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Abstract

Beyond visual function, specialized light-sensitive retinal circuits involving the photopigment melanopsin drive critical aspects
of human physiology and behavior, including sleep—wake rhythms, hormone production, mood, and cognition. Fundamental
discoveries of visual neurobiology dating back to the 1990s have given rise to strong interest from the lighting industry in
optimizing lighting to benefit health. Consequently, evidence-based recommendations, regulations, and policies need to trans-
late current knowledge of neurobiology into practice. Here, reviewing recent advances in understanding of NIF circuits in
humans leads to proposed strategies to optimize electric lighting. Highlighted knowledge gaps must be addressed urgently,
as well as the challenge of developing personalized, adaptive NIF lighting interventions accounting for complex individual dif-
ferences in physiology, behavior, and environment. Finally, lighting equity issues appear in the context of marginalized groups,
who have traditionally been underserved in research on both fundamental visual processes and applied lighting. Biologically

optimal light is a fundamental environmental right.
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Social Media Post

Discover the unseen powers of light! From basic biology to
translation, we need to address urgent gaps in the nonvisual
effects of light, including personalized, adaptive lighting con-
sidering individual differences, and lighting equity.

Key Points

e The late 1990s revealed, in the retina, the intrinsically
photosensitive ganglion cells (ipRGCs), the pathway
that signals environmental light levels to the brain.

e These signals underlie the non—-image-forming (NIF)
effects of light, including synchronizing the circadian
clock and modifying hormonal secretions, including
melatonin.

e This neurobiological discovery has fundamentally
changed the way that the built environment uses
light. Electric light has traditionally helped people
see well but can now help people to think, act, and
feel well.

e A roadmap furthers developing NIF and lighting
knowledge, implementing optimal lighting, and rec-
ognizing in stakeholder partnerships the fundamental
role of light in human health, wellbeing, and behavior.

e Policies need to anchor biologically optimal light as a
fundamental human right.

Introduction

The last 30 years have discovered photoreceptor classes in
the human retina that drive physiology and behavior; this
has revolutionized how people measure, craft, and use
light. The discovery of these intrinsically photosensitive
retinal ganglion cells (ipRGCs)—alongside the maturation
of human circadian science and chronobiology as scientific
fields—has raised the central question of how light and light-
ing can optimally support human health and wellbeing.
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Overviewing the current knowledge on this topic highlights
gaps, suggesting a roadmap for research and policy that
enhances humans’ unique relationship with light.

Current State of Knowledge

Canonical Rod- and Cone-Based Photoreception. Until the late
1990s, the known photoreceptors in the human eye were
the rods and the comes. The rods subserve vision in dim
light, allowing for the rudimentary perception of shapes
and forms without much spatial detail. The cones, on the
other hand, operate under moderate to bright light conditions
and underlie our vision and visual perception of form, spatial
detail, motion, and color though sensing the long (L cone),
medium (M cone), and short (S cone) wavelengths of
visible light. Both rod and cone function has been extensively
studied in animal models and humans for almost two centu-
ries, using a wide range of neurophysiological, psychophys-
iological, and psychophysical methods. In-depth studies led
to the discovery of the postreceptoral channels, which
combine the signals from the cones to produce pathways
encoding luminance (underpinning our perception of bright-
ness), red—green and blue—yellow color information.

Novel Melanopsin Photoreception and ipRGC Function. The
photopigment melanopsin was first discovered in the skin
cells of frogs, which change their pigmentation based on
the light-dark conditions of the environment (Provencio
et al., 1998). Importantly, melanopsin is also expressed in a
subset of retinal ganglion cells (RGCs) to transduce light
information from the eye to the brain. These RGCs, named
ipRGCs, encode light information without input from the
rods and cones, as melanopsin is directly expressed in the
cell bodies and processes (Berson et al., 2002; Dacey et al.,
2005; Do, 2019; Hattar et al., 2002; Lucas et al., 2003;
Provencio et al., 1998; Rodgers et al., 2018b; Rollag et al.,
2003; Schmidt et al., 2011; Spitschan, 2019).

Functional differences distinguish rods, cones, and the
ipRGCs: While rods and cones encode changes in contrast
—discarding the information of overall ambient illumina-
tion—the ipRGCs encode the intensity of illumination,
thereby uniquely encoding overall environmental light level
(Dacey et al., 2005). Interactions with the rods and cones
enable ipRGCs to signal a very wide range of light levels
(Lucas et al., 2012).

Effects of Light on Circadian,
Neuroendocrine, and Sleep Physiology

The human pineal gland produces a hormone called melato-
nin. Melatonin, sometimes also wrongly called the “sleep
hormone,” is not produced during the day and rises in pro-
duction around 1 to 3 hours before habitual bedtime, contin-
uing to be secreted throughout the night. In 1980, Lewy et al.

(1980) discovered that the production of melatonin at night is
suppressed by exposure to very bright light. Independent of
the discovery of melanopsin around the same time, the spec-
tral sensitivity of melatonin suppression was characterized
for the first time in the early 2000s. At the time, the action
spectrum was found to be distinct from the spectral sensitiv-
ity of the rods and cones, pointing to evidence for another
class of photoreceptor (Brainard et al., 2001; Thapan
et al., 2001). Later work summarizing the available scien-
tific evidence on melatonin suppression clearly linked mel-
anopsin and melatonin suppression (Brown, 2020; Giménez
et al., 2022; Nowozin et al., 2017; Prayag et al., 2019), with
a possible but inconclusive role for the S cones (Brown
et al.,, 2021; Spitschan, Lazar, et al., 2019; St Hilaire
et al., 2022).

Melatonin suppression is an acute effect of light, occur-
ring over the course of 30 minutes or less. Exposure to
light also has a much more fundamental influence on our
physiology, by acting as a zeitgeber, an environmental
“time giver” to synchronize the circadian clock and shift it
(Khalsa et al., 2003; Minors et al., 1991; Riiger et al.,
2013). Exposure to light in the morning advances the circa-
dian clock, and exposure to light at night delays the circa-
dian clock, a phenomenon described by the phase—response
curve.

Further to circadian phase shifting, light can influence
alertness, sleep, and cardiovascular, thermoregulatory, and
metabolic function. Melatonin suppression and circadian
phase shifting are separate functions: Some stimuli can
delay circadian phase without modifying melatonin secre-
tion. To what extent the nonvisual effects of light correspond
to a unitary system remains the subject of active research.

Mechanistic Evidence on the NIF Effects of Light

The retinohypothalamic pathway underlying the so-called
non—-image-forming (NIF) effects of light connects the
retina with the suprachiasmatic nucleus (SCN) in the hypo-
thalamus that is the primary circadian oscillator. Most of
the evidence on NIF effects of light at present is descriptive,
in the sense that studies typically examine the response to
parametric changes in light stimuli, differing in intensity
(leading to a dose-response curve), wavelength (leading to
an action spectrum), duration (leading to a duration—response
curve), and time of exposure (leading to a phase—response
curve) (Zeitzer & Lok, 2022).

Field and Translational Evidence for NIF Effects. Most studies
characterizing NIF effects use carefully and well-controlled
stimuli under laboratory conditions. This methodology
allows the removal of confounding factors. As a conse-
quence, while these studies are informative of the neurobio-
logical pathways underlying the NIF effects, they are of
limited use in the real world. A growing set of evidence
has examined the impact of light and light exposure under
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lifelike, real-world conditions. These studies, enabled by the
availability of small, wearable light loggers (Hartmeyer &
Andersen, 2023; Hartmeyer et al., 2022; Spitschan et al.,
2022), have established some key links between real-world
light exposure and a range of outcomes, such as sleep archi-
tecture (Wams et al., 2017), circadian entrainment (Woelders
et al., 2017), and body mass index (BMI) (Reid et al., 2014).

Recent Developments in Metrology. The discovery of the mel-
anopsin cells has led to novel developments in metrology for
optical radiation—the science of measurement of light.
Metrology is a very mature discipline. For light, several well-
established metrics exist for quantifying the brightness and
color of illumination to the human observer. As these func-
tions are subserved by the cones (brightness under photopic,
daylight-level conditions and color) and the rods (brightness
under scotopic, dim conditions), they are unsuitable for quan-
tifying the effect of light on melanopsin/ipRGCs and associ-
ated nonvisual functions. There have been several proposals
for incorporating this novel dimension of photoreception
(Lucas et al., 2014). Built upon previous efforts to develop
a consensus, the International Commission on Illumination
(Commission Internationale d’Eclairage; CIE) published a
novel International Standard, CIE S 026/E:2018 in 2018,
containing a set of standard spectral sensitivities (CIE,
2018). CIE S026 remains the standard for the physiologically
relevant quantification of light and lighting and is available in
a range of convenient software tools, including the open-
access platform luox (Spitschan et al., 2021).

Beyond the quantities to be used for quantifying NIF
effects, several other recent technological developments
support the accurate characterisation of NIF effects. This
includes miniaturized wearable light loggers, allowing for
the measurement of light exposure under naturalistic condi-
tions, and novel technology to capture multispectral images
in a retinally relevant fashion.

Knowledge Gaps

The previous section highlighted the current state of knowl-
edge. This section identifies knowledge gaps that require
further research.

Integration of Rod—Cone Signals With ipRGCs and
Novel Photoreceptor-Based Metrology

It is well-established that ipRGCs, which are intrinsically
photosensitive through melanopsin, also receive cone and
rod input from their synapses. This means that ipRGCs
respond to light directly (through melanopsin) and indirectly
(through rod—cone inputs). In some ipRGCs examined in the
primate retina, the S cone input is inhibitory—suppressing
ipRGC activity—while the rod, L, and M cone input is
excitatory (Dacey et al., 2005). The inhibitory S cone

input at the neurophysiological level has been confirmed
through in vivo studies in humans, demonstrating that the
pupillary reflex is driven by an opponent S cone input:
Activation of the S cones leads to a dilation of the pupil
(compared to expected constriction of the pupil) (Spitschan
et al., 2014; Woelders et al., 2018). As a consequence, the
cones and rods modulate retinal input for NIF function at
the earliest stage.

To what extent the cones and rods are involved in other
NIF functions, including melatonin suppression, circadian
phase shifting, and alertness, is not clear. How exactly the
rods and cones contribute to NIF vision, with what weights
and under which conditions, must become the focus of tar-
geted research to result in more nuanced photoreceptor inte-
gration models.

Integration of Light With Other Signals in Circadian,
Neuroendocrine, and Sleep Physiology

Light is considered the primary driver for NIF function.
However, it is well known from animal studies that signals
unrelated to light, so-called nonphotic zeitgebers, can
impact the circadian system. In humans, the effects of exer-
cise (Youngstedt et al., 2019) and meals (Wehrens et al.,
2017) on the circadian clock have been evaluated in an iso-
lated fashion, while under real-world conditions, these
co-occur with behavior and light exposure (Coirolo et al.,
2022; Youngstedt et al., 2022). It is not clear to what
extent these timing signals can compete and facilitate circa-
dian entrainment.

Individual Differences in Light Exposure and Light
Equity

Under real-world, lifelike conditions, light exposure is highly
variable, not only for a given individual but also between
individuals differing in health status, geographical location,
socioeconomic status, and occupation (Campbell et al.,
1988; Crowley et al., 2015; Dumont & Beaulieu, 2007,
Okudaira et al.,, 1983; Reid et al., 2014; Savides et al.,
1986; Smolders et al., 2013). While some targeted studies
have generated pair-wise or factor-wise comparisons in
light exposure between different groups, a generalist frame-
work for measuring and predicting light exposure across
demographic groups currently does not exist. A key question
surrounding light exposure is that of light equity: Who has
access to physiologically sound light? Who is exposed to
light at the wrong time?

Individual Differences in Light Sensitivity. According to over-
whelming evidence, individuals differ in their NIF response
to light (Chellappa, 2021; Spitschan & Santhi, 2022). One
recent study examining the dose-response curve for melato-
nin suppression found that the most sensitive individual in
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their study was about 30X more sensitive than the least sen-
sitive individual (Phillips et al., 2019). A range of factors can
explain this difference (Swope et al., 2023), but a comprehen-
sive model is currently not available. This may include both
state, such as pupil size (Eto et al., 2021; Gaddy et al., 1993;
Higuchi et al., 2008) or caffeine (Wright et al., 1997a,
1997b), and trait factors, including lens transmittance and
genetics. While it is known that there are genetic polymor-
phisms of the melanopsin gene OPN4 (Higuchi et al.,
2013; Rodgers et al., 2018a, 2018b; Roecklein et al.,
2009), as well as genes controlling circadian and sleep pro-
cesses (Burns et al., 2023; Chang et al., 2019), the extent to
which individual variability can be attributed to genetics is
not clear.

However, for sample sizes that may yield evidence for the
genetic underpinnings, there are no convenient assays for
NIF function that can be deployed at scale. Ways forward
could lie in a variety of different techniques, including min-
iaturized wearable light sensors (Casson, 2023; Hartmeyer &
Andersen, 2023; Hartmeyer et al., 2022; Joyce et al., 2020;
Mohamed et al.,, 2021; Spitschan et al., 2022; Stampfli
et al., 2023); smartphone-deployed apps probing alertness,
cognition, and other parameters (Gardesevic et al., 2022;
Klein et al., 2021; Shatte & Teague, 2020); ambulatory
systems for measuring hormone concentrations continuously
(Grant et al., 2022); and novel nonintrusive ways of measur-
ing sleep—wake rhythms over long periods (Alkalih et al.,
2022).

Mapping the Parametric Space of Light to
Physiological Responses

Light can vary in a range of parameters. Some of these have
been characterized extensively, including intensity, wave-
length, duration, and timing of exposure. Of course, under
natural conditions, light exposure is much more complex
and complicated to capture. Even under fixed illumination
conditions, the eyes move, thereby displacing the retinal
image multiple times a second (Spitschan, 2021). The
spatial configuration of natural scenes is also highly
complex, though statistically regular. To what extent these
parameters of light can influence NIF function is not clear,
not least as the parameter space is too high-dimensional for
simple explorations. As an example, consider the simple
experiment of examining how duration and intensity of illu-
mination interact in driving NIF responses. To characterize
the intensity—response behavior, one would typically need
at least four different illumination intensities in order to be
able to construct a four-parameter dose—response function.
For duration, the same holds. Consequently, the entire
space of all possible combinations of intensity and durations
contains 16 distinct combinations. This is impossible to
capture in a within-subjects protocol and, in a between-
subjects design, requires a reasonable sample size per cell.

Given that a typical circadian phase shifting experiment
takes some 32 hours or longer, the combinatorial explosion
is prohibitive vis-a-vis the cost of experiments.

Recently, a series of studies demonstrated that sequences
of short flashes at the millisecond scale delivered over the
course of 1 hour can lead to stronger circadian phase shifts
than 1-hour exposure of continuous light at the same illumi-
nance (Joyce et al., 2022a, 2022b; Najjar & Zeitzer, 2016).
These “circadian illusions” suggest that fewer photons can
sometimes lead to a stronger physiological response, offering
a novel method for maximizing circadian responses to light
while minimizing energy use. These responses likely arise
from complex temporal integration of rod, cone, and
ipRGC signals. While duration and intensity properties
have been addressed before (Joyce et al., 2022a, 2022b),
there are still many combinations of parameters to be
explored.

Roadmap for Research and Policy

Considering the knowns and unknowns of lighting in relation
to NIF vision, consider the following roadmap.

1. Address knowledge gaps through adversarial collabo-
rations and international consortia.

At present, scientific consensuses for many effects of NIF
lighting are yet to be reached (Moore-Ede et al., 2023), and
most scientific efforts elucidating the NIF effects of light
are run by single laboratories or small-group collaborations
of a handful of laboratories. Given the combinatorically
explosive nature of mapping out NIF effects across various
light-related parameters, such an approach is unlikely to
yield the evidence needed to capture NIF effects under
various parametric stimuli, which of course is necessary for
the development of accurate models of NIF function. One
alternative is to build an international consortium, which
would coordinate a comprehensive, but not competitive, sci-
entific campaign to yield high-quality data. Integrated into
such a program could be mechanisms of reproducibility
and replication to generate robust evidence for making
policy. One mechanism to arbitrate between different
models of NIF photoreception is adversarial collaborations
(Rakow, 2022): Two or more groups of opposing views, or
supportive of different models, work on the same research
question.

2. Cumulative data gathering and sharing: allowing
the development of accurate models that aid
implementation.

A key success in understanding NIF effects has been the
aggregation of data from disjoint data sets and different lab-
oratories. Some of these efforts have largely used informal
techniques of accessing the data, including “data thieving,”
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i.e., the reconstruction of data from graphical summaries
(Burda et al., 2017; Drevon et al., 2017; Marin et al.,
2017). Of course, in any data reconstruction effort, there is
loss in information. A better way would be to adopt a
stance that data sharing becomes normalized and not the
exception. Several initiatives enable such a sharing, most
notably the National Sleep Research Resource (Zhang
et al., 2018). Making data findable, accessible, interoperable,
and reusable (FAIR) (Wilkinson et al., 2016) must be a key
priority. The development of common measures for data col-
lection (Farber et al., 2023), common data models, metadata
descriptors, reporting standards for light interventions
(Knoop et al.,, 2019; Spitschan et al., 2023; Spitschan,
Stefani, et al., 2019; Veitch & Knoop, 2020), and analysis
pipelines (Hammad et al., 2023; Spitschan et al., 2021)
must underpin large-scale data integration efforts. This
requires dedicated effort, such as the ongoing professionali-
zation of research software engineering and its integration
as a core tool in contemporary scientific research (Horsfall
et al., 2023).

3. Moving away from WEIRD samples to incorporate
diversity.

Many studies on the NIF effects of light have been completed
in Europe or the United States. Consequently, the knowledge
base may not represent people in general. Aspects of this phe-
nomenon are widely known in psychology and behavioral
scenes as Western, educated, industrialized, rich, and demo-
cratic (WEIRD) (Henrich et al., 2010b, 2010a), which encap-
sulates most psychological phenomena. Whether or not there
are key genetic differences in light sensitivity due to genetic
ancestry (Smith et al., 2009) remains an open question, and it
is therefore important to create a diverse and inclusive evi-
dence base that incorporates non-WEIRD data. Relatedly, it
will be critical to consider differences in light exposure that
may be socioeconomic and cross-cultural in origin.
Understanding how individual differences in sensitivity and
exposure may arise in diverse participants paves the way
for adaptive and personalized interventions, allowing for a
more targeted “precision medicine” approach to light
exposure.

4. Defining actionable light exposure limits and
recommendations.

Global organizations such as the World Health Organization
(WHO), as well as transnational, national, and regional
public health organizations, must consider clear definitions
of exposure limits for light during the biological day and
the biological night. Like existing exposure limits for noise,
light exposure should be codified. The recently published
expert recommendations (Brown et al., 2022) for light
levels in the daytime (>250 Ix melanopic equivalent daylight
illuminance (EDI)), presleep (<10 1x melanopic EDI), and

sleep (<I Ix melanopic EDI) can represent a starting point
for this, with the caveat that there are time-dependent com-
plexities. There is clear evidence that light exposure during
the day can offset some effects of evening/nighttime light
exposure (Chang et al., 2011; Hébert et al., 2002; Smith
et al., 2004; Te Kulve et al., 2019), indicating the need to
develop exposure models that are more complex than the
evaluation of instantaneous exposure. Importantly, these
limits must include a lifespan view, moving away from the
idea of an average observer and incorporating known differ-
ences in light sensitivity across the lifespan. Moving beyond
prior consensuses (Brown et al., 2022; Moore-Ede et al.,
2023), a broad coordinated position statement incorporating
the key stakeholders could represent a push toward coordi-
nated changes in policy. In the field of light pollution, recom-
mendations for mitigation with a direct impact on human
health have recently been proposed (Zielinska-Dabkowska
et al., 2023).

5. Recognizing healthy light exposure as a human right
with expected benefits to community health.

Light exposures that support health and wellbeing should be
protected by laws and regulations as a fundamental right.
This includes both access to sufficient light during the “bio-
logical day” and the absence of light during the “biological
night.” At one extreme, bright and strobing lights have
been misused as torture instruments (Fetherston, 2020), and
constant illumination has been used in dwellings for
refugee children (Czeisler, 2018). In the community, light
exposures are generally known to be suboptimal in terms
of timing or intensity for those in workplaces, schools, hospi-
tals, aged care facilities, and prisons. The benefits of
improved light exposures are largely speculative at the pop-
ulation level, but optimal exposures would likely improve
circadian rhythms, sleep, and their neuroprotective effects.
Such effects might be especially powerful for the develop-
mentally vulnerable or chronically ill (Davis et al., 2016;
Ricketts et al., 2022; Vasquez-Ruiz et al., 2014). Because
electric light is pervasive in the home, workplace, and com-
munity, the deployment of more biologically optimal lighting
would not necessitate the expensive upgrading of infrastruc-
ture. It is therefore a cost-effective method to improve health
and wellbeing in the community.

6. Develop evidence-based standards in lighting market-
ing for nonprofessionals.

The lighting industry is a large market, where LED lighting is
valued at >70 billion USD globally and growing yearly.
“Human-centric lighting” or “circadian lighting” represents
a major recent push of the LED lighting industry toward
products that in some way incorporate the recent knowledge
on the NIF effects of light on human physiology. These
claims can exceed the current state of knowledge (Houser
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et al., 2021; Joyce et al., 2023), and to the consumer, it may
not be obvious to what extent lighting solutions that are avail-
able on the market are indeed conducive to health. There are
also subtleties of messaging that may not be understood by
the consumer (e.g., that blue-enriched light is potentially
harmful to circadian rhythms during the evening but poten-
tially helpful during the day). Clear standards must be devel-
oped based on scientific evidence that aid consumer decisions
in selecting lighting solutions.

Conclusion

The effects of light are undeniably powerful. New under-
standing of NIF retinal and brain circuitry heralds the dawn
of the melanopsin age where people must reevaluate how
both sunlight and electric light are presented in human com-
munities. First and foremost, policies must do no harm. We
must then rethink the role of light in society and how to
best deploy lighting to maximize human health and well-
being. In pursuit of this, all of us—Ilighting researchers, pro-
fessionals, stakeholders, and community—must work
together to enhance our understanding of the effects of
light, translate this knowledge to lighting products, and
deploy such lighting in responsible and biologically
optimal ways. The development and refinement of evidence-
based lighting policy is key to driving this agenda.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this
article: M.S. is the Chair of Joint Technical Committee (JTC) 20
(D6/D2): Wearable alpha-opic dosimetry and light logging
methods, limitations, device calibration and data schemes within
the CIE; a past member of JTC 9, which developed CIE S 026/
E:2018; a member of the Daylight Academy; and a speaker of the
Steering Committee.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iDs

Manuel Spitschan
Daniel S. Joyce

https:/orcid.org/0000-0002-8572-9268
https:/orcid.org/0000-0002-6407-4653

References

Alkalih, H. Y., Pesola, A. J., & Arumugam, A. (2022). A new accel-
erometer (Fibion) device provides valid sedentary and upright
time measurements compared to the ActivPAL4 in healthy indi-
viduals. Heliyon, 8(10), el11103. https:/doi.org/10.1016/].
heliyon.2022.e11103

Berson, D. M., Dunn, F. A., & Takao, M. (2002). Phototransduction by
retinal ganglion cells that set the circadian clock. Science,
295(5557), 1070-1073. https:/doi.org/10.1126/science.1067262

Brainard, G. C., Hanifin, J. P., Greeson, J. M., Byrne, B.,
Glickman, G., Gerner, E., & Rollag, M. D. (2001). Action

spectrum for melatonin regulation in humans: Evidence for a
novel circadian photoreceptor. Journal of Neuroscience,
21(16), 6405-6412. https:/doi.org/10.1523/INEUROSCI.21-
16-06405.2001

Brown, T. M. (2020). Melanopic illuminance defines the magnitude
of human circadian light responses under a wide range of con-
ditions. Journal of Pineal Research, 69(1), €12655. https:/doi.
org/10.1111/jpi. 12655

Brown, T. M., Brainard, G. C., Cajochen, C., Czeisler, C. A.,
Hanifin, J. P., Lockley, S. W., Lucas, R. J., Miinch, M.,
O’Hagan, J. B., Peirson, S. N., Price, L. L. A., Roenneberg,
T., Schlangen, L. J. M., Skene, D. J., Spitschan, M., Vetter,
C., Zee, P. C., & Wright, K. P. (2022). Recommendations for
daytime, evening, and nighttime indoor light exposure to best
support physiology, sleep, and wakefulness in healthy adults.
PLoS Biology, 20(3), €3001571. https:/doi.org/10.1371/
journal.pbio.3001571

Brown, T. M., Thapan, K., Arendt, J., Revell, V. L., & Skene, D. J.
(2021). S-cone contribution to the acute melatonin suppression
response in humans. Journal of Pineal Research, 71(1),
e12719. https:/doi.org/10.1111/jpi. 12719

Burda, B. U., O’Connor, E. A., Webber, E. M., Redmond, N., &
Perdue, L. A. (2017). Estimating data from figures with a web-
based program: Considerations for a systematic review.
Research Synthesis Methods, 8(3), 258-262. https:/doi.org/
10.1002/jrsm.1232

Burns, A. C., Phillips, A. J. K., Rutter, M. K., Saxena, R., Cain,
S. W., & Lane, J. M. (2023). Genome-wide gene by environ-
ment study of time spent in daylight and chronotype identi-
fies emerging genetic architecture underlying light
sensitivity. Sleep, 46(3), zsac287. https:/doi.org/10.1093/
sleep/zsac287

Campbell, S. S., Kripke, D. F., Gillin, J. C., & Hrubovcak, J. C.
(1988). Exposure to light in healthy elderly subjects and
Alzheimer’s patients. Physiology & Behavior, 42(2), 141-144.
https:/doi.org/10.1016/0031-9384(88)90289-2

Casson, A. (2023). A wrist worn Internet-of-Things sensor node for
wearable equivalent daylight illuminance monitoring [Preprint].
https:/doi.org/10.36227/techrxiv.22811753.v1

Chang, A.-M., Dufty, J. F., Buxton, O. M., Lane, J. M., Aeschbach,
D., Anderson, C., Bjonnes, A. C., Cain, S. W., Cohen, D. A.,
Frayling, T. M., Gooley, J. J., Jones, S. E., Klerman, E. B.,
Lockley, S. W., Munch, M., Rajaratnam, S. M. W., Rueger,
M., Rutter, M. K., & Santhi, N., ..., R. Saxena (2019).
Chronotype genetic variant in PER2 is associated with intrinsic
circadian period in humans. Scientific Reports, 9(1), 5350.
https:/doi.org/10.1038/s41598-019-41712-1

Chang, A.-M., Scheer, F. A. J. L., & Czeisler, C. A. (2011).
The human circadian system adapts to prior photic history:
The human circadian system adapts to prior light history. The
Journal of Physiology, 589(5), 1095-1102. https:/doi.org/10.
1113/jphysiol.2010.201194

Chellappa, S. L. (2021). Individual differences in light sensitivity
affect sleep and circadian rhythms. Sleep, 44(2), zsaa2l4.
https:/doi.org/10.1093/sleep/zsaa2 14

CIE (2018). CIE S 026/E:2018: CIE system for metrology of optical
radiation for ipRGC-influenced responses to light. CIE Central
Bureau.

Coirolo, N., Casaravilla, C., Tassino, B., & Silva, A. (2022).
Evaluation of environmental, social, and behavioral modulations


https://orcid.org/0000-0002-8572-9268
https://orcid.org/0000-0002-8572-9268
https://orcid.org/0000-0002-6407-4653
https://orcid.org/0000-0002-6407-4653
https://doi.org/10.1016/j.heliyon.2022.e11103
https://doi.org/10.1016/j.heliyon.2022.e11103
https://doi.org/10.1016/j.heliyon.2022.e11103
https://doi.org/10.1126/science.1067262
https://doi.org/10.1126/science.1067262
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1111/jpi.12655
https://doi.org/10.1111/jpi.12655
https://doi.org/10.1111/jpi.12655
https://doi.org/10.1371/journal.pbio.3001571
https://doi.org/10.1371/journal.pbio.3001571
https://doi.org/10.1371/journal.pbio.3001571
https://doi.org/10.1111/jpi.12719
https://doi.org/10.1111/jpi.12719
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.1093/sleep/zsac287
https://doi.org/10.1093/sleep/zsac287
https://doi.org/10.1093/sleep/zsac287
https://doi.org/10.1016/0031-9384(88)90289-2
https://doi.org/10.1016/0031-9384(88)90289-2
https://doi.org/10.36227/techrxiv.22811753.v1
https://doi.org/10.36227/techrxiv.22811753.v1
https://doi.org/10.1038/s41598-019-41712-1
https://doi.org/10.1038/s41598-019-41712-1
https://doi.org/10.1113/jphysiol.2010.201194
https://doi.org/10.1113/jphysiol.2010.201194
https://doi.org/10.1113/jphysiol.2010.201194
https://doi.org/10.1093/sleep/zsaa214
https://doi.org/10.1093/sleep/zsaa214

Spitschan and Joyce

243

of the circadian phase of dancers trained in shifts. IScience, 25(7),
104676. https:/doi.org/10.1016/].isci.2022.104676

Crowley, S. J., Molina, T. A., & Burgess, H. J. (2015). A week in the
life of full-time office workers: Work day and weekend light
exposure in summer and winter. Applied Ergonomics, 46(A),
193-200. https:/doi.org/10.1016/j.apergo.2014.08.006

Czeisler, C. A. (2018). Housing immigrant children—the inhuman-
ity of constant illumination. New England Journal of Medicine,
379(2), e3. https:/doi.org/10.1056/NEJMp1808450

Dacey, D. M., Liao, H.-W., Peterson, B. B., Robinson, F. R., Smith,
V. C., Pokorny, J., Yau, K.-W., & Gamlin, P. D. (2005).
Melanopsin-expressing ganglion cells in primate retina signal
colour and irradiance and project to the LGN. Nature,
433(7027), 749-754. https:/doi.org/10.1038/nature03387

Davis, R. G., Wilkerson, A. M., Samla, C., & Bisbee, D. (2016).
GATEWAY demonstrations: Tuning the light in senior care:
Evaluating a trial LED lighting system at the ACC Care
Center in Sacramento, CA (PNNL-25680, 1377006;
p. PNNL-25680, 1377006). https:/doi.org/10.2172/1377006

Do, M. T. H. (2019). Melanopsin and the intrinsically photosensi-
tive retinal ganglion cells: Biophysics to behavior. Neuron,
104(2), 205-226. https:/doi.org/10.1016/j.neuron.2019.07.016

Drevon, D., Fursa, S. R., & Malcolm, A. L. (2017). Intercoder reli-
ability and validity of WebPlotDigitizer in extracting graphed
data. Behavior Modification, 41(2), 323-339. https:/doi.org/
10.1177/0145445516673998

Dumont, M., & Beaulieu, C. (2007). Light exposure in the
natural environment: Relevance to mood and sleep disor-
ders. Sleep Medicine, 8(6), 557-565. https:/doi.org/10.
1016/j.sleep.2006.11.008

Eto, T., Ohashi, M., Nagata, K., Shin, N., Motomura, Y., & Higuchi,
S. (2021). Crystalline lens transmittance spectra and pupil sizes
as factors affecting light-induced melatonin suppression in chil-
dren and adults. Ophthalmic & Physiological Optics, 41(4),
900-910. https:/doi.org/10.1111/0p0.12809

Farber, G. K., Gage, S., Kemmer, D., & White, R. (2023). Common
measures in mental health: A joint initiative by funders and
journals. The Lancet Psychiatry, 10(6), 465-470. https:/doi.
org/10.1016/S2215-0366(23)00139-6

Fetherston, T. (2020). Forced solar gazing—A common technique
of torture? Eye, 34(10), 1820-1824. https:/doi.org/10.1038/
s41433-019-0742-2

Gaddy, J. R., Rollag, M. D., & Brainard, G. C. (1993). Pupil size
regulation of threshold of light-induced melatonin suppression.
The Journal of Clinical Endocrinology and Metabolism, 77(5),
1398-1401. https:/doi.org/10.1210/jcem.77.5.8077340

Gardesevic, M., Didikoglu, A., Lawrence, S. J. D., Vetter, C.,
Brown, T. M., Allen, A. E., & Lucas, R. J. (2022). Brighter
time: A smartphone app recording cognitive task performance
and illuminance in everyday life. Clocks & Sleep, 4(4), 577-
594. https:/doi.org/10.3390/clockssleep4040045

Giménez, M. C., Stefani, O., Cajochen, C., Lang, D., Deuring, G., &
Schlangen, L. J. M. (2022). Predicting melatonin suppression
by light in humans: Unifying photoreceptor-based equivalent
daylight illuminances, spectral composition, timing and dura-
tion of light exposure. Journal of Pineal Research, 72(2),
e12786. https:/doi.org/10.1111/jpi. 12786

Grant, A. D., Upton, T. J., Terry, J. R., Smarr, B. L., & Zavala, E.
(2022). Analysis of wearable time series data in endocrine
and metabolic research. Current Opinion in Endocrine and

Metabolic Research, 25, 100380. https:/doi.org/10.1016/j.
coemr.2022.100380

Hammad, G., Wulff, K., Skene, D. J., Miinch, M., & Spitschan, M.
(2023). Open-source Python module for the analysis of person-
alized light exposure data [Preprint]. Open Science Framework.
https:/doi.org/10.31219/0sf.io/msk9n

Hartmeyer, S., & Andersen, M. (2023). Towards a framework for
light-dosimetry studies: Quantification metrics. Lighting
Research & Technology, 147715352311705. https:/doi.org/
10.1177/14771535231170500

Hartmeyer, S., Webler, F., & Andersen, M. (2022). Towards a
framework for light-dosimetry studies: Methodological consid-
erations. Lighting Research & Technology, 55(4-5), 377-399.
https:/doi.org/10.1177/14771535221103258

Hattar, S., Liao, H. W., Takao, M., Berson, D. M., & Yau, K. W. (2002).
Melanopsin-containing retinal ganglion cells: Architecture, projec-
tions, and intrinsic photosensitivity. Science (New York, N.Y.),
295(5557), 1065-1070. https:/doi.org/10.1126/science.1069609

Hébert, M., Martin, S. K., Lee, C., & Eastman, C. 1. (2002). The
effects of prior light history on the suppression of melatonin by
light in humans. Journal of Pineal Research, 33(4), 198-203.
https:/doi.org/10.1034/j.1600-079X.2002.01885.x

Henrich, J., Heine, S. J., & Norenzayan, A. (2010a). Beyond
WEIRD: Towards a broad-based behavioral science. Behavioral
and Brain Sciences, 33(2-3), 111-135. https:/doi.org/10.1017/
S0140525X10000725

Henrich, J., Heine, S. J., & Norenzayan, A. (2010b). The weirdest
people in the world? Behavioral and Brain Sciences, 33(2-3),
61-83. https:/doi.org/10.1017/S0140525X0999152X

Higuchi, S., Hida, A., Tsujimura, S., Mishima, K., Yasukouchi, A.,
Lee, S., Kinjyo, Y., & Miyahira, M. (2013). Melanopsin gene
polymorphism 1394 T is associated with pupillary light
responses in a dose-dependent manner. PloS One, 8(3),
€60310. https:/doi.org/10.1371/journal.pone.0060310

Higuchi, S., Ishibashi, K., Aritake, S., Enomoto, M., Hida, A.,
Tamura, M., Kozaki, T., Motohashi, Y., & Mishima, K.
(2008). Inter-individual difference in pupil size correlates to
suppression of melatonin by exposure to light. Neuroscience
Letters, 440(1), 23-26. https:/doi.org/10.1016/j.neulet.2008.05.037

Horsfall, D., Cool, J., Hettrick, S., Pisco, A. O., Hong, N. C., &
Haniffa, M. (2023). Research software engineering accelerates
the translation of biomedical research for health. Nature
Medicine. https:/doi.org/10.1038/s41591-023-02353-0

Houser, K., Boyce, P., Zeitzer, J., & Herf, M. (2021).
Human-centric lighting: Myth, magic or metaphor? Lighting
Research & Technology, 53(2), 97-118. https:/doi.org/10.
1177/1477153520958448

Joyce, D. S., Houser, K. W., Peirson, S. N., Zeitzer, J. M., & Zele,
A. J. (2023). Melanopsin vision: Sensation and perception
through intrinsically photosensitive retinal ganglion cells (1st
ed.). Cambridge University Press. https:/doi.org/10.1017/
9781009029865

Joyce, D. S., Spitschan, M., & Zeitzer, J. M. (2022a). Duration
invariance and intensity dependence of the human circadian
system phase shifting response to brief light flashes.
Proceedings of the Royal Society B: Biological Sciences,
289(1970), 20211943. https:/doi.org/10.1098/rspb.2021.1943

Joyce, D. S., Spitschan, M., & Zeitzer, J. M. (2022b). Optimizing
light flash sequence duration to shift human circadian phase.
Biology, 11(12), 1807. https:/doi.org/10.3390/biology11121807


https://doi.org/10.1016/j.isci.2022.104676
https://doi.org/10.1016/j.isci.2022.104676
https://doi.org/10.1016/j.apergo.2014.08.006
https://doi.org/10.1016/j.apergo.2014.08.006
https://doi.org/10.1056/NEJMp1808450
https://doi.org/10.1056/NEJMp1808450
https://doi.org/10.1038/nature03387
https://doi.org/10.1038/nature03387
https://doi.org/10.2172/1377006
https://doi.org/10.2172/1377006
https://doi.org/10.1016/j.neuron.2019.07.016
https://doi.org/10.1016/j.neuron.2019.07.016
https://doi.org/10.1177/0145445516673998
https://doi.org/10.1177/0145445516673998
https://doi.org/10.1177/0145445516673998
https://doi.org/10.1016/j.sleep.2006.11.008
https://doi.org/10.1016/j.sleep.2006.11.008
https://doi.org/10.1016/j.sleep.2006.11.008
https://doi.org/10.1111/opo.12809
https://doi.org/10.1111/opo.12809
https://doi.org/10.1016/S2215-0366(23)00139-6
https://doi.org/10.1016/S2215-0366(23)00139-6
https://doi.org/10.1016/S2215-0366(23)00139-6
https://doi.org/10.1038/s41433-019-0742-2
https://doi.org/10.1038/s41433-019-0742-2
https://doi.org/10.1038/s41433-019-0742-2
https://doi.org/10.1210/jcem.77.5.8077340
https://doi.org/10.1210/jcem.77.5.8077340
https://doi.org/10.3390/clockssleep4040045
https://doi.org/10.3390/clockssleep4040045
https://doi.org/10.1111/jpi.12786
https://doi.org/10.1111/jpi.12786
https://doi.org/10.1016/j.coemr.2022.100380
https://doi.org/10.1016/j.coemr.2022.100380
https://doi.org/10.1016/j.coemr.2022.100380
https://doi.org/10.31219/osf.io/msk9n
https://doi.org/10.31219/osf.io/msk9n
https://doi.org/10.1177/14771535231170500
https://doi.org/10.1177/14771535231170500
https://doi.org/10.1177/14771535231170500
https://doi.org/10.1177/14771535221103258
https://doi.org/10.1177/14771535221103258
https://doi.org/10.1126/science.1069609
https://doi.org/10.1126/science.1069609
https://doi.org/10.1034/j.1600-079X.2002.01885.x
https://doi.org/10.1034/j.1600-079X.2002.01885.x
https://doi.org/10.1017/S0140525X10000725
https://doi.org/10.1017/S0140525X10000725
https://doi.org/10.1017/S0140525X10000725
https://doi.org/10.1017/S0140525X0999152X
https://doi.org/10.1017/S0140525X0999152X
https://doi.org/10.1371/journal.pone.0060310
https://doi.org/10.1371/journal.pone.0060310
https://doi.org/10.1016/j.neulet.2008.05.037
https://doi.org/10.1016/j.neulet.2008.05.037
https://doi.org/10.1038/s41591-023-02353-0
https://doi.org/10.1038/s41591-023-02353-0
https://doi.org/10.1177/1477153520958448
https://doi.org/10.1177/1477153520958448
https://doi.org/10.1177/1477153520958448
https://doi.org/10.1017/9781009029865
https://doi.org/10.1017/9781009029865
https://doi.org/10.1017/9781009029865
https://doi.org/10.1098/rspb.2021.1943
https://doi.org/10.1098/rspb.2021.1943
https://doi.org/10.3390/biology11121807
https://doi.org/10.3390/biology11121807

244

Policy Insights from the Behavioral and Brain Sciences 10(2)

Joyce, D. S., Zele, A. J., Feigl, B., & Adhikari, P. (2020). The accu-
racy of artificial and natural light measurements by actigraphs.
Journal of Sleep Research, 29(5), €12963. https:/doi.org/10.
1111/jsr.12963

Khalsa, S. B. S., Jewett, M. E., Cajochen, C., & Czeisler, C. A.
(2003). A phase response curve to single bright light pulses
in human subjects. The Journal of Physiology, 549(3), 945-952.
https:/doi.org/10.1113/jphysiol.2003.040477

Klein, A., Clucas, J., Krishnakumar, A., Ghosh, S. S., Van Auken,
W., Thonet, B., Sabram, 1., Acuna, N., Keshavan, A., Rossiter,
H., Xiao, Y., Semenuta, S., Badioli, A., Konishcheva, K.,
Abraham, S. A., Alexander, L. M., Merikangas, K. R,
Swendsen, J., Lindner, A. B., & Milham, M. P. (2021).
Remote digital psychiatry for mobile mental health assessment
and therapy: MindLogger platform development study. Journal
of Medical Internet Research, 23(11), €22369. https:/doi.org/
10.2196/22369

Knoop, M., Broszio, K., Diakite, A., Liedtke, C., Niedling, M.,
Rothert, 1., Rudawski, F., & Weber, N. (2019). Methods to
describe and measure lighting conditions in experiments on
non-image-forming aspects. LEUKOS, 15(2-3), 163-179.
https:/doi.org/10.1080/15502724.2018.1518716

Lewy, A. J., Wehr, T. A., Goodwin, F. K., Newsome, D. A., &
Markey, S. P. (1980). Light suppresses melatonin secretion in
humans. Science (New York, N.Y.), 210(4475), 1267-1269.
https:/doi.org/10.1126/science.7434030

Lucas, R. J., Hattar, S., Takao, M., Berson, D. M., Foster, R. G., &
Yau, K.-W. (2003). Diminished pupillary light reflex at high
irradiances in melanopsin-knockout mice. Science (New York,
N.Y.), 299(5604), 245-247. https:/doi.org/10.1126/science.
1077293

Lucas, R. J., Lall, G. S., Allen, A. E., & Brown, T. M. (2012). How
rod, cone, and melanopsin photoreceptors come together to
enlighten the mammalian circadian clock. Progress in Brain
Research, 199, 1-18. https:/doi.org/10.1016/B978-0-444-
59427-3.00001-0

Lucas, R. J.,, Peirson, S. N., Berson, D. M., Brown, T. M., Cooper,
H. M., Czeisler, C. A., Figueiro, M. G., Gamlin, P. D., Lockley,
S. W., O’Hagan, J. B., Price, L. L. A., Provencio, I., Skene,
D. J., & Brainard, G. C. (2014). Measuring and using light in
the melanopsin age. Trends in Neurosciences, 37(1), 1-9.
https:/doi.org/10.1016/j.tins.2013.10.004

Marin, F., Rohatgi, A., & Charlot, S. (2017). WebPlotDigitizer, a
polyvalent and free software to extract spectra from old astro-
nomical publications: Application to ultraviolet spectropo-
larimetry. https:/doi.org/10.48550/ARXIV.1708.02025

Minors, D. S., Waterhouse, J. M., & Wirz-Justice, A. (1991). A
human phase-response curve to light. Neuroscience Letters,
133(1), 36-40. https:/doi.org/10.1016/0304-3940(91)90051-T

Mohamed, A., Kalavally, V., Cain, S. W., Phillips, A. J. K., McGlashan,
E. M., & Tan, C. P. (2021). Wearable light spectral sensor opti-
mized for measuring daily a-opic light exposure. Optics Express,
29(17), 27612. https:/doi.org/10.1364/0E.431373

Moore-Ede, M., Blask, D. E., Cain, S. W., Heitmann, A., & Nelson,
R. J. (2023, in Review). Lights should support circadian
rhythms: Evidence-based scientific consensus [Preprint].
https:/doi.org/10.21203/rs.3.rs-2481185/v1

Najjar, R. P., & Zeitzer, J. M. (2016). Temporal integration of light
flashes by the human circadian system. The Journal of Clinical
Investigation, 126(3), 938-947. https:/doi.org/10.1172/JCI82306

Nowozin, C., Wahnschaffe, A., Rodenbeck, A., de Zeeuw, J.,
Hadel, S., Kozakov, R., Schopp, H., Miinch, M., & Kunz, D.
(2017). Applying melanopic lux to measure biological light
effects on melatonin suppression and subjective sleepiness.
Current Alzheimer Research, 14(10), 1042—1052. https:/doi.
org/10.2174/1567205014666170523094526

Okudaira, N., Kripke, D. F., & Webster, J. B. (1983). Naturalistic
studies of human light exposure. American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology,
245(4), R613-R615. https:/doi.org/10.1152/ajpregu.1983.245.
4.R613

Phillips, A. J. K., Vidafar, P., Burns, A. C., McGlashan, E. M.,
Anderson, C., Rajaratnam, S. M. W., Lockley, S. W., &
Cain, S. W. (2019). High sensitivity and interindividual vari-
ability in the response of the human circadian system to
evening light. Proceedings of the National Academy of
Sciences of the United States of America, 116(24), 12019-
12024. https:/doi.org/10.1073/pnas.1901824116

Prayag, A. S., Najjar, R. P., & Gronfier, C. (2019). Melatonin sup-
pression is exquisitely sensitive to light and primarily driven by
melanopsin in humans. Journal of Pineal Research, 66(4),
e12562. https:/doi.org/10.1111/jpi. 12562

Provencio, 1., Jiang, G., De Grip, W. J., Hayes, W. P., & Rollag,
M. D. (1998). Melanopsin: An opsin in melanophores, brain,
and eye. Proceedings of the National Academy of Sciences of
the United States of America, 95(1), 340-345. https:/doi.org/
10.1073/pnas.95.1.340

Rakow, T. (2022). Adversarial collaboration. In W. O’Donohue, &
A. Masuda, & S. Lilienfeld (Eds.), Avoiding questionable
research practices in applied psychology (pp. 359-377).
Springer International Publishing. https:/doi.org/10.1007/978-
3-031-04968-2_16

Reid, K. J., Santostasi, G., Baron, K. G., Wilson, J., Kang, J., & Zee,
P. C. (2014). Timing and intensity of light correlate with body
weight in adults. PLoS ONE, 9(4), €92251. https:/doi.org/10.
1371/journal.pone.0092251

Ricketts, E. J., Joyce, D. S., Rissman, A. J., Burgess, H. J., Colwell,
C.S., Lack, L. C., & Gradisar, M. (2022). Electric lighting, ado-
lescent sleep and circadian outcomes, and recommendations for
improving light health. Sleep Medicine Reviews, 64, 101667.
https:/doi.org/10.1016/j.smrv.2022.101667

Rodgers, J., Hughes, S., Pothecary, C. A., Brown, L. A., Hickey,
D. G., Peirson, S. N., & Hankins, M. W. (2018a). Defining
the impact of melanopsin missense polymorphisms using in
vivo functional rescue. Human Molecular Genetics, 27(15),
2589-2603. https:/doi.org/10.1093/hmg/ddy150

Rodgers, J., Peirson, S. N., Hughes, S., & Hankins, M. W.
(2018b). Functional characterisation of naturally occurring
mutations in human melanopsin. Cellular and Molecular
Life Sciences, 75(19), 3609-3624. https:/doi.org/10.1007/
s00018-018-2813-0

Roecklein, K. A., Rohan, K. J., Duncan, W. C., Rollag, M. D.,
Rosenthal, N. E., Lipsky, R. H., & Provencio, 1. (2009). A mis-
sense variant (P10L) of the melanopsin (OPN4) gene in sea-
sonal affective disorder. Journal of Affective Disorders,
114(1-3), 279-285. https:/doi.org/10.1016/j.jad.2008.08.005

Rollag, M. D., Berson, D. M., & Provencio, 1. (2003). Melanopsin,
ganglion-cell photoreceptors, and mammalian photoentrain-
ment. Journal of Biological Rhythms, 18(3), 227-234. https:/
doi.org/10.1177/0748730403018003005


https://doi.org/10.1111/jsr.12963
https://doi.org/10.1111/jsr.12963
https://doi.org/10.1111/jsr.12963
https://doi.org/10.1113/jphysiol.2003.040477
https://doi.org/10.1113/jphysiol.2003.040477
https://doi.org/10.2196/22369
https://doi.org/10.2196/22369
https://doi.org/10.2196/22369
https://doi.org/10.1080/15502724.2018.1518716
https://doi.org/10.1080/15502724.2018.1518716
https://doi.org/10.1126/science.7434030
https://doi.org/10.1126/science.7434030
https://doi.org/10.1126/science.1077293
https://doi.org/10.1126/science.1077293
https://doi.org/10.1126/science.1077293
https://doi.org/10.1016/B978-0-444-59427-3.00001-0
https://doi.org/10.1016/B978-0-444-59427-3.00001-0
https://doi.org/10.1016/B978-0-444-59427-3.00001-0
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.48550/ARXIV.1708.02025
https://doi.org/10.48550/ARXIV.1708.02025
https://doi.org/10.1016/0304-3940(91)90051-T
https://doi.org/10.1016/0304-3940(91)90051-T
https://doi.org/10.1364/OE.431373
https://doi.org/10.1364/OE.431373
https://doi.org/10.21203/rs.3.rs-2481185/v1
https://doi.org/10.21203/rs.3.rs-2481185/v1
https://doi.org/10.1172/JCI82306
https://doi.org/10.1172/JCI82306
https://doi.org/10.2174/1567205014666170523094526
https://doi.org/10.2174/1567205014666170523094526
https://doi.org/10.2174/1567205014666170523094526
https://doi.org/10.1152/ajpregu.1983.245.4.R613
https://doi.org/10.1152/ajpregu.1983.245.4.R613
https://doi.org/10.1152/ajpregu.1983.245.4.R613
https://doi.org/10.1073/pnas.1901824116
https://doi.org/10.1073/pnas.1901824116
https://doi.org/10.1111/jpi.12562
https://doi.org/10.1111/jpi.12562
https://doi.org/10.1073/pnas.95.1.340
https://doi.org/10.1073/pnas.95.1.340
https://doi.org/10.1073/pnas.95.1.340
https://doi.org/10.1007/978-3-031-04968-2_16
https://doi.org/10.1007/978-3-031-04968-2_16
https://doi.org/10.1007/978-3-031-04968-2_16
https://doi.org/10.1371/journal.pone.0092251
https://doi.org/10.1371/journal.pone.0092251
https://doi.org/10.1371/journal.pone.0092251
https://doi.org/10.1016/j.smrv.2022.101667
https://doi.org/10.1016/j.smrv.2022.101667
https://doi.org/10.1093/hmg/ddy150
https://doi.org/10.1093/hmg/ddy150
https://doi.org/10.1007/s00018-018-2813-0
https://doi.org/10.1007/s00018-018-2813-0
https://doi.org/10.1007/s00018-018-2813-0
https://doi.org/10.1016/j.jad.2008.08.005
https://doi.org/10.1016/j.jad.2008.08.005
https://doi.org/10.1177/0748730403018003005
https://doi.org/10.1177/0748730403018003005
https://doi.org/10.1177/0748730403018003005

Spitschan and Joyce

245

Riiger, M., St Hilaire, M. A., Brainard, G. C., Khalsa, S.-B. S.,
Kronauer, R. E., Czeisler, C. A., & Lockley, S. W. (2013).
Human phase response curve to a single 6.5 h pulse of short-
wavelength light. The Journal of Physiology, 591(1), 353—
363. https:/doi.org/10.1113/jphysiol.2012.239046

Savides, T. J., Messin, S., Senger, C., & Kripke, D. F. (1986).
Natural light exposure of young adults. Physiology &
Behavior, 38(4), 571-574. https:/doi.org/10.1016/0031-
9384(86)90427-0

Schmidt, T. M., Chen, S.-K., & Hattar, S. (2011). Intrinsically pho-
tosensitive retinal ganglion cells: Many subtypes, diverse func-
tions. Trends in Neurosciences, 34(11), 572-580. https:/doi.
org/10.1016/j.tins.2011.07.001

Shatte, A. B. R., & Teague, S. J. (2020). Schema: An open-source, dis-
tributed mobile platform for deploying mHealth research tools and
interventions. BMC Medical Research Methodology, 20(1), 91.
https:/doi.org/10.1186/s12874-020-00973-5

Smith, K. A., Schoen, M. W., & Czeisler, C. A. (2004). Adaptation
of human pineal melatonin suppression by recent photic
history. The Jowrnal of Clinical Endocrinology &
Metabolism, 89(7), 3610-3614. https:/doi.org/10.1210/jc.
2003-032100

Smith, M. R., Burgess, H. J., Fogg, L. F., & Eastman, C. 1. (2009).
Racial differences in the human endogenous circadian period.
PLoS One, 4(6), ¢6014. https:/doi.org/10.1371/journal.pone.
0006014

Smolders, K. C. H. J,, de Kort, Y. A. W., & van den Berg, S. M.
(2013). Daytime light exposure and feelings of vitality:
Results of a field study during regular weekdays. Journal of
Environmental Psychology, 36, 270-279. https:/doi.org/10.
1016/j.jenvp.2013.09.004

Spitschan, M. (2019). Melanopsin contributions to non-visual and
visual function. Current Opinion in Behavioral Sciences, 30,
67-72. https:/doi.org/10.1016/j.cobeha.2019.06.004

Spitschan, M. (2021). Time-varying light exposure in chronobiol-
ogy and sleep research experiments. Frontiers in Neurology,
12. 654158. https:/doi.org/10.3389/fneur.2021.654158

Spitschan, M., Jain, S., Brainard, D. H., & Aguirre, G. K. (2014).
Opponent melanopsin and S-cone signals in the human pupil-
lary light response. Proceedings of the National Academy of
Sciences of the United States of America, 111(43), 15568—
15572. https:/doi.org/10.1073/pnas.1400942111

Spitschan, M., Kervezee, L., Lok, R., McGlashan, E., & Najjar,
R. P, & the ENLIGHT Consortium. (2023). ENLIGHT
Consensus Checklist and Guidelines for reporting laboratory
studies on the non-visual effects of light in humans. bioRxiv,
2023.03.17.532785. https:/doi.org/10.1101/2023.03.17.532785

Spitschan, M., Lazar, R., Yetik, E., & Cajochen, C. (2019). No evi-
dence for an S cone contribution to acute neuroendocrine and
alerting responses to light. Current Biology, 29(24), R1297—
R1298. https:/doi.org/10.1016/j.cub.2019.11.031

Spitschan, M., Mead, J., Roos, C., Lowis, C., Griffiths, B., Mucur,
P., & Herf, M. (2021). Luox: Novel validated open-access
and open-source web platform for calculating and sharing
physiologically relevant quantities for light and lighting.
Wellcome Open Research, 6, 69. https:/doi.org/10.12688/
wellcomeopenres.16595.2

Spitschan, M., & Santhi, N. (2022). Individual differences and diver-
sity in human physiological responses to light. EBioMedicine,
75, 103640. https:/doi.org/10.1016/j.ebiom.2021.103640

Spitschan, M., Smolders, K., Vandendriessche, B., Bent, B., Bakker,
J. P., Rodriguez-Chavez, 1. R., & Vetter, C. (2022). Verification,
analytical validation and clinical validation (V3) of wearable dosim-
eters and light loggers. Digital Health, 8, 20552076221144856.
https:/doi.org/10.1177/20552076221144858

Spitschan, M., Stefani, O., Blattner, P., Gronfier, C., Lockley, S. W., &
Lucas, R. J. (2019). How to report light exposure in human chro-
nobiology and sleep research experiments. Clocks & Sleep, 1(3),
280-289. https:/doi.org/10.3390/clockssleep1030024

St Hilaire, M. A., Amundadéttir, M. L., Rahman, S. A., Rajaratnam,
S. M. W., Riiger, M., Brainard, G. C., Czeisler, C. A.,
Andersen, M., Gooley, J. J., & Lockley, S. W. (2022). The spec-
tral sensitivity of human circadian phase resetting and melatonin
suppression to light changes dynamically with light duration.
Proceedings of the National Academy of Sciences, 119(51),
€2205301119. https:/doi.org/10.1073/pnas.2205301119

Stampfli, J., Schrader, B., Di Battista, C., Héfliger, R., Schilli, O.,
Wichmann, G., Zumbiihl, C., Blattner, P., Cajochen, C.,
Lazar, R., & Spitschan, M. (2023). The Light-Dosimeter: A
new device to help advance research on the non-visual
responses to light. Lighting Research & Technology, 55(4-5),
474-486. https:/doi.org/10.1177/14771535221147140

Swope, C. B., Rong, S., Campanella, C., Vaicekonyte, R., Phillips,
A. ], Cain, S. W., & McGlashan, E. M. (2023). Factors associ-
ated with variability in the melatonin suppression response to
light: A narrative review. Chronobiology International, 40(4),
542-556. https:/doi.org/10.1080/07420528.2023.2188091

Te Kulve, M., Schlangen, L. J. M., & van Marken Lichtenbelt,
W. D. (2019). Early evening light mitigates sleep compromis-
ing physiological and alerting responses to subsequent late
evening light. Scientific Reports, 9(1), 16064. https:/doi.org/
10.1038/s41598-019-52352-w

Thapan, K., Arendt, J., & Skene, D. J. (2001). An action spectrum
for melatonin suppression: Evidence for a novel non-rod,
non-cone photoreceptor system in humans. The Journal of
Physiology, 535(Pt 1), 261-267. https:/doi.org/10.1111/j.
1469-7793.2001.t01-1-00261.x

Vasquez-Ruiz, S., Maya-Barrios, J. A., Torres-Narvaez, P.,
Vega-Martinez, B. R., Rojas-Granados, A., Escobar, C., &
Angeles-Castellanos, M. (2014). A light/dark cycle in the
NICU accelerates body weight gain and shortens time to dis-
charge in preterm infants. Early Human Development, 90(9),
535-540. https:/doi.org/10.1016/j.earlhumdev.2014.04.015

Veitch, J. A., & Knoop, M. (2020). CIE TN 011:2020 What to docu-
ment and report in studies of ipRGC-influenced responses to
light. International Commission on [llumination (CIE). https:/
doi.org/10.25039/TN.011.2020

Wams, E. J., Woelders, T., Marring, 1., van Rosmalen, L., Beersma,
D. G. M., Gordijn, M. C. M., & Hut, R. A. (2017). Linking light
exposure and subsequent sleep: A field polysomnography study
in humans. Sleep, 40(12). https:/doi.org/10.1093/sleep/zsx165

Wehrens, S. M. T., Christou, S., Isherwood, C., Middleton, B., Gibbs,
M. A., Archer, S. N., Skene, D. J., & Johnston, J. D. (2017). Meal
timing regulates the human circadian system. Current Biology,
27(12), 1768-1775.€3. https:/doi.org/10.1016/j.cub.2017.04.059

Wilkinson, M. D., Dumontier, M., Aalbersberg, L. J., Appleton, G.,
Axton, M., Baak, A., Blomberg, N., Boiten, J.-W., da Silva
Santos, L. B., Bourne, P. E., Bouwman, J., Brookes, A. J.,
Clark, T., Crosas, M., Dillo, 1., Dumon, O., Edmunds, S.,
Evelo, C. T., & Finkers, R., ... B. Mons (2016). The FAIR


https://doi.org/10.1113/jphysiol.2012.239046
https://doi.org/10.1113/jphysiol.2012.239046
https://doi.org/10.1016/0031-9384(86)90427-0
https://doi.org/10.1016/0031-9384(86)90427-0
https://doi.org/10.1016/0031-9384(86)90427-0
https://doi.org/10.1016/j.tins.2011.07.001
https://doi.org/10.1016/j.tins.2011.07.001
https://doi.org/10.1016/j.tins.2011.07.001
https://doi.org/10.1186/s12874-020-00973-5
https://doi.org/10.1186/s12874-020-00973-5
https://doi.org/10.1210/jc.2003-032100
https://doi.org/10.1210/jc.2003-032100
https://doi.org/10.1210/jc.2003-032100
https://doi.org/10.1371/journal.pone.0006014
https://doi.org/10.1371/journal.pone.0006014
https://doi.org/10.1371/journal.pone.0006014
https://doi.org/10.1016/j.jenvp.2013.09.004
https://doi.org/10.1016/j.jenvp.2013.09.004
https://doi.org/10.1016/j.jenvp.2013.09.004
https://doi.org/10.1016/j.cobeha.2019.06.004
https://doi.org/10.1016/j.cobeha.2019.06.004
https://doi.org/10.3389/fneur.2021.654158
https://doi.org/10.3389/fneur.2021.654158
https://doi.org/10.1073/pnas.1400942111
https://doi.org/10.1073/pnas.1400942111
https://doi.org/10.1101/2023.03.17.532785
https://doi.org/10.1101/2023.03.17.532785
https://doi.org/10.1016/j.cub.2019.11.031
https://doi.org/10.1016/j.cub.2019.11.031
https://doi.org/10.12688/wellcomeopenres.16595.2
https://doi.org/10.12688/wellcomeopenres.16595.2
https://doi.org/10.12688/wellcomeopenres.16595.2
https://doi.org/10.1016/j.ebiom.2021.103640
https://doi.org/10.1016/j.ebiom.2021.103640
https://doi.org/10.1177/20552076221144858
https://doi.org/10.1177/20552076221144858
https://doi.org/10.3390/clockssleep1030024
https://doi.org/10.3390/clockssleep1030024
https://doi.org/10.1073/pnas.2205301119
https://doi.org/10.1073/pnas.2205301119
https://doi.org/10.1177/14771535221147140
https://doi.org/10.1177/14771535221147140
https://doi.org/10.1080/07420528.2023.2188091
https://doi.org/10.1080/07420528.2023.2188091
https://doi.org/10.1038/s41598-019-52352-w
https://doi.org/10.1038/s41598-019-52352-w
https://doi.org/10.1038/s41598-019-52352-w
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1016/j.earlhumdev.2014.04.015
https://doi.org/10.1016/j.earlhumdev.2014.04.015
https://doi.org/10.25039/TN.011.2020
https://doi.org/10.25039/TN.011.2020
https://doi.org/10.25039/TN.011.2020
https://doi.org/10.1093/sleep/zsx165
https://doi.org/10.1093/sleep/zsx165
https://doi.org/10.1016/j.cub.2017.04.059
https://doi.org/10.1016/j.cub.2017.04.059

246

Policy Insights from the Behavioral and Brain Sciences 10(2)

Guiding Principles for scientific data management and steward-
ship. Scientific Data, 3(1), 160018. https:/doi.org/10.1038/
sdata.2016.18

Woelders, T., Beersma, D. G. M., Gordijn, M. C. M., Hut, R. A, &
Wams, E. J. (2017). Daily light exposure patterns reveal
phase and period of the human circadian clock. Journal of
Biological Rhythms, 32(3), 274-286. https:/doi.org/10.1177/
0748730417696787

Woelders, T., Leenheers, T., Gordijn, M. C. M., Hut, R. A.,
Beersma, D. G. M., & Wams, E. J. (2018). Melanopsin- and
L-cone-induced pupil constriction is inhibited by S- and
M-cones in humans. Proceedings of the National Academy of
Sciences of the United States of America, 115(4), 792-797.
https:/doi.org/10.1073/pnas.1716281115

Wright, K. P., Badia, P., Myers, B. L., & Plenzler, S. C. (1997a).
Combination of bright light and caffeine as a countermeasure
for impaired alertness and performance during extended sleep
deprivation. Journal of Sleep Research, 6(1), 26-35. https:/
doi.org/10.1046/j.1365-2869.1997.00022.x

Wright, K. P., Badia, P., Myers, B. L., Plenzler, S. C., & Hakel, M.
(1997b). Cafteine and light effects on nighttime melatonin and
temperature levels in sleep-deprived humans. Brain Research,
747(1), 78-84. https://doi.org/10.1016/s0006-8993(96)01268-1

Youngstedt, S. D., Elliott, J. A., & Kripke, D. F. (2019). Human
circadian phase-response curves for exercise. The Journal of

Physiology, 2253-2268.
JP276943

Youngstedt, S. D., Elliott, J., Patel, S., Zi-Ching Mak, N., Raiewski,
E., Malek, E., Strong, M., Mun, C. J., Peters, T., Madlol, R.,
Tasevska, N., Rasoul, M., Nguyen, C., Vargas Negrete,
K. M., Adaralegbe, A.-O., Sudalaimuthu, S., Granholm, D.,
Finch, A., & Eksambe, A., ..., S. Parthasarathy (2022).
Circadian acclimatization of performance, sleep, and 6-sulfa-
toxymelatonin using multiple phase shifting stimuli. Frontiers
in Endocrinology, 13, 964681. https:/doi.org/10.3389/fendo.
2022.964681

Zeitzer, J. M., & Lok, R. (2022). Circadian photoreception: The
impact of light on human circadian rhythms. Progress in
Brain Research, 273(1), 171-180. https:/doi.org/10.1016/bs.
pbr.2022.04.005

Zhang, G.-Q., Cui, L., Mueller, R., Tao, S., Kim, M., Rueschman, M.,
Mariani, S., Mobley, D., & Redline, S. (2018). The National Sleep
Research Resource: Towards a sleep data commons. Journal of
the American Medical Informatics Association, 25(10), 1351-
1358. https:/doi.org/10.1093/jamia/ocy064

Zielinska-Dabkowska, K. M., Schernhammer, E. S., Hanifin, J. P.,
& Brainard, G. C. (2023). Reducing nighttime light exposure
in the urban environment to benefit human health and society.
Science, 380(6650), 1130-1135. https:/doi.org/10.1126/science.
adg5277

597(8), https:/doi.org/10.1113/


https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1177/0748730417696787
https://doi.org/10.1177/0748730417696787
https://doi.org/10.1177/0748730417696787
https://doi.org/10.1073/pnas.1716281115
https://doi.org/10.1073/pnas.1716281115
https://doi.org/10.1046/j.1365-2869.1997.00022.x
https://doi.org/10.1046/j.1365-2869.1997.00022.x
https://doi.org/10.1046/j.1365-2869.1997.00022.x
https://doi.org/10.1016/s0006-8993(96)01268-1
https://doi.org/10.1016/s0006-8993(96)01268-1
https://doi.org/10.1113/JP276943
https://doi.org/10.1113/JP276943
https://doi.org/10.1113/JP276943
https://doi.org/10.3389/fendo.2022.964681
https://doi.org/10.3389/fendo.2022.964681
https://doi.org/10.3389/fendo.2022.964681
https://doi.org/10.1016/bs.pbr.2022.04.005
https://doi.org/10.1016/bs.pbr.2022.04.005
https://doi.org/10.1016/bs.pbr.2022.04.005
https://doi.org/10.1093/jamia/ocy064
https://doi.org/10.1093/jamia/ocy064
https://doi.org/10.1126/science.adg5277
https://doi.org/10.1126/science.adg5277
https://doi.org/10.1126/science.adg5277

	 Social Media Post
	 Key Points
	 Introduction
	 Current State of Knowledge
	 Canonical Rod- and Cone-Based Photoreception
	 Novel Melanopsin Photoreception and ipRGC Function


	 Effects of Light on Circadian, Neuroendocrine, and Sleep Physiology
	 Mechanistic Evidence on the NIF Effects of Light
	 Field and Translational Evidence for NIF Effects
	 Recent Developments in Metrology


	 Knowledge Gaps
	 Integration of Rod–Cone Signals With ipRGCs and Novel Photoreceptor-Based Metrology
	 Integration of Light With Other Signals in Circadian, Neuroendocrine, and Sleep Physiology
	 Individual Differences in Light Exposure and Light Equity
	 Individual Differences in Light Sensitivity

	 Mapping the Parametric Space of Light to Physiological Responses

	 Roadmap for Research and Policy
	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


