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Abstract: The effects of artificial light at night (ALAN) on human health have drawn increased
attention in the last two decades. Numerous studies have discussed the effects of ALAN on human
health on diverse topics. A broader scope of how ALAN may affect human health is thus urgently
needed. This paper depicts a systematic evidence map in a multi-component framework to link
ALAN with human health through a comprehensive literature review of English research articles in
the past two decades. A three-phase systematic review was conducted after a generalized search of
relevant articles from three publication databases, namely Scopus, the Web of Science, and PubMed.
In total, 552 research articles were found in four categories and on numerous topics within our
framework. We cataloged the evidence that shows direct and indirect as well as positive and negative
effects of ALAN on human physical and mental health. We also summarized the studies that consider
ALAN as a social determinant of human health. Based on our framework and the systematic evidence
map, we also suggest several promising directions for future studies, including method design,
co-exposure and exposome studies, and social and environmental justice.

Keywords: artificial light at night (ALAN); physical health; mental health; social determinant of
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1. Introduction

Humans have a tremendously long history of fighting against darkness at night, and
the earliest use of artificial light at night (ALAN) (i.e., fire) can be dated back to more than
450,000 years ago [1]. In the agrarian age, humans developed controllable ALAN, e.g.,
candles and torches. The industrial revolution then equipped humans with safer electricity-
based ALAN, e.g., incandescent lamps. The invention and prevalence of light-emitting
diodes (LEDs) led humans to the age of cool and efficient lighting [2] and it is tightly bonded
with the progress of the information revolution. By the end of the 20th century, a group
of studies started to link ALAN with human health. This novel association has drawn
increasing attention in the last two decades since it may contribute to a new era of healthy
lighting in human history. The era of healthy lighting could be another notable phase in
the relationship between humans and ALAN after the era of illumination extension, the
era of controllable lighting, the era of safe lighting, and the era of efficient lighting [3].

Health is essential for humans, but it is so complex and thus is difficult to give a
complete definition. The World Health Organization (WHO) has given the most general
definition of human health as a state of complete physical, mental, and social well-being [4],
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which emphasizes at least three components of human health. Physical health is a state of
being free from illness and injury. Mental health is a state of well-being in which people
realize their abilities, can deal with normal stresses of life, can work productively and
fruitfully, and can contribute to their community [5]. The rest can be categorized as social
determinants of health. They are non-medical factors that influence health outcomes [6]
and have triggered a lot of discussion on social equality and justice. A comprehensive
discussion of ALAN’s effects on human health should include these three components and
the fundamental mechanisms. Previous studies have observed associations between ALAN
and human physical and mental health. ALAN is also considered a social determinant of
health. However, the pertinent causal pathways are still under discussion. For example,
numerous studies have indicated that ALAN may be associated with cancers [7–9] and
sleep disorders [10,11]. These associations are primarily supported by epidemiological
investigations. Some other studies discussed the concrete biochemical pathways, but they
are still incomplete and may need further exploration.

The effects of ALAN on human health are complex and diversified. Three primary
reasons contribute to the complexity involved. First, various human health concerns may
be relevant to ALAN but the attributable risk from ALAN is not easy to characterize
because the etiology of human health is multifactorial, particularly in chronic diseases.
Second, the response of the human body to the same level of exposure to ALAN may
be different between different cohorts since their resilience and vulnerability may vary.
Finally, the different ways of using ALAN may also lead to different or even opposite
health effects. Most studies to date emphasize the negative health effects of ALAN such
as cancers [12,13], chronic diseases such as diabetes [14], and mental disorders [15,16].
However, short exposure to ALAN and acute disturbance of human biological processes
do not necessarily lead to adverse human health conditions. Available studies also indicate
that the proper use of ALAN may help phase adaptation [17], promote alertness and reduce
work-related risks [18], and avoid the injury and death of older adults from falling at
night [19]. The complexity and diversity of these issues keep growing with more studies in
the last two decades. There is thus an urgent need to have a big picture of the effects of
ALAN on human health to inform policy- and decision-making in practice.

We chose to fulfill this urgent need by drawing a systematic evidence map in a
comprehensive multi-component framework. A systematic evidence map aims at providing
a comprehensive summary of the characteristics and availability of evidence rather than
synthesizing them through a universal measurement. We found it particularly suitable
for this issue due to the diversified topics and non-interconvertible measurements from
diverse studies. We defined the scope of this review through a PECO statement (Population,
Exposure, Comparator, and Outcome), and then depicted such a systematic evidence map
through a literature review of the relevant research articles in the past two decades based
on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. In the rest of this review paper, we first introduce the method we used to search
and classify relevant research articles. We then identify the prominent topics concerning the
health effects of ALAN and analyze the spatial and temporal evolution of relevant research
articles. We summarize the direct and indirect effects of ALAN on human physical and
mental health as well as ALAN’s role as a social determinant of health. We then describe
the multi-component framework for linking ALAN with human health and discuss how to
use it before presenting the conclusions in the last section.

2. Materials and Methods
2.1. Study Objectives and Scope

This review seeks to provide an overview of the evidence on the effects of ALAN on
human health. Our primary foci are the pathways through which ALAN may affect human
health and the physical, mental, and social well-being outcomes. We developed a PECO
statement to articulate the scope of this review:
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Population: any population group or particular cohort with well-defined characteris-
tics (e.g., women, white/Caucasian, older adults, ICU patients, and shift workers).

Exposure: any sort of light exposure only if it is artificial, during the nighttime,
and involved in the consideration of analysis, for either the purpose of illumination or
information (i.e., reading from a screen).

Comparator: any sort of contrast in ALAN (e.g., the intensity of ALAN as a control
variable in case-control studies and as an independent variable in regression analysis) in
either cross-sectional design or longitudinal design of experiments.

Outcome: any sort of human health concerns regarding human physical, mental, and
social well-being through either direct or indirect pathways.

According to our PECO statement, a three-phase systematic review was conducted
after a generalized search for relevant research articles from multiple publication databases.

2.2. Initial Generalized Search and Literature Screening

In the first phase of our literature review, three experienced researchers used the
keywords “nighttime light” and “human health” to identify all possible publications by
scanning the full text of publications from three databases, namely Scopus, the Web of
Science, and PubMed, respectively. A publication in any of the three databases was included
if it mentioned any of the following words: “nighttime light”, “artificial light”, “night light”,
“nocturnal light”, “screen light”, “street light”, “outdoor light”, “indoor light”, “room light”,
“*light*”, “illuminat*” and other light-relevant words together with “human health” in
any section of its text, e.g., title, abstract, introduction, materials and methods, results,
discussions, conclusions, back matters, and references. The search period is confined to
the last two decades, from 2000 to 2021. After removing duplications, the inquiry results
returned a collection of publications, namely a raw pool of literature. We further excluded
literature reviews that have no data-based analysis and a few irrelevant articles from
newspapers, which produced an initial collection of data-based research articles.

In the second phase of the literature review, three steps were taken to remove irrelevant
research articles. In the first step, we examined the titles of the research articles to remove
works on animals, which include mice, hamsters, zebrafish, bacteria, and others. In the
second step, we read the abstracts of the remaining articles and removed papers that are not
about light, such as those on research design and methodological issues, pure discussion
on sleep without using light conditions as a control variable, and other irrelevant articles
involving the word “light”, e.g., light sleep and light exercise. In the final step, we assessed
the full text of the remaining articles and removed several that do not fit the scope of this
review (e.g., the health effects of daytime light and polar region midnight sunlight). In
the second phase, three experienced reviewers were in charge of one-third of the initial
collection of research articles, respectively. The results from one reviewer were examined
by the other reviewer until they reached an agreement. The result yields a collection
of 552 relevant research articles, all the materials were stored as a digital library using
EndNote 20.

2.3. Data Extraction and Study Quality Assessment

In the last phase of the review, the included research articles were categorized into
four domains, namely the mechanisms of how ALAN may affect human health, ALAN’s
effects on human physical health, ALAN’s effects on human mental health, and ALAN as a
social determinant of human health. A codebook was developed by the primary reviewer
with the guidance of two senior members of the research team. The information includes
the year of publication, the country where the study was conducted, the primary topic of
research (e.g., breast cancer and depression), the cohorts (e.g., women, shift workers, and
patients in ICUs), and study results (e.g., significant or not). Generally, the exposure to
ALAN is digitized as an independent variable in controlled groups, whereby the differences
in the concerned health outcomes and the effect sizes of ALAN are tested using statistical
methods in the included research articles. With respect to the different definitions of the
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significance of tests in diverse topics, we decided to include and report the same results
and significance as the original studies. This review aims at a systematic evidence map and
does not aim at a meta-analysis since the meta-analysis is impossible regarding our scope.
Reporting the original results will not yield a misleading conclusion since we are not doing
the synthesis. Each article was further coded with a group of essential attributes according
to this codebook and the assessment of the full text. To be consistent throughout the data
extraction procedure, the data extraction was conducted by only the primary reviewer
and then examined by other reviewers in the research team. These attributes were used to
classify the articles into distinct groups. All these essential attributes are stored in Excel
sheets, please see Supplementary File S1 for more details.

Given the scope of our systematic evidence map, we did not conduct a conventional
quality assessment for each included article. By their nature, systematic evidence maps
are broad in scope but limited in depth in order to catalog diverse or even contradictory
evidence, which provides comprehensive perspectives for policy- and decision-making.
Topics and the number of studies in each topic are easy to derive from our initial data
extraction, and we found several intensively discussed research topics concerning ALAN’s
effects on human health. However, a higher frequency of studies on a topic means higher
academic interest and more study efforts rather than a stronger confidence in ALAN’s
health effects. A lower frequency of studies on a topic may indicate an essential issue that
has long been overlooked, and that is one of the reasons why a systematic evidence map
is necessary.

We further extracted the details of the experimental design for research articles on four
intensively discussed research topics that concern ALAN’s effects on human physical and
mental health, namely ALAN’s association with breast cancer, obesity and diabetes, sleep
disorders, and depression. The extracted details include study design (e.g., case-control,
cross-sectional, and longitudinal), sample size, cohort types, measurements of ALAN,
measurements of health outcomes, effect size types (e.g., odd ratio, relative risk, mean of
difference, Cohen’s d, correlation coefficient, and regression coefficient), mean estimation
of effect sizes, 95% confidence intervals if available or derivable, and p-values. We further
assessed the certainties of research articles on these four topics according to the guidance
from the Grades of Recommendation, Assessment, Development, and Evaluation Working
Group (GRADE Working Group). These extracted details are stored in Excel sheets, please
also see Supplementary File S1 for more details. It turns out that there are no consistent
measurements and interconvertible effect sizes for even these intensively discussed research
topics. Consequentially, a conventional meta-analysis using I2 or other statistics and forest
plots does not apply to our study objectives, and a systematic evidence map with broad
scope but limited depth is proper and adequate for our study objectives. A revolutionary
methodology may advance the quality assessment of a multi-component research concern,
but it is beyond the scope of this study.

3. Results

In this section, we present our systematic evidence map in detail. In the following
subsections, we first summarize the development of this research in the last two decades
according to the attributes of the included research articles. The effects of ALAN on human
physical and mental health are then summarized. We also summarize the role of ALAN as
an environmental factor and social determinant of human health, including both its direct
and indirect effects. Finally, we propose a multi-component framework to systematically
classify these diversified studies.

3.1. Research on ALAN’s Health Effects on Human Health in the Last Two Decades

Through our generalized search and systematic screening, we finally selected 552 re-
search articles on ALAN’s health effects (Figure 1). Since the early papers that link ALAN
with breast cancer in the 1980s [20] works on how ALAN may affect human health
keep drawing attention from multiple disciplines, especially in the last two decades
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(Figure 2). These studies are mostly concentrated in countries with well-developed
nightscapes (Figure 3), such as the United States (217 studies), Japan (36), Australia (33),
Canada (32), the United Kingdom (30), China (27), and South Korea (17).

These studies mainly focused on four domains (Figure 4). About 36.59% of them
studied the mechanisms of how ALAN may affect human health. The discussions are
mainly on the photobiological effects of ALAN on human circadian rhythms, especially
melatonin secretion and the sleep-wake cycle. Articles on the effects on human physical and
mental health comprise 21.01% and 23.91% of these studies, respectively. The intensively
discussed topics on human physical health include breast cancer, obesity, diabetes, and
cardiovascular diseases, while there are also some discussions on how vector-borne diseases
are tightly linked with ALAN. On the other hand, the intensively discussed topics on mental
health include changes in cognition, sleep disorders, and depression. Finally, considering
ALAN as a social determinant of health, studies on health care and traffic safety are also
very common. Each of these four domains is detailed in the following subsections.
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3.2. How ALAN May Affect Human Health

How ALAN may affect human physical and mental health has been well studied. The
mechanisms involve multiple human organ systems and numerous biological processes.
These organs and biological processes are tightly linked to each other, and it is thus difficult
to simply attribute the effects of ALAN on human health to a single or a few internal factors.
However, after the active exploration and accumulation of evidence for more than 20 years,
past research tends to agree that human circadian rhythms play fundamental roles in the
health effects of ALAN.
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Human circadian rhythms refer to the diurnal changes in human physiological func-
tions and metabolisms in approximately 24 h. These rhythms are externally regulated by the
natural daily light-dark cycle and internally regulated by the suprachiasmatic nucleus (SCN),
which is a bilateral structure located in the anterior part of the hypothalamus [21]. Human
circadian rhythms have been observed in many physiological functions at multiple levels,
including the expression of genes [22–25], the regulation of body temperature [26–28], the
secretion of hormones [29], and sleepiness and wakefulness [30]. ALAN imposes extra light
at night on the retina through the eyes and triggers nerve impulses to stimulate the SCN
through the optic nerves. These extra stimulations to SCN disturb the ordinary human
circadian rhythms and then lead to a series of unusual performances of the human body.
These unusual performances could be roughly categorized into two groups: one is the
disturbance of human hormone secretions and the other is the disturbance of human sleep.
We also acknowledge that there may be other essential pathways, e.g., the disturbance of
human immune functions. However, relevant studies on ALAN’s disturbance of immune
functions are primarily on animals and are few on humans, probably due to the morality
issues in human experiments. According to our review scheme, we decide to start with the
two disturbances that have intensive discussions on humans.

Many human hormone secretions show an apparent circadian rhythm. Melatonin
is one of them and one that is examined the earliest and most studied [31,32], and mela-
tonin is the best indicator of circadian phases in humans. The secretion of melatonin
naturally peaks during dark nights and is suspended during bright days, while previous
studies consistently indicate that ALAN may well lead to melatonin suppression during
nights [33–35]. Due to such a strong relationship, the concentration of melatonin from either
serum [36], plasma [37], salivary [38], or urinary [39] samples is also generally used as an
indicator to inspect the change in human circadian rhythms. Moreover, light exposure his-
tory and daytime/nighttime light contrast may also affect melatonin secretion, and relevant
studies have observed that less light intensity during the day makes a stronger decrease
in melatonin levels during the night [40,41]. Similar disturbance has also been observed
in the circadian rhythms of other hormones (e.g., cortisol [42], other steroid hormones,
leptin [43,44], and some sex hormones [45,46]). The disturbance of the circadian rhythms
by these hormones may lead to abnormal metabolisms, chronic stress, and elevated risks of
some diseases such as breast cancer [47].

The other essential human activity regulated by circadian rhythms and melatonin is
sleep. The mechanism of sleep has not yet been fully understood but it is generally agreed
that sleep is critical to the human nervous system and human cognition. The diurnal sleep-
wake cycle is supposed to well-match the dark-light cycle but may also be disturbed by
ALAN. The results may include phase shift (e.g., phase advance and phase delay) [48–50],
the interruption of sleep [51], daytime sleepiness [52], and even insomnia [53,54]. Low
quality of sleep may have negative impacts on human mental health and may lead to sleep
disorders and trigger or enhance particular mental disorders, e.g., depression [55]. One
factor to note is that it is difficult to claim that ALAN may affect human health through a
single pathway since all the relevant biological processes such as hormone secretions and
sleep are tightly bonded with each other. Attributing the health effects of ALAN to a single
pathway may be an oversimplification, and most studies thus have a low level of certainty
(Please see Supplementary File S1 for more details).

The acute disturbance of human hormone secretions and sleep by ALAN does not
necessarily lead to physical diseases and mental disorders since the human body has a
very strong resilience, but the risks are higher in some vulnerable groups with chronic and
regular exposure. Three classification systems help us categorize these vulnerable groups
(Figure 5). The primary one is the phases in the human life cycle from birth to death. Infants
are at their early phase of life, where light may play an essential role to build circadian
rhythms, especially the sleep-wake cycle [56]. ALAN may disturb circadian rhythms
during childhood, and it may be relevant to some neurodevelopmental problems [57].
Adolescence is a particular phase when adolescents go through rapid changes in their
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body and cognition and ALAN may have a strong disturbance of the sleep-wake cycle [58]
and the endocrine system [59]. Young adults have the strongest resilience, but biological
differences should be acknowledged between males and females, including underlying
differences in hormones, as well as age-dependent hormonal changes. For example, women
at menstruation may have a higher susceptibility to sleep disturbances and working shifts
may increase menstrual cycle irregularities and painful menstruation [60], and that may be
the reason why the studies of ALAN’s health effects on women have drawn more attention.
Menopause is another particular phase when women go through rapid changes in the
endocrine and reproductive systems, and ALAN may impose extra stress on women’s
physical and mental health [61]. Finally, aging people face the decline of body functions in
multiple organ systems. The disturbance of ALAN on sleep then may increase the risks
of various physical diseases and mental disorders in older adults, e.g., coronary heart
disease [62], diabetes [14] and depression [15].
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enclosed in parentheses.

The second classification system emphasizes people’s jobs and leisure activities. Al-
though adults have the strongest resilience to the disturbance of ALAN and its health
effects, some groups with sleep deprivation and poor sleep qualities also need attention.
The first group comprises various shift workers, whose jobs may require partial or complete
sleep deprivation during nighttime work. Nurses are the earliest and most studied shift
workers. This group also includes resident physicians, police officers, flight crew, and
steelworkers. The other group comprises nighttime screen users, who do not experience
sleep deprivation but may face degradation of sleep quality due to ALAN. Studies on
nighttime screen users have recently emerged but have drawn increasing attention. The
ALAN from computers [63], smartphones [64], iPads [65], or other electronic devices all
may lead to the disturbance of people’s circadian rhythms and a phase shift in sleep, which
consequentially imposes stress on mental health. Moreover, sleep quality degradation
caused by ALAN is also discussed for students [66], teachers [67], athletes [68], scientists
in polar regions [69], and other cohorts. For a complete list of relevant studies, please see
Supplementary File S1.

While the first and second classification systems emphasize healthy people, the last
one emphasizes people with particular health conditions. On one hand, ALAN may directly
increase the health and injury risks of ophthalmological patients since they have a deficient
visual capability, e.g., those with glaucoma [70]. On the other hand, ALAN may also have
indirect health effects on patients in recovery since ALAN may degrade their sleep quality,
e.g., those in ICUs [71]. However, these health effects depend on particular diseases and
health conditions. For example, less ALAN for those in ICUs may lead to less disturbance
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and better sleep quality [71], while sufficient ALAN may reduce injury and death due to
falling during the night for older adults [72].

On the other side of this issue, many studies have also discussed the photobiological
effects of different types of ALAN. These differences cover light wavelength (e.g., red
light or blue light), light intensity (e.g., bright light or dim light), light pause frequency
(e.g., millisecond flash, 100 Hz flicker, or 10 min break), the phase of giving light (e.g., early
or late in the night), and the light source (e.g., incandescent light or LED light). It has
been found that blue-enriched light and bright light have a stronger disturbance of human
circadian rhythms [73,74], while dim light may only have minor or insignificant effects on
human circadian rhythms [75]. Consequentially, LED light has recently drawn increasing
attention since it is rich in blue light and has high intensity.

3.3. Exposure to ALAN and Human Physical Health

Considering the disturbance of human circadian rhythms as an essential pathway,
associations have been found between ALAN and various physical health issues. These
physical health issues include multiple cancers and chronic health conditions, and they
involve almost all the organ systems of the human body. These associations were sup-
ported by epidemiological investigations that are summarized in the following paragraphs.
Pertinent causal pathways were examined in numerous animal models, but few causal
pathways were examined in the human body.

Cancers are commonly studied as one possible consequence of ALAN’s effects on
human physical health. Numerous studies have indicated that chronic, long-term, regular,
or cumulative exposure to ALAN is significantly associated with certain cancers. Partic-
ularly, breast cancer is the most discussed cancer in this context, accounting for about
one-third of the physical health studies. The “light-at-night” hypothesis argues that expo-
sure to ALAN is considered to disturb the secretion of melatonin and some sex hormones
(e.g., estrogen), thereby imposing extra stress on the reproductive system and increasing
the risk of breast cancer [47,76,77]. However, due to morality issues and the difficulties in
human experiments, solid pathways and strong evidence have not yet been observed for
humans. Recent progress mainly relies on epidemiological investigations and statistical
analysis, while numerous statistical associations between the incidence of breast cancer and
exposure to both indoor and outdoor ALAN have been observed. For instance, exposure
to home ALAN, e.g., sleeping with lights or a TV on, can increase the risks of breast can-
cer [78,79]. Women who live in areas with high ambient ALAN may also have an elevated
risk of breast cancer [61]. However, some studies have also shown that exposure to ALAN
may have weak or no association with breast cancer [80–82]. Other factors, e.g., geographic
contexts, race, and health conditions, could be confounders on this issue. For instance,
studies on Caucasian or Asian, premenopausal, or postmenopausal women in different
regions showed inconsistent results [7,82,83].

Some studies discussed the associations between exposure to ALAN and other can-
cers. Prostate cancer is drawing increasing interest since many studies found a significant
positive association between exposure to ALAN and prostate cancer incidence [84–86].
More extended night shift work duration along with more exposure to ALAN has been
found to be associated with a lower risk of skin cancer [87,88]. However, this association
may indeed indicate an unusual sleep-wake cycle that significantly reduces surveyed
participants’ daytime exposure to outdoor high-energy light (e.g., ultraviolet light). No
significant association had been observed between the exposure to ALAN and other in-
tensively discussed cancers until now, including cancers of the cervix, lung and trachea,
bladder, larynx, esophagus, stomach, liver, pancreas, colon, brain and central nervous
system, and lymphatic system [12,85,89,90].

The associations between exposure to ALAN and chronic health conditions involving
some organs also triggered a lot of discussions. The first group of discussions is about the
digestive and endocrine systems. ALAN is considered an essential factor in promoting
obesity [91,92], and associations have been observed for exposure to both outdoor and
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indoor ALAN [93–95]. The disturbance of relevant hormone secretion such as leptin may
play an essential role in this issue [96]. ALAN may also increase the risk of other chronic
diseases such as diabetes and alcoholic liver diseases. For example, higher nighttime
light intensity and later sleep time are strongly associated with a higher incidence rate
of diabetes [14,97]. The second group of discussions is on the cardiopulmonary system,
targeting cardiovascular diseases and apnea [98]. Older adults attracted more attention
since they are more vulnerable to the malfunction of the cardiopulmonary system. For
example, a significant association has been found between exposure to ALAN and elevated
nocturnal blood pressure among older adults [62,99,100]. The third group of discussions
concerns the nervous system. Exposure to bright ALAN can alter the optimum refractive
state of the accommodating eye [101] and affect the diurnal variation in choroidal thick-
ness [102], thus increasing the risk of myopia. Current studies also provide some insights
into ALAN’s health effects on other organ systems, covering renal dysfunction [103,104],
fibromyalgia [105], sperm quality [106], bone fracture [107], and COVID-19 infections [108].
However, these are pilot studies that need more subsequent support.

3.4. Exposure to ALAN and Human Mental Health

Disturbing human sleep is the other essential pathway linking ALAN with human
health, the outcomes are also diversified. To comply with WHO’s definition of human
health, we made a simplification and roughly categorized these direct outcomes into cog-
nitive impairments and mental disorders. The primary change in cognition as a result of
exposure to ALAN is impaired alertness. People with disrupted circadian rhythms may
exhibit reduced cognitive flexibility and diminished memory [109–111]. Shift workers are
more vulnerable to impaired alertness because of the potential circadian rhythm maladap-
tation during their night shift work [112,113], which increases their work-related risks.
Similarly, excessive exposure to LED light at night can also lead to reduced alertness the
next day and increased daytime sleepiness [114,115], which imposes an extra health burden
on those who use digital media devices at nighttime. Chronic sleep deprivation result-
ing from excessive ALAN exposure may also lead to progressive degradation of people’s
neurobehavioral performance [116] and may even trigger violence and discrimination [117].

Mental disorders are also found to have associations with exposure to ALAN, while the
most discussed is the relationship between sleep disorders and ALAN. ALAN is considered
to cause sleep disorders [118], especially insomnia [119]. For example, increased light
exposure during sleep has been found to be associated with poor sleep quality and mood
disorders, especially in nursing homes, ICUs, or regions with high levels of ALAN [67,120].
The relationship between depression and ALAN has also been widely examined. The
prevalence of depression and anxiety is higher in areas with higher outdoor light levels at
night [58,121]. Exposure to ALAN in the home environment can also increase the risk of
depression [15,122]. As an important hormone that regulates sleep and human circadian
rhythms, melatonin is considered to have an essential role in this issue [55]. There are
also similar discussions on the relationships between ALAN and other mental disorders,
including bipolar disorder, dementia, seasonal affective disorder, autism, anxiety disorder,
and night-eating syndrome. Exposure to ALAN generally shows a positive association with
the incidence of these mental disorders through epidemiological investigations [58,123],
and poor sleep quality is considered the primary trigger [11,124].

While chronic and regular exposure to ALAN may adversely affect human cogni-
tion and mental well-being, some studies also indicate that the proper usage of ALAN
may be considered a non-pharmacological intervention to treat some of these cognitive
impairments, maladaptation, and mental disorders. For example, bright light can improve
performance and alertness during simulated night shifts and effectively reduces fatigue
among shift workers [37,125,126]. In addition, controlling exposure to ALAN (e.g., control-
ling light intensity in different phases of the night or depriving light during the night) and
controlling the day/night light contrast is also common in treating many mental disorders.
Relevant attempts and suggestions cover anxiety and depression [127,128], increasing sleep
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time [129], insomnia [130], Alzheimer’s disease [131], and bipolar disorders [132]. Some
of these mentioned studies indicate that controlling the exposure to ALAN may promote
participants’ mental health, but others indicate that controlling the exposure to ALAN may
not work well alone. The primary research interest of light therapy for mental disorders
targets depression. The most updated literature synthesis indicates that 23 relevant studies
particularly discussed the effects of light therapy on non-seasonal depression symptoms
in the last three decades [133]. The synthesis indicates a significantly mild-to-moderate
treatment effect of controlling diversified lights of different phases of the day (including
night) to reduce depression symptoms.

3.5. ALAN as a Social Determinant of Human Health and Safety

Since ALAN is an artificial entity, exposure to ALAN is highly regulated by urban
planning and environmental design. The inadequate and improper design of ALAN
in return raises the discussion on its health effects while considering ALAN as a social
determinant of health. Newly emerged studies have drawn interest to the modification
of ALAN, traffic safety at night, perception of local environments, and environmental
justice. Though numerous studies have indicated that chronic and regular exposure to
ALAN is very likely associated with chronic physical and mental conditions, especially
for shift workers, the effects of acute exposure to ALAN may also be important for some
specific groups of people, with respect to improving nighttime visibility, promoting the
perception of neighborhoods, and temporally increasing alertness. Please note that this
trade-off between acute and chronic exposure to ALAN may not be equivalently necessary
for all groups of people, and it makes this issue more complicated in practice since a specific
group of people may need a different emphasis on the need for either acute or chronic
exposure to ALAN.

Many studies have started to discuss the modification of ALAN for specific aims and
specific groups of people, particularly in office environments, healthcare environments, and
bedroom environments. For example, some studies suggest altering ALAN settings and
schedules to improve the living quality and work efficiency of shift workers. Particularly
in indoor office environments, it is suggested to gain exposure to bluer light with shorter
wavelengths during the day to mimic daylight, and dimmer light with longer wavelengths
at night to mimic moonlight and stars [134]. Regarding the implementation, a particular
design of LED can be helpful [135]. With respect to the effects of acute exposure to ALAN,
improved lighting in industrial environments could reduce the sleepiness of shift workers
and increase their adaptation to night work [136,137]. Lighting intervention, which requires
a proper schedule of light exposure and shifts, can also improve the sleep quality and
health status of shift workers [138,139]. ALAN has also been studied to decrease the falling
risks of older adults in nursing homes. People’s gait becomes slower, and their stride
length becomes shorter while aging, which increases their falling risks, especially during
midnight awakening in dim environments [19,72,140]. Proper ALAN settings will help
stabilize the steps of older adults and reduce their falling risks [140]. Moreover, the current
version of sleep hygiene would always suggest less ALAN throughout the night, but it may
need more elaborated discussions for different cases. Proper usage of ALAN may improve
people’s sleep hygiene through more effective phase adaptation, and indirectly promote
human health.

Being free from injury is also an essential component of good human physical health.
ALAN improves visibility and provides signals for traffic at night, which brings up inten-
sive discussions on this issue. ALAN may fundamentally decrease traffic collision risks by
increasing the visibility and contrast of pedestrians/vehicles as well as reducing the visual
reaction time of drivers [141–144]. On the contrary, an improper set of ALAN may have
negative effects [145]. Excessive ALAN can hinder visibility rather than improve it. For
instance, vehicle headlights create glare that temporarily obstructs drivers’ vision and re-
duces their visual sensitivity, which may lead to collision [146]. Particularly, glare at night is
currently considered a fatal issue for older drivers with age-related visual deficiencies [147].
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The perception of safety in the neighborhood is another interesting pathway linking
ALAN with human health while considering ALAN as a social determinant of health.
ALAN is originally adopted to increase visibility at night and thus contributes to the sense of
comfort and safety at night. Studies have observed that more ALAN can improve the sense
of security, reduce fear of crime, and arouse more pleasant feelings [148,149]. These positive
senses brought by ALAN foster people’s willingness to take part in nighttime outdoor
activities. For older adults and women, ALAN is effective in promoting walking and other
kinds of physical activity at night [150,151]. Women are more sensitive to poor ALAN
conditions, which leads to fewer nighttime outdoor physical activities [152]. However, an
ALAN-based perception of security does not necessarily mean actual safety. Studies also
found that ALAN does not reduce crimes at night compared to that during the day, while
the role of ALAN is to increase the optimistic sense of neighborhood environments rather
than directly increasing surveillance and reducing crime motives [153,154].

3.6. Indirect Effects of ALAN on Human Health

We have also found a group of interesting studies that consider ALAN as an indirect
factor that affects human health. These studies have recently emerged. They provided
valuable insights but have not yet attracted sufficient attention and adequate discussion.

The first group of studies provides valuable insights into how ALAN may be related
to other environmental factors that might affect human health (e.g., air pollutants, heat
waves, and noise). Air pollution has drawn increasing attention to this issue, as emerging
studies have found a positive association between ALAN and the aerosol concentration
of air pollutants, e.g., secondary inorganic aerosols (SIAs), volatile organic compounds
(VOCs), and PM2.5 [155,156]. One role of ALAN is to yield photochemical smog by dis-
turbing the natural chemical reactions that help clean the air throughout the night. For
instance, the reaction of NO2 with O3 to form NO−

3 is very unstable when it is disturbed by
ALAN [157–159]. Measurements show that ALAN inhibits the formation of NO−

3 , thereby
increasing NO2 and O3 levels in urban areas [158,160]. Moreover, ALAN shows a signifi-
cant positive association with greenhouse gas emissions and urban heat island intensity
because of its relationship with energy consumption and urban built environment charac-
teristics [146,160,161].

The other group of studies is interested in ALAN’s effects on the behavioral pattern of
vectors and wild animals, which indirectly changes the risks of vector-borne and zoonotic
diseases. The primary discussion targets mosquitoes since they have phototaxis and
they are vectors of multiple infectious diseases, e.g., malaria, dengue, and West Nile
fever [162–164]. ALAN may motivate mosquitoes to actively bite humans and spread
diseases [165]. In addition, exposure to dim ALAN helps female mosquitoes skip diapause
and forces them to be more actively reproductive [166]. Similar discussions are also
applicable to other vectors and vector-borne diseases if they have nighttime activity patterns
and may be disturbed by ALAN, e.g., sand fly and visceral leishmaniasis [167]. ALAN may
also be used to map the risks of zoonotic diseases since the activities of these intermediate
hosts may be regulated by ALAN, e.g., bats and bat-borne rabies [168]. However, these
discussions are still pilot studies and demand further development.

3.7. A Framework for Linking ALAN with Human Health

Based on the above systemic review of the literature published in the last two decades,
we developed a multi-component framework for drawing a big picture to link ALAN with
human health (Figure 6). This framework includes both the direct and indirect effects of
ALAN on both the physical and mental health of humans, as well as considering ALAN
as a social determinant of human health. Meanwhile, this framework also divides these
effects into positive and negative health effects to cover diversified studies.
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The proposed framework would encourage neither the immoderate development
of ALAN nor the return to complete darkness at night. On the opposite, this framework
would encourage the proper use of ALAN to promote human health. However, conflicts in
demands are unavoidable in this framework. For example, intensifying outdoor ALAN
in highly populated neighborhoods may raise the residents’ perception of neighborhood
safety for outdoor vigorous physical activity [151], which promotes both physical and
mental health. On the other hand, more outdoor ALAN in the neighborhood may disturb
sleep and human neuroendocrine circadian rhythms and may increase the risks of cancers
and mental disorders such as breast cancer [81] and depression [121]. Another concrete
example would be the nursing of older adults. Avoiding ALAN is suggested to improve
the sleep quality of older adults and mitigate the syndromes of Alzheimer’s disease [169],
but adequate ALAN may also be necessary to avoid the injury and death of older adults by
preventing falling at night [19]. The trade-off between the positive effects of acute exposure
to ALAN and the negative effects of chronic exposure to ALAN may not be equivalent
for everyone, and elaborated discussions are necessary for particular groups of people, in
specific contexts, and targeting special aims. This framework makes it easier to trace the
different health effects of ALAN on a concrete issue and helps design the research to find
the balance in the trade-off. Meanwhile, this framework indicates that there is more space
for exploration of the health effects of ALAN, and it is also flexible to embrace new topics
and insights in the future.

4. Discussion

Based on the above systematic evidence map and the proposed framework, we suggest
several promising directions for future research in this area. These directions cover the
methodological shift, the necessity of a framework, and social and environmental justice.
We also discussed the limitations of this systematic evidence map in the last subsection.

4.1. From Lab Experiments to Epidemiological Investigations

Since the first attempt to associate ALAN with human health through breast cancer in
the 1980s, scientists and doctors keep accumulating evidence concerning this interesting
relationship, and it has never shown a trend to stop (Figure 2). Based on these findings,
it is clear that ALAN does affect human neuroendocrine functions and sleep, which in
turn may lead to changes in the use of ALAN. Further, we notice a boom of studies in
recent years that consider ALAN as an environmental factor and a social determinant
of health. Together with this boom, we notice several essential shifts in the studies of
ALAN’s health effects. Primarily, there is a shift of study objectives from the human
body’s responses to ALAN to people’s exposure to ALAN. Correspondingly, study designs
have changed from well-controlled laboratory experiments to field surveys. Last and
most importantly, discussions on this issue become more interdisciplinary. In addition to
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biomedical and health scientists, this research area started to attract the attention of scholars
in geography, social science, and data science. A more interdisciplinary study requires
the modification of the study paradigm since well-designed laboratory experiments with
controlled variables and controlled groups are difficult to reproduce in real life. The study
paradigm must be tailored according to the existing shape of sociodemographic profiles
and human everyday life.

This paradigm shift faces many challenges in study methodology. The first challenge
is the measurement of exposure to ALAN in residents’ daily life. Existing studies used field
surveys [170], interviews and questionnaires [76,171,172], and environmental approxima-
tions through remote sensing techniques [173]. Field surveys provide more accurate and
reliable data, but they are time-consuming, cost-inefficient, and thus are limited to small-
sample studies. Interviews and questionnaires may provide unstructured data to challenge
the design of the analysis. Remote sensing approximations are the most applicable strategy
for large-scope investigations, but they only provide exposure to ambient outdoor ALAN,
while the difference between outdoor and indoor ALAN should not be ignored. Since
most people’s nighttime activities, especially sleep, are indoor, results based on remote
sensing approximations may be biased. Moreover, conventional measurements of exposure
to outdoor ALAN from remote sensing approaches mainly rely on nighttime light (NTL)
imagery of a coarse spatial resolution due to the limited capability of sensors [174]. The
spatial resolution of these NTL images is too coarse to match human nighttime activities.
This mismatch may lead to inaccurate measurements of people’s exposure to outdoor
ALAN and misleading conclusions [175,176]. Recently emerged NTL data sources with
a higher spatial resolution (e.g., Luojia1-01 imagery at the 130 m spatial resolution and
SDGSAT-1 imagery at the 10 m spatial resolution) may help mitigate these issues but the
relevant academic efforts are still in demand.

The second challenge is embedded in conventional geographic and social studies.
Considering the scale of study design, we could have multiple levels of studies on this
issue, from case reports, laboratory experiments, cohort studies, and individual-based
studies, to population-based studies. Individual-based studies are recently booming since
they currently have strong support from the first three sorts of studies, and they can provide
practical implications for public health. Stratified sampling is necessary for individual-
based studies to use a small sample to represent the community, while the results would
emphasize the disparities along the axes of age, gender, socio-economic status, etc., as well
as in different geographic contexts. However, individual-based studies face two important
methodological problems, namely the uncertain geographic context problem (UGCoP) [177]
and the neighborhood effect averaging problem (NEAP) [178]. The UGCoP indicates that
it is very difficult to accurately identify (1) the appropriate contextual units for capturing
people’s exposure to ALAN and (2) the timing and duration in which individuals are
exposed to ALAN. The NEAP indicates that the disparity of people’s exposure to ALAN
may be averaged out when their mobility is considered. These problems challenge the
validity and generalizability of the conclusions from individual-based studies that ignore
the UGCoP, the NEAP, and human daily mobility. The use of portable smart devices, e.g.,
GENEActiv devices and light meters, to collect real-time exposure to ALAN [179] and the
integration of multi-source data may help mitigate these challenges [180].

The last factor to emphasize is the vulnerable groups. As summarized in Section 3.2
and Figure 5, people may have a different vulnerability to ALAN’s health effects in different
phases of life, health conditions, and occupations. Young adults have the strongest resilience
to the health effects of ALAN while older adults may be more vulnerable. Investigations
that include different social or age groups may average out the health impacts and obscure
certain groups of vulnerable people. That may be a reason some of these individual-
based studies showed insignificant results. Hence, while the sampling for epidemiological
investigations must be consistent with the sociodemographic profile, the emphasis on
clearly defined and embedded cohorts in the profile (e.g., women, older adults, and shift
workers) is also necessary for future studies.
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4.2. From Overemphasizing Negative Effects to a Multi-Component Framework

While the attention to the negative health effects of chronic exposure to ALAN is
currently dominant in the literature, a few other studies also show the positive health
effects of acute exposure to ALAN. These studies yielded valuable findings on ALAN’s
health effects. However, people’s actual use of ALAN may be more complex than the study
settings, and it may involve multiple health effects of ALAN in both the short and long
term. For example, one of the indirect health effects of ALAN is through the bright spaces
for nighttime physical exercise. Proper nighttime exercise is similar to daytime exercise,
which directly promotes people’s cardiopulmonary system, muscular system, and skeletal
system without disturbing sleep [181]. However, extra nighttime light may disturb human
circadian rhythms, e.g., the sleep-wake cycle, and impair the human nervous system. These
arguments may both be true in their own scope but together make a complicated pathway
for the ultimate outcome of human health. This scenario is particularly important for
sedentary office workers and some students. Their activities are constrained in offices
and schools during the workdays, while their leisure time and bright spaces for nighttime
exercise are highly regulated by ALAN after work and school. The answers to these
issues are still unclear, and long-term longitudinal studies may help provide insightful
perspectives. This multi-component framework has summarized all the relevant health
effects of ALAN on humans given up-to-date studies, which makes it easier to have a
comprehensive design of the investigation from all relevant aspects.

The framework is also useful for including ALAN in co-exposure or exposome research
on an even larger scope. For example, the spatial distribution of ALAN has recently been
found to be negatively associated with the spatial distribution of green space in urban
areas [182]. As mentioned in this framework, ALAN provides bright spaces for nighttime
physical exercise. Similarly, green space is one of the public places for daytime physical
exercise. The integration of green space and ALAN-regulated bright spaces yields a
comprehensive space-time for physical exercise and the promotion of human health. The
co-exposure and joint accessibility to both green space and ALAN-regulated bright spaces
are thus essential to discuss their overall promotion of human health. The proposed
framework contains numerous topics to be joined with another environmental impact
factor, which helps stimulate the development of co-exposure and exposome studies.

4.3. ALAN as a Social Determinant of Human Health and Social Justice

In recent years, there is an increasing interest in considering ALAN as a social determi-
nant of human health. These studies are based on the premise that ALAN has either direct
or indirect effects on human health, as well as acknowledging the disparity of exposure
to ALAN across various sociodemographic axes. These studies provide valuable insights
into the policy-making of urban planning, the suggestions for healthcare and nursing
homes, and the discussion on environmental and social justice. We argue that more efforts
and elaborated discussions are still in demand since different groups of people may need
different settings of ALAN, and either the positive effects of acute exposure to ALAN or
the negative effects of chronic exposure to ALAN matters for different groups of people, in
different places, and regarding different aims.

The nighttime mobility of humans should not be ignored in research on environmental
and social justice. Human nighttime activities are regulated by ALAN-determined bright
spaces at night. Low illumination in the neighborhood may discourage nighttime outdoor
activities while good lighting in the neighborhood may improve residents’ perception of
security and encourage nighttime outdoor activities. This contrast may result in activity
space-based social segregation [183], which in return further amplifies the disparity of
exposure to ALAN across multiple axes, e.g., age, race, gender, and socio-economic status.
These disparities in activity space and accumulated exposure to ALAN may chronically
affect people’s physical, mental, and social well-being through either direct or indirect
pathways. This topic is currently lacking discussion but is worth attention.
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4.4. Limitations of This Systematic Evidence Map

We must acknowledge that whilst we tried our best efforts to draw a big picture on
how ALAN may affect human health in a comprehensive framework, it is impossible to
have exhaustive details in confined research. A few restrictions may lead to limited biases
in our systematic evidence map. The first is the restriction of language. We aimed at only
these English publications, which may skip the research that is purely documented in other
languages, particularly for mainland Europe and East Asia. However, since English is
currently the most generally used language for international academic communications,
we believe that the search of only English publications will not lead to a significant absence
of high-quality relevant research articles. It may also be a restriction to search only a
limited number of academic publication databases. Regarding this restriction, we seriously
chose the most popular academic publication databases that have very broad coverage of
academic interests to minimize the bias, and it is less likely to miss a significant volume of
relevant research articles, either. The last restriction is the search period. We determined
the search period as the last two decades. Several pilot studies before this search period
are excluded, but they are repeatedly reexamined in the later studies and thus will not
lead to a bias in our systematic evidence map. On the other side, this topic is drawing
increasing academic interest and new evidence will also keep accumulating soon after
this search period. However, it is a very low probability that some breaking through will
entirely reshape our systematic evidence map in the very short term. In a summary, with
limited biases in spatial and temporal dimensions, our systematic evidence map can serve
as the big picture to show how ALAN may affect human health for policy-making and
decision-making.

By the nature of systematic evidence maps and the fact that ALAN may affect human
health in tremendously diverse pathways, it is impossible to have a meta-analysis using a
universal statistic such as Q or I2. Our quality assessments of the research articles on the four
intensively discussed topics further strengthened this claim, please see Supplementary File
S1 for more details. Downscaling to a smaller inner-homogenous question will mismatch
the scope of this study, even though it is worth further effort. Our systematic evidence map
can provide a road map for numerous such small questions and also remind researchers of
other less popular but enlightening questions.

5. Conclusions

Since ALAN has been considered a human health impact factor, much research has
been conducted in the last two decades. With diverse emphases and experiment settings,
these studies have shown a complex picture, with even contradictory conclusions. This
paper tries to clarify this big picture through a systematic evidence map of English research
articles published in the three most popular publication databases. We then proposed a
multi-component framework for conceptualizing the health effects of ALAN and organizing
these diverse studies. The proposed framework includes both direct and indirect effects as
well as both positive and negative effects of ALAN on human physical and mental health.
It also considers ALAN as a social determinant of human health. ALAN imposes extra
stress on human health by disturbing human circadian rhythms, where the disturbance
of hormone secretions may have various effects on physical health and the disturbance
of sleep may have various effects on mental health. The concerned outcomes are mainly
cancers, chronic health conditions, cognitive impairments, and mental disorders. Inversely,
the light-based intervention is also discussed to assist the therapy for multiple diseases.
Because ALAN may affect human health, numerous studies have considered ALAN as a
social determinant of health and suggest the modification of ALAN in offices, bedrooms,
nursing homes, nighttime traffic, and so on. We also found that ALAN can be considered as
an indirect environmental impact factor in affecting human health through other pathways,
e.g., air pollution and vector-borne and zoonotic diseases.

In addition to the summary of rich evidence that links ALAN to human health, we also
suggest some directions for further studies. Since individual-based studies are booming,
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we emphasize the importance of human mobility when measuring exposure to ALAN.
Moreover, since the topics in our framework are also common to other human health impact
factors, the proposed framework shows a clear picture to encourage co-exposure and
exposome studies that include ALAN. Finally, considering ALAN as a social determinant
of human health, it is also important to research ALAN-determined environmental justice,
which is currently lacking in the discussion.
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