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A B S T R A C T

Background: Cities are home to over half the global population; that proportion is expected to rise to 70% by
mid-century. The urban environment differs greatly from that in which humans evolved, with potentially im-
portant consequences for health. Rates for allergic, inflammatory and auto-immune diseases appear to rise with
urbanization and be higher in the more urbanized nations of the world which has led some to suggest that cities
promote the occurrence of these diseases. However, there are no syntheses outlining what urban-associated
diseases are and what characteristics of cities promote their occurrence.
Objectives: To synthesize the current understanding of “urban-associated diseases”, and discover the common,
potentially modifiable features of cities that may be driving these associations.
Methods: We focus on any diseases that have been associated with cities or are particularly prominent in today’s
urban societies. We draw on expertise across diverse health fields to examine the evidence for urban connections
and drivers.
Discussion: We found evidence for urban associations across allergic, auto-immune, inflammatory, lifestyle and
infectious disease categories. Some conditions (e.g. obesity and diabetes) have complex relationships with cities
that have been insufficiently explored. Other conditions (e.g. allergies and asthma) have more evidence de-
monstrating their relationship with cities and the mechanisms driving that association. Unsurprisingly, air
pollution was the characteristic of cities most frequently associated with disease. Other identified urban risk
factors are not as widely known: altered microbial exposure and a disconnect from environmental microbiomes,
vitamin D deficiency, noise and light pollution, and a transient, over-crowded, impoverished population.
However, many complexities and caveats to these relationships beg clarification; we highlight the current
knowledge gaps and outline ways to fill those gaps. Identifying urban-associated diseases and their drivers will
allow us to prepare for the urban-disease burden of the future and create healthy cities that mitigate that disease
burden.

1. Introduction

Since the advent of farming, human society has become increasingly
concentrated within high-density communities. These ‘cities’, with their
mix of living, working and commercial environments, are a defining
attribute of modern civilization. Although cities have long been the
hubs of commerce and government, their character and importance has

changed dramatically in recent centuries, starting with the industrial
revolution. Today, more people live in cities than not, and this trend
towards urbanization is set to continue throughout the 21st century.
City residents live within a largely artificial setting, disconnected from
the natural world and far removed from the environmental surround-
ings of human evolution. In this context, it is important to understand
the health impact of humanity’s shift into cities.
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Cities are spatially and temporally dynamic (Fig. 1) and so are the
health challenges they bring. In the mid-1300s in Europe, cities were a
dangerous place to live – violence, crime and plague ravaged their
populations. Today, many developing cities and impoverished areas in
developed cities still face similar challenges. In developed nations
housing regulations, air and water quality protection, sanitation sys-
tems, indoor plumbing and smokeless heating have alleviated historic
urban scourges. Employment, income, and health care quality and ac-
cess tend to be higher in urban versus non-urban areas resulting in an
“urban health advantage” for city residents in developed nations
(AIHW, 2017; Eberhardt et al., 2001; Mainous and Kohrs, 1995;
Morgan, 2002; WHO and Metropolis, 2014). For example, in Australia,
people living in rural areas have lower life expectancy, higher rates of
disease, injury and suicide, and poorer access to health services (AIHW,
2017).

This urban-rural health divide may be partly due to behavioural risk
factors associated with local health culture (Hartley, 2004). For ex-
ample, rural Australians are more likely to smoke tobacco, get in-
sufficient exercise, and drink more alcohol compared to urban residents
(AIHW, 2017). But after accounting for socioeconomic and behavioural
risk factors, some diseases occur at higher rates in cities, suggesting the
physical environment of cities could act to promote the development of
certain ailments and chronic health conditions. The hallmarks of ur-
banization (land-use change, population growth, and changing social
behaviours) have also been identified as drivers of disease emergence
(Jones et al., 2008; Weiss and McMichael, 2004; Woolhouse and
Gowtage-Sequeria, 2005). And despite significant public heath ad-
vances, a quarter of child deaths globally are still due to poor en-
vironmental conditions (WHO, 2018a). The urban physical environ-
ment is easier to modify through policies and legislation than public
behaviour, so understanding how the urban environment impacts
health could lead to substantial public health gains.

While there have been several important syntheses exploring the
ways cities impact health (Freudenberg et al., 2006; Galea et al., 2005;
Galea and Vlahov, 2005; Vlahov et al., 2007; Vlahov and Galea, 2003,

2002), none have explicitly identified “urban associated diseases”
(UADs). Presumably this is because of the tremendous variation within
and among cities (Fig. 1), making identification of UADs challenging.
Over 1000 metropoles have agreed to the goal of becoming “Healthy
Cities” (WHO, 2018b). However, such a worthy goal cannot be attained
if we do not first identify the ways in which cities degrade health.

In this synthesis we begin the important effort of identifying urban
associated diseases (UADs) starting with the most important diseases of
our time. We focus on diseases that (a) have risen concurrent with ur-
banisation, or (b) have been directly associated with cities in some way.
We draw on expertise across diverse health fields to examine the evi-
dence for an urban connection for these diseases and the mechanisms
driving those connections. We uncover some important characteristics
of cities that are associated with disease, including some well-known
disease drivers like air pollution and some surprisingly consistent but
less known drivers (i.e. altered exposure to environmental micro-
biomes). We highlight the research gaps and outline options for filling
these gaps. In the supplementary material we provide an in-depth
overview and description of each disease, including further informa-
tion/evidence on the urban-rural comparison as well as an outline of
potential factors that may confound inference of an urban-association.
This literature synthesis is intended to kickstart a rigorous examination
of UADs and their drivers to better predict global health burden, inform
health system planning and policy, and guide urban design.

2. Urban-associated diseases (UADs): What are they and which
diseases were examined

Here we define UADs as: any disease that increases in prevalence or
severity due to urban living or urban growth or is expected to increase
due to future urbanisation trends. For this synthesis, we examine dis-
eases of immune disfunction (e.g. allergies, asthma and auto-immune
diseases), non-communicable lifestyle diseases (e.g. cardiovascular
disease, obesity, etc.) and infectious diseases (e.g. respiratory infec-
tions) which cumulatively represent most of the global health burden.

Fig. 1. There is great heterogeneity among cities and within cities across time and space. The environmental and health experiences would be very different for a
person living along Mulberry Street in New York City, USA in the early 1900s (a) versus Mulberry Street today (b). Similarly, people the affluent parts of Cairo (c) face
very different health challenges than people living in Cairo’s slums (d) or in New York City (b).
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Urban disease associations and risk factors are shown in Fig. 2 and
additional details of the disease and discussion of the caveats sur-
rounding urban association is provided in the Supplementary Materials.

2.1. Allergies & asthma

The first conditions linked to cities and the urban aristocracy in the
1870s were allergic asthma and hayfever (Blackley, 1873). This even-
tually provoked the hygiene hypothesis, suggesting that exposure to
early childhood infections could help prevent allergies (Strachan,
1989). Since then, rates of allergic and autoimmune diseases have in-
creased, particularly in developed and heavily urbanized nations (Asher
et al., 2006). In the United States for example, a 2005–2006 survey of
children found that 45% were sensitized to at least one allergen (Salo
et al., 2014).

Allergy rates vary globally and are higher in the most developed,
urbanized nations (Aït-Khaled et al., 2009; Deckers et al., 2012). Al-
lergy is connected to a myriad of environmental variables, including
current and developmental exposure to allergens (Kim et al., 2002;
Platts-Mills et al., 1995; Yemaneberhan et al., 1997), pollution
(Miyamoto, 1997), endotoxins (Perzanowski et al., 2006), or a lack of
exposure to a diversity of environmental microbes (Haahtela et al.,
2013; Heederik and Mutius, 2012). Allergic diseases have often been
connected with economic development and urbanisation and three
prominent hypotheses (Hygiene hypothesis, Old friend’s hypothesis and

Biodiversity hypothesis) are built upon this association.
Asthma is a chronic inflammatory disease of the respiratory tract

that affects approximately 235million people annually (WHO, 2017).
While asthma “endotypes” likely differ in their underlying aetiology
(Holgate et al., 2015), atopy (allergy) is consistently the most sig-
nificant risk factor for asthma, particularly in developed nations
(Weinmayr et al., 2007). So, while asthma has a high level of herit-
ability, the environment can be a critical driver in the expression of
asthma symptoms.

After accounting for the potent effect of socio-economic factors in
asthma occurrence, there are two key environmental exposures that
may explain the urban to rural asthma gradient; air pollution and early
life microbial exposure. Air pollution from combustion sources, which
are typically at much higher levels in urban environments, is a known
risk factor for the development and exacerbation of asthma (Guarnieri
and Balmes, 2014). Early-life exposure to diverse microbial commu-
nities, such as those in rural farming environments, can protect against
asthma (Ege et al., 2011; MacNeill et al., 2013; Stein et al., 2016).

2.2. Autoimmune and inflammatory diseases

The connection between auto-immunity and over-sanitation was
first observed in 1966 with an association between multiple sclerosis
(MS) and sanitation in cities (Leibowitz et al., 1966). More recently, the
biodiversity hypothesis has suggested that the rise of inflammation-

Fig. 2. An infographic of the features of urban environments and the diseases that have been associated with those characteristics of cities. Abbreviations used are as
follows: CVD: cardiovascular disease; IBD: Inflammatory bowel disease; MS: multiple sclerosis.
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related diseases (including auto-immune diseases and cancer) is a
consequence of early-life exposure to a reduced diversity of microbes
(Haahtela et al., 2013). Presumably, this disconnect between humans
and diverse environmental microbial communities is greatest in urban
areas (Hanski et al., 2012; Ruokolainen et al., 2015; Schnorr et al.,
2014). The recent trend of increasing urbanization, auto-immune and
inflammatory diseases, particularly in developed nations circumstan-
tially supports this hypothesized connection (Haahtela et al., 2013;
Lehtinen et al., 2011). Here we focus on MS, a chronic, auto-immune
disease of the central nervous system, and inflammatory bowel disease
(IBD), a collection of diseases characterised by inflammation of the
digestive tract. Both conditions have important genetic components and
strong environmental mediators.

The prominent environmental risk factors for MS appear to be low
vitamin D levels (which help explain the observed latitudinal gradient),
smoking, and parasite exposure (explaining the early association with
sanitation; Koch et al. 2013). Over the past few decades, MS rates have
been rising faster in developed, urban nations compared to less urban,
developing nations but evidence of associations with cities has been
conflicting (Table 1). Recent evidence has identified a key role for the
gut microbiome in moderating MS symptoms (Berer et al., 2017;
Cekanaviciute et al., 2017; Miyake et al., 2015).

Inflammatory bowel diseases (IBD)—most commonly Crohn’s dis-
ease (CD) and ulcerative colitis (UC)—occur at higher rates in Western
societies (e.g., USA, Australia, Canada, Europe). However, countries
with historically low incidence rates, such as India and China, have
experienced increasing cases in recent years, underlining the im-
portance of environmental drivers (Rioux et al., 2007). The aetiology of
IBD revolves around four interacting, complex factors: genetic predis-
position, altered intestinal immune function, dysbiosis (an imbalance)
of the gut microbiota, and environmental factors which trigger a cycle
of intestinal inflammation (Ananthakrishnan, 2015; Kaplan, 2015;
Rosenfeld and Bressler, 2012). Inversely associated with both CD and
UC are tap-water consumption, contact with farm animals, and ex-
posure to pets in childhood (Bernstein et al., 2006).

2.3. Lifestyle and chronic diseases

The shift to living in an urban environment comes with many
changes to diet, activity levels, and social interactions, among others.
Diseases associated with these “lifestyle” changes are diverse and in-
terdependent; they include cardiovascular disease (CVD), obesity, dia-
betes, chronic obstructive pulmonary disease (COPD), cancer and
mental illness. This “lifestyle” group of non-communicable diseases

Table 1
Potential urban-associated diseases and the studies that have specifically tested the presence of an urban association. See Table S1 for an expanded table with urban
disease association separated by disease and country. Citation index is in Supplementary Materials Appendix 2.

Disease Countries Positively associated with Key citations

Allergies USA, Saudia Arabia, Finland, Poland Urban (1–5)
Asthma Poland, USA, Northern Europe, Poland, India, Saudia Arabia, Ethiopia,

Rwanda
Urban (2, 4–10)

IBD Canada No difference (11)
IBD Global, USA, Northern Europe, Sweden, Canada Urban (7, 12–15)
Multiple sclerosis Canada, England, Poland No difference (16–18)
Multiple sclerosis Finland, Sardinia Rural (19, 20)
Multiple sclerosis Isreal, USA, Italy, Czechoslovakia, Romania, Crete Urban (21–26)
Lupus (Systemic lupus erythematosis) Greece Urban (27–29)
Cardiovascular disease Iran, United Arab Emirates, Saudi Arabia, Occupied Palestinian Territory Rural (30)
Cardiovascular disease China, USA, India and Bangladesh Urban (31–36)
Cancer South Korea No difference (37)
Cancer Iran Rural (38)
Cancer Global (review), Iran, Spain, South Korea Urban (37–41)
COPD China, Rwanda No difference (10, 42)
COPD United States, Thailand Rural (43, 44)
Diabetes Thailand and Korea No difference (45)
Diabetes Australia, USA Rural (46–48)
Diabetes Oman, Myanmar, Global, Bangladesh, India, Philippines and Cambodia,

China, Global, India
Urban (45, 49–56)

Obesity West Africa No difference (57)
Obesity Developed countries, Australia, USA, Canada Rural (58–63)
Obesity West Africa, Developing countries, India Urban (58, 64–66)
Psychiatric disorders (all) Global, Netherlands, Denmark Urban (67–69)
Mood disorders Global, Developed nations, Netherlands, Canada Urban (67, 68, 70, 71)
Mood disorders Developing nations, Turkey Rural (70, 72, 73)
Mood disorders Japan, Ghana No difference (74, 75)
Anxiety disorders Global, Netherlands Urban (67, 68)
Anxiety disorders Turkey Rural (72)
Psychosis, schizophrenia Developing nations No difference (76)
Psychosis, schizophrenia Global (Review), Isreal, Denmark Urban (77–81)
Substance-use disorders Global, Netherlands No difference (67, 68)
Suicide Spain, USA, Australia Rural (82–84)
Mosquito-borne infections: Dengue Global, Burkina Faso, China, Taiwan Urban (85–87)
Mosquito-borne infections: Malaria, Ross River

virus
Sub-Saharan Africa, Kenya, Republic of the Congo, Australia, Australia Rural (88–92)

Respiratory infections/ tuberculosis India, Viet Nam, China Rural (93–95)
Respiratory infections/ tuberculosis India, Pakistan Urban (96–98)
STIs Global (Systematic review), USA No difference (99, 100)
STIs Papua New Guinea Rural (101)
STIs Global, USA, Niger, Vietnam Urban (102–105)

Cancer: includes gastric, esophageal, skin, breast, lung, prostate, colorectal, and pancreatic cancer; COPD: Chronic obstructive pulmonary disease; IBD: Inflammatory
bowel disease; Anxiety disorders: includes panic disorder, phobias, generalized anxiety disorder and OCD; Mood disorders: includes depression, distress, bipolar
disorder; STIs: sexually transmitted infections, including chlamydia, gonorrhoea, human papilloma virus, herpes simplex virus, human immunodeficiency virus.
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(NCD) is the largest and most important group of diseases today.
Lifestyle diseases were first associated with developed nations but have
been rising rapidly in developing nations, particularly in urban areas.
There are some underlying risk factors common to many of these dis-
eases, including smoking, hypertension, alcohol consumption, low fruit
and vegetable intake, and physical inactivity (Danaei et al., 2005;
Joseph et al., 2017; Yusuf et al., 2004). Other urban-associated char-
acteristics that have recently been linked to lifestyle diseases include
exposure to air pollutants (Brook et al., 2010; Danaei et al., 2005) ar-
tificial lights at night (Garcia-Saenz et al., 2018; Lane et al., 2017), and
noise (Münzel et al., 2016). With increased urbanization, an growing
proportion of the population will be exposed simultaneously to these
environmental risk factors (Münzel et al., 2016).

2.3.1. Cardiovascular disease
In 2015, CVD accounted for a third of all deaths globally (Roth

et al., 2017) and was the leading cause of NCD-related deaths, with
ischemic heart disease and stroke accounting for 85.1% of this mor-
tality burden (Wang et al., 2016). Most cases of CVD are associated with
a few common and modifiable risk factors across regions and popula-
tion groups: abnormal lipids, smoking, hypertension, diabetes mellitus,
abdominal obesity, psychosocial factors, lack of fruit and vegetables in
diet, high alcohol consumption, and physical inactivity (Joseph et al.,
2017; Yusuf et al., 2004). The relationship between urban and CVD is
complex with different patterns and trends apparent for different re-
gions, CVD conditions and population groups. Regardless of this com-
plexity there is evidence of urban-rural disparities in CVD prevalence,
mortality and trends with urban areas often having the greater burden,
particularly in developing nations (Table 1; Supplementary Materials).

2.3.2. Cancer
Cancer, a decidedly diverse group of diseases, forms the second

leading cause of death worldwide (Fitzmaurice et al., 2017). While not
extensive, some research has examined cancer rates between urban and
rural areas and have found several cancers associated with urban living
(Table 1). There are a number of behavioral risk factors for cancer that
are also common to other NCDs including smoking, alcohol consump-
tion, low fruit and vegetable intake, and physical inactivity (Danaei
et al., 2005). However, environmental factors such as exposure to air
pollutants (Brook et al., 2010) artificial lights at night (Lane et al.,
2017), and noise (Münzel et al., 2016) may also be contributing to
rising cancer rates.

2.3.3. Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease, a chronic lung condition

characterized by fixed airflow obstruction (Barnes et al., 2015), was the
third leading cause of death in 2010 (Lozano et al., 2012). With a few
genetic exceptions (e.g. α1-antitrypsin deficiency), the geographic
distribution of COPD is determined by the prevalence of exposure to
cigarette smoke or indoor biomass burning, which are generally higher
in rural areas. When these risk factors are adjusted for, the regional
relationship is largely absent (e.g. Pothirat et al., 2015), suggesting no
association with cities.

2.3.4. Obesity and diabetes
World-wide, the proportion of overweight and obese people dou-

bled from 1980 to 2008; 52% of the global adult population is now
considered to exceed a healthy body mass index (WHO, 2018c). How-
ever, the reasons contributing to the energy imbalance and resultant
weight gain are complex and multifactorial. Clearly, an increased
availability of foods high in fat and sugar, increased serving sizes and
sedentary lifestyles have contributed to this but many other factors
including changing microbiomes also appear to be important (Vangay
et al., 2018). With the increase in obesity comes a concomitant rise in
several associated diseases, most prominently diabetes, but also cardi-
ovascular diseases, various cancers, endocrine issues and

musculoskeletal disorders (Guh et al., 2009).
Generally, obesity and diabetes are associated with urban areas in

developing nations and rural areas in developed nations (Table 1)
though these associations are expected to be temporally dynamic. An
analysis of type 2 diabetes mellitus prevalence rates with urbanisation
indicated that uncontrolled rapid growth of urban areas is linked to the
prevalence of diabetes (Gassasse et al., 2017).

2.3.5. Mental health
Depression and anxiety consistently rank in the top 10 causes of

global years lived with a disability and prevalence of mental health
disorders (including anxiety and depression) has risen over the last
decade (Vos et al., 2016). This may be related to urbanization, since
psychiatric disorders broadly, and mood, anxiety and schizophrenic
disorders specifically, have been associated with urban living (Peen
et al., 2010; Purtle et al., 2019). However, this association is strongest
for developed nations and may reverse in developing nations (Peen
et al., 2010; Purtle et al., 2019). Urban mental health associations are
most prominent in impoverished urban areas, which relates to both the
“drift” of people with mental disorders to such locations, and to the
environment of such areas promoting poor mental health. Urban en-
vironmental effects associated with mental health conditions vary by
disorder but include: (i) psycho-social stresses of the urban environ-
ment, (ii) low quality housing and neighbourhoods (iii) reduced access
to green space, and (iv) air and noise pollution (Engemann et al., 2019;
Evans, 2003; Gidlöf-Gunnarsson and Öhrström, 2007).

2.4. Infectious diseases

Over the last few decades, medical and sanitation advances have led
to decreases in the mortality burden of infectious diseases; however, in
2010, communicable diseases still caused 20% of all deaths worldwide
(Lozano et al., 2012). Lower respiratory-tract infections remain in the
top five leading causes of death worldwide, and the most globally im-
portant category of infectious diseases (Lozano et al., 2012; WHO,
2018d). Other globally important infectious diseases are HIV/AIDS (a
sexually-transmitted infection), diarrhoeal diseases, tuberculosis (di-
rectly transmitted), and mosquito-borne infections (e.g. malaria).

Due to their higher population density compared to rural areas,
cities present the ideal conditions for any directly transmitted human
infection (e.g., influenza, measles, and tuberculosis). This increased risk
is mediated through greater disease-transmission probability from host
to host. This high population density also concentrates human and
commercial waste, making reliable sanitation infrastructure critical to
the prevention of water-borne diseases; unfortunately, this infra-
structure is lacking in many developing countries and rapidly growing
cities. In addition, globalization makes cities not only incubators for
outbreaks but also gateways for regional or global pandemics (Alirol
et al., 2011). Yet, despite the intuitive association between cities and
infectious disease, a quantitative analysis of 24 common infectious
diseases found a negative relationship between the percent urban of a
country and most tested infectious diseases (Wood et al., 2017). In our
analysis, we did not find a clear pattern for urban association of re-
spiratory infections, or sexually transmitted diseases. Mosquito-borne
infections could be urban- (e.g. dengue) or rural-associated (e.g. ma-
laria) depending on the transmission ecology of the pathogen. Simi-
larly, sexually transmitted infections (e.g. HIV), once strongly asso-
ciated with cities show a weakening of the urban association due in part
to better access to health care in cities (UNAIDS, 2006).

3. Discussion

The association between disease and cities is complex and context-
specific. Urban environments offer potential health benefits, such as
improved access to health care, employment, education, and infra-
structure, as well as potential health risks (Gong et al., 2012; Pou et al.,
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2017). Many of the important NCDs examined here are interrelated and
share the underlying risk factors of sedentary lifestyle, smoking and an
unhealthy diet (including under- and over-nutrition and alcohol use);
these “behavioral” risk factors have been covered elsewhere and are not
a focus of this review (Beaglehole et al., 2011; Ezzati et al., 2002;
Forouzanfar et al., 2016; Lim et al., 2012). Here, we identify the dis-
eases which have potential causative links to, or are exacerbated by,
people living in urban areas (Table 1) as well as the underlying, en-
vironmental risk factors that can be modified by urban design (Fig. 2).
This knowledge will be crucial for allocating future health funding
appropriately and for developing healthy urban environments.

Several prominent themes emerged from this analysis that help
explain urban disease associations and their geographic heterogeneity.
Exposure to elevated levels of air pollution in cities was the most
common thread. This well-known environmental risk factor may ex-
plain urban associations of asthma, MS, CVD, cancer, mental health
conditions and respiratory tract infections (Fig. 2, see Table 2 for ci-
tations) (WHO, 2016a). However, this review revealed several drivers,
known to many urban- or public-health experts but often overlooked in
the broader health literature. Exposure to altered microbiomes with
reduced biodiversity has been proposed as a urban risk factor for
asthma, allergies, MS, IBD, cancer, and mental health, a connection
which supports the hygiene/old friends/biodiversity hypotheses
(Table 2; Hanski et al. 2012; Liu 2015; Rook, 2013; Strachan, 1989).
Vitamin D levels also emerged as a potential driver responsible for some
urban associations (e.g. MS, IBD, auto-immune diseases), as did artifi-
cial lights at night, ambient noise, transient/migrant populations, and
population density (Table 2). These potentially important risk factors
(excluding air pollution) are ignored in four prominent risk-factor
analyses published in leading medical journal The Lancet (Beaglehole
et al., 2011; Ezzati et al., 2002; Forouzanfar et al., 2016; Lim et al.,
2012). Below we examine these characteristics of cities to unpack the
patterns of disease association.

3.1. Air pollution, cities and disease

Air pollution contributes to one in nine deaths annually and is the
greatest environmental risk to human health (WHO, 2016a). Cities are
responsible for 78% of carbon emissions globally (O’Meara, 1999) and
ambient air-pollution levels are typically higher in urban environments
(WHO, 2016a). Diesel exhaust particles, a key component of urban air
pollution, can promote an allergic response in the lung (Brandt et al.,
2015), cause oxidative stress and inflammation (Ji et al., 2018; Li et al.,
2017) and increase susceptibility to infectious agents (Harrod et al.,
2003). A large fraction of diesel-exhaust particles are in the nanometer
size range and can cross the alveolar-capillary barrier into the circu-
lating blood with systemic effects (Li et al., 2017; Nelin et al., 2012;
Nemmar et al., 2003). Other air pollutants, such as increased levels of
SO2, O3 and NO2, are linked to early onset IBD (Kaplan et al., 2010),
asthma (Bowatte et al., 2017; Guarnieri and Balmes, 2014), allergies
(Bowatte et al., 2017; Miyamoto, 1997; Peden, 2018), inflammation
(Kish et al., 2013; Li et al., 2017) and increased susceptibility to re-
spiratory viruses (Frampton et al., 2002).

The highest levels of air pollution occur in low- and middle-income
countries where much of the global population lives and population
growth rates are high; annual mean pollution levels in these cities often
exceeds 5–10 times the recommended limits (WHO, 2016b). From 2008
to 2013, air-pollution levels increased by 8% worldwide (WHO, 2016b).
Unfortunately, with the continuing reliance on fossil fuels to power
combustion processes in cities, it is likely that air pollution will con-
tinue to increase with important health consequences.

3.2. Altered microbiome/exposure to environmental micro-organisms

Ideas like the ‘hygiene hypothesis’ (Bach, 2002; Strachan, 1989),
‘old friends hypothesis’ (Rook, 2012), and ‘biodiversity hypothesis’ (von
Hertzen et al., 2011) have emerged to explain why allergic, auto-
immune and/or inflammatory diseases occur at higher rates in today’s
urban society. Hygiene per se has been dismissed as a driver of allergic

Table 2
Potential drivers of urban associated diseases and key citations.

Urban variable Diseases linked to this characteristic Key citations

Air pollution Asthma Bowatte et al., 2017; Guarnieri and Balmes, 2014
Allergies Miyamoto, 1997; Bowatte et al., 2017; Peden, 2018
CVD Brook et al., 2010; Li et al., 2017; Pope et al., 2004
Cancer Gharibvand et al., 2017; Turner et al., 2017
Mental health Szyszkowicz et al., 2016; Kioumourtzoglou et al., 2017; Davies and Smyth,

2018
Respiratory tract infections Frampton et al., 2002

Altered human microbiome or microbial exposure Asthma Ege et al., 2011; MacNeill et al., 2013; Stein et al., 2016
Allergies Haahtela et al., 2013; Heederik and Mutius, 2012
MS Berer et al., 2017; Cekanaviciute et al., 2017
IBD Manichanh et al., 2006; Ott et al., 2004
Cancer Greaves, 2018
Mental health Valles-Colomer et al., 2019; Rieder et al., 2017

Vitamin D MS Ascherio et al., 2010
IBD Jørgensen et al., 2010
Infectious diseases Camargo et al., 2012; Bergmann et al., 2012
Mental health Spedding, 2014
Auto-immune diseases Mora et al., 2008

Transient/migrant/dense population Infectious diseases McMichael, 2004; Alirol et al., 2011
Mental health Bhugra, 2004

Artificial light at night Metabolic disorders inc. CVD and obesity Lunn et al., 2017; Rybnikova et al., 2016; Zubidat and Haim, 2017
Cancer Lane et al., 2017; Blask et al., 2014
Mental health Fonken et al., 2012; Lunn et al., 2017

Noise pollution CVD Münzel et al., 2016
Mental health Gidlöf-Gunnarsson and Öhrström, 2007; Lercher et al., 2002; Stansfeld et al.,

2000

CVD: cardiovascular disease; IBD: Inflammatory bowel disease; MS: multiple sclerosis.
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disease (Platts-Mills, 2015) but exposure to specific (‘old friends hy-
pothesis’) or diverse (‘biodiversity hypothesis’) microbial agents is still
believed to be important for conditioning proper immune responses and
preventing allergic, inflammatory and auto-immune diseases (Greaves,
2018; Haahtela et al., 2013; Rook, 2013, 2009).

Early-life exposure to microbial communities has frequently been
connected with reductions in hayfever, atopy and eczema (Ege et al.,
2011; Hanski et al., 2012; Ruokolainen et al., 2015). These studies have
identified both bacterial diversity (Bisgaard et al., 2011; Ege et al.,
2011; Hanski et al., 2012; Ruokolainen et al., 2015; Stein et al., 2016),
abundance (Gereda et al., 2000b, 2000a; Stein et al., 2016), and specific
bacterial taxa (Ege et al., 2011; Fujimura et al., 2016; Hanski et al.,
2012; Lynch et al., 2014) to be protective.

These hypotheses have been corroborated by experimental mouse
studies which found that exposure to diversity of microbes can protect
against allergic responses (Ege et al., 2011; Fujimura et al., 2014;
Schuijs et al., 2015). Mice exposed to diverse, farmyard-type dust ex-
hibit altered immune profiles (e.g. levels of immune cytokines inter-
leukin (IL)-4, IL-5, IL-10, IL-13, and interferon gamma) and a shift away
from the type 2 immunity that characterizes allergic disease (Gereda
et al., 2000b; Hanski et al., 2012; Liu, 2015; Schuijs et al., 2015). Im-
portantly, the ‘greenness’ and diversity of the surrounding environment
can contribute to the diversity of microorganisms to which the body is
exposed and provide protection from atopic sensitization (Hanski et al.,
2012). The altered microbial exposure of people living in cities can lead
to an inability to regulate chronic inflammation, potentially leading to
cancer (Rook and Dalgleish, 2011).

Current urbanization trends are likely to shift people away from
interactions with natural areas and biodiverse microbial communities.
However, there is potential for biodiverse urban green spaces to help
(Flies et al., 2018, 2017); green spaces with higher levels of biodiversity
can provide greater health benefits (Carrus et al., 2015; Duarte-Tagles
et al., 2015; Fuller et al., 2007; Luck et al., 2011), perhaps through
exposure to greater microbial diversity. This apparently important en-
vironmental-health component has been overlooked in the environ-
mental risk-factor literature (Ezzati et al., 2002; Forouzanfar et al.,
2016; Lai et al., n.d.; Lim et al., 2012). See Table 2 and Supplementary
Materials for further details, mechanisms and caveats for connecting
microbial exposure to allergies, asthma and autoimmune diseases.

3.3. Vitamin D, cities and disease

The importance of sunlight exposure in preventing rickets has been
recognized for over a century. More recently, the connections between
sunlight exposure and vitamin D (i.e. 25-hydroxyvitamin D (25[OH]D)
levels have been explained, along with a better understanding of the
important role of vitamin D in skeletal development and im-
munomodulation (Mora et al., 2008). Through prospective and ob-
servational studies, vitamin-D deficiency has now been associated with
a wide range of acute and chronic diseases including cardiovascular
disease, IBD, infectious diseases, cancers, allergies, asthma, MS, hy-
pertension, mood disorders, autoimmune diseases and all-cause mor-
tality, among others (Ananthakrishnan et al., 2012; Autier et al., 2014;
Cantorna and Mahon, 2004; Holick and Chen, 2008; Litonjua et al.,
2016). For many diseases (including CVD, stroke, diabetes, cancer,
COPD, MS and all-cause mortality), vitamin D supplementation studies
show no effect (Autier et al., 2014). Some suggest the intervention trials
conflict with epidemiological observations because they were of in-
sufficient length to see positive effects (Giovannucci, 2014) or con-
ducted in inappropriate populations (Rejnmark et al., 2017). Others say
that low vitamin D is an indicator of, rather than a cause of many
diseases (Autier et al., 2014). However, vitamin-D intervention studies
have shown protective effects for IBD (Cantorna et al., 2018), infectious
diseases (Bergman et al., 2013, 2012), and mental health (Shaffer et al.,
2014; Spedding, 2014). While there is uncertainty in the precise role of
vitamin D on specific diseases, it has clear immunomodulatory effects

(Mora et al., 2008) that could contribute to observed health associa-
tions.

The impact of urban residence on vitamin-D levels is conflicting;
some studies have found no overall difference in urban-rural vitamin-D
levels, but where there is a difference, the urban population typically
shows lower levels (Atiq et al., 1998; Harinarayan et al., 2007; Mithal
et al., 2009; Puri et al., 2008; Sari et al., 2017). There can also be a
synergistic effect of air pollution on vitamin-D deficiency in urban
settings, whereby air pollution acts to block UVB rays and also reduces
outdoor activity, leading to supressed levels of vitamin D in the popu-
lation (Agarwal et al., 2002).

Vitamin D deficiency is a re-emerging global problem (Ginde et al.,
2009; Holick and Chen, 2008; Mithal et al., 2009) due in part to rising
obesity rates (Wortsman et al., 2000) and anti-skin cancer public health
messages among other drivers. Though Vitamin D insufficiency is
rising, so too is supplementation in developed nations (Rooney et al.,
2017); how these trends will interact with urbanisation to shape long-
term vitamin-D deficiency rates is unclear.

3.4. Artificial light at night

In addition to air pollution, urban areas also have more artificial
lighting at night, which is considered an environmental pollutant
(Davies and Smyth, 2018). While there is insufficient evidence to re-
liably determine the impact of outdoor lighting on human health
(Davies and Smyth, 2018), there is an emerging view that by disrupting
behavior, sleep and melatonin (Lunn et al., 2017; Ohayon and Milesi,
2016), artificial light might be a risk factor for metabolic disorders
including obesity and cardiovascular disease (Lunn et al., 2017;
Rybnikova et al., 2016; Zubidat and Haim, 2017), hormone-dependent
cancers (Blask et al., 2014; Garcia-Saenz et al., 2018; James et al., 2017;
Kim et al., 2017; Lunn et al., 2017; Rybnikova et al., 2017) and mental
health (Fonken et al., 2012; Lunn et al., 2017).

Satellite images show an increase in artificial light, with the global
footprint of artificially lit outdoor areas growing by 2.2% per year be-
tween 2012 and 2016 (Kyba et al., 2017). Artificial light emission is
expected to continue to increase in the future, especially given related
trends of increasing population and urbanization. It will be essential to
better understand the health implications of artificial light exposure, so
as to promote lighting technologies that minimize impacts on human
and ecological health, and to develop light-pollution policies that take
into account more than just energy efficiency (Hölker et al., 2010).

3.5. Caveats, challenges and solutions

Understanding the impact of urbanization on human health is a
critical, yet complex question. We must first acknowledge the in-
adequacy of the urban-rural distinctions; this crude binary division of
the human population cannot hope to capture all the social, cultural,
economic and physical differences among geographic areas that are
important for health. Some studies use urbanization rates, percent
urban or the agglomeration index to search for relationships with dis-
ease metrics but none fully capture the complexity of cities and their
residents. For instance, poverty is a major driver of health outcomes
and while poverty is often associated with rural areas, there is sig-
nificant poverty in cities. Indeed, income inequality is often heightened
within cities, a confounding factor which may mask important en-
vironmental health impacts when the urban population is analyzed as a
whole. While it can difficult to disentangle the relationship between
poverty/economic change and urbanicity, it is important to try to do so
with regards to health.

It is equally important to acknowledge the heterogeneity among
urban areas. First, urban residents in developed versus developing na-
tions face very different health challenges; any urban health study
should separately analyze these categories as the coarsest of spatial
disaggregations (Pou et al., 2017). Furthermore, no two cities are alike;
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a global study of the objectively measured built environment found a
38-fold difference in median residential density and an 18-fold differ-
ence in median park densities across 15 cities in 11 countries (Adams
et al., 2014). It is due to this heterogeneity that we have focused on the
environmental mechanisms underlying health associations and consider
how those features are likely to change into the future.

Finally, we identified a yawning gap in the literature in this realm:
we found no quantitative and systematic studies identifying the diseases
associated with cities. We recognize the challenges to answering this
question and propose solutions for filling this knowledge gap in Table 3.
We also highlight examples of studies that have successfully addressed
each challenge as evidence that these roadblocks are not in-
surmountable.

4. Conclusions

The question of how current urbanisation trends will impact global
health is a pressing concern, yet there is surprisingly little effort to
synthesize the trends in this area. The global urban population will
approximately double (from 3.3 billion to 6.3 billion) between 2007
and 2050 (UNDESA, 2014). Rapid urban development must occur to
support those populations and 90% of urban growth by 2050 is ex-
pected to occur in developing regions of Africa and Asia (UNDESA,
2014). Those that will be most impacted by unhealthy urban environ-
ments are the poorest and most vulnerable citizens. However, cities can
be protective of health; by identifying UADs and their drivers, there is
tremendous potential to reduce health inequity and the global health
burden.

This review highlights potential UADs and several important urban
risk factors, some of which have been relatively ignored in the literature
(Prüss-üstün et al., 2003). Air pollution is an important and well-known
environmental risk factor in urban areas. However, the role of reduced
exposure to microbial biodiversity, vitamin D and artificial light at
night, and other factors may also have important negative health im-
pacts that beg further investigation. We recommend further research
examining the mechanisms underlying urban-rural health disparities,
particularly for the potential UADs and urban environmental factors
identified herein and have suggested ways to make those studies most
effective (Table 3).

Declaration of Competing Interest

The authors declare that they have no competing financial interests.

Acknowledgements

We are very grateful for feedback from Prof. David Vlahov on a draft

of this piece; Prof. Vlahov’s thoughtful and expert critique strengthened
our final manuscript. We would also like to thank Dr. Andy Flies who
provided input and support in the development of this manuscript. This
work was funded by Australian Research Council grant FL160100101.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.105187.

References

Adams, M.A., Frank, L.D., Schipperijn, J., Smith, G., Chapman, J., Christiansen, L.B.,
Coffee, N., Salvo, D., du Toit, L., Dygrýn, J., Hino, A.A., Lai, P., Mavoa, S., Pinzón, J.,
Van de Weghe, N., Cerin, E., Davey, R., Macfarlane, D., Owen, N., Sallis, J.F., 2014.
International variation in neighborhood walkability, transit, and recreation en-
vironments using geographic information systems: the IPEN adult study. Int. J.
Health Geogr. 13, 43. https://doi.org/10.1186/1476-072X-13-43.

Agarwal, K.S., Mughal, M.Z., Upadhyay, P., Berry, J.L., Mawer, E.B., Puliyel, J.M., 2002.
The impact of atmospheric pollution on vitamin D status of infants and toddlers in
Delhi. India. Arch. Dis. Child. 87, 111–113. https://doi.org/10.1136/adc.87.2.111.

AIHW, 2017. Rural & remote health. Canberra. https://www.aihw.gov.au/reports/rural-
health/rural-remote-health/contents/rural-health.

Aït-Khaled, N., Pearce, N., Anderson, H.R., Ellwood, P., Montefort, S., Shah, J., Asher,
M.I., Beasley, R., Björkstën, B., Brunekreef, B., Crane, J., Foliaki, S., García-Marcos,
L., Keil, U., Lai, C.K.W., Mallol, J., Robertson, C.F., Mitchell, E.A., Odhiambo, J.,
Stewart, A.W., Strachan, D., Von Mutius, E., Weiland, S.K., Weinmayr, G., Williams,
H., Wong, G., 2009. Global map of the prevalence of symptoms of rhinoconjunctivitis
in children: The International Study of Asthma and Allergies in Childhood (ISAAC)
Phase Three. Allergy Eur. J. Allergy Clin. Immunol. 64, 123–148. https://doi.org/10.
1111/j.1398-9995.2008.01884.x.

Alirol, E., Getaz, L., Stoll, B., Chappuis, F., Loutan, L., 2011. Urbanisation and infectious
diseases in a globalised world. Lancet Infect. Dis. 11, 131–141. https://doi.org/10.
1016/S1473-3099(10)70223-1.

Ananthakrishnan, A.N., 2015. Epidemiology and risk factors for IBD. Nat. Rev.
Gastroenterol. Hepatol. 12, 205–217. https://doi.org/10.1038/nrgastro.2015.34.

Ananthakrishnan, A.N., Khalili, H., Higuchi, L.M., Bao, Y., Korzenik, J.R., Giovannucci,
E.L., Richter, J.M., Fuchs, C.S., Chan, A.T., 2012. Higher predicted vitamin D status is
associated with reduced risk of crohn’s disease. Gastroenterology 142, 482–489.
https://doi.org/10.1053/j.gastro.2011.11.040.

Ascherio, A., Munger, K.L., Simon, K.C., 2010. Vitamin D and multiple sclerosis. Lancet
Nuerol. 9, 599–612. https://doi.org/10.1016/B978-0-12-809963-6.00107-3.

Asher, M.I., Montefort, S., Björkstén, B., Lai, C.K., Strachan, D.P., Weiland, S.K., Williams,
H., 2006. Worldwide time trends in the prevalence of symptoms of asthma, allergic
rhinoconjunctivitis, and eczema in childhood: ISAAC Phases One and Three repeat
multicountry cross-sectional surveys. Lancet 368, 733–743. https://doi.org/10.1016/
S0140-6736(06)69283-0.

Atiq, M., Suria, A., Nizami, S., Ahmed, I., 1998. Vitamin D status of breastfed Pakistani
infants. Acta Pædiatr. 87, 737–740.

Autier, P., Boniol, M., Pizot, C., Mullie, P., 2014. Vitamin D status and ill health: a sys-
tematic review. Lancet Diabetes Endocrinol. 2, 76–89. https://doi.org/10.1016/
S2213-8587(13)70165-7.

Bach, J.-F., 2002. The effects of infection on susceptibility to autoimmune and allergic
diseases. N. Engl. J. Med. 347, 911–920. https://doi.org/10.1056/NEJMra020100.

Barnes, P.J., Burney, P.G.J., Silverman, E.K., Celli, B.R., Vestbo, J., Wedzicha, J.A.,
Wouters, E.F.M., 2015. Chronic obstructive pulmonary disease. Nat. Rev. Dis. Prim.
1, 15076. https://doi.org/10.1038/nrdp.2015.76.

Beaglehole, R., Bonita, R., Horton, R., Adams, C., Alleyne, G., Asaria, P., Baugh, V.,

Table 3
Current challenges to identifying urban-associated disease and their drivers, with proposed solutions and examples.

Challenge to identifying urban-associated diseases and drivers Solutions

Heterogeneity in exposure of the urban residents within a city Within-city studies that collect individual health data as well as information about the living
environment, behaviour, economic and psychosocial factors. Machine learning and path analysis
to tease apart dependencies and causal relationships

Heterogeneity among cities and countries in the experiences and exposures of
residents and disease definitions and detection efforts

International studies that collect environmental, cultural, socioeconomic and behavioural data
in addition to standardized health data

Lack of health, social and environmental data in developing nations and
impoverished areas of cities

Build partnerships with community leaders and health clinics in these locations to understand
the health and social experiences there. Use satellite imagery and tools (e.g. Google Earth
Engine), machine learning or object recognition algorithms to create fine-scale spatial data in
less accessible locations

Lack of longitudinal studies to identify how disease trends vary across
locations

Create longitudinal studies. Access data from hospitals and published studies across the world to
identify trends and the geographic and economic variation in those trends. Engage citizen
scientists in providing samples and data

Identifying the mechanisms underlying disease associations Pair epidemiological studies with animal models to experimentally demonstrate health pathways

Several studies have surmounted these issues in various ways, including the following fine publications: Aït-Khaled et al., 2009; Cohn, 2008; McDonald et al., 2018;
Pearce et al., 2007; Stein et al., 2016; Teo et al., 2013; Yusuf et al., 2004.

E.J. Flies, et al. Environment International 133 (2019) 105187

8

https://doi.org/10.1016/j.envint.2019.105187
https://doi.org/10.1016/j.envint.2019.105187
https://doi.org/10.1186/1476-072X-13-43
https://doi.org/10.1136/adc.87.2.111
https://www.aihw.gov.au/reports/rural-health/rural-remote-health/contents/rural-health
https://www.aihw.gov.au/reports/rural-health/rural-remote-health/contents/rural-health
https://doi.org/10.1111/j.1398-9995.2008.01884.x
https://doi.org/10.1111/j.1398-9995.2008.01884.x
https://doi.org/10.1016/S1473-3099(10)70223-1
https://doi.org/10.1016/S1473-3099(10)70223-1
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1053/j.gastro.2011.11.040
https://doi.org/10.1016/B978-0-12-809963-6.00107-3
https://doi.org/10.1016/S0140-6736(06)69283-0
https://doi.org/10.1016/S0140-6736(06)69283-0
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0050
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0050
https://doi.org/10.1016/S2213-8587(13)70165-7
https://doi.org/10.1016/S2213-8587(13)70165-7
https://doi.org/10.1056/NEJMra020100
https://doi.org/10.1038/nrdp.2015.76


Bekedam, H., Billo, N., Casswell, S., Cecchini, M., Colagiuri, R., Colagiuri, S., Collins,
T., Ebrahim, S., Engelgau, M., Galea, G., Gaziano, T., Geneau, R., Haines, A.,
Hospedales, J., Jha, P., Keeling, A., Leeder, S., Lincoln, P., McKee, M., MacKay, J.,
Magnusson, R., Moodie, R., Mwatsama, M., Nishtar, S., Norrving, B., Patterson, D.,
Piot, P., Ralston, J., Rani, M., Reddy, K.S., Sassi, F., Sheron, N., Stuckler, D., Suh, I.,
Torode, J., Varghese, C., Watt, J., 2011. Priority actions for the non-communicable
disease crisis. Lancet 377, 1438–1447. https://doi.org/10.1016/S0140-6736(11)
60393-0.

Berer, K., Gerdes, L.A., Cekanaviciute, E., Jia, X., Xiao, L., Xia, Z., Liu, C., Klotz, L.,
Stauffer, U., Baranzini, S.E., Kümpfel, T., Hohlfeld, R., Krishnamoorthy, G., Wekerle,
H., 2017. Gut microbiota from multiple sclerosis patients enables spontaneous au-
toimmune encephalomyelitis in mice. Proc. Natl. Acad. Sci. U. S. A. 114,
10719–10724. https://doi.org/10.1073/pnas.1711233114.

Bergman, P., Norlin, A.C., Hansen, S., Rekha, R.S., Agerberth, B., Björkhem-Bergman, L.,
Ekström, L., Lindh, J.D., Andersson, J., 2012. Vitamin D3 supplementation in patients
with frequent respiratory tract infections: A randomised and double-blind interven-
tion study. BMJ Open 2. https://doi.org/10.1136/bmjopen-2012-001663.

Bergman, P., Lindh, A.U., Bjorkhem-Bergman, L., Lindh, J.D., 2013. Vitamin D and re-
spiratory tract infections: A systematic review and meta-analysis of randomized
controlled trials. PLoS ONE 8, e65835. https://doi.org/10.1371/journal.pone.
0065835.

Bernstein, C.N., Rawsthorne, P., Cheang, M., Blanchard, J.F., 2006. A population-based
case control study of potential risk factors for IBD. Am. J. Gastroenterol. 101,
993–1002. https://doi.org/10.1111/j.1572-0241.2006.00381.x.

Bhugra, D., 2004. Migration and mental health. Acta Psychiatr. Scand. 109, 243–258.
https://doi.org/10.1046/j.0001-690X.2003.00246.x.

Bisgaard, H., Li, N., Bonnelykke, K., Chawes, B.L.K., Skov, T., Paludan-Müller, G.,
Stokholm, J., Smith, B., Krogfelt, K.A., 2011. Reduced diversity of the intestinal
microbiota during infancy is associated with increased risk of allergic disease at
school age. J. Allergy Clin. Immunol. 128, 646–652.e5. https://doi.org/10.1016/j.
jaci.2011.04.060.

Blackley, C.H., 1873. Experimental research on the causes and nature of Catarrhus
Æstivus (hay-fever, or hay-asthma). Bailliere, Tindall & Co, London.

Blask, D.E., Dauchy, R.T., Dauchy, E.M., Mao, L., Hill, S.M., Greene, M.W., Belancio, V.P.,
Sauer, L.A., Davidson, L., 2014. Light exposure at night disrupts host/cancer circa-
dian regulatory dynamics: Impact on the Warburg effect, lipid signaling and tumor
growth prevention. PLoS ONE 9. https://doi.org/10.1371/journal.pone.0102776.

Bowatte, G., Lodge, C.J., Knibbs, L.D., Lowe, A.J., Erbas, B., Dennekamp, M., Marks, G.B.,
Giles, G., Morrison, S., Thompson, B., Thomas, P.S., Hui, J., Perret, J.L., Abramson,
M.J., Walters, H., Matheson, M.C., Dharmage, S.C., 2017. Traffic-related air pollution
exposure is associated with allergic sensitization, asthma, and poor lung function in
middle age. J. Allergy Clin. Immunol. 139, 122–129.e1. https://doi.org/10.1016/J.
JACI.2016.05.008.

Brandt, E.B., Biagini Myers, J.M., Acciani, T.H., Ryan, P.H., Sivaprasad, U., Ruff, B.,
LeMasters, G.K., Bernstein, D.I., Lockey, J.E., LeCras, T.D., Khurana Hershey, G.K.,
2015. Exposure to allergen and diesel exhaust particles potentiates secondary al-
lergen-specific memory responses, promoting asthma susceptibility. J. Allergy Clin.
Immunol. 136, 295–303.e7. https://doi.org/10.1016/j.jaci.2014.11.043.

Brook, R.D., Rajagopalan, S., Pope, C.A., Brook, J.R., Bhatnagar, A., Diez-Roux, A.V.,
Holguin, F., Hong, Y., Luepker, R.V., Mittleman, M.A., Peters, A., Siscovick, D., Smith,
S.C., Whitsel, L., Kaufman, J.D., 2010. Particulate matter air pollution and cardio-
vascular disease: An update to the scientific statement from the american heart as-
sociation. Circulation 121, 2331–2378. https://doi.org/10.1161/CIR.
0b013e3181dbece1.

Camargo, C.A., Ganmaa, D., Frazier, A.L., Kirchberg, F.F., Stuart, J.J., Kleinman, K., et al.,
2012. Randomized trial of vitamin D supplementation and risk of acute respiratory
infection in Mongolia. Pediatrics 130, e561–e567. https://doi.org/10.1542/peds.
2011-3029.

Cantorna, M.T., Mahon, B.D., 2004. Mounting evidence for vitamin D as an environ-
mental factor affecting autoimmune disease prevalence. Exp. Biol. Med. (Maywood)
229, 1136–1142 https://doi.org/229/11/1136 [pii].

Cantorna, M.T., Munsick, C., Bemiss, C., Mahon, B.D., 2018. 1,25-
Dihydroxycholecalciferol prevents and ameliorates symptoms of experimental
murine inflammatory bowel disease. J. Nutr. 130, 2648–2652. https://doi.org/10.
1093/jn/130.11.2648.

Carrus, G., Scopelliti, M., Lafortezza, R., Colangelo, G., Ferrini, F., Salbitano, F., Agrimi,
M., Portoghesi, L., Semenzato, P., Sanesi, G., 2015. Go greener, feel better? The
positive effects of biodiversity on the well-being of individuals visiting urban and
peri-urban green areas. Landsc. Urban Plan. 134, 221–228. https://doi.org/10.1016/
j.landurbplan.2014.10.022.

Cekanaviciute, E., Yoo, B.B., Runia, T.F., Debelius, J.W., Singh, S., Nelson, C.A., Kanner,
R., Bencosme, Y., Lee, Y.K., Hauser, S.L., Crabtree-Hartman, E., Sand, I.K., Gacias, M.,
Zhu, Y., Casaccia, P., Cree, B.A.C., Knight, R., Mazmanian, S.K., Baranzini, S.E., 2017.
Gut bacteria from multiple sclerosis patients modulate human T cells and exacerbate
symptoms in mouse models. Proc. Natl. Acad. Sci. 114, 10713–10718. https://doi.
org/10.1073/pnas.1711235114.

Cohn, J.P., 2008. Citizen science: Can volunteers do real research? Bioscience 58,
192–197. https://doi.org/10.1641/B580303.

Danaei, G., Vander Hoorn, S., Lopez, A.D., Murray, C.J., Ezzati, M., 2005. Causes of
cancer in the world: comparative risk assessment of nine behavioural and environ-
mental risk factors. Lancet 366, 1784–1793. https://doi.org/10.1016/S0140-
6736(05)67725-2.

Davies, T.W., Smyth, T., 2018. Why artificial light at night should be a focus for global
change research in the 21st century. Glob. Change Biol. 24, 872–882. https://doi.
org/10.1111/gcb.13927.

Deckers, I.A.G., McLean, S., Linssen, S., Mommers, M., van Schayck, C.P., Sheikh, A.,

2012. Investigating international time trends in the incidence and prevalence of
atopic eczema 1990–2010: A systematic review of epidemiological studies. PLoS ONE
7, e39803. https://doi.org/10.1371/journal.pone.0039803.

Duarte-Tagles, H., Salinas-Rodríguez, A., Idrovo, Á.J., Búrquez, A., Corral-Verdugo, V.,
2015. Biodiversity and depressive symptoms in Mexican adults: Exploration of ben-
eficial environmental effects. Biomédica 35, 46–57. https://doi.org/10.7705/
biomedica.v35i0.2433.

Eberhardt, M., Ingram, D., Makuc, D., Pamuk, E., Freid, V., Harper, S., Schoenborn, C.,
Xia, H., 2001. Urban and Rural Health Chartbook, Health, United States, 2001.
Hyattsville, Maryland.

Ege, M.J., Mayer, M., Normand, A.-C., Genuneit, J., Cookson, W.O.C.M., Braun-
Fahrländer, C., Heederik, D., Piarroux, R., von Mutius, E., 2011. Exposure to en-
vironmental microorganisms and childhood asthma. N. Engl. J. Med. 364, 701–709.
https://doi.org/10.1056/NEJMoa1007302.

Engemann, K., Pedersen, C.B., Arge, L., Tsirogiannis, C., Mortensen, P.B., Svenning, J.-C.,
2019. Residential green space in childhood is associated with lower risk of psychiatric
disorders from adolescence into adulthood. Proc. Natl. Acad. Sci. 201807504.
https://doi.org/10.1073/pnas.1807504116.

Evans, G.W., 2003. The built environment and mental health. J. Urban Heal. 80,
446–449. https://doi.org/10.1016/b978-0-444-52272-6.00006-4.

Ezzati, M., Lopez, A., Rodgers, A., Vander Hoorn, S., Murray, C., 2002. Selected major risk
factors and global and regional burden of disease. Lancet 360, 1347–1360. https://
doi.org/10.1016/S0140-6736(02)11403-6.

Fitzmaurice, C., Allen, C., Barber, R.M., Barregard, L., Bhutta, Z.A., et al., 2017. Global,
regional, and national cancer incidence, mortality, years of life lost, years lived with
disability, and disability-adjusted life-years for 32 cancer groups, 1990 to 2015.
JAMA Oncol. 3, 524. https://doi.org/10.1001/jamaoncol.2016.5688.

Flies, E.J., Skelly, C., Negi, S.S., Prabhakaran, P., Liu, Q., Liu, K., Goldizen, F.C., Lease, C.,
Weinstein, P., 2017. Biodiverse green spaces: a prescription for global urban health.
Front. Ecol. Environ. 15, 510–516. https://doi.org/10.1002/fee.1630.

Flies, E.J., Skelly, C., Lovell, R., Breed, M.F., Phillips, D., Weinstein, P., 2018. Cities,
biodiversity and health: we need healthy urban microbiome initiatives. Cities Heal.
1–8. https://doi.org/10.1080/23748834.2018.1546641.

Fonken, L.K., Kitsmiller, E., Smale, L., Nelson, R.J., 2012. Dim nighttime light impairs
cognition and provokes depressive-like responses in a diurnal rodent. J. Biol.
Rhythms 27, 319–327. https://doi.org/10.1177/0748730412448324.

Forouzanfar, M.H., Afshin, A., Alexander, L.T., Biryukov, S., Brauer, M., et al., 2016.
Global, regional, and national comparative risk assessment of 79 behavioural, en-
vironmental and occupational, and metabolic risks or clusters of risks, 1990–2015: a
systematic analysis for the Global Burden of Disease Study 2015. Lancet 388,
1659–1724. https://doi.org/10.1016/S0140-6736(16)31679-8.

Frampton, M.W., Boscia, J., Roberts, N.J., Azadniv, M., Torres, A., Cox, C., Morrow, P.E.,
Nichols, J., Chalupa, D., Frasier, L.M., Gibb, F.R., Speers, D.M., Tsai, Y., Utell, M.J.,
2002. Nitrogen dioxide exposure: effects on airway and blood cells. Am. J. Physiol.
Cell. Mol. Physiol. 282, L155–L165. https://doi.org/10.1152/ajplung.2002.282.1.
L155.

Freudenberg, N., Galea, S., Vlahov, D., 2006. Cities and the Health of the Public.
Vanderbilt University Press, Nashville.

Fujimura, K.E., Demoor, T., Rauch, M., Faruqi, A.A., Jang, S., Johnson, C.C., Boushey,
H.A., Zoratti, E., Ownby, D., Lukacs, N.W., Lynch, S.V., 2014. House dust exposure
mediates gut microbiome Lactobacillus enrichment and airway immune defense
against allergens and virus infection. Proc. Natl. Acad. Sci. 111, 805–810. https://doi.
org/10.1073/pnas.1310750111.

Fujimura, K.E., Sitarik, A.R., Havstad, S., Lin, D.L., Levan, S., Fadrosh, D., Panzer, A.R.,
LaMere, B., Rackaityte, E., Lukacs, N.W., Wegienka, G., Boushey, H.A., Ownby, D.R.,
Zoratti, E.M., Levin, A.M., Johnson, C.C., Lynch, S.V., 2016. Neonatal gut microbiota
associates with childhood multisensitized atopy and T cell differentiation. Nat. Med.
22, 1187–1191. https://doi.org/10.1038/nm.4176.

Fuller, R.A., Irvine, K.N., Devine-Wright, P., Warren, P.H., Gaston, K.J., 2007.
Psychological benefits of greenspace increase with biodiversity. Biol. Lett. 3,
390–394. https://doi.org/10.1098/rsbl.2007.0149.

Galea, S., Freudenberg, N., Vlahov, D., 2005. Cities and population health. Soc. Sci. Med.
60, 1017–1033. https://doi.org/10.1016/j.socscimed.2004.06.036.

Galea, S., Vlahov, D., 2005. Handbook of Urban Health. Springer, New York, NY.
Garcia-Saenz, A., Sanchez De Miguel, A., Espinosa, A., Valentín, A., Aragonés, N., Llorca,

J., Amiano, P., Martin Sánchez, V., Guevara, M., Capelo, R., Tardón, A., Jiménez-
Moleón, J., Roca-Barceló, A., Pérez-Gómez, B., Dierssen-Sotos, T., Fernández-Villa,
T., Moreno, C., García-Pérez, J., Castaño-Vinyals, G., Pollán, M., Aubé, M., Kogevinas,
M., 2018. Evaluating the association between artificial light-at-night exposure and
breast and prostate cancer risk in Spain (MCC-Spain study). Environ. Health Perspect.
4. https://doi.org/10.1289/EHP1837.

Gassasse, Z., Smith, D., Finer, S., Gallo, V., 2017. Association between urbanisation and
type 2 diabetes: an ecological study. BMJ Glob. Heal. 2, e000473. https://doi.org/10.
1136/bmjgh-2017-000473.

Gereda, J.E., Leung, D.Y.M., Liu, A.H., 2000a. Levels of environmental endotoxin and
prevalence of atopic disease. JAMA 284, 1652. https://doi.org/10.1001/jama.284.
13.1647.

Gereda, J.E., Leung, D.Y.M., Thatayatikom, A., Streib, J., Price, M., Klinnert, M., Liu, A.,
2000b. Relation between house dust endotoxin exposure, type 1 T-cell development,
and allergen sensitisation in infants at high risk of asthma. Lancet 355, 1680–1683.

Gharibvand, L., Shavlik, D., Ghamsary, M., Beeson, W.L., Soret, S., Knutsen, R., et al.,
2017. The association between ambient fine particulate air pollution and lung cancer
incidence: Results from the AHSMOG-2 study. Environ. Health Perspect 125,
378–384. https://doi.org/10.1289/EHP124.

Gidlöf-Gunnarsson, A., Öhrström, E., 2007. Noise and well-being in urban residential
environments: The potential role of perceived availability to nearby green areas.

E.J. Flies, et al. Environment International 133 (2019) 105187

9

https://doi.org/10.1016/S0140-6736(11)60393-0
https://doi.org/10.1016/S0140-6736(11)60393-0
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1136/bmjopen-2012-001663
https://doi.org/10.1371/journal.pone.0065835
https://doi.org/10.1371/journal.pone.0065835
https://doi.org/10.1111/j.1572-0241.2006.00381.x
https://doi.org/10.1046/j.0001-690X.2003.00246.x
https://doi.org/10.1016/j.jaci.2011.04.060
https://doi.org/10.1016/j.jaci.2011.04.060
https://doi.org/10.1371/journal.pone.0102776
https://doi.org/10.1016/J.JACI.2016.05.008
https://doi.org/10.1016/J.JACI.2016.05.008
https://doi.org/10.1016/j.jaci.2014.11.043
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1542/peds.2011-3029
https://doi.org/10.1542/peds.2011-3029
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0135
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0135
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0135
https://doi.org/10.1093/jn/130.11.2648
https://doi.org/10.1093/jn/130.11.2648
https://doi.org/10.1016/j.landurbplan.2014.10.022
https://doi.org/10.1016/j.landurbplan.2014.10.022
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1641/B580303
https://doi.org/10.1016/S0140-6736(05)67725-2
https://doi.org/10.1016/S0140-6736(05)67725-2
https://doi.org/10.1111/gcb.13927
https://doi.org/10.1111/gcb.13927
https://doi.org/10.1371/journal.pone.0039803
https://doi.org/10.7705/biomedica.v35i0.2433
https://doi.org/10.7705/biomedica.v35i0.2433
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0180
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0180
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0180
https://doi.org/10.1056/NEJMoa1007302
https://doi.org/10.1073/pnas.1807504116
https://doi.org/10.1016/b978-0-444-52272-6.00006-4
https://doi.org/10.1016/S0140-6736(02)11403-6
https://doi.org/10.1016/S0140-6736(02)11403-6
https://doi.org/10.1001/jamaoncol.2016.5688
https://doi.org/10.1002/fee.1630
https://doi.org/10.1080/23748834.2018.1546641
https://doi.org/10.1177/0748730412448324
https://doi.org/10.1016/S0140-6736(16)31679-8
https://doi.org/10.1152/ajplung.2002.282.1.L155
https://doi.org/10.1152/ajplung.2002.282.1.L155
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0235
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0235
https://doi.org/10.1073/pnas.1310750111
https://doi.org/10.1073/pnas.1310750111
https://doi.org/10.1038/nm.4176
https://doi.org/10.1098/rsbl.2007.0149
https://doi.org/10.1016/j.socscimed.2004.06.036
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0260
https://doi.org/10.1289/EHP1837
https://doi.org/10.1136/bmjgh-2017-000473
https://doi.org/10.1136/bmjgh-2017-000473
https://doi.org/10.1001/jama.284.13.1647
https://doi.org/10.1001/jama.284.13.1647
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0280
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0280
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0280
https://doi.org/10.1289/EHP124


Landsc. Urban Plan. 83, 115–126. https://doi.org/10.1016/j.landurbplan.2007.03.
003.

Ginde, A.A., Liu, M.C., Camargo, C.A., 2009. Demographic differences and trends of vi-
tamin D insufficiency in the US population, 1988–2004. Arch. Intern. Med. 169, 626.
https://doi.org/10.1001/archinternmed.2008.604.

Giovannucci, E., 2014. Vitamin D status and ill health. Lancet Diabetes Endocrinol. 2,
273. https://doi.org/10.1016/S2213-8587(14)70017-8.

Gong, P., Liang, S., Carlton, E.J., Jiang, Q., Wu, J., Wang, L., Remais, J.V., 2012.
Urbanisation and health in China. Lancet 379, 843–852. https://doi.org/10.1016/
s0140-6736(11)61878-3.

Greaves, M., 2018. A causal mechanism for childhood acute lymphoblastic leukaemia.
Nat. Rev. Cancer 18, 471–484. https://doi.org/10.1038/s41568-018-0015-6.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. Lancet 383,
1581–1592. https://doi.org/10.1016/S0140-6736(14)60617-6.

Guh, D.P., Zhang, W., Bansback, N., Amarsi, Z., Birmingham, C.L., Anis, A.H., 2009. The
incidence of co-morbidities related to obesity and overweight: A systematic review
and meta-analysis. BMC Public Health 9, 1–20. https://doi.org/10.1186/1471-2458-
9-88.

Haahtela, T., Holgate, S., Pawankar, R., Akdis, C.A., Benjaponpitak, S., Caraballo, L.,
Demain, J., Portnoy, J., von Hertzen, L., 2013. The biodiversity hypothesis and al-
lergic disease: world allergy organization position statement. World Allergy Organ. J.
6 (1), 18. https://doi.org/10.1186/1939-4551-6-3.

Hanski, I., von Hertzen, L., Fyhrquist, N., Koskinen, K., Torppa, K., Laatikainen, T.,
Karisola, P., Auvinen, P., Paulin, L., Makela, M.J., Vartiainen, E., Kosunen, T.U.,
Alenius, H., Haahtela, T., 2012. Environmental biodiversity, human microbiota, and
allergy are interrelated. PNAS 109, 8334–8339. https://doi.org/10.1073/pnas.
1205624109.

Harinarayan, C.V., Ramalakshmi, T., Prasad, U.V., Sudhakar, D., Srinivasarao, P.V.,
Sarma, K.V., Kumar, E.G.T., 2007. High prevalence of low dietary calcium, high
phytate consumption, and vitamin D deficiency in healthy south Indians. Am. J. Clin.
Nutr. 85, 1062–1067. https://doi.org/10.1093/ajcn/85.4.1062.

Harrod, K.S., Jaramillo, R.J., Rosenberger, C.L., Wang, S.-Z., Berger, J.A., McDonald, J.D.,
Reed, M.D., 2003. Increased susceptibility to RSV infection by exposure to inhaled
diesel engine emissions. Am. J. Respir. Cell Mol. Biol. 28, 451–463. https://doi.org/
10.1165/rcmb.2002-0100OC.

Hartley, D., 2004. Rural health disparities, population health, and rural culture. Am. J.
Public Health 94, 1675–1678. https://doi.org/10.2105/AJPH.94.10.1675.

Heederik, D., Mutius, E. Von, 2012. Does diversity of environmental microbial exposure
matter for the occurrence of allergy and asthma? J. Allergy Clin. Immunol. 130,
44–50. https://doi.org/10.1016/j.jaci.2012.01.067.

Holgate, S.T., Wenzel, S., Postma, D.S., Weiss, S.T., Renz, H., Sly, P.D., 2015. Asthma. Nat.
Rev. Dis. Prim. 1, 15025. https://doi.org/10.1038/nrdp.2015.25.

Holick, M.F., Chen, T.C., 2008. Vitamin D deficiency: a worldwide problem with health
consequences. Am. J. Clin. Nutr. 87, 1080S–1086S. https://doi.org/10.1093/ajcn/
87.4.1080S.

Hölker, F., Moss, T., Griefahn, B., Kloas, W., Voigt, C.C., 2010. The dark side of light: A
transdisciplinary research agenda for light. Ecol. Soc. 15, 13. https://doi.org/10.
1890/080129.

James, P., Bertrand, K.A., Hart, J.E., Schernhammer, E.S., Tamimi, R.M., Laden, F., 2017.
Outdoor light at night and breast cancer incidence in the nurses’ health study II.
Environ. Health Perspect. 125, 087010. https://doi.org/10.1289/EHP935.

Ji, J., Upadhyay, S., Xiong, X., Malmlöf, M., Sandström, T., Gerde, P., Palmberg, L., 2018.
Multi-cellular human bronchial models exposed to diesel exhaust particles: assess-
ment of inflammation, oxidative stress and macrophage polarization. Part. Fibre
Toxicol. 15, 19. https://doi.org/10.1186/s12989-018-0256-2.

Jones, K.E., Patel, N.G., Levy, M.A., Storeygard, A., Balk, D., Gittleman, J.L., Daszak, P.,
2008. Global trends in emerging infectious diseases. Nature 451, 990–994. https://
doi.org/10.1038/nature06536.

Jørgensen, S.P., Agnholt, J., Glerup, H., Lyhne, S., Villadsen, G.E., Hvas, C.L., et al., 2010.
Clinical trial: Vitamin D3 treatment in Crohn’s disease – A randomized double-blind
placebo-controlled study. Aliment Pharmacol. Ther. 32, 377–383. https://doi.org/10.
1111/j.1365-2036.2010.04355.x.

Joseph, P., Leong, D., McKee, M., Anand, S.S., Schwalm, J.D., Teo, K., Mente, A., Yusuf,
S., 2017. Reducing the global burden of cardiovascular disease, part 1: The epide-
miology and risk factors. Circ. Res. 121, 677–694. https://doi.org/10.1161/
CIRCRESAHA.117.308903.

Kaplan, G.G., 2015. The global burden of IBD: from 2015 to 2025. Nat. Rev.
Gastroenterol. Hepatol. 12, 720–727. https://doi.org/10.1038/nrgastro.2015.150.

Kaplan, G.G., Hubbard, J., Korzenik, J., Sands, B.E., Panaccione, R., Ghosh, S., Wheeler,
A.J., Villeneuve, P.J., 2010. The inflammatory bowel diseases and ambient air pol-
lution: A novel association. Am. J. Gastroenterol. 105, 2412–2419. https://doi.org/
10.1038/ajg.2010.252.

Kim, Y.-K., Chang, Y.-S., Lee, M.-H., Hong, S.-C., Bae, J.-M., Jee, Y.-K., Chun, B.-R., Cho,
S.-H., Min, K.-U., Kim, Y.-Y., 2002. Role of environmental exposure to spider mites in
the sensitization and the clinical manifestation of asthma and rhinitis in children and
adolescents living in rural and urban areas. Clin. Exp. Allergy 32, 1305–1309.
https://doi.org/10.1046/j.1365-2745.2002.01478.x.

Kim, K.Y., Lee, E., Kim, Y.J., Kim, J., 2017. The association between artificial light at
night and prostate cancer in Gwangju City and South Jeolla Province of South Korea.
Chronobiol. Int. 34, 203–211. https://doi.org/10.1080/07420528.2016.1259241.

Kioumourtzoglou, M.A., Power, M.C., Hart, J.E., Okereke, O.I., Coull, B.A., Laden, F.,
et al., 2017. The association between air pollution and onset of depression among
middle-aged and older women. Am. J. Epidemiol. 185, 801–809. https://doi.org/10.
1093/aje/kww163.

Kish, L., Hotte, N., Kaplan, G.G., Vincent, R., Tso, R., Gänzle, M., Rioux, K.P., Thiesen, A.,
Barkema, H.W., Wine, E., Madsen, K.L., 2013. Environmental particulate matter

induces murine intestinal inflammatory responses and alters the gut microbiome.
PLoS ONE 8, e62220. https://doi.org/10.1371/journal.pone.0062220.

Koch, M.W., Metz, L.M., Agrawal, S.M., Yong, V.W., 2013. Environmental factors and
their regulation of immunity in multiple sclerosis. J. Neurol. Sci. 324, 10–16. https://
doi.org/10.1016/j.jns.2012.10.021.

Kyba, C.C.M., Kuester, T., De Miguel, A.S., Baugh, K., Jechow, A., Hölker, F., Bennie, J.,
Elvidge, C.D., Gaston, K.J., Guanter, L., 2017. Artificially lit surface of Earth at night
increasing in radiance and extent. Sci. Adv. 3, 1–9. https://doi.org/10.1126/sciadv.
1701528.

Lai, H., Flies, E.J., Weinstein, P., Woodward, A., n.d. The impact of green space and
biodiversity on health: Synthesis and systematic review. Front. Ecol. Environ.

Lane, K.J., Stokes, E.C., Seto, K.C., Thanikachalam, S., Thanikachalam, M., Bell, M.L.,
2017. Associations between greenness, impervious surface area, and nighttime lights
on biomarkers of vascular aging in Chennai. India. Environ. Health Perspect. 125,
1–8. https://doi.org/10.1289/EHP541.

Lehtinen, P., Ashorn, M., Iltanen, S., Jauhola, R., Jauhonen, P., Kolho, K.-L., Auvinen, A.,
2011. Incidence trends of pediatric inflammatory bowel disease in Finland,
1987–2003, a nationwide study. Inflamm. Bowel Dis. 17, 1778–1783. https://doi.
org/10.1002/ibd.21550.

Leibowitz, U., Antonovsky, A., Medalie, J.M., Smith, H.A., Halpern, L., Alter, M., 1966.
Epidemiological study of multiple sclerosis in Israel. Part II Multiple sclerosis and
level of sanitation. J. Neurol. Neurosurg. Psychiat 29, 60–68.

Lercher, P., Evans, G.W., Meis, M., Kofler, W.W., 2002. Ambient neighbourhood noise and
children’s mental health. Occup. Environ. Med. 59, 380–386. https://doi.org/10.
1136/oem.60.2.146.

Li, W., Dorans, K.S., Wilker, E.H., Rice, M.B., Ljungman, P.L., Schwartz, J.D., Coull, B.A.,
Koutrakis, P., Gold, D.R., Keaney, J.F., Vasan, R.S., Benjamin, E.J., Mittleman, M.A.,
2017. Short-term exposure to ambient air pollution and biomarkers of systemic in-
flammation. Arterioscler. Thromb. Vasc. Biol. 37, 1793–1800. https://doi.org/10.
1161/ATVBAHA.117.309799.

Lim, S.S., Vos, T., Flaxman, A.D., Danaei, G., Shibuya, K., et al., 2012. A comparative risk
assessment of burden of disease and injury attributable to 67 risk factors and risk
factor clusters in 21 regions, 1990–2010: A systematic analysis for the Global Burden
of Disease Study 2010. Lancet 380, 2224–2260. https://doi.org/10.1016/S0140-
6736(12)61766-8.

Litonjua, A.A., Carey, V.J., Laranjo, N., Harshfield, B.J., McElrath, T.F., O’Connor, G.T.,
Sandel, M., Iverson, R.E., Lee-Paritz, A., Strunk, R.C., Bacharier, L.B., Macones, G.A.,
Zeiger, R.S., Schatz, M., Hollis, B.W., Hornsby, E., Hawrylowicz, C., Wu, A.C., Weiss,
S.T., 2016. Effect of prenatal supplementation with vitamin D on asthma or recurrent
wheezing in offspring by age 3 years. JAMA 315, 362. https://doi.org/10.1001/jama.
2015.18589.

Liu, A.H., 2015. Revisiting the hygiene hypothesis for allergy and asthma. J. Allergy Clin.
Immunol. 136, 860–865. https://doi.org/10.1016/j.jaci.2015.08.012.

Lozano, R., Naghavi, M., Foreman, K., Lim, S.S., Shibuya, K., et al., 2012. Global and
regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: A
systematic analysis for the Global Burden of Disease Study 2010. Lancet 380,
2095–2128. https://doi.org/10.1016/S0140-6736(12)61728-0.

Luck, G.W., Davidson, P., Boxall, D., Smallbone, L., 2011. Relations between urban bird
and plant communities and human well-being and connection to nature. Conserv.
Biol. 25, 816–826. https://doi.org/10.1111/j.1523-1739.2011.01685.x.

Lunn, R.M., Blask, D.E., Coogan, A.N., Figueiro, M.G., Gorman, M.R., Hall, J.E., Hansen,
J., Nelson, R.J., Panda, S., Smolensky, M.H., Stevens, R.G., Turek, F.W., Vermeulen,
R., Carreón, T., Caruso, C.C., Lawson, C.C., Thayer, K.A., Twery, M.J., Ewens, A.D.,
Garner, S.C., Schwingl, P.J., Boyd, W.A., 2017. Health consequences of electric
lighting practices in the modern world: A report on the National Toxicology
Program’s workshop on shift work at night, artificial light at night, and circadian
disruption. Sci. Total Environ. 607–608, 1073–1084. https://doi.org/10.1016/J.
SCITOTENV.2017.07.056.

Lynch, S.V., Wood, R.A., Boushey, H., Bacharier, L.B., Bloomberg, G.R., Kattan, M.,
O’Connor, G.T., Sandel, M.T., Calatroni, A., Matsui, E., Johnson, C.C., Lynn, H.,
Visness, C.M., Jaffee, K.F., Gergen, P.J., Gold, D.R., Wright, R.J., Fujimura, K., Rauch,
M., Busse, W.W., Gern, J.E., 2014. Effects of early-life exposure to allergens and
bacteria on recurrent wheeze and atopy in urban children. J. Allergy Clin. Immunol.
134, 593–601.e12. https://doi.org/10.1016/j.jaci.2014.04.018.

MacNeill, S.J., Sozanska, B., Danielewicz, H., Debinska, A., Kosmeda, A., Boznanski, A.,
Illi, S., Depner, M., Strunz-Lehner, C., Waser, M., Büchele, G., Horak, E., Genuneit, J.,
Heederik, D., Braun-Fahrländer, C., von Mutius, E., Cullinan, P., 2013. Asthma and
allergies: is the farming environment (still) protective in Poland? The GABRIEL
Advanced Studies. Allergy 68, 771–779. https://doi.org/10.1111/all.12141.

Mainous, A.G., Kohrs, F.P., 1995. A comparison of health status between rural and urban
adults. J. Commun. Health 20, 423–431. https://doi.org/10.1007/BF02260438.

Manichanh, C., Rigottier-Gois, L., Bonnaud, E., Gloux, K., Pelletier, E., Frangeul, L., et al.,
2006. Reduced diversity of faecal microbiota in Crohn’s disease revealed by a me-
tagenomic approach. Gut 55, 205–211. https://doi.org/10.1136/gut.2005.073817.

McDonald, D., Hyde, E., Debelius, J.W., Morton, J.T., Gonzalez, A., et al., 2018. American
Gut: an open platform for citizen science microbiome research. mSystems 3,
e00031–e118. https://doi.org/10.1128/mSystems.00031-18.

McMichael, A.J., 2004. Environmental and social influences on emerging infectious dis-
eases: Past, present and future. Philos. Trans. Roy. Soc. B Biol. Sci. 359, 1049–1058.
https://doi.org/10.1098/rstb.2004.1480.

Mithal, A., Wahl, D.A., Dawson-Hughes, B., Bonjour, J.-P., Eisman, J.A., El, G., Fuleihan,
-Hajj, Josse, R.G., Lips, P., Morales-Torres, J., 2009. Global vitamin D status and
determinants of hypovitaminosis D. Osteoporos. Int. 20, 1807–1820. https://doi.org/
10.1007/s00198-009-0954-6.

Miyake, S., Kim, S., Suda, W., Oshima, K., Nakamura, M., et al., 2015. Dysbiosis in the gut
microbiota of patients with multiple sclerosis, with a striking depletion of species

E.J. Flies, et al. Environment International 133 (2019) 105187

10

https://doi.org/10.1016/j.landurbplan.2007.03.003
https://doi.org/10.1016/j.landurbplan.2007.03.003
https://doi.org/10.1001/archinternmed.2008.604
https://doi.org/10.1016/S2213-8587(14)70017-8
https://doi.org/10.1016/s0140-6736(11)61878-3
https://doi.org/10.1016/s0140-6736(11)61878-3
https://doi.org/10.1038/s41568-018-0015-6
https://doi.org/10.1016/S0140-6736(14)60617-6
https://doi.org/10.1186/1471-2458-9-88
https://doi.org/10.1186/1471-2458-9-88
https://doi.org/10.1186/1939-4551-6-3
https://doi.org/10.1073/pnas.1205624109
https://doi.org/10.1073/pnas.1205624109
https://doi.org/10.1093/ajcn/85.4.1062
https://doi.org/10.1165/rcmb.2002-0100OC
https://doi.org/10.1165/rcmb.2002-0100OC
https://doi.org/10.2105/AJPH.94.10.1675
https://doi.org/10.1016/j.jaci.2012.01.067
https://doi.org/10.1038/nrdp.2015.25
https://doi.org/10.1093/ajcn/87.4.1080S
https://doi.org/10.1093/ajcn/87.4.1080S
https://doi.org/10.1890/080129
https://doi.org/10.1890/080129
https://doi.org/10.1289/EHP935
https://doi.org/10.1186/s12989-018-0256-2
https://doi.org/10.1038/nature06536
https://doi.org/10.1038/nature06536
https://doi.org/10.1111/j.1365-2036.2010.04355.x
https://doi.org/10.1111/j.1365-2036.2010.04355.x
https://doi.org/10.1161/CIRCRESAHA.117.308903
https://doi.org/10.1161/CIRCRESAHA.117.308903
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1038/ajg.2010.252
https://doi.org/10.1038/ajg.2010.252
https://doi.org/10.1046/j.1365-2745.2002.01478.x
https://doi.org/10.1080/07420528.2016.1259241
https://doi.org/10.1093/aje/kww163
https://doi.org/10.1093/aje/kww163
https://doi.org/10.1371/journal.pone.0062220
https://doi.org/10.1016/j.jns.2012.10.021
https://doi.org/10.1016/j.jns.2012.10.021
https://doi.org/10.1126/sciadv.1701528
https://doi.org/10.1126/sciadv.1701528
https://doi.org/10.1289/EHP541
https://doi.org/10.1002/ibd.21550
https://doi.org/10.1002/ibd.21550
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0450
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0450
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0450
https://doi.org/10.1136/oem.60.2.146
https://doi.org/10.1136/oem.60.2.146
https://doi.org/10.1161/ATVBAHA.117.309799
https://doi.org/10.1161/ATVBAHA.117.309799
https://doi.org/10.1016/S0140-6736(12)61766-8
https://doi.org/10.1016/S0140-6736(12)61766-8
https://doi.org/10.1001/jama.2015.18589
https://doi.org/10.1001/jama.2015.18589
https://doi.org/10.1016/j.jaci.2015.08.012
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1111/j.1523-1739.2011.01685.x
https://doi.org/10.1016/J.SCITOTENV.2017.07.056
https://doi.org/10.1016/J.SCITOTENV.2017.07.056
https://doi.org/10.1016/j.jaci.2014.04.018
https://doi.org/10.1111/all.12141
https://doi.org/10.1007/BF02260438
https://doi.org/10.1136/gut.2005.073817
https://doi.org/10.1128/mSystems.00031-18
https://doi.org/10.1098/rstb.2004.1480
https://doi.org/10.1007/s00198-009-0954-6
https://doi.org/10.1007/s00198-009-0954-6


belonging to clostridia XIVa and IV clusters. PLoS ONE 10. https://doi.org/10.1371/
journal.pone.0137429.

Miyamoto, T., 1997. Epidemiology of pollution-induced airway disease in Japan. Allergy
52, 30–34. https://doi.org/10.1111/j.1398-9995.1997.tb04867.x.

Mora, J.R., Iwata, M., Von Andrian, U.H., 2008. Vitamin effects on the immune system:
Vitamins A and D take centre stage. Nat. Rev. Immunol. 8, 685–698. https://doi.org/
10.1038/nri2378.

Morgan, A., 2002. A national call to action: CDC’s 2001 urban and rural health chartbook.
J. Rural Heal. 18, 382–383. https://doi.org/10.1111/j.1748-0361.2002.tb00900.x.

Münzel, T., Sørensen, M., Gori, T., Schmidt, F.P., Rao, X., Brook, J., Chen, L.C., Brook,
R.D., Rajagopalan, S., 2016. Environmental stressors and cardio-metabolic disease:
part I–epidemiologic evidence supporting a role for noise and air pollution and effects
of mitigation strategies. Eur. Heart J. 38, ehw269. https://doi.org/10.1093/
eurheartj/ehw269.

Nelin, T.D., Joseph, A.M., Gorr, M.W., Wold, L.E., 2012. Direct and indirect effects of
particulate matter on the cardiovascular system. Toxicol. Lett. 208, 293–299. https://
doi.org/10.1016/j.toxlet.2011.11.008.

Nemmar, A., Hoet, P.H.M., Dinsdale, D., Vermylen, J., Hoylaerts, M.F., Nemery, B., 2003.
Diesel exhaust particles in lung acutely enhance experimental peripheral thrombosis.
Circulation 107, 1202–1208.

O’Meara, M., 1999. Reinventing cities for people and the planet, Worldwatch Paper 147.
Washington, D.C.

Ohayon, M.M., Milesi, C., 2016. Artificial outdoor nighttime lights associate with altered
sleep behavior in the American general population. Sleep 39, 1311–1320. https://
doi.org/10.5665/sleep.5860.

Ott, S.J., Musfeldt, M., Wenderoth, D.F., Hampe, J., Brant, O., Fölsch, U.R., et al., 2004.
Reduction in diversity of the colonic mucosa associated bacterial microflora in pa-
tients with active inflammatory bowel disease. Gut 53, 685–693. https://doi.org/10.
1136/gut.2003.025403.

Pearce, Neil, Aït-Khaled, Nadia, Beasley, Richard, Mallol, Javier, Keil, Ulrich, Mitchell, E.,
Robertson, C., Aït-Khaled, N., Anderson, H.R., Asher, M.I., Beasley, R., Björkstén, B.,
Brunekreef, B., Cookson, W., Crane, J., Ellwood, P., Foliaki, S., Keil, U., Lai, C.K.W.,
Mallol, J., Robertson, C.F., Mitchell, E.A., Montefort, S., Odhiambo, J., Pearce, N.,
Shah, J., Stewart, A.W., Strachan, D., Von Mutius, E., Weiland, S.K., Williams, H.,
2007. Worldwide trends in the prevalence of asthma symptoms: Phase III of the
International Study of Asthma and Allergies in Childhood (ISAAC). Thorax 62,
757–765. https://doi.org/10.1136/thx.2006.070169.

Peden, D.B., 2018. Effect of pollution on allergy/immunology. J. Allergy Clin. Immunol.
141, 878–879. https://doi.org/10.1016/j.jaci.2018.01.017.

Peen, J., Schoevers, R.A., Beekman, A.T., Dekker, J., 2010. The current status of urban-
rural differences in psychiatric disorders. Acta Psychiatr. Scand. 121, 84–93. https://
doi.org/10.1111/j.1600-0447.2009.01438.x.

Perzanowski, M.S., Miller, R.L., Thorne, P.S., Barr, R.G., Divjan, A., Sheares, B.J.,
Garfinkel, R.S., Perera, F.P., Goldstein, I.F., Chew, G.L., 2006. Endotoxin in inner-city
homes: associations with wheeze and eczema in early childhood. J. Allergy Clin.
Immunol. 117, 1082–1089. https://doi.org/10.1016/j.jaci.2005.12.1348.

Platts-Mills, T.A.E., 2015. The allergy epidemics: 1870–2010. J. Allergy Clin. Immunol.
136, 3–13. https://doi.org/10.1016/j.jaci.2015.03.048.

Platts-Mills, T.A.E., Sporik, R.B., Wheatley, L.M., Heymann, P.W., 1995. Is there a dose-
response relationship between exposure to indoor allergens and symptoms of
asthma? J. Allergy Clin. Immunol. 96, 435–440. https://doi.org/10.1016/S0091-
6749(95)70284-9.

Pope, C.A., Burnett, R.T., Thurston, G.D., Thun, M.J., Calle, E.E., Krewski, D., et al., 2004.
Cardiovascular mortality and long-term exposure to particulate air pollution:
Epidemiological evidence of general pathophysiological pathways of disease.
Circulation 109, 71–77. https://doi.org/10.1161/01.CIR.0000108927.80044.7F.

Pothirat, C., Chaiwong, W., Phetsuk, N., Pisalthanapuna, S., Chetsadaphan, N., Inchai, J.,
2015. A comparative study of COPD burden between urban vs rural communities in
northern Thailand. Int. J. Chron. Obstruct. Pulmon. Dis. 10, 1035–1042. https://doi.
org/10.2147/COPD.S82303.

Pou, S.A., Tumas, N., Sánchez Soria, D., Ortiz, P., M. del Díaz, P., 2017. Large-scale so-
cietal factors and noncommunicable diseases: Urbanization, poverty and mortality
spatial patterns in Argentina. Appl. Geogr. 86, 32–40. https://doi.org/10.1016/J.
APGEOG.2017.06.022.

Prüss-üstün, A., Campbell-lendrum, D., Corvalán, C., Woodward, A., Prüss-Ustün, A.,
Mathers, C., Fewtrell, L., 2003. Introduction and methods: assessing the environ-
mental burden of disease at national and local levels. Environ. Burd. Dis. Ser. 1, 1–73.

Puri, S., Marwaha, R.K., Agarwal, N., Tandon, N., Agarwal, R., Grewal, K., Reddy, D.H.K.,
Singh, S., 2008. Vitamin D status of apparently healthy schoolgirls from two different
socioeconomic strata in Delhi: relation to nutrition and lifestyle. Br. J. Nutr. 99,
876–882. https://doi.org/10.1017/S0007114507831758.

Purtle, J., Nelson, K.L., Yang, Y., Langellier, B., Stankov, I., Diez Roux, A.V., 2019.
Urban–rural differences in older adult depression: A systematic review and meta-
analysis of comparative studies. Am. J. Prev. Med. 56, 603–613. https://doi.org/10.
1016/j.amepre.2018.11.008.

Rejnmark, L., Bislev, L.S., Cashman, K.D., Eiríksdottir, G., Gaksch, M., Grübler, M.,
Grimnes, G., Gudnason, V., Lips, P., Pilz, S., Van Schoor, N.M., Kiely, M., Jorde, R.,
2017. Non-skeletal health effects of Vitamin D supplementation: A systematic review
on findings from meta-Analyses summarizing trial data. PLoS ONE 12, 1–39. https://
doi.org/10.1371/journal.pone.0180512.

Rieder, R., Wisniewski, P.J., Alderman, B.L., Campbell, S.C., 2017. Microbes and mental
health: A review. Brain Behav. Immun. 66, 9–17. https://doi.org/10.1016/j.bbi.
2017.01.016.

Rioux, J.D., Xavier, R.J., Taylor, K.D., Silverberg, M.S., Goyette, P., Huett, A., Green, T.,
Kuballa, P., Barmada, M.M., Datta, L.W., Shugart, Y.Y., Griffiths, A.M., Targan, S.R.,
Ippoliti, A.F., Bernard, E.-J., Mei, L., Nicolae, D.L., Regueiro, M., Schumm, L.P.,

Steinhart, A.H., Rotter, J.I., Duerr, R.H., Cho, J.H., Daly, M.J., Brant, S.R., 2007.
Genome-wide association study identifies new susceptibility loci for Crohn disease
and implicates autophagy in disease pathogenesis. Nat. Genet. 39, 596–604. https://
doi.org/10.1038/ng2032.

Rook, G.A.W., 2009. Review series on helminths, immune modulation and the hygiene
hypothesis: The broader implications of the hygiene hypothesis. Immunology 126,
3–11. https://doi.org/10.1111/j.1365-2567.2008.03007.x.

Rook, G.A.W., 2012. Hygiene hypothesis and autoimmune diseases. Clin. Rev. Allergy
Immunol. 42, 5–15. https://doi.org/10.1007/s12016-011-8285-8.

Rook, G.A.W., 2013. Regulation of the immune system by biodiversity from the natural
environment: an ecosystem service essential to health. PNAS 110, 18360–18367.
https://doi.org/10.1073/pnas.1313731110.

Rook, G.A.W., Dalgleish, A., 2011. Infection, immunoregulation, and cancer. Immunol.
Rev. 240, 141–159. https://doi.org/10.1111/j.1600-065X.2010.00987.x.

Rooney, M.R., Harnack, L., Michos, E.D., Ogilvie, R.P., Sempos, C.T., Lutsey, P.L., 2017.
Trends in use of high-dose vitamin D supplements exceeding 1000 or 4000
International Units daily, 1999–2014. JAMA 317, 2448. https://doi.org/10.1001/
jama.2017.4392.

Rosenfeld, G., Bressler, B., 2012. The truth about cigarette smoking and the risk of in-
flammatory bowel disease. Am. J. Gastroenterol. 107, 1407–1408. https://doi.org/
10.1038/ajg.2012.190.

Roth, G.A., Johnson, C., Abajobir, A., Abd-Allah, F., Abera, S.F., et al., 2017. Global,
regional, and national burden of cardiovascular diseases for 10 causes, 1990 to 2015.
J. Am. Coll. Cardiol. 70, 1–25. https://doi.org/10.1016/J.JACC.2017.04.052.

Ruokolainen, L., Hertzen, L. Von, Fyhrquist, N., Laatikainen, T., Lehtom, J., Auvinen, P.,
Karvonen, A.M., Hyvarinen, A., Tillmann, V., Niemela, O., Knip, M., Haahtela, T.,
Pekkanen, J., Hanski, I., 2015. Green areas around homes reduce atopic sensitization
in children. Allergy 70, 195–202. https://doi.org/10.1111/all.12545.

Rybnikova, N.A., Haim, A., Portnov, B.A., 2016. Does artificial light-at-night exposure
contribute to the worldwide obesity pandemic? Int. J. Obes. 40, 815–823. https://
doi.org/10.1038/ijo.2015.255.

Rybnikova, N.A., Haim, A., Portnov, B.A., 2017. Is prostate cancer incidence worldwide
linked to artificial light at night exposures? Review of earlier findings and analysis of
current trends. Arch. Environ. Occup. Health 72, 111–122. https://doi.org/10.1080/
19338244.2016.1169980.

Salo, P.M., Arbes Jr, S.J., Jaramillo, R., Calatroni, A., Weir, C.H., Sever, M.L., Hoppin,
J.A., Rose, K.M., Liu, A.H., Gergen, P.J., Mitchell, H.E., Zeldin, D.C., 2014. Prevalence
of allergic sensitization in the U.S.: Results from the National Health and Nutrition
Examination Survey (NHANES) 2005–2006. J. Allergy Clin. Immunol. 134, 350–359.
https://doi.org/10.1016/j.jaci.2013.12.1071.

Sari, D.K., Tala, Z.Z., Lestari, S., Hutagalung, S., Ganie, R.A., 2017. Lifestyle differences in
rural and urban areas affected the level of vitamin D in women with single nucleotide
polymorphism in North Sumatera. Asian J Clin Nutr 9, 57–63.

Schnorr, S.L., Candela, M., Rampelli, S., Centanni, M., Consolandi, C., et al., 2014. Gut
microbiome of the Hadza hunter-gatherers. Nat. Commun. 5, 3654. https://doi.org/
10.1038/ncomms4654.

Schuijs, M.J., Willart, M.A., Vergote, K., Gras, D., Deswarte, K., Ege, M.J., Madeira, F.B.,
Beyaert, R., van Loo, G., Bracher, F., von Mutius, E., Chanez, P., Lambrecht, B.N.,
Hammad, H., 2015. Farm dust and endotoxin protect against allergy through A20
induction in lung epithelial cells. Science 349, 1106–1110.

Shaffer, J.A., Wasson, D.E.L.T., Falzon, L., Homma, K., Ezeokoli, N., Li, P., Davidson,
K.W., 2014. Vitamin D supplementation for depressive symptoms: A systematic re-
view and meta-analysis of randomized controlled trials. Psychosom. Med. 76,
190–196. https://doi.org/10.1097/PSY.0000000000000044. Vitamin.

Spedding, S., 2014. Vitamin D and depression: A systematic review and meta-analysis
comparing studies with and without biological flaws. Nutrients 6, 1501–1518.
https://doi.org/10.3390/nu6041501.

Stansfeld, S., Haines, M., Burr, M., Berry, B., Lercher, P., 2000. A review of environmental
noise and mental health. Noise Heal. 2, 1–8.

Stein, M.M., Hrusch, C.L., Gozdz, J., Igartua, C., Pivniouk, V., Murray, S.E., Ledford, J.G.,
Marques dos Santos, M., Anderson, R.L., Metwali, N., Neilson, J.W., Maier, R.M.,
Gilbert, J.A., Holbreich, M., Thorne, P.S., Martinez, F.D., von Mutius, E., Vercelli, D.,
Ober, C., Sperling, A.I., 2016. Innate immunity and asthma risk in Amish and
Hutterite farm children. N. Engl. J. Med. 375, 411–421. https://doi.org/10.1056/
NEJMoa1508749.

Strachan, D.P., 1989. Hayfever, hygiene and household size. BMJ 299, 1259–1260.
https://doi.org/10.1136/bmj.299.6710.1259.

Szyszkowicz, M., Kousha, T., Kingsbury, M., Colman, I., 2016. Air pollution and emer-
gency department visits for depression: A multicity case-crossover study. Environ.
Health Insights 10, EHI.S40493. https://doi.org/10.4137/ehi.s40493.

Teo, K., Lear, S., Islam, S., Mony, P., Dehghan, M., Li, W., Rosengren, A., Lopez-Jaramillo,
P., Diaz, R., Oliveira, G., Miskan, M., Rangarajan, S., Iqbal, R., Ilow, R., Puone, T.,
Bahonar, A., Gulec, S., Darwish, E.A., Lanas, F., Vijaykumar, K., Rahman, O.,
Chifamba, J., Hou, Y., Li, N., Yusuf, S., PURE Investigators, on behalf of the, 2013.
Prevalence of a healthy lifestyle among individuals with cardiovascular disease in
high-, middle- and low-income countries. JAMA 309, 1613. https://doi.org/10.1001/
jama.2013.3519.

Turner, M.C., Krewski, D., Diver, W.R., Pope, C.A., Burnett, R.T., Jerrett, M., et al., 2017.
Ambient air pollution and cancer mortality in the Cancer Prevention Study II.
Environ. Health Perspect 125. https://doi.org/10.1289/EHP1249.

UNAIDS, 2006. Chapter 02: Overview of the global AIDS epidemic. In: 2006 Report on the
Global AIDS Epidemic. UNAIDS, Geneva, Switzerland, pp. 34–77.

UNDESA, 2014. World Urbanization Prospects: The 2014 Revisions, World Urbanization
Prospects. United Nations, Geneva, Switzerland. https://doi.org/10.4054/DemRes.
2005.12.9.

Valles-Colomer, M., Falony, G., Darzi, Y., Tigchelaar, E.F., Wang, J., Tito, R.Y., et al.,

E.J. Flies, et al. Environment International 133 (2019) 105187

11

https://doi.org/10.1371/journal.pone.0137429
https://doi.org/10.1371/journal.pone.0137429
https://doi.org/10.1111/j.1398-9995.1997.tb04867.x
https://doi.org/10.1038/nri2378
https://doi.org/10.1038/nri2378
https://doi.org/10.1111/j.1748-0361.2002.tb00900.x
https://doi.org/10.1093/eurheartj/ehw269
https://doi.org/10.1093/eurheartj/ehw269
https://doi.org/10.1016/j.toxlet.2011.11.008
https://doi.org/10.1016/j.toxlet.2011.11.008
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0560
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0560
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0560
https://doi.org/10.5665/sleep.5860
https://doi.org/10.5665/sleep.5860
https://doi.org/10.1136/gut.2003.025403
https://doi.org/10.1136/gut.2003.025403
https://doi.org/10.1136/thx.2006.070169
https://doi.org/10.1016/j.jaci.2018.01.017
https://doi.org/10.1111/j.1600-0447.2009.01438.x
https://doi.org/10.1111/j.1600-0447.2009.01438.x
https://doi.org/10.1016/j.jaci.2005.12.1348
https://doi.org/10.1016/j.jaci.2015.03.048
https://doi.org/10.1016/S0091-6749(95)70284-9
https://doi.org/10.1016/S0091-6749(95)70284-9
https://doi.org/10.1161/01.CIR.0000108927.80044.7F
https://doi.org/10.2147/COPD.S82303
https://doi.org/10.2147/COPD.S82303
https://doi.org/10.1016/J.APGEOG.2017.06.022
https://doi.org/10.1016/J.APGEOG.2017.06.022
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0625
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0625
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0625
https://doi.org/10.1017/S0007114507831758
https://doi.org/10.1016/j.amepre.2018.11.008
https://doi.org/10.1016/j.amepre.2018.11.008
https://doi.org/10.1371/journal.pone.0180512
https://doi.org/10.1371/journal.pone.0180512
https://doi.org/10.1016/j.bbi.2017.01.016
https://doi.org/10.1016/j.bbi.2017.01.016
https://doi.org/10.1038/ng2032
https://doi.org/10.1038/ng2032
https://doi.org/10.1111/j.1365-2567.2008.03007.x
https://doi.org/10.1007/s12016-011-8285-8
https://doi.org/10.1073/pnas.1313731110
https://doi.org/10.1111/j.1600-065X.2010.00987.x
https://doi.org/10.1001/jama.2017.4392
https://doi.org/10.1001/jama.2017.4392
https://doi.org/10.1038/ajg.2012.190
https://doi.org/10.1038/ajg.2012.190
https://doi.org/10.1016/J.JACC.2017.04.052
https://doi.org/10.1111/all.12545
https://doi.org/10.1038/ijo.2015.255
https://doi.org/10.1038/ijo.2015.255
https://doi.org/10.1080/19338244.2016.1169980
https://doi.org/10.1080/19338244.2016.1169980
https://doi.org/10.1016/j.jaci.2013.12.1071
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0710
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0710
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0710
https://doi.org/10.1038/ncomms4654
https://doi.org/10.1038/ncomms4654
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0720
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0720
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0720
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0720
https://doi.org/10.1097/PSY.0000000000000044. Vitamin
https://doi.org/10.3390/nu6041501
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0735
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0735
https://doi.org/10.1056/NEJMoa1508749
https://doi.org/10.1056/NEJMoa1508749
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.4137/ehi.s40493
https://doi.org/10.1001/jama.2013.3519
https://doi.org/10.1001/jama.2013.3519
https://doi.org/10.1289/EHP1249
https://doi.org/10.4054/DemRes.2005.12.9
https://doi.org/10.4054/DemRes.2005.12.9


2019. The neuroactive potential of the human gut microbiota in quality of life and
depression. Nat. Microbiol. 4, 623–632. https://doi.org/10.1038/s41564-018-
0337-x.

Vangay, P., Johnson, A.J., Ward, T.L., Al-Ghalith, G.A., Shields-Cutler, R.R., Hillmann,
B.M., Lucas, S.K., Beura, L.K., Thompson, E.A., Till, L.M., Batres, R., Paw, B.,
Pergament, S.L., Saenyakul, P., Xiong, M., Kim, A.D., Kim, G., Masopust, D., Martens,
E.C., Angkurawaranon, C., McGready, R., Kashyap, P.C., Culhane-Pera, K.A., Knights,
D., 2018. US immigration westernizes the human gut microbiome. Cell 175,
962–972.e10. https://doi.org/10.1016/J.CELL.2018.10.029.

Vlahov, D., Galea, S., 2002. Urbanization, urbanicity, and health. J. Urban Heal. 79,
1S–12S. https://doi.org/10.1093/jurban/79.suppl_1.S1.

Vlahov, D., Freudenberg, N., Proietti, F., Ompad, D., Quinn, A., Nandi, V., Galea, S., 2007.
Urban as a determinant of health. J. Urban Heal. 84, 16–26. https://doi.org/10.
1007/s11524-007-9169-3.

Vlahov, D., Galea, S., 2003. Urban health: a new discipline. Lancet 362, 1091–1092.
von Hertzen, L., Hanski, I., Haahtela, T., 2011. Natural immunity. Biodiversity loss and

inflammatory diseases are two global megatrends that might be related. EMBO Rep.
12, 1089–1093. https://doi.org/10.1038/embor.2011.195.

Vos, T., Allen, C., Arora, M., Barber, R.M., Brown, A., et al., 2016. Global, regional, and
national incidence, prevalence, and years lived with disability for 310 diseases and
injuries, 1990–2015: a systematic analysis for the Global Burden of Disease Study
2015. Lancet 388, 1545–1602. https://doi.org/10.1016/S0140-6736(16)31678-6.

Wang, H., Naghavi, M., Allen, C., Barber, R.M., Carter, A., et al., 2016. Global, regional,
and national life expectancy, all-cause mortality, and cause-specific mortality for 249
causes of death, 1980–2015: a systematic analysis for the Global Burden of Disease
Study 2015. Lancet 388, 1459–1544. https://doi.org/10.1016/S0140-6736(16)
31012-1.

Weinmayr, G., Weiland, S.K., Björkstén, B., Brunekreef, B., Büchele, G., Cookson, W.O.C.,
Garcia-Marcos, L., Gotua, M., Gratziou, C., Van Hage, M., Von Mutius, E., Riikjärv,
M.A., Rzehak, P., Stein, R.T., Strachan, D.P., Tsanakas, J., Wickens, K., Wong, G.W.,
Aït-Khaled, N., Anderson, H.R., Asher, I., Beasley, R., Crane, J., Ellwood, P., Foliaki,
S., Keil, U., Lai, C., Mallol, J., Mitchell, E., Montefort, S., Odhiambo, J., Pearce, N.,
Robertson, C., Shah, J., Stewart, A., Williams, H., 2007. Atopic sensitization and the
international variation of asthma symptom prevalence in children. Am. J. Respir.
Crit. Care Med. 176, 565–574. https://doi.org/10.1164/rccm.200607-994OC.

Weiss, R.A., McMichael, A.J., 2004. Social and environmental risk factors in the emer-
gence of infectious diseases. Nat. Med. 10, S70–S76. https://doi.org/10.1038/

nm1150.
WHO, 2018d. Top 10 causes of death. Glob. Heal. Obs http://www.who.int/gho/mor-

tality_burden_disease/causes_death/top_10/en/ (accessed 8.3.18).
WHO, 2016a. Ambient air pollution: A global assessment of exposure and burden of

disease. Geneva. https://www.who.int/phe/publications/air-pollution-global-
assessment/en/.

WHO, 2016b. Air pollution levels rising in many of the world’s poorest cities. Geneva.
https://www.who.int/home/12-05-2016-air-pollution-levels-rising-in-many-of-the-
world-s-poorest-cities.

WHO, 2017. Asthma Fact Sheet. Geneva. https://www.who.int/news-room/fact-sheets/
detail/asthma.

WHO, 2018a. Children’s environmental health fact sheet. https://www.who.int/features/
factfiles/children_environmental_health/en/.

WHO, 2018b. Types of Healthy Settings. World Health Organization. URL http://www.
who.int/healthy_settings/types/cities/en/ (accessed 7.19.18).

WHO, 2018c. Obesity: Data and statistics. World Health Organization. https://www.cdc.
gov/obesity/data/index.html.

WHO, Metropolis, 2014. Cities for Health. World Health Organization, Kobe City, Japan.
Wood, C.L., McInturff, A., Young, H.S., Kim, D., Lafferty, K.D., 2017. Human infectious

disease burdens decrease with urbanization but not with biodiversity. Philos. Trans.
R. Soc. B Biol. Sci. 372, 20160122. https://doi.org/10.1098/rstb.2016.0122.

Woolhouse, M.E.J., Gowtage-Sequeria, S., 2005. Host range and emerging and reemer-
ging pathogens. Emerg. Infect. Dis. 11, 1842–1847.

Wortsman, J., Matsuoka, L.Y., Chen, T.C., Lu, Z., Holick, M.F., 2000. Decreased bioa-
vailability of vitamin D in obesity. Am. J. Clin. Nutr. 72, 690–693.

Yemaneberhan, H., Bekele, Z., Venn, A., Lewis, S., Parry, E., Britton, J., 1997. Prevalence
of wheeze and asthma and relation to atopy in urban and rural Ethiopia. Lancet 350,
85–90. https://doi.org/10.1016/S0140-6736(97)01151-3.

Yusuf, S., Hawken, S., Ounpuu, S., Dans, T., Avezum, A., Lanas, F., McQueen, M., Budaj,
A., Pais, P., Varigos, J., Lisheng, L., 2004. Effect of potentially modifiable risk factors
associated with myocardial infarction in 52 countries (the INTERHEART study): case
control study. Lancet 364, 937–952. https://doi.org/10.1016/S0140-6736(04)
17018-9.

Zubidat, A.E., Haim, A., 2017. Artificial light-at-night – a novel lifestyle risk factor for
metabolic disorder and cancer morbidity. J. Basic Clin. Physiol. Pharmacol. 28,
295–313. https://doi.org/10.1515/jbcpp-2016-0116.

E.J. Flies, et al. Environment International 133 (2019) 105187

12

https://doi.org/10.1038/s41564-018-0337-x
https://doi.org/10.1038/s41564-018-0337-x
https://doi.org/10.1016/J.CELL.2018.10.029
https://doi.org/10.1093/jurban/79.suppl_1.S1
https://doi.org/10.1007/s11524-007-9169-3
https://doi.org/10.1007/s11524-007-9169-3
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0795
https://doi.org/10.1038/embor.2011.195
https://doi.org/10.1016/S0140-6736(16)31678-6
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1164/rccm.200607-994OC
https://doi.org/10.1038/nm1150
https://doi.org/10.1038/nm1150
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0825
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0825
https://www.who.int/phe/publications/air-pollution-global-assessment/en/
https://www.who.int/phe/publications/air-pollution-global-assessment/en/
https://www.who.int/home/12-05-2016-air-pollution-levels-rising-in-many-of-the-world-s-poorest-cities
https://www.who.int/home/12-05-2016-air-pollution-levels-rising-in-many-of-the-world-s-poorest-cities
https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/features/factfiles/children_environmental_health/en/
https://www.who.int/features/factfiles/children_environmental_health/en/
http://www.who.int/healthy_settings/types/cities/en/
http://www.who.int/healthy_settings/types/cities/en/
https://www.cdc.gov/obesity/data/index.html
https://www.cdc.gov/obesity/data/index.html
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0860
https://doi.org/10.1098/rstb.2016.0122
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0870
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0870
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0875
http://refhub.elsevier.com/S0160-4120(19)32386-4/h0875
https://doi.org/10.1016/S0140-6736(97)01151-3
https://doi.org/10.1016/S0140-6736(04)17018-9
https://doi.org/10.1016/S0140-6736(04)17018-9
https://doi.org/10.1515/jbcpp-2016-0116

	Urban-associated diseases: Candidate diseases, environmental risk factors, and a path forward
	Introduction
	Urban-associated diseases (UADs): What are they and which diseases were examined
	Allergies &#x200B;&&#x200B; asthma
	Autoimmune and inflammatory diseases
	Lifestyle and chronic diseases
	Cardiovascular disease
	Cancer
	Chronic obstructive pulmonary disease
	Obesity and diabetes
	Mental health

	Infectious diseases

	Discussion
	Air pollution, cities and disease
	Altered microbiome/exposure to environmental micro-organisms
	Vitamin D, cities and disease
	Artificial light at night
	Caveats, challenges and solutions

	Conclusions
	mk:H1_19
	Acknowledgements
	Supplementary material
	References




