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rhythms: evidence-based
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For over a hundred years, the lighting industry has primarily been driven by
illumination aesthetics, energy efficiency and product cost with little
consideration of the effects of light on health. The recent widespread
replacement of traditional light sources by blue-enriched LED lights has
heightened concerns about the disruption of the blue-sensitive human
circadian system by these LED lights and their impact on the multiple health
disorders linked to circadian disruption. Despite these health concerns, less than
0.5% of the lighting sold today modifies spectral content and intensity between
day and night. We report that 248 scientists, with a total of 2,697 peer-reviewed
publications on light and circadian clocks since 2008, reached consensus on
25 statements about the impact of light on circadian rhythms and health based on
accumulated scientific evidence, including support for the widespread
introduction of circadian lighting and warning labels on blue-enriched LED
lights indicating they "maybe harmful if used at night".
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1 Introduction

The timing, duration, intensity and spectral composition of ocular light exposure have a
profound effect on circadian clocks and rhythmic physiological processes. For over
10,000 generations of Homo sapiens, the contrast between bright daylight
(10,000-100,000 lux) and nocturnal darkness (0.0001-0.1 lux) robustly entrained the
human circadian timing system to the Earth’s 24-h rotation (Moore-Ede et al., 1982).
However, for less than four generations over the past century, the natural 24-h cycle of
daylight and darkness at night has been replaced in the developed world by electric light.
Approximately 90% of our time is now spent indoors (Kleipeis et al., 2001) under electric
light, that is, typically 100 times dimmer during the day than natural daylight and 100 times
brighter after dusk than even the brightest moonlight.

The circadian disruption of the timing of physiological and biochemical processes that
occurs in the absence of robust entrainment by light has been extensively studied over the
past 50 years (Moore-Ede et al., 1982; Fishbein et al., 2021). By 2007, there was sufficient
evidence for the World Health Organization (WHO) International Agency for Research on
Cancer (IARC) (Straif et al., 2007) to classify night shift work with circadian disruption as a
probable (group 2 A) human carcinogen based on human epidemiological studies and
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research with animal models. Since then, a large number of studies
have linked circadian disruption caused by inadequate exposure to
light during daytime hours and exposure to electric light at night to a
wide range of health disorders, including obesity, diabetes, heart
disease, reproductive and psychiatric disorders and certain
endocrine-sensitive cancers, such as breast cancer (Bedrosian
et al., 2016; Blask et al.,, 2011; Fishbein et al., 2021; Kim et al.,
2023; Riiger and Scheer 2009; Stevens et al., 2013; Straif et al., 2007).

The circadian clocks that regulate the timing of physiological
processes, with molecular mechanisms defined by the 2017 Nobel
Prize in Physiology or Medicine winners Jeffrey Hall, Michael
Rosbash and Michael Young (Van Laake et al, 2018), are
uniquely sensitive to the blue content of visible light. This is
because the melanopic intrinsically photosensitive retinal
ganglion cells (ipRGCs) that entrain circadian clocks to the
environmental light dark cycle have a peak sensitivity to
~480 nm blue light (Bailes and Lucas 2013). In light-adapted
people with similar normal prior daytime light exposure, and
then studied under seven different LED & fluorescent lights with
different spectral power distributions, all delivering the same 540 lux
desktop light intensity, the full-width half maximum (FWHM)
melatonin suppression was 440-495nm and the peak spectral
sensitivity was 477 nm (i.e., ~480 nm blue) (Moore-Ede et al,
2020). Further evidence for how much more potent ~480 nm
blue light is in shifting circadian clocks than the rest of the
380-780 nm visible light spectrum is provided by the comparable
amplitude phase response curves produced by a 12 pW/cm?
monochromatic 480 nm blue light source and a 3,000 uW/cm®
polychromatic white light source (Riiger et al., 2013).

Since 2013, electric lighting has been transformed by the
introduction of highly energy efficient LED (light-emitting diode)
lights and the progressive regulatory-enforced phase outs of other
less efficient light sources, including incandescent, halogen, CCFL,
and fluorescent lights (California Assembly Bill 2022; Directorate-
General for Energy 2018; U.S. Department of Energy 2022).
However, most LED lights optimize efficacy by utilizing a blue
chip, which increases the relative percentage of 440-495 nm blue
content in the white light spectrum compared to other sources of
light (Zielinska-Dabkowska 2018).

The obvious solution is to provide blue-rich light during the
daytime to help entrain circadian rhythms and blue-depleted light
during the evening hours to protect against circadian disruption.
However, the $130 billion/year lighting industry driven by energy-
efficiency incentives offers mostly unmodulated blue-chip LED
light. Less than 0.5% (0.26/130 billion US dollars) of the lights sold
today have any circadian supportive properties (Data Bridge
Market Research 2023). Because of the importance of balancing
energy efficiency and human health concerns, we sought to
determine if a scientific consensus can be documented between
currently active scientists, which would 1) clarify the core well-
established findings of circadian lighting science, 2) provide
direction to the lighting industry on the properties of the lights
they should be manufacturing and marketing to promote health
and wellbeing, 3) provide guidance to lighting consumers on the
evidence-based characteristics of the lights they should be buying,
and 4) provide the scientific community with guidance on
unresolved questions and issues that should be prioritized in
future scientific investigations.
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Scientific Authors
Identified in PubMed
“Circadian” + “Light” 29,455
Articles 2008-2022
(8.1%)
Scientific Authors
with 4 or more
“Circadian” + “Light” 2,400
Articles 2008-2022
(89.3%)
Scientific Authors
with 4 or more Articles
with Published 2,142
Email Address
E T T
Scientific Authors ol
with 4 or.more Articles 1,156
who Received & Opened
an Email Invitation
¥ (21.5%)
Scientific Authors
with 4 or more Articles 248
who Completed Survey

FIGURE 1

Process for the recruitment of survey respondents. For each step,
number of authors and percentages (as compared to the previous
step) are indicated.

2 Method
2.1 Survey population

A search of PubMed with the terms “circadian” + “light”
identified 10,002 peer-reviewed scientific articles published
between 1 April 2008 and 1 April 2022 by 29,455 unique
authors. As shown in the flow chart in Figure 1, we identified all
the authors out of this sample who had published four or more peer-
reviewed articles, and we built an email list of 2,142 authors using
their most recent identifiable email addresses on academic and
publisher websites. Three email invitations to participate were
sent to the email list at weekly intervals in August-September
2022. A total of 1,156 (54%) of these scientific authors received
and opened an email invitation to participate in the Scientific
Consensus Survey on Circadian Light, and 248 (21.5%) of the
recipients completed the survey.

The 248 respondents had published an average of 10.8 (median: 7;
range: 4-68) peer-reviewed articles that met the “circadian” + “light”
criterion in the 2008-2022 study period. In comparison, the
1894 authors who did not complete the survey or did not open the
email had an average of 8.3 peer reviewed articles (median: 6, range:
4-87) (p < 0.001; Mann-Whitney Test). A total of 111 of the
respondents (44.8%) were based in North America, 96 (38.7%) were
based in Europe, 17 (6.9%) were based in South America, 12 (4.8%)
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TABLE 1 Statements on which consensus (support by two-thirds of respondents) was reached.

Consensus statements %
Robust circadian rhythms are important for maintaining good health 95.1
Disrupting circadian rhythms can cause ill-health 98.4
Regular daily exposure to daylight enhances circadian entrainment and strengthens circadian rhythms 95.1
Regular daily exposure to daylight can enhance sleep at night 86.4
Increasing indoor light intensity during daytime®
... can enhance circadian entrainment and strengthen circadian rhythms 70.5
... can improve daytime alertness and reduce sleepiness 74.6
Increasing indoor light intensity at night®
... increases the disruption of circadian rhythms 90.6
... increases the suppression of nocturnal melatonin production 94.6
Repetitive and prolonged exposure to light at night bright enough to cause circadian disruption
... increases the risk of breast cancer in women 67.6
... increases the risk of obesity and diabetes 74.7
... increases the risk of sleep disorders 874
HUMAN SENSITIVTY TO BLUE WAVELENGTHS
The sensitivity peak of the ipRGC melanopic receptors in the human retina is approximately 480 nm in the blue part of the visible spectrum 97.2
The most potent wavelengths for circadian entrainment are 460-495 nm blue light near to the sensitivity peak of the ipRGC melanopic receptors 92.7
Blue-enriched (460-495 nm) light in the evening (during the 3 hours before bedtime)®
... disrupts nocturnal sleep more than blue-depleted light at the same intensity 70.3
... phase delays the circadian system more than blue-depleted light at the same intensity 75.5
... disrupts circadian rhythms more than blue-depleted light at the same intensity 70.1
Exposure to 460-495 nm blue light at night
... suppresses melatonin production 90.6
... disrupts circadian rhythms 84.8
PRACTICAL APPLICATIONS
Light used in the evening (during the 3 hours before bedtime) should have as little blue content as practically possible 82.5
The risk of circadian disruption during the 3 hours before bedtime can be reduced either by 1) dimming indoor lighting which may compromise the 72.0
ability to perform visual work tasks, or 2) reducing the blue content of indoor lighting maintained at the intensity required for visual tasks
EXPERT OPINION
The blue content of light entering the eyes is much more important in determining circadian health outcomes than the correlated color temperature 86.7
(CCT) of the light source
Increasing the energy efficiency of lights is desirable, but not if it increases the risks of causing circadian disruption and serious illness 93.2
LED lights with high 460-495 nm blue content should carry the warning label “maybe harmful if used at night” 79.1
There is now sufficient evidence to support the widespread introduction of circadian lighting that adjusts light intensity and blue content across day and 85.9
night to maintain robust circadian entrainment and health
There is significant variation in individual sensitivity to light, therefore circadian lighting should be optimized where possible using personalized 90.6

solutions

“Assume a range of normal indoor light intensities of 50-500 desktop lux, and assume comparable prior light exposure history.
PAssume a range of normal indoor light intensities of 50-500 desktop lux, and assume comparable prior light history.
“Assume light bright enough (300-500 desktop lux) to read a fine-print book.
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TABLE 2 Statements on which consensus (support by two-thirds of the respondents) was not reached.

NO CONSENSUS %

Increasing indoor light intensity during daytime*

... can enhance sleep at night 59.9

Repetitive and prolonged exposure to light at night bright enough to cause circadian disruption:

... increases the risk of prostate cancer in men 424

... increases the risk of cardiovascular disease 60.7
.. increases the risk of depression 60.8

Increasing the 460-495nm blue content of indoor light during daytime*

... can enhance circadian entrainment 62.6

... can enhance sleep at night 472

Repetitive and prolonged exposure to 460-495nm blue-enriched light during nocturnal hours"
.. increases the risk of breast cancer in women 47.5
.. increases the risk of prostate cancer in men 329
.. increases insulin resistance and may impair glucose tolerance 50.6
.. increases the risk of cardiovascular disease 439
.. increases the likelihood of depression 45.8
.. increases the risk of sleep disorders 65.4

PRACTICAL APPLICATIONS

Light used during overnight shifts should have as little blue content as practically possible 54.9

Using bright blue-enriched light during overnight shifts may increase alertness, but the risks of causing circadian disruption and serious illness are = 56.4

severe

Lighting with high blue content during the day and minimal blue content during the evening and night protects the health of workers in 24/ 50.8

7 workplaces

“Assume a range of normal indoor light intensities of 50-500 desktop lux, and assume comparable prior light exposure history.
®Assume a IES, standard indoor light intensity of 300 desktop lux in a room without windows, and assume comparable prior light history.

“Assume IES standard lighting of 300-500 desktop lux required to perform normal work tasks.

were based in Australia/New Zealand, 10 (4.0%) were based in Asia, and
the remaining 2 (0.8%) were based in Africa. The publications of each of
the 248 respondents were reviewed to classify the respondents’ primary
research models: human research (studies including human subjects
and human-related reviews and translational research) and nonhuman
research (studies including mammalian, other vertebrate species,
invertebrates, plants and cellular/molecular systems). There were
103 researchers who had performed human research and
145 researchers who had not conducted any human research.
Subgroup comparisons of the frequencies of the response options

for each statement were conducted using chi-square tests.

2.2 Survey design

Forty statements were developed for testing by the authors
of this article. Thirty were potential factual conclusions
summarizing the scientific literature with the following
response options: 1) Don’t Know, 2) No Evidence, 3)
Limited Evidence, 4) Good Evidence or 5) Well-Established.
Five were potential practical advice conclusions about lighting
with the same set of response options. The five remaining
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statements were potential expert policy statements based on
the scientific literature with the following response options: 1)
Don’t Know, 2) Strongly Disagree, 3) Disagree, 4) Agree or 5)
Strongly Agree.

2.3 Definition of consensus

In a large and diverse group of scientists addressing complex
scientific questions, achieving unanimous agreement is not feasible or
expected. In Delphi health policy consensus studies, where there are
several rounds of feedback between participants enabling participants to
change their minds and refine their answers based on new data and the
judgments of their peers, 70%-75% agreement is often accepted as
consensus (Barrios et al, 2021; de Raaff et al, 2017). In this single
iteration survey, with no opportunity to revise answers based on feedback
from other participants, we defined a consensus as when two-thirds of the
respondents (66.7%) supported the statement. The responses “Good
Evidence” and “Well-Established” were combined for evidence-based
statements, and “Agree” and “Strongly Agree” were combined for expert
policy statements. The “Don’t Know” option on each tested statement
allowed scientists to abstain from the evaluation of the strength of
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Ranking of Concensus Statements

Disrupting circadian rhythms causes ill-health
ipRGC peak sensitivity is approximately 480 nm

Robust circadian rhythms are important for health

Daylight entrains and strengthens circadian rhythms
LAN suppresses nocturnal melatonin production

460-495 nm blue most potent circadian entrainment
460-495 nm blue suppresses nocturnal melatonin

LAN disrupts circadian rhythms
LAN increases the risk of sleep disorders

Regular daylight enhances sleep at night
Evening 460-495 nm blue disrupts circadian rhythms

Evening 460-495 nm blue light phase delays circadian system
LAN increases the risk of obesity and diabetes
Bright indoor light improves daytime alertness

Bright indoor light enhances circadian entrainment
Evening 460-495 nm blue disrupts nocturnal sleep

Evening 460-495 nm blue disrupts circadian rhythms

LAN increases the risk of breast cancer in women

Nocturnal 460-495 nm blue increases sleep disorders
Day 460-495 nm blue enhances circadian entrainment

LAN increases the risk of depression

LAN increases the risk of cardiovascular di

Bright indoor light enhances sleep at night
Nocturnal 460-495 nm blue increases insulin resistance

Nocturnal 460-495 nm blue increases breast cancer

Day 460-495 nm blue enhances sleep at night

Nocturnal 460-495 nm blue increases depression

Nocturnal 460-495 nm blue ups cardiovascular di
LAN increases the risk of prostate cancer
Nocturnal 460-495 nm blue increases prostate cancer

J1

Percent Support 0

Circadian health is more important than energy efficiency

Circadian lighting should optimize personalized solutions

Blue light entering the eyes is more important than CCT
Science supports Introduction of circadian lighting

Evening light should have low blue content

Blue-rich LED warning label “maybe harmful if used at night”
Either dim or reduce blue content of evening light

Blue light overnight increases alertness & circadian disruption

Light on overnight shifts should have low blue content

High blue day and low blue night for 24/7 work

10 20 30 40 50 60 70 8 90 100
Ranking of Expert Opinion Consensus
)
e
|
10 20 30 40 50 60 70 8 90 100

Percent Support 0

FIGURE 2

Ranking of level of support for each statement. Top: Scientific statements. Bottom: Opinions on practical applications. Statement support was based
on the combination of the response options “well established” and “good evidence” (scientific statements), and on the combination of the response
options “strongly agree” and “agree” (opinions). Vertical red line = 66.6% consensus level. LAN = Light at Night.

evidence on specific topics with which they were not familiar and
therefore to be excluded from the consensus calculation on those topics.

3 Results

Consensus was reached on 25 out of the 40 test statements, listed
in Table 1, and Table 2 lists the test statements for which two-thirds

Frontiers in Photonics

(66.6%) consensus was not reached. The ranking of support for
every scientific statement is displayed in the bar graph in Figure 2
(top), and the ranking of the expert opinions on practical
applications in Figure 2 (bottom).

The first set of consensus statements related to the role of
regular exposure to bright light during the day (daylight or bright
indoor electric light) in enhancing the robust entrainment of
circadian rhythms and maintaining health. There was strong
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consensus that robust circadian rhythms are important for health
(95.1%) and that disrupting circadian rhythms can cause ill
health (98.4%).

There was also consensus that increasing daytime light intensity
indoors within the normal indoor intensity range of 50-500 lux
enhances circadian entrainment and strengthens circadian rhythms
(70.5%), improves daytime alertness and reduces sleepiness (74.7%).
The majority (59.1%) of respondents indicated there was “good
evidence” or it was “well established” that increasing indoor daytime
light intensity enhances sleep at night, but this did not reach the two-
thirds consensus level.

The second set of consensus statements related to the impact
of electric light at night. There was strong consensus that
increasing indoor light intensity at night increases the
disruption of circadian rhythms (90.6%) and increases the
suppression of nocturnal melatonin production (94.6%).
There was also consensus that repetitive and prolonged
exposure to light at night bright enough to cause circadian
disruption increases the risk of breast cancer in women (67.6%),
obesity and diabetes (74.7%), and sleep disorders (87.4%). The
majority of respondents agreed that there was good support
(“good evidence” or “well established”) that repetitive and
prolonged exposure to light at night that was bright enough
to cause circadian disruption increases cardiovascular disease
(60.7%) and depression (60.8%), but these did not reach the
two-thirds consensus level.

The third set of consensus statements related to the impact of the
blue wavelengths in white illumination on the human circadian
system. There was strong consensus that “the sensitivity peak of the
ipRGC melanopic receptors in the human retina is approximately
480 nm in the blue part of the visible spectrum” (97.2%) and that
“the most potent wavelengths for circadian entrainment are
460-495 nm blue light near to the sensitivity peak of the ipRGC
melanopic receptors” (92.7%).

There was also consensus that “blue-enriched (460-495 nm)
light in the evening (during the 3 hours before bedtime) disrupts
nocturnal sleep more (70.3%), phase delays the circadian system
more (75.5%) and disrupts circadian rhythms more (70.1%) than
blue-depleted light at the same intensity. There was also strong
consensus that exposure to 460-495nm blue light at night
suppresses melatonin production (90.6%) and disrupts circadian
rhythms” (84.9%).

The fourth set of consensus statements related to the practical
application of circadian science to lighting. There was consensus
that “light used in the evening (during the 3 hours before bedtime)
should have as little blue content as practically possible” (82.5%) and
that “the risk of circadian disruption during the 3 hours before
bedtime can be reduced either by 1) dimming indoor lighting which
may compromise the ability to perform visual work tasks, or 2)
reducing the blue content of indoor lighting maintained at the
intensity required for visual tasks” (72.0%).

The participants were also asked their expert opinion about
the implications of circadian science for the design and
implementation of lighting. There was consensus that “the
blue content of light entering the eyes is much more
important in determining circadian health outcomes than the
correlated color temperature (CCT) of the light source” (86.7%)
and “increasing the energy efficiency of lights is desirable, but not
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if it increases the risks of causing circadian disruption and serious
illness (93.2%).

Summarizing their expert opinion, there was consensus that
“there is now sufficient evidence to support the widespread
introduction of circadian lighting that adjusts light intensity and
blue content across day and night to maintain robust circadian
entrainment and health (85.9%), and “LED lights with high
460-495 nm blue content should carry the warning label “maybe
harmful if used at night” (79.1%). They also reached consensus that
“there is significant variation in individual sensitivity to light,
therefore circadian lighting should be optimized where possible
using personalized solutions” (90.6%).

Comparisons between the response frequencies of the two
subgroups—respondents whose research was all or partly human
research and respondents who did not do any human
research—showed that there was overall good agreement between
the two subgroups, with significant differences being found in the
evaluation of only four of the forty statements. Three of these
statements:

o Increasing indoor light intensity at night increases the
suppression of nocturnal melatonin production

o Exposure to 460-495nm blue light at night suppresses
melatonin production

o There is significant variation in individual sensitivity to light;
therefore, circadian lighting should be optimized where
possible using personalized solutions

had a higher consensus score in the human research subgroup
than in the nonhuman research subgroup (but reached consensus in
both subgroups).

One statement:

« Repetitive and prolonged exposure to light at night bright
enough to cause circadian disruption increases the risk of
cardiovascular disease

obtained slightly more support (and reached the consensus
criterion in the nonhuman research subgroup).

4 Discussion

A consensus survey, such as this, serves a different purpose
than a literature review or a meta-analysis. It asked 248 scientists
who have had significant research and publication experience in
circadian rhythms and light interactions over the past 15 years on
what can be considered established science in this field, and
where there are still open questions that will require additional
research to resolve. Their answers were informed by the
published their
awareness of yet to be published research. We made it clear in

literature and meta-analyses and own
the title of the survey “Scientific Consensus on Circadian Light”,
and in the email invitations, that we were examining where a
consensus could be reached on core principles of circadian
rhythms and light that could be communicated to non-
scientists in the lighting industry. All active scientists who

have published four or more peer-reviewed articles identified
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in a PubMed search with the terms “circadian” + “light” since
2008, when the WHO IARC carcinogenic finding was first
reported (Straif et al.,, 2007), and for whom we were able to
identify an email address, were invited to participate in the
survey. There was no preselection of potential participants
other than by these criteria. However, scientists who have
changed employment so their email address was out of date,
who were not corresponding authors with their email address
published in their articles, or who were not sufficiently familiar
with our English language survey may be underrepresented in the
sample.

The responses to the factual survey questions were, as
expected, consistent with publications and reviews of the
scientific literature, meta-analyses and scientific panel reports.
For example, the survey consensus that repetitive and prolonged
exposure to light at night bright enough to cause circadian
disruption increases the risk of obesity and diabetes is
supported by reviews (Fishbein et al., 2021; Riiger and Scheer
2009), meta-analyses (Lai et al, 2020) and scientific panels
(Stevens et al., 2013). Similarly, the survey consensus that
light at night bright enough to cause circadian disruption
increases the risk of breast cancer in women is consistent with
reviews (Blask et al., 2011), meta-analyses (He et al., 2015;
Urbano et al, 2021) and scientific panels (IARC Working
Group on the Evaluation of Carcinogenic Risks to Humans
2010; U.S. National Toxicology Program 2021).

The participants were also asked for their expert opinions on
matters of health policy related to circadian health and light
exposure, especially concerning the blue wavelength content of
light. Blue-enriched LED lights have gained dominance in the
lighting market because they can provide 100-200 lumens per
watt of energy-efficient lighting compared to 15 lumens/watt for
incandescent and up to 90 lumens/watt for fluorescent lights. This
breakthrough invention in lighting using gallium nitride (GaN)
crystals was recognized by the 2014 Nobel Prize for Physics
awarded to three Japanese scientists, Isamu Akasaki, Hiroshi
Amano and Shuji Nakamura (Gibney 2014). Blue-enriched LEDs
have grown from less than 1% market share in 2013 to greater than
80% market share in 2022, aided by government policies and utility
rebates that incentivize the replacement of traditional lighting with
LED:s to achieve energy savings, and further promoted by regulatory
bans on incandescent, halogen and fluorescent lighting (U.S.
Department of Energy 2022; California Assembly Bill 2023;
Directorate-General for Energy 2018).

Exposure to blue-rich light in the evening and night hours raises
significant health issues because there is a more than five-fold
variation in nocturnal melatonin suppression between different
LED light sources at the same lux intensity depending on the
440-495 nm pW/cm* blue irradiance of each LED light source
(Moore-Ede 2021). Even small amounts of blue irradiance in
visible light during nocturnal hours can cause circadian
disruption and increase the risk of health disorders (Rahman
et al.,, 2011; Vethe et al., 2021; Vethe et al., 2022; Balserak et al.,
2022; Cain et al., 2020; Schollhorn et al., 2023).

Consistent with this, the survey respondents agreed that blue-
enriched (460-495nm) light in the evening (during the 3hours
before bedtime) disrupts nocturnal sleep, phase delays the circadian
system and disrupts circadian rhythms more than blue-depleted light at
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the same intensity. They also reached consensus that light used in the
evening (during the 3 hours before bedtime) should have as little blue
content as practically possible, and that “LED lights with high
460-495 nm blue content should carry the warning label “maybe
harmful if used at night”. The survey question focused specifically on
blue-rich LED lighting, because this kind of lighting currently
predominates, with incandescent, halogen and fluorescent lights now
largely banned.

The drive to reduce energy consumption by increasing the electrical
efficiency of lighting prompted new rules which significantly increase
the minimum allowable lumens/watt of general service lamps. Effective
1 August 2023, the US Department of Energy regulations require a
minimum of 45 lumens/watt which effectively bans all incandescent
and halogen lamps (U.S. Department of Energy 2022). And new rules
proposed in 2023 to take effect in 2029 increase the minimum to
120 lumens per watt which will effectively exclude all lamps except for
blue-enriched LEDs (U.S. Department of Energy 2023). However, the
scientific consensus in our survey was that increasing the energy
efficiency of lights is desirable, but not if it increases the risks of
causing circadian disruption and serious illness. One of the
problems is that the “lumens per watt” metric used by the DOE to
assess energy efficiency focuses on light wavelengths between 500 and
600 nm, with only 7% of the lumens power reflecting biologically
active <500 nm blue wavelengths, so these biologically important
watts of energy are considered “inefficient” when lumens per watt is
calculated.

The consensus study also agreed that the blue content of light
entering the eyes is much more important in determining circadian
health outcomes than the correlated color temperature (CCT) of the
light source. CCT has sometimes been used as a proxy for biological
effectiveness (Stevens et al., 2013) because low CCT lights tend to
have less blue content than high CCT lights. However, CCT has been
shown to be an unreliable predictor of the biological potency of light
(Esposito and Houser 2022).

A secondary goal of this survey was to help guide future
scientific investigation. Failure to reach two-thirds consensus
on 15 of the tested statements indicates that more definitive
research is required on these topics, but does not necessarily
mean they are not factually correct. Another possible reason for
not reaching consensus is that individual scientists may have a
lack of familiarity with the recent literature on a specific issue
since PubMed citations with the terms “circadian” + “light”
currently exceed 1,000/year.

For eight of these statements, the majority (50.6%-65.4%) of
respondents ranked them as “good evidence/well established”, but a
sufficient fraction of respondents ranked them as having “limited
evidence” to bring the overall consensus below the two-thirds
(66.6%) support criterion. For example, the current scientific
controversy on whether to use blue-rich light on overnight work
shifts is reflected in the three expert opinion statements supported
by 50.8%-56.4% of respondents. Blue-rich light does increase alertness
in short studies of overnight shifts (Sletten et al., 2021), but can also
cause circadian disruption (Stenvres et al., 2019) and increased errors
(Griepentrog et al., 2018) especially when used on a longer-term basis.

Similarly, while there was consensus that repetitive and
prolonged exposure to light at night increases the risk of sleep
disorders, obesity, diabetes, and breast cancer in women, consensus
was not reached (42%) regarding an increased risk for prostate
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cancer in men, or for an increased risk for cardiovascular disease
(61%) and depression (61%).

There was consensus that nocturnal exposure to 460-495 nm
blue light suppresses melatonin production, and phase shifts and
disrupts circadian rhythms (70.1%-75.5%), but there was not
consensus that blue light at night increases the risk for specific
diseases, because of the limited number of direct studies linking
blue-rich light to a specific disease. However, for the practical
recommendations, the respondents appeared comfortable with
considering a two-step argument: 1) Blue light is most potent at
disrupting circadian rhythms, and 2) Circadian disruption is
associated with multiple health disorders and diseases.

Regarding daytime indoor lighting, there was consensus that
increasing light intensity can enhance circadian entrainment and
strengthen circadian rhythms as well as improve daytime alertness,
but consensus was not reached on whether increasing indoor light
intensity enhances sleep at night.

In this survey, potential Type 1 errors (falsely identifying a
statement as well established) included a) Respondents not
sufficiently familiar with the relevant scientific articles on the
specific subject, and b) 248 respondents not representative of the
2,400 scientific authors with 4 or more publications on
“circadian” + “light” since 2008. Potential Type 2 errors
(falsely labelling a statement as not well established) included
a) Respondents not sufficiently familiar with the relevant
scientific articles on the specific subject, b) 248 respondents
not representative of the 2,400 scientific authors with 4 or
more publications on “circadian” + “light” since 2008, and c)
Respondents not labelling a scientific conclusion as well-
established when they are applying for funding to study that
subject. Advances in spectral engineering have enabled the
development of blue-depleted LED lights for nocturnal use
and ~480 nm blue-enriched LED lights for daytime without
significantly compromising color or energy efficiency (David
et al., 2019; Moore-Ede 2021). This means there is little excuse
not to use lighting, which modifies blue content and intensity
over the day-night cycle. Recent demonstrations of significant
returns on investments in circadian lighting, such as a 43%
reduction in elderly falls and reduced depression and agitation
in nursing homes (Grant et al., 2022; Figueiro et al., 2014) and
improvement of sleep and reduction of delirium in intensive care
patients (Engwall et al., 2017; Simons et al.,, 2016), will help
transition circadian lighting from a “nice to have” to a “must
have”.

The 248 scientists participating in this Consensus Survey, who
each had published multiple peer-reviewed articles addressing the
interactions between light and the circadian system, reached a clear
consensus that “there is now sufficient evidence to support the
widespread introduction of circadian lighting that adjusts light
intensity and blue content across day and night to maintain
robust circadian entrainment and health”. This conclusion was
supported by consensus on 24 other specific statements about the
disruptive effects of light at night, and the lack of adequate light
during the day, on circadian rhythms and health. With 99.5% of
currently manufactured lights only designed to illuminate visual
tasks without any features designed to support circadian rhythms,
this is an important message that it is critical to also use lighting to
support human health and wellbeing.
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