox” (90). Access to the toolbox is free on the CIE
website [doi: 10.25039/S026.2018.TB], and also an introductory
video and a user guide are provided. The toolbox features
include weighting functions, spectral weighting charts and a
concise glossary.

Toolbox users can enter a spectral measurement and calculate
all the quantities that are the geometric analogs of irradiance
and radiance, including the illuminance and α-opic EDIs for
this spectrum (Figure 4A). Alternatively, even without spectral
data, users can familiarize themselves with the links between the
three systems using one of the five built-in spectral distributions
selected from the CIE standard illuminants (A, D65, E, FL11,
LED-B3; Figure 4B).

EVERYDAY EXAMPLES

The CIE has proposed “integrative lighting” to be the official term
for lighting that is specifically intended to integrate visual and

non-visual effects, producing physiological and psychological
effects on humans that are reflected in scientific evidence (59, 92).
In the context of this promising new approach, we reconsider the
light that people are exposed to in their daily lives. To investigate
and characterize potential light exposures in relation to non-
visual responses, a number of measurements of familiar sources
of light were made, where possible re-using information from
previous investigations.

The α-opic toolbox was used to evaluate the absolute and
relative melanopic content of these sources in more detail. Taken
together, subject to the potential limitations of the melanopic
model for predicting NIF responses to light (see Introduction),
the information provides useful context and further evidence for
advice relating to light and health.

Experimental Methods
All the spectral data were measured using equipment sets
subject to secondary calibrations, and traceable to national
standards performed, and maintained in-house (Public Health
England, Didcot, Oxfordshire, UK). The data were checked
against comparable alternative measurements of the same
sources. Spectral equipment sets consisted of TE-cooled
spectroradiometers (BW Tek, Newark, USA), coupled via optical
fibers (Newport Spectra-Physics Ltd., Didcot, UK) to optical
diffusers (Bentham, Reading, UK).

Daylight characteristics analyzed relate to a clear day (29
May 2020) and a cloudy day (18 June 2020), and are based on
global spectral irradiance data from a solarmonitoring laboratory
at (51.575◦ N, 1.318◦ W, altitude 125m), measured in the
horizontal plane at 5-min intervals using in-house acquisition
software (Public Health England, Didcot, Oxfordshire, UK).
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A B

C D

FIGURE 5 | Daylight characteristics on a clear day (29 May 2020, sunrise 04:55, sunset 21:10, times in BST), based on horizontal global spectral irradiance data from

a solar monitoring laboratory in Didcot, Oxfordshire, UK. (A) Illuminance (dotted gray line), scotopic illuminance (orange line), and melanopic EDI (blue line), with an

inset semi-log graph spanning the end of twilight (04:10) and sunrise. (B) The correlated color temperature (CCT) on a clear day (blue line, as above from 29 May

2020) and a cloudy day (gray line, 18 June 2020, sunrise 04:50, sunset 21:25), with an inset 2π-fisheye image of the sky at 04:25. (C) The melanopic daylight (D65)

efficacy ratio (melanopic DER, or M/P ratio, blue line), S/P ratio (orange line), and solar elevation (dotted gray line), with the melanopic DER and S/P ratio for standard

daylight illuminant D65 for comparison (colored dotted lines). The vertical arrow indicates artifacts likely to be due to the slightly elevated local horizon. (D) Melanopic

DER, or M/P ratio, plotted against an inverse-CCT axis (labeled by CCT), with solar elevation labels next to selected pairs of data points. Also plotted are CIE standard

daylight illuminants (D55, D65, and D75; open diamonds), candle light (1,930K blackbody; filled diamonds), a mobile phone (plus symbol, details given in

Experimental Methods), domestic LEDs (filled circles, n = 25, details given in Experimental Methods), selected office LEDs and selected street light LEDs [combined

as open circles, n = 16, also taken from (93)].

The photographic fisheye image taken at 04:25 on 29 May
2020 in Figure 5B is part of a parallel series, also taken at 5-min
intervals, using Q24 hemispheric outdoor camera (Mobotix AG,
Hauptsitz, Germany), at the same location.

LED spectral irradiance data were measured in temperature-
controlled laboratory conditions in two earlier studies (91, 93):
firstly, a modern mobile phone model (from 2016 but still in
widespread use in 2021) displaying a white screen at full power at
a distance of 150mm [ID 13, (91)] and, secondly, an LED lighting
sample which included any 40W-equivalent GU10 (spots) and
any 60W-equivalent BC22 (bayonet light bulbs) general service
lighting product types available to a UK retail consumer in 2015
over a 10-day period either online or through local and national
stores (within an area bounded by Aylesbury, High Wycombe
and Oxford). The latter sample included a number of comparator
LED lighting products with different fittings, but excluded color-
tunable products (93).

The simplified spectral emissions of a candle were modeled
as arising from a Planckian radiator with a color temperature of
∼1,930 K (94).

Results: Daylight
On an ideal clear day, horizontal illuminance, scotopic
illuminance and melanopic EDI follow smooth bell-shaped
curves, and melanopic EDI values are similar to illuminance
values (Figure 5A). This close agreement results from the
melanopic EDI-normalization using standard daylight
illuminant D65. The daylight characteristics in Figure 5

may not correspond exactly to daylight at high altitude, in
different atmospheric conditions, and when measured with
different fields-of-view. During the hour preceding dawn
(see Figure 5A inset), and after sunset, the melanopic EDI
increases, but decreases relative to the visual measure of
illuminance, and vice versa after sunset. Other characteristics
derived from the spectral daylight data also progress smoothly
on a clear day, but Figure 5B illustrates how a cloudy day
introduces volatility, exemplified here using the visual
metric correlated color temperature (CCT). In contrast,
on the clear day (verified with fisheye photographs such
as the one shown in the Figure 5B inset), the CCT falls
rapidly in the hours either side of dawn. The minimum CCT
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occurs ∼1 h either after dawn or before sunset, with a small
increase in CCT to a local maximum at approximately
solar noon. Atmospheric conditions may give rise to
asymmetry in the spectral characteristics on either side of
solar noon.

Earlier studies have analyzed spectral and/or melanopic
daylight time-series data averaged over a number of days (21,
95, 96). However, we are particularly interested in the results
on a clear day and the melanopic daylight (D65) efficacy ratio,
that, as explained earlier, can be thought of as an M/P ratio
with similarities to the S/P ratio (see Figure 5C), both being
ratios of the quantities shown in Figure 5A. In common with
CCT, these ratios are highly dependent on solar elevation, and
hence solar time on any given day. For solar elevations above
10◦ the ratios remained stable (i.e., for the main part of the day).
For D65, with a CCT of ∼6,500K, the melanopic DER or M/P
ratio equals 1 by definition and the S/P ratio equals 2.47. For
solar elevations above 10◦, the M/P and S/P ratios observed were
slightly below 1 (see Figure 5C), which reflected the difference
between the observed CCTs and that of D65 (see Figure 5B).
When the sun is down or low in the sky, an elevated horizon
can obscure the brightest part of the sky or the sun. In this
way trees, buildings and the landscape can cause deviations from
the smooth curve that would otherwise be observed. Figure 5D
shows the CCT dependence of the melanopic DER for daylight
on a clear day. In the next section we will compare this to white
LED lighting.

Results: White LED Lighting
Figure 5D shows the CCT dependence of the melanopic DER for
the non-color-tunable white LED lighting (2015 retail products),
all of which were based on a blue LED plus yellow phosphor,
with the GU10 and BC22 domestic LEDs shown as a separate
series. For the domestic LEDs (n = 25), CCT explained 87%
of the variance in melanopic DER, and CCT plus CRI (Color
Rendering Index, Ra) explained 95% (multiple linear regression).
This chart shows that this CCT dependence of the melanopic
DER for the LED technology common to this white LED
lighting sample does not match the CCT dependence of the
melanopic DER for daylight on a clear day. Further, all the
LED lighting in Figure 5D has a significantly lower melanopic
DER than daylight on a clear day, typically by around 25%
for a CCT of 6,500K. At other CCT values the deficit in
melanopic DER relative to daylight is higher, and it remains
significant, even after adjusting for the CCT-dependencies within
the daylight and LED melanopic DER series. In other words,
this supports the viewpoint that all the LED lights in this
sample were relatively inefficient at producing melanopic light
for a given combination of CCT and luminous flux. The lower
melanopic efficiency of white LED lighting with respect to
natural daylight has also been reported previously (97, 98). In
addition to a reduced illuminance, a lower melanopic DER
may be appropriate at night and within spaces designed to be
restful, whereas in active workplaces a higher melanopic DER
and an elevated illuminance may engender a healthier daytime
environment.

Results: Mobile Phone Screen—Toolbox
Example
To further illustrate the α-opic metrology and the S 026 Toolbox,
we will consider the melanopic EDI (in lx) produced by a typical
modern mobile phone (plotted as a green cross in Figure 5D).
There is some concern about the effects on sleep of using display
screen equipment before bedtime, including the use of mobile
phones and tablets in bed, because of the light they emit (45,
99, 100), so the data we present here will provide a relevant and
helpful example to place the α-opic quantities in context. Indeed,
a number of groups have directly studied the effects that different
light exposures can have on sleep (25, 26, 100).

There are two approaches for performing calculations
available in the toolbox. The first is a simplified approach using
the spectra from the five built-in standard illuminants (A, D65,
E, FL11, LED-B3). The second approach requires the user to
enter the actual spectral data of the test light in consideration.
These two approaches are chosen to illustrate why using the
simplified approach (i.e., generalizing results from standardized
spectral distributions) will not always be appropriate, and may
cause errors.

Simplified Approach

For a white mobile phone screen at full power backlit with an
LED, the luminance is 367 cd/m2 (91). If the spectral data are not
known, the toolbox might still be used if it can be assumed that
the light emission of this phone conforms to the CIE illuminant
LED-B3 built-in into the toolbox (however, as will be shown, this
assumption is not tenable). On this tentative basis, the melanopic
radiance, the melanopic equivalent daylight (D65) luminance
(melanopic EDL) and the melanopic photon irradiance can
be calculated with the toolbox (see Figure 4A). As the screen
subtends an angle of approximately a 5th of a steradian at a
viewing distance of 150mm, themelanopic irradiance, melanopic
EDI andmelanopic photon irradiance can be obtained as follows:

melanopic irradiance = melanopic radiance× solid angle

≈ 308mW/sr/m2
×0.2 sr = 61.6 mW/m2

melanopic EDI = melanopic EDL× solid angle

≈ 232cd/m2
×0.2 sr = 46.4 lx

log10melanopic photon irradiance/(cm−2
·s−1)

≈ 13.88+ log10(0.2)≈ 13.18

However, we may not be able to rely on the above estimates.
We assumed that the spectrum of the mobile phone conforms to
LED-B3. This is likely to cause problems, as the spectrum from
mobile phones may have a higher blue content and, unlike LED-
B3, is produced by three or more single color LEDs rather than
by using a blue LED in combination with a yellow phosphor.
In order to replace the above estimates with accurate figures, we
need to use the actual spectral data.

Spectral Data Approach

When using the toolbox with the spectral irradiance data
collected for the selected LED screen [ID 13, (91)], the toolbox
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output sheet (see Figure 4B) gives the following results:

melanopic irradiance≈ 85 mW/m2

melanopic EDI≈ 64.3 lx

log10melanopic photon irradiance/(cm−2
·s−1)≈ 13.32

This spectral analysis shows that the simplified approach with the
assumption that the phone’s light emission conforms to LED-B3
resulted in underestimating the melanopic irradiance and EDI by
almost 30%.

Exposure at 150mm distance from a phone screen (at full
white power) is a plausible worst-case scenario for mobile screen
use in children and young adults, but it is unlikely that the screen
would be used in its brightest setting only. The mix of light and
dark within the images displayed on the screen will reduce the
spatially-averaged screen brightness as well as the time-averaged
melanopic EDI measured at the user’s eye. The brightness and
the blue emissions may also be reduced in power in the evening
using a suitable app. Finally, holding the phone at a further
distance reduces the average melanopic EDI incident at the eye,
by reducing the “visual” field occupied by the screen.

In preliminary guidance on applying “proper light at the
proper time,” and in the absence of a formal consensus,
a CIE position statement (59) recently recommended using
melanopic EDI as an interim approach to manipulate non-
visual responses. Further guidance on this approach is awaited
from the participants of the 2nd International Workshop
on Circadian and Neurophysiological Photometry (held in
Manchester, August 2019), and this is expected to take the
form of a scientific publication with melanopic-EDI centered
recommendations for healthy indoor light exposures. Further
research may be needed to investigate the potential limitations
of using melanopic EDI in such recommendations and to
explore the correlations between the α-opic quantities and
non-visual responses in more detail. While this knowledge
develops, and acknowledging the considerations set out in the
introduction, the melanopic action spectrum can be considered
a good model for predicting melatonin suppression responses: a
melanopic EDI below 4 lx results in minimal responses (<25%
of maximum melatonin suppression) and a melanopic EDI
above 300 lx strongly suppresses salivary melatonin (>75%
of the maximum), depending on the exposure duration
and experimental context (21). Furthermore, dose-response
relationships are subject to a large interindividual variability, for
instance the human sensitivity to light for melatonin suppression
(i.e., the melanopic EDI needed to produce 50% of maximum
melatonin suppression) is reported to vary between individuals
by more than one order of magnitude, based on the 95%
confidence interval (25). Together with the melanopic EDI
values in Table 2, these findings provide inconclusive evidence
whether the melatonin suppression induced by mobile phone
light emissions in the evening are at levels that raise practical
concerns. However, the possibility still remains that prolonged
evening use of indoor electric lighting may result in light
exposures that are relevant for melatonin suppression.

Furthermore, whilst the studies mentioned above suggested
that mobile phone screens can have statistically significant effects
on sleep, a more representative comparison (99) demonstrated

TABLE 2 | Color, RGB, illuminance, scotopic illuminance, and melanopic EDI of a

modern mobile phone the screen set to a uniform color at its maximum

brightness, and as viewed at a distance of 150mm [phone ID 13 from (91)].

Screen

color

RGB values (Photopic)

illuminance, lx

Scotopic

illuminance, lx

Melanopic EDI,

lx

1. White 255, 255, 255 73.3 164.6 64.3

2. Purple 48, 0, 179 3.1 30.2 15.5

3. Blue 0, 0, 210 3.6 42.6 22.0

4. Green 0, 100, 100 7.8 21.8 8.6

5. Lilac 102, 0, 255 7.8 65.9 34.0

6. Cyan 142, 201, 230 40.4 110.8 45.0

that a 4-h exposure to an e-reader compared to a printed book
(when repeated on five consecutive nights with a scheduled
06:00 am morning wake-up time) only resulted in an average
reduction of 5min in total nightly sleep duration and 12min
in REM sleep duration, so these effects of light may be less
significant in a practical sense. Insufficient exposure to light
during the day in modern (indoor) lifestyles may be of greater
concern, and, as set out earlier, daytime light exposures increase
the robustness of circadian rhythms and reduce the disruption
caused by light exposures in the evening, see the Introduction
section and Figure 1D.

CONCLUDING REMARKS

Daily variations in the light environment are important for sleep,
well-being and long-term health. The knowledge base concerning
the contributions and interactions of retinal photoreceptors in
driving non-visual effects is becoming more mature. Although
the science is by no means complete, measures of the
environment expressed in terms of melanopic EDI are now
thought to have ecological validity. New recommendations for
future building and lighting standards are therefore expected to
incorporate both minimum thresholds for daytime melanopic
EDI and maximum thresholds for evening melanopic EDI.
These recommendations should be carefully integrated with the
visual components within existing lighting codes. One way of
limiting evening melanopic EDI would be by recommending
dimmer lighting, and this is more effective when simultaneously
lowering melanopic DERs (i.e., reducing M/P ratios). Another
recommendation could be to strive for near darkness wherever
people are expected to sleep at night. The CIE S 026 Toolbox
has been introduced, partly to support this expected shift in
lighting practice, and partly to enable researchers to expand
the evidence base for future lighting standards, guidance and
health advice.

Figure 5D shows that the melanopic DER for daylight on
a clear day is significantly greater than the melanopic DER
within a recent sample of white LED lighting with a range of
CCTs. This supports the viewpoint that the LEDs sampled are
relatively inefficient at producing melanopic light for a given
combination of CCT and luminous flux, in agreement with others
(97, 98). New lighting products, including those with tunable
M/P ratios, may help to address this. Higher M/P ratios, similar
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to daylight, might be considered a beneficial characteristic for
the daytime indoor environment. Daylight entry within the built
environment is a good way to achieve this.

If the aim is to minimize melanopic light exposures, the
lighting used at night for navigation and perceptions of safety
should be restricted to lower M/P ratios. Increased daytime light
exposures can reduce the adverse effects of evening light (39–
46), and daytime light exposure may be as important as avoiding
bright light before bedtime. During the day, indoor electric
lighting could reproduce the melanopic light exposures (and
other facets) of the outdoor environment, although this entails
greatly increased indoor illuminances. Nevertheless, daylight
is an excellent, natural, energy-efficient source of melanopic-
rich light, and public health policies should encourage a
daytime (natural) light-seeking lifestyle, especially during the first
morning hours after bed and starting from the very first days
after birth.
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Circadian sleep disorders are common among American adults and can become

especially acute among older adults, especially those living with Alzheimer’s disease

(AD) and mild cognitive impairment (MCI), leading to the exacerbation of symptoms and

contributing to the development and advancement of the diseases. This review explores

the connections between circadian sleep disorders, cognition, and neurodegenerative

disease, offering insights on rapidly developing therapeutic interventions employing

intermittent light stimuli for improving sleep and cognition in persons with AD and MCI.

Light therapy has the potential to affect sleep and cognition via at least two pathways:

(1) a regular and robust light-dark pattern reaching the retina that promotes circadian

phase shifting, which can promote entrainment and (2) 40Hz flickering light that promotes

gamma-wave entrainment. While this is a new area of research, preliminary evidence

shows the potential of dual circadian and gamma-wave entrainment as an important

therapy not only for those with AD, but for others with cognitive impairment.

Keywords: Alzheimer’s disease, circadian entrainment, flashing light, gamma entrainment, memory, sleep

INTRODUCTION

Forty-five percent of Americans report sleep problems that affect their daily activities at least once
per week, with 35% reporting poor or fair sleep quality and 20% reporting that they did not feel
refreshed by sleep on any day of the past week (1, 2). Asynchrony between normal work and
social schedules and the timing of the internal clock (3) can lead to sleep disorders and sleep
deprivation, particularly if the asynchrony is prolonged for an extended period, which in turn can
negatively affect task performance, cognition, and general health (4–6). Sleep disorders and their
attendant decrements can become especially acute among older adults, especially those living with
Alzheimer’s disease (AD) and mild cognitive impairment (MCI), leading to the exacerbation of
symptoms and contributing to the development and advancement of the diseases (7–9). In fact, of
the estimated 5.8 million people in the United States living with AD and related dementias (ADRD)
(10), at least one-third experience difficulty sleeping (11, 12) and approximately two-thirds of their
estimated 18.5 million unpaid caregivers report sleep disturbances themselves (10, 13, 14).
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This review explores the connections between circadian
sleep disorders, cognition, and neurodegenerative disease,
offering insights on rapidly developing therapeutic interventions
employing entraining light stimuli (both continuous and
intermittent) for the treatment of sleep disorders, including in
those with AD and MCI. Light therapy has the potential to
affect sleep and cognition via at least two pathways: (1) a regular
and robust light-dark pattern reaching the retina that promotes
circadian phase shifting and thus, entrainment and (2) 40Hz
flickering light that promotes gammawave entrainment. Both are
discussed below.

CIRCADIAN RHYTHMS

Circadian rhythms are endogenously driven biological rhythms
that have a period close to 24 h and that can be entrained
by exogenous time cues. Circadian rhythms are generated and
regulated by a biological clock located in the suprachiasmatic
nuclei (SCN) in the hypothalamus in the brain. In the absence
of external cues, these rhythms free-run with a period close
to, but not exactly 24 h (15). In humans, circadian rhythms
free-run with an average period of 24.2 h. Light-dark patterns
reaching the retina are the major synchronizers of circadian
rhythms to the local position on earth and to the 24-h solar
day, a process referred to as entrainment (16). Given that the
circadian system in humans free-run with a period slightly longer
than 24 h, the human circadian system needs to receive light
after minimum core body temperature (usually in the morning
hours) to maintain daily entrainment. This is because morning
light will advance the timing of the clock while evening light
(prior to minimum core body temperature) will delay the timing
of the clock. It should be noted, however, that in general,
entrainment is assessed in controlled laboratory conditions, while
the studies performed in the field measure phase shifting, such
as phase advance or phase delay using downstream outcome
measures, such as sleep-wake cycle. As befits a diurnal species,
the human biological clock interacts with the sleep-wake cycle to
maintain waking during the day and sleep at night. The sleep-
wake cycle is regulated by two systems, the circadian system and
the homeostatic system (17, 18). Sleep consolidation and quality
are reported to be best when the circadian and homeostatic
systems are aligned (19). With greater time awake, homeostatic
mechanisms increase sleep pressure as bedtime approaches.
The circadian system sends an alerting signal to the body to
counteract sleep pressure during the day and a sleeping signal
during the night, promoting a consolidated night of sleep.

SLEEP, BRAIN ACTIVITY, AND BRAIN

PATHOLOGY

Studies have shown that non-rapid eye movement (NREM) sleep,
rapid-eye movement (REM) sleep, and slow oscillations (SOs,
0.3–1Hz, detected in the cerebral cortex during NREM sleep,
when neuronal activity is synchronized) are associated with
improvement in cognition (20), attention (21), and memory (22).
Specifically, an increase in NREM sleep has been associated with

improved long-term memory formation (23) and SOs have been
shown to be independently associated with improved cognitive
performance (24–28).

With respect to AD, sleep disturbance has been investigated
as both a symptom of and a risk factor for the disease (4, 29,
30). Research has shown a correlation between sleep disruption
and subjective cognitive decline, before MCI or AD manifest
(31); less sleep fragmentation has been linked to lower risk
for AD in older adults (32); and treating apnea-related sleep
disturbance can delay the onset of MCI (33). Research relates
sleep problems with AD pathology (Aβ and tau), showing
a bidirectional relationship between sleep disruption and Aβ

and tau accumulation in rodents and drosophila (30, 34–
37). Consistently, increasing cortical Aβ accumulation is also
associated with sleep fragmentation (34, 35).

Poor sleep correlates with Aβ and tau pathology severity
among people with AD and MCI (38–42), and recent studies
indicate associations between AD pathology and NREM
sleep (40, 43). Recently, Fultz et al. (44) simultaneously
measured functional magnetic resonance imaging (fMRI) studies
measuring blood-oxygenation-level-dependent (BOLD) signals,
electroencephalogram (EEG) and cerebrospinal fluid (CSF) and
observed that at 0.05Hz (SO that occurs during NREM sleep),
there was a large-amplitude pulsatile flow of CSF.

Given that the glymphatic system has been shown to clear Aβ

during sleep (36), along with the corollary that sleep disturbance
permits the accumulation of Aβ, it is reasonable to conclude that
techniques for improving sleep could be employed to counteract
Aβ accumulation, and thus, memory decline and progression
fromMCI to AD.

GAMMA BAND OSCILLATIONS AND BRAIN

HEALTH

Gamma activity is composed of rhythmic oscillations that reflect
underlying neural synchronizations. Although there is no agreed-
upon frequency band that corresponds to gamma oscillations,
the accepted lower and upper limits are usually in the range of
20–30Hz and 80–120Hz, respectively.

For the most part, gamma oscillations reflect the excitatory
and inhibitory activity of interneurons. The cycle starts when
excitatory neurons fire, triggering a synchronized discharge
of inhibitory interneurons that impede the original excitatory
neurons, briefly silencing them. The cycle restarts when the
inhibitory signal wears off and allows the excitatory neurons
to resume firing (45). Gamma oscillations can be observed
throughout the cerebral cortex and correspond to the activation
of the cerebral cortex. In the sensory cortex, gamma oscillations
can be modulated by presence of sensory stimulation. For
example, rhythmic visual stimuli at a certain frequency (i.e.,
flickering light) will elicit a brain response in synchrony with
the frequency of those stimuli. In the visual cortex, exposure
to visual stimuli (e.g., light bars) increases power in the 35–
50Hz range (46). In their study with cats, Gray and Singer (46)
showed that the probability of neurons to fire in response to the
presentation of optimally aligned light bars within their receptive
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field is greater when the stimulus has a peak frequency near
40Hz. They also observed that this was a cortical response (i.e.,
a response of local neurons in the visual cortex) rather than a
thalamic response.

Gamma-band oscillations have been associated with attention,
working memory, and associative learning (47). During
information-processing events, gamma oscillations allow for
selective transmission of sensory information across distributed
neurocircuits. Enhanced gamma activity is associated with the
enhanced coherence between brain areas (48–51). For example,
working memory processes have been associated with the
coupling between the phase of theta (4–8Hz) and the amplitude
of gamma (52). In fact, Tort et al. (53) demonstrated that theta–
gamma coupling strength directly correlates with increased
performance during learning sessions in rats, suggesting
theta-gamma coupling plays a role in memory recall (53).

Interestingly, human AD patients (54–56) and AD mouse
models (57–59) show reduced power of oscillatory activity
in the gamma range (30–100Hz), which mediates essential
neural functions including cortical arousal, sensory processing,
working memory, attention-dependent stimuli, and higher order
cognition (60–64). This deficit provides a valuable avenue to
explore potential treatments for humans with AD or other
cognitive impairments.

THERAPEUTIC LIGHTING TECHNIQUES

Light for Entrainment and Phase Shifting of

the Circadian System
It is well known that the light-dark cycle is the primary stimulus
for synchronizing the circadian system, whose rhythms (e.g., the
sleep-wake cycle) repeat approximately every 24 h. Ideally, light
of the appropriate amount, spectrum, distribution, duration, and
timing synchronizes the internal human circadian clock with
solar day-night cycle to help maintain synchrony with work
demand times (65). In humans, this synchronization occurs when
the circadian system phase advances daily and outcomemeasures
are generally downstream measures.

Lighting characteristics affecting the circadian system, as
measured by acute melatonin suppression and phase shifting
of dim light melatonin onset (DLMO), a marker of the timing
of the biological clock, differ from those affecting our ability
to read black font on a white paper. While less light than
was originally demonstrated in the 1980s is needed to suppress
nocturnal melatonin production, significantly higher amounts of
light are needed to affect melatonin than those needed to activate
the human visual system (66, 67). Indoor daytime workers,
however, may spend their days in “biological darkness” because
typical exposures to electrical lighting in indoor environments
can be insufficient for entraining the circadian system (68). The
lack of a strong light-dark stimulus to the circadian system
can lead to sleep disturbances, such as those experienced by
older adults, including AD patients, living in more controlled
environments. Indeed, it has been shown that middle-aged adults
receive ∼58min of bright light per day (69) while older adults in

assisted-living facilities receive bright light for only 35min per
day (70). Adults in nursing homes see as little as 2min per day.

Following the discovery of the intrinsically photosensitive
retinal ganglion cell (ipRGC), a series of animal-model studies
showed that circadian phase shifting can occur via input from
the ipRGCs and/or the rods and cones, either alone or in
combination (71, 72). These studies clearly suggest that, although
the ipRGCs are instrumental to transduce the signal from the
retina to the SCN (73, 74), melanopsin alone, the opsin that
provides the ipRGCs with its intrinsic photosensitivity, is not
needed for circadian phase shifting, and neither are rods and
cones alone (74).

The peak spectral sensitivity for acute melatonin suppression
and phase shifting of DLMO is close to 460 nanometers (nm)
(75–77). Timing of exposure is also important for affecting the
biological clock. The same stimulus presented in the morning—
or after the minimum core body temperature, CBTmin, that
typically occurs in the second half of the night—will advance
the timing of the clock in the following cycle (i.e., bedtimes and
waketimes will be earlier the following day). Light given in the
evening and early part of the night (before CBTmin) will delay
bedtimes and waketimes (78).

The duration of light exposure required for melatonin
suppression depends on the light stimulus’s magnitude (79).
Continuous exposure to 74 µW cm−2 of a narrowband, short-
wavelength light stimulus (peak close to 470 nm), for example,
will elicit measurable melatonin suppression after 5–10min.
Continuous exposure to 2 µW cm−2 of the same blue light
source, on the other hand, will elicit measurable melatonin
suppression only after 90min (79). Consistently, a 12-min
exposure to 4,100K fluorescent light (>6,000 lx at the cornea)
more effectively phase-shifts circadian rhythms than exposures
to lower light levels for longer durations (e.g., 6.4 h), as
demonstrated by Chang et al. (80).

Finally, research shows that it is important to accurately
measure light exposures over the 24-h day, as opposed to taking
just a “snapshot” measurement of light exposure at one certain
place and time (81, 82). Given that the circadian system appears
to keep track of light exposure, knowing an individual’s light
exposure history over the past 24 h can help determine the
best light prescription for the next 24 h (83). Therefore, a light
treatment designed to promote earlier bedtimes should not be
limited to reduced exposure to blue light in the morning but
should instead control the total circadian light exposure during
waking hours.

Amid ongoing investigation into the retinal mechanisms
involved in photic stimulation of the circadian system, Rea
et al. (77, 84) have proposed and continued to develop a
model of human circadian phototransduction that is consistent
with known retinal neuroanatomy and neurophysiology (85).
The human circadian phototransduction model is based on the
response of the ipRGCs (86), but it also includes responses
from rods and cones, which have also been shown to provide
input to the ipRGCs (71, 72). The ipRGCs, through the
retinohypothalamic tract (RHT), transduce the combined photic
signal to the master pacemaker, located in the suprachiasmatic
nuclei (SCN). According to the Rea et al. model (77, 85), the
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cones provide indirect input to the SCN via synapses in the retina,
one of which includes the spectrally opponent (blue vs. yellow)
S-cone bipolar neurons that combine input from all three cone
types to provide depolarizing-only (S-ON) input to the ipRGCs.
The ipRGCs convey the combined photic information to the
SCN. Following the model, while the intrinsically photosensitive
response from the ipRGCs combines its signal with depolarizing
“blue” response from the S-ON bipolar, the hyperpolarizing
“yellow” response will not be received by the ipRGCs. In the
case of light spectra that evoke a “yellow” response from the S-
ON bipolar, the ipRGCs’ response alone determines the photic
information conveyed to the SCN.

Continuous Light for Circadian Phase

Shifting and Entrainment
Light therapy for improving sleep, mood, and behavior in AD
patients has been the subject of investigation since the 1990s. A
comprehensive review of the impact of light on circadian phase
shifting and thus, entrainment has been published elsewhere (87),
but a summary of some of these studies is presented below.

One of the first studies showing the positive impact of light on
circadian rhythms of AD patients was published by Van Someren
et al. (88). They studied the effects of increased levels of bright
light during the day on 22 institutionalized older adults with
severe ADRD. Ambient, unattended high light levels (>1,000
lux at the eye) delivered from ceiling luminaires and windows
were used to deliver the intervention in spaces where most of
the patients stayed during the day. The results showed that 4
weeks of bright light exposure over the course of a day improved
disturbed circadian activity/rest rhythms in older adults with
severe dementia.

Yamadera et al. (89) evaluated the effect of bright light
exposure (3,000 lux for 2 h each morning) on cognitive
functions and circadian rhythms in individuals with AD. The 27
participants experienced the intervention over four consecutive
weeks. There was also a significant decrease in daytime napping,
awakenings during sleep, and overall percentage of time of sleep
increased for all participants. The authors speculated that the
bright light exposure improved circadian rhythms and cognitive
functions for participants in the early stages of the disease.

Not all of the studies, however, showed positive impacts
of light therapy on sleep. Dowling et al. (90) investigated the
effect of 1 h of bright light (≥2,500 lux) in the morning for
10 consecutive weeks on nighttime sleep, wake time during the
day, and circadian rhythms in a study of 46 ADRD patients. No
significant changes were observed in sleep efficiency, sleep time,
wake time, or number of awakenings between the control group
and the intervention group. However, the authors noted that the
greatest improvements in the activity/rest rhythms occurred in
those who experienced their 10 most active hours during typical
hours of sleep at baseline.

In terms of long-term light therapy, Riemersma-van der Lek
et al. (91) were the first to investigate the effect of long-term
(maximum of 3.5 years) light exposure and oral melatonin in
a study of 189 ADRD patients. Ceiling-mounted fixtures with
fluorescent tubes were installed in a common living room.

Results showed the light exposure attenuated cognitive decline,
ameliorated depressive symptoms, and attenuated the increase in
functional limitations by over half. Melatonin increased negative
mood and withdrawn behavior, but shortened sleep latency and
increased sleep duration.

Although studies to date have shown that light can be a
powerful therapy formitigating sleep disturbances and increasing
memory consolidation in older adults with AD, not all of the
studies showed consistent positive results (92, 93). This lack of
consistency in the results is likely due to the fact that most of
the studies to date lack a formal specification of the stimulus.
The amount, spectrum, timing, distribution, and duration of the
light exposures are not always described in the studies, and in
many cases, not even taken into account when delivering the
intervention in the field. In fact, a 2014 Cochrane review (94) of
eight studies found insufficient evidence to recommend the use
of light therapy for improving sleep and behavior in AD patients.
The reviewed studies included different lighting interventions,
however, and none of them controlled or measured the actual
light dose that participants received during the interventions
(94). The lack of control for the light delivery methods may have
affected the outcomes of the analyses.

With the goal of addressing the issue of lack of control of
the stimulus delivery and measurement, Figueiro and colleagues
developed a tailored lighting intervention (TLI) designed to
effectively affect circadian phase, and, thus, promote entrainment
of the circadian system. Although circadian entrainment was
not directly measured in the field, it was operationally defined
that better circadian entrainment was associated with better
sleep, mood and behavior. Figueiro and colleagues used the
Rea et al. model to develop the TLI, which was used to
deliver a robust light-dark pattern to persons with AD living
at home (95) and in more controlled environments (96–98).
In their studies, circadian-effective light was delivered from
waking to 6 p.m. and circadian ineffective light was delivered
during evening hours. Treatment duration varied from 4 weeks
to 6 months. Results showed that the lighting intervention
significantly reduced subjective sleep disturbances, increased
objective sleep measures, an improved behavior, as observed
by a reduction in depression and agitation scores (98). These
findings were consistent with earlier studies showing that all-day
or morning light exposures for short (4 weeks) and long (3.5
years) periods consolidated activity/rest patterns and improved
subjective measures of depression (88, 91, 92, 99).

Intermittent Light for Circadian Phase

Shifting and Entrainment
In an experiment by Zeitzer et al. (100), 2-ms light pulses
presented to the open eyes of six subjects every 1min for a
duration of 60min during the early part of the night shifted
(delayed) circadian phase by an average of 45min, based on
DLMO measurements. They also observed improvements in
objective (electroencephalography) and subjective (Stanford
Sleepiness Scale) measures of alertness. Although there
was a significant phase shift of DLMO, the 2-ms light
pulse intervention did not significantly reduce melatonin
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concentrations in the intervention night compared to the dark
control night. While this was the first study showing the impact
of pulsed light intervention in humans, its impact on animal
circadian phase had been demonstrated before (101, 102).

At first, these findings appear to contradict predictions from
models of human circadian phototransduction and the circadian
pacemaker’s response to light (103, 104), and suggest that
melatonin suppression and phase shifting do not exhibit similar
spectral and absolute sensitivities to light (67, 80, 105). Indeed,
until the above-cited publication by Zeitzer et al. (100), most
studies usually showed that prolonged exposure to light stimuli
(i.e., longer than several milliseconds) would reliably phase shift
DLMO and acutely suppress melatonin (79, 80).

The responses of the photoreceptor classes vary widely; cones
respond very quickly to light stimuli (<50ms) (106) while
the ipRGC’s response is much slower (>10 s) (86), and cones
display a rapid, heightened response to pulses of bright light
that is followed by a slow decay, even after the stimulus is
extinguished (107, 108). One hypothesis tested by Figueiro et al.
(82) was that, based on this slow decay of cone responses,
flashes of bright, short-wavelength light could stimulate the SCN
via the depolarizing, S-ON bipolar synapse without necessarily
inducing a direct response from the ipRGCs. The Rea et al.
model is therefore consistent with the hypothesis that a series
of brief, short-wavelength light flashes stimulating the S-cones (a
“blue” response) could convey photic information to the SCN.
Conversely, a series of brief, longer wavelength green-, yellow-,
or red-light flashes (i.e., a “yellow” response) would not elicit
a response because it could not circumvent ipRGC sensitivity’s
high threshold and slow response.

First made possible by determining the human eyelid’s
spectral transmittance (109), subsequent laboratory research
confirmed the efficacy of a light mask worn during sleep that
delivered 60min of continuous green (λmax ≈ 527 nm) light
through the closed eyelids of sleeping subjects for suppressing
nocturnal melatonin and phase shifting DLMO (110). In a
second publication, Figueiro et al. (82) tested the intermittent
light hypothesis by comparing the effectiveness of flashing
green and flashing blue lights on phase shifting of DLMO and
on acute melatonin suppression in humans. They tested the
hypothesis that brief pulses of short-wavelength light (blue)
delivered in the early part of the night would delay DLMO and
suppress nocturnal melatonin, while similarly delivered longer
wavelength (green) light would not elicit the same circadian
system responses. Three light-stimulus conditions were delivered
to 16 subjects during sleep: (1) 111W m−2 of blue (λmax ≈

480 nm) light presented as 2-s flashes at 1-min intervals for
1 h, (2) 131W m−2 of green (λmax ≈ 527 nm) light presented
continuously for 1 h, and (3) the same green light presented
as 2-s flashes at 1-min intervals for 1 h. After correcting for
mean eyelid transmittance, the corneal irradiance levels of the
flashing blue and the flashing and continuous green lights were
set to values previously shown to be of approximately equal
effectiveness for stimulating the human circadian system over a
continuous exposure of 1 h (circadian stimulus or CS = 0.31 for
blue andCS= 0.38 for green). Results showed that, compared to a
dark control night and corrected for the natural drift of circadian

FIGURE 1 | Changes in the timing of DLMO observed for the four

light-stimulus conditions employed by Figueiro et al. (82). The error bars

represent standard error of the mean. *p < 0.05.

phase, the flashing blue light evoked a statistically significant
phase delay as measured by the incremental change in DLMO
(Figure 1) and reliably suppressed melatonin. The flashing green
light, conversely, did not reliably shift DLMO compared to the
natural drift in phase observed for the dark control, nor did it
reliably suppress nocturnal melatonin.

This study was followed by another study where the impact
of the flashing blue lights was tested in a laboratory setting and
a follow-up study conducted in the field, where exposures to
light outside the intervention were measured using a calibrated
personal device, but not controlled (111). In the laboratory study,
they exposed 11 subjects to the flashing blue light delivered to
close eyelids for 1 h in the early part of the night. The goal of
this laboratory study was to determine the effectiveness of the
light to suppress nocturnal melatonin. Melatonin levels during
the intervention night, when the flashing lights were energized
for 1 h, were significantly reduced compared to the control
night, when the mask was worn but not energized. For the field
portion of the study, 10 subjects completed a 2-week protocol.
During the first week (baseline), they lived their normal lives
while wearing light meters and actigraphs. At the end of the
week, they came to the laboratory to collect saliva samples for
DLMO measurements. During the second week (intervention),
light masks delivering flashing blue lights were programmed to
turn on 1 h after their bedtimes and remain energized for 2 h,
turning off at least 1 h before predicted CBTmin; therefore, the
intervention was designed to delay their DLMO times. DLMO
was significantly delayed (p= 0.003) after intervention compared
to the control (average delay was 24.5min), extending the results
observed by Figueiro et al. (82) to field settings.

Following the laboratory and field studies confirming their
hypothesis, Figueiro (112) tested the effectiveness of the flashing
blue light on delaying the circadian system of those with
early sleep onset living in their homes. They recruited 28
subjects (9 early awakening insomniacs) to participate in an 8-
week, placebo-controlled, within subjects, crossover study. Two

Frontiers in Neurology | www.frontiersin.org 5 March 2021 | Volume 12 | Article 62569898

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Figueiro and Leggett Dual Entrainment in the Treatment of Alzheimer’s Disease

FIGURE 2 | The light mask used to deliver light pulses through closed eyelids

during sleep. The light mask contained 2 LED arrays for each eyelid: (A) active

blue (λmax = 480 nm, FWHM = 24 nm) or (B) placebo red (λmax = 640 nm,

FWHM = 25 nm). Written informed consent was obtained from the individual

shown in this figure for the publication of this image.

lighting conditions were tested, an active (flashing blue light
delivered during early part of the night) and a control (flashing
red light also delivered during the early part of the night).
For each lighting condition, the subjects collected data during
2 baseline weeks and 1 intervention week. Saliva samples for
DLMO measurements were collected at the end of each baseline
and intervention week. Actigraphs and a calibrated light meter
were used during the entire study.

After 1 week of the lighting intervention, results showed that
exposure to the flashing (2-s pulses, every 30 s) blue light for
durations≤3 h, starting at least 1 h after bedtime, delayed DLMO
by an average of 34min. A control intervention, delivering a
flashing red light (λmax = 640 nm) exposure of the same timing
and duration, however, delayed DLMO only minimally (6min).
Sleep start times were significantly delayed (by ∼46min) at day
7 compared to day 1 after the flashing blue light, and sleep
efficiency was not affected by the intervention. Although DLMO

and sleep start times were successfully delayed among subjects
reporting a history of early awakening insomnia, it remained
unknown whether the use of the light mask over longer periods
would delay circadian phase and the timing of sleep among those
with early sleep onset.

In order to investigate the effectiveness of the flashing light
mask in a larger group in real-life conditions, using a crossover,
placebo-controlled design, Figueiro et al. (113) exposed 32
subjects to either an active blue (λmax = 480 nm) lighting
intervention or a placebo red (λmax = 640 nm) control through
closed eyelids during sleep. The light stimulus was presented 1 h
after bedtime for consecutive 8 weeks. The light was administered
via custom-built light masks that delivered a series of 2-s light
pulses at 30-s intervals for ≤2 h (∼240 pulses/night). Subjective
measures of sleep and depression (questionnaires) and objective
measures of sleep (wrist actigraphy) served as dependent
variables. Statistically significant (p < 0.05) improvement in
seven of the eight subjective sleep measures were reported within
both conditions, but no differences were observed between
the two conditions. It should be noted that in this long-
term study, subjects’ daytime light exposures—particularly in
the morning, which would have counteracted the effect of the
flashing blue light in the evening—were not controlled. The
authors hypothesized that if orange-tinted glasses had been worn
by subjects in the morning, the impact of the intervention would
have been more pronounced.

This method of delivering flashing light through closed eyelids
while people sleep (Figure 2) nonetheless holds considerable
promise for the clinical correction of circadian misalignment,
given that light applied close to the CBTmin has been shown to
maximally shift the circadian pacemaker’s timing (78, 114). The
CBTmin occurs in the second half of the night, ∼2 h prior to
natural waking. For the success of this application, however, light
exposures during wakefulness should be monitored at all times,
perhaps aided by smartphone applications that provide timing
recommendations for receiving and removing light stimuli.
Future studies should examine how effectively such closed-
loop systems might phase-shift the biological clock in real-
life situations.

The effects of temporally modulated light stimuli that are
delivered in the morning during wakefulness on circadian
entrainment, rather than on circadian phase shifting, remains
unexplored even though, as shown by the studies discussed
above, the Rea et al. model (77, 85) permits qualitative
predictions of the impact of temporally modulated light pulses
for stimulating the human circadian system, asmeasured by acute
melatonin suppression and shifting of the DLMO times.

Intermittent Light at 40Hz for Gamma

Power Entrainment
Intermittent light stimuli permits gamma oscillations in the
brain to resynchronize with the frequency of a flickering light;
therefore, the administration of a visual stimulus flickering at
40Hz will induce gamma oscillations at exactly 40Hz (59). Such
resynchronization has been shown to improve both learning and
memory skills in a murine model (115). Because hippocampal
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gamma oscillations are linked to cognitive function, it is also
assumed that these resynchronized oscillations are responsible
for the increase in cognitive performance (116). The research in
this area is still new and more work needs to be performed to
determine the benefits of 40Hz flashing lights on cognition.

Recent research has demonstrated that in hippocampal
region CA1, as little as 1 h of optogenetic stimulation of
parvalbumin (PV) interneurons, which are known to induce
gamma oscillations (117, 118), could reduce Aβ peptides levels
by ∼50% in 5XFAD mice (59). A similar reduction was also
observed in the visual cortex after mice were exposed to an
external flickering light at 40Hz. When 1-h stimulation was
repeated daily over the course of 7 days, 40Hz flickering light
also reduced plaque pathology in the visual cortex of 6-month-
old 5XFAD mice, and exposures of longer duration (i.e., 1 h
per day for either 22 or 42 days) similarly reduced the loss of
neuronal and synaptic density. The same stimuli also modified
microglia morphology, consistent with increased phagocytic
activity responsible for neuronal corpse removal in the brain
(59, 119). Long-term (>6 weeks) daily exposure to 40Hz
flickering lights decreased microglia-mediated inflammation in
P301S and CK-p25 mice, improved behavioral performance,
and reduced loss of neurons in various parts of the brain
(59, 120). This was confirmed by Garza et al. (121), who
found that 40Hz flickering light administered to healthy mice
increased the expression of cytokines, which plays a central
role in microglial recruitment. In a healthy brain, microglia
exercise a protective function that restrains the accumulation
of Aβ and may prevent neurodegeneration (122). It has been
hypothesized that resynchronization of gamma oscillations
stimulates recruitment of microglia (59, 123) which take part in
ridding the central nervous system of undesirable features such
as dysfunctional neurons or amyloid plaques (124). If proven to
be viable, harnessing the maintenance role of microglia would
be revolutionary, as it would permit the reduction of plaque
accumulation using endogenous processes and thereby avoid the
introduction of foreign substances to the body. It should be noted
that the protective role of microglia in the brain may be lost in
later stages of the disease. As toxic amyloid types accumulate
in the brain, tau pathology builds up in stressed or damaged
neurons, microglia transform into a destructive or inflammatory
state that destroys synapses, secretes neurotoxic cytokines that
harm neurons and may make matters worse, by spreading tau
pathology (122).

It should also be stressed that this therapeutic approach
appears to be effective for removing plaques via microglia
activation/recruitment in murine models, but it remains
unknown whether these findings will translate well to humans.
If beneficial in humans, it will be important to determine at
which stages of the disease this microglia activation by gamma
entrainment switches from being beneficial to detrimental (122).

The first step to initiate this new line of research will be
to show that 40Hz flickering lights leads to an increase in
gamma power in the brain. While we are a long way away
from proving the efficacy of this intervention for improving
cognition in those diagnosed with MCI and AD, a recent small
pilot study by Sahin and Figueiro (125) demonstrated that

11 healthy young adults receiving a 40Hz flickering red light
stimulus induced a significant increase in 40Hz power as well as
an overall increase in low gamma power (30–55Hz). Red light
was used as the intervention stimulus because it does not affect
the circadian system. There was also a significant correlation
between the increase in 40Hz power and a reduction in subjective
sleepiness, as measured by the Karolinska Sleepiness Scale scores.
The intervention did not have a significant impact on short-
term performance and subjective sleepiness, as measured by
the Karolinska Sleepiness Scale, compared to the dark control.
According to authors, this may have been due to a “ceiling effect,”
given that these were normal, healthy young adults. Moving
forward, it will be useful to perform similar experiments in those
with MCI for a longer period (weeks or months) to determine
whether this increase in gamma power resulting from exposure to
40Hz flickering light can improve cognition and delay transition
to AD.

Intermittent Light at 40 Hz: A Case for Dual

Entrainment
In the only publication investigating the impact of an intermittent
light at 40Hz on both circadian clock genes and gamma
entrainment, Yao et al. (123) compared mRNA levels of clock
genes (BMAL1, Per2, and Clock) before and after exposure to
40Hz flickering light using anADmousemodel (APP/PS1). They
showed that 40Hz flicker increased gamma in the visual cortex,
decreased Aβ deposition, and decreased protein expressions of
APP and phosphorylated tau in the hippocampus. They also
showed that 40Hz flicker lights partly restored CLOCK, BMAL1,
and PER3 gene expression in the APP/PS1 mice, which was
shown to be reduced compared to their controls. As noted by
the authors, it was not possible from their studies to determine
whether it was the light itself or the flicker that drove the
observed changes. The wavelength of the light they used for their
experiments, 462.8 nm (blue light), is close to the peak sensitivity
of the circadian system, thus making it difficult to distinguish
the cause of the expression level change. In order to confirm
that the restoration of expression levels of genes was due to the
flickering light, and not the short-wavelength light, it would be
advised to conduct an identical experiment with either a random
flicker or with a 40Hz circadian-ineffective light. Ideally, these
studies should be tested in humans and results will help develop
new light therapies designed to promote both circadian and
gamma entrainment.

DISCUSSION

Light-dark exposures reaching the retina are the major
synchronizer of circadian rhythms to the local position on
Earth. In general, this synchronization results from small phase
advances that occur daily, give that the human circadian clock
free runs with a period slight longer than 24 h. Therefore,
to promote entrainment would be to advance the clock
daily. In studies where light stimulus was carefully specified
and measured, the effects on sleep, mood and behavior of
various populations, in particular AD patients, were generally
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positive (95–97). For the most part, however, light therapy for
circadian phase shifting resulting in better entrainment has been
continuous, not intermittent. Only a few studies to date have
investigated the effectiveness of intermittent light to phase shift
the biological clock. This is perhaps due to the limited number
of lab and field trials as well as to the fact that there is no
clear justification for the use of intermittent light for promoting
circadian phase shifting and entrainment alone.

One emerging line of research using phototherapy is the use
of intermittent light delivering 40Hz to promote entrainment
of gamma oscillations in the brain. This line of research is
still in its infancy and unlike with circadian entrainment, dose
response curves to determine optimum light level, spectrum,
timing and duration of exposure have not been developed for
gamma entrainment therapy. The efficacy of light or sound
alone and the combined use of light and sound therapy to
promote gamma entrainment, while promising, is still under
investigation (115, 120) and there are limited studies performed
in human subjects.

Future research, and perhaps more-novel approaches, should
investigate the development of a light therapy device that
promotes phase shifting of the timing of the clock, and
thus, entrainment of circadian rhythms while also promoting
entrainment of gamma activity in humans. This would be a good
justification for the use of intermittent light to promote circadian
entrainment. For that purpose, the use of bright white light or
narrow-band short-wavelength (blue) light would be needed,
instead of the red light used in the Sahin and Figueiro (125)
study. This dual entrainment therapy would likely have additive
benefit because it has the potential to improve cognition directly,
via entrainment of gamma waves, and indirectly, via improving
circadian entrainment and sleep, which in itself is associated
with better cognition. One issue that should be considered is
the comfort and acceptance of the 40Hz flickering light and
its effectiveness when used in combination with ambient light.
Moreover, although the 40Hz flicker is outside the 0.1–30Hz
flicker range that is better known to induce epileptic seizures,
at least one study (126) showed the onset of localized seizures
at higher frequencies (60–100Hz), and therefore, those who
are known to suffer from epileptic seizures should not use the
flickering lights. It has been suggested that AD patients are

more prone to seizures (127), and it is not known whether
the flickering lights would have a different effect in those

with neurodegenerative diseases compared to healthy people.
Nevertheless, intermittent flickering light therapy shows a lot
of promise due to its affordable price and easy administration.
Initially, testing these interventions inMCI andmild AD patients
would likely be the most beneficial, given that this population
suffers from both sleep disturbances and cognitive deficit.

In summary, this dual entrainment intervention may be very
beneficial to those with neurodegenerative diseases. If the same
lighting device can be used to target both, gamma and circadian
entrainment, this could be easily incorporated in the homes of
those with early stages of neurodegeneration. While the impact
of light for promoting entrainment in those with early and late
stages of AD has been shown in the field (95–97), it is yet to the
determined whether the flickering light will also have a positive
effect in those who are in early, and more importantly, at later
stages of the disease. This is a new area of research, but given
that preliminary evidence shows its potential as an important
therapy for those suffering from sleep disturbances or cognitive
impairment, new research should investigate the additive effect
of these two therapies.
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47. Başar E, Güntekin B. A review of brain oscillations in cognitive

disorders and the role of neurotransmitters. Brain Res. (2008) 1235:172–93.

doi: 10.1016/j.brainres.2008.06.103

48. Gregoriou GG, Gotts SJ, Zhou H, Desimone R. High-frequency, long-range

coupling between prefrontal and visual cortex during attention. Science.

(2009) 324:1207–10. doi: 10.1126/science.1171402

49. Bosman CA, Schoffelen J-M, Brunet N, Oostenveld R, Bastos AM,

Womelsdorf T, et al. Attentional stimulus selection through selective

synchronization between monkey visual areas. Neuron. (2012) 75:875–88.

doi: 10.1016/j.neuron.2012.06.037

50. Yamamoto J, Suh J, Takeuchi D, Tonegawa S. Successful execution of working

memory linked to synchronized high-frequency gamma oscillations. Cell.

(2014) 157:845–57. doi: 10.1016/j.cell.2014.04.009

Frontiers in Neurology | www.frontiersin.org 9 March 2021 | Volume 12 | Article 625698102

https://doi.org/10.1093/sleep/zsw032
https://doi.org/10.1016/j.smrv.2017.06.010
https://doi.org/10.1016/j.jalz.2019.01.010
https://doi.org/10.2165/00023210-200115100-00004
https://doi.org/10.1300/J018v16n02_05
https://doi.org/10.1016/j.jsmc.2009.07.005
https://doi.org/10.1126/science.284.5423.2177
https://doi.org/10.1177/0748730405277983
https://doi.org/10.1177/074873099129000894
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1016/j.nbscr.2018.02.003
https://doi.org/10.1038/nrn2762
https://doi.org/10.1196/annals.1417.002
https://doi.org/10.1038/nature04286
https://doi.org/10.1101/lm.470507
https://doi.org/10.1523/JNEUROSCI.22-15-06830.2002
https://doi.org/10.1093/sleep/27.7.1479
https://doi.org/10.1016/j.neuroscience.2005.01.011
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1016/j.bbr.2014.09.008
https://doi.org/10.1016/j.tins.2016.05.002
https://doi.org/10.1016/j.smrv.2016.02.002
https://doi.org/10.1016/j.jalz.2016.11.006
https://doi.org/10.5665/sleep.2802
https://doi.org/10.1212/WNL.0000000000001566
https://doi.org/10.1126/science.1180962
https://doi.org/10.1126/scitranslmed.3004291
https://doi.org/10.1126/science.1241224
https://doi.org/10.1016/j.cub.2015.01.016
https://doi.org/10.1001/jamaneurol.2013.4258
https://doi.org/10.1001/jamaneurol.2014.2510
https://doi.org/10.1038/nn.4035
https://doi.org/10.1016/j.neurobiolaging.2015.05.004
https://doi.org/10.1016/j.neurobiolaging.2016.02.009
https://doi.org/10.1093/sleepj/zsx050.757
https://doi.org/10.1126/science.aax5440
https://doi.org/10.1523/JNEUROSCI.0990-16.2016
https://doi.org/10.1073/pnas.86.5.1698
https://doi.org/10.1016/j.brainres.2008.06.103
https://doi.org/10.1126/science.1171402
https://doi.org/10.1016/j.neuron.2012.06.037
https://doi.org/10.1016/j.cell.2014.04.009
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Figueiro and Leggett Dual Entrainment in the Treatment of Alzheimer’s Disease

51. Rohenkohl G, Bosman CA, Fries P. Gamma synchronization between V1

andV4 improves behavioral performance.Neuron. (2018) 100:953–963.e953.

doi: 10.1016/j.neuron.2018.09.019

52. Canolty RT, Knight RT. The functional role of cross-frequency coupling.

Trends Cogn. Sci. (2010) 14:506–15. doi: 10.1016/j.tics.2010.09.001

53. Tort ABL, Komorowski RW, Manns JR, Kopell NJ, Eichenbaum

H. Theta–gamma coupling increases during the learning of item–

context associations. Proc. Natl. Acad. Sci. U.S.A. (2009) 106:20942–7.

doi: 10.1073/pnas.0911331106

54. Herrmann CS, Demiralp T. Human EEG gamma oscillations in

neuropsychiatric disorders. Clin. Neurophysiol. (2005) 116:2719–33.

doi: 10.1016/j.clinph.2005.07.007

55. Koenig T, Prichep L, Dierks T, Hubl D, Wahlund LO, John ER,

et al. Decreased EEG synchronization in Alzheimer’s disease and

mild cognitive impairment. Neurobiol. Aging. (2005) 26:165–71.

doi: 10.1016/j.neurobiolaging.2004.03.008

56. Guillon J, Attal Y, Colliot O, La Corte V, Dubois B, Schwartz D, et al. Loss of

brain inter-frequency hubs in Alzheimer’s disease. Sci. Rep. (2017) 7:10879.

doi: 10.1038/s41598-017-07846-w

57. Verret L, Mann EO, Hang GB, Barth AMI, Cobos I, Ho K, et al. Inhibitory

interneuron deficit links altered network activity and cognitive dysfunction

in Alzheimer model. Cell. (2012) 149:708–21. doi: 10.1016/j.cell.2012.02.046

58. Gillespie AK, Jones EA, Lin Y-H, Karlsson MP, Kay K, Yoon SY,

et al. Apolipoprotein E4 causes age-dependent disruption of slow gamma

oscillations during hippocampal sharp-wave ripples.Neuron. (2016) 90:740–

51. doi: 10.1016/j.neuron.2016.04.009

59. Iaccarino HF, Singer AC, Martorell AJ, Rudenko A, Gao F, Gillingham TZ,

et al. Gamma frequency entrainment attenuates amyloid load and modifies

microglia. Nature. (2016) 540:230–5. doi: 10.1038/nature20587

60. Uhlhaas PJ, Singer W. Neural synchrony in brain disorders: relevance for

cognitive dysfunctions and pathophysiology. Neuron. (2006) 52:155–68.

doi: 10.1016/j.neuron.2006.09.020

61. Tallon-Baudry C. The roles of gamma-band oscillatory synchrony in human

visual cognition. Front. Biosci. (2009) 14:321–32. doi: 10.2741/3246

62. Jia X, Kohn A. Gamma rhythms in the brain. PLoS Biol. (2011) 9:e1001045.

doi: 10.1371/journal.pbio.1001045

63. Buzsáki G, Wang X-J. Mechanisms of gamma oscillations. Annu. Rev.

Neurosci. (2012) 35:203–25. doi: 10.1146/annurev-neuro-062111-150444

64. Mcdermott B, Porter E, Hughes D, Mcginley B, Lang, M., O’Halloran, M.,

et al. Gamma band neural stimulation in humans and the promise of a new

modality to prevent and treat Alzheimer’s disease. J. Alzheimers Dis. (2018)

65:363–92. doi: 10.3233/JAD-180391

65. Roenneberg T, Pilz LK, Zerbini G, Winnebeck EC. Chronotype

and social jetlag: a (self-) critical review. Biology. (2019) 8:54.

doi: 10.3390/biology8030054

66. Lewy AJ, Wehr TA, Goodwin FK, Newsome DA. Light suppresses

melatonin secretion in humans. Science. (1980) 210:1267–9.

doi: 10.1126/science.7434030

67. Zeitzer JM, Dijk DJ, Kronauer RE, Brown EN, Czeisler CA. Sensitivity

of the human circadian pacemaker to nocturnal light: melatonin

phase resetting and suppression. J. Physiol. (2000) 526:695–702.

doi: 10.1111/j.1469-7793.2000.00695.x

68. Rea MS, Figueiro MG, Bullough JD. Circadian photobiology: an emerging

framework for lighting practice and research. Lighting Res. Technol. (2002)

34:177–87. doi: 10.1191/1365782802lt057oa

69. Espiritu RC, Kripke DF, Ancoli-Israel S, Mowen MA, Mason WJ, Fell

RL, et al. Low illumination experienced by San Diego adults: association

with atypical depressive symptoms. Biol. Psychiatry. (1994) 35:403–7.

doi: 10.1016/0006-3223(94)90007-8

70. Sanchez R, Ge Y, Zee P. A comparison of the strength of external zeitgeber in

young and older adults. Sleep Res. (1993) 22:416–22.

71. Belenky MA, Smeraski CA, Provencio I, Sollars PJ, Pickard GE. Melanopsin

ganglion cells receive bipolar and amacrine cell synapse. J. Comp. Neurol.

(2003) 460:380–93. doi: 10.1002/cne.10652

72. Hattar S, Lucas RJ, Mrosovsky N, Thompson SH, Douglas RH, Hankins

MW, et al. Melanopsin and rod-cone photoreceptive systems account for

all major accessory visual functions in mice. Nature. (2003) 424:75–81.

doi: 10.1038/nature01761

73. Güler AD, Ecker JL, Lall GS, Haq S, Altimus CM, Liao HW, et al. Melanopsin

cells are the principal conduits for rod–cone input to non-image-forming

vision. Nature. (2008) 453:102–5. doi: 10.1038/nature06829

74. Panda S. Multiple photopigments entrain the mammalian circadian

oscillator. Neuron. (2007) 53:619–21. doi: 10.1016/j.neuron.2007.02.017

75. Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner

E, et al. Action spectrum for melatonin regulation in humans: evidence

for a novel circadian photoreceptor. J. Neurosci. (2001) 21:6405–12.

doi: 10.1523/JNEUROSCI.21-16-06405.2001

76. Thapan K, Arendt J, Skene DJ. An action spectrum for

melatonin suppression: evidence for a novel non-rod, non-cone

photoreceptor system in humans. J. Physiol. (2001) 535:261–7.

doi: 10.1111/j.1469-7793.2001.t01-1-00261.x

77. Rea MS, Figueiro MG, Bullough JD, Bierman A. A model of

phototransduction by the human circadian system. Brain Res. Rev.

(2005) 50:213–28. doi: 10.1016/j.brainresrev.2005.07.002

78. Khalsa SB, Jewett ME, Cajochen C, Czeisler CA. A phase response curve to

single bright light pulses in human subjects. J. Physiol. (2003) 549:945–52.

doi: 10.1113/jphysiol.2003.040477

79. Figueiro MG, Lesniak NZ, Rea MS. Implications of controlled short-

wavelength light exposure for sleep in older adults. BMC Res. Notes. (2011)

4:334. doi: 10.1186/1756-0500-4-334

80. Chang AM, Santhi N, St Hilaire M, Gronfier C, Bradstreet DS, Duffy JF, et al.

Human responses to bright light of different durations. J. Physiol. (2012)

590:3103–12. doi: 10.1113/jphysiol.2011.226555

81. Rea MS, Bierman A, Figueiro MG, Bullough JD. A new approach to

understanding the impact of circadian disruption on human health. J.

Circadian Rhythms. (2008) 6:7. doi: 10.1186/1740-3391-6-7

82. Figueiro MG, Bierman A, Rea MS. A train of blue light pulses delivered

through closed eyelids suppresses melatonin and phase shifts the human

circadian system. Nat. Sci. Sleep. (2013) 5:133–41. doi: 10.2147/NSS.S52203

83. Figueiro MG, Nonaka S, Rea MS. Daylight exposure has a positive

carryover effect on nighttime performance and subjective sleepiness.

Lighting Res. Technol. (2014) 46:506–19. doi: 10.1177/1477153513

494956

84. Rea MS, Figueiro MG, Bierman A, Hamner R. Modelling the spectral

sensitivity of the human circadian system. Lighting Res. Technol. (2012)

44:386–96. doi: 10.1177/1477153511430474

85. Rea MS, Nagare R, Figueiro MG. Modeling circadian phototransduction:

retinal neurophysiology and neuroanatomy. Front. Neurosci. (2021)

14:615305. doi: 10.3389/fnins.2020.615305

86. Berson DM, Dunn FA, Takao M. Phototransduction by retinal

ganglion cells that set the circadian clock. Science. (2002) 295:1070–3.

doi: 10.1126/science.1067262

87. Figueiro MG, Nagare R, Price LLA. Non-visual effects of light: how

to use light to promote circadian entrainment and elicit alertness.

Lighting Res. Technol. (2018) 50:38–62. doi: 10.1177/14771535177

21598

88. Van Someren EJW, Kessler A, Mirmiran M, Swaab DF. Indirect bright light

improves circadian rest-activity rhythm disturbances in demented patients.

Biol. Psychiatry. (1997) 41:955–63. doi: 10.1016/S0006-3223(97)89928-3

89. Yamadera H, Ito T, Suzuki H, Asayama K, Ito R, Endo S. Effects of

bright light on cognitive and sleep–wake (circadian) rhythm disturbances

in Alzheimer-type dementia. Psychiatry Clin. Neurosci. (2000) 54:352–3.

doi: 10.1046/j.1440-1819.2000.00711.x

90. Dowling GA, Hubbard EM, Mastick J, Luxenberg JS, Burr RL, Van Someren

EJ. Effect of morning bright light treatment for rest-activity disruption in

institutionalized patients with severe Alzheimer’s disease. Int. Psychogeriatr.

(2005) 17:221–36. doi: 10.1017/S1041610205001584

91. Riemersma-Van Der Lek RF, Swaab DF, Twisk J, Hol EM, Hoogendijk

WJ, Van Someren EJW. Effect of bright light and melatonin on cognitive

and noncognitive function in elderly residents of group care facilities:

a randomized controlled trial. J. Am. Med. Assoc. (2008) 299:2642–55.

doi: 10.1001/jama.299.22.2642

92. Ancoli-Israel S, Martin JL, Kripke DF, Marler M, Klauber MR. Effect

of light treatment on sleep and circadian rhythms in demented

nursing home patients. J. Am. Geriatr. Soc. (2002) 50:282–9.

doi: 10.1046/j.1532-5415.2002.50060.x

Frontiers in Neurology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 625698103

https://doi.org/10.1016/j.neuron.2018.09.019
https://doi.org/10.1016/j.tics.2010.09.001
https://doi.org/10.1073/pnas.0911331106
https://doi.org/10.1016/j.clinph.2005.07.007
https://doi.org/10.1016/j.neurobiolaging.2004.03.008
https://doi.org/10.1038/s41598-017-07846-w
https://doi.org/10.1016/j.cell.2012.02.046
https://doi.org/10.1016/j.neuron.2016.04.009
https://doi.org/10.1038/nature20587
https://doi.org/10.1016/j.neuron.2006.09.020
https://doi.org/10.2741/3246
https://doi.org/10.1371/journal.pbio.1001045
https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.3233/JAD-180391
https://doi.org/10.3390/biology8030054
https://doi.org/10.1126/science.7434030
https://doi.org/10.1111/j.1469-7793.2000.00695.x
https://doi.org/10.1191/1365782802lt057oa
https://doi.org/10.1016/0006-3223(94)90007-8
https://doi.org/10.1002/cne.10652
https://doi.org/10.1038/nature01761
https://doi.org/10.1038/nature06829
https://doi.org/10.1016/j.neuron.2007.02.017
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1016/j.brainresrev.2005.07.002
https://doi.org/10.1113/jphysiol.2003.040477
https://doi.org/10.1186/1756-0500-4-334
https://doi.org/10.1113/jphysiol.2011.226555
https://doi.org/10.1186/1740-3391-6-7
https://doi.org/10.2147/NSS.S52203
https://doi.org/10.1177/1477153513494956
https://doi.org/10.1177/1477153511430474
https://doi.org/10.3389/fnins.2020.615305
https://doi.org/10.1126/science.1067262
https://doi.org/10.1177/1477153517721598
https://doi.org/10.1016/S0006-3223(97)89928-3
https://doi.org/10.1046/j.1440-1819.2000.00711.x
https://doi.org/10.1017/S1041610205001584
https://doi.org/10.1001/jama.299.22.2642
https://doi.org/10.1046/j.1532-5415.2002.50060.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Figueiro and Leggett Dual Entrainment in the Treatment of Alzheimer’s Disease

93. Dowling GA, Burr RL, Van Someren EJ, Hubbard EM, Luxenberg JS, Mastick

J, et al. Melatonin and bright-light treatment for rest-activity disruption in

institutionalized patients with Alzheimer’s disease. J. Am. Geriatr. Soc. (2008)

56:239–46. doi: 10.1111/j.1532-5415.2007.01543.x

94. Forbes D, Blake CM, Thiessen EJ, Peacock S, Hawranik P. Light therapy for

improving cognition, activities of daily living, sleep, challenging behaviour,

and psychiatric disturbances in dementia. Cochrane Database Syst. Rev.

(2014) 2:CD003946. doi: 10.1002/14651858.CD003946.pub4

95. Figueiro MG, Hunter CM, Higgins PA, Hornick TR, Jones GE, Plitnick B,

et al. Tailored lighting intervention for persons with dementia and caregivers

living at home. Sleep Health. (2015) 1:322–30. doi: 10.1016/j.sleh.2015.09.003

96. Figueiro MG, Plitnick BA, Lok A, Jones GE, Higgins P, Hornick TR,

et al. Tailored lighting intervention improves measures of sleep, depression,

and agitation in persons with Alzheimer’s disease and related dementia

living in long-term care facilities. Clin. Interv. Aging. (2014) 9:1527–37.

doi: 10.2147/CIA.S68557

97. Figueiro MG, Plitnick B, Roohan C, Sahin L, Kalsher M, Rea MS.

Effects of a tailored lighting intervention on sleep quality, rest–activity,

mood, and behavior in older adults with Alzheimer’s disease and related

dementias: a randomized clinical trial. J. Clin. Sleep Med. (2019) 15:1757–67.

doi: 10.5664/jcsm.8078

98. Figueiro MG, Sahin L, Kalsher M, Plitnick B, Rea MS. Long-term, all-day

exposure to circadian-effective light improves sleep, mood, and behavior

in persons with dementia. J. Alzheimers Dis. Rep. (2020) 4:297–312.

doi: 10.3233/ADR-200212

99. Sloane PD, Williams CS, Mitchell CM, Preisser JS, Wood W,

Barrick AL, et al. High-intensity environmental light in dementia:

effect on sleep and activity. J. Am. Geriatr. Soc. (2007) 55:1524–33.

doi: 10.1111/j.1532-5415.2007.01358.x

100. Zeitzer JM, Ruby NF, Fisicaro RA, Heller HC. Response of the human

circadian system to millisecond flashes of light. PLoS ONE. (2011) 6:e22078.

doi: 10.1371/journal.pone.0022078

101. Arvanitogiannis A, Amir S. Resetting the rat circadian clock

by ultra-short light flashes. Neurosci. Lett. (1999) 261:159–62.

doi: 10.1016/S0304-3940(99)00021-X

102. Vidal L, Morin LP. Absence of normal photic integration in the circadian

visual system: response to millisecond light flashes. J. Neurosci. (2007)

27:3375–82. doi: 10.1523/JNEUROSCI.5496-06.2007

103. Kronauer RE, Forger DB, Jewett ME. Quantifying human circadian

pacemaker response to brief, extended, and repeated light stimuli

over the phototopic range. J. Biol. Rhythms. (1999) 14:500–16.

doi: 10.1177/074873099129001073

104. Kronauer RE, Forger DB, Jewett ME. Erratum for: Quantifying human

circadian pacemaker response to brief, extended, and repeated light stimuli

over the phopic range. J. Biol. Rhythms. (2000) 15:184–6.

105. Wright HR, Lack LC. Effect of light wavelength on suppression and

phase delay of the melatonin rhythm. Chronobiol. Int. (2001) 18:801–8.

doi: 10.1081/CBI-100107515

106. Cao D, Zele AJ, Pokorny J. Linking impulse response functions to reaction

time: rod and cone reaction time data and a computational model. Vision

Res. (2007) 47:1060–74. doi: 10.1016/j.visres.2006.11.027

107. Baylor DA, Hodgkin AL, Lamb TD. The electrical response of turtle

cones to flashes and steps of light. J. Physiol. (1974) 242:685–727.

doi: 10.1113/jphysiol.1974.sp010731

108. Hestrin S, Korenbrot JI. Activation kinetics of retinal cones and rods:

response to intense flashes of light. J Neurosci. (1990) 10:1967–73.

doi: 10.1523/JNEUROSCI.10-06-01967.1990

109. Bierman A, Figueiro MG, Rea MS. Measuring and predicting eyelid spectral

transmittance. J. Biomed. Opt. (2011) 16:067011. doi: 10.1117/1.3593151

110. Figueiro MG, Rea MS. Preliminary evidence that light through the eyelids

can suppress melatonin and phase shift dim light melatonin onset. BMC Res.

Notes. (2012) 5:221. doi: 10.1186/1756-0500-5-221

111. Figueiro MG, Plitnick B, Rea MS. Pulsing blue light through closed eyelids:

effects on phase shifting of dim light melatonin onset in older adults living

in a home setting. Nat. Sci. Sleep. (2014) 6:149–56. doi: 10.2147/NSS.S

73856

112. Figueiro MG. Individually tailored light intervention through closed eyelids

to promote circadian alignment and sleep health. Sleep Health. (2015) 1:75–

82. doi: 10.1016/j.sleh.2014.12.009

113. Figueiro MG, Sloane PD, Ward K, Reed D, Zimmerman S, Preisser JS,

et al. Impact of an individually tailored light mask on sleep parameters in

older adults with advanced phase sleep disorder. Behav. Sleep Med. (2020)

18:226–40. doi: 10.1080/15402002.2018.1557189

114. Jewett ME, Rimmer DW, Duffy JF, Klerman EB, Kronauer RE, Czeisler

CA. Human circadian pacemaker is sensitive to light throughout subjective

day without evidence of transients. Am. J. Physiol. (1997) 273:R1800–9.

doi: 10.1152/ajpregu.1997.273.5.R1800

115. Martorell AJ, Paulson AL, Suk H-J, Abdurrob F, Drummond GT, Guan

W, et al. Multi-sensory gamma stimulation ameliorates Alzheimer’s-

associated pathology and improves cognition. Cell. (2019) 177:256–71.e222.

doi: 10.1016/j.cell.2019.02.014

116. Zheng L, Yu M, Lin R, Wang Y, Zhuo Z, Cheng N, et al. Rhythmic

light flicker rescues hippocampal low gamma and protects ischemic

neurons by enhancing presynaptic plasticity. Nat. Commun. (2020) 11:3012.

doi: 10.1038/s41467-020-16826-0

117. Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, et al.

Driving fast-spiking cells induces gamma rhythm and controls sensory

responses. Nature. (2009) 459:663–7. doi: 10.1038/nature08002

118. Sohal VS, Zhang F, Yizhar O, Deisseroth K. Parvalbumin neurons and

gamma rhythms enhance cortical circuit performance. Nature. (2009)

459:698–702. doi: 10.1038/nature07991

119. Damisah EC, Hill RA, Rai A, Chen F, Rothlin CV, Ghosh S, et al. Astrocytes

and microglia play orchestrated roles and respect phagocytic territories

during neuronal corpse removal in vivo. Sci. Adv. (2020) 6:eaba3239.

doi: 10.1126/sciadv.aba3239

120. Adaikkan C, Middleton SJ, Marco A, Pao P-C, Mathys H, Kim DN-

W, et al. Gamma entrainment binds higher-order brain regions

and offers neuroprotection. Neuron. (2019) 102:929–43.e928.

doi: 10.1016/j.neuron.2019.04.011

121. Garza KM, Zhang L, Borron B, Wood LB, Singer AC. Gamma

visual stimulation induces a neuroimmune signaling profile distinct

from acute neuroinflammation. J. Neurosci. (2020) 40:1211–25.

doi: 10.1523/JNEUROSCI.1511-19.2019

122. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. J. Cell

Biol. (2018) 217:459–72. doi: 10.1083/jcb.201709069

123. Yao Y, Ying Y, Deng Q, Zhang W, Zhu H, Lin Z, et al. Non-invasive

40-Hz light flicker ameliorates Alzheimer’s-associated rhythm disorder via

regulating central circadian clock in mice. Front. Physiol. (2020) 11:294.

doi: 10.3389/fphys.2020.00294

124. Chew G, Petretto E. Transcriptional networks of microglia in

Alzheimer’s disease and insights into pathogenesis. Genes. (2019) 10:798.

doi: 10.3390/genes10100798

125. Sahin L, Figueiro MG. Flickering red-light stimulus for promoting coherent

40Hz neural oscillation: a feasibility study. J. Alzheimers Dis. (2020) 75:911–

21. doi: 10.3233/JAD-200179

126. Worrell GA, Parish L, Cranstoun SD, Jonas R, Baltuch G, Litt B. High-

frequency oscillations and seizure generation in neocortical epilepsy. Brain.

(2004) 127:1496–506. doi: 10.1093/brain/awh149

127. Powell G, Ziso B, Larner AJ. The overlap between epilepsy and Alzheimer’s

disease and the consequences for treatment. Expert Rev. Neurother. (2019)

19:653–61. doi: 10.1080/14737175.2019.1629289

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Figueiro and Leggett. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 11 March 2021 | Volume 12 | Article 625698104

https://doi.org/10.1111/j.1532-5415.2007.01543.x
https://doi.org/10.1002/14651858.CD003946.pub4
https://doi.org/10.1016/j.sleh.2015.09.003
https://doi.org/10.2147/CIA.S68557
https://doi.org/10.5664/jcsm.8078
https://doi.org/10.3233/ADR-200212
https://doi.org/10.1111/j.1532-5415.2007.01358.x
https://doi.org/10.1371/journal.pone.0022078
https://doi.org/10.1016/S0304-3940(99)00021-X
https://doi.org/10.1523/JNEUROSCI.5496-06.2007
https://doi.org/10.1177/074873099129001073
https://doi.org/10.1081/CBI-100107515
https://doi.org/10.1016/j.visres.2006.11.027
https://doi.org/10.1113/jphysiol.1974.sp010731
https://doi.org/10.1523/JNEUROSCI.10-06-01967.1990
https://doi.org/10.1117/1.3593151
https://doi.org/10.1186/1756-0500-5-221
https://doi.org/10.2147/NSS.S73856
https://doi.org/10.1016/j.sleh.2014.12.009
https://doi.org/10.1080/15402002.2018.1557189
https://doi.org/10.1152/ajpregu.1997.273.5.R1800
https://doi.org/10.1016/j.cell.2019.02.014
https://doi.org/10.1038/s41467-020-16826-0
https://doi.org/10.1038/nature08002
https://doi.org/10.1038/nature07991
https://doi.org/10.1126/sciadv.aba3239
https://doi.org/10.1016/j.neuron.2019.04.011
https://doi.org/10.1523/JNEUROSCI.1511-19.2019
https://doi.org/10.1083/jcb.201709069
https://doi.org/10.3389/fphys.2020.00294
https://doi.org/10.3390/genes10100798
https://doi.org/10.3233/JAD-200179
https://doi.org/10.1093/brain/awh149
https://doi.org/10.1080/14737175.2019.1629289
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


REVIEW
published: 25 March 2021

doi: 10.3389/fneur.2021.636330

Frontiers in Neurology | www.frontiersin.org 1 March 2021 | Volume 12 | Article 636330

Edited by:

Manuel Spitschan,

University of Oxford, United Kingdom

Reviewed by:

Katja Reinhard,

Neuroelectronics Research

Flanders, Belgium

Paul Gamlin,

University of Alabama at Birmingham,

United States

Ulrike Grünert,

The University of Sydney, Australia

Robert James Lucas,

The University of Manchester,

United Kingdom

*Correspondence:

Ludovic S. Mure

ludovic.mure@unibe.ch

Specialty section:

This article was submitted to

Neuro-Ophthalmology,

a section of the journal

Frontiers in Neurology

Received: 01 December 2020

Accepted: 15 February 2021

Published: 25 March 2021

Citation:

Mure LS (2021) Intrinsically

Photosensitive Retinal Ganglion Cells

of the Human Retina.

Front. Neurol. 12:636330.

doi: 10.3389/fneur.2021.636330

Intrinsically Photosensitive Retinal
Ganglion Cells of the Human Retina

Ludovic S. Mure 1,2*

1 Institute of Physiology, University of Bern, Bern, Switzerland, 2Department of Neurology, Zentrum für Experimentelle

Neurologie, Inselspital University Hospital Bern, Bern, Switzerland

Light profoundly affects our mental and physical health. In particular, light, when

not delivered at the appropriate time, may have detrimental effects. In mammals,

light is perceived not only by rods and cones but also by a subset of retinal

ganglion cells that express the photopigment melanopsin that renders them intrinsically

photosensitive (ipRGCs). ipRGCs participate in contrast detection and play critical roles

in non-image-forming vision, a set of light responses that include circadian entrainment,

pupillary light reflex (PLR), and the modulation of sleep/alertness, and mood. ipRGCs

are also found in the human retina, and their response to light has been characterized

indirectly through the suppression of nocturnal melatonin and PLR. However, until

recently, human ipRGCs had rarely been investigated directly. This gap is progressively

being filled as, over the last years, an increasing number of studies provided descriptions

of their morphology, responses to light, and gene expression. Here, I review the progress

in our knowledge of human ipRGCs, in particular, the different morphological and

functional subtypes described so far and how they match the murine subtypes. I also

highlight questions that remain to be addressed. Investigating ipRGCs is critical as these

few cells play a major role in our well-being. Additionally, as ipRGCs display increased

vulnerability or resilience to certain disorders compared to conventional RGCs, a deeper

knowledge of their function could help identify therapeutic approaches or develop

diagnostic tools. Overall, a better understanding of how light is perceived by the human

eye will help deliver precise light usage recommendations and implement light-based

therapeutic interventions to improve cognitive performance, mood, and life quality.

Keywords: retina, retinal ganglion cell, intrinsically photosensitive ganglion cell, melanopsin (OPN4), non-visual

responses to light

INTRODUCTION

The last years have seen an increased awareness of the impact of light on health, particularly
of its detrimental effects when light is not delivered at the appropriate time. Light at night,
also called “light pollution,” is becoming a major environmental and health concern (1–4). Even
low-level light exposure from light-emitting devices, smartphones, or tablets may disrupt sleep
(5, 6). As inappropriate illumination can be detrimental to health, optimal lighting can be a simple,
cost-efficient population-level intervention to improve health: if light is delivered at the right time
and in the right amount, it can ameliorate the quality of life in the nursing home and improve
cognitive performances at school and at work (7–9).
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Mure ipRGCs of the Human Retina

Both beneficial and detrimental effects of light are mediated
not only by rods and cones, the well-known photoreceptors
that serve vision but also by a third class of cells in our
retina. These cells are a subset of retinal ganglion cells
(RGCs) expressing the photopigment melanopsin that renders
them sensitive to light. They have been referred to as either
photosensitive, intrinsically photosensitive retinal ganglion cells
(pRGCs, ipRGCs), or melanopsin-expressing retinal ganglion
cells (mRGCs) according to the context, i.e., when the studies
focus on their response to light or on the presence of melanopsin
respectively. Here, for simplicity, I will use the acronym ipRGCs.
ipRGCs play a major role in what is called “non-visual” or
“non-image-forming” responses to light. These responses include
the alignment of our internal clock to the environmental
day/night cycle, the regulation of the sleep-wake cycles, of the
pupillary reflex to light (PLR), and the modulation of mood
(10–12). More recently, it has been shown that melanopsin-
driven response of ipRGCs also participates in some aspects of
vision (13–16).

Twenty years after their discovery (17, 18), ipRGCs are
well-documented in rodents and have been reviewed in depth
elsewhere (19–21). Although there are only a few thousand
ipRGCs per retina, they exhibit remarkable heterogeneity. They
differ regarding dendritic arborization, expression levels of
melanopsin, brain targets, and light response properties. In the
mouse retina, six different morphological subtypes (M1 through
M6) have been characterized and at least five functional subtypes
are described. While the M1 subtype expresses high levels of
melanopsin, the M2–M6 subtypes express lower amounts of
melanopsin and also exhibit reduced intrinsic photosensitivity.
Accordingly, each ipRGC subtype is thought to execute distinct
light-regulated functions at specific levels of light intensity or
time constants. For example, a fraction of M1 ipRGCs mediates
the photoentrainment of the circadian clock while M4 ipRGCs
are involved in the effect of light on mood. In contrast, all ipRGC
subtypes seem to project to visual structures [dLGN, superior
colliculus (SC)], and it is believed that they all participate in
some aspects of vision. Finally, while ipRGCs are the principal
conduits for all light input to the non-image-forming visual
responses, anatomical and electrophysiological evidence suggests
that ipRGCs also receive input from rod/cone photoreceptors.

In stark contrast to rodent ipRGCs, the exploration of ipRGCs
in primates and in human, in particular, was, until recently,
extremely limited. There is, however, a strong rationale to
study them. Human and mouse are respectively diurnal and
nocturnal animals. Human retina differs from the rodent retina
on several levels, from the regional specialization of the retina to
photoreceptor types and distribution (Figure 1). Human retina is
adapted for high definition, color vision. This is achieved thanks
to the fovea, a central zone of the retina (∼1.2mm of diameter),
where three types of cones are densely packed. These cones (S,
M, and L for short-, middle-, and long-wavelength cones) mostly
express a unique photopigment with absorption peaks at 430,
531, and 561 nm, respectively (26, 27). In contrast, laboratory
mice are nocturnal and their retina, devoid of fovea, is largely
dominated by rods and expresses only two types of cone opsins
[S- and M-opsin, with peak sensitivities at 360 nm and 508 nm,

respectively (28, 29) often co-expressed in the same cone (30).
As a consequence, there is a lack of appropriate murine models
for some humane ocular disorders, such as age-related macular
degeneration (31). Apart from anatomical discrepancies, there is
also the genetic gap between the two species, which may result
in different phenotypes in some cases of genetically inherited
diseases (32). Another caveat is human modern lifestyle that
results in a number of disorders such as diabetic retinopathy,
which does not naturally occur in rodents.

Fortunately, the gap of knowledge in human ipRGCs is
progressively being filled. New approaches and techniques have
allowed characterizing morphological and functional human
ipRGC subtypes, their transcriptome, and realizing that, in
several disorders, they are either more resilient or vulnerable
than conventional RGCs. The present paper reviews this recent
progress in our knowledge of human ipRGCs, briefly compares
their characteristics with those of the most studied model, the
laboratory mouse, and highlights some outstanding questions
and future challenges.

HUMAN ipRGCs COMPRISE SEVERAL
MORPHOLOGICAL SUBTYPES

Shortly after its discovery in the mouse, melanopsin was also
found in the human inner retina (33). Melanopsin expression was
detected in a subpopulation of RGCs located in the ganglion cell
layer but also sometimes displaced in the inner nuclear cell layer.
Melanopsin-expressing cells have a particular morphology with
two to four dendritic processes constituting an extensive network
throughout the retina. Melanopsin immunoreactivity is present
in the soma and neuronal processes membranes and, to some
extent, in the cytoplasm (33–35). Rare melanopsin-positive cones
were also described in the human retina (36).

The morphological characterization of ipRGCs in the human
retina has now advanced substantially; several recent studies
provided a detailed morphological description of ipRGCs in the
retina of human donors (Figure 1) (22–25, 37). In humans, the
reported number of ipRGCs varies from ∼4,000 to more than
7,000, but it remains extremely marginal (0.4–1.5%) compared to
the 1.07 million ganglion cells in the human retina (22–24, 35,
38, 39). Two distinct morphological types roughly correspond
to the M1 type of the mice, with dendrites that are primarily
or exclusively in the outer sublamina of the inner plexiform
layer (IPL), and the M2 type of the mice with dendrites that
are primarily or exclusively in the inner sublamina of the IPL
(40). The fovea is devoid of ipRGCs. The ipRGCs are most
abundant in the peri-foveal region (∼15–40 cells/mm2) and their
number declines to <5 cells/mm2 at 10mm eccentricity and
beyond (23–25); in that, they parallel the decrease of density
of RGCs from the center to periphery of the retina. Additional
morphological subtypes of ipRGCs have been reported in specific
studies including M3, M4, and types that further subdivide M1
type into standard M1, gigantic M1, displaced M1 (dM1), and
gigantic dM1 (22–25) (Figure 2). Of note, in human, but not in
themouse, dM1 constitute themajority ofM1. Importantly, these
morphological studies relied on immunostaining of melanopsin,
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Mure ipRGCs of the Human Retina

FIGURE 1 | ipRGCs in the mouse and human retinas. (Upper panels) Relative spectral sensitivity of the rods, cones, and ipRGCs. (Middle panels) Diagram of murine

and human retinas displaying the differences regarding the morphological subtypes of ipRGCs, their IPL dendritic stratification, and outer retina photoreceptors.

(Lower panels) Morphological comparison between subtypes and species. Soma and dendritic tree measurements are rounded to the closest integer. Mouse data are

from Sondereker et al. (21) that compiled them from literature. Human data are from Esquiva et al. (22), Hannibal et al. (23), Liao et al. (24), and Nasir-Ahmad et al.

(25). GM1, gigantic M1; dM1, displaced M1; dGM1, displaced gigantic M1; PRL, photoreceptors layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

plexiform layer; IPL, inner plexiform layer; GCL, ganglion cells layer.

a method that, in mice, has been shown to fail to detect all
ipRGCs [see Aranda and Schmidt (19)]. This suggests a probable
underestimation of the total number of ipRGCs and potential
bias in the reported subtype distribution.

ipRGCs BRAIN TARGETS

Mapping the projections of ipRGCs in the brain has been
instrumental to discover their multiple functions. In the mouse,
ipRGCs convey light information to more than a dozen brain
regions, including several nuclei implicated in circadian rhythms
[suprachiasmatic nucleus (SCN), intergeniculate leaflet (IGL)],
sleep and wake regulation [in the hypothalamus, the ventrolateral
preoptic area (VLPO) and lateral hypothalamus (LH), and the
centro-medial nucleus in the thalamus], PLR control [olivary
pretectal nucleus (OPN)], and mood (peri Habenula) (41–44).
Visual structures such as the dorsal lateral geniculate nucleus
(dLGN) and the superior colliculus (SC) are also targeted.

In human, the exploration of ipRGC projections is limited by
the impossibility to use the appropriate techniques, e.g., injection
of tracers or genetically encoded labels. However, Hannibal and
colleagues (35) took advantage of the fact that the pituitary
adenylate-cyclase-activating polypeptide (PACAP) is a marker
for retinohypothalamic tract (RHT) projections to the SCN in
rodents and human (45) and that PACAP is found in virtually
all ipRGCs in the retina of human to describe ipRGC putative
projections on the SCN. They found a dense terminal field of
PACAP-positive nerve fibers in the retinorecipient zone (ventral
part) of the SCN in two human donors (while no PACAP-
immunoreactive cell bodies were found in the SCN). The fibers
mainly arose from the optic chiasma and were found in close
apposition to VIP-containing neurons in the ventral SCN.

Given the impossibility to use tracers in humans, studies
in non-human primates remain essential for completing the
mapping of ipRGC central projections in the primate. Classical
retrograde tracing from the lateral geniculate complex and
the pretectum in macaque identified these areas as targets
for the ipRGCs (34). Using immunohistochemical staining of
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FIGURE 2 | Human ipRGCs morphological subtypes. (A–C) Reconstruction and pseudocoloring of ipRGCs from three separate human retina volumes based on

melanopsin immunoreactivity. Upper left subpanels illustrate the different ipRGCs detected in the volumes, their relative size, and arrangement toward each other. In

the other subpanels, each ipRGC is then identified and represented separately to appreciate the details of their dendritic arborization. dM1, displaced M1; GM1,

gigantic M1; dGM1, displaced gigantic M1. Scale bars: A, 100µm; B, 80µm; C, 50µm [Figure adapted from Hannibal et al. (23); courtesy of Dr. J. Hannibal and

Journal of Comparative Neurology].

PACAP in combination with staining for the anterograde tracer
(Cholera Toxin Fragment B) delivered by intraocular injection,
ipRGC projections to the SCN were confirmed in macaque (46).
Additionally, projections to the LGN including the pregeniculate
nucleus [which is thought to correspond to the rodents IGL
(47)], the OPN, the nucleus of the optic tract, the brachium of
the SC, and the SC were identified (46). Interestingly, in the
macaque, ipRGC projections to the dLGN emerge from both
inner and outer stratifying melanopsin cells (hence potentially
from all ipRGC subtypes), while in the mouse, the majority
of melanopsin ganglion cell innervation of the dLGN appears
to be provided only by inner stratifying cells [non-M1 cells
(41, 44, 48)]. Whether this discrepancy reflects an extended
role of ipRGCs in vision in the primate remains to be clarified.
Finally, in the mouse, ipRGC terminals are found in numerous
hypothalamic nuclei in addition to the SCN, including the VLPO,
LH, anterior hypothalamic nucleus, ventral subparaventricular
zone, and peri-supraoptic nucleus (42, 44). Retinal projections
to these hypothalamic nuclei also exist in the primate (49, 50).
However, whether these projections include ipRGCs remains to
be verified. It is not a trivial question as these nuclei often heavily
influence physiology through the control they exert on sleep,
appetite, and thermoregulation to name a few.

FUNCTIONAL PROPERTIES AND
DIVERSITY OF HUMAN ipRGCs

The first report of human RGCs direct electrophysiological
recording was published by Weinstein et al. (51). This study

measured the spectral sensitivity of two RGCs around the
photopic peak (555 nm). However, such recordings in the
human retina would then remain anecdotal until recently.
There have been as many studies, peer-reviewed articles and
non-peer-reviewed, preprint manuscripts, on the human retina
physiology over the last 2 years as in the previous 50
years (52–57).

So far, only one study has been specifically designed to
capture human RGCs’ intrinsic sensitivity and to describe
ipRGC responses to light and functional diversity (55). Overall,
the characteristic features of pharmacologically isolated human
ipRGC responses, i.e., when their response is solely driven
by melanopsin, seem similar to that of rodents and macaque
(17, 34, 58, 59). Human ipRGCs’ intrinsic responses to light
are slow, sustained over the entire stimulation, and do not
extinguish immediately after light OFF. These kinetic properties
make ipRGC responses very different from rod- and cone-
driven responses that are extremely fast (<100ms). Intrinsic
photoresponses of human ipRGCs are reversibly inhibited by
opsinamide, a drug that specifically blocks melanopsin (60).
Mure et al. also found that ipRGCs’ intrinsic sensitivity was
low; ipRGCs did not seem to respond to light intensities below
photopic level, even following dark adaptation. Their spectral
sensitivity peaked in the blue region of the spectrum (∼460 nm),
different from the peaks of human rods and cones but close to
mouse andmacaquemelanopsin peaks (17, 34) and to the human
melanopsin expressed in HEK293 cells (61). This result is also
consistent with ipRGCs’ role in human non-visual responses to
light such as nocturnal melatonin peak suppression (62, 63), PLR
(64, 65), non-cone/non-rod visual awareness (13, 66), cognition
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(67), and heart rate modulation (68) that are also maximally
sensitive to blue light.

Human ipRGCs’ response parameters and time courses
suggest that they consist of several functional groups. Mure et al.
described three ipRGC subtypes, each one displaying unique
response kinetics and sensitivity to light (Figure 3). Type 1
ipRGCs are more sensitive to light and sustain response long
after the light is turned off. Type 2 ipRGCs are less sensitive and
turn OFF faster. At low irradiance levels, type 2 ipRGCs exhibit
longer response latency to the test light pulse. Type 1 responses
are recorded 50%more frequently than Type 2 responses. A third
type of ipRGCs responded only in the presence of exogenous
chromophore (11-cis retinal) in the medium. These Type 3
cells responded more strongly, but only to the high irradiance
levels, and extinguished faster after light OFF. Altogether, the
features of Type 1, Type 2, and Type 3 ipRGCs suggest that
they could correspond to mouse ipRGC subtypes that have been
labeled M1, M2, and M4 ipRGCs, respectively (69–71). However,
the link between the human physiological and morphological
ipRGC subtypes, and their correspondence with the murine
subtypes, remains to be established. Also, Mure et al.’s study
was performed on a limited number of donors; these findings
need to be independently replicated. The effort must be pursued
to refine the results and to increase the number and diversity
of donors. Recently, light-induced melatonin suppression in the
evening, a process under ipRGCs control, has been shown to vary
up to 50 times between subjects (72). It would be interesting to
determine to which extent ipRGCs contribute to such variability
in light sensitivity (73).

TRANSCRIPTOME DIVERSITY OF HUMAN
ipRGCs

Underlying the morphological and functional diversity are
the different gene expression profiles of ipRGCs. In mice,
the first indication of the molecular heterogeneity of ipRGCs
came with the observation that all ipRGCs express the
transcription factor Brn3b except for the fraction of M1 cells
that project to the SCN (74). Thus, while all M1 ipRGCs
are morphologically and electrophysiologically similar, two
molecularly different subpopulations co-exist and innervate
different brain regions (SCN for M1 Brn3b– and OPN for
M1 Brn3b+). This additional dimension of identity is now
easily approachable. High-throughput methods [single-cell RNA
sequencing (scRNAseq) or RNAseq applied on RGCs-enriched
samples] allowed distinguishing several ipRGC subpopulations
in both mouse and primate (75–79).

In macaque and human retina, scRNAseq performed on
CD90+ cells to enrich the samples with RGCs (CD90 or Thy1 is a
cell surface protein marker of RGC class) allowed differentiating
up to 18 RGCs subpopulations (77, 78). The four most abundant
RGC clusters were easily identified as ON and OFF midget RGCs
and ON and OFF parasol RGCs that account for respectively
>80% and ∼10% of all RGCs in the primate retina. The
remaining RGC clusters each consists of∼1% or less of all RGCs.

FIGURE 3 | Human ipRGCs integrate extrinsic signals. Individual examples of

type 1, 2, and 3 ipRGCs’ responses to increasing irradiance light pulses (gray

bars, 30 s, 470 nm; from bottom to top, irradiance is 2.9 × 1011, 3.5 ×1012, 2

× 1013, and 2 × 1014 photons/cm2 per second). Red traces represent the

responses of pharmacologically isolated ipRGCs, which reflect their intrinsic

photosensitivity. In contrast, black traces report the responses from the same

cells in the absence of synaptic blockers and thus integrating input from outer

retina photoreceptors. Time course, sensitivity, and intrinsic properties of the

response differ between the ipRGC subtypes. The contribution from

rods/cones to the overall ipRGC responses to light also seems to be

subtype-specific. Interestingly, ipRGC subtypes may receive different inputs

from photoreceptors. Of note, in human, morphological and functional ipRGC

subtypes are not yet fully consolidated; here, ipRGC subtypes are labeled as in

the original study from which this figure is adapted (55).

Melanopsin was expressed at detectable levels in a few of these
RGC clusters in the peripheral retina, three in the macaque (77)
and two in human (78). In human, the authors noted a sensible
difference in expression levels of melanopsin and hypothesized
a correspondence between the cluster expressing the highest
level of melanopsin and M1 ipRGCs, which express the highest
levels of melanopsin in mice (20), while other subtypes (M2–
M6) would constitute the remaining cluster or be too rare to
be detected.

Interestingly, the comparative study of murine and macaque
retina cell transcriptomes indicates that the ganglion cells are the
less conserved retinal cell type between the two species. However,
while conventional RGCs only show weak correspondence in
terms of both diversity and distribution, ipRGCs seem to be
among the most conserved features (77, 79). This may reflect the
differences in the visual signal tracked by nocturnal and diurnal
animals and thus in the organization of their respective visual
systems. In contrast, the features of the light signal relevant to
non-visual responses such as the ambient level of light for the
circadian system are similar for most organisms and may rely on
similar cell types.
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INTEGRATION OF EXTERNAL INPUT
FROM PHOTORECEPTORS

In a similar way to conventional RGCs, ipRGCs convey
rod- and cone-initiated photoresponses and integrate these
extrinsic signals and their intrinsic photosensitivity (80, 81). The
contribution of outer retina photoreceptors to human ipRGC
signaling can be studied by comparing ipRGC responses before
and after application of synaptic blockers that isolate RGCs
from extrinsic input (55) (Figure 3). It is important to keep
in mind, however, that the photoreceptor responses may be
differentially affected by the preparation itself. For example, in
the absence of RPE in vitro, the input from rods and cones may
be diminished and their contribution may be underestimated.
In the absence of synaptic blockers, a large number of RGCs
respond to light. Most of them become silent after incubation
with blockers as conventional RGCs do not receive rod and
cone signals anymore. ipRGC responses persist; however, their
response is generally altered. More specifically, the response
threshold is higher and the latency is longer while the amplitude
is decreased. Of note, the part of rod and cone responses in the
overall response seems to be specific to the ipRGC subtypes. For
all subtypes, extrinsic input to ipRGCs shortens the response
latencies and lowers the response thresholds. However, only
for Type 2 and 3 ipRGCs did the extrinsic input account for
a significant portion of the sustained response and increase
their sensitivity. A similar observation was made in the mouse
where the contribution of rods and cones to ipRGC responses
seems inversely proportional to melanopsin photosensitivity;
while mouse M1 ipRGC responses are moderately influenced,
the M2–M5 subtype responses rely more heavily on extrinsic
inputs (82). The response of Type 3 ipRGCs, in particular,
seems to rely the most on input from rods/cones, which is
in line with the description of M4 ipRGCs (83, 84). Type 1
ipRGCs receive only minimal extrinsic inputs compared to other
subtypes. M1 ipRGCs, which may be the mouse orthologous of
human type 1 ipRGCs, are sufficient to photoentrain the clock
(74). This is consistent with the finding that cones, while they
may contribute to the entrainment of the clock in humans (85),
are not required for it (86). As mentioned above, human and
mouse cones differ in number and peak wavelength sensitivity,
which suggests different weights of their input to ipRGCs in
response to the same light stimulus. There may also be important
functional divergences. For example, short-wavelength cones and
melanopsin are antagonistic in controlling the primate PLR
but additive in the murine PLR (87, 88). This illustrates the
importance of elucidating the subtype-specific contribution of
rods and cones as they can dramatically alter ipRGC spectral
sensitivity; i.e., they can shift their action spectra from blue
toward shorter or longer wavelengths.

Overall, the rod/cone input to ipRGCs expands the dynamic
range of irradiance and temporal frequencies over which the
ipRGCs signal (17, 34, 55). The diversity in ipRGC subtypes
combined with the way they specifically integrate rod and cone
signals could explain their ability to regulate such a variety of
responses to light functioning at various time constants and
light levels.

ipRGCs IN AGING AND DISEASE

Several recent studies have highlighted the progressive loss of
ipRGCs with aging, which is aggravated in neurodegenerative
diseases (22, 89–92). A decrease in the total number of ipRGCs
and the size of dendritic arborization occurs progressively with
aging [31% loss in healthy subjects older than 70 years (22)].
However, there are conflicting reports about the functional
significance of such decline. Some reports suggest that ipRGC
response properties might show a functional compensation by
increasing their sensitivity and/or firing rate so that no significant
change in ipRGC-dependent response such as PLR is observed
in older individuals (93, 94). However, there are also reports of
reduced amplitude of circadian rhythm in body temperature and
increasing prevalence of sleep fragmentation among the elderly
(95, 96), which can be improved by bright light (8). ipRGC
responses measured directly in an old donor (>70 years) display
longer latency (i.e., it responds slower to a light pulse) and
overall shorter duration (55). While this observation needs to
be confirmed, it suggests that not only ipRGCs’ number but also
their function may be altered in aging.

The specific loss of ipRGCs observed with aging is accelerated
in Alzheimer’s and Parkinson’s diseases (AD and PD). AD and
PD patients have 25–30% fewer ipRGCs compared to healthy
age-matched controls (37, 90), and surviving ipRGCs display
dendritic processes. Protein aggregates have been observed in and
around ipRGCs of AD patients and may be the cause of altered
neuronal physiology (97). These results suggest that ipRGC
degenerationmay lead to circadian rhythm and sleep dysfunction
in neurodegenerative disorders (89, 98). In glaucoma, ipRGCs,
while initially more resilient than conventional RGCs, are lost
at advanced stages (91). Finally, a dramatic loss of ipRGCs
is observed in diabetic retinopathy; however, it correlates
with the overall loss of RGCs (92). In summary, histological
assessments show a decline in the number of ipRGCs in old
age and neurodegenerative diseases. Although some evidence
suggests that ipRGCs’ function is also altered in old age,
whether the ipRGCs’ intrinsic light response, the input of
rod and cones, and/or the abundancy of ipRGCs subtypes
are affected during aging and neurodegeneration remains to
be investigated.

Of note, ipRGCs are not always more vulnerable than
conventional RGCs; they possess a higher ability to survive
certain pathological and experimental conditions. In the
mouse, ipRGCs appear more resistant than other RGCs to
various insults, including optic nerve injury, glutamate-induced
excitotoxicity, and early-stage glaucoma (99, 100). In human
patients, ipRGCs resist neurodegeneration in two inherited
mitochondrial disorders that cause blindness: Leber hereditary
optic neuropathy and dominant optic atrophy (101). This ability
seems to be independent from melanopsin expression per se
as ipRGCs’ resilience is preserved in a mouse model bearing
the mutation causing dominant optic atrophy and lacking
melanopsin (102). Specific metabolic properties, such as higher
mitochondrial activity or content, have been hypothesized as
potential neuroprotective mechanisms. However, the reason why
ipRGCs are relatively spared is still not well=understood.
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The peculiar behavior of ipRGCs (i.e., increased vulnerability
or resilience to certain disorders) compared to conventional
RGCs has important implications. First, a better molecular
characterization of each ipRGC subtype across aging and diseases
will allow identifying the expression programs associated with
differential cell survival and will provide therapeutic targets
to diminish the loss of vision following optic nerve injury
or ocular disease (100). Then, ipRGCs could be a promising
marker to assess CNS disorders, corroborating the old saying
that the eyes are a window to the soul (103, 104). The idea is
appealing when one considers that PLR is a cost-efficient, fast,
non-invasive readout of ipRGCs’ function (64, 65). The PLR
assay is now considered an emerging method to assess retinal
and CNS disorders (105, 106) and has been suggested in the
context of neurodegeneration as potential diagnostic or follow-
up tools (107, 108). This translation has been unsuccessful with
AD so far (109, 110), but this may just emphasize the need
for direct measurements of ipRGCs’ function in patient donors.
These data would allow precisely pointing out the part of the
response that is altered and designing more suited stimulation
protocols that target it. A limitation might be that PLR relies on,
and consequently will inform only on, specific ipRGC subtypes
(part of M1 and M2 ipRGCs); it cannot be generalized as a
proxy for all ipRGCs and thus will not be predictive of all
ipRGC-dependent disorders.

CONCLUDING REMARKS

Knowledge of human ipRGCs is now catching up with what
we know of these cells in the mouse. To date, these results
emerge from a still limited number of labs; they would need to be
replicated. Some points also remain to be clarified; for example,
regarding the existing ipRGC’s populations. Does theM3 subtype
detected in some studies constitute a real ipRGC’s subpopulation
in human (22) or are the few resembling cells just marginal
between M1 and M2 (24)? M4 are only described by one group
(23) while M5 and M6 ipRGCs have not been described yet in
the human retina. Does it mean that these ipRGC subtypes do
not exist, are not morphologically distinct or too rare, and may
be discovered later as in the mouse? Then, how do the projection
maps compare? ipRGCs seem to target the same visual structures
in both mouse and human while the subtypes of cells are
not necessarily the same. Whether the numerous hypothalamic
projections observed in themouse translate in human (other than
the SCN) need to be confirmed. This is particularly important
given the control exerted by the hypothalamus over the body
homeostasis and behaviors. Finally, a challenge that applies
not only to human ipRGCs but also to the field, in general,
is to consolidate ipRGC subtype classification by reconciling
morphological, functional, and transcriptional identities. New

approaches like patch-seq that combines scRNA-seq profiling
with electrophysiological and morphological characterization of
individual neurons may be an approach to consider (111, 112).
This would constitute the first step toward completing the
assignment of a specific function (and potential role in disorders)

to each ipRGC subtype and fully elucidating both the circuits up-
and downstream of each ipRGC subtype.

The differences that emerged between mouse and primate
highlight the compelling need to include human donor retina
in the standard models. Non-human primates remain necessary
for some studies like mapping the projections. However, they
are not advantageous ethically or economically over human
preparations and consequently do not allow for a larger sample
size. Furthermore, the tissue collection can be planned and
operated within similar delays in monkey and human, at least
for the surgical samples. The parameters affecting the fitness
of the preparation may thus be controlled (hypoxia delay, pH,
or nutrients) (52, 53). Human ipRGC exploration may also
include the development of additional human ex vivo and in
vitro models such as long-term culture of retina or retina
organoids. Some results are very encouraging as retina organoids
are photosensitive, organized in layers, and display a cellular
diversity that partly recapitulates the diversity of functional
peripheral retina (53).

There is a strong incentive to pursue these efforts as this
handful of cells plays a major role in our physiology, cognitive
performances, and overall well-being. Also, as progress in
lighting science now allows for precise manipulation of quality,
quantity, and timing of light, understanding how ipRGCs
operate in the human eye in health and diseases will enable
new applications. For example, the insights could be used to
design indoor lights that offer better day–night synchronization
or which improve our moods. It will offer a framework for
improving the “spectral diet” of human at home, at work, or in
public spaces (113).
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Blue wavelength light has been used successfully as a treatment method for certain

mood disorders, but, the underlying mechanisms behind the mood enhancing effects of

light remain poorly understood. We investigated the effects of a single dose of 30min of

blue wavelength light (n = 17) vs. amber wavelength light (n = 12) exposure in a sample

of healthy adults on subsequent resting-state functional and directed connectivity, and

associations with changes in state affect. Individuals who received blue vs. amber

wavelength light showed greater positive connectivity between the right amygdala

and a region within the left dorsolateral prefrontal cortex (DLPFC). In addition, using

granger causality, the findings showed that individuals who received blue wavelength

light displayed greater bidirectional information flow between these two regions relative

to amber light. Furthermore, the strength of amygdala-DLPFC functional connectivity

was associated with greater decreases in negative mood for the blue, but not the amber

light condition. Blue light exposure may positively influence mood by modulating greater

information flow between the amygdala and the DLPFC, which may result in greater

engagement of cognitive control strategies that are needed to perceive and regulate

arousal and mood.

Keywords: fMRI, depression, light therapy, neuroimaging, amygdala, PFC

INTRODUCTION

Light has a powerful effect on mood. A sunny day often seems to enhance positive outlook and
helping behavior (1, 2), and it is well-established that bright light can be an effective treatment for
mood disorders, with effects as potent as some pharmacologic treatments (3, 4). Even a single half-
hour exposure to bright light seems to improve mood (5). Moreover, the wavelength of light also
seems to be important to these effects, with considerable evidence now pointing to the importance
of blue wavelengths (460–480 nm) on mood and cognition. Specifically, studies have shown that
acute exposure to blue wavelength or bright broad-spectrum light leads to immediate increases in
simple alertness and attention (6, 7) as well as more complex cognitive functions, such as improved
working memory performance (8) and short-term verbal memory retention (9). Daily morning
blue wavelength light exposure over several weeks has also been used as an effective treatment for
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seasonal and non-seasonal depression (10–13), certain sleep
disorders, such as delayed sleep phase syndrome (14), and to
improve symptoms of fatigue in individuals with neurological
conditions, such as acquired brain injury (15–18). The exact
mechanisms underlying these beneficial effects of blue light on
emotion and cognition, however, are not well-understood.

Growing evidence suggests that many of these mood and
cognitive effects of light are likely mediated by the non-image
forming pathways of the visual system. It is well-documented that
bright light, especially within the blue wavelengths, stimulates
intrinsically photosensitive retinal ganglion cells (ipRGCs) which
transmit signals to several sub-cortical nuclei. These include the
suprachiasmatic nucleus (SCN) in the hypothalamus, which has
a strong influence on the circadian rhythm of sleep and wake (19,
20). Extensive research has shown that exposure to bright light,
particularly in the blue wavelengths, leads to activation of the
SCN, which in turn sends signals to the pineal gland to suppress
the production of the hormone melatonin (21, 22). Melatonin is
released and suppressed daily in accordance with the circadian
rhythm, and its release precedes sleep onset (23). Consequently,
exposure to blue light at times that are out of phase with the
normal circadian rhythm can lead to disruptions in the sleep-
wake schedule. For instance, blue light exposure during the night,
when melatonin levels are high, appears to lead to increases in
alertness by suppressing the immediate production of melatonin
(6) and phase delaying the circadian onset of sleep. Conversely,
light in the morning hours will produce a phase advance in the
circadian rhythm. Notably, by targeting light exposure to specific
times in the day, the rhythm of melatonin release can be shifted
to treat certain sleep disorders (e.g., to treat delayed sleep phase
syndrome, daily morning bright light exposure over several days
leads to a phase advance of melatonin release and earlier sleep
onset) (24). It has been proposed that seasonal depression is
associated with a disturbance in the circadian rhythm during the
darker winter months, and that among affected individuals, daily
bright light treatment may produce its mood-enhancing effect, in
part, by “resynchronizing” the biological clock (25).

While circadian factors have been suggested for the outcomes
mentioned above, they do not appear to account for all of
the mood and cognitive enhancing effects of blue light. For
example, suppression of melatonin cannot effectively account
for the alerting effects of light during the middle of the day,
when melatonin levels are already naturally low, or for the effects
of light on non-seasonal depression (i.e., during times of year
when sunlight is more prevalent). Direct projections from the
ipRGCs, as well as indirect projections from the SCN, to other
brain regions involved in emotion and cognition, are proposed
to explain some of those non-circadian effects (26).

For example, there is evidence from several animal studies
to suggest that ipRGCs have direct projections to the medial
amygdala (27–30) whichmay therefore also bemodulated by blue
light exposure. In fact, studies in human subjects have shown
that exposure to blue vs. green light in the MRI scanner led to
immediate increases in activity within the right amygdala that
declined over time, suggesting a habituation process (31, 32),
and enhanced connectivity between the left amygdala and the
voice sensitive area of the superior temporal gyrus and the

hypothalamus during an auditory emotional processing task
during blue vs. green light (32). Further, one study in healthy
males demonstrated that 3 weeks of bright light therapy reduced
bilateral amygdala and prefrontal reactivity to threat (i.e., angry
and fearful faces) in a dose-dependent manner; and that left
amygdala and medial prefrontal connectivity also increased in
a dose-dependent manner (33). The role of blue light exposure
in modulating amygdala activation potentially as a result of
direct projections from ipRGCs may be particularly relevant for
individuals with mood disorders, such as depression. Compared
to healthy controls, individuals with depression show increased
amygdala reactivity to negative stimuli, and disrupted resting-
state functional connectivity, such as hypoconnectivity between
the amygdala and several areas of the prefrontal cortex, which
may underlie difficulties with emotion regulation (34–36).

Considering that blue wavelength light appears to lead to
immediate increases in activation in the right amygdala (31),
and that 3 weeks of bright light therapy led to increases
in connectivity between the amygdala and PFC (33), it is
possible that exposure to blue wavelength light may also
lead to more immediate changes in functional connectivity
between the amygdala and PFC. Because negative mood states
are often associated with reduced prefrontal regulation and
increased amygdala activation, alterations in the strength of
connectivity via light exposure may contribute to its well-
established antidepressant or mood-enhancing effects.

The aim of this study was to answer these research questions
by investigating the effects of a single, 30-min controlled
exposure to blue vs. non-blue (amber) light on subsequent (i)
positive and negative affect, (ii) functional and directed brain
connectivity of the amygdala as a seed with other brain regions,
and (iii) the association between changes in affect and observed
changes in functional brain connectivity.

Considering the scarcity of previous findings of the effects
of blue wavelength light on amygdala responsiveness and
connectivity, we have deliberately kept our hypotheses
broad (e.g., have not made specific hypotheses regarding
laterality or connectivity patterns). The following hypotheses
were postulated:

1. Blue light exposure would increase positive affect and decrease
negative affect in comparison to amber light exposure.

2. Blue light exposure would lead to increased functional and
directed functional connectivity between the amygdala and
the PFC.

3. Connectivity patterns would be associated with more positive
and less negative affect.

METHODS

Participants
Twenty-nine healthy adults between 18 and 32 years of age (M=

21.52, SD = 2.82; 16 men, 13 women) took part in the study and
provided useable functional and structural magnetic resonance
imaging (MRI) data for analysis (out of a total of 35 participants).
Six participants had to be excluded due to excessive head
movement in the scanner. Participants completed an average of
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14.1 years of education (SD = 1.95). According to self-report,
all were right handed, primary English speaking, and reported
a regular sleep schedule of going to bed between 10:00 p.m.
and 1:00 a.m. and waking between 6:00 and 9:00 a.m. Further,
participants were screened for a history of major psychiatric
disorders, including major depressive disorder, anxiety disorders,
obsessive-compulsive disorders, post-traumatic stress disorder
and substance use disorders. In addition, participants were asked
whether they had ever been in psychiatric treatment and for
what reason. Participants were asked to keep their regular sleep
schedule and were asked to consume their normal levels of
caffeine on the day of the study. Participants were randomly
assigned to the blue (n = 17) or amber light condition (n = 12)
(see below). The two groups did not differ on age, sex, number
of hours slept the night before the assessment, or number of
reported hours slept on weeknights (see Table 1). In addition,
four participants in the blue light group and four participants
in the amber light group reported having had one caffeinated
product on the day of the assessment. Separate data from this
same study have been reported elsewhere (8, 9, 37, 38), but the
functional connectivity and mood findings reported here are
novel and have not been previously published. This project was
approved by the Institutional Review Board at the University of
Arizona and the U.S. Army Human Research Protections Office,
and all participants provided written informed consent prior to
study participation.

Materials
Positive and Negative Affect Schedule (PANAS)
The PANAS (39) was used tomeasure positive and negative affect.
Participants were asked to indicate, on a 5-point scale, the extent
to which (from “very slightly to not at all” to “extremely”) they
were feeling a number of positive (e.g., interested, excited, proud)
and negative feelings (e.g., nervous, determined, irritable) at that
very moment. Total scores for positive affect (PANAS-P) and
negative affect (PANAS-N) were calculated separately and each
had a possible range from 10 to 50. The PANAS is a widely used
measure of state affect that has shown good internal consistency,
reliability, and validity (40).

Light Exposure
The light protocol is described in detail in the Procedure section.
The blue light exposure devices were commercially available
Philips goLITE BLU R© Energy Light devices (Model HF3321/60;
Philips Electronics, Stamford, CT). The amber light devices were
provided by the manufacturer for research purposes and were
virtually identical to the goLITE BLU devices, with the exception
of being fit with a different color LED. Each device consisted of a
plastic table-mounted chassis with a 10× 6 array of light emitting
diodes (LEDs), encased in 1 × 1 cm cubical projection elements
and a translucent plastic window cover. The light devices were
set up in such a way that they were centered at 45◦ to each side of
the participant with a distance of ∼80 cm from the participant’s
nasion which means that only part of the field of view was
covered. The goLITE BLU Energy Light is commercially available
and has a narrow bandwidth [peaking at λ = 469 nm, at 214 Lux
at eye level, and panel irradiance (mW/cm2) = 1.23]. The amber

TABLE 1 | Descriptive statistics.

Blue group

(n = 17)

Mean (SD)

Amber group

(n = 12)

Mean (SD)

Statistic

Age 21.47 (2.85) 21.58 (2.91) t(27) = −0.10. p = 0.92

Sex 47.05% female 41.66% female χ² = 0.08, p = 0.77

Number of hours

slept on weeknights

7.25 (0.97) 7.29 (1.015) t(27) = −0.11, p = 0.91

Number of hours

slept the night prior

to the assessment

6.88 (0.54) 6.79 (.62) t(27) = 0.42, p = 0.68

BDI-II 1.53 (1.94) 2.58 (3.32) t(27) = −1.08, p = 0.29

PANAS-P pre-light 28.94 (8.97) 28.00 (5.46) t(27) = 0.32, p = 0.75

PANAS-P post-light 27.18 (11.40) 24.25 (8.35) t(27) = 0.75, p = 0.45

PANAS-N pre-light 12.29 (1.44) 12.67 (2.46) t(27) = −0.51, p = 0.61

PANAS-N post-light 11.00 (2.42) 10.42 (.80) t(27) = 0.80, p = 0.43

BDI-II, Beck Depression Inventory; PANAS, Positive and Negative Affective Schedule

(PANAS-P: positive affect, PANAS-N: negative affect).

devices were otherwise identical to the goLITE BLU devices, with
the exception that they were fitted with amber LEDs [peaking
at λ = 578 nm, at 188 Lux at eye level, and total irradiance
(mW/cm2) = 0.35]. The alpha-opic irradiances of the blue and
amber conditions are summarized in Table 2.

Procedure
All participants completed the study procedures at the same
time of day to control for circadian effects. Specifics of the
procedure are detailed in our previous paper (8). In brief,
at 7:45 a.m., participants arrived for the study and completed
informed consent as well as basic demographic questionnaires
and cognitive tasks. Participants completed light exposure,
cognitive tests, and mood assessments in a room located next to
the magnetic resonance imaging (MRI) scanner. At ∼8:30 a.m.,
participants completed the first PANAS. Participants also
completed mood questionnaires, several cognitive assessments,
such as general intelligence tests, and memory tests, and
questionnaires about their daily habits. At 9:45 a.m., participants
underwent a “blue light washout” period in an otherwise
darkened room, with only two amber light devices placed on
the table in front of them for 30min. The light devices were
adjusted until the pair of amber devices used during the initial
washout period resulted in a 20-lux reading as measured by a
light meter (Digital Lux Meter LX1330B) on each side of the
participant’s nose (i.e., at eye level). Participants were instructed
not to look directly at the light devices, and to relax with
their eyes open and maintain a generally forward gaze. This
washout period was completed to ensure residual effects of
outdoor and ambient lighting had dissipated before beginning
the experimental light exposure manipulation while at the same
time allowing participants to see their surroundings and continue
engaging with the experimenter. At 10:15 a.m., the two Washout
Period light devices were replaced with the four Exposure Period
devices (see Figure 1B). Specifically, during the Exposure Period,
participants were randomized to receive either 30min of blue
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TABLE 2 | Alpha-opic irradiances of the light conditions.

S-cone-opic M-cone-opic L-cone-opic Rhodopic Melanopic

BLUE WAVELENGTH LIGHT

α-opic irradiance, W·m−2 1.36 0.77 0.46 1.74 2.09

α-opic efficacy of luminous radiation, mW·lm−1 6.30 3.57 2.13 8.09 9.69

α-opic equivalent daylight (D65) illuminance, lx 1660.04 528.75 282.19 1202.59 1573.80

AMBER WAVELENGTH LIGHT

α-opic irradiance, W·m−2 0.01 0.20 0.29 0.05 0.02

α-opic efficacy of luminous radiation, mW·lm−1 0.03 1.10 1.59 0.30 0.11

α-opic equivalent daylight (D65) illuminance, lx 7.27 136.11 175.24 36.90 14.53

(n= 17) or amber (n= 12) light exposure. The 30-min Exposure
Period was initiated by illuminating the two pairs of light devices
(either blue or amber, depending on condition), with each pair
mounted side by side on the desk in front of the participant,
centered at the same location as theWashout Period amber lights
at a distance of ∼80 cm from the participant’s eyes. During the
30-min Exposure and Washout Periods, participants maintained
a forward gaze and completed two computerized practice tasks
(a working memory and a multi-source interference task) to
prepare them for their time in the scanner. To minimize blue
light from the computer screen, an amber tinted plexiglass
shield was placed in front of the laptop screen. Participants
were asked to sit relatively still with their legs uncrossed and
to maintain a forward gaze. Apart from completing the tasks
on the computer using their fingers, participants did not move,
stretch, stand up, drink, eat, or close their eyes during the light
exposure sessions. Immediately after the light exposure period,
at ∼10:50 a.m., participants completed the second PANAS. At
11:00 a.m., participants were escorted to the MRI scanner, where
the resting state scan was initiated at ∼11:15 a.m. There are no
measurements of the lux level inside the MRI scanner, but it was
∼50 lux and the ambient light level was held constant across
participants. The resting state scan was the first functional scan
participants completed and was followed by longer versions of
the working memory and multi-source interference tasks.

Neuroimaging Methods
Neuroimaging scans were collected on Skyra 3T scanner
(Siemens, Erlangen, Germany) using a 32-channel head coil.
High resolution structural images were first acquired using a T1-
weighted 3D MPRAGE sequence (TR/TE/flip angle = 2.1 s/2.33
ms/12◦) over 176 sagittal slices (256 × 256) and a slice thickness
of 1mm (voxel size = 1 × 1 × 1 mm3). For the resting state
functional scan, participants were instructed to let their mind
wander while keeping their eyes open. Functional scans were
acquired over 32 transverse slices (2.5mm thickness; matrix: 88
× 84). Each volume was collected with an interleaved sequence
(TR/TE/flip angle = 2 s/25 ms/90◦). The voxel size of the T2∗

sequence was 2.5 × 2.5 (i.e., with a 40% slice gap, allowing
collection of 180 volumes within a 6-min acquisition time). The
field of view (FOV) was 220 mm.

FIGURE 1 | (A) PANAS positive affect (PANAS-P) and (B) negative affect

(PANAS-N) scores from pre-light and post-light exposure for both groups.

Resting-State Pre-processing
Neuroimaging data were analyzed using the publicly
available CONN functional connectivity toolbox (version
16.a; www.nitrc.org/projects/conn, RRID:SCR_009550), in
conjunction with SPM12 (Wellcome Department of Cognitive
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm).
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Raw functional images were realigned (motion corrected) and
unwarped, slice-time corrected using the middle slice as the
reference, and coregistered to each subject’s high-resolution
structural image in accordance with standard algorithms. The
Artifact Detection Tool (ART; http://www.nitrc.org/projects/
artifact_detect/) was used to regress out scans as nuisance
covariates in the first-level analysis exceeding 3 SD in mean
global signal intensity and scan-to-scan motion exceeding
0.5mm. Six participants were excluded for an excessive number
of outlier images (i.e., >36 scans flagged as outliers). These
were included in addition to covariates for the six ridged-body
parameters that characterize estimated subject motion, and
used to regress out residual movement-related effects. Images
were then normalized to Montreal Neurological Institute (MNI)
coordinate space, spatially smoothed (8mm full-width at half
maximum), and resliced to a voxel size of 2× 2× 2 mm.

Functional Connectivity Analysis
Using a standard seed-to-voxel approach, functional connectivity
analyses were performed using the default functional
connectivity processing pipeline in the CONN toolbox [for
details, see (41)]. In this processing pipeline, physiological
and other spurious sources of noise were estimated with
the aCompCor method (42, 43) and subsequently removed
together with the movement- and artifact-related covariates
mentioned above. The residual blood oxygen level dependent
(BOLD) time-series was then band-pass filtered (0.01–0.1Hz).
Every participant’s structural image was segmented into gray
matter, white matter, and cerebral spinal fluid using SPM12.
Confounding effects of white matter and cerebral spinal fluid
were removed through linear regression. Two seed regions of
interest (ROIs) were placed corresponding to the left and right
amygdala as defined by the Automated Anatomical Labeling
(AAL) atlas (44). After the removal of confounds, the residual
BOLD time-series from the bilateral amygdala seed ROIs were
averaged to generate a mean time-series. Bivariate correlation
maps (Fisher-transformed) were then computed with all other
voxels in the brain to derive whole-brain connectivity maps.
A group-level approach was used to compare differences in
connectivity between the blue and amber groups controlling for
the effects of age and sex. False positive control in seed to voxel
analysis is implemented through a combination of a voxel height
threshold (p < 0.001, two-sided; uncorrected) and a cluster level
extent threshold (p < 0.05, cluster-size FDR-correction) (41).

Directed Functional Connectivity Analysis:
Granger Causality
In a second step, we investigated the strength of directionality
of information flow [i.e., granger causality (GC)] between
the amygdala and significant clusters from the functional
connectivity analysis, using parametric GC (45, 46). Granger
causality is a method for investigating causality between two
time series, i.e., the extent to which one time series can predict
the other. The strength of GC was estimated by quantifying
the inter-relationships between their corresponding oscillatory
mechanisms as a function of frequency (f ) of oscillations. For
that, the raw time-series data were first band pass filtered using

the Butterworth filter design with a higher cutoff frequency
of 0.0028Hz (f 1) and a lower cutoff frequency of 0.1Hz (f 2).
Next, the time-series for the bilateral amygdala and significant
clusters from the functional connectivity analysis was zero-mean
corrected in order to remove slow trends and physiological
noise. Furthermore, the optimal model order for the parametric
approach was calculated by comparing power spectra from the
parametric and non-parametric approaches (45). Differentmodel
orders from 1 to 10 were tested, and the model order that yielded
the lowest power difference was selected.

The threshold level for statistically significant GC strength,
corrected for multiple comparisons, was estimated from
surrogated data using permutation tests (45, 46) (n = 2,000) and
a gamma function under a null hypothesis of no interdependence
at the significance level of p= 0.0025.

RESULTS

Affect Change From Pre- to Post-light
Exposure
For PANAS-P scores, there was a significant main effect of time
[F(1, 26) = 25,67, p < 0.001], but no time × group interaction
[F(1, 26) = 0.13, p = 0.72] from pre- to post-light exposure.
Overall, both light groups showed a decrease in their PANAS-P
scores from pre- to post-light exposure (see Figure 1A).

For PANAS-N scores, there was also a significant main effect
of time [F(1, 26) = 6.15, p= 0.02], but no time× group interaction
[F(1, 26) = 2.32, p = 0.14] from pre- to post-light exposure.
Overall, both light groups showed a decrease in their PANAS-N
scores from pre- to post-light exposure (see Figure 1B).

Strength of Functional Connectivity
Compared to participants in the amber light group, participants
in the blue light group showed significantly greater positive
intrinsic functional connectivity between the right amygdala
and a cluster of voxels in the left dorsolateral prefrontal cortex
(DLPFC) (x = −24, y = 46, z = 18, k = 90, volume p-
FDR corrected, p < 0.001) (see Figure 2). No effect for the left
amygdala was found. In summary, individuals who received blue
light exposure showed significantly greater positive functional
connectivity between the right amygdala and the left DLPFC
compared to participants who received amber light.

Strength of Granger Causality
To determine the directionality of the connectivity between the
right amygdala and left DLPFC, we employed GC and found
that it was bidirectional. In other words, both the strength
of the feed-forward [right amygdala (R. AMG) to left DLPFC
(L. DLPFC)] (Figure 3A) and feed-backward (L. DLPFC to R.
AMG) (Figure 3B) connectivity was significant for the blue-light
group, but not the amber-light group. In Figure 3, the dotted
line corresponds to a GC value of 0.0422, which represents
a significance level at p < 0.0025 (p = 0.01/4, corrected for
multiple comparisons).
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FIGURE 2 | Blue light led to increased functional connectivity between the

right amygdala and a region within the left dorsolateral prefrontal cortex.

Displayed is the significant cluster of voxels (x = −24, y = 46, z = 18, k = 90,

volume p-FDR corrected, p < 0.001) from the seed-to-voxel analysis using the

right amygdala as the seed region.

The Relationship Between Connectivity
Patterns and Changes in Affect
To investigate whether functional and directed connectivity
was associated with changes in affect, we ran non-parametric
Spearman’s correlations between connectivity values and PANAS
change scores. Spearman’s correlations were used due to the
small sample sizes and because the PANAS data violated
assumptions of normality. For the blue light group, there was
a statistically significant moderate negative relationship with
PANAS-N change scores and functional connectivity (ρ=−0.55,
p= 0.03), indicating that greater functional connectivity between
the amygdala and DLPFC was monotonically associated with
reduced negative mood following light exposure (see Figure 4).
This relationship was not present for the amber light group (ρ
= −0.18, p = 0.55). The strength of the monotonic relationship
for directed connectivity was much smaller and non-significant
for the blue light group (feed forward connectivity: ρ = −0.26,
p = 0.33; feed backward connectivity ρ = −0.27, p = 0.29)
and for the amber light group (feed forward connectivity: ρ =

−0.24, p = 0.45; feed-backwards: ρ = −0.30, p = 0.34). There
were no significant correlations between connectivity patterns
and PANAS-P change scores.

Potential Effects of Caffeine Consumption
on Changes in Mood and Functional
Connectivity
We compared the connectivity values for individuals who stated
that they consumed caffeine prior to the assessments and those

who stated that they did not consume caffeine (4 participants
in each group consumed 1 caffeinated beverage prior to the
assessment), and did not find a significant difference [total group:
t(27) = −1.30, p = 0.20; blue: t(15) = −0.31, p = 0.76; amber:
t(10) = −2.03, p = 0.07]. There was also no difference between
individuals who drank caffeine and those who did not on PANAS-
N or PANAS-P change scores [PANAS-N: total group: t(27) =
0.33, p= 0.74; blue: t(15) =−0.26, p= 0.80; amber: t(10) = 0.91, p
= 0.38; PANAS-P: total group: t(27) =−0.83, p= 0.42; blue: t(15)
= 0.33, p= 0.75; amber: t(10) =−1.50, p= 0.17].

DISCUSSION

This study investigated the effects of exposure to 30-min of blue
wavelength light on subsequent functional brain connectivity
at rest and associations with changes in affect. The results
showed that individuals exposed to a single 30-min pulse
of blue wavelength light showed greater positive functional
connectivity between the right amygdala and the left DLPFC
than individuals exposed to an equivalent period of amber
light, and that greater functional connectivity between these
two areas was associated with greater decreases in negative
mood. These findings build upon results from previous studies
that have demonstrated that even after 50 s of blue light vs.
green light exposure, there are transient increases in activation
within the right amygdala (31). In line with this, there is
evidence to suggest that the amygdala receives direct projections
from ipRGCs (29) and that swift modulations of amygdala
activation may contribute to the antidepressant effect of blue
wavelength light (47). Specifically, previous work also showed
enhanced functional connectivity between the left amygdala,
the voice area of the temporal cortex and the hypothalamus
during an auditory emotional task in the context of blue vs.
green light exposure (32). The authors proposed that their
results suggest that blue light exposure leads to increased limbic
reactivity to emotional stimuli which may lead to quicker
behavioral adaptations to emotional challenges, which could
ultimately enhance emotional regulation. Our results support
those previous findings that it is likely that blue wavelength light
exposure leads to immediate amygdala activation and associated
increases in arousal via the direct amygdalar projections from
the ipRGCs. Our study also builds upon previous functional
connectivity findings by showing that blue light exposure
was associated with greater bi-directional information flow
between the amygdala and DLPFC. We speculate that in
order to respond to these increases in arousal, the DLPFC
may, in turn, respond by engaging in cognitive control
strategies, such as selectively directing attention to stimuli in
the environment, recruiting emotion regulation strategies by
modulating amygdala activation, and influencing social decision-
making. Our interpretation is similar to Vandewalle et al.’s
(32) interpretation of their functional connectivity findings and
may explain why blue wavelength light exposure is an effective
treatmentmethod for individuals with seasonal and non-seasonal
depression (10–13), but future research will be necessary to
explore these possibilities further.
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FIGURE 3 | Granger Causality (GC)-frequency spectra for (A) feed-forward [right amygdala (R. AMG) to left DLPFC (L. DLPFC)] and (B) feed-backward (L. DLPFC to

R. AMG) connections for the amber and blue light groups. The green dotted line here represents the threshold chosen for significant GC strength (∼0.0422 at p <

0.0025, permutation test).

A growing body of work demonstrates that depression is
characterized by impaired cognitive and emotional processing
which may reflect increased activation within areas such as
the amygdala and decreased activity within areas involved
in the effortful regulation of emotional behavior, such as
the DLPFC and other frontal regions (48). A number of
studies demonstrate that during active emotion regulation,
individuals with depression (compared to healthy control
subjects) show less negative (i.e., inverse or anti-correlated)
connectivity between the amygdala and the PFC and that this
reverses when symptom severity decreases to levels no longer
considered clinically significant (49). Functional resting-state
studies, however, suggest that individuals with depression show
reduced positive connectivity between the amygdala and several
prefrontal regions, in comparison with healthy controls (50–
52). It should be noted that the majority of these studies
have not reported a direct link between the right amygdala
and the left DLPFC, specifically. One study, however, showed
that after successful transcutaneous vagus nerve stimulation
(tVNS) individuals with depression showed increased resting
state functional connectivity between the right amygdala and
the left DLPFC which were associated with decreased depression
symptoms (53). The results from the present study suggest
that blue light exposure may have an immediate beneficial
effect on functional connectivity between the amygdala and
PFC similar to that of tVNS by increasing information flow
between these regions at rest. This is further supported by our

finding that greater amygdala–DLPFC connectivity following
blue light exposure was associated with greater decreases in
negative affect from pre- to post-light exposure, just as tVNS was
associated with decreases in depression scores. The expression of
depression can vary greatly between individuals and the circuits
that may be impacted by depressed mood are equally manifold
and can include dysregulated reward processing, heightened
reactivity to negative environmental cues, increased default mode
activity, and more (54). Different treatments for depression
can therefore influence depressive symptoms in various ways
by targeting distinct neuronal circuits. It is possible that blue
wavelength light may have a unique impact on modulating
amygdala and DLPFC reactivity, similar to tVNS, which may
be particularly useful for certain individuals, but future research
will be necessary to replicate and expand on these findings. In
addition, future research should consider that light exposure
may be even more beneficial when used in conjunction with
emotional learning/therapy. For example, we speculate that
blue light exposure while practicing emotional regulation skills
might have an even stronger effect than blue light exposure
without affective content. As previous studies have proposed
that exposure to blue light may facilitate learning through
increased norepinephrine release from the brainstem (9), using
light therapy in conjunction with therapeutic approaches that
enable better emotion regulation abilities, such as cognitive
reappraisal, should be the focus of future research. Some evidence
already suggests that such interventions may be effective, as
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FIGURE 4 | Here we are presenting the correlation between raw

amygdala-DLPFC connectivity values and raw changes in PANAS negative

affect (PANAS-N) scores from pre- to post-light exposure for the blue vs.

amber groups (Greater negative values on the PANAS-N change scores

indicate greater reduction in negative affect over time). We decided to present

the raw scores rather than the Spearman rank order correlation for ease of

interpretation, however we have included the trendlines for each group from

the original analysis. The figure shows that increased functional connectivity

between the amygdala and DLPFC was monotonically associated with

reduced PANAS-N scores for the blue light group (ρ = −0.55, p = 0.03) but

not the amber light group (ρ = −0.18, p = 0.55).

individuals who underwent exposure therapy for panic and post-
traumatic stress disorder showed greater reduction in anxiety and
depression scores if the therapy was accompanied by concurrent
bright light (vs. dim light) exposure (55). Another study showed
that bright light exposure during fear extinction learning in
healthy individuals suppressed fear acquisition and enhanced
fear extinction (56).

It is important to highlight, that while we interpret our
results as being the result of blue wavelength light exposure, it
is also possible that amber wavelength light had a unique effect
on dampening the strength of amygdala—DLPFC connectivity
(e.g., amber light could have a “relaxing effect”) rather than
that blue light exposure led to an increase in connectivity
between these two areas, although the potential mechanism
for such an effect is unclear. The cross-sectional design also
leaves the possibility open that a third variable not under study
investigation contributed to the findings, such as that individuals
in the blue light group had stronger amygdala-PFC connectivity
at baseline and that the observed correlations with changes in
mood are explained by baseline differences in brain function.

It should be noted that participants in our sample were free
from known psychological disorders, making the detection of
subtle changes in mood/affect more challenging. The fact that
we did observe a moderate to strong association between the
strength of functional connectivity and changes in negative affect
(ρ = 0.55) makes these results notable. However, replication of
this study in a clinical sample of depressed individuals would

shed additional light onto the immediate effects of blue light
on mood and allow extension to of these findings to clinical
depression. While our stimulation period lasted only 30min
on a single occasion, it is conceivable that exposure to blue
wavelength light for longer durations, perhaps over several weeks,
may positively impact the coupling of the amygdala-DLPFC
connection for individuals with clinical depression, which in turn
may improve effective emotion regulation skills and executive
function. There is some evidence for this, as Fisher et al. (33)
demonstrated that 3 weeks of bright light therapy in healthy
males reduced bilateral amygdala and prefrontal reactivity to
threat (i.e., angry and fearful faces) in a dose-dependent manner;
and that left amygdala and prefrontal connectivity also increased
in a dose-dependent manner (33). However, these changes did
not correspond with changes in mood or stress.

As participants in this study were not clinically depressed, it
is unclear how these neurobiological changes would correspond
to changes in mood in a sample of individuals with clinical
psychopathology. Further research is necessary to understand
better how bright light, particularly in the blue wavelengths,
affects functional brain responses in individuals with depression
and how those may be associated with improved mood.

Of note, the effects of blue wavelength light on amygdala-
DLPFC functional connectivity at rest may represent just one
mechanism by which light affects emotion and cognition. The
ipRGCs, which are believed to be the primary system by which
blue light affects brain activation and circadian physiology,
also project to other brain areas important in mood disorders,
such as the habenula and hypothalamus. While we focused on
the amygdala and prefrontal cortex here, these other mood-
relevant brain structures may also be influenced by blue light
exposure (57–60). Future studies should therefore expand their
analyses to other brain areas that may contribute to some of
the mood enhancing effects of blue wavelength light. Other
lines of work have focused on the effects of light exposure
on the influence of serotonin signaling, which may interact
with the effects of blue light on cortico-limbic reactivity. For
example, individuals with seasonal affective disorder (SAD)
display enhanced serotonin transporter signaling during the
winter months, which normalizes with successful treatment or
during natural summer remission (61). Another study showed
that after a bright-light intervention in healthy males, differences
in the 5-HTTLPR genotype moderated changes in functional
brain responses between the amygdala and PFC toward threat
(33). Future research would likely benefit from investigating the
potential interplay between serotonin signaling and amygdala-
PFC connectivity on emotional functioning and mood after blue
light therapy.

It should be pointed out that our results did not support the
notion that a single exposure to blue wavelength light during
the day would lead to increased positive and decreased negative
affect. Both groups showed a decrease in the intensity of emotion
for positive and negative affect over time, raising the possibility
that the effects of increased amygdala-PFC connectivity following
blue light exposure resulted in a global moderating effect on
mood. In other words, it is possible that blue light exposure
may simply shift mood away from the extremes and toward
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the middle ranges of intensity. Of course, it is also possible
that group differences in mood changes were not detected due
to other confounding study effects, such as intense positive
and negative feelings at the beginning of the study, which may
have dissipated toward the end for both groups (e.g., feeling
excited, but apprehensive at the beginning of the day because
of the novelty of being in a research study and/or the MRI
acquisition). Future research would benefit from investigating
the immediate changes in affect in response to light exposure in
greater detail, including using more precise forms of self-report
measures, investigating differences between healthy controls and
those with depression, as well as the potential effects of time of
day of exposure.

The results of this study should be interpreted with several
limitations in mind. This study employed a between-subjects
design and it is therefore possible that the observed results could
be explained by individual differences between the groups rather
than the light condition. Additionally, the sample sizes of the two
groups were relatively small and not equivalent in size across
groups which means that the larger sample in the blue light
group could have yielded a different signal to noise ratio than in
the amber light group. It is also important to mention that our
results were considered as statistically significant using a cluster-
level threshold. Eklund et al. (62) have raised the possibility
that this can potentially result in inflated false-positive rates
which should be kept in mind when interpreting our findings.
This study also relied on participants’ self-report regarding their
sleep-wake history rather than more objective measurements,
such as actigraphy data, potentially affecting brain responses to
light. Additionally, while we attempted to control for circadian
phase effects by performing the experiment at the same clock
time for each participant, control would have been enhanced by
regulating and monitoring their sleep in the sleep lab to control
for circadian effects. These methodological limitations may have
influenced the results of this study and it should therefore be
replicated using a within-subjects design with a larger sample
size. Further, in this study, we aimed to investigate one potential
mechanism through which blue wavelength light might influence
affect and chose to study a group of healthy individuals without
psychopathology. However, it is unclear how these results apply
to individuals with clinically significant levels of depression. For
example, it is possible that blue light exposure has a different
effect on depressed individuals, and a similar study incorporating
a sample of currently depressed individuals is necessary to
help elucidate this. In addition, to better understand how
light therapy may alter brain function in depressed individuals,
subsequent research would benefit from investigating changes
in brain function at rest, as well as in response to emotional

tasks, before and after light therapy. Finally, while this research
contributes to our understanding of the mechanism by which

blue wavelength light leads to improved mood, additional
research is necessary to determine the precise pathways through
which light influences functional brain responses and how those
immediate modulations in functional connections lead to long-
term behavioral and emotional changes in mood and well-being.

CONCLUSION

The present findings suggest that a single 30-min exposure
to blue wavelength light during the day increased the bi-
directional strength of positive functional connectivity between
the right amygdala and the left dorsolateral prefrontal cortex
and that this was associated with improvements in affect,
particularly a reduction in negative affect. These findings
suggest a neurobiological mechanism that may underlie
the often-observed association between light exposure and
improved mood.
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Department of Neurosciences, Case Western Reserve University School of Medicine, Cleveland, OH, United States

The circadian rhythm is a fundamental process that regulates the sleep–wake cycle. This

rhythm is regulated by core clock genes that oscillate to create a physiological rhythm

of circadian neuronal activity. However, we do not know much about the mechanism

by which circadian inputs influence neurons involved in sleep–wake architecture. One

possible mechanism involves the photoreceptor cryptochrome (CRY). InDrosophila, CRY

is receptive to blue light and resets the circadian rhythm. CRY also influences membrane

potential dynamics that regulate neural activity of circadian clock neurons in Drosophila,

including the temporal structure in sequences of spikes, by interacting with subunits

of the voltage-dependent potassium channel. Moreover, several core clock molecules

interact with voltage-dependent/independent channels, channel-binding protein, and

subunits of the electrogenic ion pump. These components cooperatively regulate

mechanisms that translate circadian photoreception and the timing of clock genes

into changes in membrane excitability, such as neural firing activity and polarization

sensitivity. In clock neurons expressing CRY, these mechanisms also influence synaptic

plasticity. In this review, we propose that membrane potential dynamics created by

circadian photoreception and core clock molecules are critical for generating the set

point of synaptic plasticity that depend on neural coding. In this way, membrane potential

dynamics drive formation of baseline sleep architecture, light-driven arousal, andmemory

processing. We also discuss the machinery that coordinates membrane excitability in

circadian networks found in Drosophila, and we compare this machinery to that found

in mammalian systems. Based on this body of work, we propose future studies that can

better delineate how neural codes impact molecular/cellular signaling and contribute to

sleep, memory processing, and neurological disorders.

Keywords: circadian clock, sleep, synaptic plasticity, membrane potential, neural coding

INTRODUCTION

Circadian rhythms regulate an endogenous biological clock that dictates a sleep–wake cycle
running in ∼24-h intervals. These rhythms occur even in complete darkness, but they are reset by
light. Over the past 50 years, researchers have elucidated many molecular genetic components that
regulate the Light/Clock interactions. Many of these core clock genes were identified with forward
mutagenesis screens inDrosophila. For example, period (PER) and timeless (TIM) oscillate to create
transcription–translation feedback loops (1–3). In addition, cryptochrome (CRY) was identified as

126

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.625369
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.625369&domain=pdf&date_stamp=2021-03-29
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:masashi.tabuchi@case.edu
https://doi.org/10.3389/fneur.2021.625369
https://www.frontiersin.org/articles/10.3389/fneur.2021.625369/full


Tabuchi et al. Light/Clock-Generated Coding

a clock-related gene that is sensitive to light and modulates
the circadian rhythm in Drosophila (4). However, CRY is a
central part of the molecular clock in mammals but lacks light
sensitivity (5). In Drosophila, CRY is an important element
that communicates with the light/clock integrator (6), and it
influences the neural activity of circadian clock neurons (7)
by interacting with potassium ion channel β-subunit redox
sensor (8).

In addition to CRY signaling, other core clock output
molecules modulate the neural activity of circadian clock
neurons by interacting with a number of proteins, such as
ligand-gated channels (9, 10), voltage-dependent/independent
channels (11), channel-binding protein (12), and subunits of the
electrogenic ion pump (12). In Drosophila, synaptic plasticity
that regulates sleep was induced by specific sequences of spikes
that occur during spontaneous activity in clock neurons (12).
Moreover, based on recent studies, the interaction of light
and clock information influences memory learning, possibly
mediated by sleep (13, 14). These studies made an interesting
link between light and clock information in forming neural
coding, which is based on “neural activity” of circadian
clock networks.

When neurophysiological researchers wish to quantify “neural
activity,” they often assess action potential firing (or spiking),
which is typically shown as mean firing rate (15, 16), first
spike latency (17), relative spike timing (18), or regularity of
interspike intervals (19–23). This definition is based on the
concept, in which neurons represent information with sequences
of spikes (24, 25). However, a number of “non-spiking neurons”
do not generate action potentials (26–29). Instead, they can
transmit information with a temporal structure of subthreshold
membrane potential (30, 31). Researchers question whether
neurons and spiking activity are the basic units of brain function.
This model is based on the prediction that neural network signals
flow along well-behaved axonal rails and pass the activity baton
at synapses.

Regardless of whether spiking activity is used for information
representation, the “membrane potential dynamics” of neurons
is the essence of neuronal information representation (32, 33).
In this review, we define membrane potential dynamics as
the stochastically/deterministically shaped temporal structure of
membrane potential (34, 35) (Figure 1). The significance of
membrane potential dynamics can be shaped by changes in
hierarchical biophysical interactions (33), frommicroscopic [e.g.,
thermal noise (36), single-channel dwell time variability (37–39)]
to mesoscopic [e.g., synaptic conductance variability (40–45)] to
macroscopic [e.g., the hierarchical interplay of multiple neurons
(46–49)] changes.

In this review, we propose that membrane potential dynamics
produced by circadian photoreception and core clock molecules
are critical for generating synaptic plasticity based on the
fixed point of neural coding. In this way, these dynamics
drive the formation of architecture that support baseline sleep,
light-driven arousal, and processing of memory. We will also
discuss the machinery that regulates the circadian rhythm and
organizes internal (e.g., intrinsic channel conductance) and
external (e.g., synaptic conductance) membrane excitability in

Drosophila, and we will compare this machinery to that found
in mammalian systems.

THE NEURAL NETWORK THAT

REGULATES THE CIRCADIAN CLOCK

In mammals, the master of circadian clock networks is the
suprachiasmatic nucleus (SCN) (50). The SCN resides in the
hypothalamus and is composed of the ventrolateral (VL) core and
VL shell (51). In the VL core, SCN neurons are photosensitive
(52, 53) and produce arginine vasopressin (AVP) (54) and
enkephalin (ENK) (55) (Figure 2B). Conversely, in the VL shell,
SCN neurons are not photosensitive (53), and they express
vasoactive intestinal peptide (VIP), gastrin-releasing peptide
(GRP), and calretinin (50, 56). Functionally, SCN neurons in the
VL core attain visual information relayed from the retina through
the retinohypothalamic tract. This relay occurs while SCN
neurons in the VL shell gather information from many nuclei,
including the hypothalamus and brainstem (56). Interestingly,
Pennartz et al. suggest that SCN neurons belong to two classes,
class I and class II, that each display spontaneous firing rates
(57). In this way, these neurons, which are regulated by calcium-
dependent potassium currents, are likely the pacemaker cells of
the SCN (58–61). Thus, the varying firing frequencies between
the two classes of SCN neurons may influence neuropeptide
release to entrain the circadian rhythm and regulate oscillations
in circadian-relevant genes.

Neurons within the SCN have expansive heterogeneity,
making it challenging for researchers to decipher how SCN
neurons structure the circadian rhythm in mammals. To study
the circadian rhythm and the neurons that control it, many
researchers have turned to flies. In Drosophila, specialized clock
neurons are enriched with core clock genes that cooperatively
drive circadian-dependent activity (62). Approximately 150 clock
neurons (63) have been found in the central brain of these
flies (Figure 2A). These neurons are categorized based on their
location: small VL neurons (s-LNvs) and large VL neurons
(l-LNvs), dorsal neurons (DN1, DN2, DN3), lateral posterior
neurons, and dorsal lateral neurons (LNds) (64). Although
Drosophila have fewer neurons than mammals, their circadian
clock neurons similarly express many different neuropeptides.
Importantly, only half of clock neurons express CRY, yet all clock
neurons are synchronized with the light–dark cycle.

To induce daily behavioral rhythms, each subgroup of clock
neurons has a specific role in the circadian clock network:
the neuronal activity of each subgroup fluctuates in a daily
rhythm, peaking at specific times of day and, collectively, their
synchronized activity shapes the circadian locomotor behavior.
In flies, certain subsets of neurons anticipate morning and
evening locomotor activity (65). The s-LNvs, in particular,
are the “master clock cells” that entrain the entire circadian
rhythm and are responsible for driving morning anticipation
in which flies increase their locomotor behavior activity before
sunrise. Similarly, the LNds and l-LNvs, and 5th PDF− s-
LNv (with CRY and not PDF) anticipate evening activity (66).
Interestingly, DN1s expressing CRY could also contribute to
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FIGURE 1 | Membrane potential dynamics. (A) Conceptual example of the quantification of membrane potential (Vm) dynamics representing the widely accepted

temporal structure of the action potential spike sequence obtained during electrophysiology recordings. These analyses include the mean frequency of spikes within a

given amount of time, regularity of spiking based on the probability distribution of the interspike interval, and autocorrelation function of spike trains over time to assess

patterned neural timescales, as well as relative timing between presynaptic spike and postsynaptic spike to generate LTP/LTD. Note that the conceptual example

focuses on the Vm of single cells and not a population of cells. (B) Conceptual example of hierarchical biophysical interactions between single channels and Vm state

change to generate the hysteresis effect in time. In the presence of “perfect deactivation of inactivation” of voltage-gated ion channels following spike generation,

availability of net ionic currents (Im) is increased, making set point shifting of Im–Vm relation (shown in blue). In this situation, there is no update of history in the next

spike generation event, and thus each spike generation event is independent. In the presence of “imperfect deactivation of inactivation,” availability of Im is decreased,

making set point shifting of Im–Vm relation (shown in magenta). Decreased availability of Im makes “updated history” in the next spike generation event, and thus, the

next spike generation event is significantly influenced by the previous event. These sequential chains shape hysteresis effect to generate the higher-order temporal

structure of spike trains. (C) Conceptual example of neural activity in the activity space. As the firing frequency of the two neurons changes, the neural activity moves

in this two-dimensional space. If we observe the activity of n neurons at the same time, the activity pattern can be described in an n-dimensional activity space.

this process (67). DN1s are an upstream target for s-LNvs and
LNds, and they modulate sleep–wake patterns (68) by signaling
through wake-promoting calcitonin gene-related peptide (a
homolog of diuretic hormone 31 in flies) (69) and sleep-
promoting glutamatergic connections to s-LNvs (70). Posterior
DN1s (DN1ps) are temperature-sensitive neurons that integrate
light intensity and temperature to drive evening anticipation
(71). Inhibition of these neurons does not affect the delay of
the siesta offset at warm temperatures or the decrease of night
sleep, implying that these neurons do not promote sleep at

warm temperatures (72). This suggests that, in addition to the
endogenous clock mechanisms, multimodal sensory inputs can
integrate and entrain the circadian rhythm [for DN1p review,
see (73)].

In flies, sleep has been behaviorally characterized as
consolidated immobility (74) [also reviewed in (75)]. After sleep
deprivation, flies exhibit homeostatic recovery of lost sleep (76).
Sleep homeostasis is facilitated by brain regions including the
mushroom body (MB) (77, 78), dorsal fan-shaped body (FB)
(79, 80), and ellipsoid body (EB) (81–83). These structures
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FIGURE 2 | Location of clock neurons in fly and mouse brains. Neurons that

express core clock proteins localize in specific regions of the cortex. (A) In

flies, ∼150 clock neurons can be generally categorized as dorsal neurons

(DNs) or lateral neurons (LNs). The right hemisphere contains clock neuron

populations, and the left hemisphere shows whether these neurons receive

retinal input and/or are intrinsically photosensitive due to CRY expression. (B)

In mammals, core clock neurons are found in the suprachiasmatic nucleus

(SCN). Neurons in the photosensitive SCN core primarily express the

neuropeptides vasoactive intestinal polypeptide (VIP) and gastrin-releasing

peptide (GRP), whereas neurons in the SCN shell express arginine vasopressin

(AVP) and enkephalin (ENK). M1 intrinsically photosensitive retinal ganglion

cells innervate VIP neurons to pass photic information that synchronizes the

clock. CRY, cryptochrome; l-LNv, large ventrolateral neuron; LNd, dorsal lateral

neuron; LPN, lateral posterior neuron; s-LNv, small ventrolateral neuron.

are controlled by clock neurons and by each other through a
variety of neurotransmitters (84). The MB comprises neuropil
structures with Kenyon cells that promote wakefulness and
sleep, depending on which lobes are affected (77). Serotonin
(85) and GABA signaling (86) can inhibit wake-promoting MB
neurons. On the other hand, MB output neurons can have a
wake-promoting effect by using glutamate (87).

The FB comprises sleep-promoting ExFl2 neurons (88, 89).
These neurons can be activated by clock neurons through
glutamatergic inputs originating from Allatostatin A-expressing
lateral posterior neurons (80). They can also be inhibited by clock
neurons to promote sleep through dopamine signaling (79, 90)
from the posterolateral cluster 1 and protocerebral posteromedial
3 neurons. To promote sleep, neurons in the FB integrate both
types of inputs to signal wake or sleep activity (89).

Concerning sleep–wake regulation, the EB has been
implicated to use a D1-like dopamine receptor (91). The
EB comprises ring neurons that receive visual information
from tubercular bulbar neurons in the anterior visual tract (92).
One type of ring neuron, ring layer 5 (R5) neurons (92), may
act as an integrator circuit for sleep homeostasis because of
their high sensitivity to sleep and persistent upregulation of
N-methyl-D-aspartate receptors (NMDARs) (81). R5 neurons
exhibit state changes in the form of burst firing, which correlates
with slow-wave oscillations (93), which synchronize the
overall neuronal activity in this brain region. In addition to
correlative activity, the R5 neuron network can use slow-wave
oscillations (93) to directly increase the internal sleep drive
through NMDARs (81).

The R5 neuron network also integrates information that
supports sleep homeostasis by indirectly signaling to ExF12
neurons (81). In response to sleep need, ExF12 neurons induce a
mechanism that augments calcium levels, upregulates NMDARs,
increases the size and amount of active zones, and amplifies
burst firing activity (81). These data support the idea that sleep
information can be integrated in the sleep centers of the insect
brain. Furthermore, these mechanistic networks may be highly
conserved in mammalian circuitry (94–97).

Clock output molecules have been linked to circadian
regulation of sleep through their interaction with neuronal
excitability of circadian clock neurons (Figure 3) [reviewed in
(98)]. Liu et al. (9) found that the circadian output molecule
wide awake (WAKE) responds to CLK oscillations, reducing
excitability in wake-promoting l-LNVs. This pathway upregulates
the GABAA receptor resistant to dieldrin (RDL). They also
found that the mammalian homolog of WAKE (9), mWAKE,
is expressed in both the SCN and dorsal medial hypothalamus
(99). These data support the notion that mWAKE is conserved in
driving wakefulness by modulating firing rates.

Conversely, the E3 ubiquitin ligase Fbxl4 downregulates
GABA sensitivity in l-LNvs. This downregulation is influenced
by RDL ubiquitination, as well as RDL degradation that occurs
during the night and peaks at dawn (10). Another study assessed
a homolog of the mammalian neuropeptide calcitonin gene-
related peptide found in flies (69). This homolog, diuretic
hormone 31, was secreted through PDF signaling, increasing
neuronal activity to anticipate the morning (68). Additionally,
the membrane excitability in DN1p neurons was modulated
during the day by the narrow abdomen ion channel, the
homolog of the sodium leak channel non-selective protein
(NALCN) found in mammals (11). Also, the microRNA mir-
92a, which depends on the core clock, was implicated to decrease
neuronal excitability in PDF+ cells during the night by inhibiting
sirt2 translation (100).
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FIGURE 3 | Mechanisms of clock output genes that regulate neuronal

excitability. In Drosophila, clock output genes modulate membrane potential

dynamics to regulate sleep states. During the day, the clock drives high NCA

localization factor 1 (NLF-1) activity. This activity, along with narrow abdomen

(NA)/sodium leak channel non-selective protein (NALCN) in the lumen of the

endoplasmic reticulum, enhances the activity of sodium leak channels and

reduces potassium leak conductance to increase action potential (AP) firing

rates, vice versa at night. During the night, microRNA-92a (miR-92a) regulates

neuronal excitability by inhibiting SIRT2, a NAD-dependent deacetylase of the

Sirtuin family and homolog of mammalian sir2/3. This inhibition drives a

decrease in calcium influx and depolarization sensitivity. At night, wide-awake

(WAKE) expression is upregulated and interacts with the GABAA channel

Resistance to dieldrin (RDL) to decrease spontaneous AP firing rates and

resting membrane potential hyperpolarization. The clock-dependent

upregulation of WAKE at night also promotes increased slow-poke binding

protein (SLOB) and NaKβ. This process then increases the KCa current and

Na/K ATPase activity, altering spike biophysical dynamics to promote regular

firing. When posterior DN1s fire regularly, pars intercerebralis (PI) neurons

reduce firing rates, increasing sleep quality. During the day, Fbxl4 is expressed

and readily degrades RDL, which increases spontaneous AP rates and burst

firing. Also, WAKE is minimally expressed, and clock neurons display irregular

firing rates that drive NMDAR-dependent synaptic plasticity in the synapses

between DN1p and PI neurons. This change in activity promotes and

increases the firing rate in PI neurons, decreasing sleep quality. Note that not

all described molecular mechanisms may function in all clock neurons. AHP,

afterhyperpolarization.

THE ROLES OF CRY IN FLIES AND OPSINS

IN MAMMALS

When the clock machinery inDrosophila is exposed to light, TIM
degradation is the initial response (101), which is mediated by
CRY (102). In light, the CRY–TIM complex is bound by JETLAG
(JET), which facilitates the ubiquitination and degradation of
TIM (103, 104). Once TIM is degraded, CRY binds to JET (105).
JET degrades CRY in the presence of light, and the affinity
balance between CRY/TIM depends on the two different TIM
isoforms, which CRY has stronger affinity to short isoform
of TIM (106). Therefore, as light periods progress, decreases
in CRY protein reset the molecular clock (107) and augment
PER and TIM expression (108, 109). Also, without light, the
ubiquitin ligase Cullin-3 regulates circadian control of TIM
oscillations (110).

In mammalian systems, light stimulates an electrical response,
typically in photoreceptors (111), such as rods and cones.
Intrinsically photosensitive retinal ganglion cells (ipRGCs) also
participate in photoreception (112, 113). These ipRGCs readily
express melanopsin, a blue light-sensitive photopigment encoded
by the Opn4 gene (114, 115). In mammalian models, the cell
bodies of ipRGCs reside mostly in the outer nuclear layer (ONL)
and 5–14% in the inner nuclear layer (INL) (116). A subset of
ipRGCs can also be found in the area of the retinal edge called
the ciliary marginal zone, inner plexiform layer (IPL) (116). Six
classes of ipRGCs (M1–M6) have been characterized (117, 118),
which are mainly dictated by where they stratify in the IPL and
the synaptic input from bipolar cells [reviewed in (119)]. For
example, M1 ipRGCs stratify in the outer sublamina of the IPL,
where they form excitatory synapses with bipolar cells that detect
light fluctuations; M2, M4, and M5 cells stratify solely in the
inner sublamina; and M3 and M6 cells are bistratified in both
layers (118, 120). Additionally, ipRGCs have distinct intrinsic
membrane properties (118, 121), light responses (120, 122), and
areas in the brain to which they send projections [reviewed in
(123, 124)].

All classes of ipRGCs express melanopsin, to some capacity,
and most express the Brn3b transcription factor. The only
exception is a subclass of M1 ipRGCs (125). These Brn3b-
negative neurons send projections to the SCN and the VL
geniculate nucleus and intergeniculate leaflet in the thalamus
(125, 126). Light processed by Brn3b-negative M1 ipRGCs in
the retina project to the SCN via the retinohypothalamic tract,
distinct from the canonical visual pathway, and synapse with
neurons expressing VIP to mediate light-dependent circadian
resetting (127, 128). Brn3b-negative M1 ipRGCs transduce light
information to clock cells in the SCN through glutamatergic (129,

130) and GABAergic signaling (131). They also generate receptor

potential through hyperpolarization-activated cyclic nucleotide–
gated (132) and transient receptor potential cation (133)
channels. These melanopsin-expressing ipRGCs are necessary for
light processing as mammals cannot respond to external light
conditions when melanopsin and rhodopsin in the retina are
ablated (134). This effect occurs because circadian activity relies
on light input information that the retinal ganglion cells receive
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and relay through the retinohypothalamic tract to reach the
SCN (135).

In Drosophila, CRY is expressed throughout the clock
network, in photoreceptors in the retina, and peripheral tissues
with clock activity (136). However, in mammals, CRY does
not have light sensitivity. Instead, it works as a transcriptional
regulator (5). In Drosophila, the function of CRY has been
extensively studied. CRY is expressed in the eyes (137), along
with six rhodopsins, and in various populations of clock neurons
(138), including s-LNvs, l-LNvs, half of LNds, and some DN1s
(Figure 2A). This localization allows CRY to integrate light
information by modulating the neuronal firing rate through
the redox sensor of the voltage-gated potassium-channel β-
subunit hyperkinetic, at least in l-LNvs in Drosophila (7, 8). In
addition, the light-induced electrical activity of certain clusters of
clock neurons is regulated by visual structures (139), suggesting
that both intrinsic and extrinsic light signals are processed in
clock neurons. These data also suggest an interplay between
CRY and rhodopsins, which could be observable in the specific
light spectrum of wavelengths (140). However, only when CRY
and photoreceptor cells (i.e., all six rhodopsins) are removed
do clock neurons exhibit circadian blindness (141) in which
light entrainment cannot be achieved. Flies express CRY in the
rhabdomeres of the photoreceptor cells, which enhances light
responses of the circadian clock (142, 143). Moreover, the role
of the seventh rhodopsin (Rh7) in sensitizing the CRY-dependent
circadian photoresponse has been recently suggested (144). These
findings indicate multiple degrees by which photopigments and
eyes cooperatively interpret light information.

Interestingly, CRY is expressed in the EB, in what seems
to be R5 neurons (137, 145). Because the activity of R5
neurons cycles, the light/clock-generated coding in these cells
may have a multilayered structure that influences the circadian
clock network and sleep-drive circuits. This theory is supported
by a recent paper showing how light-input controls night
sleep at the circuit level, independent of the clock (146).
Thus, light information could be an important state variable
in the relationship between circadian regulation of sleep and
sleep homeostasis.

SPIKE CODING IN THE DROSOPHILA

CIRCADIAN CLOCK

The rate of action potential firing and changes in neuronal
excitability have been observed in clock neurons in both
mammals and flies (147). In mammals, SCN neurons exhibit
spontaneous and signature firing patterns throughout the day,
remain silent at night, increase action potential production at
dawn, and maintain a steady firing pattern for the rest of the light
period (148, 149). Many changes in SCN neuronal activity can
be attributed to the intrinsic membrane currents of sodium and
potassium (147). Sodium currents lead to increased excitability
in the daytime, and potassium currents create a hyperpolarized
membrane potential at night (150–152).

In mammals, voltage-gated potassium channels mediate
changes in neuronal membrane dynamics in circadian clock

neurons (151, 152). Recently, the Drosophila model showed
that the interaction of CRY with voltage-gated potassium
channels mediated changes in neuronal membrane dynamics
(8). These channels help stabilize the membrane potential by
maintaining it closer to the potassium equilibrium potential. This
mechanism of stabilization occurs alongside terminating fast-
acting action potentials and by controlling the interspike interval
timing during recurrent neuronal firing (153). Stabilization
is also augmented by lowering the membrane’s sensitivity to
excitatory inputs. Prompted by excitatory inputs, voltage-gated
potassium channels undergo several inactivated conformational
states (154, 155).

In addition to the steady-state transitions of potassium-
channel kinetics, many researchers have proposed models for
the non-steady-state kinetic activation and inactivation (156–
158) of these voltage-gated potassium channels. They found that
there are varying kinetic substates where there are more specific
closed and inactivation states within these three simplified states.
A variety of substates of voltage-gated channels differentially
regulate membrane potential dynamics (159), and the proven
interaction between CRY and potassium channels is related to
beta-subunit (accessory) but not alpha-subunit (core) function
(8). Thus, the overarching role of CRY-mediated signaling may
be to modulate the timing of these state transitions, which
could be a state variable of membrane potential dynamics.
However, further studies are needed to support this speculation.
In addition, Agrawal et al. showed an interaction between CRY
and potassium channels in salivary glands (160). Although the
association between CRY and potassium channels was found
without the involvement of light, these data also support the
idea that the signaling complex between CRY and voltage-gated
potassium channels regulate membrane potential dynamics.

In response to upstream clock signaling, Drosophila show
daily modulations of neuronal electrophysiological properties
in clock neurons. Early work used local field potentials to
detect changes in electrophysiological activity during dynamic
sleep–wake states (161). Specifically, changes in potassium
channels (162–164), sodium channels (39), and othermodulatory
molecules (165) regulate membrane potential-related changes.
When exposed to light, flies use CRY signaling to increase
action potential firing in l-LNVS (7). In this process, CRY
binds to the Shaker voltage-gated potassium-channel β-subunit
channel subunit hyperkinetic (8), a protein implicated in
sleep-dependent memory. This binding induces flavin redox-
mediated regulation of potassium conductance (8). Additionally,
Quasimodo (166), a light-responsive factor, modulates the firing
rhythm of clock neurons via Shaw, a Kv3.1 potassium voltage-
gated channel, and a sodium-potassium-chloride (Na+ K+

Cl−) cotransporter. Because Quasimodo is involved in multiple
components, further studies need to elucidate the interactive
mechanism that modulates the membrane potential dynamics
of l-LNvs. Shal/Kv4, a voltage-gated potassium channel, was
sufficient to modulate sleep–wake transitions by suppressing
time-specific rates of neuronal firing (167). Fernandez-Chiappe
et al. performed a screen that identified hyperpolarization-
activated cation current (168). They showed that this current is
important for high-frequency bursting of l-LNvs (168). Apart
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from molecular modulation of electrophysiological activity in
neurons, slow-wave oscillations can confer increased sleep need
in flies, further implicating the importance of electrical activity
with behavioral states (93). These observations suggest that clock
neurons readily manipulate ion conductance by modulating
potassium activation–inactivation states to mediate changes in
neuronal excitability and behavioral states.

Due to the growing body of literature on circadian clock
neurons and changes in neuronal excitability, many new models
attempt to explain how circadian oscillations are maintained
in relation to changing excitability states. For example, output
molecules that interact with core clock genes may reveal
insights into the translation of clock information to behavior.
Early models proposed that circadian-mediated oscillations in
resting membrane potentials are driven by circadian cycles
(169–171). Flourakis et al. found that membrane potential,
regulated by sodium and potassium currents, is mediated
by the circadian clock in Drosophila (11). Drosophila DN1p
membrane potentials create rhythms throughout the day, as
well as sodium and potassium conductance rhythms, indicating
that resting membrane potentials may be mediated by circadian
control. NALCN ion channels facilitate these rhythms in
membrane conductance through the oscillatory expression of
its localization ER protein Nlf-1 (11). Based on these data,
Flourakis et al. propose a “bicycle” model in which two cycles
of conductances work in opposed temporal phases. In the
morning/day, potassium currents decrease, leading to increased
sodium leak facilitated by NA/NALCN and more depolarized
membrane potential in DN1p neurons that increases “resting”
sodium conductance (172) and their firing rates. The opposite
occurs in the evening/night period. This study supports a link
between the circadian rhythm andmembrane excitability in clock
neurons, suggesting that the clock drives molecular rhythms and
also physiological changes that maintain robust daily cycles.

Much of the literature deciphers the possible mechanisms
through which the circadian clock can modulate neuronal
membrane potential. However, fly researchers have started to
study clock neurons and their changing excitability as they
relate to sleep structure. Recently, Tabuchi et al. (12) questioned
whether temporal codes (the timing and pattern of neuronal
firing) can induce changes in neuronal firing rates or other related
physiological behaviors. This study expanded previous work
showing that sensory stimuli can induce temporal codes in target
neurons (19). Tabuchi et al. found that DN1p neurons exhibited
circadian-dependent spiking patterns with distinct characteristics
based on daytime and nighttime settings (12). Specifically, in
DN1p neurons, the daytime temporal code consisted of an
irregular spike train with a second-order temporal structure,
whereas the nighttime temporal code had a more regular
pattern. The second-order temporal structure was defined by
the probabilistic density of adjacent pairs of interspike intervals.
They also found that these temporal spike patterns are generated
by WAKE.

Oscillations in WAKE expression mediate the sleep quality
by interacting with the calcium-dependent potassium channel
(KCa) and a novel sodium/potassium ATPase β subunit,
which are upregulated at night under clock and WAKE
control. Upregulation of KCa activity leads to a deeper after

hyperpolarization of DN1p spikes, which slows firing during
periods of increased input. Conversely, sodium/potassium
ATPase activity accelerates spike onset, which maintains
spiking during periods of reduced input. The combination
of increased KCa and sodium/potassium ATPase activity
promotes spike morphologies with faster onset and deeper
afterhyperpolarization, which leads to regular firing and greater
sleep quality at night (Figure 3).

Tabuchi et al. also demonstrated a causal role for temporal
coding in sleep behavior. They found that circadian-dependent
changes in the spiking pattern of DN1p clock neurons encodes
arousal and regulates sleep (12). However, we still do not
know how DN1p clock neurons transmit the spiking pattern
information to downstream neurons. DN1p clock neurons
directly project to an arousal circuit in the pars intercerebralis
(PI) to regulate sleep/wake behavior (173, 174). Tabuchi et al.
examined how a cyclic spiking pattern in DN1p neurons affects
downstream signaling. They discovered that only the irregular
DN1p firing pattern increased the downstream PI neuron
firing rate. This transmission of DN1p temporal codes to PI
neuron rate codes was mediated by a novel form of synaptic
plasticity driven solely by the temporal pattern of neural spiking.
These observations implicate that temporal spike patterns may
modulate behaviors, such as sleep, and induce synaptic plasticity
in downstream targets (Figure 3).

These studies further our knowledge about how neurons
can modulate output behaviors through changes in physiology.
The circadian clock may modulate behavior through multiple
mechanisms in which clock-dependent molecules influence
membrane excitability and temporal spike codes.More circadian-
driven behaviors could be modulated through temporal spiking
patterns because clock neurons may use multiple distinct codes.
However, further studies are needed to closely assess how
environmental light can modulate membrane excitability and
temporal spike codes.

CRY BRIDGES LIGHT INPUT AND SPIKE

PATTERN

CRY is located in PDF+ l-LNvs and s-LNvs, as well as LNds

and DN1s (6, 138, 175), where the photoreceptor responds to
light pulses by restarting the circadian oscillation of PER and
TIM levels. This effect occurs through CRY binding to TIM
(176, 177), although it has been reported that TIM degradation
for phase delays (which CRY is required) within s-LNvs is
neither necessary nor sufficient (178), suggesting a multiplex
regulatory system. CRY also influences the rate of action potential
firing (7). CRY can modulate membrane depolarization and the
action potential firing rate by interacting with and using the
Kvß redox sensor hyperkinetic (8). Wang et al. found evidence
that mammalian systems have a non-transcriptional pathway for
redox modulation under circadian control (179). They found
that K+ conductance oscillates in SCN neurons, suggesting that
neuronal activity can be controlled by protein redox states (179).

As described above (see section The Neural Network that
Regulates the Circadian Clock), distinct populations of clock
neurons drive the circadian rhythm at different times of day.
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As evening descends, the driving force of activity becomes the
responsibility of LNds in the presence of light, illustrating the
rearrangement of neuronal circuits according to the photoperiod
(180). Thus, CRY-mediated signaling may control spike temporal
coding to signal changes in behavior.Moreover, depending on the
zeitgeber time, changes occur in global circuit switching (181),
structural plasticity (182), and temporal spike coding in DN1p
neurons (12). This drives neuronal patterning to arrhythmicity
and PI neurons to activate through NMDAR-mediated synaptic
plasticity, ultimately reducing sleep quality (12). Understanding
the heterogeneous nature of DN1p could reveal the significance
of differences between molecular signatures and activity.

PROPER MEMORY CONSOLIDATION

REQUIRES A FUNCTIONAL CLOCK

The circadian clock may have strong implications in proper
memory consolidation. In humans, chronic disruption in the
circadian clock has been linked tomild cognitive impairment and
even dementia and Alzheimer’s disease (183, 184). The search
for mechanisms that regulate memory consolidation affected
by circadian desynchronization has been challenging in rodent
models. Whether clock genes (CRY1 and 2) are genetically
knocked out or the SCN is surgically ablated, rodent models
seem to have no drastic changes in memory (185). This challenge
could mean that for adult-onset memory phenotypes to occur in
dysrhythmic animals, the SCN neural network must be intact,
both genetically and physically. This theory has been supported
by a study in Siberian hamsters. Indeed, Fernandez et al. found
that the SCN circuitry must be preserved for an arrhythmic SCN
to have deleterious effects on memory (186). They hypothesized
that in arrhythmic SCN hamsters, daily GABA signaling from
the SCN is disrupted and downstream target memory centers
are inhibited (187). This mechanism could also mediate a
clock-driven suppression of synaptic plasticity to prime learning
centers for continued learning.

The hippocampus has long been implicated in long-term
memory (LTM) and may modulate LTM through sleep. Recently,
researchers proposed that sharp wave-ripples are important
for the consolidation process of LTM that contributes to
deficits in emotional memory (188), sequential memory (189),
spatial memory (190–192), and synaptic plasticity (193, 194).
Interestingly, sleep/wake states can further complicate the
consolidation process by modulating sharp wave-ripples through
hippocampal pathways (188, 194). These observations suggest
that sleep may act upstream of important memory circuits
and mechanisms in the hippocampus. Other studies used
arrhythmic models to decipher how the circadian clock can
further facilitate LTM. They found that the circadian clock
modulates synaptic plasticity (195) and spatial memory (187).
In addition, the role of astrocytes has recently been suggested.
Brancaccio et al. demonstrated that NMDAR expressed in the
dorsal SCN is responsible for neuron–astrocyte interactions to
suppress SCN neurons during nighttime, suggesting astrocytes
control extracellular glutamate circadian cycles to regulate the
synchronization of the SCN neural network (196). McCauley
et al. (197) also found that astrocytes specific to CA1

hippocampal pyramidal neurons oscillate near these neurons.
These astrocytes also cycle NMDAR expression. Ultimately, these
changes in receptor expression modify synaptic plasticity to
mediate oscillations in hippocampal-dependent learning and
implicate an astroglial cell type in modulating circadian-driven
changes in behavior. A role of functional connections between
astrocytes and l-LNv circadian clock neurons in modulating sleep
drive EB in Drosophila also supports plastic mechanisms shaped
by astrocytes and clock neurons (198).

In Drosophila, specific regions of the brain regulate learning
and memory pathways. For example, MBs are located in
the protocerebrum of the brain, where they are organized
into five lobes that process olfactory learning and memory.
Furthermore, MBs may also participate in the interplay between
sleep regulation andmemory centers (87). Due to the downscaled
circuitry of the fly brain, a single pair of neurons that function
as inputs to MBs, the dorsal paired medial neurons (DPMs),
regulate the consolidation of odor memories. DPMs have a dual
role in memory consolidation and GABAergic sleep promotion.
Specifically, DPMsmay inhibit mushroom bodies throughGABA
and 5-HT signaling to promote memory consolidation and
increased sleep (86). Dorsal fan-shaped body neurons (dFBs)
also exhibit dual roles in sleep and memory consolidation. In
LTM formation, this form of memory consolidation would not
occur without thermogenically activated dFB neurons and a
courtship training paradigm. Thus, increasing sleep through
DPMs and dFBs may simultaneously enhance the power of
memory consolidation neurons (199).

Additionally, LTM is also controlled by clock genes,
most notably PER. In Drosophila, the cAMP–MAPK–CREB
pathway may be crucial to memory formation (200). CREB
regulates PER expression by binding to an upstream domain,
and PER null mutants cannot form LTM after courtship
conditioning, indicating that in this context, PER is also
crucial in LTM formation (201). In mammals, a similar
mechanism may occur. Indeed, sleep deprivation decreases
cAMP activity in the hippocampus of mammals, reducing
memory consolidation (202). Overall, these studies in mammals
and flies strongly suggest that there is a relationship between
memory consolidation and circadian rhythms, a relationship that
should be further explored.

LIGHT PLAYS A CRITICAL ROLE IN

MAINTAINING LTM VIA CIRCADIAN

CLOCK SIGNALING

To understand if sleep is necessary for memory consolidation,
many studies have relied onmethods involving sleep deprivation,
as well as changes in proteome levels, stress levels, and
neural activities. Alternatively, researchers have disrupted sleep
continuity in a stress-free manner by optogenetically activating
hypocretin (also known as orexin) neurons in mice (203). This
approach revealed that only a minimal amount of continuous
sleep is needed to properly consolidate memories.

Light, or the absence of light, could also maintain robust
LTM. In human studies, certain light exposure can affect
cortical areas that are important for cognition. For example,
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differing wavelengths of light affected memory and attention
(204–206). In rodent models, varying degrees of light exposure
modulate tone-cued and contextual fear conditioning (207,
208). Light exposure was also found to modulate long-term
potentiation through ipRGCmechanisms, which has been linked
to modulating memory consolidation (209). Although these
studies link light and cognitive processing, the tasks evaluated in
these studies vary according to the type of memory processing.
Also, we still do not know the molecular mechanisms that
contribute to the connection between light photoreceptors and
memory structures.

Recently, environmental light was implicated as necessary for
maintaining LTM through PDF+ l-LNvs. Inami et al. used a
memory paradigm involving courtship conditioning to assess
how consolidatedmemory is maintained and how environmental
light participates in this process (13). In this study, they
entrained flies to the paradigm and then placed them in either
constant darkness or constant light. They found that flies in
constant darkness exhibited impaired LTM, whereas flies in
constant light had intact LTM (13). They also found that in flies
exposed to constant darkness, LTM was rescued by activation
of PDF+ neurons. Moreover, in a recent paper, Flyer-Adams
et al. showed that PDF is important for regulating olfactory
associative memory inDrosophila (14). This finding suggests that
light/clock-generated information in LTM that is mediated by
l-LNvs could be associated with cognitive performance.

CONCLUSIONS

The circadian clock controls both molecular and behavioral
rhythms that are needed for many organisms to survive. In this
review, we propose that the balance of light (mediated by CRY
in Drosophila and melanopsin in mammals) and core clock
signaling regulate membrane potential dynamics to modulate
synaptic plasticity that depends on neural coding, as well as
circuitry, memory, and sleep architecture. Moreover, recent work
in Drosophila and rodent models uncovered molecular pathways
that underlie these changes. In addition, the non-circadian roles
for light input and possible implications for brief light treatment
therapy have been explored. However, we do not yet have a
clear understanding of whether and how CRY can interact
with these downstream clock effectors. Finding molecular links
between these two mechanisms could reveal other pathways
that are restricted to clock neurons and can facilitate circadian-
dependent behavior. Future studies are needed to understand
the mechanism through which CRY integrates light signals
throughout the circadian clock. Importantly, mammalian CRY
does not have photosensitivity, which is different from CRY
found in Drosophila. However, in mammals, the light input
system shifts the rhythm via melanopsin-positive ganglion
cells in the retina, resulting in sleep–wake effects. Further
investigation will help elucidate if the principles of the role
of Light/Clock-generated neural coding can be said to be
fundamentally conserved between Drosophila and mammals.

At the molecular level, computation in the brain starts with
proteins, such as voltage-gated ion channels and receptors that

can change their structural and functional state in response
to environmental changes, such as light. These molecular
mechanisms have been adapted into increasingly more complex
computational frameworks. In synapses and neurons, local
membrane potentials shaped by ion channels and receptors
are temporally and spatially integrated. Furthermore, individual
neurons are interconnected into networks and circuits, and the
circuits are assembled into a brain capable of abstract thought.
Not surprisingly, electronic computing has mirrored the same
pattern in the engineering world, starting from transistors and
integrated circuits to microprocessors and computers. When
combined with voltage-gated sodium channels, voltage-gated
potassium channels have a crucial function in generating action
potentials at the molecular level. To generate action potentials
with a specific shape and firing pattern, a neuron needs these
voltage-gated ionic channels in appropriate subcellular locations.

How light-induced signaling impacts voltage-gated channels
to regulate membrane potential dynamics is unclear. In this
review, we propose that a decreased cooperativity of the voltage-
gated potassium channel state change timing is vital to generating
the higher-order temporal structure of membrane potential
dynamics. Mathematically, this state change can be defined
as an integrator/differentiator that converts the sum of input
signals into an output signal over time, while the output decays
steadily. This light-induced state change (mediated by CRY in
Drosophila and melanopsin in mammals) could be a mechanism
that functionally makes some voltage-gated channels unable to
simultaneously participate in generating membrane potential
dynamics. Therefore, such a decreased cooperativity of these
channels must enhance the hysteresis effect and, thus, may lead
to the higher-order temporal structure of membrane potential
dynamics. Light signaling adds a powerful mechanism for sensing
light and controlling the history-dependency of membrane
potentials, which is critical for generating specific patterns of
spike trains.

As we elucidate clearer connections between light, the
circadian clock, and clock-driven behaviors, we can make
meaningful efforts to use pharmaceuticals or simply light as a
form of treatment against circadian pathologies.
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Suppression of Circadian Timing and
Its Impact on the Hippocampus
Norman F. Ruby*

Biology Department, Stanford University, Stanford, CA, United States

In this article, I describe the development of the disruptive phase shift (DPS) protocol
and its utility for studying how circadian dysfunction impacts memory processing in the
hippocampus. The suprachiasmatic nucleus (SCN) of the Siberian hamster is a labile
circadian pacemaker that is easily rendered arrhythmic (ARR) by a simple manipulation of
ambient lighting. The DPS protocol uses room lighting to administer a phase-advancing
signal followed by a phase-delaying signal within one circadian cycle to suppress clock
gene rhythms in the SCN. The main advantage of this model for inducing arrhythmia
is that the DPS protocol is non-invasive; circadian rhythms are eliminated while leaving
the animals neurologically and genetically intact. In the area of learning and memory,
DPS arrhythmia produces much different results than arrhythmia by surgical ablation
of the SCN. As I show, SCN ablation has little to no effect on memory. By contrast,
DPS hamsters have an intact, but arrhythmic, SCN which produces severe deficits
in memory tasks that are accompanied by fragmentation of electroencephalographic
theta oscillations, increased synaptic inhibition in hippocampal circuits, and diminished
responsiveness to cholinergic signaling in the dentate gyrus of the hippocampus. The
studies reviewed here show that DPS hamsters are a promising model for translational
studies of adult onset circadian dysfunction in humans.

Keywords: Siberian, hamster, theta, acetylcholine, dentate gyrus, memory

INTRODUCTION

The formal properties of the circadian system of Siberian hamsters (a.k.a., Djungarian hamsters;
Phodopus sungorus) have been thoroughly characterized over the last 50 years, mainly as a model
species for studies of melatonin signaling of daylength (Bartness et al., 1993). Over those years,
the circadian system of these hamsters has been evaluated for its responses to photic signals in a
range of photoperiod studies, entrainment paradigms, and phase responses, all of which showed
that circadian responses in this species are similar to those observed in other nocturnal rodents.
And yet, when these animals are challenged by a photic phase-advancing stimulus, followed
by a photic phase-delaying stimulus less than 24 h later, the opposing light signals completely
eliminate circadian timing in the molecular clock in the suprachiasmatic nucleus (SCN) within
just a few days.

The unique vulnerability to rhythm disruption in an otherwise typical circadian system suggests
that there is a great deal more to learn about photic effects on circadian timing, but it also
presents an opportunity to study the adverse impact of circadian disruption in a new way. Animal
models of circadian arrhythmia have been limited in their relevance to human circadian disruption
because they involve surgical ablation of the SCN or genomic modifications that are obviously
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not present in humans, and because they have confounding
effects on sleep and stress. By contrast, the circadian-arrhythmic
(ARR) hamster lacks these confounds (cf., Larkin et al., 2004),
thus allowing us to better model how a malfunctioning SCN
affects the progression of human illnesses. The circadian-ARR
hamster model has revealed how the loss of circadian timing
impairs different types of memory (Fernandez et al., 2014; Müller
et al., 2015), immune responses (Prendergast et al., 2013), and has
furthered our understanding of sleep homeostasis (Larkin et al.,
2004) and ultradian rhythm generation (Prendergast et al., 2012).
This article presents the development of the disruptive phase shift
(DPS) protocol, and shows how it is useful for modeling circadian
influences on hippocampal memory processing, an issue that has
become important recently in elderly populations (Tranah et al.,
2011; Covell et al., 2012; Coogan et al., 2013).

DEVELOPMENT OF THE DPS MODEL:
CHANCE FAVORS THE DISTRACTED
MIND

I’d like to say that I developed the DPS model through a
combination of deep thinking and meticulous deployment of
circadian principles, but in truth, it was an accident. An
undergraduate who worked in my laboratory prepared animals
for a study, but had to abandon the project to attend to a
family matter. After a few weeks, I delayed the light-dark (LD)
cycle in the animal room by 5 h so that the lights would come
on at the more user-friendly time of 0700 h instead 0200 h
(Figure 1A). Being preoccupied with other more pressing studies,
the project languished. When I plotted the actograms a few weeks
later, I found that 10 animals were free-running through the LD
cycle at periods ranging from 24.3–26.3 h (Ruby et al., 1996).
One hamster became completely ARR immediately, while the
remaining animal reentrained to the LD cycle (Ruby et al., 1996).
If not for that last animal, I would have thrown the data in the
trash and started over. But of course, if one animal reentrained,
then the lights must be working properly, otherwise, to what
zeitgeber was it entrained? Just in case, I went into the lab one
morning to watch the lights come on at 7 AM, checked them
every hour throughout the day, and waited 16 h to watch them
shut off at 11 PM. The lights were fine. Moreover, there were no
signs of relative coordination to suggest any photic modulation
of the pacemaker.

To get some perspective on these observations, I sent the
data to Ben Rusak and Jeff Elliott, to whom I am indebted
for their thoughtful insights and encouragement. In addition,
Jeff generously shared some of his unpublished data with me
that shed light on the hamster entrainment problem. In a past
study, Jeff entrained golden hamsters to T-cycles of 23 h (0.25 h
of light: 22.75 h of dark). Most animals shortened their active
phases (i.e., alpha, α) to <4 h (i.e., α compression), at which
point entrainment was lost as the animals free-ran through the
T-cycle. When Jeff subsequently transferred the animals into
constant darkness (DD) and administered light pulses across
their circadian cycles, he found that they had a flat phase
response curve (PRC; Elliott, presented at the International

Chronobiology Conference, 1999). Some animals, however, did
not exhibit α compression or flat PRCs and thus remained
entrained to the T-cycle.

In the Siberian hamsters, I had also observed that α

compression preceded the free run through the LD cycle which,
based on Jeff ’s work, suggested that the pacemaker was no
longer responding to light (Ruby et al., 1996). To test for this,
I decided against generating a PRC in the free-runners because
their rhythms were a little too messy, so it would be easy for
small phase shifts to go undetected. Instead, we put the animals
in DD for 24 h, and then administered a light pulse (30 min)
early in their active phase and probed the SCN for c-fos and per1
mRNA induction because light pulses rapidly induce expression
of these genes (Barakat et al., 2004). In contrast to the control
animals, we found absolutely no mRNA induction in the SCN
of the free-runners (Figure 1B). We placed groups of hamsters
in several weeks of DD or constant light (LL), but neither
condition had any effect on the period or phase of their rhythms
(Figures 1D2,D3). We also checked for photic mRNA induction
in a group of ARR animals, assuming we would find the same
result as with the free-runners, but, as it turned out, the SCN of
ARR hamsters was still responsive to light (Figure 1B; Barakat
et al., 2005). Given that the SCN of ARR hamsters was sensitive
to light, it is puzzling that light did not restore rhythms to these
animals. As will be discussed later, it also suggested that the
underlying mechanism of arrhythmia is different between LL and
DPS-induced arrhythmia.

As most students of circadian rhythms know, light in the
middle of the night can suppress the amplitude of the pacemaker
(Jewett et al., 1991; Honma and Honma, 1999; Leloup and
Goldbeter, 2001; Huang et al., 2006). If the light intensity and
timing are just right, the light pulse sends the pacemaker into
a state of arrhythmia (i.e., singularity). I house my hamsters
in 16 h of light and 8 h of dark, thus, on the first day of a
5-h delay of the LD cycle, light extends through the middle of
the night (Figure 1A), so I decided to test the idea that light
exposure in the middle of the night could break entrainment
(Figure 1A). My results matched Jeff ’s; animals that compressed
α in response to the 5-h delay of the LD cycle lost entrainment,
while animals that maintained an uncompressed α successfully
reentrained (Ruby et al., 2004). By contrast to a 5-h delay,
all hamsters easily reentrained to a 3-h delay of the LD cycle
because, presumably, light did not impinge on the middle of
the night (Figure 1A). To test that idea, hamsters were pre-
treated with 2-h of light in the middle of the night, and then,
on the next day, the LD cycle was delayed by 3 h to see if
the light pulse would impair reentrainment (Figure 1A). As
controls, I ran two additional groups that were given the 2-
h light pulse early or late at night (Figure 1A). As it turned
out, I was wrong. The light pulse late at night had the greatest
impact on reentrainment—none of those animals reentrained.
By contrast, all animals reentrained if they got the light pulse
early at night, and 58% of animals reentrained if they got the
light pulse in the middle of the night (Figure 1C, left panel).
The percent of animals that reentrained also correlated with
the extent of their α compression (Figure 1C, right panel).
And just as Jeff found, when α was compressed to <4 h as in
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FIGURE 1 | Continued
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FIGURE 1 | Development of the DPS protocol. (A) Light-dark (LD) cycles given by white and black rectangles, respectively. A phase advance or delay of the LD
cycle is indicated by a plus (+) or min (–) sign, respectively, followed by phase shift duration in hours; L or D to indicate whether the shift was accomplished via a
change in the light or dark phase, respectively (Aschoff et al., 1975). For example, a 5-h phase delay made by extending the light phase is indicated by –5L. ZT
(zeitgeber time), ZT0 = baseline (BL) time of lights-on. (B) Coronal brain sections of mRNA hybridization for c-fos and per1 from hamsters that were entrained (ENT),
free ran in the LD cycle (FR), or were circadian-arrhythmic (ARR). (C) The percent of animals that reentrained (left panel) and the duration of their active phases (α,
right panel) after given a 2-h light pulse given early (E), middle (M), or late (L) in the night, and followed by a -3L shift on the following day. (D) Representative
actograms with consecutive days double plotted from top to bottom of hamsters that reentrained (D1) or free-ran after -5L (D2,D3); arrows indicate day of -5L, gray
shading indicates nighttime to visualize phase shift. (E) Representative actograms of animals that became arrhythmic after the DPS protocol (E1–E3, indicated by
arrows). (F) Mean mRNA values of clock genes (per1, per2, bmal1, and cry1) quantified by RT-PCR from the SCN of ENT (red) and ARR (green) hamsters. Error bars
removed for clarity. ZT0 = light onset in 16:8 LD cycle. Figures modified from Ruby et al., 1996, 1998, 2004, Barakat et al. (2004, 2005) and Grone et al. (2011).

our “late” group, none of the animals reentrained (Figure 1C).
Of those animals, ∼30% free-ran and ∼70% became ARR (see
Figures 1D,E for examples).

A similar finding was reported by Steinlechner et al. (2002)
using a comparable method, but in their protocol, hamsters were
given a 15-min light pulse late at night, and then another light
pulse early on the following night. The combination of advancing,
then delaying, signals caused a rapid compression of α followed
by arrhythmia in body temperature, locomotor activity, and
melatonin secretion. Since these studies were published, a similar
relationship between α compression and entrainment was found
in an experiment on selective breeding in Siberian hamsters.
Animals with a significant delay in their time of their nightly
activity onset were bred to increase this phenotype in a laboratory
population (Weinert and Schöttner, 2007). The most common
phenotype exhibited a spontaneous gradual compression of α

over a period of several weeks (Weinert and Schöttner, 2007).
A number of animals compressed α down to <3 h. At that
point, some animals began to free run with periods close to 25 h,
whereas other hamsters became ARR.

To summarize, severe α compression precedes both loss of
entrainment and arrhythmia. In Siberian hamsters, the key to
arrhythmia is about maximizing alpha compression, and the most
severe alpha compression results from the combined effects of a
phase-advancing and a phase-delaying signal occurring (in that
order) within a single circadian cycle. Furthermore, housing free-
running or ARR hamsters in DD does not restore entrainment
(Figure 1D3; Steinlechner et al., 2002; Barakat et al., 2004). The
combination of a 2-h light pulse late at night, followed by a 3-h
delay of the LD cycle on the next day, termed the DPS protocol by
Prendergast et al. (2012), reliably induces arrhythmia in 40–65%
of hamsters in any given cohort.

WHY ARRHYTHMIA? WHY THIS
SPECIES?

Steinlechner et al. (2002) explain the progression from alpha
compression to arrhythmia in the central pacemaker in the
context of the two-oscillator model originally described by
Pittendrigh and Daan (1976) and also used by Elliott and
Tamarkin (1994) to describe circadian control of wheel-running
and melatonin secretion in Syrian hamsters. In nocturnal rodents,
α is determined by the phase-angle difference (ψEM) between the
evening (E) and morning (M) oscillators which control activity
onset and offset, respectively, in a multioscillator pacemaker.

The key to the model is the coupling strength between these
oscillators. Tight coupling means that an advancing or delaying
light signal phase-shifts both E and M in unison, without any
changes in ψEM (Pittendrigh and Daan, 1976). Loose coupling
allows for changes in ψEM and in α because E and M can phase
shift independently of one another. Photic signals compress α by
delaying E and/or by advancing M, which then decreases ψEM.
Steinlechner et al. (2002) suggest that arrhythmia arises when
ψEM is driven to zero. In that condition, the pacemaker can be
considered to be in a state of singularity with zero amplitude.

We found evidence for the amplitude suppression hypothesis
by quantifying clock gene expression in the SCN of DPS hamsters
(Grone et al., 2011). DPS animals lacked daily rhythms in
expression of per1, per2, bmal1, and cry1 mRNA (Figure 1F).
Moreover, the mRNA levels of those genes were suppressed
to a basal level of expression. This is an important point
because if SCN neurons were oscillating, but desynchronized
from one another, mRNA levels in DPS hamsters would be
expressed well above basal levels. In mice made ARR by
LL, neuronal desynchrony in the SCN was reported using
Per1:GFP fluorescence to monitor individual cells (Ohta et al.,
2005). In those animals, individual SCN neurons continued
to oscillate at circadian periodicities, but phase synchrony was
widely dispersed in the neuronal population, resulting in ARR
locomotor activity patterns. Taken together, the underlying
mechanisms of arrhythmia caused by LL versus the DPS protocol
appear to be quite different. If ARR hamsters truly are an instance
of amplitude suppression, then it suggests that the clock in
each SCN neuron stopped oscillating, which is an idea that was
unheard of not that long ago.

I have been asked many times if the DPS protocol could be
adapted for mice. I am doubtful that it can, mainly because most
mice have such small phase advance zones, if any at all. Worse,
one would need to compress α by putting mice into a photoperiod
with nights much shorter than 12 h, which would make the
phase advance zone even smaller (i.e., reduce PRC amplitude; cf.,
Elliott, 1976). And even if one could figure out how to make the
advance zone larger, oscillator coupling in the SCN would have to
be loosened up, although there might be practical ways to do so
(Herzog et al., 2017). I also would not suggest using LL because
it is stressful and not reliable. I once housed a group of C57BL/6
mice in LL under 1,000 lux of light and all of them free ran for
6 months without any signs of arrhythmia. Having said all this,
producing arrhythmia in a rodent is not impossible (Honma and
Honma, 1999), but keeping them ARR for months while housed
under a standard LD cycle might be.
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For the sake of posterity, I would like to point out that Stephan
Steinlechner and myself both discovered the phenomenon of
using advancing and delaying light signals to induce long-
term arrhythmia independently and without knowledge of the
other’s work. At a meeting of the Society for Research on
Biological Rhythms (1998) where I presented some of these
research findings, Franziska Wollnik informed me that Stephan
Steinlechner had already been making Djungarian hamsters ARR
for years, which was news to me. I was never able to confirm this
with him, but I assume that Franziska was right.

It is difficult to explain all of these data according to current
theories of entrainment, and harder yet to provide a unifying
physiological mechanism that ties all the data together, but
there is a related question we should consider. If circadian
rhythms and their entrainment to light are so adaptive, then
why is entrainment, and the pacemaker itself, so vulnerable
to light, particularly in a seasonal species that depends on
proper entrainment to changing daylengths for its survival? I
suspect that what we are seeing in the laboratory is a window
into some adaptation, one that promotes survival in animals
from harsh environments. During the breeding season, nights
become very short at the high northern latitudes from where
Siberian hamsters originate. Females of this species experience
high energetic demands as they can be pregnant and nursing a
litter of pups simultaneously. Short nights limit foraging time,
so in periods of food scarcity, it might be beneficial to forgo
strict nocturnality and risk predation to forage during the day.
In this situation, a labile circadian pacemaker would be adaptive
to permit daytime activity. In Siberian hamsters, reducing food
intake weakens circadian timing in body temperature and activity
as the animals redistribute their activity into the daylight hours
(Ruby and Zucker, 1992; Challet et al., 2000). By contrast, the
same reduction in food intake in Syrian (golden) hamsters does
not (Challet et al., 2000). Rather, that species, which originates
from a more temperate climate, maintains strict nocturnality, but
compensates for food shortages by reducing daily amounts of
locomotor activity. This speculation raises a worthwhile issue: if
a weakened circadian system is needed to permit foraging into
the daytime hours, then impairments in circadian timing should
have no effect on spatial memory or on hippocampal function
which are required to form a cognitive map of food sources. But,
as we shall see, the relationship between circadian rhythms and
the hippocampus is not so simple.

SCN LESIONS IMPROVE AND IMPAIR
MEMORY, OR NEITHER

Research on circadian rhythms and memory goes back nearly
50 years, all of which has been well summarized in a pair
of excellent reviews (Smarr et al., 2014; Krishnan and Lyons,
2015), so there is no need to summarize that work here.
As those reviews show, the majority of work performed with
rodents employed memory tasks that critically depend on
the hippocampus. In general, those studies found that task
performance varies across the day and night, and perturbations
to circadian timing, like simulated chronic jet-lag, impair task

performance. These findings led to the idea that the circadian
system exerts some degree of control over information processing
in the hippocampus. To directly test this hypothesis, several
studies have evaluated memory performance in animals in which
the SCN had been surgically ablated (SCNx). But as I will
argue, the bulk of the data show that SCN ablation does not
impair memory. In fact, some studies show that SCN ablation
improved memory.

A summary of memory tasks performed with SCNx animals
reveals some trends across studies (Table 1). First, in 11 of 14
memory tests from 11 publications, the authors reported no
memory impairments in SCNx animals. Second, three of these
studies can easily be interpreted to show that SCN ablation
improved memory (Figure 2). In the study by Mistlberger et al.
(1996), rats were trained to use time of day as the discrimination
cue for obtaining food by pressing a lever from two food
dispensers, one in the morning and one in the afternoon.
The data over the first ten training sessions shows that SCNx
animals acquired the time-of-day memory faster than SCN-intact
animals (Figure 2A). In a passive-avoidance test by Stephan and
Kovacevic (1978), memory recall was optimal 24 h after training,
but poor at other non-circadian intervals. SCN lesions eliminated
this time-of-day effect by improving performance at those non-
circadian times (Figure 2B). In a time-memory task where rats
were trained to respond to a sound after a fixed time interval,
SCNx animals acquired the conditioned reflex significantly faster
than SCN-intact animals (Figure 2C; Vodolazhskaya et al., 2001).

TABLE 1 | Memory tests performed in SCNx animals.

Memory
task

Model Recovery
time (days)

Reported
memory

Impairment?

References

NOR B6/C3H mouse >21 No Chuluun et al., 2020

NOR Siberian hamster >28 No Fernandez et al., 2014

SA Siberian hamster >28 No Fernandez et al., 2014

PA Golden hamster >21 No Cain et al., 2012

CPA Golden hamster >21 No Cain and Ralph, 2009

MWM C57BL/6 mouse 14 No Phan et al., 2011

cTPL C57BL6/J mouse >17 No Mulder et al., 2014

TMh Wistar rat >21 No Maruyama et al., 2007

PA Sprague-Dawley
rat

7–9 No Stephan and
Kovacevic, 1978

TDF Wistar rat ? No Mistlberger et al., 1996

CR Mongrel white rat ? No Vodolazhskaya et al.,
2001

NOR C57BL/6 mouse 14 Yes* Phan et al., 2011

CFC C57BL/6 mouse 14 Yes* Phan et al., 2011

NOR C57BL/6 mouse >14 Yes* Shimizu et al., 2016

TDF, time of day discrimination for food reward; PA, passive avoidance; NOR, novel
object recognition with 24 h training-testing interval; SA, spontaneous alternation;
CPA, conditioned place avoidance; CR, conditioned reflex; TMh, time memory to
heat exposure; MWM, Morris water maze; cTPL, circadian time place memory;
CFC, contextual fear conditioning; and RT, recovery time allowed after SCN
lesion surgery (days).
*non-cognitive or methodological factors qualify the result (see text for details).
?, information unavailable. SCNx studies of food entrainment and of individual
human medical cases were excluded.
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FIGURE 2 | SCN lesions appear to improve memory. (A) Rats were trained in a discrimination task that required them to obtain a food reward from one feeder in the
morning and another feeder in the afternoon. Higher discrimination scores indicate better memory retention. Circles represent mean scores for each group by
session. SCNx rats (blue) appeared to acquire the discrimination in fewer sessions than did sham-operated rats (gray). Figure modified from Mistlberger et al. (1996).
(B) Rats in a passive-avoidance task learned to avoid entering a dark box where they previously received a foot shock. Longer latencies to reenter the dark box
signify better memory of the shock. SCN lesions resulted in longer latencies and appeared to improve memory of the shock at 18 or 30 h after training (C, control; S,
sham-lesioned; and L, SCN-lesioned). Figure modified from Stephan and Kovacevic (1978). (C) Rats were trained to replace a conditioned reflex to sound with one
conditioned to a fixed time interval of 20 s. Training sessions consisted of 20 trials/day over 1 month. The authors statistical analysis showed that SCNx rats acquired
the response significantly faster than sham-operated animals. Figure modified from Vodolazhskaya et al. (2001). All figures redrawn from published data and are for
illustration purposes only.

Taken at face value, these three studies show that SCN ablation
improved memory, thus contradicting the expectation that SCN
lesions should impair memory processing.

If SCN lesions can improve memory, can they also impair
memory? Memory impairments were reported for SCNx mice
by Phan et al. (2011), but closer evaluation allows a different
interpretation. In their test of novel object recognition (NOR),
mice were allowed to explore two identical objects for 5 min on
each of two consecutive days. On the third day, one object was
replaced with a new unfamiliar object. In a typical NOR task,
control animals will spend about twice as much time exploring
the new object compared to the familiar one, indicating a memory
for the familiar object. In this study, SCNx mice spent the same
amount of time with the old familiar object as they did with
the novel one, indicating a failure to either encode or recall the
“familiar” objects. However, the control (sham-operated) animals
also failed to recognize the familiar object 24 h after training. This
might be due to the brief amount of time allowed for exploration
(5 min). Most NOR studies with mice allow 10–15 min for object
exploration because their latency to engage the objects can be
several minutes, even with habituation to the arena. As a result,
studies which allow at least 10 min of object exploration time
routinely retain object memory for 24 h (c.f., Fernandez et al.,
2007; Antunes and Biala, 2012; Lueptow, 2017; Chuluun et al.,
2020). By contrast, Siberian hamsters perform successfully in the
NOR task with only 5 min of exploration time because they tend
to engage objects almost immediately upon entry into the arena
(Ruby et al., 2008).

In a test of contextual fear conditioning (Phan et al., 2011),
SCNx mice froze significantly less and were more active than
controls in the test session, suggesting impairment of context
association for the footshock. It is possible, however, that the
decrease in freezing was due to the relatively short postsurgical
recovery time of 14 days, which is shorter than similar studies

(Table 1). Alternatively, few chronobiologists know that SCN
lesions make some animals hyperactive, which would explain the
decrease in freezing. We screen our SCNx and sham-operated
animals for hyperactivity by checking for postsurgical increases
in home cage locomotor activity. More puzzling though, is that
SCNx mice performed just as well as controls in the Morris
water maze (MWM), showing no differences in escape latencies,
which is the gold standard for evaluating hippocampal-guided
navigation in the MWM. Thus, the normal escape latency shows
that navigational functions in the hippocampus and exploration
behavior of SCNx animals were intact.

There is another intriguing facet to the Phan et al. (2011)
study. The authors suggest that the loss of circadian rhythms in
mitogen-activated protein kinase (MAPK) in the hippocampus
is a cause of the putative memory impairments. But there is
another way to interpret the data. The unimpaired performance
of SCNx mice in the MWM indicates the persistence of robust
spatial memory and hence, intact hippocampal processing. Taken
together with the inconclusive evidence from the NOR and
fear conditioning tasks, one could just as easily conclude that
circadian rhythms in the hippocampus are unnecessary for
information processing in that structure. Furthermore, if we
assume that SCN lesions also eliminated MAPK rhythms in all the
other memory studies of SCNx animals (Table 1), then the lack
of memory impairments in the other 11 memory tests allow us
to conclude that that the hippocampus does not require circadian
rhythms in MAPK for successful performance in those memory
tasks. MAPK is an important component of memory storage, but
based on all of the SCN lesions studies (Table 1), daily cycles in
its expression do not appear necessary for the hippocampus to
function normally.

Results from the remaining SCNx studies in Table 1 are at best
contradictory. The study by Shimizu et al. (2016) is the outlier.
The authors reported that SCNx mice recalled a familiar object
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after 8 min, but not after 24 h. The actual exploration times are
not given, so it is possible that the SCNx mice were less interested
in the objects than were the control animals, or that they had
longer latencies to explore the objects. This study set a minimum
time of 10 s total for exploration of both objects (i.e., total
duration of physical interaction with the objects), whereas a 20 s
minimum is recommended (Lueptow, 2017). Moreover, trisomic
(Down Syndrome) Ts65Dn mice exhibit memory deficits in
object recognition (Fernandez et al., 2007), but when trained and
tested weeks after SCN ablation and given 10 min of exploration
time, they were able to recall the memory of an object 24 h after
exploring it (Chuluun et al., 2020). More to the point here, SCN
ablation did not impair 24-h recall in the control group of 2N
diploid littermates (Chuluun et al., 2020).

Attributing memory deficits to SCN ablation requires ruling
out all non-cognitive explanations, but this cuts both ways—the
aforementioned memory improvements in SCNx animals require
the same scrutiny. Did SCN lesions really improve memory
in those three studies? Cain and Ralph (2009) performed a
replication of the study by Stephan and Kovacevic (1978) in
which it appeared that SCN lesions improved memory, but they
were unable to replicate that finding. To explain this discrepancy,
Cain and Ralph (2009) suggest that the high performance
(i.e., long step through latencies) of SCNx animals in the study by
Stephan and Kovacevic (1978) was not due to improved memory,
but was an artifact of the size and placement of the lesions
which may have damaged the optic tracts. Such damage could
impair light perception, thereby reducing the aversiveness of the
brightly illuminated start box and hence, increasing the latency
to escape. In regards to the study by Mistlberger et al. (1996),
the putative memory improvement in SCNx animals might be
explained by the fact that SCNx animals underwent more training
sessions than did the SCN-intact controls (Mistlberger, personal
communication). This piece of information was not reported
because the rate of discrimination acquisition was not relevant
to the goals of that study. Vodolazhskaya et al. (2001) appears to
be the only study to show a bona fide improvement in memory
performance in SCNx animals. However, we do not know if
time of day might have affected acquisition of the conditioned
response in the control animals, and, therefore, whether the
sham-operated animals would have performed better had they
been trained and tested at other times of day.

Methodological differences among these studies that could
explain the seemingly contradictory results such as lesion size
and placement, postsurgical recovery time, amount of training,
latency to engage the task, and time of day that tests were done,
etc., still might not resolve these issues. Discrepant findings in
behavioral studies have plagued many areas of neuroscience,
despite extraordinary efforts to standardize conditions across
laboratories (Crabbe et al., 1999). The standardization of
behavioral tests has been suggested to minimize this problem—
and that approach has its advantages, but it is doubtful
that differences among laboratories can be minimized to the
point where they are no longer problematic (Wahlsten, 2001).
Although discrepancies exist, there is far more consistency across
laboratories in primary findings (Crabbe et al., 1999). Thus, the
interpretation of individual studies of SCN lesions and memory,

no matter how comprehensive they appear, must still be evaluated
within the larger context of all other relevant SCN lesion studies
in order to minimize differences in testing procedures and
conditions that vary across laboratories. In that context, it is clear
that the overwhelming weight of evidence shows that SCN lesions
do not impair memory processing in hippocampal-dependent
tasks (Table 1).

A MALFUNCTIONING SCN IS WORSE
THAN NO SCN

If SCN lesions do not impair memory then why have so
many studies reported that chronic disruption of circadian
timing impairs memory? Further, why is there mounting clinical
evidence that circadian dysfunction contributes to cognitive
decline in aging (Tranah et al., 2011; Covell et al., 2012; Coogan
et al., 2013)? I propose that the answer to these questions is that
an intact, but malfunctioning, SCN interferes with cholinergic
transmission in the septohippocampal pathway. In this section,
I will discuss how the DPS model has shed light on the
functional relationship between the SCN and hippocampus, and
describe a mechanism to explain how a dysfunctional SCN
interferes with memory.

We evaluated memory in DPS hamsters with the NOR
task and by spontaneous alternation (SA), which assays spatial
working memory. In the NOR task, we allowed the hamsters
5 min to sample two identical objects (sample phase), and then
returned them to the arena after a fixed time interval (i.e., 1, 20,
or 60 min, or 24 h), and allowed them to explore two objects
for 5 min (test phase); one object was from the sample phase
(i.e., familiar) and the other was different (i.e., novel). Entrained
hamsters spent an equal amount of time with both objects in the
sample phase, but spent nearly twice as much time with the new
object, thus indicating memory retention of the familiar object
(Ruby et al., 2008).

The SA task is less well known than the NOR task, but is better
suited as a behavioral assay of hippocampal function, as will be
discussed later. We used a continuous trials version of the SA
test in which animals are placed in a start box at the base of a
T-maze for 1 min, and then allowed to explore the maze for 7 min.
Alternation behavior is the tendency of animals to alternate left-
right arm choices with each trip from the start box to the maze
intersection at the top of the “T.” An alternation event is when an
animal chooses, for example, the left arm on its first trip through
the maze, then the right arm on its next trip. Performance is
scored as the proportion of trips from the stem to the intersection
where an animal alternates arm choices, compared to when it
chooses the same arm (i.e., non-alternation).

Both memory tasks showed that there is a daily rhythm in
performance in ENT hamsters, which was poor early in the day,
but successful at the remaining time points (Figures 3A1,B1).
DPS hamsters, however, failed at all time points. By contrast,
exploratory behavior, given as the time spent exploring objects
(NOR) or as the number of arm entries in the maze (SA), was
constant across all time points (Figures 3A2,B2). Moreover,
the amount of exploration was the same among ENT and DPS
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FIGURE 3 | Recognition and spatial working memory were impaired in DPS hamsters. (A) Performance of ENT hamsters (red) and DPS (green) hamsters in the NOR
(A1) and SA (A2) tasks at different times of day. * indicates that task performance was significantly different from chance (P < 0.05; dotted line). In contrast to task
performance, exploration behavior, defined as the amount of time spent exploring objects (B1) and number of arm entries (B2), did not change across the day and
did not differ among ENT and DPS hamsters. NOR task used a 60 min interval between sample and test phases. Figure modified from Ruby et al. (2008, 2013).

hamsters. Both tasks reveal two important features of circadian
involvement in memory tests of exploration. First, while test
performance varies across the day, exploration behavior does not;
it remains constant across the day and night. Second, loss of
circadian timing did not impair the motivation to explore the
objects and environments. DPS hamsters fail, but not for lack of
trying; they explore just as much as ENT hamsters.

Given the observed differences in SCNx animals and DPS
hamsters in memory performance, we decided that a head-to-
head test of both types of arrhythmia in the same species, in
the same laboratory, and under identical conditions might clarify
the role of the SCN in the NOR and SA tasks. As expected, we
found that performance in the NOR and SA tasks was fully intact
in SCNx animals, but impaired in DPS hamsters (Fernandez
et al., 2014). There were also no differences between these groups
in their behavior during the tasks; both groups spent the same
amount of time exploring objects and the maze (Fernandez et al.,

2014). Those results suggested that memory impairments in DPS
animals were caused by arrhythmia in the SCN. We tested this
hypothesis by evaluating whether ablation of the SCN could
rescue memory in DPS animals (Figure 4A). A group of hamsters
was first tested while they were entrained (ENT), after which, they
were exposed to the DPS protocol. Hamsters that were completely
ARR 4 weeks later were tested a second time. In the third
phase, those DPS hamsters underwent SCN lesion surgery. After
4 weeks of recovery from surgery, this group of hamsters were
tested a third time on both memory tasks (Figure 4B). Complete
SCN ablation rescued memory in DPS hamsters. Hamsters that
sustained complete bilateral ablation of the SCN performed as
well as sham-operated animals in both tasks (Figure 4C). There
were no significant changes in exploration behavior across the
three phases of the experiment (Figure 4C).

Among the lesioned hamsters were a subgroup of animals
that sustained only partial damage to the SCN (20–60% ablated).

FIGURE 4 | SCN lesions rescue object recognition and spatial memory in DPS hamsters. (A) Sequence of experiment stages. ENT hamsters performed the NOR
and SA tasks, followed by exposure to the DPS protocol (red triangle). 4 weeks later, arrhythmic animals underwent SCN ablation or Sham surgeries (red triangle).
(B) Representative actogram of an SCNx animal; memory tasks were performed at the end of each experimental stage. NOR task used a 24-h interval between
sample and test phases. (C) Memory was rescued only in animals with complete SCN ablation (blue circles). No differences were found in NOR exploration times or
in SA arm entries; all tests were performed within 3 h before dark onset. Figure modified from Fernandez et al. (2014).
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In that group with partial SCN lesions (PSCNx), damage to
the SCN did not rescue memory (Figure 4C). This finding
was not entirely unexpected. It is well documented that partial
ablation of the SCN does not eliminate circadian timing, with
some studies showing that only 10% of the SCN is sufficient
for circadian rhythms to persist (cf., Ruby, 2003). The PSCNx
animals showed that—just as with circadian rhythm generation—
a small subset of SCN neurons are sufficient to maintain
function. But in this case, that function is memory impairment.
Taken together, these experiments show that SCN lesions do
not impair long-term object recognition or spatial working
memory. Moreover, they also show that an ARR SCN can
interfere with memory processing even when most of the
nucleus is destroyed.

SPONTANEOUS ALTERNATION: A
GREAT MEMORY TASK FOR
CHRONOBIOLOGISTS

Spontaneous alternation behavior is a memory task well-suited
to circadian studies, so it is worth taking a moment to provide
some background. SA behavior is mainly used as an assay of
spatial working memory. As such, it is an excellent metric for
the immediate and long-term effects of a treatment, such as jet-
lag, on memory. SA tasks allow for frequent (daily) re-testing of
individual animals without decrements in performance (Douglas,

1989). Unlike fear conditioning or food rewards, SA does not
produce arousal or require training sessions, all of which can
produce daily timing signals. It is also highly sensitive to
disturbances in cholinergic pathways from the medial septum
(MS) to the dentate gyrus (DG) of the hippocampus. The only
known projection of the SCN to the entire limbic system is not to
the hippocampus, but to the ventrolateral subregion of the lateral
septum (LSv) which has reciprocal projections to the SCN (Watts
et al., 1987; Watts, 1991; Morin et al., 1994; Kriegsfeld et al., 2004;
Figure 5). GABAergic fibers from the LSv target the MS (Risold
and Swanson, 1997), which is a major source of acetylcholine
(Ach; Dutar et al., 1995; Teles-Grilo Ruivo and Mellor, 2013).
Cholinergic projections from the MS innervate the DG and CA
regions of the hippocampus (Haam and Yakel, 2017), but it is
the projections to the dentate that underlie SA behavior (Gold,
2003; Solari and Hangya, 2018). Because this circuit is essential
for SA behavior, the SA task is essentially a biometric readout of
the integrity of this circuit.

I am indebted to my colleague, Fabian-Xosé Fernandez, for
introducing me to the literature on SA behavior and for his
collaborative efforts in developing our working model describing
the functional connectivity between the SCN and hippocampus
(Ruby et al., 2008; Fernandez et al., 2014). A more detailed primer
on SA behavior compiled by Dr. Fernandez may be found in
Ruby et al. (2017, Supplementary Material). Briefly, SA behavior
was first observed in rats over 100 years ago (Hunter, 1914).
Since that time, it has been reported for insects, crustaceans,

FIGURE 5 | A neuroanatomical model of a proposed SCN-septum-dentate circuit. For the sake of clarity, only the elements of the model discussed in the text are
illustrated here. The projections from each structure are shown as gray arrows. The SCN has reciprocal connections with the ventral lateral septum (LSv). GABAergic
fibers from the LSv innervate the medial septum (MS) shown here without the diagonal band of Broca. MS fibers containing Ach, GABA, and glutamate project to all
subregions of the hippocampus, but only the dentate gyrus is shown. Fibers from the LSv to the SCN are primarily vasopressinergic (VP). See text for details and
citations. Image credit: Allen Institute.
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fish, reptiles, birds, rodents, and humans (Hughes, 1989; Lewis
et al., 2017). Animals are intrinsically motivated to keep track
of information relating to the location of food, predators, and
potential mates (Barnett, 1958; Berlyne, 1966). These behaviors,
collectively termed exploration, ultimately result in the creation
of a cognitive map, which is a complex internal representation
of the environment’s physical space (Tolman, 1948; O’Keefe
and Nadel, 1978, 1979). Animals continue to update their
spatial representations of places over time, maintaining the
accuracy of these representations via regular bouts of patrolling
(Nadel, 1990). If the environment they are patrolling is given
a specific spatial framework, such as a T-maze, they will travel
systematically from one endpoint of the apparatus to the next,
alternating more than two-thirds of the time (Tolman, 1925;
Gerlai, 1998).

A synthesis of work done over the past five decades suggests
that cholinergic input from the MS to the DG is critical for
maintaining this function. The developmental emergence of SA
behavior and of hippocampal maturation occur in parallel in
several species (Douglas et al., 1973; Bronstein et al., 1974;
Frederickson and Frederickson, 1979; Dumas, 2004; Blair et al.,
2013), including humans (Vecera et al., 1991). The latest
developing subfield of the hippocampus is the DG; the granule
cells there (fascia dentata) still divide after birth in many species
to sculpt a portal of information flow from the medial entorhinal
cortex (MEC)—another component of the brain’s navigation
system—to the hippocampus. In the rat, SA rates increase as
the dentate matures (Douglas et al., 1973). The achievement of
adult-like SA performance at the end of the third postnatal week
coincides with increases in the synaptic strength of the MEC-DG
perforant path (Dumas, 2004).

Rodents with electrolytic or excitotoxic lesions of the MS do
not alternate significantly above a chance rate of 50% (Douglas
and Raphelson, 1966; Clody and Carlton, 1969; Dalland, 1970;
Johnson et al., 1977; Thomas, 1979; Brito and Thomas, 1981;
Hepler et al., 1985; Chang and Gold, 2004). Animals treated
systemically with anticholinergic drugs, such as scopolamine,
also perform poorly in a T or Y-maze task (Squire, 1969;
Leaton and Utell, 1970; Douglas and Truncer, 1976; Kokkinidis
and Anisman, 1976; McNaughton and Feldon, 1980; for a
comprehensive review, see Klinkenberg and Blokland, 2010).
These data—collated from adults—complement studies from
developing rat pups, which show that SA behavior comes
online along the same time-course with which the maturing
hippocampus is innervated by the septum (Kirkby, 1967; Egger
et al., 1973; Hess and Blozovski, 1987). Research by the Gold
lab suggests that the septohippocampal pathway is highly active
during SA and is taxed more when SA behavior is tested
in mazes with more arms. Rats exhibit significant spikes in
hippocampal Ach release during SA in a four-arm plus maze that
is sustained throughout the testing period (a 50–70% increase
relative to baseline as determined by in vivo microdialysis;
Ragozzino et al., 1994, 1996, 1998; Ragozzino and Gold, 1995;
Stefani and Gold, 2001).

In summary, the septohippocampal pathway—particularly its
cholinergic projections—is considered to be the critical structure
for expression of alternation behavior because: (1) there is a

close association between maturation of septal inputs to the
DG, and development of the dentate itself, that is necessary
for SA behavior, (2) only brain lesions that destroy or alter
the circuits associated with this pathway impair SA behavior,
whereas damage to several other brain regions outside of the
hippocampal system do not, and (3) pharmacological inhibition
of septal inputs to the dentate impair SA behavior.

THE IMPORTANCE OF BEING
NON-CIRCADIAN: THETA
OSCILLATIONS

The deficits in the SA task observed in DPS hamsters
implied that there should be functional deficits in cholinergic
septohippocampal circuitry as manifested in the expression
of theta rhythms. Theta oscillations in this circuit coordinate
the firing patterns of neuronal ensembles across diverse brain
regions. This synchronized activity allows information stored
in anatomically distant regions to be shared and processed as
coherent memories (Colgin, 2016). Theta rhythms dominate
the electroencephalogram (EEG) during activities that support
working memory and the encoding of episodic memories,
such as when animals explore novel objects or navigate their
environment. Ach signaling supports spatial working memory
(Ragozzino et al., 1998; Gold, 2003; Teles-Grilo Ruivo and Mellor,
2013) via its release from medial septal neurons onto cells in
the DG and CA1 (Dutar et al., 1995; Teles-Grilo Ruivo and
Mellor, 2013). This phasic release of Ach from septal neurons
is highly correlated with theta frequency (Lee et al., 2005;
Zhang et al., 2010). Furthermore, optogenetic activation of septal
cholinergic neurons enhances theta oscillations in hippocampal
neurons (Vandercasteele et al., 2014). Thus, we examined whether
the loss of circadian timing disrupted theta episodes during
object exploration.

Activity in the EEG delta band (0.5–4.0 Hz) reflects a restful
state whereas theta (5–8 Hz) reflects a state of attention and
active information processing. Stimuli that increase theta also
suppress adjacent frequency bands, thus, the theta/delta (T/D)
ratio provides an index of active engagement with environmental
stimuli. A single theta episode was defined as the number of
consecutive EEG epochs (4 s) in which the T/D ratio was >1.0
such that, for example, two consecutive epochs would be a
single theta episode of 8 s. We found that the relative power
densities in the EEG spectra did not differ among ENT, DPS,
SCNx, or Sham-lesioned animals (Figure 6A), indicating that
theta-generating mechanisms were intact in all four groups. The
mean duration of individual theta episodes in both DPS and
SCNx groups were, however, shortened to half the duration
observed in ENT animals (Figure 6B3; Loewke et al., 2020),
but DPS and SCNx animals differed in two important respects.
First, the total amount of time that theta dominated the EEG
during exploration in DPS hamsters was less than it was for ENT
animals, whereas SCNx hamsters spent twice as much time in
theta (Figure 6B1). Second, the number of theta episodes was the
same for ENT and DPS hamsters, but was 3-fold greater for SCNx
animals (Figure 6B2).
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FIGURE 6 | Loss of circadian timing fragments theta oscillations. (A) Power density in the EEG averaged over 5 min of object exploration. Delta (δ) and theta (θ)
power bands defined by dotted lines. Data for ENT, DPS, SCNx, and Sham groups are aligned by peaks in theta power. Theta dominance was defined by a
theta/delta (T/D) ratio > 1.0 within each EEG epoch. (B) Theta dominance in the EEG during exploration of a novel object given for (B1) total amount of time
T/D > 1.0, (B2) number of theta-dominated episodes, and (B3) the mean duration of individual episodes where T/D was > 1.0. Data are mean (± SEM). * indicates
P < 0.05, **P < 0.01 compared to ENT. Figure modified from Loewke et al. (2020).

This shortening, or fragmenting, of theta episodes was a
consequence of circadian arrhythmia for both DPS and SCNx
groups. Such fragmentation suggests that circadian arrhythmia
disrupted signaling in the septohippocampal pathway, possibly
by also fragmenting cholinergic signaling in that pathway
(Loewke et al., 2020), or by disrupting synchronized firing
among neuronal populations (Buzsáki and Moser, 2013; Harris
and Gordon, 2015), or perhaps theta fragmentation represents
fragmentation in the chunks of information carried within a theta
sequence (Gupta et al., 2012; Teng et al., 2018). Deficits in any
of these mechanisms of information processing would result in
the misrepresentation of spatial information encoded in memory
and, perhaps, in the erroneous recall of spatial representations.

The key difference between DPS and SCNx hamsters is
that SCN lesions allow the animals to compensate for theta
fragmentation by increasing the number of theta episodes
through increased cognitive effort, an effect which can increase
Ach release from the MS (Ragozzino et al., 1998; Gold, 2003;
Roland et al., 2014). The increased frequency of these episodes
might support memory by shortening the intervals between theta
episodes thus allowing greater continuity in encoding object
information. Alternatively, more frequent theta episodes might
increase the repetition of information carried in fragmented theta
sequences. Regardless of the underlying mechanism, the data
show that disruptions to SCN functioning interfere with the
normal expression of theta oscillations during active exploration
of unfamiliar objects.

THE ARRHYTHMIC SCN: SHIFTING THE
BALANCE IN THE HIPPOCAMPUS

The model we developed to explain the memory impairments
in the DPS hamsters predicts that these animals should
exhibit impairments in cholinergic signaling in the DG of the
hippocampus. This assertion is based on data from the theta study
discussed above, and on the well-established role of cholinergic
projections from the MS/diagonal band to the granule cells in the
dentate, which are critical for hippocampal theta, SA behavior,
and for spatial working memory (Dember and Richman, 1989;

Kesner, 2007; Khakpai et al., 2013; Haam and Yakel, 2017;
Sasaki et al., 2018).

Contrary to my expectations, we found no differences between
DPS and ENT controls in long-term potentiation (LTP) in the DG
(or in CA1) despite recording from a relatively large number of
animals (n = 23 DPS, n = 24 ENT; data not shown; McMartin
et al., 2021). Likewise, there were no differences in excitatory
postsynaptic field potentials (fEPSPs) in the dendritic field of
the dentate (Figure 7A1), or in population spikes (POP) in the
dentate granule (somatic) layer (Figure 7A2), or even in fEPSPs
during bath application of the muscarinic cholinergic agonist
carbachol (Figure 7A1). However, we began to see differences
between the ENT and DPS groups when we examined the effects
of carbachol on the POP spike. Carbachol enhanced facilitation
of the spike, but that effect was attenuated in the DPS group
(Figure 7B). That finding was of interest to us because the
postsynaptic signal travels from the dendritic field to the granule
cell bodies, and the magnitude of the POP spike generally covaries
with the fEPSP that drives them, but that did not happen here.
Instead, carbachol had no effect on the fEPSP, but facilitated
the POP spike. This suggested that the effects of carbachol
on the POP spike must be downstream from the postsynaptic
dendritic fields. The most likely explanation for this was that
carbachol reduced inhibitory inputs to the granule cell bodies
where the POP spike occurs.

This hypothesis was confirmed by direct measures of
inhibitory influences on dentate granule cells. Under control
conditions, there were no differences among ENT and DPS
groups in the amplitude of evoked inhibitory postsynaptic
potentials (IPSPs), which is a measure of evoked inhibition
(Figure 7B1). Carbachol suppressed IPSP amplitudes in cells
from ENT animals, as expected from its known actions on
muscarinic receptors (Bell et al., 2013; McQuiston, 2014), but had
no effect on cells from DPS animals (Figure 7B1). Furthermore,
spontaneous IPSP events, which are a measure of tonic inhibition,
were twice as frequent in cells from DPS animals compared to
the ENT group (Figure 7B2, for intervals <500 ms). Carbachol
increased the frequency of these spontaneous IPSP events, but
the magnitude of this increase did not differ among ENT and
DPS groups (Figure 7B2). Thus, arrhythmia in the SCN resulted
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FIGURE 7 | Increased synaptic inhibition and reduced cholinergic responsiveness in the dentate gyrus of DPS hamsters. (A) Paired pulse ratios from granule cells in
the dentate gyrus at different interstimulus intervals (ISI) during simultaneous recordings of (A1) field excitatory postsynaptic potentials (fEPSPs) and (A2) populations
spikes (POP) under control (Con) or carbachol bath (Carb, 10 µM) conditions. Note that we use area rather than amplitude to quantify the POP spike. This is
because amplitude can be confounded both by the number of cells excited by the stimulus and by the synchrony of those cells whereas POP spike area is not. The
carbachol-induced population spike increase was attenuated in cells from DPS hamsters compared to cells from ENT animals at ISIs from 40–100 Hz (**P < 0.01).
(B1) Carbachol normally suppresses evoked inhibition as it did here in the control group (ENT, red); however carbachol had no effect on cells from DPS hamsters
(green) where evoked inhibition remained high (**P < 0.001). (B2) The number of spontaneous IPSP events in cells from DPS hamsters was 2x that observed in cells
from ENT animals under control conditions at intervals < 500 ms (KS test, P = 0.014). Carbachol increased spontaneous IPSPs by the same magnitude in both
groups. Figure modified from McMartin et al. (2021).

in more than a doubling of the amount of inhibition occurring
in dentate circuits, and substantially attenuated the ability of
cholinergic agonism to suppress inhibition. This shift toward
inhibition would have downstream effects. Dentate granule cell
mossy fibers project exclusively to hippocampal area CA3, a
microcircuit that is important for spatial memory (Prince et al.,
2016; Sasaki et al., 2018; Senzai, 2019). Thus, in DPS animals,
there would likely be reduced excitation in that microcircuit, the
net result of which would be to impair spatial memory (Flasbeck
et al., 2018; Senzai, 2019), which is what we observed in DPS
hamsters (Figure 3).

We further considered whether the increased synaptic
inhibition in DPS hamsters might be associated with decreases
in Ach signaling from the MS to the dentate so, as part of
a pilot study, we performed an in vivo microdialysis study to

measure Ach in the DG while a hamster was given cotton
nesting material in the microdialysis chamber. The nest material
serves as a novel object but also requires sustained attention to
construct a nest. Siberian hamsters respond almost immediately
by separating and fluffing the cotton to construct a nest. Lesions
of the septum and hippocampus, among other brain areas,
impair nest building (Deacon et al., 2002), thus, we used nesting
to promote neural activity in the MS while we collected Ach
samples from the DG (see Figure 8A for timeline). Microdialysis
samples collected from a single hamster before and after the
DPS protocol showed elevations in Ach as soon as the animal
was placed in the chamber, then declined over the next 45 min
(Figure 8B), at which point, nesting material was provided.
Nesting elevated Ach concentrations in the ENT, but not DPS,
condition (Figure 8B). Direct observation of the animal did

FIGURE 8 | Nest building failed to elicit increases in dentate Ach in a DPS hamster. In vivo microdialysis was used to quantify Ach concentrations during nest
building in a single hamster before and after the DPS protocol. A microdialysis probe inserted into the dentate gyrus withdrew cerebrospinal fluid (CSF) samples at
15 min intervals, beginning 45 min before nesting material was provided, and continuing for 60 min afterward. Neostigmine (200 nM) was added to the samples to
prevent enzymatic degradation of Ach. (A) Single-plotted actogram of a hamster before and after the DPS protocol (red arrow). Days and times of microdialysis given
(red and green circles). (B) Ach concentrations (nM). Dotted lines indicate time when the hamster was placed in the microdialysis chamber and when nesting material
was provided. LLOQ, lower level of quantification. Samples quantified courtesy of Brains On-Line (San Francisco, CA, United States).
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not reveal any obvious differences in its locomotor activity or
engagement of the nesting material in the different conditions.
As this was only a pilot study, one must interpret the data with
caution, but the lack of Ach release suggests that SCN arrhythmia
was involved in Ach suppression, despite behavioral engagement
with the nest building task.

PUTTING THE PIECES TOGETHER

The collective data from the EEG, hippocampus, and
microdialysis experiments suggest a model to explain the
memory deficits in DPS hamsters. The encoding of spatial
information begins when exploration triggers theta rhythms
in the septal nuclei which, in turn, cause the rhythmic release
of Ach from MS neurons onto dentate cells (Lee et al., 2005;
Zhang et al., 2010). Normally, those cholinergic signals would
be filtered and processed in the dentate, and then conveyed
through the CA fields, but when those signals arrive in the
dentate of DPS hamsters, they hit a roadblock in the form
of elevated synaptic inhibition. It seems likely that such a
barrier would not only disrupt spatial memory encoding in the
dentate-CA3 microcircuit, but would also disrupt the return
signals from the hippocampus back to the septal complex,
resulting in theta fragmentation. The microdialysis data further
suggest that theta oscillations may be propagated along the
septohippocampal pathway without concomitant release of
Ach from septal neuronal terminals. This lack of Ach release is
important because reductions in hippocampal Ach are a common
cause of dementia (Teles-Grilo Ruivo and Mellor, 2013; Anand
et al., 2017). Whether SCNx animals exhibit similar increases
in synaptic inhibition or in cholinergic release is unknown,
but their ability to compensate for theta fragmentation likely
involves cholinergic signaling that is improved by increased
cognitive effort.

I have purposely omitted any discussion of the medial
prefrontal cortex (mPFC) in this model since it has not been
addressed empirically in the hamsters. However, synchronous
activity between the hippocampus and mPFC is critical to short-
term spatial memory (Euston et al., 2012). The necessity of
that interaction suggests that fragmented theta oscillations in
septohippocampal circuits might convey misrepresentations of
spatial information to the cortex, thus providing an additional
locus of dysfunctional memory encoding. This model is just
one way to think about the data. I have offered it—and done
so with informal language—because my intention is to make
the overall findings accessible to readers outside the fields of
chronobiology and neuroscience. More detailed and formal
presentations of these ideas may be found in the original
research publications.

There is another facet of the DPS memory deficits that I
think is important, but easily overlooked, and that is the severity
of the memory deficits. It is clear that an active ARR SCN is
capable of causing widespread dysfunction in the hippocampal
formation. What is not immediately clear, is that memory deficits
are so severe, that the circadian- ARR hamster is a distinct
cognitive phenotype; an ARR SCN doesn’t just interfere with

hippocampal memory, it obliterates it. The performance of
DPS hamsters on memory tasks is not simply decreased by a
few percent compared to controls; rather, they fail completely,
never performing better than chance in the NOR and SA tasks.
Even though we made the NOR task as easy as possible, with
two very different objects in the test phase, they still failed,
even when the time between the sample and test phases was
only 20 min (Ruby et al., 2008). In the T-maze, DPS hamsters
are unable to recall which arm of the T-maze they previously
entered, even when that entry occurred only seconds earlier. In
fear conditioning work currently underway, we are seeing the
same phenomenon. Testing memory in ENT and DPS hamsters
produces binary effects—one group passes, the other fails, with
no middle ground.

CONCLUSION

In humans, impaired cholinergic signaling is a hallmark of
dementia and cognitive decline, which is accelerated by circadian
dysfunction. The research summarized here suggests multiple
loci where circadian rhythms and cognitive function intersect.
The main benefit of the DPS model for translational studies
is that it more closely resembles human circadian dysfunction
than models employing SCN lesions or that manipulate genetics
to alter SCN function. My colleagues and I were able to
develop this model because we took an approach that was
grounded in comparative physiology rather than in modern
genetic techniques. The result is a simple method that uses
light to break circadian timing in the SCN, but that also leaves
the animals neurologically and genetically intact, all while the
animals sit undisturbed in their home cages. In addition to the
work we have done, other laboratories have used ARR Siberian
hamsters to document impairments in social memory and object
recognition (Müller et al., 2015; Müller and Weinert, 2016), as
well as impairments in immune function (Prendergast et al.,
2012). The DPS model can, in principle, be used to study the
impact of circadian dysfunction on any physiological system or
in the progression of disease and, unlike methods that employ
constant reentrainment to phase-shifted LD cycles or LL to
disrupt rhythms, we know that DPS animals do not incur any
sleep loss (Larkin et al., 2004).

One of the goals of phototherapy is to shore up a weakened
circadian system, a condition that is common among the aged.
The DPS model might be valuable in achieving this goal.
After all, if we can suppress circadian timing, why can’t we
use targeted phototherapy to bring it back? This goal seems
possible, particularly given some of the new phototherapeutic
approaches under development (Najjar and Zeitzer, 2016;
Negelspach et al., 2018; Kaladchibachi et al., 2019). In a
number of unpublished failed experiments, I had no luck in
restoring rhythms by daily melatonin injections (14 days),
daily scheduled feeding (21 days), 2-deoxyglucose injections (to
lower brain temperature and possibly reset the SCN), constant
dark, and white light pulses. If a light treatment to restore
circadian rhythms were developed in DPS animals, it would
not only be of interest from a phototherapeutic perspective,
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but it would allow us to turn the SCN clock on and off
with light. With such a system, one could essentially perform
optogenetic experiments without surgery or any genomic
modifications to the animals.

One of the reasons I turned to the field of learning and
memory with the DPS model was that the neural circuitry
that underlies so many memory tasks is well delineated. Unlike
the SCN, output pathways from the hippocampus and related
structures are well defined, so the task for the chronobiologist is
to figure out how the SCN fits into those circuits. Having been
in chronobiology for so many years, it still astounds me that we
know so little about the functional outputs of the SCN. I consider
it to be a gross oversight in our field because it continues to
hold us back from better integrating into the medical community
(Fernandez et al., 2021). We cannot claim a role for the
circadian system in cognitive impairments such as Alzheimer’s
disease and then shrug when asked how the SCN influences the
hippocampus, or feel that it is sufficient to appeal to oscillator
misalignment and expect that to satisfy medical professionals.
The circuitry within the hippocampal formation is complex,
but its connection to the SCN is not. Understanding how the
SCN exerts control over the hippocampus is a manageable
problem, one that will satisfy the goals of chronobiologists and
clinicians alike.
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Nowadays lighting projects often include temporal variations of the light, both spectrally

and in terms of intensity to consider non-visual effects of light on people. However, as

of today there are no specific regulations. Compliance with common lighting standards

that address visual aspects of light, often means that only little non-visually effective

light reaches the eye. In this practice review we confront existing regulations and

standards on visual lighting aspects with new recommendations on non-visual aspects

and highlight conflicts among them. We conclude with lighting recommendations that

address both aspects.

Keywords: lighting, workplace, standards, circadian rhythms, non-image forming effects of light

INTRODUCTION

The advent of electric lighting made it possible to decouple working hours by means of shift work
from times when daylight was available. Concomitant to alterations in working hours, sleep-wake
times are very often irregular in shift workers thereby impacting on the endogenous circadian
timing system with negative health consequences (1). Light as the principal synchronizer (i.e.,
Zeitgeber) of human circadian rhythms, is “seen” during the biological night while at work, which
might lead to circadian rhythms disturbance such as shift work sleep disorder (SWD). SWD is
a circadian rhythm sleep disorder characterized by insomnia and excessive sleepiness affecting
people whose work hours typically occur during the habitual sleep period (1). In particular light
with high proportions of short wavelengths in the blue spectral range in the evening and at night
suppress the secretion of the night hormone melatonin, a marker of circadian rhythmicity in
humans. Additionally to negative light effects during the night, low illuminances during the day
can destabilize circadian rhythms (2).

Continuously disturbing the entrainment of endogenous circadian rhythms with external
diurnal Zeitgeber rhythms with can weaken the regenerative ability of the organism (3, 4). Night
work is associated with negative consequences for somatic and mental health (5) and persistent
desynchronization of endogenous rhythms limits cognitive performance (6). Thus, with the
increase in flexible working times, innovative lighting concepts that take particular account of
non-visual lighting effects become particularly important.

With the increased time spent in buildings, the length of time during which people are exposed
to high amounts of daylight decreases. Although, lighting standards for workplaces ensure that
we can see well, specifications for artificial lighting correspond to twilight conditions outdoors (7).
500 lx of artificial light indoors corresponds to∼0.5% of the light on a cloudless day. Measurements
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at workplaces have shown that workers are usually exposed to
illuminance of only 100 lx for more than 50% of the day (8),
which fall far below the recent recommendation of daylight
illuminance exposure (9).

VISUAL EFFECTS OF LIGHT –

REGULATIONS, STANDARDS, AND

ENERGY ASPECTS

Where life safety is threatened (e.g., in emergency situations
like building fires) interior lighting projects must comply with
requirements imposed by regulations regarding minimum
levels of illuminance. Different regions of the world approach
regulations, recommended practices, and standards differently.
For the design and operation of workplaces, the German
“Technical Rules for Workplaces” (ASR) for example, reflect
the state of the art for occupational medicine, occupational
hygiene, as well as other reliable ergonomic findings for
setting up and operating workplaces. According to the German
Workplace Ordinance, workplaces must receive as much
daylight as possible and be equipped with artificial lighting
that is appropriate for the safety and health protection of
employees. The Technical Rules for Workplaces ASR A3.4
(10) “Lighting” specify the requirements of the Workplaces
Ordinance for setting up and operating the lighting in
workplaces as well as the requirements for glare protection
when exposed to sunlight. In Germany for example, an artificial
lighting system for workplaces must meet requirements
concerning illuminance, limitation of glare, color rendering,
flickering, or pulsation as well as shadows. DGUV Informative
Publication 215-210 “Natural and Artificial Lighting of
Workplaces” of the German Social Accident Insurance (DGUV)
offers also assistance to employers in implementing the
ASR A3.4 “Lighting.”

Standards differ from regulations. In general, lighting
professionals are expected to appraise each design situation
and develop criteria for illuminance, color rendering quality,
uniformity, correlated color temperature (CCT) etc., that are
appropriate for a project, and although, there is no obligation to
comply to standards, they provide valuable guidance. Workplace
lighting in particular should consider these standards. One
example is the German DIN EN 12464-1:2011-08 (11). This
standard specifies the planning principles for lighting systems,
but does not specify the requirements for the safety and
health protection of employees at work. This standard gives
illuminance recommendations for the task area, the immediate
surroundings, background area, and for walls and ceilings.
In a new draft (prEN 12464-1:2019), higher illuminances are
recommended in order to allow for adjustments. In the new
draft, the horizontal illuminance of 500 lx for workplaces e.g.,
is now specified as a minimum requirement. A higher value
(1000 lx) is specified, which is to be used e.g., in rooms with
elderly persons with lower eyesight. The demands on lighting
quality are determined by the visual tasks that the human eye
has to master. The classic quality features of lighting can be
divided into three basic quality features, which are weighted

differently depending on the use of the room and the desired
appearance: Visualization, visual comfort, and visual ambience.
The following applies:

• Visual performance is influenced by the illuminance and the
limitation of direct and reflected glare.

• Good color rendering and a harmonious brightness
distribution ensure visual comfort.

• Visual ambience is determined by CCT, light direction, and
modeling (i.e., the distribution of light and shadows).

Good lighting systems are also characterized by energy efficiency.
However, according to DIN EN 12464-1 (11), the quality of light
should not be reduced for lower energy consumption.

The purpose of the Swiss SIA 2024 (12) is to standardize
assumptions about room usage, in particular about personal
occupancy, and equipment usage. These assumptions should
be applied in calculations and verifications according to the
standards of energy and building services engineering if there is
no more accurate information available. The requirements are
regarded as standard values for the design of plants or factories
in an early planning phase. Finally, typical values are given
for power and energy requirements in the areas of appliances,
lighting, ventilation, etc.,

Further, important features are flicker-free lighting and the
possibility of changing brightness and CCT. Luminaires that are
too bright in the field of view can cause glare. Therefore, light
sources must be shielded in a suitable way. Glare is a complex
topic that cannot be discussed in rigorous detail in this work.
Other work, such as the DIN EN 12464-1 should be referred to.

When working with PC screens, care should be taken that
the luminance ratio between the working field and its immediate
surroundings is no greater than 3:1. The luminance ratio between
the work surface and the more distant surfaces should not
exceed 10:1. Due to higher luminances and improved anti-
reflective coatings, modern PC screens can tolerate much higher
environmental luminance levels than their predecessors. DIN
EN 12464-1 describes the permissible limit values for avoiding
reflected glare. For screens with a luminance of L ≤ 200
cd/m2 luminances of up to 1500 cd/m2 are permissible for
luminaires. For monitors with a monitor luminance L > 200
cd/m2 (typical for offices with good to very good daylight supply
and correspondingly adapted flat screens) luminance values of up
to 3000 cd/m2 are permissible. The ambient contrast ratio (A-
CR) is a key metric to achieve a high image quality of displays
when considering bright ambient lighting (13). While OLED
(organic light-emitting device) based displays exhibit several
attractive features, such as self-emission, high brightness, and a
high contrast ratio, when operated under bright ambient light,
most of the incident light is reflected and decreases the A-CR
which makes the application under high illuminances difficult.
Today there are several methods to eliminate reflected ambient
light in OLEDs (e.g., by a circular polarizer or a destructive
interference layer). A-CR is generally defined as

ACR =

Lon + Lambient · RL

Loff + Lambient · RL

Frontiers in Psychiatry | www.frontiersin.org 2 May 2021 | Volume 12 | Article 652161158

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Stefani and Cajochen Practice Review on Existing Lighting Recommendations

where Lon (Loff ) represents the on-state (off-state) luminance
value of an LCD or OLED, and Lambient is ambient luminance
(14). RL is the luminous reflectance of the display panel.

For a balanced luminance in the room all surfaces must be
taken into account. Surface luminances can be determined by the
reflectance of the surfaces and the illuminance on the surfaces.
According to DIN EN 12464-1 recommended reflectances are:

• ceiling: 0.7 to 0.9
• walls: 0.5 to 0.8
• floor: 0.2 to 0.4

Regarding good color rendering it is commonly recommended
to have a CRI of Ra > 80. We have recently found evidence for
positive effects of a high CRI (Ra 97 vs. 80) on visual comfort,
daytime wakefulness, well-being, and nighttime sleep (15). A
newer and better system for evaluating a light source’s color
rendering property is IES TM-30-15. The fidelity index and the
gamut index of IES TM-30-15 of the LED causing the before
mentioned positive effects were Rf.97 and Rg.101, respectively,
and for the poorer performing LED it was Rf.81 and Rg.94.

Without shadows objects are only two-dimensional images.
Only the correct distribution of light and shadow guarantees
that faces and gestures, surfaces, and structures can be easily
recognized (11). A pleasant lighting climate is created when
people, architecture, and room furniture are illuminated in
such a way that shapes and surface structures are clearly
visible. Distances can be easily estimated and orientation
in the room is made easier. Good visual communication
requires that faces are easily and quickly recognized. In
areas where good visual communication is important, for
example in offices and meeting areas, DIN EN 12464-1
recommends a higher average cylindrical illuminance of 150 lx.
The cylindrical illuminance is the average of all vertical light
on an imaginary cylinder. DIN EN 12464-1 cites “modeling”
as an important quality feature for the perception of people
and objects. Modeling is the relationship between cylindrical
and horizontal illuminance and should be between 0.30
and 0.60.

The international WELL Building Institute (16) aims for
advancing health and well-being in buildings. It also provides
recommendations for lighting to support visual acuity and is
mainly based on the American National Standards Institute
(ANSI) and Illuminating Engineering Society (IES) RP-1-20 (17)
standard and on the standard of the Ontario Ministry of Labour,
Computer Ergonomics: Workstation Layout and Lighting (18).

At workstations or desks requirements are met when

1. The ambient lighting system is able to maintain an average
light intensity of 215 lx or more, measured on the horizontal
work plane. The lights may be dimmed in the presence of
daylight, but they should be able to independently achieve
these levels.

2. The ambient lighting system is zoned in independently
controlled banks no larger than 46.5 m² or 20% of open floor
area of the room (whichever is larger).

3. If average ambient light is below 300 lx, task lights providing
300 to 500 lx at the work surface are available upon request.

The American National Standards Institute and Illuminating
Engineering Society of North America. RP-1-20 provides
recommended luminance ratios for offices:

1. Luminance ratios should not exceed 3:1 between a paper task
and an adjacent visual display terminal.

2. For ceiling luminance ratios, 10:1 is the maximum
acceptable ratio.

3. Luminance ratios should not exceed 10:1 between a task and a
remote surface.

In the latest version of the WELL v2 pilot (Q1 2021) it is
recommended that indoor spaces should comply with one
of the lighting reference guidelines (IES Lighting Handbook
10th Edition, EN 12464-1: 2011, ISO 8995-1:2002(E) (CIE S
008/E:2001), or GB50034-2013).

NON-VISUAL EFFECTS OF LIGHT

It is only known since 2002 that the human eye has a third
photoreceptor for processing ambient light in addition to the
two classical photoreceptor types, the rods, and cones (19, 20).
Effects of visible radiation, which are mainly controlled by this
newly discovered photoreceptor, but make a minor contribution
to classical visual information processing, are also called non-
visual light effects. Berson and colleagues reported that those
ganglion cells containing the photopigment melanopsin project
almost exclusively to the nucleus suprachiasmaticus (SCN), the
central pacemaker driving circadian rhythms. They are also
able to transmit light signals into the cortex without the help
of the classical photoreceptors. Thus, these ganglion cells have
been termed “intrinsically photosensitive retinal ganglion cells
(ipRGC)” with melanopsin maximally sensitive to visible short-
wave radiation (21).

Provencio et al. (22) reported that a coarsely resolved network
of photosensitive ganglion cells extends over the retina of mice,
which has the task of detecting brightness. Later, it was found that
these melanopsin-containing ganglion cells are distributed not
only in the fovea but also over the entire retina with a density of
3–5 cells/mm² and have their maximum concentration of 20–25
cells/mm² in the area surrounding the fovea (20, 23). IpRGCs are
not evenly distributed across the retina but have a higher density
in the lower half so that light that falls into the eye from above
and impinges the lower half of the retina suppresses the nocturnal
release of melatonin more than light from below (24, 25).

While blue-enriched light can contribute to increased
alertness, especially in the evening and at night, nocturnal
exposure to light reduces melatonin secretion. Melatonin
secretion is especially reduced by light at night if people are
exposed to only a low dose of light during the day (26). Today,
people often live their lives in isolation from their natural
environment with a high risk to develop circadian disorders
(27). Severe circadian disturbances are found in people who are
forced to chronically change their lifestyle by adapting their sleep-
wake schedules to the imposed work schedules (e.g., rotating
shift workers) (1). A milder form of circadian disorder occurs
in many people due to too short night’s sleep on working days
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and a delayed onset and prolonged duration of sleep on non-
working days. Over 80% of people in western industrialized
countries show this altered sleep behavior and that nightly
sleep on non-working days is delayed by an average of 90
min (28).

Since circadian rhythms only have an approximate period
length of 24 h, they require daily synchronization with the
environment (29, 30). The rotation of the earth and thus the
regular light-dark change is the most important environmental
signal for the synchronization of circadian rhythms (31).
For the interpretation of ambient brightness, photoreceptors
continuously calculate the intensity, and spectral composition
of the light entering our eyes (32). Thus, when light with
increased short-wave radiation enters the eye, ipRGCs signal
a bright phase of day to the SCN. In addition, the times of
change from dark to light phase and vice versa (i.e., dawn
and dusk) provide a crucial input for the SCN and the
synchronization of circadian rhythms with the environment
(31, 33, 34). Bright white light at night can shift the
circadian phase backward by up to 3 h in the next 24-h
cycle. In contrast, early morning exposure to light can shift
the circadian phase forward by up to 2 h in the next 24-h
cycle (35, 36).

Some studies document acute effects of bright light on the
subjective feeling of alertness at night and during usual sleep
periods (37–39), before falling asleep (40) and immediately
after waking up in the morning (41, 42) but also during
daytime (43). Although, most of these studies compare very low
illuminances (5–50 lx) with high illuminances (1,000–5,000 lx)
of fluorescent white light, alerting effects were estimated to
occur already at around 100 lx during the night and at 500 lx
during the evening. Thus, there is evidence, that subjective
wakefulness due to bright light can basically occur at any
time of the day. Other research with objective measures
has so far only been able to prove a wakefulness inducing
effect of bright light at night (44) and results of studies
conducted during the day provided inconsistent results (43,
45, 46), possibly due to smaller differences in the light levels
compared. Nevertheless, bright light during the day makes
the circadian system less sensitive to nocturnal light (26, 47–
49). Although the protocols of these studies differ from each
other, illuminances that were compared during the day were
significantly different from each other (i.e., at least 10-fold
up to 400-fold different). A dark phase of several hours can
increase sensitivity to light. Thus, early morning exposure to light
immediately after awakening (i.e., after several hours of nightly
sleep in darkness) can phase advance the circadian phase by
1–3 h (50, 51).

In many cases, the alerting effect of light, especially in the
evening and at night, is also associated with an increase in
attention and working memory performance (41, 52). Non-
visual effects also include the mood enhancing effect of bright
light (53–55), with required light doses being around 2500
lx-h. There is also evidence that the current mood reflects
a person’s level of alertness and the immediate effect of
bright light on mood is mediated by the wakefulness inducing
effect (56).

LIGHTING CONCEPTS THAT ADDRESS

NON-VISUAL EFFECTS OF LIGHT

Considering our experience with around 100 years of electric
lighting, people have been exposed to this artificial creation 5,000
times shorter than to the light at night from fire. The first
evidence for the use of handcrafted light sources comes from
archaeological findings from around 500,000 years ago. Fire was
used as a source of light at night, but life and work still depended
on daylight. Daylight is perhaps the purest form of human centric
lighting since our eyes have had several million times longer to
optimize to daylight than to LEDs. It is therefore reasonable to
assert, from the evolutionary standpoint, that human eyes, and
behavior are not yet optimized to electric light.

New lighting technologies that try to mimic continuously
changing CCT and illuminance of sunlight according to the
time of day are often termed HCL (Human Centric Lighting).
According to manufacturers of these lighting technologies,
it is possible to provide people indoors with artificial light
similar to daylight in such a way that they can benefit from
the beneficial effects natural daylight would provide. These
include increased alertness, concentration, and performance. A
publication summarizing the benefits of HCL on humans shows
that it has sound motivations (57). The authors conclude that
“bright days and dark nights are a good starting point,” and
suggest that apart from electric lighting, architecture should
be driven by daylight design principles. A conclusion that we
support. Since HCL is increasingly being promoted and used
for work places or private homes due to their postulated effects,
the Swiss State Secretariat for Economic Affairs (SECO), and
the Federal Office of Public Health (FOPH) have commissioned
the Centre for Chronobiology at the University of Basel to
evaluate scientific literature on HCL (58). The central question
was whether this light can influence physiological, cognitive,
or subjective effects in humans, i.e., the effects perceived by
humans themselves.

The Basel study (58) has shown that only a few studies have
investigated whether HCL can influence the above mentioned
effects. Therefore, the University of Basel has extended the
assessment and additionally evaluated studies on physiological,
cognitive, or subjective effects of artificial light that affects people
during the day during office hours (from 7:00 a.m. to 5:00 p.m.)
but does not continuously adapt to the properties of daylight. A
total of 45 studies met the inclusion criteria. On the basis of these
studies, it was possible to check for 33 different effect variables
whether they depend on the light intensity and CCT of artificial
light that affects people during the day.

The Basel study (58) shows that neither the light intensity
nor CCT significantly influence physiological parameters such as
pulse rate and brain waves during normal office hours. In the case
of cognitive effects, however, it was shown that light intensity
and CCT had an influence on the reaction time of people. In
addition, the spectrum of light influences the accuracy with
which people solve tasks. In the subjective effects, light intensity
and light spectrum had an influence on the concentration,
tiredness and drowsiness perceived by the persons themselves.
Overall, however, the observed effect strengths of the light effect
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during office hours were rather small. Nevertheless, the authors
of the study come to the conclusion that high light intensity
and higher CCT during daytime hours are advantageous in
artificially illuminated interiors, even if these advantages are only
evident in cognitive and subjective effects but not in physiological
parameters. During the night, the effects of higher CCT are more
prominent even in field studies. While blue-enriched white light
sources can adjust circadian rhythm to night-shiftwork, reduce
sleepiness, and enhance cognitive performance of night-shift
workers (59) this concept should be applied cautiously and only
if workers must work very concentrated (e.g., in control rooms).

While there are numerous studies providing evidence of non-
visual effects of light during the evening and at night, results
might not be translatable to the day. In line with the Basel study
(58), a literature review on daytime non-visual effects of light
on alertness (60) concludes that the present literature provides
inconclusive results on alerting effects of light during daytime,
particularly for objective measures and correlates of alertness.
The authors suggest that the alerting potential of exposure to
more intense white light should still be investigated. Another
systematic review assessed effects of light on alertness and mood
in daytime workers (61). Although, they conclude that light with
a high CCT may improve alertness during the day, they suggest
that additional studies are still needed because all findings are
based on low-quality evidence.

Impacts of two dynamic LED lighting concepts with
illuminance and CCT gradually decreasing between 1:30 p.m.
and 5 p.m. were investigated on its effects on sleep and well-
being (62). In one setting illuminance changed from 700 to 500 lx
and CCT from 6000 to 3500K, in the other from 500 to 300 lx,
and CCT from 5000 to 3000K. The settings were compared
to static light (500 lx, 5000K and 300 lx, 4000K). A significant
increase in subjective alertness was observed at 1 p.m., indicating
a potential solution to reduce the subjective sleepiness in the
afternoon. On the other hand, a significant decrease in perceived
sleep quality and sleep duration was reported after subjects
were exposed to dynamic lighting. No significant differences
were observed for mental stress, productivity, visual comfort, or
perceived naturalness.

A different approach with custom-built desktop luminaires
intended to support office occupants’ entrainment while
supporting their alertness during the day. The luminaires
were designed to deliver three lighting interventions. First
saturated blue light (455 nm, 50 lx) in the morning (6–12 a.m.),
Then polychromatic white (6500K, 200 lx) light at midday
(12 a.m.−1:30 p.m.) provided a smooth transition from the first
to the third intervention. The third intervention was saturated
red light (634 nm, 50 lx) in the afternoon (1:30–5 p.m.). In their
results the authors observed advances in sleep start and sleep end
times and hence they suggest that the participants were better
entrained to the local 24-h light dark cycle while at the same time
reporting increased subjective alertness in the afternoon with red
light (63).

The effect of dynamic light during shift work on the quality
of sleep and melatonin secretion was examined with staff of an
Intensive Care Unit (ICU) and compared with staff from a similar
ICU with standard light (64). CCT controlled ceiling luminaires

with light tubes (2700 and 6500K) and indirect lighting with
RGBW lights “to imitate the reflection of the sun” were used
but no information about the spectral characteristics is reported.
The light changed color and intensity. The nightlight between 10
p.m. and 5 a.m. was dim (68 lx), and short-wavelength depleted
causing the light to appear “unnaturally red.” Between 5 and
6 a.m., the light gradually changed to a daylight scenario (525 lx).
In the afternoon from 3 p.m. light levels decreased. Between
8 and 10 p.m. a change occurred “toward a mix of primarily
red, green, and white.” Since no precise spectral measurements
are available but only RGB percentages it is difficult to replicate
the lighting conditions. Nevertheless, the intervention group
reported to be more rested and assessed their condition on
awakening as better than the control group. The study, however,
found no significant differences in sleep efficiency and melatonin
levels. Subjectively, nurses from the intervention group assessed
their sleep as more effective than participants from the control
group. In a different field study, bright fluorescent lighting
(1500–2000 lx) when compared to standard lighting (300 lx) in
hospitals decreased sleepiness of ICU nurses working a 10-h
night shift (65).

In a field experiment, effects of dynamic lighting on office
workers were tested (66). In the dynamic lighting condition,
employees experienced a gradually changing lighting scenario
(changing twice a day between 8 and 12 a.m. and 1:30 and 4 p.m.
from 700 to 500 lx and 4700 to 3000K). The static condition
provided an illuminance of 500 lx and CCT of 3000K While
employees were more satisfied with the dynamic lighting there
were no significant differences for need for recovery, vitality,
alertness, headache and eyestrain, mental health, sleep quality, or
subjective performance.

Under strictly controlled laboratory conditions, we examined
whether dynamic light across the day influences cognitive
performance, visual comfort, melatonin secretion, sleepiness,
and sleep (67). Volunteers either woke up with static daylight
LED (100 lx at the pillow and 4000K, melEDI 69 lx) or with a
dynamic daylight LED that changed CCT (2700–5000K) and
intensity (0–100 lx at the pillow, melEDI 0.4–76 lx) across the
day (daylight here refers to the spectral characteristics of the
Toshiba TRI-R LED). Participants underwent a 49-h laboratory
protocol. They spent the first 5-h in the evening under standard
lighting, followed by an 8-h nocturnal “baseline” sleep episode
at habitual bedtimes. Thereafter, they spent a scheduled 16-h
waking day under one of the lighting conditions. Following a
8-h nocturnal “treatment” sleep episode, the volunteers spent
another 12 h either under static or dynamic light. Horizontal
illuminance at desk height ranged, depending on the position,
between 150 and 650 lux, which corresponds to standard office
lighting. Under dynamic light, evening melatonin levels were less
suppressed 1.5 h prior to usual bedtime, and participants felt less
vigilant in the evening compared to static light. Sleep latency
was significantly shorter compared to the static light condition
while sleep structure, sleep quality, cognitive performance,
and visual comfort did not significantly change. These results
support the recommendation of using blue-depleted light and
low illuminances in the late evening, which can be achieved
by a dynamically changing LED solution. Since illuminance
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decreased to around 1 lx, this lighting concept can only be
applied in domestic areas but if concentration at work in the
late evening and at night is required, this lighting concept would
be counterproductive.

To date, only a few field studies investigated the influence
of dynamic lighting solutions during shift work. A field study
surveying the state of subjective alertness and fatigue in 542
employees during three-shift work (8 h working shifts) in
ongoing production operations compared dynamic light with a
static lighting condition (68). In a first round, 256 respondents
evaluated the static lighting concept by completing a structured
questionnaire. In a second round, 287 respondents commented
on the alternating lighting concept. Fourty one percent of the
participants who experienced the alternating lighting concept
took part in the survey on the static lighting concept. They
worked in three shifts (morning, late, and night) for 8 h each.
The alternating lighting concept featured a high horizontal
illuminance on the workplace (850 lx) and a high CCT (5300K)
during daytime. The resulting vertical illuminance at eye height

was 237 lx (melEDI 164 lx) and CRI was Ra 77. During nighttime,
a reduced illuminance (580 lx) with low CCT (3400K) and CRI

of Ra 85 was deployed. This resulted in a vertical illuminance
of 158 lx (melEDI 71 lx) at eye height. Illuminance and CCT

changed gradually between 5 and 8 p.m. and between 5 and
9 a.m. This setting was compared to the static lighting condition

(horizontal at the workplace 760 lx, vertical at the eye 210 lx
(melEDI 128 lx), 4600K, CRI Ra 82). All participants assessed

specific lighting characteristics (such as CCT, brightness, color

rendering, appeal) using a seven-point Likert scale. No significant
differences were found between the participants’ rating of the

characteristics surveyed in terms of alternating and static lighting
conditions. The transitions from day to night conditions and

vice versa had no disturbing effect on the participants’ rating of

the lighting criteria surveyed (p > 0.05). Thus, it was concluded
that shift workers accepted the alternating lighting system.

In addition, there were no significant differences in alertness
and fatigue between the early and late shifts for both lighting

conditions. This survey indicated the potential usefulness of a

dynamic lighting solution for shift-work without major impact

on the worker’s alertness and fatigue level. However, objective

measures such as salivary melatonin levels, and reaction time
measures to assess vigilant attention are clearly mandatory for

future studies to test the usefulness of dynamic lighting solutions
in shift work environments.

With the goal to provide adequate light for visual tasks while

lessening disruption of the human circadian system, Moore-
Ede et al. (69) derived a spectral sensitivity curve with a peak

at 477 nm and a full-width half-maximum of 438 to 493 nm.

While there are other products commercially available that notch
the spectrum in the melanopsin region, they specifically call it

“steadystate circadian potency spectral sensitivity” and suggest
that it “permits the development of spectrally engineered LED
light sources to minimize circadian disruption and address the
health risks of light exposure at night in our 24/7 society, by
alternating between daytime circadian stimulatory white light
spectra and nocturnal circadian protective white light spectra.”

They further suggest, that it could provide attractive and energy-
efficient white electric light that minimizes circadian disruption
if violet LED dies with peak wavelengths of 410 to 420 nm
replace the typical 450 nm blue peak emissions of conventional
LEDs. Since short-wavelength light is known to have alerting-,
performance-, and mood enhancing properties (70, 71), they
suggest that this light at night could be used to reduce human
error, without the risk of circadian disruption and health
disorders. The alerting effect of short-wavelength light could be
retained because there is evidence by a single study that the
alerting effects of 420 nm violet light are even greater than 440
or 470 nm blue light (72).

In an approach to mimic certain aspects of daylight (i.e., direct
warm sunlight and diffuse cool skylight), Aalborg University
proposed a combination of directional task lighting and diffuse
ambient lighting, with respective intensities and CCTs to create
naturally perceived luminous variations. Such lighting concepts
mimicking the combination of light from the sun and sky date
back to 1952 (73). Aalborg University conducted a pilot study
with four participants that worked for 4 months in such static
and dynamic lighting. Visual comfort, perceived atmosphere,
and work engagement were evaluated with interviews and
questionnaires. The tentative results indicate that dynamic
lighting has a positive effect on visual comfort, perceived
atmosphere, and work engagement compared to static lighting
(74). Another study (75) from the same author investigated
the quality of light in an office after adding ceiling-mounted
spotlights to traditional diffuse ceiling panels with the intention
to complement the directionality of the natural daylight inflow
fromwindows. The visual light quality and perceived atmosphere
of the office environment was tested with 30 volunteers through
questionnaires, reaction cards and semi-structured interviews.
The authors report: “The direct flow of light is recommended
to be more than 15% of the total illuminance at the work-plane
to provide the distinct visual appearance of modeling and a
cozier atmosphere, which is preferable for socializing, and <45%
to avoid glare and high contrast for visual tasks. Direct warm
and diffuse cool lighting were perceived as the most natural but
were not always preferred. There is a slight preference for cooler
ambient lighting in clear sky situations and warmer ambient
lighting in overcast situations. Strong individual preferences for
combinations of color temperatures was identified. . . .”

Effects on well-being and motivation by changing light
distribution were investigated by Fleischer (76) in 2001. Lighting
consisted of luminaires that slowly changed between direct and
indirect light. The ratio between direct and indirect lighting
was changed according to the time of the day or to weather
conditions. It was shown that pleasure rises with higher
illuminance and a large indirect component. This might be due
to a “sky-like” impression of the bright ceiling. The preference
for a large indirect component was also found by Houser et al.
(77) who report a subtle overall preference, when the indirect
contribution to horizontal illuminance was 60% or greater.
With an increase of the direct component and an increase of
illuminance arousal rises. The direct component results in a
darker ceiling but brighter desk. Apparently this contradicts the
findings of (23) and (25) that find higher sensitivity of ipRGCs
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for light coming from above. The results of Fleischer, however,
may not be explained by NIF effects (by ipRGCs) but solely by
visual effects.

EXISTING RECOMMENDATIONS FOR

NON-VISUAL AND CIRCADIAN ASPECTS

From a non-visual and circadian perspective, compliance with
the above-mentioned standards cannot guarantee that enough
biological active light reaches the eye (78). Some studies (45, 79,
80) report that corneal illuminance levels of at least 1000 lx for
several hours are necessary to achieve non-visual effects during
the day. Many of these studies investigated the effects of light
therapy in the morning while others also found effects with
illuminances ranging from 1000 to 1700 lx during various normal
office hours (when compared to 165–200 lx). Thus, lighting
standards addressing visual aspects are currently not designed to
account for non-visual light effects during the day.

Today, an evaluation of the non-visual effectiveness of
radiation is based on a radiometric characterization of the
radiation entering the eye, and the corneally measured spectral
irradiance is weighted with the spectral sensitivity of all five
photoreceptors and referenced to the spectrum D65 (standard
illuminant) (81). The International Standard of the International
Commission on Illumination (CIE) CIE S 026:2018 (82) “CIE
System forMetrology of Optical Radiation for ipRGC-Influenced
Responses to Light” defines spectral sensitivity functions,
quantities, and metrics to describe the ability of optical radiation
to stimulate each of the five photoreceptor types (S-cone, M-
cone, L-cone, rhodopsin, and melanopsin). This standard also
denotes a quantity named the “melanopic equivalent daylight
illuminance” (melanopic EDI or melEDI), that is expressed in
Lux. The melanopic EDI of a light condition expresses howmuch
daylight results in the same melanopic irradiance as the test light
condition. Nowadays lighting projects often include temporal
variations of the light, both spectrally and in terms of intensity.
Lighting projects that consider the possible effects of changing
light on people, try to optimize well-being. However, as of today
there are no specific regulations. Recommended practices sprout
everywhere but experts in the field criticize them.

Seven examples for recommendations for circadian lighting
are (in alphabetical order):

1. Chartered Institution of Building Services Engineers (CIBSE)
and Building Research establishment (BRE) Research Insight
Circadian lighting (83).

2. CIE S 026:2018 (82) “CIE System for Metrology of Optical
Radiation for ipRGC-Influenced Responses to Light.”

3. DGUV 215-210 “Non-visual Effects of Light on Humans”
(84).

4. DIN SPEC 67600:2013-04 (85) (technical report) “Biologically
Effective Lighting - Planning Recommendations.”

5. Recommendations for Healthy Daytime, Evening, and Night-
Time Indoor Light Exposure (9).

6. UL DG 24480 (86) “Design Guideline for Promoting
Circadian Entrainment with Light for Day-Active People.”

7. The WELL standard “CIRCADIAN LIGHTING DESIGN”
and the update WELL v2 pilot (87).

CIBSE and BRE Research Insight Circadian

lighting
Based on a literature review (83) and their results from a field-
study they suggest these tentative recommendations:

1. “From mid-morning until early afternoon, use higher than
normal levels of light with increased blue light. Current high
color temperature light sources such as LEDs and some types
of fluorescent light give high outputs of blue light. There is still
scope to tailor their spectra further in the future to fit the peak
response of the ipRGC sensors in the eye and maximize their
circadian impact.

2. Toward the end of the day, dim the lighting (while retaining
enough light to meet visual task recommendations) and lower
its color temperature (“warmer,” redder light, similar to that
in a domestic setting). There is also future scope to alter the
spectrum of existing LEDs to give very low circadian stimulus
in the evening or at night. Even warm white LEDs often have a
small peak of blue light which can stimulate the ipRGCs.

3. Maximize reflected light from room surfaces by using light
fittings with an upward light component, and “wall washing”
to illuminate the walls directly. This will give more light to
people facing the walls.

4. As light levels will be higher than normal for part of the day,
use high quality fittings to minimize glare and avoid all flicker.
Have a balanced visual environment, for example by avoiding
very light-colored desks.

5. Vary the lighting gradually, to avoid disturbing the occupants.
Controls need to be reliable.

6. People vary in their preferences for lighting; conventional
good practice is to offer individual control but this can negate
the circadian effects. There is no obvious way round this.

7. Explain to the occupants what the lighting system is doing and
the purpose of varying the lighting.”

CIE S 026:201861 “CIE System for

Metrology of Optical Radiation for

ipRGC-Influenced Responses to Light”
CIE recommends to spend adequate time outdoors during the
day since it is associated with better health and well-being and
also recommends to not restrict daylight within indoor settings.
Although, no specific quantities are given, CIE recommends a
high melEDI during the day to support alertness, the circadian
rhythm, and good sleep during the night in a position statement
on Non-Visual Effect of Light. During the evening and at night a
low melEDI facilitates sleep initiation and consolidation (88).

DGUV 215-210 “Non-visual Effects of Light

on Humans”
This DGUV (German statutory accident insurance) information
brochure (84) provides advice on hazards to safety and health
at work, how they can be avoided and how opportunities
for maintaining health can be exploited with modern lighting
concepts. Since scientific knowledge about the non-visual effects
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of light on humans is not yet complete, as the brochure says,
it is not yet possible to derive any generally valid quantitative
statements regarding non-visual effects, for example numerical
values for illuminance or CCT. This brochure gives the advice
that daylight should be used first and foremost. For this reason,
workplaces should preferably be located close to windows. The
better the inner clock is synchronized by daylight, the less
sensitive it is to disturbing factors, such as artificial light in
the evening. Only if little daylight is available at workplaces,
bright artificial lighting or lighting with high blue components
should be used as a supplement during the day. Light sources
with high CCTs are usually favorable for this purpose. This light
can achieve similar non-visual lighting effects as daylight, but
cannot replace it. In the evening, bright light and light with
high blue components should be avoided. This should be done
at least 2 h before the usual start of sleep. During this time,
the light should primarily illuminate the work surface relevant
to the visual task and not fall directly into the eye. Looking
directly into the light source and at very brightly illuminated
surfaces should be avoided. When working on a computer, tablet
or smartphone, special blue light filter programs (e.g., flux, Night
Shift or other manufacturer-specific blue light filter apps) should
be used at least 2 h before the usual start of sleep. Furthermore,
advice is given, that during the day, bright walls, and ceilings
should enhance the non-visual effects through indirect light
components. In the evening, the necessary brightness at the
workplace should be limited. The lower indirect share of light on
the ceiling and walls should reduce non-visual effects.

DIN SPEC 67600:2013-04 “Biologically

Effective Illumination - Design Guidelines”
The German DIN SPEC 67600:2013-04 “Biologically effective
illumination - Design guidelines” recommends: Illuminance at
the eye ≥ 250 lx at CCT = 8000K or Illuminance at the eye
≥ 290 lx at CCT = 6500K. The Commission for Occupational
Health and Safety and Standardization (KAN) (represents
occupational health and safety interests in the standardization
process) criticizes (89):

“Contents of the already published DIN SPEC 67600:2013-04

(technical report) “Biologically Effective Lighting - Planning

Recommendations” are partly based on insufficiently secured

findings, therefore a misinterpretation during its application

cannot be excluded . . . the planning recommendations of DIN

SPEC 67600 (technical report) do not form a secure basis for

the implementation of the Technical Regulation for Lighting ASR

A3.4 in operation.”

CIBSE and BRE concluded in a literature review: “The
existing recommendations in DIN SPEC 67600 should be treated
with caution.”

Recommendations for Healthy Daytime,

Evening, and Night-Time Indoor Light

Exposure
A recent publication (9) from experts in lighting,
neurophysiological photometry and sleep and circadian

research provides an expert consensus for healthy daytime
and evening/night-time light environments. They come to the
conclusion that “Throughout the daytime, the recommended
minimum melEDI is 250 lx at the eye measured in the vertical
plane at∼1.2m height (i.e., vertical illuminance at eye level when
seated). If available, daylight should be used in the first instance
to meet these levels. If additional electrical lighting is required,
the polychromatic white light should ideally have a spectrum
that, like natural daylight, is enriched in shorter wavelengths
close to the peak of the melanopic action spectrum. During the
evening and at home, Brown et al. (9) recommend to reduce
melEDI to around 10 lx at least 3 h before bedtime. During sleep
the recommended maximum melEDI is 1 lx.

UL DG 2448022 “Design Guideline for

Promoting Circadian Entrainment With

Light for Day-Active People”
UL DG 2448022 “Design Guideline for Promoting Circadian
Entrainment with Light for Day-Active People” recommends:
“The amount of light equivalent to that after 1 h of exposure,
capable of suppressing the production of melatonin at night by
30 per cent . . . should be continuously available at the occupant’s
eyes for a minimum of 2 h during the daytime.” This would
translate into a vertical illuminance at the eye of about 350 lx for
warm light (CCT < 3000K) and ∼200 lx for cool light (CCT >

5000K) sources. Here the question arises, how a suppression of
melatonin at night relates to a measure of light during the day.
UL DG 2448022 is commented by the IES (90) as follows:

“It is important to note that UL Design Guideline 24480 is not a

consensus (ANSI) document. The IES maintains the position that

any Recommended Practice related to light and health should be a

consensus document developed through an accredited American

National Standards Institute process. Without the full rigor of

an ANSI approved Standard, non-consensus based information

cannot be deemed to have been fully vetted and lacks the authority

to provide public guidance regarding means or methods that

affect public health. The IES urges the lighting industry to exercise

caution when considering a non-consensus document for design,

application, product qualification or regulatory purposes.”

The Well Standard and Well v2 Pilot
TheWELL standard recommends for melanopic light intensity at
work areas: “Light models or light calculations demonstrate that
at least one of the following requirements is met”:

1. At 75% or more of workstations, at least 200 equivalent
melanopic lx (EML) is present, measured on the vertical plane
facing forward, 1.2m above finished floor (to simulate the view
of the occupant). This light level may incorporate daylight, and
is present for at least the hours between 9:00 a.m. and 1:00 p.m.
for every day of the year.

2. For all workstations, electric lights provide maintained
illuminance on the vertical plane facing forward (to simulate
the view of the occupant) of 150 EML or greater.

The newer WELL v2 pilot recommends these levels for all spaces
(at least 150 EML) and adds the corresponding EDI value (136
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melEDI). In case that 218melEDI or more are achieved, the space
would achieve a better score in a system based on points. These
light levels vertical plane at the eye should be achieved at least
between the hours of 9 a.m. and 1 p.m. and may be lowered after
8 p.m. at night.

CIBSE and BRE concluded in a literature review (91): “The
existing recommendations in the WELL Building Standard should
be treated with caution.”

CONCLUSION

The circadian timing system in humans is genetically timed
in such way that we are active and awake during daytime
and inactive and asleep during the night (i.e., diurnal species).
Thus, during the biological night the hormone melatonin is
actively secreted in a circadian fashion usually peaking 2–3 h
after habitual bedtime. As melatonin is important for many
physiological processes in the human body (e.g., antioxidant
and regulating sleep-wake timing), its secretion should not be
suppressed or altered in the evening and at night by light.
Avoiding light at night during shift work, however, is rather
difficult, especially if workers need to be fully concentrated. Thus,
ideal lighting conditions during night shifts is always a trade-off
between optimal light for visual tasks, safety, alertness, and well-
being and optimal light for non-visual effects avoiding circadian
phase shifts and melatonin suppression.

Exposure to brighter light and light with high proportions
of short wavelengths in the blue spectral range during the day
can improve subjective alertness, concentration, the reaction
time, and accuracy with which individuals solve tasks. It reduces
tiredness and drowsiness and helps to maintain circadian
rhythms and improve sleep quality as compared to darker and
blue depleted light. Physiological measures (e.g., EEG), however,
are less likely to be affected by light during the day, most probably
related to the fact that we are a diurnal species. The pathway
of light for affecting circadian rhythms, sleep-wake behavior,
alertness and well-being in individuals is predominantly expected
to be through the eye and the stimulation of ipRGCs, which
then send signals to the suprachiasmatic nucleus (SCN) and
other areas in the brain implicated in the regulation of
different neurobehavioral domains. Therefore, it can be assumed
that melEDI is a suitable measure for predicting melatonin
suppression and other non-visual effects in humans. A precise
quantity of melEDI to trigger these effects however is difficult to
determine and may depend on the output domain (e.g., alertness,
melatonin, sleep, circadian phase shifts etc.,) one is interested
in. Based on the expert consensus (9) mentioned above, we
recommend to aim for 250 lx melEDI during usual daytime office
hours (in the vertical plane at 1.2m height) for everyone working
inside buildings, even if this requires more energy.

Notably, luminous efficacy is calculated in Lumens per Watt
because Lumens are based on visual brightness perception
(V lambda curve). Non-visual aspects, however, should be
considered too. Non-visual effects have a different spectral
sensitivity curve compared to the visual perception of brightness
and are therefore not considered in the common calculation

of energy efficiency; therefore, we would recommend not only
considering Lumens per Watt as a measure for luminous efficacy
but also a measure that considers “non-visual luminous efficacy”
during the day (e.g., melanopic EDI per Watt). When light is
capable to reinforce normal circadian patterns of alertness during
the day and sleep at night, studies have either used very high light
levels (approximately 1000 lx) or strongly blue enriched light
(CCT 17000K). Notably, most field studies have not controlled
for the position of individuals within a room and hence for their
precise light exposure levels at the eye.

A lighting concept that reduces melatonin suppression during
the night while still allowing for high concentration would be
ideal. Sincemelatonin suppression ismainly linked to themelEDI
(92, 93) and not necessarily to CCT, metameric light sources that
reduce melatonin suppression could be an innovative solution
(94). By optimizing the light spectrum metamerically, daytime
alertness could also be improved (95). Additionally, the light
distribution could be changed between night and day. Since
direct light increases arousal (76) and iPRGCs are probably more
sensitive to indirect light from the ceiling (25), these factors could
be considered in the lighting design for day and night. Following
existing guidelines to avoid glare and yet achieving a high amount
of melEDIs at workplaces during the day could be achieved by
three workarounds:

1. Optimizing the spectrum by using light sources with a
relatively high melEDI (and a high CRI).

2. Optimizing vertical illuminances at the eye by optimizing
the light distribution (also considering the reflection of
surrounding surfaces. Optimized lighting design can provide
higher light levels at the eye (vertical illuminances) for the
same horizontal illuminance. Often, downwards oriented
lighting from ceiling mounted luminaires intended for rooms
with PC screen result in relatively low vertical illuminances.
To achieve higher vertical illuminance and hence more light at
the eyes, suspended or floor standing luminaires with indirect
light distribution (that direct light onto the ceiling) and “wall
washing” luminaires can be used. Additional white vertical
elements can increase vertical illuminances.

3. Since the melanopsin-containing ganglion cells in the eye are
distributed over a large area of the retina, it can be assumed
that the non-visual effect of light is greatest when light comes
from a large-area source. In nature, this light comes from the
sky. If only a small area of the retina is illuminated, as is the
case with the directional light of a spot, a weaker non-visual
effect is assumed.

During the evening we share the opinion with Brown and
colleagues (9) of reducingmelEDI to around 10 lx, of course, only
if no safety-relevant activities have to be carried out (i.e., at home
before bedtime).
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The mammalian eye contains two systems for light perception: an image detecting
system constituted primarily of the classical photoreceptors, rods and cones, and a non-
image forming system (NIF) constituted of a small group of intrinsically photosensitive
retinal ganglion cells driven by melanopsin (mRGCs). The mRGCs receive input from the
outer retina and NIF mediates light entrainment of circadian rhythms, masking behavior,
light induced inhibition of nocturnal melatonin secretion, pupillary reflex (PLR), and affect
the sleep/wake cycle. This review focuses on the mammalian NIF and its anatomy in
the eye as well as its neuronal projection to the brain. This pathway is known as the
retinohypothalamic tract (RHT). The development and functions of the NIF as well as the
knowledge gained from studying gene modified mice is highlighted. Furthermore, the
similarities of the NIF between sighted (nocturnal and diurnal rodent species, monkeys,
humans) and naturally blind mammals (blind mole rats Spalax ehrenbergi and the Iberian
mole, Talpa occidentalis) are discussed in relation to a changing world where increasing
exposure to artificial light at night (ALAN) is becoming a challenge for humans and
animals in the modern society.

Keywords: photoreceptors, circadian rhythms, neurotransmitters, entrainment, pupil reflex

INTRODUCTION

The daily shift between day and night due to the rotation of the earth toward the sun
defines the astronomical day of 24 h, which has shaped almost all life forms on the
planet. In mammals, light is perceived through the retina and used for image formation
primarily based on the classical photoreceptors, rods and cones, and a non-image forming
(NIF) system using the photoreceptor, melanopsin (Do and Yau, 2010). The circadian timing
system, which is fundamental for survival by driving physiology (hormone secretion, core
body temperature, heart rate) and behavior (sleep/wake, eating) into distinct time and
periods of the solar cycle, is a major target for the NIF system. The circadian system is
orchestrated by a biological “master” clock located in the suprachiasmatic nucleus (SCN)
of the hypothalamus and is constituted by approximately 20,000 neurons (Mohawk and
Takahashi, 2011). Each individual SCN neuron exhibits a biological clock with an intrinsic
period and phase different from other neurons, but their rhythm is coupled to each other
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to produce a coherent SCN output rhythm. Output signals
(neuronal, hormonal) synchronize the peripheral circadian
clocks located in the tissues and organs (Yamaguchi et al.,
2003; Welsh et al., 2010). The intracellular molecular machinery
driving the circadian oscillation in the majority of the SCN
neurons consists of interlocked transcriptional and translational
feedback loops involving several clock genes and their products
(Mohawk and Takahashi, 2011; Takahashi, 2016). However,
the endogenous period length of the SCN clock deviates
from the astronomical day of exactly 24 h and therefore,
the clock needs a daily resetting by light to align the
endogenous phase of the clock with the solar cycle, a process
known as photoentrainment (Golombek and Rosenstein, 2010).
Photoentrainment in mammals is solely dependent on the retina
(Nelson and Zucker, 1981). The neuronal pathway transmitting
light to the SCN is known as the retinohypothalamic tract
(RHT) (Hannibal, 2002). Other NIF functions mediated by the
RHT are light suppression of nocturnal melatonin secretion, as
well as masking behavior, and regulation of the pupillary reflex
(Do and Yau, 2010).

Within the last 20 years, studies of anatomy and physiology
using different mammalian species and, in particular, gene
modified mice, have shed light on NIF. Through the discovery
of specific neurotransmitters (glutamate and pituitary adenylate
cyclase activating polypeptide (PACAP) (Hannibal, 2002) and the
photoreceptor melanopsin expressed in subpopulations of retinal
ganglion cells (mRGCs) constituting the RHT, a fundamental
system in the mammalian eye mediating NIF to the brain was
characterized (Do and Yau, 2010).

This review will focus on NIF and studies in the circadian
photoentrainment, masking behavior and pupillary light
reflex in animal models, neuroanatomy, and physiology in
gene modified mice lacking elements of the NIF pathway
to the brain such as photoreceptors, neurotransmitters,
and their receptors. Furthermore, the different aspects
of the effects of light on the physiology between sighted
(nocturnal and diurnal rodent species, monkeys, humans)
and blind mammals (the naturally blind mole rat Spalax
ehrenbergi and the Iberian mole, Talpa occidentalis)
will be discussed.

NON-IMAGE FORMING
PHOTOPERCEPTION (NIF): LIGHT
ENTRAINMENT; PHOTIC PHASE
RESPONSE CURVE (PRC), MASKING,
AND PUPILLARY LIGHT REFLEX (PLR)

The NIF system of the mammalian eye can be considered as
an irradiance detector or “light meter” system used for light
entrainment of the circadian system, regulation of masking
behavior, and the pupillary light reflex (PLR) (La Morgia et al.,
2018; Foster et al., 2020). Furthermore, NIF is involved in sleep
and core body temperature regulation. When studying the NIF
physiology, the focus has mainly been on light entrainment,
masking behavior, and PLR.

Light Entrainment
Light has a profound effect on the phase of the circadian clock
which is fundamental for the ability of the species to stay
entrained with the solar cycle. This phase shifting capacity is time
dependent which means that light stimulation during daytime in
normal feed animals have a little effect on the clock phase while
light stimulation during the early part of the subjective night
slows down the clock speed by inducing phase delays (Hannibal,
2002). Light stimulation at the end of the night, on the other
hand, speeds up the clock resulting in a phase advance of the
clock phase (Figure 1). This time dependent effect of light on
the clock phase is known as the phase-response curve to light
stimulation and is the fundamental ability of the clock to stay
entrained with the circadian light/dark cycle as well as the annual
cycle (Hughes et al., 2015; Foster et al., 2020). Importantly,
light intensity as well as the wavelength and duration of the
stimulus determine the size of the phase shift (Hannibal and
Fahrenkrug, 2006; Duffy and Czeisler, 2009; Golombek and
Rosenstein, 2010).

Masking
Light can also directly influence the rhythmic physiology and
behavior, and this effect is called masking (Mrosovsky, 1999).
While nocturnal animals generally become more active in
response to darkness (positive masking), light at night has
the opposite effect making the animals less active (negative
masking). Negative masking causes the inhibition of locomotor
activity observed in nocturnal animals when exposed to light at
night (Redlin, 2001). While masking is independent of the SCN
clock (Redlin and Mrosovsky, 1999), it is an important factor
controlling the rhythmic behavior and physiology in arrhythmic
animals due to clock gene mutation (Bunger et al., 2000; Husse
et al., 2014) or disrupted synchronization of individual clock
neurons (Bechtold et al., 2008; Hannibal et al., 2011). A direct
inhibition of the nocturnal secretion of the night hormone
melatonin can be considered as a “negative” masking by light
(Mrosovsky, 1999; Pevet and Challet, 2011).

Pupillary Light Reflex (PLR)
As early as the late 1920s, Clyde Keeler described a strain of
blind house mice which, despite lacking the outer retina, still
had light perception and an intact PLR (Keeler, 1924; Keeler
et al., 1928). This NIF function was “re-discovered” in the early
1990s by Russell Foster and colleagues (Foster et al., 1991), and
the PLR is considered an important parameter when examining
the mammalian NIF function. The use of light with different
wavelengths can discriminate functional defects located in the
outer (i.e., rod and cone defects) or the inner retina (melanopsin
defects) (La Morgia et al., 2018).

THE RETINO-HYPOTHALAMIC TRACT
(RHT) IN MAMMALS

In 1972, a distinct monosynaptic neuronal pathway to the SCN
was described in mammals for the first time (Hendrickson et al.,
1972; Moore and Lenn, 1972). These pioneering observations
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FIGURE 1 | Light regulation of circadian rhythms; the photic phase response curve (PRC). (A) Schematic presentation of the activity rhythms of a nocturnal animal
where each horizontal line represents the activity of the animal in 1 day. The animal is entrained to a light/dark photoperiod (LD) as represented on the top of the
record. The animal is then released into constant darkness (DD) and the activity rhythm is now “free-running.” During the free-running period, the animal experiences
light pulses during subjective day [1], early subjective night [2], and late subjective night [3]. The light pulse given during the day has little or no effect on the phase of
the endogenous rhythm. Light pulse given in the early subjective night results in a phase delay of the overt rhythm as indicated by [2] in panels (A,B), and a light
pulse given in the late subjective night results in a phase advance of the overt rhythm as indicated by [3] in panels (A,B). A complete phase response curve to light
stimulation during a 24 h period is drawn in (B). Phase delays are plotted in the negative direction (downward) and phase advances are plotted in the upwards
direction. The horizontal axis in (B) represents one circadian cycle (from Hannibal, 2020).

were subsequently confirmed by studies using the subunit B
of cholera toxin (CtB) as an anterograde tracer. CtB tracing
resulted in a detailed visualization of the RHT projections in
several mammalian species (reviewed in Hannibal, 2002). More
recently, direct conjugation of different fluorophores to CtB
have made it possible to characterize the contralateral and
ipsilateral natures of the RHT projections in the mammalian
brain into details (Guler et al., 2008; Langel et al., 2015). The
RHT originates from a distinct subpopulation of retinal ganglion
cells (RGCs) widely distributed in the entire retina (Moore et al.,
1995; Hannibal et al., 1997). RHT nerve terminals reach the
ventral bilateral SCN (Morin and Allen, 2005), and some of
these axons bifurcated and reach the intergeniculate leaflet (IGL)
of the lateral geniculate complex which is considered part of
the circadian timing system (Pickard, 1985). Nerve fibers from
the RHT target several areas in the forebrain which are not
directly involved in the circadian timing but are considered
as the neuronal pathway of NIF (Canteras et al., 2011). One
area, the ventral preoptic area (VLPO), is involved in the
homeostatic regulation of sleep (Saper et al., 2005a) and light
indirectly affects the hormone secretion dependent of sleep
homeostasis (Saper et al., 2005b). Furthermore, RHT directly
targets the nerve fibers in the hypothalamic subparaventricular
zone (SubPVN), which has been suggested to play a role in
light regulated masking behavior (see above) (Shuboni et al.,
2012) (see also below). A minor terminal field of the RHT
nerve terminals is found in the lateral hypothalamic area dorsal
to the supraoptic nucleus (Hannibal and Fahrenkrug, 2004b;
Hattar et al., 2006; Canteras et al., 2011). This part of the
RHT is supposed to influence the masking effects on specific

behaviors such as defensive, drinking, and reproductive behaviors
(Swanson, 2000;Canteras et al., 2011).

The Neuropeptide PACAP: A Marker for
the RHT in Mammals
In 1997, a distinct marker labeling all neurons and projections
of the RHT to the brain was demonstrated by showing the
localization of the neuropeptide PACAP in all RGCs of the rat
RHT (Hannibal et al., 1997). The neuropeptide PACAP was
discovered in 1989–1990 due to its ability to stimulate cyclic
AMP in pituitary cells (Miyata et al., 1989; Miyata et al., 1990).
PACAP is, due to its sequence similarities, placed in the family
of vasoactive intestinal polypeptide (VIP), secretin and glucagon
(Vaudry et al., 2000). PACAP has its own specific receptor,
the PACAP type 1 (PAC1) receptor, and shares the VIP types
1 and 2 receptors (VPAC1 and VPAC2) with VIP (Harmar
et al., 2012). Retinal PACAP projections densely innervate the
bilateral SCN and all other non-visual (NIF) areas of the brain,
most intensely the lateral geniculate nucleus and especially
the intergeniculate nucleus (IGL) and the ventral geniculate
nucleus (VGL), the pretectum including the olivary pretectal
nucleus (OPN), and with little innervation of the superior
colliculus (SC) (Hannibal and Fahrenkrug, 2004b). The IGL is
known as a part of the “circadian visual system” (Morin and
Allen, 2005; Morin, 2013), and the OPN is a part of the PLR
(Morin, 2013). PACAP immunostaining in combination with
CtB injection in the eye has proven useful in the characterization
of RHT projections in nocturnal animals such as the rat
(Hannibal et al., 1997; Hannibal and Fahrenkrug, 2004b;
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Engelund et al., 2010), hamster (Bergström et al., 2003), and
mouse (Engelund et al., 2012), diurnal rodent (Arvicantis
niloticus) (Langel et al., 2015), and as well as the monkey
(Hannibal et al., 2014). Interestingly, in almost every target
area reached by the PACAP nerve terminals, a minor number
of retinal projections (CtB positive) not co-storing PACAP
were identified. Furthermore, no distinct difference of the
melanopsin/PACAP projections were found when comparing
the nocturnal and diurnal species (Langel et al., 2015), although,
the time of the development of the retinal projections may differ
slightly (Todd et al., 2012).

Identification of Melanopsin in RGCs of
the RHT
In the 1990s, Russel Foster and colleagues described two
mouse models, the rd/rd (rodless/rodless) and the rd/cl
(rodless/coneless) mice, characterized by the loss of all rods or
both rods and cones during early development (Foster et al., 1991,
1993). Both strains of mice had an intact RHT and were able
to photoentrain their circadian rhythm to the light/dark cycle
as their littermates (Foster et al., 1991; Freedman et al., 1999).
Furthermore, the rd/cl mice photoentrain and suppress nocturnal
secretion of melatonin in response to monochromatic light of
wavelength of approximately 500 nanometers, indicating that the
mammalian retina had additional ocular photoreceptors in the
inner retina (Lucas and Foster, 1999; Lucas et al., 1999). In the
rd/rd mice with a normal photoentrainment, light induces the
transcription factor FOS in neurons of the SCN and in a small
population of RGCs (Masana et al., 1996). In rats, light was shown
to induce and sustain FOS expression selectively in PACAP
expressing RGCs given that the light was ON (both during the
subjective day and night). This response was unexpected and
unique compared to other RGCs and amacrine cells (in which
FOC decreases within 1–2 h) (Hannibal et al., 2001b). This
finding was the first direct indication that RGCs of the RHT
could be intrinsically photosensitive (Hannibal et al., 2001b).
This idea was furthermore supported by the identification of
melanopsin, which was initially cloned from frog skin (Provencio
et al., 1998). Melanopsin, named from the cells of which it was
first isolated (melanophore cells causing the ability of frog skin to
shift color), were demonstrated in a small population of RGCs in
the mammalian retina shortly after its cloning (Provencio et al.,
2000). This observation led to several studies confirming that
melanopsin was located exclusively in the surface membrane of
RGCs of the RHT (Hannibal et al., 2002a; Hattar et al., 2002;
Figure 2). At the same time, the melanopsin-expressing RGCs
(mRGCs) were shown to be intrinsically photosensitive (Berson
et al., 2002) and shortly hereafter, melanopsin was established as a
new mammalian photoreceptor (Berson, 2003; Rollag et al., 2003;
Do and Yau, 2010) being sensitive to blue light in a wavelength of
approximately 480 nm (Lucas et al., 2014).

Using the melanopsin promoter and knockin of the tau-lacZ
gene, which codes for the β-galactosidase enzyme fused to a
sequence of tau protein and promotes axonal transport of the
marker enzyme, Hattar et al. (2002, 2006) were able to visualize
the axon projections of the mRGCs (RHT) in the mouse brain,

which were very similar to that of the rat (Hattar et al., 2002, 2006;
Hannibal and Fahrenkrug, 2004b). Interestingly, using another
melanopsin gene (Opn4) knockin (Opn4Cre/+;Z/AP) mouse in
which CRE-recombinase were combined with an enhanced
placental alkaline phosphatase that increases the sensitivity of
visualization of melanopsin expressing cells and their projections
in the brain, the number of mouse mRGCs were found to be
more than twice the number of mRGCs which were initially
visualized by immunostaining in mice (Ecker et al., 2010). Brain
areas targeted by retinal projections from mRGCs involved
in vision processing that were not previously identified [the
lateral geniculate complex (LGN) and superior colliculus (SC)],
were now identified (Brown et al., 2010; Ecker et al., 2010).
These observations were aligned with studies in primates, in
which retrograde and anterograde tracing revealed melanopsin
projections to both the LGN and SC (Dacey et al., 2005; Hannibal
et al., 2014).

The Diversity of mRGCs
The melanopsin expressing RGCs (mRGCs) were a more
heterogeneous group of mRGCs than what was initially suggested
and represented by 5–7 subtypes of mRGCs in both rodents and
primates, including humans (Baver et al., 2008; Berson et al.,
2010; Ecker et al., 2010; Sand et al., 2012; Hannibal et al., 2017).
The total number of mRGCs were 0.6–1% of the total number
of RGCs in the mammalian retina (Hannibal et al., 2002a, 2017;
Hattar et al., 2002). The different subtypes of mRGCs are based
on the pattern of dendritic aberration in the inner layers of
the inner plexiform layer (IPL) and inner nuclear layer (INL),
which form two distinct networks of dendritic projections: one
inner stratifying layer located in the sublamina I of the IPL
and one outer stratifying layer located in sublaminar V in the
IPL close to the INL (Figure 3; Schmidt et al., 2011a; Reifler
et al., 2014; Hannibal et al., 2017). These mRGCs differ in the
morphology (size, number of dendrites), electrophysical response
(Ecker et al., 2010; Schmidt et al., 2011b; Lucas et al., 2014),
expression of melanopsin (Pires et al., 2009), and expression of
the transcription factor Brn3b (Badea et al., 2009; Chen et al.,
2011). The different levels of melanopsin expression in mice seem
to be a result of the expression of two isoforms of melanopsin
from Opn4 locus, a long isoform (Opn4L) and a short isoform
(Opn4S). Both Opn4L and Opn4S are expressed in the mRGCs
and Opn4S seems to be 40 times more abundant than Opn4L
(Pires et al., 2009). Both isoforms contribute to different functions
of the mRGCs (Hughes et al., 2012; Jagannath et al., 2015)
(see also below).

Anatomical Connectivity Between
mRGCs and the Outer Retina
In addition to being directly responsive to light, the mRGCs
receive light information from the rods and cones as well (Guler
et al., 2008). The information is integrated in the mRGCs via
bipolar and amacrine cells (Belenky et al., 2003; Jusuf et al., 2007;
Ostergaard et al., 2007; Grunert et al., 2011; Lucas et al., 2012;
Hannibal et al., 2017). Differences in the dendritic morphology
of the mRGCs support the fact that afferent connections differ
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FIGURE 2 | PACAP is found in melanopsin-immunoreactive RGCs in mammals (image from the macaque modified from Hannibal et al., 2014). The image represents
a montage of a Z-stack covering the depth required to ensure that both inner and outer stratifying melanopsin processes are visible.

qualitatively, making the NIF system sensitive to the broad
spectrum of light found from sunrise to sunset (Dacey et al., 2005;
Lucas et al., 2014).

Melanopsin in Naturally Blind Mole Rat:
The Spalax ehrenbergi and the Iberian
Mole, the Talpa Occidentalis
A large number of mammalian species have adopted a
subterranean lifestyle, which in some species have led to natural
blindness due to the regression of the eyes and in others, are
covered by the skin (Nevo, 1999). Although visually blind,
it seems that the eyes of these animals are able to provide
information about the circadian and annual cycles (David-Gray
et al., 1998; Nevo et al., 2001). The Spalax ehrenbergi, which is
a blind subterranean mole rat with rudimentary eyes (diameter
less than 1 mm) located under the skin, responds to light
stimulation and adapts behavior and physiology to both circadian
and annual lightnings (David-Gray et al., 1998; Nevo et al.,
2001). While the lens of the Spalax is pigmented and severely
degenerated, the retina is well-organized in the inner and outer
layers (Cernuda-Cernuda et al., 2002). The eyes are located in
the enlarged harderian gland with an optic nerve that contains
less than 900 axons with no image-forming vision (Cooper et al.,
1993a). The Spalax eye can therefore be considered as a light
meter corresponding to the NIF system found in the sighted eye
(Cooper et al., 1993b; Hannibal et al., 2002b; Esquiva et al., 2016).
Tract tracing from the Spalax eye to the brain demonstrates the

areas involved in visual perception which receives a significantly
reduced retinal projections whereas the brain areas involved in
the NIF functions such as the SCN and the ventral geniculate
nucleus (VGL) are innervated as found in sighted animals
(Bronchti et al., 1991; Cooper et al., 1993b). A detailed study
revealed the complex wiring of the classical photoreceptors (rods
and L/M cones), amacrine and bipolar cells, and mRGCs, which
seem to be similar to that of the sighted mammals (Esquiva et al.,
2016; Figure 4). However, while mRGCs represent approximately
1% of all RGCs in sighted animals and humans, nearly 90% of a
total of 900 RGCs are mRGCs. As in other mammalian species,
mRGCs co-store PACAP, which can be found in retinal target
areas in the Spalax brain (Hannibal et al., 2002b). Based on the
anatomy, the Spalax eye seems to represent a functional “light
meter” that could resemble what seems to be one of two systems
of light perception found in the sighted eye, a system in which
classical photoreceptors and mRGCs together constitute the NIF.
Interestingly, as found in sighted animals, a minor fraction of
Spalax RGCs (10%) expressing Brn3a and calretinin, but not
melanopsin (Figure 4), projects to the NIF areas in the brain
suggesting that non-melanopsin light signaling mediates NIF as
well (Esquiva et al., 2016).

The eyes of the Iberian mole, like the Spalax, is covered by skin
and severely regressed (Carmona et al., 2010). The Iberian mole
eye differentiates to form a well-structured retina with all layers as
found in a seeing eye [ganglion cell layer (GCL), inner nuclear cell
layer (INL), outer nuclear cell layer (ONL), and photoreceptor
layer] (Carmona et al., 2010). Although not quantified, a high
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FIGURE 3 | Schematic vertical section of a Spalax (top), mouse (middle), and
human (bottom) retina showing the rods and cones (green and blue) and the
diverse melanopsin RGC subtypes. Human melanopsin immunoreactive
retinal ganglion cells were sub-classified revealing the M1,–displaced M1
(DM1), –M2, –M3, and –M4 cell subtypes and in mouse, the not previously
reported gigantic M1 (GM1) and gigantic displaced M1 (GDM1) cells.
Melanopsin RGCs receive input from dopamine amacrine cells (DA) and
GABAergic amacrine cells found in S5 of the inner plexiform layer (IPL). AII
amacrine cell and rod bipolar cell axons innervate the subtypes of melanopsin
RGCs located in the ganglion cell layer (GCL). ONL; outer nuclear layer, OPL;
outer plexiform layer, INL; inner nuclear layer (modified from Hannibal et al.,
2017).

proportion of RGCs express melanopsin and only a minor part
of RGCs express Brn3a (Carmona et al., 2010), as also reported in
the Spalax (Esquiva et al., 2016).

mRGCs Are Responsive to Light From
Birth
Melanopsin is expressed in the rat retina from prenatal day 18
(Fahrenkrug et al., 2004), whereas the classical photoreceptors
occur and are functional from approximately postnatal day 10,
2–3 days before the eyes open (Ratto et al., 1991). In both rats
and mice, NIF is established from P0, a timepoint where light
induces FOS in mRGCs and where RHT nerve fibers can be
identified in the ventral SCN (Hannibal and Fahrenkrug, 2004a).
From this time point, light induces the expression of FOS in
the SCN (Hannibal and Fahrenkrug, 2004a; Sekaran et al., 2005;
Lupi et al., 2006; Figure 5). Although it has been established
that neonatal photoentrainment overrides maternal entrainment
from P8, light seems to influence the SCN function from P0
(Takahashi and Deguchi, 1983; Duncan et al., 1986) and may
be involved in the development of SCN neuronal networks and
retinal pathways (both non-image forming and image forming)
in the neonatal brain.

Melanopsin Expression Is Regulated by
Light and the Circadian Clock
Already from birth, the melanopsin expression is regulated both
in the pigmented and albino retina, in a process that prenatally
are independent of rods and cones (Hannibal et al., 2007). In
adults, light has a strong impact on both the melanopsin protein
and mRNA expression in the albino retina (Castrucci et al., 2004;
Hannibal et al., 2005; Hannibal, 2006a) which seems to override
a circadian regulation (Hannibal et al., 2005). In the pigmented
retina circadian expression of melanopsin, mRNA seems to be
more pronounced than in the albino retina (Sakamoto et al.,
2004; Hannibal et al., 2013) and to some extent, dependent of the
outer retina and classical photoreceptors (Sakamoto et al., 2004;
Wan et al., 2006). However, prolonged exposure to light down
regulates the melanopsin protein, whereas prolonged periods of
darkness increase the melanopsin protein expression (Hannibal
et al., 2013). The functional significance of the melanopsin gene
expression regulation remains to be fully clarified but most likely,
the changing levels of melanopsin involved in the retinal adaption
to environmental light and darkness creating a maximal light
sensitivity during the solar cycle.

FUNCTIONAL SIGNIFICANCE OF
MRGCS—LEARNING FROM THE
KNOCKOUT MODELS

mRGC Are the Primary RGCs Mediating
NIF
By the discovery of melanopsin in a subpopulation of RGCs
making them intrinsically photosensitive (mRGCs), several
questions were asked. Is melanopsin the only photoreceptor
for the NIF functions? Rod- and cone-less mice had an intact
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FIGURE 4 | Melanopsin in the naturally blind mole rat, the Spalax ehrenbergi. (A) Confocal photomicrographs of melanopsin (green) RGC (mRGCs) and DAPI nuclear
counterstaining (red) in the Spalax retina. Melanopsin RGCs are located in the ganglion cell layer (GCL) and few displaced RGCs are found in the inner nuclear cell
layer (INL) (indicated by arrowhead). mRGCs project mainly into the IPL, but also to the outer plexiform layer (OPL) (exemplified by open arrowhead) where they form
an outer plexus (indicated by single arrows in (A) (B) Melanopsin (green), L/M coneopsin (red), and rhodopsin (blue) in Spalax. (C–E) Ganglion cell marker RBPMS
(red) in combination with melanopsin (green) and DAPI nuclear counterstaining (blue) in horizontal sections through the GCL. Brn3a (blue) is found in all
non-melanopsin RGCs co-storing calretinin (red) (F). Panel (G) shows the optic nerve containing melanopsin and calretinin positive axons. Scalebars: (A): 40 µm,
(B): 15 µm, (C–E): 50 µm, (E,F): 15 µm. GCL; ganglion cell layer, IPL; inner plexiform layer, INL; inner nuclear layer (modified from Esquiva et al., 2016).
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FIGURE 5 | Left lane: Light induction of FOS in melanopsin expressing retinal ganglion cells (RGCs) during postnatal development. Confocal photomicrographs
showing double immunostaining for melanopsin (red) and FOS (green) in cross sections of rat retinae obtained from postnatal day (PND1) to PND14. Middle lane:
Light stimulation at subjective dawn induces FOS in the SCN from the first postnatal day. Confocal photomicrographs showing double immunostaining for FOS
(green) and VIP (red) in sections through the unilateral mid SCN from animals kept in darkness from subjective dawn and receiving light for 1.5 h beginning at
subjective dawn. Right lane: Double immunostaining showing postnatal development of the innervation of the ventral SCN (VIP staining in green) by the
retinohypothalamic tract (PACAP staining in red). PACAP positive nerve fibers are present in the SCN already on the first postnatal day and an adult pattern is found
from PND12. Ages are indicated in each photomicrograph. Oc, optic chiasma. Bars = 50 mm (modified from Hannibal and Fahrenkrug, 2004a).

NIF such as photoentrainment, negative masking behavior, and
suppression of nocturnal melatonin (Freedman et al., 1999;
Lucas and Foster, 1999; Lucas et al., 1999). Generation of
melanopsin deficient mice clarified that these mice had a normal
circadian rhythm and negative masking compared to their
littermates but with a significant blunted phase shift response to
nocturnal light pulses indicating an important role of melanopsin
in photoentrainment (Panda et al., 2002). Electrophysical

examination revealed that that RGCs of melanopsin knockout
mice were no longer intrinsically photosensitive (Lucas et al.,
2003). These mice have a normal PLR at low light intensities,
but the PLR at high light intensity was severely compromised
indicating that both the melanopsin and classical photoreceptors
were complementary for a normal NIF (Lucas et al., 2003).
Mating of melanopsin knockout mice and rodless (rd/rd)
mice showed that the double mutant mice lost all the NIF
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FIGURE 6 | Artificial light at night (ALAN). ALAN levels detected by the US-DMPS satellite sensors in 2010. Note that the areas emitting the highest ALAN levels are
marked in red, less lit areas are marked in orange and yellow. Areas with no stable light appear in black (Cinzano et al., 2001). Source: mapped using DMSP (2014)
data.

functions [photoentrainment, negative masking behavior, light
inhibition of AA-NAT (the enzyme responsible for nocturnal
melatonin secretion and prolongation of the endogenous period
length during constant light)] (Panda et al., 2003). However, if
melanopsin and the classical photoreceptors (rods and cones)
mediate NIF to the brain, is it then by a separate neuronal
pathway? Anatomically, the mRGCs were identified as the RGCs
of the RHT. Tract tracing studies demonstrated that only a few
non-melanopsin retinal projections were targeting the NIF areas
in the brain innervated by melanopsin neuronal projection (see
above). To clarify this question, it was necessary to eliminate
the melanopsin expressing RGCs. The Hattar group used the
approach to knock-in a gene (aDTA) encoding the attenuated
diphtheria toxin A subunit (aDTA) into the mouse gene locus
encoding melanopsin (Guler et al., 2008). In the homozygote
knock-in mice, an almost complete loss of mRGCs was observed
and neurologically, these mice were circadian blind with the
loss of all NIF functions while image formation was left intact
(Guler et al., 2008). A slightly different approach was used
by the Panda group which used a Cre-inducible diphtheria
toxin receptor expressed exclusively in the mRGC resulting in a
selective loss of mRGCs after the injection of the Diphtheria toxin
(DT, which crossed the blood-brain barrier) (Hatori et al., 2008).
This approach removed almost all mRGCs and led to a loss of
photoentrainment, negative masking behavior, and prolongation
of the endogenous period length during constant light as well as
the PLR (Hatori et al., 2008). These observations demonstrated
that mRGCS are responsible for the NIF function in mammals.

Different Subtypes of mRGCs Mediate
Different Functions
The initial discovery of melanopsin in one subtype of RGCs was
modified based on the morphology, expression of melanopsin,
dendritic projections/connections, and electrophysical

properties. Today, 6–7 subtypes of melanopsin have been
identified (Schmidt et al., 2011a; Sand et al., 2012; Reifler et al.,
2015; see above and Figure 3). These different subtypes respond
to light with slightly different patterns making it likely that they
are involved in different functionalities. By dividing mRGCs
in M1 and non-M1 subtypes, Chen et al. (2011) found that
M1 subtypes can be differentiated based on the expression of
Brn3b, a POU domain transcription factor (Badea et al., 2009).
Brn3b positive M1 RGCs are functionally different from the
Brn3b negative mRGCs. Brn3b-positive mRGCs innervate all
other brain targets known to be involved in NIF, including the
olivary pretectal nucleus, whereas Brn3b-negative M1 RGCs
innervate the suprachiasmatic nucleus (SCN). Selective ablation
of Brn3b-positive mRGCs severely disrupts the PLR, but does
not impair the circadian photoentrainment consistent with these
innervation patterns (Chen et al., 2011). These observations
indicate that distinct subpopulations of the M1 subtype of
mRGCs innervate different brain regions to execute specific
light-induced functions despite being morphologically and
electrophysiologically similar. Other melanopsin RGC subtypes
(M2, M4, M5, and M6) seem to increase the dynamic range and
spectral bandpass of the NIF as well as to shape vision perception
(contrast, color, etc.) (Estevez et al., 2012; Weng et al., 2013;
Schmidt et al., 2014; Stabio et al., 2018; Quattrochi et al., 2019).

Different Isoforms of Melanopsin
Regulate Different NIF Functions
In mice, melanopsin can be found in a long form (OPN4L) and
a short form (OPN4S), both encoding an active photopigment
(Jagannath et al., 2015) (see above). The study demonstrated
that OPN4S mediates light-induced pupillary constriction
whereas the OPN4L regulates negative masking. However, both
isoforms contribute to light entrainment and light induced sleep
induction (Jagannath et al., 2015). The observations show that
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different splice variants of a single receptor gene can regulate
different behaviors.

NEUROTRANSMITTERS OF THE RHT:
FUNCTIONAL SIGNIFICANCE AND
LEARNING FROM THE KNOCKOUT
MODELS

Nerve fiber terminals of the RHT are found in the retino-
recipient areas of the brain including the SCN, IGL, ventrolateral
preoptic nucleus (VLPO) regulating sleep, subparaventicular
zone of the PVN, lateral hypothalamic area dorsal to the SON
(Hannibal and Fahrenkrug, 2004b; Canteras et al., 2011), and
several nuclei in the pretectal area, of which, the most densely
innervated is the olivary pretectal nucleus (OPN) controlling the
pupillary reflex (Hannibal and Fahrenkrug, 2004b; Hattar et al.,
2006; Hannibal et al., 2014). In rat, these projections co-store
two neurotransmitters, the classic neurotransmitter glutamate
and PACAP (Hannibal et al., 2000; Engelund et al., 2010),
targeting several subtypes of glutamate receptors and the PACAP
specific receptor, the PAC1 receptor located in the SCN neurons
(Hannibal, 2002, 2006b). Glutamate is considered as the primary
neurotransmitter having a “light like” phase shifting capacity on
the SCN neurons (Hannibal, 2002), while PACAP is considered
as a neuromodulator gating the effects of glutamate induced
resetting of the circadian phase (Hannibal, 2006b, 2016).

NIF in Mice Lacking the PACAP or PAC1
Receptor
In vivo and in vitro studies of the behavior and gene expression
using PACAP and PAC1 deficient mice have increased our
understanding of the role of PACAP and the PAC1 receptor in
NIF (light entrainment, negative masking behavior, and PLR).
In vitro electrophysiological studies indicate that PACAP can
potentiate glutamate induced phase delay during early night and
decrease glutamate induced phase advance at late night (Chen
et al., 1999; Bergström et al., 2003; Hannibal, 2006b). In vitro
studies in rat and hamster have provided evidence that PACAP
in nanomolar concentrations induces phase shifts similar to light,
whereas micromolar concentrations seem to modulate glutamate
induced phase shifts (Chen et al., 1999; Harrington et al., 1999).
Three independent groups have generated mice lacking the
PACAP gene, one group mice lacking the PAC1 receptor gene.

PACAP deficient mice show normal light entrainment
although a significant reduced phase shift of the circadian rhythm
after a high light intensity stimulation (<100 lux) (Kawaguchi
et al., 2003; Colwell et al., 2004). This finding was aligned with
the in vitro results using PACAP in a micromolar concentration
(Chen et al., 1999; Harrington et al., 1999). PACAP KO mice
also demonstrated a compromised masking response whereas
the PLR seemed unaffected (Kawaguchi et al., 2010). A third
strain of PACAP KO mice showed similar free-running periods
and normal photoentrainment (Beaule et al., 2009). However,
although this strain of PACAP KO mice did not display a phase-
advance after single light pulses at late night, the PACAP KO mice

did entrain to a 23-h T-cycle (Beaule et al., 2009). In addition,
PACAP KO mice needs several LD cycles to re-entrain after a 6-h
phase advance of the LD cycle (Beaule et al., 2009). These results
indicate that PACAP is required for the normal integration of the
phase advancing light signal by the SCN.

PACAP receptor 1 (PAC1) deficient mice showed a normal
photoentrainment as the PACAP KO mice, indicating that both
genotypes have a stable biological clock (Hannibal et al., 2001a,
2008). PAC1 KO mice entrain to LD cycles but have a significantly
reduced response to light stimulation at early subjective night
(Hannibal et al., 2008). When placed in T-cycles (circadian day
length of 21–26 h), PAC1 KO mice reach the limit of entrainment
that is most pronounced at low light intensities (Hannibal et al.,
2008). In accordance, PAC1 KO mice significantly needs more
time (LD cycles) to re-entrain after an 8-h phase shift of the
external LD cycle at low light intensities (jetlag experiment)
(Hannibal et al., 2008). Furthermore, the PAC1 KO mice show an
impaired negative masking that is most significant at a low light
intensity (Hannibal et al., 2008). Together, in vivo and in vitro
studies in mice lacking either PACAP or the PAC1 receptor show
that PACAP plays an important role in light regulation of the SCN
activity especially at low light intensities.

Light stimulation at early night induces, in mice, large phase
delays of the circadian rhythm (see Figure 1) and small phase
advances at late night, while in hamsters, light induces large
phase advances at late night and small phase delays at early night
(Hannibal, 2002). These differences are determined by the length
of the endogenous period (tau). Mice, which have a fast running
clock (tau shorter than 24 h), need to slow down the clock (phase
delay) in order to stay entrained whereas hamsters, having a slow
running clock (tau longer than 24 h), need to speed up their clock
(phase advance) to stay entrained with the LD cycle (see also
section “Light Entrainment”) (Golombek and Rosenstein, 2010).
It is possible that the low sensitivity for light in mice at late night
explains these phase shift differences at this time point in both
the PACAP KO and PAC1 KO mice compared to wild type mice
(Golombek and Rosenstein, 2010). The OPN, another NIF target
areas which controls the PLR, receives retinal PACAP input and
expresses the PAC1 receptor (Engelund et al., 2012). Compared
to the wild type mice, the PLR of PAC1 KO mice is significantly
attenuated and the difference is significantly increased with
higher light intensities (Engelund et al., 2012), indicating a role
of the PAC1 receptor signaling in the PLR. However, some
discrepancy is found in the PLR comparing the PACAP KO and
PAC1 KO mice. It is important to note that although melanopsin
in mRGCs are necessary for an intact PLR, mRGCs receive input
from the classical photoreceptors (Guler et al., 2008). When
studying PLR in PACAP KO mice, they were exposed to blue
light [(λ) 460–490 nm] (Kawaguchi et al., 2010). This wave
length selectively stimulates the melanopsin photoreceptor (Do
and Yau, 2010). PAC1 KO mice were stimulated using white light
(Engelund et al., 2012), which also activates rods and cones (Do
and Yau, 2010). Recent studies indicate that the PLR is controlled
by Brn3b-positive mRGCs (Chen et al., 2011). These mRGCs may
be dependent on the input signals from the outer retina (rods
and cones) as well as being more sensitive to white light (Chen
et al., 2011). Most likely, the melanopsin/PACAP mRGCs that
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are involved in the regulation of the PLR are different from the
mRGCs regulating light entrainment and masking (Chen et al.,
2011). The PLR of PAC1 KO is significantly more altered when
exposed to light at a higher intensity (Engelund et al., 2012) while
entrainment and negative masking in these animals are more
affected at a low light intensity (Hannibal et al., 2008), supporting
the involvement of the different subtypes of mRGCs.

NIF in Mice Lacking the Vesicular
Glutamate Transporter 2 (VGLUT2)
(Glutamate)
The VGLUT2 transporter is important for the process that packs
glutamate into synaptic vesicles (Takamori, 2006). The VGLUT2
transporter shows a distinct expression within the CNS and retina
(Fujiyama et al., 2003) and both the VGLUT2 (Johnson et al.,
2007) and PACAP are co-stored in the melanopsin containing
mRGCs (Engelund et al., 2010). Mice with a specific loss of
VGLUT2 in mRGCs were investigated at different light intensities
(Gompf et al., 2014; Purrier et al., 2014). VGLUT2 KO mice
entrained to the LD cycle at 900 lux and all VGLUT2 KO mice
showed a normal free-running activity when exposed to constant
darkness, indicating an intact circadian clock (Purrier et al.,
2014). VGLUT2 KO mice showed a decreased ability to re-entrain
after an 8 h shift in the external LD cycle (jetlag experiment)
(Purrier et al., 2014), and furthermore, VGLUT2 KO mice failed
to entrain to a skeleton photoperiod (1 h of light in the morning
and 1 h in the evening, simulating dawn and dusk). These finding
suggests that VGLUT2 KO mice had a disturbed setting of signals
for dusk and dawn (Purrier et al., 2014). A more severe affected
phenotype of the VGLUT2 KO mice was described by Gompf
et al. (2014). These mice failed to entrain to the LD cycle (Gompf
et al., 2014) and when exposed to light at early night, the VGLUT2
KO mice showed no shift in the circadian phase and no induction
of FOS in the SCN, which indicates a strongly compromised
light sensitivity in these mice (Gompf et al., 2014). The decreased
light sensitivity in these animals is substantiated during constant
light conditions. Normal wild type changes their free running
tau, which becomes longer than 24 h while the tau of VGLUT2
KO mice remained unchanged during constant darkness (Gompf
et al., 2014). When exposing the population of VGLUT2 KO
mice to strong constant light (2,000 lux), the tau was increased,
indicating that light sensitivity remains, although with a higher
threshold in this subpopulation of VGLUT2 KO mice. In both
stains of the VGLUT2 KO mice, negative masking was impaired
despite the light intensities used (Gompf et al., 2014; Purrier
et al., 2014). The PLR was found to be significantly attenuated
in VGLUT2 KO mice (Purrier et al., 2014).

The investigations of mice lacking PACAP (PACAP and
PAC1 KO mice) and glutamate signaling (VGLUT2 KO mice)
confirm the behavior, physiologically and gene expression studies
in vitro and in vivo (reviewed in Hannibal, 2002, 2006b), showing
that glutamate and PACAP are the neurotransmitters in the
RHT mediating NIF information to the brain. Furthermore,
the studies referred to emphasize the role of PACAP as a co-
transmitter in the RHT acting together with glutamate, the
primary neurotransmitter of the RHT (Hannibal, 2006b). Future

studies are needed to clarify the stimulus conditions which
release glutamate and PACAP from the RHT nerve terminals
due to the stimulation of the photoreceptors (rods, cones,
melanopsin). Not only light intensity but also irradiance and
wave length (color) are of major importance in the regulation of
NIF (Walmsley et al., 2015).

Photoreceptors and Neurotransmitters
Involved in the PLR
Different subtypes of mRGCs are involved in the different NIF
functions (Chen et al., 2011; Schmidt et al., 2011a). In a recent
study, the PLR was used to investigate the contribution of
photoreceptors that initiates light signaling and release of the
two neurotransmitters, glutamate and PACAP (Keenan et al.,
2016). The study used a combination of mice lacking rods, cones,
melanopsin-, PACAP-, and VGLUT2 deficient mice. The results
demonstrated a complex interaction between photoreceptors and
neurotransmitters in the RHT (Keenan et al., 2016). The transient
pupillary response was found to be driven by rod photoreceptors
during dim and moderate light intensities. The process was
found to be mediated by glutamate and was able to adapt
within minutes. The sustained pupillary responses are in contrast,
dominated by melanopsin phototransduction in mRGCs and
mediated by PACAP, providing a stable pupil maintenance across
the day (Keenan et al., 2016). These findings demonstrate how
one NIF function (PLR) in the visual system is able to accomplish
a high sensitivity, transient, as well as integrative and long-term
responses. Other NIF functions such as photoentrainment may
be differently regulated and potentially dependent on different
subtypes of mRGCs.

ARTIFICIAL LIGHT AT NIGHT (ALAN)
AND NIF

All NIF functions including the circadian timing system have
evolved in mammals long before the occurrence of modern
society. While many people on earth still lives in rural areas
where light is coming primarily from daylight, people in most
parts of the industrial world are exposed to artificial white light
at night (ALAN) (Figure 6). Electrical white light has changed
the lives of humans by extending the time of light during the 24 h
solar cycle. This has been an important factor for the industrial
growth in our society. However, recent studies have shown that
light at night could have a great impact on health, potentially
playing an essential role in the development of lifestyle-associated
diseases such as metabolic syndrome, sleep problems, and cancer
(Navara and Nelson, 2007; Panda, 2016). Since hormone levels
vary during the light/dark cycle corresponding to metabolic,
reproductive, and immunological functions, ALAN is a potential
disruptor of the endocrine functions due to its impact on the
circadian regulation and by direct effects of light independent
of the circadian system (Hannibal, 2020) (see above section
“Masking”). Nocturnal melatonin secretion is the most sensitive
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neuroendocrine hormone axis to be affected by ALAN (Ouyang
et al., 2018). Such disruption in nocturnal melatonin has been
associated with an increased risk of developing different forms
of cancer (Hansen, 2001; Kloog et al., 2010; Van Dycke et al.,
2015). Similarly, a higher occurrence of health problems has been
found in people at shift work, such as metabolic syndrome, sleep
disturbances, and depression (Shivers et al., 1991; Navara and
Nelson, 2007; Fonken et al., 2010).

PERSPECTIVES

Photoentrainment of the circadian clock is fundamental for
the stable regulation of neuroendocrine systems leading to
the secretion of hormones into the temporal niche controlling
physiological functions such as metabolism, sleep, immune
systems, and reproduction. Light directly suppresses melatonin
secretion independent of the circadian system with an impact
on several neuroendocrine axes. In modern societies, ALAN
seems to affect NIF including the circadian and neuroendocrine

systems. Therefore, it should be taken into serious consideration
when trying to gain a better understanding of health problems in
the industrialized human population.
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Innovations in LED lighting technology have led to tremendous adoption rates and
vastly improved the metrics by which they are traditionally evaluated–including color
quality, longevity, and energy efficiency to name a few. Additionally, scientific insight
has broadened with respect to the biological impact of light, specifically our circadian
rhythm. Indoor electric lighting, despite its many attributes, fails to specifically address
the biological responses to light. Traditional electric lighting environments are biologically
too dim during the day, too bright at night, and with many people spending much of their
lives in these environments, it can lead to circadian dysfunction. The lighting industry’s
biological solution has been to create bluer days and yellower nights, but the technology
created to do so caters primarily to the cones. A better call to action is to provide
biologically brighter days and biologically darker nights within the built environment.
However, current lighting design practices have specified the comfort and utility of
electric light. Brighter intensity during the day can often be uncomfortable or glary, and
reduced light intensity at night may compromise visual comfort and safety, both of which
will affect user compliance. No single lighting solution will effectively create biologically
brighter days and biologically darker nights, but rather a variety of parameters need to be
considered. This paper discusses the contributions of spectral power distribution, hue
or color temperature, spatial distribution, as well as architectural geometry and surface
reflectivity, to achieve biologically relevant lighting.

Keywords: social jet lag, circadian, lighting, melanopsin, Opn4

INTRODUCTION

The discovery of a novel Intrinsically Photosenstive Retinal Ganglion Cell (ipRGC) in the eye
has changed our understanding of the role of light in our everyday lives (Provencio and Foster,
1995; Provencio et al., 1998; Brainard et al., 2001; Thapan et al., 2001; Berson et al., 2002;
Panda et al., 2002; Dacey et al., 2005; Güler et al., 2008; Hughes et al., 2016). These ipRGCs
contain a photopigment melanopsin with an in-vitro spectral sensitivity around 480 nm. However,
after lens transmission this spectral sensitivity is shifted to longer wavelengths between 487 and
496 nm (Spitschan, 2019), and it is now understood that these ipRGCs are responsible for several
physiological effects such as circadian synchronization, tracking seasonal changes, acute alertness,
working memory improvements and mood improvements (Gaggioni et al., 2014; LeGates et al.,
2014; Rodgers et al., 2016; Fernandez et al., 2018; Brown, 2020). The role of rods and cones
on ipRGC response is still being debated. Some studies have shown no contribution of S-cone
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(Spitschan et al., 2019) while others show an exposure
time dependent contribution of S-cone (Brown et al., 2021)
when evaluating melatonin suppression. Further studies show
a reduced circadian impact of blue colored environments
(Mouland et al., 2019). Less information is available on rod and
cone contributions for other ipRGC driven responses.

In order to apply a biologically relevant lighting solution
within the built environment, we must first understand the
challenge at hand. Today, we spend most of our time indoors,
removed from daylight which contains an important natural
and robust daytime and nighttime signal (Knoop et al., 2020).
Daylight has been replaced with electric lighting which has
been engineered and optimized for visual efficiency and can
be switched on or off at any time of the day. Moreover,
today’s light level recommendations (while sufficient for visual
tasks) are insufficient for proper circadian signaling. We
find ourselves immersed in environments where the lighting
is too biologically dim for our brains to receive a proper
daytime signal and too biologically bright to provide a proper
nighttime signal. This lack of delineation between day and
night can lead to circadian drift and exacerbate social jet lag
(Roenneberg and Merrow, 2016), which have been associated
with a whole host of negative health outcomes: decreases in
learning and attention, increased risk of obesity, addiction,
and cardiovascular disease (Roenneberg et al., 2012; Zarrinpar
et al., 2015; Roenneberg and Merrow, 2016; Sulli et al., 2018).
Moreover, this appears to be a widespread phenomenon that
affects the majority of people. In fact, it has been shown
that 87% of non-shift workers have some form of circadian
dysfunction and the associated health risks previously mentioned
(Roenneberg and Merrow, 2016), illustrating that the current
lighting environment may be insufficient for proper circadian
entrainment and amplitude. Therefore, biologically relevant
lighting should provide biologically brighter days and biologically
darker nights within the built environment. However, in practice
there are additional constraints. Energy consumption, visual
comfort (i.e., glare) associated with brighter days, and visual
acuity and safety related to darker nights. It should be noted
that while everyone should benefit from brighter days and
darker nights, it may not be additive, there may be more
benefit from darker nights compared to brighter days (Skeldon
et al., 2017), and vice versa, depending on existing conditions
and population type. We do know that large differences
exist between individuals for nighttime melatonin suppression
(Phillips et al., 2019).

In order to create truly biologically relevant lighting, the
following factors must be considered in conjunction with one
another: spectral composition, color, intensity, and distribution
of the light, as well as the geometry and reflectivity of the built
environment. As long as we remain in the built environment,
there is no single strategy that can provide the optimum circadian
lighting environment. Instead, we must use a multi-faceted
approach to achieve biologically relevant lighting that is focused
on biologically brighter days and darker nights. Ultimately, we
need to understand how both circadian lighting factors and
visual lighting factors can be addressed to create spaces that are
both biologically relevant for day and night while still providing

comfortable and well-designed spaces (Berman et al., 1991; Rea
and Ouellette, 1991).

CURRENT INDUSTRY STANDARDS,
METRICS AND RECOMMENDATIONS

The WELL Building StandardTM uses a series of design
categories–Air, Water, Nourishment, Light, Movement, Thermal
Comfort, Sound, Materials, Mind, Community, and Innovation–
to create a point-based framework that determines how much
wellness can be delivered to building occupants. A minimum
of 40 points is required to achieve any type of WELL
certification, with nine total points available from the Light
concept. Circadian lighting and daylight exposure are key
Features within the WELLTM “Light” concept. The Circadian
Lighting Design Feature uses vertical melanopic equivalent
daylight illuminance (EDI) as a criterion for minimum daytime
circadian stimulus. Vertical melanopic EDI is measured based on
the occupants’ primary location within a space. Circadian light
level measurements are meant to quantify the light reaching the
occupants’ eye and as such are taken 4′ above finished floor (or
18′′ above the task plane) in the primary viewing direction of
the occupant. The amount of vertical melanopic EDI required is
dependent on how much daylight availability there is. It ranges
from 109 vertical melanopic EDI (for one point) when adequate
daylight is present to 218 vertical melanopic EDI (for three
points) when sufficient daylight is not present.

Melanopic EDI originated from The International
Commission on Illumination (CIE) issuance of the CIE S
026/E:2018, and uses the same melanopic sensitivity function as
the Lucas toolbox, with peak sensitivity at 490 nm. Additionally,
the CIE has proposed melanopic Daylight Efficiency Ratio
(melanopic DER) as a metric for determining the biological
potential for a light spectrum to activate melanopsin relative to
visual illuminance (lumens/m2) (Lucas et al., 2014; International
Commission on Illumination, 2018).

THE ROLE OF LED TECHNOLOGY IN
BIOLOGICALLY RELEVANT LIGHTING

Light emitting diodes (LEDs) lighting has seen tremendous
adoption rates due to its energy efficiency and longevity. As
of 2018 residential products saw LED penetration in 33% of
A-lamps and 45% of recessed downlights, while office lighting saw
LED penetration in 20% of linear installations (Navigant, 2019,
2020). How does LED lighting impact these newly discovered
physiological responses to light? Some claim that LEDs contain
a large blue peak, sending too many daytime signals and thus
deeming them unsuitable for nighttime use (Tosini et al., 2016).
Here I will demonstrate that the contrary is true and in fact, there
exists a fundamental dip in the melanopic region (from 470 to
500 nm) due to the way LED white light spectrum is generated.
This means that white LEDs actually perform poorly when it
comes to producing the necessary melanopic stimulation relative
to its perceived color temperature and visual brightness.
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Color Matching Functions
Color matching functions shown in Supplementary Figure 1
are used to convert any spectral power distribution to a (x,y)
point on the CIE 1931 color space diagram. These (x,y) color
points are how the lighting industry communicates color. When
referring to white light, these color coordinates are binned based
on the temperature of a black body radiator in Kelvin (referred
to as K). The following equations are used to convert spectrum
into Tristimulus X, Y, and Z, then to color coordinates (x,y).
Tristimulus Y is also the luminous efficiency function, used to
calculate lumens.

X =

780nm∑
λ=380nm

S (λ) x̄ (λ) ∂λ

Y =

780nm∑
λ=380nm

S (λ) ȳ (λ) ∂λ

Z =

780nm∑
λ=380nm

S (λ) z̄ (λ) ∂λ

Where
S(λ) = Spectral power distribution of the light source
x̄(λ) = spectral tristimulus value from Figure 1.
ȳ(λ) = spectral tristimulus value from Figure 1.
z̄(λ) = spectral tristimulus value from Figure 1.

x =
X

X + Y + Z

y =
Y

X + Y + Z

Where
x = x-coordinate on CIE 1931 color space diagram.
y = y-coordinate on CIE 1931 color space diagram.
One way to think about this is as follows: Z stimulation

results in bluer color perception, Y stimulation results in greener
color perception, and X stimulation results in redder color
perception. This blue perception from Z stimulation versus
melanopic stimulation is key to disentangling visual perception
from physiological effect. Z has highest sensitivity from 430 to
450 nm, whereas melanopic blue-green has highest sensitivity
from 480 to 500 nm. Thus, a spectral power distribution
can be derived with heightened melanopic stimulation without
appearing cold in color temperature. Likewise, a spectral power
distribution can be created that has less melanopic stimulation
while still appearing cold in color temperature.

Traditional LED Technology
Light emitting diodes are semiconductors that utilize a material
composition to emit a specific wavelength of light. There are
two classes of LEDs; InGaN (blue) and AlInGaP (red), which
are doped to produce a desired wavelength (Shaolin et al., 2015).
However, a green gap exists in this doping process that makes
green light very inefficient to produce from a discrete LED source

(Auf Der Maur et al., 2016). Thus, a common approach to LED
light is to utilize a monochromatic blue LED with peak emission
between 445 and 455 nm combined with a combination of green
and red phosphors that are excited by the blue wavelengths of
the LED (Mueller-Mach et al., 2005; Nishiura et al., 2011; Liu
et al., 2015). This combination is what provides the LED its
significant energy efficiency and allows for a much wider range
of CCTs and spectral control than previous technologies. An
example of this approach is shown in Supplementary Figure 2
for a 6,500◦K LED spectra. What can be seen from this LED
spectra is a peak emission that coincides with the peak sensitivity
for Z from the color matching functions. By pinpointing the
Z sensitivity, LEDs provide the most visually blue-looking light
source with the least amount of energy appropriated in the blue
region of the spectrum, relative to other light sources. This is an
important tactic for energy efficiency, as the Luminous Efficiency
Function (tristimulus y) is very low in the blue region. A common
misconception about LED lighting is that they produce more blue
light than other sources, due to the narrow, high-amplitude peak
of the blue wavelengths. However, this is not the case, LED light
is in fact engineered to produce the least amount of blue light per
lumen for any given color temperature of light, in order to gain
the highest luminous efficacy.

Spectral Simulation Method
Spectral simulation was created using an excel based spectrum
database and calculator containing selectable Blue LED with
scaler factor to increase or decrease LED simulated intensity. One
Blue LED was selected and combined with various amounts of
three unique phosphors. A combination of three (3) color points
can produce any of the colors in the space, however, a fourth color
point adds an additional degree of freedom that allows lumens to
be maintained throughout simulations. Each spectral simulation
shown in this study are within 1% of lumen and color point
targets. Lumen target was chosen arbitrarily at 717 lumens. Color
point targets were obtained as central points for each ANSI color
bin, obtained from LED datasheets from Lumileds (San Jose, CA,
United States) and are as follows:

1,800 K: (x,y) = (0.549, 0.408)
2,200 K: (x,y) = (0.502, 0.415)
2,700 K: (x,y) = (0.458, 0.410)
3,000 K: (x,y) = (0.434, 0.403)
3,500 K: (x,y) = (0.407, 0.392)
4,000 K: (x,y) = (0.380, 0.380)
5,000 K: (x,y) = (0.345, 0.355)
6,500 K: (x,y) = (0.312, 0.328)

Spectral Data
450 nm royal blue LED data was obtained from Lumileds was
translated to 410, 420, 430, 440, 460, 470, 480, 490, and 500 nm
data for this simulation. Phosphor data was obtained from Merck
EMD (Darmstadt, Germany). Phosphors were selected to have
longer wavelength while having capability to meet the desired
color points within the CIE 1931 color space, which is used
to determine white color points. This was done to minimize
effect of phosphor on melanopic content. Phosphors have peak
wavelengths at 547 nm (YYG-547-210), 585 nm (OGA-585), and
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FIGURE 1 | Nine spectral metamers of light, each with different blue light peaks. 410 nm peaked metamer (purple), 420 nm peaked metamer (green), 430 nm
peaked metamer (yellow), 440 nm peaked metamer (red), 450 nm peaked metamer (royal blue), 460 nm peaked metamer (orange), 470 nm peaked metamer
(black), 480 nm peaked metamer (gray thick), and 490 nm peaked metamer (sky blue) are overlayed on top of tristimulus color matching functions X (gray–long
dash), Y (gray–dash dot), and Z (gray–small dash) according to CIE1931, as well as melanopsin sensitivity function (gray–solid) according to CIE S 026. Each
metamer produces visually the same 4,000 K color of light at the same lumens according to the tristimulus functions.

660 nm (YYG-660). Spectra and resulting color points for each
component described in this section are plotted for reference in
Supplementary Figures 3, 4. Color points are as follows:

410 nm LED: (x,y) = (0.1704, 0.0191)
420 nm LED: (x,y) = (0.1668, 0.0206)
430 nm LED: (x,y) = (0.1627, 0.0236)
440 nm LED: (x,y) = (0.1570, 0.0300)
450 nm LED: (x,y) = (0.1491, 0.0423)
460 nm LED: (x,y) = (0.1370, 0.0666)
470 nm LED: (x,y) = (0.1169, 0.1166)
480 nm LED: (x,y) = (0.0857, 0.2183)
490 nm LED: (x,y) = (0.0509, 0.3943)
500 nm LED: (x,y) = (0.0415, 0.6034)
YYG-547-210 Phosphor: (x,y) = (0.4512, 0.5326)
OGA-585 Phosphor: (x,y) = (0.5581, 0.4410)
YYG-660 Phosphor: (x,y) = (0.686, 0.314)

Working Color Space Analysis
Combinations of color points for 450 nm LED and three
phosphors are bounded in Supplementary Figure 5 to show
possible combinations of colors possible with this color mix,
creating a “working color space”. ANSI color bins are also
plotted for reference. These ANSI bins are the accepted areas
by which a manufacturer can specify a white for a given color
temperature. This “working color space” exercise is repeated

for 410, 490, and 500 nm monochromatic peaks, shown in
Supplementary Figures 6–8, respectively. From these charts,
we see that not all color temperatures fall within the working
spaces. Most notably, 500 nm cannot achieve any of the
ANSI color bins from 6,500 to 2,700 K and was removed
from analysis.

Spectral Optimization for Day and Night
Figure 1 illustrates nine (9) different metamers of light that
produce the same 4,000◦K white light with the same lumens. Each
metamer has its peak blue wavelength shifted by 10 nm, from
410 to 490 nm. These spectra were evaluated for melanopic DER,
shown in Figure 2. We see a DER of a 450 nm peaked 4,000 K
light of 0.53, where a 410 nm peaked 4,000 K light has a DER of
0.43. This is a 19% reduction in melanopic DER by moving from
a standard 450 nm blue to a 410 nm blue LED. A 490 nm peaked
4,000 K light has a DER of 1.42, a 2.7-fold increase in melanopic
DER. Thus spectral optimization can be had for both day and
night, however, more advantage might be gained from daytime
spectral optimization.

It is important to consider how each of these spectra might
render colors. Most of these metamers will not achieve color
rendition characteristics needed for commercial viability and thus
represent what is possible, but not practical. These metamers
simply drive direction for spectrum strategies for day and night.
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FIGURE 2 | Melanopic daylight efficiency ratio (DER) of the nine 4,000 K spectral metamers from Figure 1 organized by their peak blue emission on the X-axis
(410–490 nm).

When we control for a minimum color rendering index (CRI)
of 80, the melanopic DER of a color-corrected 490 nm peaked
4,000 K spectrum falls to 0.83, compared to a 450 nm peaked
spectrum that has a melanopic DER of 0.59. An example of
this spectrum is shown in Supplementary Figure 9. This is a
much more modest improvement of 41% in melanopic DER
over the standard LED. Moreover, a 410 nm peaked spectrum
only has a melanopic DER of 0.58, a 2% reduction compared
to the standard LED. The trend can be seen in Supplementary
Figure 10. Maximum benefit of 410 nm peak LED is gained
at 2,700 K, where 410 nm 2,700 K spectrum has a melanopic
DER of 0.33 compared to a standard LED 0.41, a 20% reduction.
A larger reducation can be had with warmer color temperatures,
such as 1,800 K (melanopic DER = 0.18) or 2,200 K (melanopic
DER = 0.31), a 56 and 25% reduction, respectively.

On the colder color temperature end, standard 450 nm
LED showed a melanopic DER of 0.73 and 0.86 for 5,000 and
6,500 K, respectively, an increase of 23 and 45%, respectively,
over 4,000 K standard 450 nm LED. 490 nm peaked LED showed
a melanopic DER of 0.93 and 1.12 for 5,000 and 6,500 K,
an increase of 12 and 34% over the color-corrected 490 nm
peaked 4,000 K LED spectrum. However, color-corrected 490 nm
peaked 5,000 K had a 27% increase in melanopic DER over
standard 450 nm 5,000 K LED and color-corrected 490 nm
peaked 6,500 K had a 30% increase in melanopic DER over
standard 450 nm 6,500 K LED.

Thus, spectrum has a larger impact than color temperature
when striving for high melanopic DER and color temperature has
a larger impact than spectrum when striving for low melanopic
DER. Of course, both color temperature and spectrum should be
employed whenever possible.

Other Biological Models
Other biological models have been proposed. The Circadian
Stimulus (CS) Model has a peak sensitivity at 460 nm rather
than 490 nm and includes interactions from rods and cones into
the ipRGC response for color temperatures greater than 3,500 K
that results in a subtraction in the green wavelengths. For color
temperatures of 3,500 K and warmer, CS uses melanopsin as
its sensitivity function (Figueiro et al., 2008). Circadian Potency
Spectral Sensitivity (CPSS) has been proposed, suggesting a peak
sensitivity at 477 nm with a narrower sensitivity band than
melanopsin (Moore-Ede et al., 2020).

Each of the nine (9) 4,000 K metamers from Figure 1 were
applied to CS for color temperatures greater than 3,500 K (CS
Cool) and CPSS (Supplementary Figure 11) and evaluated
for relative biological potency relative to itself (Supplementary
Figure 12) at 410 nm peaked 4,000 K. CS has the least amount
of biological potency with the 420 and 430 nm spectra, but still
we see a fivefold increase with the non-color-corrected 490 nm
peaked LED spectrum compared to the 410 nm LED spectrum.
This is a surprising result for a model with a peak sensitivity
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at 460 nm. The reason is longer wavelength blues stimulate the
Y tristimulus color matching function. This has to be counter-
balanced by less green phosphor, which is primarily in the
subtraction portion of the CS sensitivity curve.

The CPSS also has a minimum potency with the 420 nm LED
spectrum, but still sees a 4.2-fold increase in biological potency
from a non-color-corrected 490 nm peaked LED spectrum
compared to a non-color-corrected 410 nm LED spectrum. Again
this is a surprising effect from a curve with spectral sensitivity
peak at 477 nm. This is due to the shape of the 490 nm
LED, which has tremendous overlap of the 480 nm LED and
470 nm LED spectra.

In other words, the 490 nm peak is so large that it overshadows
shorter wavelength LEDs. This large peak is required because the
tristimulus color matching functions are much less sensitive at
490 nm compared to shorter wavelengths. In other words, the
biological potential of a 490 nm peaked spectrum found in this
analysis may not be due to the peak sensitivity of melanopsin
at 490 nm, but rather due to the insensitivity of the tristimulus
functions at longer wavelengths, allowing for more total radiant
energy for the same visual lumens and perceived color.

OTHER KEY VARIABLES

While spectrum and color temperature of the light sources are
of primary importance, there are secondary considerations that
pertain to the biological relevance of the delivery of light. How
the light exits the luminaire and how light bounces off the walls
can contribute to biological relevance.

Geometry of the Built Environment on
Vertical Illuminance
Commercial buildings often have a grid ceiling, often referred to
as a drop ceiling, that include an array of lighting and heating,
ventilation, and air conditioning (HVAC) systems integrated
inside. This approach in architecture is the most cost-effective for
wiring lighting and routing air ducts. This approach points lights
downward toward desks and floors to optimize luminance and
contrast of objects to be seen. This provides efficiency for visual
applications, but lacks direct illumination into the occupants
eyes, making this approach inefficient for providing the vertical
illumination necessary for circadian daytime exposure.

Current lighting standards and recommendations for lighting
are solely placed on the visual criteria as it relates to completing
tasks that occur on a horizontal plane (i.e., on a desk). For
example, an office may require 300 lumens per square meter (lux)
to fall on the desk but make no criteria for what falls on the
eyes of the occupants. Key factors related to how much vertical
light you can achieve from these common luminaires are room
geometry and wall reflectance. The ratio of wall area to floor area
is referred to as the room cavity ratio (RCR), as this quantifies the
opportunity for light to bounce off a vertical surface and redirect
its weight from the horizontal plane to the vertical plane.

RCR = 2.5 ×
Total wall area above work plane

Floor area

Larger RCR values correspond to more wall area per floor area.
For example, a private office may have an RCR of 5, while an open
plan office has a RCR closer to 1.

Simulation of various RCRs at 50% wall reflectivity was
achieved using AGi32 lighting design software from Lighting
Analysts (Littleton, CO, United States) with typical lighting
fixtures. Space types for the simulations included the following:

Open Office (46′ × 86′ × 9′) with recessed light fixtures,
RCR = 0.8

Open Office (46′ × 86′ × 9′) with suspended light fixtures 18′′
below the ceiling, RCR = 1.1

Classroom (20′ × 30′ × 9′) using recessed fixtures, RCR = 2.1
Classroom (20′ × 30′ × 9′) with suspended light fixtures 18′′

below the ceiling, RCR = 2.7
Break Room (12′ × 20′ × 9′) with recessed light fixtures,

RCR = 3.3
Break Room (12′ × 20′ × 9′) with suspended light fixtures 18′′

below the ceiling, RCR = 4.3
Office/Conf. Room (12′ × 12′ × 9′) with recessed light

fixtures, RCR = 4.2
Office/Conf. Room (12′ × 12′ × 9′) with suspended light

fixtures 18′′ below the ceiling, RCR = 5.4
Each space type outlined above also used the following

luminaire types/manufacturers:
Recessed Downlights / Ledra Alphabet NU3RD (Tustin, CA,

United States)
Recessed Wall Washer / Ledra Alphabet NU3RW (Tustin, CA,

United States)
Recessed 2 × 2 Troffer / Pinnacle Lucen (Denver, CO,

United States)
Recessed 2 × 4 Troffer / Pinnacle Lucen (Denver, CO,

United States)
Direct Linear Pendant / Pinnacle Edge3 (Denver, CO,

United States)
Indirect Linear Pendant /Axis Beam4 (Lasalle, QC, Canada)
Direct / Indirect Linear Pendant / Axis Surround Lite (Lasalle,

QC, Canada)
Direct / Indirect Circular Area Pendant / Prudential P4000

(Los Angeles, CA, United States)
An example of these AGi32 calculations is shown in

Supplementary Figures 13–15. Supplementary Figure 16
illustrates the benefit in vertical to horizontal ratio using
different fixture types versus RCR. In summary, an open
plan office will provide 50 vertical lux at the occupant’s
eyes for every 100 lux on the desktop. Whereas a private
office will provide 80 vertical lux at the occupant’s eyes
for every 100 lux on the desk surface, a 60% boost in
vertical illumination.

These calculations were repeated for 70% wall reflectivity
and 90% wall reflectivity. A boost in vertical to horizontal ratio
was not observed due to wall reflectivity, however, a boost in
total illuminance was observed. Supplementary Figures 17, 18
illustrate these vertical illumination benefits of higher wall
reflectivity as a function of RCR. These Figures illustrate that
vertical illumination benefits were minor for small RCRs, but
much stronger for larger RCRs. In other words, increasing wall
reflectivity in a large open plan office will yield a meager benefit,

Frontiers in Neuroscience | www.frontiersin.org 6 June 2021 | Volume 15 | Article 637221189

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-637221 June 1, 2021 Time: 18:47 # 7

Soler and Voss Biologically Relevant Lighting: An Industry Perspective

but increasing wall reflectivity in a private office will have a
significant benefit to vertical illumination.

Luminaire Light Distribution
Light distribution is another characteristic that plays a critical
role in achieving vertical illuminance. Pendants are a type of
luminaire that are mounted to the ceiling and suspended in the
space. Some pendants are fully luminous, such that it distributes
light in all directions. We evaluated the Purelight Round
Luminous pendant from Selux (Highland, NY, United States) that
focus the majority of their energy downward toward the task
plane. Our AGi32 analysis showed that these luminous surfaced
pendants provided 22% more vertical illumination on average for
the same amount of light on the task plane.

Different lighting strategies can also be applied at night.
Typical LED “Edison-type” light bulbs do not have the same
isotropic distribution as a standard incandescent light source.
These light bulbs direct the majority of the light in the direction
opposite of screw-in base. When applied into a standard table
lamp with the screw base downward, light is directed onto the
80% reflective ceiling. Mirror light bulbs are fairly common and
designed to reduce direct glare and can be used in place of these
standard Edison LED bulbs to redirect the light from the 80%
reflective ceiling toward a much lower reflectance floor. A study
was conducted in a 14′ × 10′ × 8′ (L ×W × H) room, where a
single table lamp was illuminated in a corner of the room using
both a regular Edison-type light bulb and a mirror type light
bulb. Vertical illumination was measured facing the lamp from
2′ to 10′ away using both a standard LED lamp and a mirror
lamp of the same lumen output. Measurements are provided in
supplemental Supplementary Figure 19 which shows that this
technique yielded a 35% reduction in vertical illumination, while
still maintaining light availability.

Controls
Controls play an integral role in biologically relevant lighting.
Controls should be configured to create brighter days and
darker nights on a consistent and predictable cadence. This
can be set to be in phase with the solar cycle or can be set
to a specific time, such as 6 a.m. to 8 p.m. The later maybe
preferred at higher latitudes. At a bare minimum, this control
system would comprise of automatic dimmers that increase and
decrease intensity according to time. However, a biologically
relevant lighting system should consider intensity, spectrum,
and distribution. Intensity and spectrum should be tied together
to maximize day versus night delineation. Blending between a
brighter intensity of blue enriched spectrum with peak emission
at 490 nm of the highest accepted color temperature and dimmer
intensity of blue depleted spectrum with peak emission between
410 and 450 nm of lowest acceptable color temperature. Further
day/night delineation value can be obtained by including spatial
distribution. Nighttime scenes should include no indirect light
(lights pointed at the ceiling) and should have direct light
(lights pointed at the task) with blue depleted spectrum of
minimal intensity to achieve necessary tasks. Daytime scenes
should include direct and indirect light, both with blue enriched
spectrum with peak emission at 490 nm of highest accepted color

temperature and of highest accepted intensity both in terms of
comfort and energy constraints.

PERSONAL CIRCADIAN LIGHTING
DEVICES

One final strategy to help provide biologically relevant lighting
within a space is the use of personalized devices that can supply
supplemental vertical lighting. These personalized devices could
be located relatively close to the occupant and primarily provide
vertical illumination, for example something akin to a light box
or a table lamp. These types of devices could conceivably add
200 melanopic EDI or more at the eye of the occupant and
could be tailored to the needs of an individual. Ideally, this type
of intervention would be automated to dynamically transition
between day and night illumination throughout the day.

DAYLIGHTING

The data presented here provides quantified strategies for
implementing biologically brighter days and darker nights into
the built environment. While not quantified in this analysis,
daylight exposure is best for providing circadian benefits
(Knoop et al., 2020), but it should be noted that vertical light
exposure from windows drops off dramatically with distance
from said window. Skylights and daylight harvesting strategies
are encouraged to bring that daylight deeper into the space to
maximize its benefits.

COMPOUNDING THE STRATEGIES FOR
BRIGHTER DAYS AND DARKER NIGHTS

Standalone strategies for brighter days and darker nights are
outlined in this article and while some individual interventions
may not seem like they apply a space or application, the
combination of these strategies compound their benefits to create
a biologically relevant lighting environment.

For example, a person spends their day in the office under
standard 3,500 K LED lighting with 300 lux at the task plane
and 150 lux at the eye. A standard 3,500 K LED spectrum has
a melanopic DER of about 0.51, thus the melanopic EDI at the
eye is 76.5. The same person spends their evening in a home
with luminaires populated with 2,700 K LED light bulbs. These
luminaires provide approximately 50 lux at the eye. 2,700 K LED
spectrum has a melanopic DER of about 0.4, thus a nighttime
melanopic EDI of 20. This is a typical example of how light is
biologically too dim for daytime use (76.5 melanopic EDI) and
too bright for evening (20 melanopic EDI), with a day-to-night
ratio of 3.8:1. Its not certain if more benefit would be gained from
brighter days or darker nights, it is good practice to improve both
and increase that day-to-night ratio.

At the office, the simple incorporation of a spectrally
optimized daytime light source with a slightly cooler color
temperature of 4,000◦K will lead to a 58% boost in daytime
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biological potency. This would increase 76.5 melanopic EDI from
the example to 121 melanopic EDI. While at home, incorporating
spatially optimized light bulbs with a slightly warmer color
temperature of 2,200◦K lighting provides a 60% reduction in
nighttime biological potency. This would decrease 20 melanopic
EDI from the example to eight melanopic EDI. Combining
these two strategies would increase the day-to-night ratio in the
example from 3.8:1 to 15.1:1. This is a 392% increase in the
delineation of daytime versus nighttime.

The proposed goal is to combine as many of these individual
strategies and put them into practice (when possible) while
maintaining excellent light quality, appropriate design aesthetic,
and achieving user/occupant compliance. These strategies are
itemized here:

Daytime strategy Standalone benefit

(1) Color-corrected spectrally optimized daytime spectrum ∼ (+41%)

(2) Colder color temperatures ∼ (+10%) per 500 K

(3) Spatially optimized luminaire ∼ (+22%)

(4) Private office ∼ (+60%)

(5) Private office with highly reflective walls ∼ (+150%)

(6) Personal circadian luminaire +200 melanopic EDI

Nighttime strategy Standalone benefit

(1) Warmer color temperatures ∼(−15%) per 500 K

(2) Spatially optimized luminaire ∼(−35%)

(3) Spectrally optimization Up to −20%
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Supplementary Figure 1 | Tristimulus sensitivity according to CIE 1931 color
matching functions and melanopsin sensitivity according to CIE S 026.

Supplementary Figure 2 | Standard off-the-shelf 6,500 K LED with peak blue
emission at 450 nm and broad phosphor excitation emission from 480 to 780 nm

compared to tristimulus sensitivity according to CIE 1931 and melanopsin
sensitivity according to CIE S 026.

Supplementary Figure 3 | Spectral Power Distribution (SPD) for each
component used in simulation. (A) SPD of 410 nm LED; (B) SPD of 420 nm LED;
(C) SPD of 430 nm LED; (D) SPD of 440 nm LED; (E) SPD of 450 nm LED; (F)
SPD of 460 nm LED; (G) SPD of 470 nm LED; (H) SPD of 480 nm LED; (I) SPD of
490 nm LED; (J) SPD of 500 nm LED; (K) SPD of 547 nm peaked phosphor
YYG-547-210; (L) SPD of 585 nm peaked phosphor OGA-585; (M) SPD of
660 nm peaked phosphor YYG-660.

Supplementary Figure 4 | Color plots of each component used in simulation.
Color points are labeled A through M, in reference to spectral power distributions
of said color plot from Supplementary Figure 3.

Supplementary Figure 5 | Working space of 450 nm LED (E), 547 nm peaked
phosphor YYG-547-210 (K), 585 nm peaked phosphor OGA-585 (L), and 660 nm
peaked phosphor YYG-660 (M). Any color points within the triangle plotted here
can be created. ANSI color temperature bins for 6,500, 5,000, 4,000, 3,500,
3,000, and 2,700 K white light are plotted for reference.

Supplementary Figure 6 | Working space of 410 nm LED (A), 547 nm peaked
phosphor YYG-547-210 (K), 585 nm peaked phosphor OGA-585 (L), and 660 nm
peaked phosphor YYG-660 (M). Any color points within the triangle plotted here
can be created. ANSI color temperature bins for 6,500, 5,000, 4,000, 3,500,
3,000, and 2,700 K white light are plotted for reference.

Supplementary Figure 7 | Working space of 490 nm LED (I), 547 nm peaked
phosphor YYG-547-210 (K), 585 nm peaked phosphor OGA-585 (L), and 660 nm
peaked phosphor YYG-660 (M). Any color points within the triangle plotted here
can be created. ANSI color temperature bins for 6,500, 5,000, 4,000, 3,500,
3,000, and 2,700 K white light are plotted for reference.

Supplementary Figure 8 | Working space of 500 nm LED (J), 547 nm peaked
phosphor YYG-547-210 (K), 585 nm peaked phosphor OGA-585 (L), and 660 nm
peaked phosphor YYG-660 (M). Any color points within the triangle plotted here
can be created. ANSI color temperature bins for 6,500, 5,000, 4,000, 3,500,
3,000, and 2,700 K white light are plotted for reference.

Supplementary Figure 9 | Blended spectrum that achieves a minimum of 80 CRI
and maximizes energy efficiency and melanopic daylight efficiency ratio (DER).

Supplementary Figure 10 | Melanopic DER versus color temperature of
color-corrected optimized daytime spectrum (dashed line), color-corrected
optimized nighttime spectrum (dash-dot line), and standard LED (solid line).

Supplementary Figure 11 | Nine spectral metamers of light, each with different
blue light peaks. 410 nm peaked metamer (purple), 420 nm peaked metamer
(green), 430 nm peaked metamer (yellow), 440 nm peaked metamer (red), 450 nm
peaked metamer (royal blue), 460 nm peaked metamer (orange), 470 nm peaked
metamer (black), 480 nm peaked metamer (dark gray), and 490 nm peaked
metamer (sky blue), from Figure 1, are overlayed on top of melanopsin sensitivity
function (gray–solid) according to CIE S 026, CS cool sensitivity function
(gray–small dash) and CPSS (gray–dash dot). Each metamer produces visually the
same 4,000 K color of light at the same lumens according to the
tristimulus functions.

Supplementary Figure 12 | Relative weights of m-DER, CS, and CPSS of the
nine spectral metamers from figure S10 (Y-axis) versus peak blue wavelength of
metamer (X-axis). Weights are relative to themselves at the
410 nm peaked metamer.

Supplementary Figure 13 | Elevation view of AGi32 lighting simulation software
and lighting calculation points of an open office layout. Calculation points are
horizontal (with lines pointed up from points) and vertical (with lines pointed left
from points). Blue lines reference building structure. Black lines reference furniture.

Supplementary Figure 14 | Plan view of AGi32 lighting simulation software and
vertical lighting calculation points of an open office layout. Calculation points are
vertical with lines pointed in direction of view. Blue lines reference building
structure. Black lines reference furniture. Red lines reference light fixtures.

Supplementary Figure 15 | Rendering of isometric view using AGi32 lighting
simulation software.
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Supplementary Figure 16 | Vertical to Horizontal light ratio versus room cavity
ratio with 90% reflective painted walls for of downlight luminaires (gray–solid),
direct pendent luminaires (black–solid), wall washer luminaires (gray–dashed),
indirect/direct pendent luminaires (black–dashed), indirect only pendent luminaires
(gray–dash dot), and recessed general illumination luminaires (black–dash dot).

Supplementary Figure 17 | Boost in vertical melanopic EDI versus RCR of
spaces with 90% wall reflectivity compared to spaces with 50% wall reflectivity of
downlight luminaires (gray–solid), direct pendent luminaires (black–solid), wall
washer luminaires (gray–dashed), indirect/direct pendent luminaires
(black–dashed), indirect only pendent luminaires (gray–dash dot), and recessed
general illumination luminaires (black–dash dot).

Supplementary Figure 18 | Boost in vertical melanopic EDI versus RCR of
spaces with 70% wall reflectivity compared to spaces with 50% wall reflectivity of
downlight luminaires (gray–solid), direct pendent luminaires (black–solid), wall
washer luminaires (gray–dashed), indirect/direct pendent luminaires
(black–dashed), indirect only pendent luminaires (gray–dash dot), and recessed
general illumination luminaires (black–dash dot).

Supplementary Figure 19 | Measurements of vertical illumination (lux) at 40′ ′

height for a space with a single table lamp containing a standard LED A19 light
bulb “upward lamp” (black–solid) or a A19 light bulb with a mirror coating
“downward lamp” (black–dashed) versus distance away from lamp.
Measurements taken facing the lamp.
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Light exposure profoundly affects human physiology and behavior through circadian and

neuroendocrine photoreception primarily through the melanopsin-containing intrinsically

photosensitive retinal ganglion cells. Recent research has explored the possibility of using

temporally patterned stimuli to manipulate circadian and neuroendocrine responses to

light. This mini-review, geared to chronobiologists, sleep researchers, and scientists in

adjacent disciplines, has two objectives: (1) introduce basic concepts in time-varying

stimuli and (2) provide a checklist-based set of recommendations for documenting

time-varying light exposures based on current best practices and standards.

Keywords: time-varying light exposure, circadian photoreception, non-visual effects of light, temporal stimuli,

ipRGCs, melanopsin, reporting

INTRODUCTION

Light profoundly affects human circadian and neuroendocrine physiology. Signals processed by the
photoreceptors in the retina encode different aspects of environmental light. There are three classes
of photoreceptors: the cones (of which there are three different spectral classes, the L, M, and S
cones), the rods, and the melanopsin-containing intrinsically photosensitive retinal ganglion cells
(ipRGCs). The retinal photoreceptors are sensitive to different but overlapping wavelength ranges,
with melanopsin playing the primary role in mediating the circadian and neuroendocrine effects
of light (1). Furthermore, the different photoreceptor classes also differ in the way they respond
to light stimuli that are patterned in time, such as a train of brief flashes or sinusoidal flicker. With
recent studies showing that flashes of light lead to different effects on circadian and neuroendocrine
physiology than continuous light exposure (2, 3), it is worth reviewing how light stimuli changing
over time can be described parametrically.

This tutorial paper is targeted to chronobiologists, sleep researchers and scientists from adjacent
disciplines, such as environmental psychology, who wish to develop an understanding of specifying
light exposure in time. The focus will be on how time-varying light stimuli can be described
quantitatively in the time and frequency domain, learn about major classes of time-varying stimuli
and their properties, and some caveats in using time-varying stimuli. This paper is providing
an introduction to readers with no specific background in signal processing and analyses of
time-varying signals.
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PARAMETRIC DESCRIPTIONS OF
TIME-VARYING STIMULI

Basic Concepts
Time-Domain Representation
An intuitive way of thinking about time-varying stimuli is
by representing their variation as a function of time, i.e.,
as a time course (Figure 1A). This representation is called
the time domain. In this representation, stimulus values vary
across different time points. In most cases, this representation
is discrete, i.e., there is a set of time points for which
stimulus values are specified. These stimulus values could be
the luminance or illuminance, or some variant of radiance or
illuminance, depending on the space in which the stimuli are
specified. They could also be specified in terms of the contrast
relative to an explicit or implicit reference light, such as an
adaptation light.

Frequency-Domain Representation
An equivalent, but to some perhaps less intuitive way
of representing time-varying stimuli is the frequency-
domain representation (Figure 1B). While the time-domain
representation shows the change of a signal over time, the
frequency-domain representation describes the extent to which
a given signal happens at different frequencies. For example, a
sinusoidal change in intensity with a period length of 1 s has a
frequency of 1Hz but has no power at any other frequencies. The
power a given signal has at all frequencies (within a given range)
is called the power spectrum. Time-domain and frequency-
domain representations can be converted between each other
using the Fourier Transform, which decomposes the periodic
signal into its constituent, single-frequency components (4).

Stimulus Spaces
The previous discussion mentioned two general classes of
specifying waveforms: intensity and contrast. It is worth
considering what actual quantities might be used for the
specification of temporal waveforms and which units these might
be expressed in. Here, we will review different ways of specifying
the temporal waveform, focusing on absolute (intensity) and
relative (contrast) units.

Intensity
The most basic representation of time-varying stimuli is a time
course of spectral radiance or irradiance distributions, giving
the radiance or irradiance of the stimulus at each wavelength
for each point in time. At one point in time, this corresponds
to a physical measurement (5) with no direct reference to the
human photoreceptors. Spectra are weighted by the spectral
sensitivities of the different photoreceptor classes (6), and then
summed to arrive at alpha-opic radiance (for spectral radiance
measurements) or alpha-opic irradiance (for spectral irradiance
measurements). Box 1 provides a glossary of relevant terms. This
can be accomplished using an Excel-based toolbox provided by
the CIE (7, 8) and the recently published platform-independent
open-access and open-source web software luox (https://luox.
app/) (9).

FIGURE 1 | Time-domain (A) and normalized frequency (B) representations of

common time-varying stimuli. In each panel in (A), the mean of each waveform

is indicated by the dashed red line. Different waveforms in the time domain

have different properties in the frequency domain. Row 1: A sine wave is a

periodic waveform going between minimum and maximum values. It only

contains frequency components at the fundamental frequency f. Row 2: A

square wave varies in a discrete fashion between minimum and maximum

values. It is composed of sine waves of different frequencies, including the

fundamental frequency f and odd harmonics (3f, 5f,…). In a square wave, the

duty cycle is 50%, which means that over time, the fraction of time at the

maximum value is 50% within a period. Row 3: A pulse train can be thought of

as a square wave with duty cycles that are <50%. This shorting of the time of

that the wave is at maximum introduces additional harmonics. Row 4: White

noise corresponds to a signal that is sampled from a uniform distribution. In

the frequency domain, this corresponds to a flat curve, indicating that all

frequencies are equally represented.

Contrast
In cases where there is a well-defined background light around
which stimuli are presented, e.g., sinusoidally flickering lights
against a mean background, it is useful to specify the contrast
of the flickering stimuli as the relative change in (il)luminance
or alpha-opic (ir)radiance relative to the background (which is
the mean of the signal for sinusoidal flicker). In certain cases,
time-varying contrast could be specified in a cone-opponent
space (10). This is essential in cases where the photoreceptor
excitation is actively controlled, such as using metameric lights
changing over time, or stimuli generated using the method of
silent substitution (11). In themethod of silent substitution, lights
are designed in such a way that they only produce differences
in the activation of a selected class of photoreceptors, with no
difference in the activation of the other photoreceptor classes,
which are “silent” to the exchange of lights.
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BOX 1 | Glossary.

Radiance-derived quantities

Spectral radiance: The spectral radiance is the absolute spectrum of light of

a surface (self-emitting, e.g., displays, or reflecting, light reflected from a wall)

per united solid angle per unit projected area. Spectral radiance is measured

in W/m2/sr/nm. From the radiance, we can calculate various quantities:

• Luminance (cd/m2): Spectrum weighted by the photopic luminosity

function.

• α-opic radiances (W/m2/sr): Spectrum weighted by the five α-opic

effect functions corresponding to the spectral sensitivities of the human

photoreceptors and summed. As a consequence, there are α-opic

radiances (the letter “α” is just a placeholder). The melanopic radiance

(W/m2/sr) is the spectrum weighted by the melanopsin spectral sensitivity

function and summed.

• α-opic equivalent daylight luminance (EDL) (cd/m2 ): Luminance of a

D65 daylight spectrum that produces the same α-opic radiance is the

spectrum in question. The melanopic equivalent daylight luminance

(mEDL) is in reference to the melanopic radiance.

Irradiance-derived quantities

Spectral irradiance: The spectral radiance is the absolute spectrum of light

of a received by a given area. Spectral irradiance is measured in W/m2/nm.

From the irradiance, we can calculate various quantities:

• Illuminance (lux): Spectrumweighted by the photopic luminosity function.

• α-opic irradiances (W/m2): Spectrum weighted by the five α-opic

effect functions corresponding to the spectral sensitivities of the human

photoreceptors and summed. As a consequence, there are α-opic

radiances (the letter “α” is just a placeholder). Themelanopic irradiance

(W/m2) is the spectrum weighted by the melanopsin spectral sensitivity

function and summed.

• α-opic equivalent daylight luminance (EDL) (lux): Illuminance of a D65

daylight spectrum that produces the same α-opic radiance is the spectrum

in question. The melanopic equivalent daylight illuminance (mEDI) is

in reference to the melanopic irradiance.

Chromaticity is an (il)luminance-independent way of specifying the color of

an object, surface, or spectrum.

Correlated color temperature (CCT) is the temperature of a black-body

radiator that matches the chromaticity of a spectrum in question.

Contrast is the relative different of activation (e.g., melanopic irradiance)

between two different spectra.

Other Stimulus Spaces
It is important to note that time-varying stimuli defined in
one stimulus space may not be linear when represented in
another stimulus space. One such example is the mapping
between correlated color temperature (CCT), a common way
to specify the color appearance of lights relative to reference
spectra (blackbody, <5,000K or daylight spectrum, >5,000K).
A specification of CCT varying over time does not linearly
map onto cone contrast changing over time, as CCT and cone
activations are not linearly correlated. Consequently, such a
non-linearity may lead to undesired frequency components in
another space.

BASIC WAVEFORMS

Non-periodic Waveforms
Pulses
A pulse is a change in stimulus intensity or contrast that has a
limited duration. For example, a brief light flash in an otherwise

dim environment is a pulse. When the intensity is pulsed around
a background light, the more intuitive way to specify the stimulus
properties is in terms of contrast, i.e., the relative difference in
stimulus intensity with respect to the background light.

Ramps
Ramps are increases or decreases in intensity or contrast up or
down to a specified level. An example of such a stimulus is a
gradual increase of light intensity in “dawn simulation” lights
(12–19). The term ramp itself is ill-defined, as ramps can be
linear, exponential, logarithmic, or modulated in some other way,
e.g., using a cosine window [e.g., (20)]. Different ramps have
different parameters in the frequency space. Ramps are often used
to remove transient signals at the onset of a light, smoothing out
the abrupt transition between different spectra.

Periodic Waveforms
Square-Wave Flicker
Square-wave flicker changes between two different intensity or
contrast settings at a given frequency. A simple intuitive example
is turning on the light switch in a room for 1 s, and turning it off
again for 1 s.

Sinusoidal Flicker
Sinusoidal flicker is a light that is gradually changing intensity or
contrast in accordance to the sine function. Sinusoidal flicker is
parameterized by the frequency, phase, and the amplitude. In the
frequency domain, sinusoidal flicker has the property that it only
contains power at one frequency, the fundamental frequency.
Square-wave flicker has power at odd harmonics as well.

Trains of Pulses
A sequence or train of pulses can be parameterized by the ratio
between the duration that the light is on and the duration that
the light is off. This is called the duty cycle and expresses the
percentage that a light is turned on as part of the entire period. A
duty cycle of 0% is of course simply no light, and a duty cycle of
100% is a continuous light. A repeating sequence of pulses with
50% duty cycle corresponds to the special case of square wave
flicker (see above).

Other Waveforms
Of course, the space of possible waveforms is infinite. However,
in studies employing stimuli parametrically, the waveforms above
describe most use cases. Time courses sampled from different
underlying distributions are called colored noise. For example,
white noise (Figure 1, bottom row) has a flat frequency spectrum.

Descriptors for Complex Time-Varying
Stimuli in Their Experimental Context
Documenting and reporting of lighting conditions is key to
ensuring that studies can be reproduced, aggregated, and placed
into context. While guidelines detailing how static aspects of
light should be documented have been developed recently (5, 21)
and are worth consulting for details on spectral characterization
of light, technical details on time-varying light exposure are
currently not typically documented and reported in standard
form. Recently, the International Commission on Illumination
(CIE) published technical note CIE TN 011:2020 (6), describing
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which information should be captured in studies investigating
non-visual responses to light. The document lists the following
primary aspects that should be captured and documented: (1) the
timeline of the experiment explained in detail, in clock time; (2)
the duration of exposure in minutes or hours; (3) the sequence of
exposures, including pre-experimental light and environmental
exposures to the greatest degree of detail possible. The document
expands this description to include (1) the overall duration of the
experiment, (2) timing of light exposure (in clock time), (3) dim
light exposure, (4) duration of the light exposure (in min or h),
(5) duration of dim up and dim down (in min), and (6) pattern.

In an earlier document, CIE 213:2014 (22), the CIE suggested
the following descriptors for dynamic light: (1) initial conditions
(luminance, light source color, direction, etc.), specified as above;
(2) intermediate and ending conditions, specified as above; (3)
rate of change; (4) rate of cycle, if any; (5) change profile,
particularly if the change is not linear; (6) movement of the
observer’s head and eyes relative to the light source or illuminated
area. It is suggested to consult the two CIE documents already in
the design stage of a research project.

In Table 1, we propose a reporting workflow based on the
recommendations of CIE TN 011:2020 (6) and CIE 213:2014
(22) specifically for experiments in chronobiology and sleep
research. In addition to naming specific quantities of interest and
their derivatives, the proposed workflow also includes guidance
on whether a specific item should be essential, optional, or
recommended. The workflow is expandable and versatile. While
it may be possible to derive this information from the full text
of a given published study, future work should consider the
development of a formalized schema which facilitates automated
analyses based on stimulus descriptions as well as appropriate
software tools that make it easy for investigators to provide this
information. This may help make research future-proof (23) and
more sustainable.

CONSIDERATIONS FOR USING
TIME-VARYING STIMULI

Non-linearities in Light Output at Different
Driving Inputs
Light sources are generally controlled using an input parameter,
which we will call the input settings. In a conventional 8-bit
RGBmonitor, for example, three primary lights can be controlled
at 255 levels. However, the output radiance is not linear with
the input RGB settings but instead follows a non-linear gamma
function. As a consequence, for example, an RGB triplet of [127
127 127] does not represent the expected 50% of the maximum
output radiance, but less. To be able to control a monitor linearly
then requires a measurement of the gamma function. The same
of course applies to other light sources.

Unless they are corrected, non-linearities in output radiance
lead to distortions in the output signal. Consider, for example,
the case of a sinusoidal modulation that is displayed using
a non-linear light source. In the time domain, the resulting
waveform is no longer symmetric around the mean. In the
frequency domain, it becomes obvious that the non-linearities

have introduced additional frequencies that were not present in
the target modulation.

In addition to non-linearities in output radiance at different
input settings, light sources may also shift in their spectral output.
This is most notable in LEDs, which can shift up to a few
nanometers, depending on how they are driven. Of course, such
a spectral shift will manifest in uncertainties in the effective
stimulus and may also introduce undesirable artifacts (such as
the unwanted stimulation of photoreceptors). As the direction
and size of these spectral shifts cannot be predicted easily, a
practical solution is to measure the spectral output at different
input settings. These measurements can then be used to design
stimuli that account for the spectral shifts or to characterize the
uncertainty in stimulus presentation post-hoc, or both.

Temporal Resolution Limits and Time
Constants
A historical precedent cautioning to calibrate the temporal
output of light generators carefully was offered by Mollon and
Polden (24). Measuring the time constants of tachistoscopes,
which were devices enabling very brief light exposures pre-dating
the common usage of computer displays in research, they found
that the time constants were too slow to present stimuli at the
millisecond scale accurately. More than 40 years later, accuracy
of timing is still a topic in visual psychophysics, with each
generation of novel display technology bringing its own potential
idiosyncratic temporal artifacts (25–29).

PHYSIOLOGICAL RELEVANCE OF
TIME-VARYING STIMULI

Temporal Properties of Distal vs. Proximal
Stimuli
In the previous discussion, the near-exclusive focus has been on
accurately capturing the temporal properties of the stimulus in
the physical domain. In psychophysics, this is sometimes called
the distal stimulus, while the pattern of light impinging on the
retina is called the proximal stimulus. Notably, the distal stimulus
and the proximal stimulus are related to one another through
the optics of image formation and projection onto the retina, but
they are not the same. Before light excites the photoreceptors, it
is modified (relative to the cornea) by passing through the pupil
and the ocular media.

Pupil Size
Pupil size, being the aperture of the eye, changes the overall
retinal irradiance over a factor of ∼16×, or 1.2 log units,
given by the ratio of the largest possible pupil area under
full dark adaptation (8mm) to the smallest possible pupil area
under bright light conditions (2mm) (30). The pupil is not
static and responds to light in a wavelength- and time-specific
fashion. Under time-varying stimuli, then, the pupil size is also
dynamically changing, modifying the temporal properties of the
distal stimulus in a way that is not very easy to predict. In
addition, the pupil responds to other factors unrelated to light,
such as cognitive processing (31), and displays spontaneous
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TABLE 1 | Recommended reporting of time-varying stimuli.

Aspect Form Status

Timeline of experimental protocol, including exposure durations and sequence of exposures

ë Description of protocol timeline Description in manuscript text Essential

ë Visualization of protocol timeline Schematic visualization included as figure in main

manuscript or supplementary figure

Optional, but recommended in particular for

multiple-hour experiments

ë Machine-readable tabular representation of protocol timeline Data table included as supplementary material Optional

Static spectral measurements of all discrete light scenarios

ë Spectral (ir)radiance distribution Data table included as supplementary material Essential

ë CIE S026 quantities calculated from spectral measurements Description in manuscript text or table in main text Essential

OR

Static CIE S026 referenced measurements of all discrete light scenarios

ë CIE S026 quantities Description in manuscript text or table in main text Essential

Time series of time-varying stimuli and exposures specified as spectral or melanopic (ir)radiance [including pre-experimental light and

environmental exposures (6)]

ë Tabulated time series Data table included as supplementary material Essential

ë Visualization of time series Graph included as figure in main manuscript or

supplementary figure

Optional, but recommended

ë Representation of power spectra Graph included as figure in main manuscript or

supplementary figure

Optional

Behavioral demands

ë Instructions to participants regarding fixation and gaze direction Description in manuscript text Essential

ë Verbatim text used to instruct participants Description in manuscript text Optional

Pupil size

ë Recording status (whether or not it was recorded) Description in manuscript text Essential

ë Recording meta-data, including device details, sampling

frequency, binocular or monocular recording

Description in manuscript text Optional

ë Mean pupil size per condition and statistical test showing

whether they are different

Description in manuscript text Optional

ë Time series of pupil size data Data table included as supplementary material Optional

Expanded recommendations and checklist based on CIE documents (6, 22).

ë refers to derivatives. Essential reporting items are shaded in yellow.

fluctuations (32, 33) which have been found to be related
sleepiness (34). Furthermore, pupil size varies with age, with
older people having smaller pupils on average (35), and is subject
to diurnal variations (36–41).

As expected, when pupil size is controlled through
pharmacological dilation and the stimulus is viewed through
this maximally dilated pupil, the same corneal irradiance leads
to more melatonin suppression compared with the undilated
pupil (42). As a consequence, dose–response curves collected
under undilated conditions [e.g., (43)] represent a mixture of two
effects: a pupil size effect that modifies retinal light exposure, and
a melatonin-suppressive effect. Special care must be taken when
dose–response curves collected under different pupil conditions
are compared (1, 44).

One solution to estimating retinal illuminance may be the
use of mobile eye trackers during a given experiment [e.g.,
(45)], which enable the determination of pupil size at all
time points. In conjunction with head-referenced irradiance
or radiance measurements of the corneal irradiance, capturing
an individual’s “spectral diet” (46), the time course of light
exposure at the cornea, it is then possible to determine the actual
retinal irradiance, as this is the biologically relevant quantity.

Development efforts for such a system are currently underway
[e.g., (47)].

Eye Movements
Of course, observers are moving their trunk, head, and eyes
during the waking day, thereby displacing the retinal image
at a high frequency (48). Saccadic eye movements displace
the retinal image (49), thereby repositioning different parts of
the visual world into the fovea, thereby supporting various
visually guided tasks and support various tasks (50, 51). Saccadic
eye movements are guided by a variety of factors, including
salience and higher-level factors (52). In free-viewing of pictures,
saccades can make up to 20% of time (53). In addition, during
periods of fixation, three types of fixational eye movements
occur: tremor, also called physiological nystagmus, occurring at
∼90Hz, drift, and microsaccades, occurring at 1–2Hz (54). The
extent to which the trunk, head, and eye movements decorrelate
the distal from the proximal (retinal) stimulus depends on
the spatial characteristics of the scene. One can imagine
two extremes. In a completely unarticulated homogenous
environment such as those produced by a ganzfeld stimulus, the
retinal stimulus to an observer may be nearly constant. On the
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BOX 2 | Recommended further reading.

• The CIE has published two documents on documenting lighting and light

exposures: CIE 213:2014 (22) and CIE TN 011:2020 (6). The articles

published Spitschan et al. (5) and Knoop et al. (21) represent independent

proposal for standardized ways of reporting lighting conditions in

experimental situations.

• Watson (73) provides a solid introduction into linear-systems modeling of

temporal sensitivity in human psychophysics.

• Kronauer et al. (56) synthesize temporal non-linearities in the circadian

system’s response to light and subject it to rigorous modeling.

• Schlangen & Price (74) provide an extensive introduction in measuring the

lighting environment.

• Münch et al. (75) and Knoop et al. (76) provide recent syntheses on the

status of daylight for humans, which may serve as a reference when

thinking about naturalistic light exposure and its temporal properties.

other extreme, a point light source in an otherwise dark room
under free-viewing conditions will stimulate different retinal
locations between and—due to fixational eye movements—
during fixation, thereby producing very large spatial and
temporal contrast.

Temporal Integration in Circadian and
Neuroendocrine Photoreception

Ultimately, the use of temporally patterned stimuli biases
processing in the retina to a specific set of photoreceptors. While
previous work has examined how different photoreceptors drive
the pupillary light reflex in different temporal regimes (55),
there are at present no parametric measurements for the effects
of photoreceptor-selective stimuli varying in their frequency
properties on neuroendocrine and circadian physiology. A few
studies (2, 3, 56) address the question of temporal integration,
though a lot remains unknown in humans. The growing body
of literature in animal models [rodents: (57–60), Drosophila:
(61, 62)] can serve as a useful starting point.

It may be desirable to derive a summary metric for time-
varying stimuli. For pulse stimuli, one intuitive way to summarize
illuminance or irradiance and duration is the product of the
two. This yields a summary quantity with units in e.g., “lux
minutes.” This approach has been used in literature to describe
total light doses [e.g., (12–14, 63–65)], in line with the notion
that the circadian system acts as a photon counter (66). The

extent to which this is a useful metric, however, is not necessarily
clear. It relies on reciprocity, which refers to the notion that
irradiance and duration can be traded off without any difference
in effect. Further data mapping out how intensity and duration
can be traded off (67) are required before the adoption of such a
summary metric.

In field experiments where both light exposure and an
outcome metric (such as sleep timing and duration, or other
circadian, neuroendocrine, behavioral, and cognitive outputs) are
measured conjointly, summarizing the pattern of light exposure
is often a necessary step to relate input to output. A data-driven
approach to summarizing light exposures in these contexts is
to use time above threshold (TAT), as a well as distributional
characteristics of the light exposure above the threshold, such as
the mean and standard deviation (68).

An Outlook
As the temporal properties of the proximal (retinal) stimulus
cannot easily be determined, understanding the properties of
the distal stimulus is a key first step. One strategy is to
quantitatively characterize the propagation of light in specific
study context using simulation software (69). This can be
achieved using specialized architectural lighting design tools. An
integrated workflow to go from physically realistic simulations
of illuminated spaces to physiologically plausible simulations
of retinal illumination [such as those available in the iSETBIO
toolbox (70–72)] is a promising and exciting path forward. For
readers wishing to learn more about the fundamentals touched
upon in this review, Box 2 provides advanced reading for readers
with a background in signal processing and analyses of time-
varying signals but no specific background in chronobiology and
sleep research.
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