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Abstract
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 24 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 that they “maybe harmful if used at
night”.

Introduction
The timing, duration, intensity and spectral composition of ocular light exposure have a profound effect
on circadian clocks and rhythmic physiological processes. For the first 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-hour rotation [1]. However, for
less than four generations over the past century, the natural 24-hour 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 [2] under electric light that is typically 100 times dimmer during the day than natural
daylight and 1,000 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 [1, 3].
Inadequate exposure to light during daytime hours and exposure to electric light at night have been
associated with a wide range of health disorders [4–6]. By 2007, there was sufficient evidence for the
World Health Organization (WHO) International Agency for Research on Cancer (IARC) [6] to classify night
shift work with circadian disruption as a probable (group 2A) human carcinogen based on human
epidemiological studies and research with animal models. Since then, a large number of studies have
linked circadian disruption to the etiology of a wide range of health disorders, including obesity, diabetes,
heart disease, reproductive and psychiatric disorders and certain endocrine-sensitive cancers, such as
breast cancer and prostate cancer [5–9].

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 [10–12]. However, most LED lights
optimize efficacy by utilizing a blue die, which increases the relative percentage of blue content in the
white light spectrum compared to other sources of light [13]. Exposure to blue-enriched LED light in the
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evening and night hours raises significant health issues because the human circadian system is highly
sensitive to blue light near the 480 nm peak sensitivity of the melanopic intrinsically photosensitive
retinal ganglion cells (ipRGCs) in the human retina. Even small amounts of blue content in white LED
light during nocturnal hours can cause circadian disruption and increase the risk of health disorders [14–
15].

The obvious solution is to provide blue-rich light during the daytime to help entrain circadian rhythms and
blue-depleted light at night to protect against circadian disruption [16]. However, the $100 billion/year
lighting industry has been very slow to abandon the 24-hour unrestricted use of conventional blue-die
LED light. Less than 0.5% of the lights sold today have any circadian supportive properties [17].

Since the main justification by the lighting industry for ignoring the health hazards of blue-die LED light is
the claim that circadian science is not yet mature, we tested this assumption by surveying the leading
scientists in this field. We sought to determine if a scientific consensus can be documented between
currently active scientists, which would clarify the core findings of circadian lighting science, and the
evidence-based conclusions that can currently be reached from this science.

Methods

Survey Population:
A search of PubMed with the terms “circadian” + “light” identified 10,002 peer-reviewed scientific articles
published between April 1, 2008 and April 1, 2022 by 29,455 unique authors. 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
2,154 authors using their most recent identifiable email addresses on academic and publisher websites. A
total of 1,156 (53.7%) 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 (21.5%).

The 248 respondents had published an average of 11 (median: 7; range: 4–68) peer-reviewed articles that
met the “circadian” + “light” criterion in the 2008–2022 study period. 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%) 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 predominantly performed human research and 145 researchers who performed non-
human research only. Subgroup comparisons of the frequencies of the response options for each
statement were conducted using chi-square tests.
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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 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.

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 [18–19]. 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 evidence on specific topics with which they were not familiar and therefore
to be excluded from the consensus calculation on those topics.

Results
Consensus was reached on 24 out of the 40 test statements, listed in Table 1.

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 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 to 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.
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Table 1
Statements on which consensus 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 daytimea:  

… can enhance circadian entrainment and strengthen circadian rhythms 70.5

… can improve daytime alertness and reduce sleepiness 74.6

Increasing indoor light intensity at nightb:  

… 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 87.4

Human Sensitivity to Blue Wavelengths  

The sensitivity peak of the ipRGC melanopic receptors in the human retina is approximately
480nm 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 (460-495nm) light in the evening (during the three hours before bedtime)c  

… 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 460-495nm blue light at night:  

… suppresses melatonin production 90.6

… disrupts circadian rhythms 84.8
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CONSENSUS STATEMENTS %

PRACTICAL APPLICATIONS  

Light used in the evening (during the three hours before bedtime) should have as little blue
content as practically possible

82.5

The risk of circadian disruption during the three 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

EXPERT OPINION  

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

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 460-495nm 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 night to maintain robust circadian
entrainment and health

85.9

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

90.6

a. Assume a range of normal indoor light intensities of 50–500 desktop lux, and assume
comparable prior light exposure history

 

b. Assume a range of normal indoor light intensities of 50–500 lux, and assume comparable
prior light history

 

c. Assume light bright enough (300–500 desktop lux) to read a fine-print book  

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”
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(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 three 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 460–495 nm 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 three hours before bedtime)
should have as little blue content as practically possible” (82.5%) and that “the risk of circadian
disruption during the three 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 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-
495nm 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%).
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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 daytimed    

… 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 42.4  

... 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 daytimee    

… can enhance circadian entrainment 62.6  

… can enhance sleep at night. 47.2  

Repetitive and prolonged exposure to 460-495nm blue-enriched light during nocturnal
hoursf

   

… increases the risk of breast cancer in women. 47.5  

… increases the risk of prostate cancer in men. 32.9  

… increases insulin resistance and may impair glucose tolerance. 50.6  

… increases the risk of cardiovascular disease. 43.9  

… 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 severe.

56.4  

Lighting with high blue content during the day and minimal blue content during the
evening and night protects the health of workers in 24/7 workplaces

50.8  

d. Assume a range of normal indoor light intensities of 50–500 desktop lux, and assume
comparable prior light exposure history

 

e. Assume a IES standard indoor light intensity of 300 desktop lux in a room without windows,
Assume comparable prior light history
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NO CONSENSUS %  

Increasing indoor light intensity during daytimed    

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

   

Table 2 lists the test statements for which two-thirds (66.6%) consensus was not reached. 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 are as follows:

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

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

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 than in the nonhuman researchers (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 in the non-human research subgroup.

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

Discussion
Among the 248 scientist participants with multiple peer-reviewed publications in the circadian light field,
there was strong 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 23 other specific
statements about the disruptive effects on circadian rhythms and health of especially blue-enriched light
at night and the lack of adequate light during the day. These scientific experts also agreed that “LED
lights with high 460–495 nm blue content should carry the warning label “maybe harmful if used at
night”

Blue-enriched LED lights have gained dominance in the lighting market because they can provide 100–
200 lumens per watt energy efficient lighting compared to 5 lumens/watt for incandescent and 50–60
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lumens/watt for fluorescent lights [16]. 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 [13]. 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 LEDs to achieve energy savings
and further promoted by regulatory bans on incandescent, halogen and fluorescent lighting [10–12].

Over a similar timeframe, substantial evidence has accumulated that unrestricted use of blue-enriched
LED lights may be hazardous to human health. 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 [20], are uniquely sensitive to blue
light [21]. 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 [22]. Even small amounts of blue content in white LED light during nocturnal hours can cause
circadian disruption and increase the risk of health disorders [15]. Exposure to electric light at night has
been associated with obesity, diabetes, cardiovascular disease, and certain cancers, including breast and
prostate cancer. Multiple scientific panels of the WHO International Agency for Research on Cancer (IARC)
(23], American Medical Association [8] and NIH National Toxicology Program [9] have determined that
exposure to light at night and insufficient light during the day increase the risk of breast cancer and other
disorders.

We undertook this consensus survey because the lighting industry has been very slow to introduce
circadian lighting, claiming that the science is not sufficiently mature and that there is more research to
be done. Academic opinions can vary widely in any new field, and there is a temptation for the lighting
industry to pick the message they want to hear. Therefore, it is preferable to test whether there is a
consensus across the broad community of scientists in the circadian field. The population we invited to
participate in the Consensus Survey were all active scientists who have published four or more peer-
reviewed articles identified in a PubMed search with the terms “circadian” + “light” since 2008 (i.e. after
the first report of the WHO IARC carcinogenic findings [6]) and for whom we were able to identify an email
address. 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 the English language in which the survey was conducted may be underrepresented in the
sample.

Failure to reach two-thirds consensus on the other 15 tested statements does not mean they are not
factually correct. For 8 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. In this group of
active scientists engaged in seeking funding for their research, there may be a bias towards a more
conservative “limited evidence” answer, which justifies the need for more research. Another possible
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reason is 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.

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 [16]. 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 [24, 25] and improvement of sleep and reduction of delirium in intensive care patients [26,
27], will help transition circadian lighting from a “nice to have” to a “must have”.
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