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• Patterns of light exposure during day
and night have direct effects on circadi-
an biology and health.

• Modern electric lighting practices also
enable 24/7 activities and may lead to
circadian disruption.

• Work at night is a complex exposure
scenario, including, but not limited to,
light at night.

• Some light and work at night are essen-
tial to society, making identification of
interventions challenging.

• Better measures of exposure and early
disease may help identify interventions
to protect public health.
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The invention of electric light has facilitated a society inwhich peoplework, sleep, eat, and play at all hours of the
24-hour day. Although electric light clearly has benefited humankind, exposures to electric light, especially light
at night (LAN), may disrupt sleep and biological processes controlled by endogenous circadian clocks, potentially
resulting in adverse health outcomes. Many of the studies evaluating adverse health effects have been conducted
among night- and rotating-shift workers, because this scenario gives rise to significant exposure to LAN. Because
of the complexity of this topic, the National Toxicology Program convened an expert panel at a public workshop
entitled “ShiftWork at Night, Artificial Light at Night, and CircadianDisruption” to obtain input on conducting lit-
erature-based health hazard assessments and to identify data gaps and research needs. The Panel suggested de-
scribing light both as a direct effector of endogenous circadian clocks and rhythms and as an enabler of additional
activities or behaviors that may lead to circadian disruption, such as night-shift work and atypical and inconsis-
tent sleep-wake patterns that can lead to social jet lag. Future studies shouldmore comprehensively characterize
andmeasure the relevant light-related exposures and link these exposures to both time-independent biomarkers
of circadian disruption and biomarkers of adverse health outcomes. This information should lead to improve-
ments in human epidemiological and animal or in vitro models, more rigorous health hazard assessments, and
intervention strategies to minimize the occurrence of adverse health outcomes due to these exposures.

Published by Elsevier B.V.
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1. Introduction

The widespread adoption of electric light, only about 130 years ago,
has facilitated a 24-hour/7-day society in which people work, sleep, eat,
play, and expect goods and services at any time during the day or night.
In this situation, people are exposed to electric light through lifestyle
choices (e.g., use of electronic devices at night), the locations of their
residences (e.g., urban light pollution), and employment during the
night shift or as a shift worker (i.e., a worker whose schedule switches
among morning, day, evening, and night). The United Nations
proclaimed 2015 the International Year of Light and Light-Based Tech-
nologies in recognition of how light “has revolutionized medicine,
opened up international communication via the Internet, and continues
to be central to linking cultural, economic, and political aspects of the
global economy” (http://www.light2015.org/Home/About.html). Al-
though electric light has clearly benefited humankind, exposures to
ill-timed, unnatural electric light, such as light at night (LAN) or differ-
ences in the quantity and spectrum of electric light from that provided
by daylight exposures, may disrupt sleep and biological processes con-
trolled by endogenous circadian clocks, potentially resulting in adverse
health outcomes.

Because of these potential health concerns, LAN was nominated to
the National Toxicology Program (NTP) to be the subject of literature-
based health-hazard assessments on cancer and non-cancer outcomes.
The NTP's Office of the Report on Carcinogens (ORoC) is assessing can-
cer outcomes for potential listing in the RoC, a U.S. congressionallyman-
dated, science-based document that identifies cancer hazards. The
Office of Health Assessment and Translation (OHAT) was asked to con-
sider evaluating non-cancer (e.g., cardiovascular, metabolic, reproduc-
tive, gastrointestinal, immunological, neurological, and psychiatric)
outcomes. Both ORoC and OHAT evaluations typically integrate evi-
dence from human, experimental animal, and mechanistic studies.
One of the rationales for nominating LAN to the RoC was the Interna-
tional Agency for Research on Cancer (IARC) working group 2007 con-
clusion that “shift work involving circadian disruption is probably
carcinogenic to humans” (IARC, 2010). Therefore, the NTP defined the
nomination to include circadian disruption and shift work at night, in
addition to LAN. Those nominating this topic emphasized that they
were interested in a broader scope than shift work, because of concerns
about effects from exposure to LAN in the sleeping area (from indoor
and outdoor lights) and outfitting of institutions with light sources
rich in short-wavelength content, such as some types of light-emitting
diodes, and based on the opinion that carcinogenic effects observed
among shift workers were potentially due to LAN.

Because of the complexity and breadth of the topic, the NTP con-
vened a public workshop and webcast entitled “Shift Work at Night,
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Artificial Light at Night, and Circadian Disruption” on March 10–11,
2016, to help obtain input on the approach for the NTP literature-anal-
ysis activities and to identify data gaps and research needs in the field.
(The Panel suggested changing the terminology used by the NTP to de-
scribe the exposure to light from “artificial light at night” [ALAN] to
“electric lighting practices.”)

This workshop report captures the major discussion points of the
Panel. The first part introduces the concepts of electric light as effector
and enabler and of shift work as a complex exposure scenario, and it
provides background information on circadian disruption and links to
potential adverse health effects. The second part discusses key issues re-
lated to advancing the science, which will help inform NTP literature-
based evaluations and identify data gaps and research needs. This sec-
tion is followed by a brief discussion of interventions to protect public
health. Finally, post-workshop activities and meeting outcomes are
discussed. It is important to note that the workshop did not require ex-
pert consensus and is not intended to provide formal recommendations
or guidelines.

2. Methods: workshop format

To meet the workshop goals, a cross-disciplinary workshop panel
was selected by the NTP with experts in (1) the key exposures, such
as light, shift work, and sleep, (2) health outcomes, such as cancer and
reproductive, neurological, and behavioral outcomes, and (3) other per-
tinent disciplines, such as circadian biology, exposure assessment, epi-
demiology, clinical research, toxicology, and mechanisms of disease.

The workshop was organized into six sessions, which reflected a
progression of knowledge within each session informing subsequent
sessions. The workshop began with a description of circadian disrup-
tion, followed by cross-disciplinary dialogues on exposure scenarios of
LAN, shift work, and additional overlapping exposures related to circa-
dian disruption, such as sleep and timing of meals. It concluded with
sessions on strategies to synthesize information across the various ex-
posure scenarios and identify data gaps and research needs. The first
three sessions included brief presentations by the experts on the state
of the science that defined the topic and provided an overview of the re-
search in humans or experimental animals. All sessions included amod-
erator-led period with specific questions related to interpretation of the
science that had been developed by the NTP prior to the workshop. In
addition to discussion questions, to provide a brief introduction to the
topics and facilitate workshop discussions, the NTP prepared abstracts
and appendices, including tables and key references for each session, or-
ganized by health outcomes within the broad categories of cancer and
non-cancer outcomes. Theworkshopwaswebcast and provided oppor-
tunity for public comment by those attending the meeting in person.
More information and links to videos of the webcast are available on
the workshop website at http://ntp.niehs.nih.gov/go/workshop_ALAN.

3. Results and discussion

3.1. Light as effector and enabler

One of the key suggestions from the Panel was to describe light both
as a direct effector on circadian rhythms and as an enabler of additional
activities that may lead to circadian disruption, including night-shift
work and other atypical and inconsistent sleep-wake patterns that can
lead to social jet lag. It is important to note that the NTP workshop fo-
cused on effects of light and shift work on the circadian domain of the
biological time structure. Circadian disruption was defined by the
panel as internally or externally induced disorganization, including,
but not limited to, misalignment of time structure in living systems, po-
tentially leading to adverse health outcomes (for more discussion, see
Smolensky et al. (2016)). In addition to circadian rhythms, biological
processes are organized as (1) ultradian rhythms, with periods shorter
than a day, typically in the 90-minute to 6-hour range (e.g., the duration
of different sleep stages), (2) infradian rhythms, with cycles longer than
28 h (e.g., the menstrual cycle), and (3) seasonal rhythms (e.g., annual
variation in endocrine parameters, metabolism, and appetite that are
entrained by variation in day length) (Blask et al., 2009). The different
biological rhythm domains are likely interconnected so as to contribute
to the overall functional and adaptive capacity of life.

3.2. Light as an effector

Light is essential to life and critical for the regulation of circadian
rhythms. These 24-hour rhythms of daily physiological processes are
coordinated by internal biological clocks that are regulated at the mo-
lecular level by specific “clock genes.” These genes and their protein
products oscillate on a self-sustained, near-24-hour basis, but are syn-
chronized to a 24-hour period by input from external and internal
time cues, and they influence a suite of circadian rhythms, such as
sleep-wake cycles and cycles of body temperature, blood pressure,
and metabolism. For most of human existence, light came in the form
of direct and diffuse sunlight during the day and nearly complete dark-
ness at night, with the exception of light from themoon, stars, and fire-
light. In modern society, unnatural exposures to light, including
irregular light-dark patterns characterized by insufficient light exposure
during the day, toomuch LAN, or a combination of both, are ubiquitous.

The suprachiasmatic nuclei (SCN) of the hypothalamus sit at the top
of a hierarchy of endogenous biological clocks that regulate circadian
rhythms in physiology and behavior. The so-called master circadian
clock is synchronized to the 24-hour “day” by exposure to the ambient
light-dark cycle, primarily by light transmitted via retinal photorecep-
tors (both image-forming and non-image-forming photoreceptors in
the outer and inner retina) to the SCN. Signals are then relayed from
the master clock to a multitude of peripheral clocks located in almost
every cell of the body, including the melatonin-secreting pineal gland.
This orchestration of organismal rhythmicity by the SCN occurs through
diversemechanisms that include neural, hormonal,metabolic, and ther-
mal networks to synchronize (or “entrain”) all circadian rhythms and
ensure appropriate alignment between internal and external time
(Fig. 1). One important biochemical signal is the hormone melatonin.
In response to signals from the SCN conveyed via the sympathetic
chain, melatonin is primarily produced in the pineal gland of the brain
and secreted into the general circulation, where it is made available to
peripheral tissues. Melatonin is influenced by the SCN and is also a
chronobiotic feedback moderator of the oscillatory activity of the SCN,
whose neurons express melatonin receptors and are neurophysiologi-
cally responsive to melatonin (Fig. 1) (Kandalepas et al., 2016). Noctur-
nal light exposures directly suppress pineal production of melatonin, a
robust marker of circadian rhythmicity. In the absence of LAN, levels
of melatonin in blood, cerebral spinal fluid, and saliva are normally
low during the day and high during the darkness of night. The timing,
duration, quantity, and spectrum of light exposures throughout the
day and evening influence the duration, amplitude, and total quantity
of melatonin production during the night. In seasonal animals, duration
of themelatonin signal is a physiological proxy for day length (short sig-
nal for long summer days and long signal for short winter days). Light,
especially of certain wavelength characteristics, will acutely curtail noc-
turnal production.

3.3. Light as an enabler

Electricity has allowed for major advances in modern-day society
and can be considered an enabler of circadian disruption. This is princi-
pally because electric LAN allows people to work, eat, and enjoy leisure
time during the night, with concomitant indirect effects on sleep timing
(e.g., night-shift workers who sleep during the day). As a result, signifi-
cant and rapid alterations have occurred in the night-time environment,
both outdoors and inside the home and workplace. Satellite images of
Earth at night have revealed how ubiquitous exposures to LAN have

http://ntp.niehs.nih.gov/go/workshop_ALAN


Fig. 1. Regulation of circadian rhythms by internal and external cues. Light is the primary regulator of themaster circadian clock found in the suprachiasmatic nuclei (SCN) of the brain. The
SCN sends endocrine and neural signals to a variety of peripheral tissues to temporally coordinate their physiology and metabolism. The SCN also sends a signal to the pineal gland to
produce the hormone melatonin during darkness at night. Melatonin can then convey signals back to the SCN, other parts of the brain, and peripheral tissues to help coordinate
physiological functions and behaviors to approximate 24-hour days.
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become over the past several decades in major cities and surrounding
areas, as LAN now covers 80% of the world (Falchi et al., 2016) (Fig. 2).
Perhaps not surprisingly, self-reported sleep duration among adults in
those areaswith the greatest levels of LAN also show a lower prevalence
of healthy sleep duration, defined as 7 or more hours of sleep within a
24-hour period. A study in the United States among non-institutional-
ized people aged 18 years or older found that living in areaswith greater
outdoor nighttime light was significantly associated with delayed bed-
time andwake up time, shorter sleep duration, increased daytime sleep-
iness, and greater dissatisfaction with sleep quantity and quality
(Ohayon and Milesi, 2016). Meanwhile, increasing numbers of people,
including children and adolescents, who may be developmentally vul-
nerable to sleep deprivation, circadian disruption, and downstream ef-
fects of such disruption, are using electronic devices, such as
televisions, computers, tablets, and smartphones, in the evenings and
nights, often shortly before commencing sleep. Some studies have
found that adolescents are more sensitive than adults to circadian
Fig. 2.World map of artificial brightness as a ratio to
disruption by evening light, as measured by acute melatonin suppres-
sion (Crowley and Carskadon, 2010; Figueiro and Overington, 2015).
3.4. Shift work: light as both effector and enabler

In addition to traditional jobs necessarily carried out both day and
night, such as health care, security, and emergency response, economic
globalization has increased the need for work environments that allow
businesses and organizations to operate longer than the hours of an in-
dividual worker and thus produce goods and services on a 24/7 basis.
Shift work typically involves working outside the standard daytime
hours (~7 a.m. to 6 p.m.)— such as at night, during evenings, or starting
before 6 a.m.— and shifts can be permanent, slowly alternating, rapidly
switching from day to night (forward rotating) or night to day (back-
ward rotating), or without any particular pattern. Night-shift work is a
common occupational exposure; approximately 15% to 18% of all
the natural sky brightness (Falchi et al., 2016).
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workers in Europe and the United States work a variety of night-shift
schedules (Straif et al., 2007).

In a typical night-shift work scenario, exposure to LAN that is effec-
tive at suppressing melatonin or disrupting the circadian system can
occur (often for the entire nighttime period over decades of employ-
ment), which may result in periodic or chronic circadian disruption.
Field studies reporting on actual LAN exposure are not widely available,
but a recent review suggests that it can range from 50 to 100 photopic
lux at the eye, with some exposures exceeding 200 lx at the eye
(Hunter and Figueiro, 2017). Studies of shift workers were originally
conducted to test the hypothesis that increasing exposure to LAN is re-
sponsible, in part, for the increasing incidence of breast cancer in high-
income countries (see “Circadian Disruption and Adverse Health Ef-
fects,” below). IARC concluded in 2007 that shift work involving circadi-
an disruption is probably carcinogenic to humans (Group 2A), based on
limited evidence of carcinogenicity for breast cancer from eight human
studies, in addition to sufficient evidence from studies in experimental
animals. Other studies of shift workers have evaluated risk for other
types of cancer outcomes (most notably prostate and colorectal cancer
and to a lesser degree other hormonal cancers, including ovarian and
endometrial cancers) and non-cancer outcomes (especially cardiovas-
cular disease, diabetes, obesity, mental health and other neurological
disorders, and disorders of the endocrine and reproductive systems)
(see webinar meeting materials available at http://ntp.niehs.nih.gov/
go/workshop_ALAN).

Although shift work may represent an extreme type of LAN expo-
sure, it is not an exact surrogate for LAN, because it is a complex expo-
sure scenario. In addition to direct effects due to LAN and altered
exposure to daylight, shift work also includes activities that are related
to electricity as an enabler, such as changes in the timing of daily activ-
ities, eating, sleeping, and social patterns. Other lifestyle activities may
also differ in shift workers, such as physical activity and stress coping
mechanisms, such as tobacco smoking and alcohol consumption; how-
ever, the directions of these confounding behaviors may be in opposite
directions in different populations. Chronotype, the behavioralmanifes-
tation of underlying physiological phase in sleep-wake behavior
(resulting in individual characteristics described as being a “morning
lark” or “night owl”), which is partly a heritable trait, aswell as other ge-
netic traits, may also modify potential risks of adverse health outcomes
in shift workers (Hansen and Lassen, 2012; Juda et al., 2013; Vetter et al.,
2015). Furthermore, the role of the different exposures in shift workers
may vary with the specific health outcome (e.g., eating patternsmay be
more important for obesity and metabolic disorders than for other
health outcomes; co-exposures to carcinogens may affect cancer out-
comes). The nature of the shift work itself may also be important in de-
termining long-term health outcomes; for example, sedentary work
may be associated with worse cardiovascular and metabolic outcomes
than work involving significant levels of physical activity (De Rezende
et al., 2014; Jermendy et al., 2012).
3.5. Circadian disruption and adverse health effects

Potential adverse health effects from light-induced circadian disrup-
tion aremediated in part bymelatonin suppression. Light at night of suf-
ficient level and duration, appropriate wavelength, and appropriate
timing can shift the timing and/or reduce the amplitude of the night-
time melatonin signal, as may happen in night-shift workers (Dumont
and Paquet, 2014). This may contribute to sleep changes and circadian
disruption, which in turn affect a host of cellular mechanisms (such as
metabolism and cell cycling) and neurobehavioral processes (such as
mood regulation and cognitive outcomes). These disturbances may po-
tentially lead to adverse health outcomes, as discussed below. Expo-
sures to dim, warm-colored light during the day (e.g., b50 lx at the
eye of a 2700 K light source) may make matters worse. Studies have
shown that higher levels of light during the daytime, including exposure
to daylight, are associated with better sleep andmood in office workers
(Boubekri et al., 2014; Figueiro et al., 2017).

The nighttime circadian melatonin signal in both rats and humans is
known to exert an oncostatic role in a variety of cancers (Haus and
Smolensky, 2013), most particularly in models of human breast cancer
tumor growth (Blask et al., 2005; Blask et al., 2011). The nighttimemel-
atonin signal modulates circadian rhythms in human breast cancer cell
proliferation and metabolism and effects signal-transduction activity
that restricts tumor growth. Exposure to dim LAN in rats and bright
LAN in humans attenuates themelatonin signal and leads to the disrup-
tion of these circadian dynamics, resulting in tumor growth (Blask et al.,
2005; Blask et al., 2014). In fact, the nighttime melatonin signal repre-
sents the only circadian-driven anticancer signal identified thus far in
humans or in rats (Blask et al., 2005). Furthermore, suppression of the
nocturnal circadian melatonin signal by LAN may lead not only to in-
creased breast cancer risk but even to resistance of human breast cancer
tissue to hormonal intervention and chemotherapy, as observed in pre-
clinical human breast cancer studies (Dauchy et al., 2014; Xiang et al.,
2015). The suppression of melatonin by LAN led to the hypothesis that
LAN may play a role in the elevated incidence of breast cancer in some
high-income countries; as increases in incidence of breast cancer have
paralleled the expansion of LAN (Haus and Smolensky, 2013; Stevens,
1987; Stevens et al., 2014).

Aside from the direct effects of light on physiology, light also indi-
rectly impacts daily rhythms by affecting hunger cues, acute behavior,
and cognitive arousal levels (Chellappa et al., 2011). Thus, LAN may
alter timing of food intake and the downstream effects of hormones
and molecular signaling pathways (Fig. 1). Unnatural exposures to
light, as either LAN or dim indoor lighting during the day, lead to chang-
es in the expression of clock genes and proteins in the SCN, as well as
melatonin and other hormones, which in turn lead to effects on sleep
duration and quality and to disruption of central and peripheral circadi-
an clocks. In addition, other activities, such as night-shift work, the
timing of meals, and the composition of the foods eaten, act as entrain-
ment or synchronizing cues for peripheral clocks, which alsomodify cir-
cadian rhythmicity.

Misalignment of sleep and circadian disruption have been linked to
numerous adverse effects on performance, mental well-being, and
physical health in animals or humans (e.g., Filipski et al., 2003;
Grimaldi et al., 2016; Leproult et al., 2014). In the short term, these ef-
fects may include increased incidence of accidents and injuries, in-
creased sick leave, mood disorders (including depression), weight
gain, and social and family problems. As a consequence of chronic
sleep disturbance and circadian disruption, adverse health outcomes
may develop, including metabolic disorders and the related diseases of
obesity and type 2 diabetes; cardiovascular-related diseases, including
hypertension and ischemic stroke; neurological disorders; gastrointes-
tinal ulcers; adverse reproductive outcomes; and various types of can-
cer. Moreover, circadian disruption may play a role in other
unrecognized pathological mechanisms of human disease (Smolensky
et al., 2016).

Irregular sleep-wake cycles may both result from and contribute to
circadian disruption. The acute and transient symptoms, such as fatigue,
sleepiness, indigestion, and irritability, of so-called “jet lag” that accom-
panies transmeridian travel are classic examples of this desynchronosis,
or uncoupling of circadian rhythms.When travelers rapidly cross sever-
al time zones in one day, their 24-hour rhythms are suddenly
desynchronized from the day-night cycle at their destination. Thus, bio-
logical rhythms such as sleeping and eating arewrongly timed, resulting
in further misalignment of the master and peripheral clocks from the
temporal features of the external environment and also from each
other internally. Traveling eastward is more difficult than traveling
westward and requires a longer period of adaptation for most people.
Eastward travel requires a phase advance of the circadian pacemaker
(i.e., an acute shortening of the 24-hour “day”). Following phase-ad-
vancing stimuli, some elements of the circadian system may adapt

http://ntp.niehs.nih.gov/go/workshop_ALAN
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quickly but require several transient cycles inwhich remaining clock el-
ements catch up (Illnerova et al., 1989; Reddy et al., 2002). Following a
single advancing light pulse, shifts in behaviormay not be completed for
several cycles, whereas delaying shifts are fully manifest the following
day. It is worth noting that for most travelers, the occurrence of jet lag
is a transitory experience. Although acute transient circadian disruption
typically is well tolerated, it can lead to negative health outcomes, such
as exacerbatingmood disorder in certain individuals, and chronic circa-
dian disruption may potentially aggravate existing medical conditions
whose etiopathology is circadian misalignment. One does not have to
board a plane to experience the effects of circadian disruption. The
vast majority of non-shift-working Americans wakes to the alarm
clock during the work week and sleep in on the weekends, a phenome-
non termed social jet lag. A large population study found themean level
of social jet lag is on the order of 90min (Roenneberg et al., 2012). Social
jet lag is associated with a set of symptoms that overlap with those of
travel-associated jet lag, including increased sleepiness during waking
times, decreased performance, and adverse effects on mood. When ex-
perienced chronically, social jetlag may lead to a suite of metabolic dis-
orders known as “metabolic syndrome,” which includes obesity,
cardiovascular disease, and type 2 diabetes. In contrast to travel jet
lag, social jet lag, whether associated with shift work or with “normal”
life, is chronic in nature, and it may be the chronicity of circadian mis-
alignment, rather than its absolute magnitude, that is important in
shaping long-term health outcomes.

3.5.1. Advancing the science for understanding potential health outcomes
The Panel discussed scientific issues important for informing study

designs and for advancing the understanding of health effects due to in-
appropriate exposures to light, including characterization of various ex-
posures and end points (biomarkers and health outcomes). These issues
are useful for evaluating and interpreting studies in the peer-reviewed
literature, as well as for conducting new research.

3.6. Characterization of light in human studies

The Panel discussed several issues related to improving measure-
ment of circadian-effective light (i.e., light that stimulates the circadian
system) in human epidemiological and experimental studies. To date,
characterization of indoor light exposures has been estimated from
self-reports or retrospective questionnaires (e.g., bedroom brightness)
in epidemiological studies of the relationship between exposure to elec-
tric light and cancer risks. Ecological studies of LAN in various geograph-
ical areas correlate light level, measured by satellite as a surrogate for
exposure to LAN, with specific health outcomes. These studies, like all
ecological studies, do not account for individual level exposures and
co-exposures, and are therefore susceptible to confounding and mis-
classification bias.

A clear need exists for implementation of improved technologies to
classify measures of actual circadian-effective light exposures experi-
enced by individuals both indoors and outdoors during the daytime
and at night. It is also important that researchers start reporting the
light stimulus used in their studies in a more uniform manner, as pro-
posed by Lucas et al. (2014). However, as noted by some Panel mem-
bers, perfect exposure characterization may not be feasible in
observational studies; therefore, exposure surrogates are needed to ad-
vance the understanding of causes of disease. In general, non-differen-
tial misclassification of exposure decreases the likelihood of detecting
a true association in epidemiological studies (Blair et al., 2007).

Somemembers of the Panel presented data showing the limitations
of using satellite images as surrogates for measuring circadian-effective
light for individuals in ecological studies. Satellite data are filtered to
more closelymatch the spectral sensitivity of two of the three cone pho-
toreceptors (long- andmedium-wavelength cones) that are responsible
for visual acuity, which peaks close to 555 nm, not the spectral sensitiv-
ity of the circadian system (as measured by melatonin suppression),
which peaks close to 460 nm (Brainard et al., 2001; Thapan et al.,
2001). Although thesemeasures are imprecise, theymay be able to sep-
arate individuals living in communities of high outdoor LAN exposure
from those living in low LAN exposure (Stevens, 2011). However, it is
unclear whether these ecological studies are able to separate the direct
effects of light per se from the effects of light as an enabler of other be-
haviors potentially associated with poor health.

To advance exposure assessment used in epidemiology studies, the
Panel suggested that field studies assess light exposure using calibrated
devices, which can be used to validate detailed questionnaire data. Once
validated, the questionnaires could be scaled up for use in large epide-
miology studies and be designed to collect information on the type, du-
ration, frequency, and timing of electric-light exposure and the timing
of daylight exposure. These data could also be supplemented with
data from new technologies, such as socially acceptable wearable mon-
itoring devices that collect real-time data, and with data collection ap-
plications (apps) that allow users to enter information on eating and
other behaviors.

More precise measurements of light exposure are required for ex-
perimental studies in humans to inform interventions to prevent
acute melatonin suppression and circadian disruption. The Panel em-
phasized that it is important to improve the characterization of light
that can lead to circadian disruption, including dose, light level, spectral
composition (i.e., wavelength), distribution, timing, and duration to
which an individual is exposed.

The action spectrum for melatonin suppression has been carefully
measured for monochromatic light. Using these data, two spectral sen-
sitivity functions and onemathematical model have been proposed and
published in peer-reviewed journals, as described by Lucas et al. (2014).
However, no spectral sensitivity function for characterizing light for the
circadian system has been sanctioned by national or international stan-
dard-setting bodies. Nevertheless, using the Rea et al. (2005) mathe-
matical model, one of the panel members generated and presented
Fig. 3, which allows one to compare the relative effectiveness of light
sources of various spectral power distributions and light levels for sup-
pressing melatonin.

As shown in Fig. 3, for the same photopic light levels (lux) at the cor-
nea, daylight ismore effective at suppressingmelatonin than is incandes-
cent light, because daylight emits more energy in the short wavelength
region (Rea et al., 2005; Rea et al., 2010). Night-time sensitivity to light
(usually measured by melatonin suppression) is influenced by light ex-
posure during the day, inter-individual sensitivity, chronotype, age, and
photic history (Chang et al., 2011; Glickman et al., 2012; Hébert et al.,
2002; Smith et al., 2004). It is also important to note in the discussion
about health effects of LAN that occupational light exposures, such as
those experienced by shift workers, are significantly higher than outdoor
light exposures at night, and that most of the epidemiological work to
date relating LAN to health risks has been limited to shift work.

Finally, the Panel suggested evaluating the interaction between ex-
perimentally induced diseases (e.g., using known toxicants) under dif-
ferent light conditions to determine how electric light may change
susceptibility to environmental exposures. Evaluations in experimental
animals could explore circadian chronotoxicities (differences in sensi-
tivity to toxicants according to circadian time of exposure) under differ-
ent light conditions. Observational epidemiological studies evaluating
potential interactions between exposure to toxicants and LAN or
among shift workers would also be informative.

3.7. Characterization of exposures in studies of shift workers

In most studies of shift workers, information on working arrange-
ments is typically assessed from self-reported retrospective question-
naires or interviews, employment records, or job exposure matrices
(e.g., individual occupational histories with survey data linking occupa-
tions to nightwork). Fully detailed classifications of shift work are rarely
available, which include information about regular or irregular shift



Fig. 3. Nocturnal melatonin suppression for different light spectra plotted as a function of light level, where the spectral power distributions of various light sources used in previous
published studies are weighted according to the CLA (x-axis). CLA is irradiance at the cornea weighted to reflect the spectral sensitivity of the human circadian system as measured by
acute melatonin suppression, and is measured in units of spectrally weighted flux per unit area. The right ordinate (y-axis), labeled “circadian stimulus” (CS), is scaled to be
proportional to the left ordinate, representing the relative amount of melatonin suppressed after exposure of the retina for 1 h, ranging from 0.0 (no suppression) to a maximum of 0.7
(70% suppression).
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schedules, time schedules of each shift, light level, permanent or rotat-
ing night shifts, direction and speed of rotation (e.g., intensity of shift
work, consecutive night shifts, forward or backward rotations, perma-
nent versus rotating shift work), and exposure window (e.g., age at
first shift work or timing before or after full-term pregnancy). Rather,
many studies have reported only years of working night shifts, without
information on intensity (e.g., number and/or duration of night shifts
per week and changes in shift schedule). Moreover, significant hetero-
geneity exists in definitions of “shift or night work” across the studies,
which limits the utility of conducting a meta-analysis, as risk estimates
from these studies cannot necessarily be combined. Furthermore, the
nature of the light exposure of such employees during off-work hours
is rarely assessed (Stevens et al., 2011).

In addition, co-exposures with shift work (e.g., known or presumed
chemical risk factors for cancer and other health outcomes) may con-
found or modify the studied association. It has been suggested that
shift workers and day workers may differ significantly in susceptibility
to adverse effects from chemical exposures (Ward et al., 2010). Further-
more, risk factors for chronic diseases, such as poor diet, lack of physical
activity, excess alcohol consumption and smoking, and being over-
weight, have frequently been reported among shift workers (Nea et
al., 2015; Van Amelsvoort et al., 2006). Studies assessing the association
between shift work and chronic health outcomes should obtain infor-
mation on social patterns, lifestyle aspects (such as tobacco and alcohol
use), and eating patterns (or body mass index), and evaluate their role
as confounders, effect modifiers, or mediators of the association.

To date, only a few biomarkers, such as melatonin, cortisol, sex hor-
mones, and epigenetic variables, have been studied in humans that
could provide information on circadian disruption among shift workers.
To be ofmaximal utility, most of these variableswould requiremonitor-
ing throughout an entire circadian cycle, and interpretation of the re-
sults for circadian disruption would require detailed understanding of
how each may be acutely affected by environmental conditions. De-
tailed exposure assessment is needed to reduce measurement error
and to suggest rational, empirically informed strategies for intervention.
In addition, studies of shift workers are complicated because the expo-
sure metrics that are related to adverse health effects have not been
fully elucidated. In addition to collecting detailed information about
the temporal patterning of the shifts worked, it is important to collect
information on thedifferent exposure components of shiftwork, includ-
ing social patterns, lifestyle aspects (such as tobacco and alcohol use),
eating patterns, light exposure (both at work and off work), sleeping
patterns, and vigilance and cognition, all of which tend to be related
(Fig. 4). New technologies, such as those mentioned above for light
and the use of mobile phone apps and wearable activity trackers,
could help facilitate exposure assessment of shift workers. In addition,
it is important to collect information on potential confounders and ef-
fect modifiers, such as chronotype and other genetic traits.

The Nightingale study (Pijpe et al., 2014), a prospective cohort study
on shiftwork andbreast cancer amongnurses in theNetherlands, is an ex-
ample of a study currently in progress that has collected detailed informa-
tion across all domains of the shift-work exposure scenario, including the
shift-work system, cumulative exposure to shift work, and shift intensity.
In addition to shift work, the questionnaire collects information on socio-
demographics, reproductive history, education, other occupational expo-
sure, mobile phone use, residential history, current sleeping habits (in-
cluding disruption of sleep not related to occupational shift work), and
medical and family history of diseases. Tomore fully characterize the com-
plex exposure scenario of shift work, a substudy of the Nightingale study
called “Klokwerk” is collecting information on various exposures through
questionnaire data, 24-hour recall logs, employer data, light sensors, and
biomarkers in the blood, urine, and feces. Another example of a nation-
wide prospective cohort is the Danish Working Hours Database, which,
on an individual level, covers exact daily working time from payrolls for
all employees in all hospitals (Garde et al., 2016). The unique personal
number applied to all residents in Denmark makes it possible to link this
information with information from health registries, such as the national
cancer registry or the national hospital register, for research purposes.

3.8. Animal models of LAN and shift work

The Panel noted that although animal models of shift work and ex-
posures to LAN (primarily rats andmice) do not fully replicate complex,
overlapping exposure scenarios in humans, they do play a key role in



Fig. 4. Design considerations for epidemiological studies of shift workers. Shift work is a complex multi-dimensional exposure with a range of associated effects or exposures. The ideal
study of shift work would capture, in addition to lifetime patterns of shiftwork, measurements of disturbed social, sleep, and dietary patterns; lifestyle aspects; and changes in light-at-
night and sun exposure, which are potentially modified by chronotype. Potentially relevant exposures are measured by self-report (e.g., interviews or questionnaires), employer data,
actigraphy, 24-hour recall logs, light sensors, urinary, blood, or fecal biomarkers, anthropometry, psychomotor vigilance tasks, and memory tests. Gray boxes represent methods to
measure these complex exposures and intermediate outcomes; numbers in the related-exposures or intermediate-effects boxes relate to the corresponding type of “measurement
methods” to assess the factors; (Δ = change, arrows indicate direction of change).

Fig. 5. Schematic depicting animal models of shift work showing several exposure components acting via a number of putative pathophysiological mechanisms and resulting in a series of
adverse chronic health outcomes. These models may help disentangle the relationships among exposure components in a systematic manner, and may help in assessing the impact of
relevant variables on shift-work exposure outcomes and their underlying mechanisms. Modifying factors may include age, sex, the nature of the shift-work exposure (e.g., fast vs.
slow, forward vs. backward rotating), circadian phenotypes (e.g., morning types vs. evening types), and the nature of the background photic exposure onto which the shift-work-
related light-dark cycle is imposed (e.g., long, summer-like photoperiods vs. short, winter-like photoperiods).
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understanding specific exposures and mechanisms, and provide evi-
dence for interventions. These animal studies have either evaluated
the direct effects of light or have tried to model shift work by exposing
animals to repeated phase shifts in the light-dark cycle, and have inves-
tigated a variety of end points and health outcomes, including cancer;
cardiovascular disease;mood and behavior disorders; effects on the im-
mune, neurological, or reproductive systems; energy metabolism and
obesity; and changes in the structure of gut microbial communities
(Summa and Turek, 2014; Voigt et al., 2014) (Fig. 5). Animal studies
will also be crucial in testing hypotheses related to interventions, such
as the effect of meal timing or meal composition on potentially alleviat-
ing some of the adverse effects due to circadian disruption. Animal
models may offer the advantage of allowing relatively easy assessment
of the importance of chronicity of exposure on health-related bio-
markers of circadian disruption, including the development of time-
of-day-independent biomarkers that may be used in human studies,
such as a set of liver-transcriptome-based biomarkers recently reported
by Van Dycke et al. (2015).

Studies to evaluate effects of light as a direct effector have primarily
altered the light timing or level and have usually exposed animals to
continuous bright light, constant dim light in the dark phase, or inter-
mittent light exposure in the dark phase (e.g., 1-minute exposure to
light every few hours) or shortened or lengthened the photoperiods of
light and dark, with 12-hour light-dark days for the control groups.
The Panel suggested that animal facilities should be constructed with
light-tight rooms for housing animals in the dark phase and that room
lighting specifications should be standardized across all animal studies.
They also noted thatwhile animal studies are informative, nocturnal an-
imals aremore sensitive to light than humans, and it is therefore impor-
tant to translate metrics from animals to humans appropriately. Dim
light in animal studies reported in the peer-reviewed literature typically
ranged from 0.21 to 5 lx, with the latter corresponding to light intensity
between a full moon (b1 lx) and twilight (~10 lx).

The Panel suggested studies on dim LAN at lower light levels than
commonly reported in the literature and the use of diurnal models
with bothmale and female animals tomore closely replicate human ex-
posures and effects. As a short-term goal, the Panel suggested
conducting studies in experimental animals using study designs similar
to those used byNelson and colleagues, which used lower,more biolog-
ically relevant doses of light to better characterize the dose-response re-
lationship. These studies compared health-related outcomes in animals
(mice, rats, or hamsters) exposed to 16 h of bright broad-spectrum
(white) light (150 lx) and 8 h of dim light (5 lx) with outcomes in con-
trol animals exposed to 16 h of bright light (150 lx) and 8 h of complete
darkness (e.g., Aubrecht et al., 2014; Aubrecht et al., 2015; Bedrosian et
al., 2011; Bedrosian et al., 2013a; Fonken et al., 2012).

ThePanel also noted that some strains of laboratorymice either (1) do
not producemelatonin even though theyhavemelatonin receptors or (2)
have abnormal patterns of melatonin production (e.g., a nocturnal spike
or production during the light phase). These species differences between
humans and animals should be considered in both the interpretation of
studies in the peer-reviewed literature and in the design of new studies
in mice. The recent discovery that melatonin can adversely affect glu-
cose-induced insulin release from the pancreas raises a mechanistic link
between melatonin and metabolism (Tuomi et al., 2016). In light of this
finding, controlled animal experiments using strains that have intactmel-
atonin production and receptors combined with controlled lighting and
diet will be important for future research. The Panel also noted a need
for the use of a wider range of animal models in the study of LAN and
shift work, in order to address the nature of species-specific differences
that may be informative for human studies.

3.9. Biomarkers of circadian disruption and adverse outcomes

The classic biomarkers of circadian disruption in humans are core
body temperature, the sleep-wake cycle, and circulating melatonin
and its main metabolite 6-sulfatoxymelatonin, measured most fre-
quently in urine, but also in saliva and blood (Mirick and Davis, 2008).
Less frequently, other circulating hormones, such as cortisol and sex
hormones, have also been measured. Studies using animal models of
shift work or animals exposed to various light regimes most often use
the rhythm of locomotor activity and melatonin (in the light studies)
as biomarkers of circadian disruption. Other measures of circadian dis-
ruption in animal models include body temperature, corticosterone
concentration, and expression of circadian-related and clock-related
genes.

Because the levels of such circadian biomarkers fluctuate with time
of day, sampling at multiple time points is likely to be necessary, espe-
cially among shift workers and others who may or may not be circadi-
an-synchronized. In the past, sampling of melatonin has varied across
studies, with some collecting 24-hour specimens and others collecting
the first morning void. The latter may fairly represent the nightly pro-
duction of night-sleeping people, but may not be a fair measure for
night-working people. The identification of biomarkers that are inde-
pendent of circadian time per se would be useful for large population-
based epidemiological studies. To this end, the Panel referred the NTP
to recent work reporting universal biomarkers of circadian disruption
that are independent of time sampling, which identified 15 genes with
increased expression in mouse liver after simulated chronic jet lag
(Van Dycke et al., 2015). An increased level of the protein encoded by
one of these genes, CD36, was also observed in the serum of jet-lagged
animals, indicating the potential utility of this marker as a non-invasive
biomarker of circadian disruption in human studies.

Other emerging measures of circadian disruption that require more
investigation includemeasurement of elevated cytokine expression and
other markers of inflammation using commercially available kits; epi-
genetic effects, such as promoter methylation; effects on the
microbiome and resultant health outcomes; genomic characterization
of chronotype or diurnal preference; and genetic polymorphisms that
affect individual differences in the sensitivity to circadian effects and
health risks. An important observation made by the Panel was that
few to no studies have adequately characterized the degree of circadian
disruption in conjunction with the measurement of specific health out-
comes in humans (Roenneberg and Merrow, 2016). The Panel also
noted the need to use multiple biomarkers for circadian disruption in
order to appreciate the desynchronization of individual circadian
rhythms (e.g., desynchronization of the hepatic clock from the SCN
clock or of melatonin rhythm from sleep timing). The Panel noted the
need for specific biomarkers of circadian disruption that are relevant
for understanding themechanisms and risk for developing specific neg-
ative outcomes.

3.9.1. Protecting public health
The impact on public health from either direct or indirect effects of

electric lighting is of utmost concern. Unnatural light exposures (LAN
and/or dim light during the day) and shift work are very common and
in some cases unavoidable components of our society. In addition, the
potential adverse health outcomes — such as cancers, cardiovascular
disease, obesity, adverse pregnancy outcomes, and metabolic diseases
— are common. Since the March 2016 workshop, the French Agency
for Food, Environmental and Occupational Health & Safety released its
assessment of the health risks associated with night work (ANSES,
2016). It concluded that working at night was associated with “proven”
effects for sleep disturbances (sleep quality, sleep time, and sleepiness
and alertness) and metabolic syndrome, and “probable” effects for cog-
nitive performances, cardiovascular diseases, metabolic-related disor-
ders (obesity or overweight and type 2 diabetes), and breast cancer
and other types of cancer (prostate, ovary, pancreas, and colorectal).
As people will likely continue to work alternative shift schedules, and
society will need to use electric lighting, the key question to ask is,
what reasonable changes can people make to decrease their risk of po-
tential adverse health effects?



Box 1
Key issues for evaluating health effects associated with electric light.

• Many characteristics of electric light exposure are related to
circadian disruption, including level, spectrum, distribution,
timing, duration, and photic history. In addition, light expo-
sure during the day influences nighttime light sensitivity, so
attention to the daily pattern of light exposure is important
for maintaining health.

• In addition to direct effects of unnatural light at night (LAN),
LAN enables activities that allow individuals to eat, sleep,
and conduct other activities 24/7, which is associated with
circadian disruption and adverse health effects.

• Shift work is a complex exposure scenario, involving both ex-
posure to light and activities enabled by light.

• LAN may have a significant public health impact due to the
pervasive exposure and its potential to increase the risk of
common diseases, such as cancer, obesity, and heart dis-
ease.

• Understanding potential mechanisms and characteristics of
light or shift work that are related to circadian disruption or
biomarkers of disease may help identify interventions to pro-
tect public health.

Box 2
Research needs for the field.

• Conduct field studies on light exposures using calibrated de-
vices, mobile applications, and detailed questionnaire data
that can be scaled up for use in large epidemiology studies.

• Collect information (e.g., questionnaires, biomarkers) that
provides comprehensive characterization of shift work (e.g.,
scheduling and nature) and other “exposures,” such as light
exposure and sleep and eating patterns.

• Develop and test interventions for shiftworkers thatminimize
the effects of light and shift work on circadian disruption and
thereby help prevent adverse safety and health outcomes.

• Develop non-circadian markers of circadian disruption that
could be employed in epidemiological and intervention stud-
ies.

• Measure biomarkers at multiple time points, to determine op-
timal times for larger-scale studies.

• Conduct studies in animals to model relevant components of
shift-work exposure on biomarkers of circadian function and
health outcomes.

• Conduct studies in animals that involve both acute and chron-
ic repeated phase shifts in the light-dark cycle, exposure to
constant light, feeding at the “wrong” time of day, and acute-
ly or chronically shortened sleep. Such studies have the po-
tential to elucidate mechanisms by which disrupted sleep or
circadian rhythms lead to adverse health outcomes, and for
the exploitation of these models for testing therapeutic inter-
ventions (Fig. 5).

• Conduct studies in animalswith dim LANat lower light levels,
and use diurnal models tomore closely replicate human expo-
sures and effects.

• Evaluate interactions between chemical and light exposures
in humans and animals.
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Although night-shift work presents a complex exposure scenario,
where electric light can be both an effector and an enabler, interven-
tions that minimize the effects of light and shift work on circadian dis-
ruption may help prevent adverse health outcomes. Ideally,
interventions could be implemented now, rather than after waiting
until studies evaluating the mechanisms of disease and intervention
are completed. To date, several experimental studies of sleep in humans
have evaluated the effects of lighting characteristics— such as level, du-
ration, wavelength, and biological timing — on biomarkers of circadian
disruption, such asmelatonin, cortisol, and body temperature. For addi-
tional information, see workshop background materials available at
http://ntp.niehs.nih.gov/go/workshop_ALAN. Some studies have also
evaluated whether interventions such as using blue-light-blocking gog-
gles affect circadian biology. Other studies suggest that using light
sources with low emission at short wavelengths minimizes melatonin
suppression without greatly affecting performance and alertness at
night (Kayumov et al., 2005; Rahman et al., 2017; Van de Werken et
al., 2013).

The American Medical Association recently advised minimizing and
controlling short-wavelength (blue) and light-emitting-diode lighting
because of health and safety concerns (http://www.ama-assn.org/
ama/ama-wire/post/physicians-timely-public-health-issues). It should
be noted, however, that levels of outdoor LAN exposures at night are
much lower (recommended average horizontal illuminance is 18 phot-
opic lux (Illuminating Engineering Society, 2014), which is approxi-
mately 6 photopic lux at eye level) than light levels experienced by
shift workers working at night (between 50 and 100 photopic lux at
the eye, with some exposures exceeding 200 lx (Hunter and Figueiro,
2017)).

The Panel noted that industry is becoming aware of the potential ad-
verse effects of short-wavelength light at night, as it provides electronic-
device users the opportunity to reduce short-wavelength light emis-
sions from the screen. Nonetheless, recommendations focused only on
reducing exposure to short-wavelength light may not prevent adverse
health outcomes, because other lighting characteristics, such as the
amount and duration of exposure, play a role in how LAN affects noctur-
nal melatonin production and broader circadian function. One potential
future strategy for mitigating against cancer risk or treatment failures
may be the use of “near”-physiological melatonin supplementation or
replacement, especially in high-risk groups for which the type of circa-
dian disruption involved is restricted to nighttime melatonin suppres-
sion. Other potential interventions may focus on meal timing and diet.

Studies in experimental animals have also investigated interven-
tions in models of depression and stroke damage after exposure to
LAN, such as using red light instead of blue light, to minimize adverse
health outcomes. For example, a Panel member presented data from a
study that found less depression-like behavior and fewer alterations in
neuronal structure in hamsters exposed to dim red light during the
dark phase than in hamsters exposed to dim white or dim blue light
during the dark phase (Bedrosian et al., 2013b). The Panel's advice on
improving exposure and outcome assessments and studying mecha-
nisms will help inform intervention strategies.

4. Conclusions

An important outcome of theworkshopwas to increase the visibility
of these pervasive and often unavoidable exposures and their associa-
tions with potential adverse health effects. Same-day attendees, either
in person or via the webinar, exceeded 150 people from diverse organi-
zations, including government, industry, academia, and non-profits,
along with other concerned citizens. Videos of the workshop and sum-
mary materials remain available on the NTP website (http://ntp.niehs.
nih.gov/go/workshop_ALAN).

The workshop deliberations provided input on approaches for
conducting health hazard evaluations, such as guidance on problem for-
mulation, protocol development (e.g., types of studies to include and
exclude), interpretation of data from various animalmodels, and factors
to consider when trying to synthesize across different bodies of evi-
dence (see Boxes 1 and 2 for key issues). NTP will use this input in its

http://ntp.niehs.nih.gov/go/workshop_ALAN
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cancer hazard evaluation for review of night shift work and electric-
light exposures for the RoC.

Delineating research gaps and study-design considerationswill help
ensure that future studiesmore comprehensively characterize andmea-
sure the relevant light-related exposures and link these exposures to
additional and time-independent biomarkers of circadian disruption
and to biomarkers of adverse health outcomes (see Box 2). In this
way, existing information on interventions can be supplemented with
additional information, leading to realistic, implementable, and effec-
tive intervention strategies to minimize the occurrence of adverse
health outcomes due to these exposures.
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