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Preface

Humans are diurnal organisms whose biological clock and temporal organization
depend on natural light/dark cycles. Throughout evolution, changes in the pho-
toperiod were a signal for seasonal acclimatization of physiological and immune
systems as well as of behavioral patterns. The invention of electrical light bulbs
created more opportunities for work and leisure. However, exposure to artificial
light at night (LAN) affects our biological clock, and suppresses pineal melatonin
(MLT) production.

Knowledge accumulated in the past decades and our better understanding of
eye photoreceptors and the discovery of melanopsin in the bipolar ganglions gave
us a better perspective on light intensity and light spectrum in relation to the
entrainment of our biological clock and the importance of events with timing.

In many electrical light bulbs used today and considered ‘‘environmentally
friendly,’’ electrical energy is converted into short wavelength illumination thus
increasing the light intensity to the levels we have not been used to in the past.
Such illumination effectively becomes ‘‘light pollution’’ which disrupts pineal
melatonin (MLT) production. Among its other properties, MLT is an antionco-
genic agent, and therefore, its suppression increases the risks of developing breast
and prostate cancers (BC&PC).

To the best of our knowledge, this book is the first authored book which
attempts to address the linkage between light pollution and BC&PC in humans. It
explains several state-of-the-art theories, linking light pollution with BC&PC. It
also illustrates research hypotheses about health effects of light pollution using the
results of animal models and population-based studies.

Abraham Haim
Boris A. Portnov
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Chapter 1
Introduction

Some people will never learn anything, for this reason, because
they understand everything too soon.

Alexander Pope

The levels of health care and living conditions in many regions of the world have
improved considerably in the past decades, especially in urban areas. Yet, modern
urbanized and industrialized ecosystems are not necessarily the healthiest places to
live in. In addition to many ‘‘traditional’’ health hazards, such as air pollution, and
general stress associated with living in urban areas, yet, many new health hazards
constantly emerge or are being recognized as such.

Relatively recently, for instance, exposure to low frequency electromagnetic
radiation, such as radio and microwave frequencies (RF/MF) was recognized as a
health risk to humans, along with exposure to various chemicals often found in
urban areas, such as benzenes, detergents, endocrine disrupting chemicals (EDCs),
heavy metals, and many others that are found in soils, drinking water and building
materials of which our homes are built. Even more recently, shift-working, which
is quite common in urban areas, has been added to the list of risk factors poten-
tially carcinogenic to humans (ACS 2007).

In this book, which is, to the best of our knowledge, the very first authored book
published on the topic, we discuss yet another potential risk factor for human
breast and prostate cancers (BC&PC)—Light-at-Night (LAN), which can be
termed ‘‘light pollution’’ or even ‘‘light toxicity.’’

One may ask: How can light become a risk factor? What can be more natural to
humans, as diurnal organisms, than light?

These questions are intuitively correct, indeed. Therefore, one clarification is
required: It is not regular daytime sunlight, to which humans have been accus-
tomed over the years of human evolution, we are talking about. The matter is that
the light we are exposed today in our homes, work places and in public spaces
often differs from regular sunlight by two important properties—timing and
wavelength.

Let us elaborate. Throughout the years of evolution, our human ancestors, as
other mammals, were diurnal. They (normally) were active during daytime and
rested at night under (normally) dark conditions. Bearing in mind that the human
evolution, for a long period of time, took place close to the Equator, our ancestors
followed close to 12 h of light–12 h of darkness (12L–12D) cycles.

A. Haim and B. A. Portnov, Light Pollution as a New Risk Factor
for Human Breast and Prostate Cancers, DOI: 10.1007/978-94-007-6220-6_1,
� Springer Science+Business Media Dordrecht 2013
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Although humans have always been attempting to prolong the light part of the
day, by whatever means locally available—burning wood, animal fat, organic and
mineral oils, etc. (especially after they moved from the equatorial areas to places
with short days and long nights), —possibilities for nighttime activities under such
limited lighting sources, were rather limited.

The situation has changed dramatically in the past 120–130 years with the
invention of an electrical light bulb, demonstrated to the public nearly simulta-
neously by Joseph Swan in the UK and Thomas Alva Edison in the USA in 1879.

Since then, electrical light bulbs and electricity, as an energy source for illu-
mination, have become more reliable and affordable. Following these technolog-
ical developments, electric lights proliferated widely across the globe, reaching
even the most remote peripheral regions and rural areas of developing countries.

As a result of this proliferation, which has started, as we should emphasize, only
120–130 years ago, humans across the globe are no longer ‘‘tied’’ today to the
traditional 12L–12D cycles, but can be active around the clock, if they chose so.
Supported by artificial illumination, we can be active at night and rest during the
day, quite contrary to our diurnal nature, ‘‘programmed’’ by the years of evolution.

In addition to these changes in the temporal activity patterns, which artificial
illumination enables, our eyes are often exposed to high light intensity when they
are supposed to have been exposed to very low light intensity (if at all), that is,
after sunset and even at night.

LAN often penetrates our bedrooms from outdoor sources through fenestrations
in our walls. Outdoor LAN sources include streetlights, as well as lights from
billboards, stadiums, shopping centers and other brightly illuminated public
buildings and monuments, neighboring buildings, moving vehicles, etc. (Fig. 1.1).

In addition, LAN is often present in our bedrooms when we sleep. It comes
from nightlights, working TV sets, computers and other indoor equipment and
devices we do not bother (or do not want) to turn off. Moreover, light indicators,
including digital clocks, are often switched on, as well as ‘‘standby’’ lights on other
electronic devices, such as computers, cellular phones, air conditioners, routers,
TVs, DVD players, etc.

In addition, we are also exposed to LAN in our workplaces (especially people
who work night shifts), as well as in places of nighttime entertainment—sport and
cultural facilities, movie theaters, etc. The timing of our light exposure today is
thus quite different from what we were evolutionary ‘‘programmed.’’

An additional difference between natural daylight and artificial lights that we
commonly use today should also be mentioned. This is the difference in the
wavelength emitted by these light sources from that of natural sunlight.

The matter is that visible sunlight is characterized by a daily changing wave-
length in a wide range. In contrast, many artificial light sources, we use today, emit
short wavelengths of visible light with a constant predominant wavelength
between 450 and 500 nm.

2 1 Introduction



Do these nightlight-enabled alterations in our life styles and newly introduced light
sources interfere with our ‘‘preprogrammed’’ daily cycles? Can these changes and newly
introduced LAN sources potentially suppress MLT production, weaken our immune
system, and thus expose us to additional health risks, such as BC&PC?

In the rest of this book we shall attempt to answer these questions.
We start first with a brief discussion of visual light and its physicochemical

properties. We shall also review selected characteristics of light bulbs used today for
indoor and outdoor lighting and spectra of different light sources. These concepts and
notions will be discussed in the next chapter (Chap. 2 written by Dr. Fabio Falchi).

In Chap. 3, we discuss the light and dark cycles (photoperiodicity) on Earth as
the underlying basis of our temporal organization. As we shall emphasize, most
living terrestrial organisms anticipate the time of activity due to the existence of
the endogenous biological clock entrained to exogenous environmental photic
changes. As we shall argue, our daily rhythms can be described as an orchestra in
which the harmony of all instruments is maintained by the single conductor, with
the biological clock (the master oscillator) carrying out this function. The bio-
logical clock also works as a calendar helping living organisms to anticipate
seasonal changes and to acclimatize their physiological and immune systems, as
well as their behavioral patterns to the approaching season. For its temporal
organization, the biological clock uses the signals of light intensity and wave
length detected by the retina in our eyes, but not only as in the case of vitamin D
when the light signal is picked by the skin.

• Street lighting and 
billboards;

• Places of 
entertainment 
and sport centers;

• Shopping areas;
• Transportation;
• Illuminated public 

buildings and 
monuments

Outdoor LAN sources

• Indoor lighting 
(night lights, TV, 
PC, lights from 
other electrical 
appliances and 
devices);

• Work  place 
lighting and 
illumination from
equipment;

• Penetrated 
outdoor LAN

Indoor LAN sources

• Outdoor 
exposure;

• Indoor 
residential 
exposure;

• Work place 
exposure (e.g., 
during nighttime 
shift working).

• LAN exposure at 
places of 
shopping, 
entertainment, 
transportation 
hubs etc. 

LAN exposure

• Disruption of 
circadian rhythms 
due to night time 
activities;

• Reduction of MLT 
production due to 
LAN exposure;

• Changing affinity 
of estrogen 
receptors;

• Epigenetic 
modifications

LAN-BC&PC asssociation 
mechanisms

Satellite photometry; 
In situ measurements;
Self-reporting (diaries)

In situ measurements;
Self-reporting (diaries)

Population levels studies; studies of specific 
population cohorts; Laboratory research; 
measuring melatonin levels as a biomarker

Fig. 1.1 Links between LAN and breast-prostate cancers (BC&PC) —research hypothesis (after
Haim and Portnov 2011)
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The location and functioning of the biological clock, which is entrained, as
previously mentioned, mainly by light/dark (L/D) cycles and acts as our internal
calendar, will then be discussed in Chap. 4. The modus operandi of our biological
clock was considered, for many years, a ‘‘black box.’’ Our recent understanding of
its functioning came from experiments in which subjects, kept under free running
rhythms (FRR), with no external time signal, were entrained to light exposure
during the night, which resulted in a phase shift response (PSR), while such a shift
was not detected when exposure to light took place during the subjective day. As
we also know today, the molecular basis of our biological clock is based on
interactions between various clock genes, paired to create hetero-dimmers, and
being the templates for proteins production that interact with genes by positive and
negative feedback loops.

In two subsequent chapters, Chaps. 5 and 6, we discuss how LAN exposure may
affect our daily rhythms (Chap. 5) and what role the pineal melatonin (MLT)
hormone, also known as the ‘‘hormone of darkness,’’ may play in this process
(Chap. 6).

In the next chapter (Chap. 7) we focus on the introduction and spread of
artificial illumination. As we shall argue, people knew about electricity for cen-
turies. However, the first successful attempt to use electricity for lighting took
place only about two centuries ago and is credited to Sir Humphrey Davy, who
discovered in 1801 the incandescence of an energized conductor. Yet, the idea of
using electricity for lighting ‘‘took off’’ only after the American inventor Thomas
Alva Edison developed his deep vacuum incandescent light bulb with a carbon
cotton filament. Since then, both light bulbs and electricity production have
become relatively cheap and more reliable. As a result of rapid electricity pro-
liferation, electric lighting has substituted traditional lighting sources, making
human populations virtually independent of natural L/D cycles.

In the next three chapters (Chaps. 8–10) we deal, in brief, with the biological
definition of light pollution (Chap. 8), the role of light pollution as a general
stressor (Chap. 9) and the effects of light pollution on animal rhythms and ecology
(Chap. 10). As we shall emphasize, different theories can be used to explain the
association between LAN exposure and BC&PC. The direct effect of LAN on the
eye retina and resulting infractions of human daily rhythms by disrupting pineal
MLT production and secretion, is only one of them. LAN can also act as a general
stressor. LAN, through MLT suppression, can also become a cause of changing
affinity of estrogen receptors or modify DNA global levels of methylation thus
causing DNA changes epigenetically.

Empirical evidence accumulated to date about the links between LAN and
BC&PC is discussed and summarized in Chap. 11. As we shall note, a possibility
that human body may be affected by ambient light was raised, apparently for the
first time, by the Israeli physician Philip Cohen in 1970. As we know today (from
clinical experiments, case-control and population levels studies), the link between
exposure to artificial light and its potential health risks may be attributed to two
interdependent mechanisms—inhibition of MLT secretion from the pineal gland by
direct exposure of human vision system to LAN and disruption of daily rhythms by
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nighttime activities. Empirical evidence for these effects is discussed in Chap. 11,
supported by reviewing numerous empirical studies carried out to date.

Worldwide patterns of BC&PC are discussed in Chap. 12. As we shall dem-
onstrate, geographic patterns of these cancers worldwide are surprisingly similar,
with higher rates of both BC&PC observed in developed countries and lower rates
elsewhere. The incidence rates of these cancers are also higher in more extreme
latitudes, suggesting a possibility that such rates are related, among other factors,
to LAN, considering that in extreme latitudes artificial light is often used to
compensate for a shortage of natural illumination. Our analysis supports such a
possibility, especially for PC.

Light pollution and its associations with BC&PC in population-level studies are
discussed in Chap. 13, using two specific case studies, which attempted to link
digital maps of nighttime illumination captured by satellite sensors with BC&PC
incidence rates, thus helping to demonstrate the association potentially existing
between them. As we acknowledge, nighttime satellite imagery has been used
before, for mapping sky brightness and built surfaces, construction of ‘‘global
poverty’’ maps, estimation of ecological footprints of different countries and
country specific electrification rates, spectral identification of lights, monitoring
forest fires, and for many other development tasks. However, the idea to link the
digital satellite images with place-specific incidence rates of BC&PC was origi-
nated in two studies spearheaded by the authors of this book.

As we assumed from the outset of the analysis, urban populations residing in
highly illuminated areas (such as e.g., central London, Paris, Tel Aviv or NYC) are
exposed to LAN not only in their bedrooms but also in many other places, and
from a variety of other light sources, which residents of smaller towns and of rural
areas do not have, at least, on such a scale. The daily rhythms of the residents of
such major populations may also be disrupted by various nighttime activities, such
as leisure and entertainment, and employment in businesses working after dusk. In
this sense, satellite photometry helps to capture these additional LAN-associated
risks. Our underlying research hypothesis was relatively simple: If there is a
significant relationship between population LAN exposure and BC&PC incidence
rates, then there should be a significantly strong association between LAN
intensities and BC&PC, but not with other cancers, such as colon, larynx, lung,
etc.

Population-based and individual-level studies have their own advantages and
disadvantages. Global studies of large populations may provide a high degree of
generality and thus help to capture the effects of low exposures by comparing a
wide range of differently exposed subjects. However, population studies are
generally weak in supporting causality. They also often overlook detailed char-
acteristics, such as hereditary factors, residential history and occupational risks.
Other biases may also affect the results of population-level studies of the LAN-
BC&PC association, including ecological fallacy, recall bias, and the eyelid effect.
These potential bias sources and ways of mitigating them are discussed, in some
detail, in Chap. 14.
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As we further argue, although individual-level studies may provide rich details
about studied subjects, there are obvious limits to the degree of generality and
statistical power that a semi-random sample of a few dozens of subjects, for a short
period of time (several days), at a certain time in the year, lacking a matched
control, can provide. In this setting, population level studies can assist in initial
hypothesis testing, assuming that the results of such studies can be followed up by
higher resolution studies in humans and by using animal models to understand
mechanisms down to the cellular level.

Although most of the studies reviewed in this book relate to BC&PC, there is a
rapidly increasing body of evidence, coming from both laboratory research and
epidemiological studies, that LAN exposure may also be linked to other health
effects, such as e.g., hypertension, obesity, sleep disruption and mental disorders.
The mechanism of these potential associations may be similar to those we discuss
referring to the LAN-BC&PC links, namely MLT suppression and daily rhythms
disruption. Therefore, in the concluding chapter (Chap. 15), we review, in brief,
scientific evidence which has become recently available on other, non-BC&PC
related, effects of LAN exposure.

As we also point out in Chap. 15, uncontrolled and rapidly increasing exposure
to LAN may present a new and serious health challenge for ever increasing human
population worldwide. However, the main message we attempt to deliver in this
book is not that humans should go back to the ‘‘pre-Edison’’ era of ‘‘nighttime
darkness.’’ Such calls would be both counter-productive and unrealistic. Instead
we should think of adhering, whenever possible, to our ‘‘evolutionary-prepro-
grammed’’ diurnal life cycles. We should also try to implement sustainable illu-
mination policies, both in our homes and in public places. In particular, we should
refrain from using short wavelength light sources, aggressively brought into our
private and public domains in the name of ‘‘energy saving.’’ Although such illu-
mination sources can save energy, their adverse health effects, in the long run, can
greatly outweigh, in our view, any energy saving benefits such light sources can
potentially bring today and tomorrow.

Finally we would like to note that not all the aspects of the LAN-BC&PC
association are yet clear, and answers to many questions are still pending.
Therefore, research on this important topic should, undoubtedly, continue, using
various methodologies and comprehensively designed studies.

6 1 Introduction
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Part I
Artificial Light and Human Temporal

Organization



Chapter 2
Artificial Light and its Physicochemical
Properties

Abstract Light is a small part of the electromagnetic spectrum, from violet to red, to
which our eyes are responsive. Photometry measures light using several units,
including the candela for intensity, the lumen for flux, the lux for illuminance and the
candela per square metre for luminance. Vision at relatively high illumination levels
is called photopic, when our eyes mainly use cones; in the dark, vision is called
scotopic. Recently, a non-visual photoreceptor with peak sensitivity in the blue part
of the spectrum has been discovered which regulates our circadian rhythms.

Keywords Light spectrum � Spectral range � Electromagnetic radiation �
Photometry � Light flux � Light units � Light intensity � Photopic and scotopic
vision � Bulbs � Meltopic efficacy � Photoreceptors � Illuminance � Artificial
lighting � Eye sensitivity

Philosophy is written in that great book which ever lies before
our eyes—I mean the universe—but we cannot understand it if
we do not first learn the language and grasp the symbols, in
which it is written.

Galileo Galilei (The Assayer, 1623)

Visible Light

The portion of electromagnetic radiation visible to the human eye we call light.
Light can be described as an electromagnetic wave, like radio waves, microwaves,
infrared radiation, ultraviolet radiation, X-rays and gamma-rays. All these

‘La filosofia è scritta in questo grandissimo libro che continuamente ci sta aperto innanzi a gli
occhi (io dico l’universo)…’ Galileo Galilei, ‘Il Saggiatore’.
The chapter is contributed by Dr. Fabio Falchi (ISTIL-Light Pollution Science and Technology
Institute, Thiene, Italy).
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radiations differ by their wavelength, i.e. the distance between two subsequent
crests. The borders between different rays (e.g. between X-rays and gamma rays)
are gradual, with one fading into the other (Fig. 2.1).

White light, such as the light arriving from the Sun, can be separated into a
spectrum by a glass prism or a diffraction grating. The spectrum of the Sun or an
incandescent bulb presents a continuum transition from the shortest wavelength
colour visible to the eye, which we see as violet, to the longest wavelength one,
which we see as red (Table 2.1).

Our eyes are generally sensitive to wavelengths between 390–780 nm. One
nanometre (symbol nm) is one billionth of a metre. The centre of the visible
portion of the e-m spectrum has wavelengths about half of one-thousandth of a
millimetre.

The speed of light is constant in vacuum. Its value is c = 299792458 m/s, i.e.,
nearly 300,000 km/s. The speed of light is lower in all the media, such as water
and glass. The speed of light c, its wavelength k and its frequency v are related by
this simple equation:

c ¼ kv ð2:1Þ

Fig. 2.1 The visible spectrum as a part of the electromagnetic radiation. Note Our eyes are blind
below about 390 nm and above about 780 nm

Table 2.1 Approximate
spectral range of pure colours
with one fading into the next
with continuity (after
Benenson et al. 2002)

Colour Frequency (1012 Hz) Wavelength (nm)

Violet 659–769 390–455
Blue 610–659 450–492
Green 520–610 492–577
Yellow 503–520 577–597
Orange 482–503 597–622
Red 384–482 622–780
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Light, being electromagnetic radiation, represents both a wave and particle
nature. Some phenomena of light can be explained by its wave aspects (e.g.
diffraction and interference). Other phenomena require the use of the corpuscular
nature of light (e.g. photoelectric effect, Compton effect, etc.).

The particle of light is called photon. Each photon carries an energy that
depends on its frequency:

E ¼ hv ð2:2Þ

where h is Plank’s constant, h = 6.626069 57 9 10-34 J�s (Mohr et al. 2011).

Photometry: The Science of Measuring Light

There are different ways to measure light, using different units of measure. It is
possible to use the unit of energy (joule) and power (watt), but at equal power, two
light fluxes of different wavelength produce two different perceptions in human
eyes. For this reason we introduce the photometric units, such as the lumen and the
candela that take into account the sensitivity of our eyes to the different portions of
the light spectrum.

When there is sufficient light, i.e. the luminance (see below) is more than about
3 cd/m2, our eyes use mainly the cone photoreceptors in what is called photopic
vision (see Fig. 2.2).

Light Flux

Human peak sensitivity is at 555 nm, where our eyes see a green colour. At this
wavelength one watt of radiant power produces 683 lumens of luminous flux. The

Fig. 2.2 The diurnal or
photopic sensitivity of the
human eye (sight mediated by
cones), with the maximum
normalized to 1 (Public
domain graph)
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lumen (symbol: lm) is the unit of measure of the light flux and it corresponds to a
power, i.e. an energy over time.

One watt of light at 610 nm produces a lower, orange stimulus in our eye, about
half of green light, so we get only about 340 lumen. One watt of blue light at
470 nm produces even less stimulus, about one tenth of the peak sensitivity, so it
corresponds to about 70 lumen. One watt of UV radiation at 350 nm, or IR
radiation at 1,000 nm, both outside the visual range, where our eye is blind, does
not produce any stimulus, so one watt of UV or IR radiation corresponds to a light
flux of zero lumens.

To compute the flux of a light source, given its radiant spectrum Ue;k the
following is used:

UPhotopic ¼ Km

Z1

0

Ue;kV kð Þdk ð2:3Þ

where V(k) is the photopic response (Fig. 2.2) and Km = 683 lm/W is the standard
lumen per watt conversion factor.

Light Intensity

In the Système Internationale d’Unités (SI) the lumen is a derived unit. The
fundamental unit is the candela (symbol: cd) that measures luminous intensity,
equal to the luminous flux emitted by a light source in a solid angle element. The
definition of candela (Bureau International des Poids et Mesures 2007) is:

The candela is the luminous intensity, in a given direction, of a source that emits
monochromatic radiation of frequency 540 9 1012 Hz and that has a radiant intensity in
that direction of 1/683 watt per steradian.

The frequency of 540 9 1012 Hz corresponds to a wavelength of 555 nm, as
given by Eq. 2.1. The steradian is the unit for the solid angle. A whole sphere seen
from inside occupies a solid angle of 4p steradians. The product of intensity with
solid angle gives light flux, so that:

lumen = candela�steradian
For a source with constant intensity of 1 cd in every direction (toward all the 4p

solid angle, i.e. an isotropic source), the total flux emitted is 1 cd�4p ffi 12.57
lumens. Conversely, given the total flux emitted by an isotropic source, it is
possible to get the light intensity by dividing the flux by 4p. For example, a frosted
light bulb is almost isotropic, except toward the connection. A 100 W incandes-
cent emits a flux of 1,750 lm, so its intensity will be about 1750/4p ffi 139 cd.
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Illuminance

Illuminance is the ratio between the light flux that hits a surface and the surface area.
Its unit is the lux (symbol lx) and it is equal to 1 lm/m2. Examples of typical
illuminances are given in Table 2.2. The illuminance produced by the Sun on a clear
day is about one thousand times the light in artificially lighted home interiors, and 10
thousands more than the illuminance in lighted streets. However, this comparison is
not very fair, due to the fact that we compare light in daytime to nighttime. During
the night, natural lighting reaches a peak of about 0.2 lux in the few days around the
full moon. Artificial lighting in streets and in home interiors is 100–1,000 times
greater. During most of the lunar month, natural light is much less, so that artificial
light is 100,000 to over than a million times more intense than the natural light.

Luminance

Luminance is the quantity most similar to how ‘bright’ we perceive a surface. If
we look at two foils, one of black paper and the other of white paper, we perceive
the white one as much brighter than the black, even if they are lighted in the same
way, i.e. if they receive the same illuminance from a source such as the Sun. The
unit for luminance is the candela divided by the square metre of the projected area
(cd/m2) (Tables 2.3, 2.4).

Efficacy

Light bulbs produce light using electric power, in most cases. The efficacy in
producing light is given by the lumen/watt ratio. In theory, the highest possible
efficacy for a bulb emitting a monochromatic light at 555 nm would be 683 lm/W.
In practice bulbs emits light at different colours, where the eye sensitivity is lower

Table 2.2 Approximate
typical illuminances in
various settings

Situation Illuminance (lx)

Surface lighted by the Sun 100,000
Clouded daylight 1,000–10,000
Office interiors 100–1,000
Home interiors artificially lighted 30–300
Street lighting 5–50
Full moon illumination 0.2
Quarter moon illumination 0.02
Illumination by clear starry sky 0.0001
Illumination by overcast moonless night sky 0.00005

Photometry: The Science of Measuring Light 13



than the maximum. This, combined with other factors, such as heat production and
consequent energy loss, lowers the bulb’s efficacy (Table 2.5).

Are all Lumens Equal for Humans?

We can obtain flux of one lumen by using different amounts of colours, by using
different bulb spectra (Fig. 2.3). The three spectra shown in Fig. 2.4, weighted by
the photopic sensitivity response, give the same flux, even if the LED light has a

Table 2.3 Approximate typical luminance of some light sources (data adapted, in part, from Rea
2000)

Surface Luminance (cd/m2)

Sun (high in the sky in a very clear day) 1.6 9 109

Tungsten-halogen bulb 2–4 9 107

Compact fluorescent 1–10 9 104

60 W frosted incandescent bulb 1 9 105

Clear sky 8 9 103

Daytime landscape 5–10 9 103

TV monitor (displaying white) 50–300
Artificially illuminated road 0.5–3

Table 2.4 Correspondence between different type of physical quantities

Quantity Energetic or radiometric Photonic Photometric

Flux watt Photons s-1 Lumen
(= cd sr)

Intensity
(flux in a solid angle)

W sr-1 Photons s-1 sr-1 Candela

Illuminance W m-2 Photons s-1 m-2 Lux
(= lm m-2)

Luminance,
(* brightness)

W m-2 sr-1 Photons s-1 m-2 sr-1 cd m-2

(= lm m-2 sr-1)

Table 2.5 Selected characteristics of bulbs used for indoor and outdoor artificial lighting

Bulb Power (W) Flux (lm) Efficacy (lm/W)

Incandescent 100 1,400 14
Fluorescent 21 1,900 90
Compact fluorescent 18 1,200 67
High pressure sodium 70 6,500 93
High pressure sodium 150 15,000 100
Low pressure sodium 35 4,500 130
Low pressure sodium 180 32,000 178
Warm white LEDa 12 806 67
a Philips MASTER LED bulb D 12-60 W E27 2700 K 230 V
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Fig. 2.3 Spectra of white LED (solid line), High Pressure Sodium bulb (dashed line) and
incandescent bulb with an equal flux (Adapted from Falchi et al. 2011)

Fig. 2.4 Photopic (black) and scotopic (green) luminosity functions. The photopic includes the
CIE 1931 standard (solid) and successive sensitivity curves by Judd-Vos (Vos 1978) (dashed),
and by the Sharpe, Stockman, Jagla and Jägle 2005 (dotted). The horizontal axis is wavelength in
nm (Source Wikimedia commons)
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higher blue content, while the High Pressure Sodium bulb has a higher yellow
content. Note the smooth spectrum with low blue content of an incandescent bulb
that our eyes perceive as a comfortable warm white. Does our vision and physi-
ology respond in the same way to exposure to one lux given by a red bulb, by a
yellow or by a blue one?

The Scotopic Vision

Our eyes, when dark adapted, have a different sensitivity curve, more shifted
toward the shorter wavelength than the photopic curve used in the photometric
units. When ambient luminance is lower than about 0.01 cd/m2 (about the lumi-
nance produced by the illumination given by full Moon) our eyes are not anymore
able to distinguish colours, so we see in black and white, as our high sensitivity
photoreceptors, the rods, are monochromatic, i.e. colour blind. The peak sensitivity
of the dark adapted eye is at about 507 nm (Fig. 2.4).

The scotopic lumen can be introduced in analogy with Eq. 2.3:

UScotopic ¼ K 0m

Z1

0

Ue;kV 0 kð Þdk ð2:4Þ

Fig. 2.5 The meltopic, scotopic and photopic sensitivity functions (Graph by David Keith after
Hollan 2004)
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where V’(k) is the scotopic response (Fig. 2.5) and K’m = 1,699 lm/W is the
standard lumens per watt conversion factor for scotopic response.

To take into account for the difference in the photopic and scotopic responses to
flux, it can be introduced by the scotopic to photopic ratio, S/P:

S=P ¼ UScotopic

UPhotopic

Bulbs can have the same photopic flux, but very different S/P ratios (Table 2.6).

Table 2.6 Scotopic flux to
photopic flux ratio for some
types of sources (after Falchi
et al. 2011)

Source S/P ratio

Low pressure sodium 0.20
High pressure sodium 70 W 0.55
Average high presure sodium 0.66
Mercury vapour 80 W 1.18
CIE illuminant A 1.41
QTH 3,100 K 1.56
Average metal halide 1.60
Flat spectrum 1.86
LED ‘natural white’ 3.5

Fig. 2.6 Calculated meltopic efficacy of common types of bulbs, compared to the standard High
Pressure Sodium, at equal photopic output (after Falchi et al. 2011)
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‘Meltopic’ Sensitivity

The recently discovered Non-Image-Forming Photoreceptors (NIFPs) and the
photopigment melanopsin allows our body to regulate our circadian rhythms via
the exposure to light. The sensitivity curve for this type of exposure has a peak in
the blue part of the e-m spectrum, around 460–480 nm (Fig. 2.5). This difference
in sensitivity implies that the emission spectrum of a bulb can make a big dif-
ference in circadian disruption, even if the measured light quantities expressed in
photometric units (e.g. lumen, lux) are the same. In the graph in Fig. 2.6, it is
shown that a cool-white LED suppresses melatonin production more than five
times compared to standard High Pressure Sodium bulb, and about 20 times more
than orange Low Pressure Sodium bulb. For these differences, it is fundamental
that the studies on the effects of light on life take into account the spectra of the
bulbs used. It will not suffice to measure the illuminance or the flux in standard
photopic lux and lumen. At the very least, the S/P ratio of the bulb used should be
given.
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Chapter 3
Light and Dark Cycles as a Basis
of Temporal Organization

Abstract Different living organisms are active at different times of the 24-h cycle.
Results of controlled experiments revealed that living organisms anticipate the
time of activity due to the existence of an endogenous biological clock entrained
by the exogenous environmental Zeitgeber. Our daily rhythms can thus be
described as an orchestra in which the harmony of all instruments is maintained by
the single conductor, with our biological clock carrying out such a function. The
biological clock also works as a calendar helping living organisms to anticipate
seasonal changes and to acclimatize their physiological systems and behavioral
patterns to the approaching season. For its temporal organization, the biological
clock uses the signals of light intensity detected by eyes, as well as signals of
different wavelength.

Keywords 24-h cycle � Biological clock � Zeitgeber � Daily rhythms �
Synchronization � Biological calendar � Seasonal changes � Light intensity �
Light–dark Cycles � Light signals � Photoperiod

There is a time for everything, and a season for every activity
under heaven.

Ecclesiastes 3:1

Time for Everything

Timing of events, both taking place on the cellular level and involving interactions
between organisms and their environment, can be looked upon as a result of
natural selection. Humans, as diurnal organisms, are adapted to gradual changes in
light intensity between day and night and vice versa.

The awareness about seasonal changes finds its expression in the Old
Testament:
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Yea, the stork in the heaven knoweth her appointed times; and the turtle and the crane and
the swallow observe the time of their coming (Jeremiah 8:7).

What is the main underlying cause of cyclic changes we experience on the daily
basis? Do these cycles have anything to do with our biological clock and our
internal calendar that follows annual changes known as seasons?

Ecology is the discipline that attempts to understand and explain the interre-
lations between living organisms and their environment (both abiotic and biotic).
In doing so, ecology deals with spatial and temporal variables. However, since the
beginning of the twentieth century, research attention has been mainly focused on
spatial variables. Attempts to understand the temporal variables have started much
later, although the researchers had been aware of the fact that organisms can be
diurnal, crepuscular or nocturnal, as a mean of reducing competition. The research
community was also aware of seasonality in organisms such as migration of birds
and other species.

However, the ways by which environmental signals are picked up by the
organism have attracted research attentions only in the past fifty years with the
most significant contribution being made by chronobiologists, that is, scientists,
studying biological rhythms and seasonality.

Discovery of the Biological Clock

In fact, the existence of the biological clock was first shown experimentally nearly
300 years ago by the French scientist Jean-Jacques d’Ortous De Mairan, who
described, in 1720, the movement of the mimosa leaves. These leaves open in the
morning and close in the afternoon in anticipating of the night. He also showed
experimentally that these movements went on even under complete and continuous
darkness, and that all leaves of the plant moved simultaneously. This was the first
experimental result showing the existence of an endogenous biological clock in the
plants.

De Mairan also noted that the rhythm of opening and closing of the mimosa
leaves did not follow exactly a 24-h cycle. Based on this observation, he coined the
term ‘‘circadian’’ which means ‘‘about a day.’’ Already then De Mairan demon-
strated the variability in the clock period among individual plants, albeit not
naming it yet the ‘‘biological clock.’’

The study of the biological clock in animals came much later. These studies
were pioneered by Jurgen Aschoff from Germany, Franz Halberg and Colin Pit-
tendrigh from the USA. However, it took a long time to accept the new paradigm,
according to which the organism can anticipate environmental changes on a daily
or seasonal basis instead of simply following such changes and responding to
them.

The idea of homeostasis was first suggested by the French physiologist Claude
Bernard in the nineteenth century and defined as the ability of an animal to
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maintain a relatively constant internal environment. This idea revolutionized our
way of understanding the relations between the organism and its environment.

The discovery of the various elements forming the circadian system in mam-
mals and the connection between them, on the one hand, and the transfer of
environmental signals entrainment, on the other, made it clear that physiological
and behavioral functions tend to exhibit daily variations and that these variations,
known as daily rhythms, are controlled by the biological clock. As demonstrated,
for instance, by Konopka and Benzer (1971), such changes are based on cellular
machinery controlled by genes on the cellular level, while, on the organism level,
they are controlled by the endocrine system. We also face anatomical changes but
they are much less common in seasonal acclimatization.

For simplicity’s sake, many daily rhythms in the mammal body can be
described as an orchestra in which the harmony of all instruments is maintained by
the single conductor, that is, the biological clock (the central oscillator or pace-
maker), which plays the crucial role of the coordinator. The question is: How does
our biological clock work?

Biological Clock Functioning

The biological clock, which also acts as a calendar (Reiter 1993), is entrained by
external geophysical cycles (or Zeitgebers, from German for ‘‘time giver,’’ or
‘‘synchronizer’’), such as light and dark (L/D) cycles, which results from the
rotation of our Planet around its axis (see Fig. 3.1).

These rotations and resulting changes in daytime light intensity serve as the basis
for entrainment of our biological clock, which ‘‘tunes itself up,’’ at least twice a day,
during the sunset and sunrise. Such cycles are thus the main ‘‘Zeitgeber,’’ to which
biological clocks of many terrestrial organisms entrain.

Due to the fact that the axis of our planet is not exactly perpendicular to its
orbit, different ratios between the length of the light phase (photophase) and the
dark phase (scotophase) in different parts of the globe are observed. These rela-
tions change by seasons of the year depending on hemisphere and latitude. The

Fig. 3.1 Rotation of earth around its axis and along its orbit around the sun as a time keeper (or
‘‘Zeitgeber’’), which is the underlying basis of our temporal organization
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ratio between light and dark hours of the 24-h cycle is named photoperiod and it is
used by terrestrial organisms to prepare their physiological and immune systems as
well as their behavioral patterns to the coming season.

Our understanding of the mechanisms used for such changes came mainly from
studies that have been carried out since the early 1960s. These studies dealt with
thermoregulatory aspects, reproductive performances, anatomical changes and the
functioning of the immune system (see inter alia Aschoff 1960, Nelson 2005).

As these studies noted, seasonal acclimatization mechanisms involved the
changing levels of the pineal neuro-hormone—Melatonin (MLT). The fact that
receptors of MLT are found on the cellular level of many organs, including white
blood cells (lymphocytes), indicates its pivotal role in the normal functioning of
our body including the functioning of our immune system.

An important discovery related to the response of the mammal body to pho-
toperiod changes and the role which the eye plays in entraining the circadian
system came from a study of the ‘‘blind’’ mole-rat Spalax ehernbergi who
responded to an increase in the number of dark hours by increasing its thermo-
regulatory resistance upon exposure to low ambient temperatures (Haim et al.
1983). These results gave rise to further research that led to the better under-
standing of the retina structure and the existence of non-image forming photore-
ceptors (NIFPs), in addition to the cones and rods which are known today as image
forming photoreceptors (IFPs).

Light/Dark Cycles and Human Circadian System

Responses to L/D cycles are basic events on our Planet, which we can see even in
the unicellular organism Euglena, which has a photoreceptor enabling it to detect
environmental L/D signals. Evolutionary, it may imply that our biological clock is
based on a photoreceptor which detects light intensities. Through the entire evo-
lutionary process, this basic mechanism of picking up the light and dark signals
has been retained in mammals in the form of NIFPs.

The light spectrum emitted by the Sun in a certain geographical location on our
Planet changes according to the time of day. The main change, we are aware of, is
light intensity which is highest at noon and early afternoon. However, different
wave lengths of emission also show variations during photophase. Thus, in the
morning, noon and early afternoon hours, the dominant wave length that hits our
Planet is less than 500 nm. Concurrently, in the afternoon and early evening the
wave length radiation which hits our Planet is over 600 nm. Entrained to these
changes, our biological clock anticipates these daily changes and is thus able to
adjust the activity of various systems, by increasing or decreasing the sympathetic
tone which is responsible for our alertness, body temperature and blood pressure.
The secretion of MLT during the dark phase also decreases alertness and other
physiological variables while increasing sleepiness.
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Since light/dark cycles are a basic component of our daily and annual temporal
organization, it is thus not surprising that exposure to LAN disrupts our temporal
organization. The disruption of entrained daily rhythms is a phenomenon we
experience during a jetlag.

By the same token, an exposure to short wave illumination in the late afternoon
or early evening may inform our major oscillator that we are at midday, resulting
in increasing, instead of decreasing, alertness.

In summary, for the entrainment of our daily rhythms and for the temporal
organization of our biological clock, we use signals of different light intensity and
wave length detected by our eyes at the sunset and sunrise. For our seasonal
organization, the most important environmental signal is the photoperiod.

Throughout the evolution, the ‘‘calendar’’ entrainment of different terrestrial
organisms by the photoperiod has been one of the most important adaptations by
which living organisms (and especially mammals) could prepare their various
systems for the coming season. In addition, following the changes in the ratio
between photophase and scotophase, we can anticipate the coming season: When
the days shorten we start to anticipate winter whereas when days become longer
we anticipate summer.

The ultimate acclimatization of our thermoregulatory system is also entrained
by changes in the ambient temperature (Haim 1982). An interesting rhythm in
humans which is entrained to the lunar month is the menstrual cycle of about
28–29 days. Why the rhythms in humans are different is still an open question.
One possibility is that full moon light can be a signal for sexual activity when
males are assured that females are ovulating.
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Chapter 4
Biological Clock and its Entrainment by
Photoperiod

Abstract As we know today, our biological master clock is located in the
supperachiasmatic nuclei (SCN) of the hypothalamus and is entrained mainly by
light/dark (L/D) cycles; it also acts as our internal calendar. The modus operandi of
our biological clock was considered, for many years, as a black box. Our under-
standing of the biological clock functioning came from experiments in which
subjects were exposed to light during the subjective night, which resulted in a
phase shift, while such a shift was not detected when exposure to light took place
during the subjective day. As we also know today, the molecular basis of the
biological clock is based on interactions between various clock genes paired to
create hetero-dimmers and are templates for proteins production that interact with
genes by positive and negative feedback loops.

Keywords Biological clock � Pineal gland � Supperachiasmatic nuclei �
Melatonin (MLT) � Circadian rhythms � Entrainment by photoperiod � Phase shift
response curve � Subjective day � Subjective night � Free running rhythms � Clock
genes � Feedback loops

Chronos is the personification of Time, who is often depicted as
man turning the Zodiac Wheel.

Greek mythology

Biological Clock as the Main Timekeeper

As we discussed in Chap. 3, humans, like all other terrestrial organisms, have an
internal biological clock that also acts as a calendar. While light/dark (L/D) cycles
are the main time keepers (Zeitgeber, in German), for the entrainment of the clock,
changes in the photoperiod are the basis for the prediction of seasonality. Mam-
mals, like other organisms living outside the tropics, use photoperiod changes to
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time their reproductive activity (Bronson 1989) as well as to maintain their reg-
ulatory abilities (Haim and Fourie 1980; Heldmaier et al. 1981; Haim 1982).

While looking at various natural processes, it sometimes seems surprising to see
that plants bloom when their pollinators are active, or, for hibernators, to see their
arousal from hibernation when the ice is melted and sun is shining. Similarly, in
humans, we can measure daily changes and discover, for instance, that body
temperature tends to increase during day hours (even if we are not active) reaching
its maximal values in the evening, while at night it drops to its minimal values; body
temperature starts rising from its lowest levels when we are sleeping or inactive.

While in Chap. 3 we discussed L/D cycles for the entrainment of our biological
clock, in this chapter, we will try to explain where the biological clock is located in
mammals, in general, and in humans, in particular, and how it operates on various
levels.

Biological Clock and its Functioning

The mechanism of our biological clock was considered to be a ‘‘black box’’ for
many years. Little was known about where it is located and how it operates. The
clock, which was also known as the ‘‘central oscillator’’ or ‘‘pacemaker,’’ was
considered a mystery until very recently. Only during the 1980s researchers started
to gain information on its location and functioning.

The results of many experiments carried out on circadian rhythms of the Syrian
hamster Mesocricetus auratus, together with results from phase shift experiments
provided a good explanation about the clock abilities to deal with photic and other
environmental signals that may entrain it.

Since it is the master clock, it is linked to other biological clocks of lower
hierarchies. Bearing in mind that every cell may have its own clock and organs
may have peripheral clocks, it would be reasonable to ask: What are the relations
between them?

Results of many studies revealed that unicellular algae are able to distinguish
between scotophase and photophase, with that ability being attributed, as we
previously mentioned, to a simple photoreceptor that has been retained by different
organs. It is also considered to be the basic function of the human eye, which
entrains the organism’s temporal organization to environmental conditions, mainly
in predictable environments.

Location and Characteristics of the ‘‘Master Clock’’

It is clear today that the ‘‘master clock’’ in mammals is located in the Suprach-
iasmatic Nuclei (SCN) of the anterior hypothalamus (Moore and Eichler 1972;
Stephan and Zucker 1972). The critical role of these neurons in the temporal
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organization of physiological and behavioral daily rhythms of mammals was
revealed, among others, by SCN lesions after which animals lost their rhythmicity.
Thus in the free ranging Antelope ground squirrel, SCN lesions increased their
predation by predators, relatively to intact squirrels (DeCoursey 1986).

Because the ‘‘master clock’’ is a regulatory organ, it is not surprising to find it in
the Central Nervous System (CNS). As we know today, the SCN’s main pace-
maker is a paired neuron cluster above the optic nerve cross (chiasm), containing
between 8,000–10,000 neurons which show afferent and efferent neural connec-
tions thus having the ability for information input. It is also connected to regu-
latory centers thus maintaining the daily rhythms or seasonality function. The main
input to the SCN comes from the Retino-Hypothalamic Tract (RHT) which
receives its stimulus from the bipolar ganglions which contain the protein mela-
nopsin and are known as the non-image forming photoreceptors (NIFP).

In reptiles and birds, as well as in other non-mammalian vertebrates, the pineal
gland contains photoreceptors and can directly detect the light and dark period. In
the case of mammals this ability was lost presumably during their evolution as
subterranean creatures in the form of Therapsidts.

The SCN is connected to the pineal gland in two ways: the first one is neural
through mainly the L/D information for activating the pineal-cells to produce MLT
from serotonin (for more information, see Chap. 6), while the MLT produced as a
neuro-hormone and released into the blood system is picked by MLT-receptors
distributed on the SCN cells. As a result, the SCN is exposed to neural and neuro-
hormonal signals (Nelson 2005).

From the early 1980s on, it was nearly universally accepted that a master clock
shows the following important property: on a genetically level in mammals, it is
mainly entrained by a photic Zeitgeber (time-giver), relatively unaffected by
temperature, chemical signals and behavioral feedback. Most information on the
entrainment abilities of the master clock comes from the results of experiments
dealing with phase shift responses carried out on rodents kept under Free Running
Rhythms (FRR) under complete dark (D/D) conditions, constant ambient tem-
perature and no feeding schedules or other Zeitgeber.

The first experiments in which the rodents were exposed to LAN and Light
Interference (LI) and the responses to such an exposure were measured by the shift
response curves of locomotor activity or body temperature daily rhythms. The final
evidence for the location of the master clock in the SCN came from a study carried
out on Syrian hamsters Mesocricetus auritus in the laboratory of Professor Mike
Mennaker where three types of hamsters with different periods (20, 22 and 24 h)
were kept under FRR conditions (Ralph and Mennaker 1988).

The hamsters with a 22 h period were hybrids obtained from cross breeding
between 24 and 20 h types. Breeding among the heterozygote resulted in homo-
zygote and heterozygote types, thus proving experimentally that the biological
clock properties in mammals are inherited, meaning they are genetically trans-
ferred from one generation to the other as any other property of our body. This
model served also for an important experiment in which the SCN was removed
from individuals of 24 h type and implanted into a 20 h type (donors and
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acceptors) in a reciprocal manner. The removal of the SCN from a donor (24 h)
and its implantation into an acceptor (20 h) revealed that the donors SCN func-
tioned in the acceptor and expressed its genetic background. As experiments were
reciprocal and in both cases the expression of the rhythm period was of the donor
type, made it clear that the SCN is the master clock.

The Phase Shift Response Curve in Animals and Humans

The results of several studies (cf. inter alia Aschoff and Pohl 1978; Moore-Ede et al.
1982; Wever 1989) indicated that light exposure administrated during the sub-
jective day does not cause any changes in the monitored daily rhythms. However,
light given during the dark phase, or close to it, affects the daily rhythms, which is
known as the ‘‘phase shift effect’’ or ‘‘phase shift response’’ (see Fig. 4.1).

When the light is given close to the beginning of the dark phase, the next daily
rhythm is delayed. Under light exposure, this shift goes on until the middle of the
subjective dark phase. An advance in the measured daily rhythm starts at the
second half of the subjective night, with the maximal response at about two hours
before the subjective day.

Closer to sunrise, the advanced response declines to lower values, and, as
mentioned above, no shift is recorded during the subjective day. The phase
response curves obtained for many species (such as that featured in Fig. 4.1),
enabled chronobiologists to learn about the properties of the biological clock and
its photic responses.

Other cues, such as olfactory or noise, could have been and were used for
stimulating the system, but no doubt that the response to the photic signal is the
most significant one. Furthermore, entrainment of endogenous rhythms to a
timekeeper is the result of daily shifts which correct the difference between the
period of the central oscillator and the period of the external time-giver
(Zeitgeber).

Fig. 4.1 Time of exposure to
light stimulus resulting in a
phase shift response
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Phase shift responses were also studied in humans with similar protocols used
for animals (Minors and Waterhouse 1981). The results were quite similar to those
obtained from experimental rodents where phase advances and phase delays of the
circadian core temperature rhythm were obtained with a single bright light pulse.
The main difference between humans and other experimental species relates to the
light intensity required to achieve a phase shift response in humans. In humans, it
was found to be much higher than in rodents. The authors concluded that the phase
response curve is essential for temporal homeostasis in humans and the basis
mechanism for entrainment to the solar day.

In the other side of the Atlantic, scientists from various institutes in Boston, MS
studied phase shift response as a marker for the sensitivity of human circadian
pacemaker, to nocturnal illumination (Zeisler et al. 2000). Results of these studies
showed that an exposure of the human vision system to room light early in the
morning, can advance timing of the human circadian oscillator. The aim was to
study ‘‘the dose–response relationship of the human circadian pacemaker to late
evening light of dim to moderated intensity.’’ The MLT suppressive effect of light
exposure was assessed from MLT plasma levels. The results obtained in the study
revealed that humans are highly responsive to light exposure during the early
subjective night.

As in other mammals, the phase resetting response to light and the acute
suppressive effects of light on plasma MLT appears to follow a logistic dose–
response curve. An important result emerging from this research was that in half of
the maximal phase-delaying response cases, it was due to exposure to a single
episode of evening bright light that can be obtained with dim room light which is
one percent of the light used in other experiments. From these results it was
concluded that even small changes in ordinary light exposure during the late
evening hours can significantly both reduce plasma MLT concentrations and
entrain the phase of the human circadian pacemaker.

In regards to humans, we need to keep in mind that they cannot be acclimated
for a long period of dark day—dark night (D/D) conditions as rodents. In a study
by Khalsa and colleagues (Khalsa et al. 2003), phase response curves were studied
in 21 healthy entrained subjects kept under dim light conditions in constant rou-
tines in a highly controlled laboratory environment. The subjects were exposed to
high intensity light at different points of the circadian cycle in different subject
(ibid.). Plasma MLT levels were then used as the marker for daily MLT rhythm
being followed and compared between pre- and post-stimulus periods. The study
was carried out in the Women’s Hospital, of the Harvard Medical School.

The results showed that MLT phase delays occurred when the exposure to the
light stimulus was before the critical phase (minimal core temperature), while
phase advances took place when exposure to light stimulus was after the critical
minimal core temperature, while no phase shift in MLT rhythm took place at the
critical phase. Interestingly about ten years ago, authors concluded that the results
have ‘‘practical relevance for the design of light exposure interventions for setting
the circadian pace-marker in conditions such as shift work, sleep disorders with a
circadian component, and ‘‘jet lag’’. LAN and light pollution defiantly were not an
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issue in the medical field. The data also suggest that exposure at day time to
outdoor as well as to artificial indoor illumination during photophase and darkness
during scotophase contributes significantly to timing and entrainment of the cir-
cadian pacemaker.

Functioning and Mechanism of the SCN

Knowledge obtained from phase shift curves and from re-movement of the SCN
(that is, replacing it with that of a donor and showing that the functioning rhythm is
not of the acceptor but rather of the donor) opened new research opportunities for
studying the mechanism of the biological clocks’ function from the behavioral and
physiological levels to the molecular level, where the ultimate goal would be to
identify the genes involved and the way in which the genetic code is transferred to
regulate various daily rhythms.

In order to follow various SCN functions, different tools were applied,
including chemicals that can enhance or inhibit processes occurring on the cellular
level or following the metabolism processes taking place on a cellular level. For
instance, in order to study rhythmicity patterns of the SCN neurons in rats, the
researchers used 2-deoxyglucose (2DG) and autoradiography. As was shown, the
daily rhythm of glucose uptake by the SCN neuron cells took place at the day time,
bearing in mind that the rat is a nocturnal species (Schwartz and Gainer 1977,
Aujard et al. 2001).

Considering that in humans such experiments would be difficult to carry out,
how can we really know whether or not the SCN is our main pacemaker?

The information we have is mainly based on clinical reports coming from
patients with brain injuries. It was noted that injury of the brain in the anterior
parts of the hypothalamus close to the optic chiasm was associated with the
disruption of daily rhythms related to body temperature and sleep/awake cycles
(Schwartz et al. 1986, Cohen and Albers 1991).

The relations between phase response curves in the SCN and adjacent hypo-
thalamus were also studied in the diurnal murid rodent, Arvicanthis niloticus
(Mahoney et al. 2001). In their study, the researchers used light induced Fos-
immunereactivity in the SCN.

In experiments carried out on rodents, an addition of a running wheel to the
cage resulted in some subjects to become nocturnal thus providing a model in
which subjects of the same species, but with different temporal organization, could
be compared. SCN lesions resulted in the loss of rhythmicity under DD-conditions
as well as under DL-conditions.

The results of similar studies also revealed that activity patterns in both diurnal
and nocturnal animals were less affected by light given during the middle of the
subjective day although both types were affected by light given during the sub-
jective night. While light was given in the early part of the night, it caused a phase
delay while when it was given in the late part of the night, the shift resulted in a
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phase advance. In regards to Fos expression upon exposure to light at different
times, revealed that light induced an increase in SCN Fos immune-reactivity during
the subjective night only, similarly to the response of activity patterns. This effect
was mainly noted in the ventral parts of the SCN, an area characterized in a high
concentration of retinal inputs. The authors conclude that although A. niloticus is a
diurnal species it appears to be similar in their phase response curve to nocturnal
rodent species in regards to activity and light-induced Fos expression in the SCN.

An interesting point raised by Mahoney et al. (2001) relates to the gaiting
mechanism which determines the response to light pulses. As the authors of this
survey suggested, these mechanisms may be different from the mechanism which
determines the relationship between the active phase of the rhythm and the Zeit-
geber (in this case L/D cycles). This mechanism remains unknown although it may
involve differences within subset of SCN cells, which are not identified in cells
around the SCN that receive their input from the SCN.

Differentiation in SCN regions and cells is also well documented (Hastings
et al. 2003). By recordings from individual cells the authors of this study showed
that not all cells have the same pacemaker abilities and each cell has its own
specific rhythm. This reminds the situation in the heart in which the fastest cells
become the pacemaker. Furthermore, results of in vitro studies on single SCN cells
from rodents, in which electrical activity was measured, revealed that different
individual cells had different circadian periods and it seemed as if the period
generated by the SCN is an average of the different periods generated by the
different cells (Welsh et al. 1995; Hertzog et al. 1998).

The neurotransmitters known to be involved in the connection between the
SCN neuron cells are: Arginine Vasopresin (AVP) Vaso-active Intestinal Peptide
(VIP) and Gamma-aminobuteryc acid (GABA). GABA administration given at
night had an inhibitory effect while at day time it had an excitatory effect (Wagner
et al. 1997).

In rats maintained under light/dark cycles it was noted that AVP is secreted at a
higher rate during day time relatively to the dark period, this pattern is kept when
the rats were acclimated to LL-conditions. This neurotransmitter (AVP) is pre-
sented in the dorsomedial parts of the SCN while VIP is mainly abounded in the
ventrolateral parts of the SCN. An interesting result in regards to VIP was that an
in vivo treatment with VIP resulted in phase shifts similar to those caused by light
pulses (Piggins et al. 1995). From the different neurotransmitter types discovered
in the SCN it may be assumed that this neural structure is differentiated and the
different parts may play different roles.

The Molecular Basis for the Master Clock Functioning

Much attention was given to the clock genes of the SCN in order to understand the
molecular mechanism of rhythmicity starting with the classical genetic model, the
fruit fly Drosophila, where the gene Per (Period) was first described from
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mutagenic flies with shorter or longer periods and from flies that became
arrhythmic due to a mutagenic treatment. Although the gene and its Protein PER
were identified several decays ago (Konopka and Benzer 1971), it took quite a
long time to understand how circadian rhythms are regulated by genes. Today we
know that the genetic regulation is not simple and it involves several genes.
Furthermore, we know that they are differences in the genes that regulate this
process in different groups of organisms but the principle will describe here
(although they are of different identified genes) seems to be common to Dro-
sophila (Young 2000) and mammals SCN cells (Hastings et al. 2003).

The regulation can be described as ‘‘molecular feedback loops’’ where in
mammals (mice) the genes and their proteins, which are involved, are known and
some of them differ from those in the fruit fly. The circadian clock genes Per and
Tim (Timeless) exist in the fly while in the mice Cry (Cryptochrom) was dis-
covered (Reppert and weaver 2002, Roenenberg and Merrow 2001) and these
genes can have variations. The knowledge we have today in regards to the
mammalian genes controlling circadian rhythms is that these genes show gene
loops, which have positive and negative feedback loops involving pairs of genes
and their proteins. These relations between the genes in the nucleus and their
proteins in the cytoplasm constitute the type of the feedback loop. A pair of genes
produces hetero-dimmer in the nucleus and their proteins appear in the cytoplasm,
which together initiate the activation of another pair hetero-dimer of clock genes
(positive feedback).

The proteins produced suppress the activation of the second pair of genes and
this is considered as a negative feedback which will activate once again the first
pair of clock genes. The known clock genes in rodents include: Clock and Bmal
which produce together a hetero-dimmer (positive feedback) which can include
one type of Per (out of three types of Per genes) and one of the two types of Cry
(cryptochrom). The PER and CRY move into the nucleus where CRY interacts
with the hetero-dimmer of Per/Bmal to prevent further transcription, thus acting as
a negative feedback (Reppert and Weaver 2002). As in the case of Drosophila,
much of the research was depended on the discovery of mutants in clock genes.
Interestingly, in rodents it was noted that expression of Per1 and Per2 increased as
a response to light exposure during the subjective night, such a response was not
revealed during the subjective day (Sherman et al. 1997), showing the connection
between environmental illumination conditions and gene activation (Fig. 4.2).

Entrainment of the Biological Clock in the Real World

Bearing in mind that in the real world we do not experience FRR conditions, our
endogenous pacemaker is adapted to entrainment by L/D cycles on a daily basis
and changes in photoperiod on an annual basis. A precondition for our biological
clock to anticipate the coming environmental changes, or to function as a regulator
for temporal organization, is due to its adaptation to a certain location on our
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Planet, which can be measured e.g., by its latitude and longitude. Under natural
conditions, the move from light to dark and vice versa is gradual in regards to
changes in natural light intensity and changes in the photoperiod, thus helping to
prepare our physiological and immune systems to the coming season.

Modern life is more complicated, and, at least, two major inventions changed
dramatically lives of many people on our Planet by affecting the functions of our
pacemaker, as our main temporal organizer. These main inventions are the
incandesced bulb, in which the electrical energy is converted into illumination (a
topic we are dealing with in a separate chapter of this book), and, the second is the
jet engine which enables us to move from one place to another in times which are
shorter than the rotation of our Planet around its axis.

Under these conditions, the entrainment of our biological clocks to the natural
Zeitgeber becomes problematic. Disruption of our temporal organization results in
disorganization (or dis-synchronization) of our physiological and immune systems
resulting, in turn, in pathological consequences about which we have become
aware in the past decades, including the loss of harmony in different daily rhythms.
The increase of nighttime light intensity worldwide (especially of short wave
length illumination) brings people all over the world closer to environmental
conditions similar to those of shift workers.

Fig. 4.2 The mammalian gene and protein loops as the molecular basis for the biological clock
operation. (Note the existence of positive and negative feedback loops—see text for explanation)
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Chapter 5
Light at Night (LAN) Exposure
and its Potential Effects on Daily
Rhythms and Seasonal Disruptions

Abstract Light/dark (L/D) cycles are the environmental cue for the entrainment
of our circadian rhythms while changes in photoperiod are an important envi-
ronmental cue for seasonal acclimatization of different physiological systems as
well as for immune system functioning. The neuro-hormone melatonin (MLT)
plays a major role in this process as it indicates the dark period of the 24 h cycle.
Therefore the disruption of MLT secretion due to Light at Night (LAN) exposure
may have a negative impact on daily rhythms and seasonality of our physiological
and immune systems. Supposedly the suppression of pineal MLT production has a
direct effect on cells which contain MLT receptors.

Keywords LAN � Seasonality � Photoperiod � Acclimatization � MLT receptors

We can easily forgive a child who is afraid of the dark; the real
tragedy of life is when men are afraid of the light.

Plato

Entrainment of the Biological Clock and Calendar

As we already discussed in the previous chapter, our daily rhythms are an
expression of the entrainment of the endogenous biological clock (the master
oscillator or our time pacemaker), located in the SCN, to exogenous L/D cycles.
Other types of external time-keepers (Zeitgeber), such as lunar cycles, entrain tidal
rhythms in organisms inhabiting the tidal zoon. In all mammals studied so far,
under the dark conditions during the night, the pineal gland produces and secrets
the neuro-hormone Melatonin (MLT), which, among its other functions, is
transferring the dark period signal to cells, tissues and organs of our body with
even the SCN containing MLT receptors.

Exposure to LAN suppresses the MLT production (Armstrong et al. 1989) and
therefore, it should be considered as a potential disrupter of daily rhythms. Light
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given at subjective night time to hamsters or mice and rats kept under Free
Running Rhythms (FRR), with no exposure to any other Zeitgeber, caused what
we define as the phase shift response, and such curves are known for different
rodent species, as we already discussed elsewhere in this book (see e.g., Chap. 4).
Interestingly, a difference in response to LAN exposure was noted when LAN was
given in the early hours of the dark period or close to the midnight or in the second
half of the dark period. The main conclusion from these experiments was thus that
light given in the dark period under FRR conditions can cause a phase shift
response, thus affecting daily rhythms, such as activity, body temperature, as well
as pineal MLT production and secretion (Moore-Ede et al. 1982).

Most of urban populations worldwide are being exposed today to artificial
illumination with a growing exposure to short wavelength illumination, which is
becoming the most common source of illumination in public places and in indoor
spaces. When we sit in front of a TV screen, use our cellular phone or PC at night,
or are simply exposed to indoor illumination, MLT production could be suppressed
and this should be a matter of concern in regards to our health and negative
impacts of LAN on it.

In addition to the daily rhythms of hormones secretion, the physiological and
behavioral changes promise the best response of our body to cope with our
environment for instance by maximal alertness at the time of foraging. Such an
adjustment was achieved through natural selection and can be considered as an
adaptation of human and/or other organisms at a certain locality on our Planet.

Bearing in mind that humans are diurnal organisms, the day time is devoted to
activities such as foraging and reproduction, while the dark period of the 24 h
cycle is devoted to sleep. Hence the secretion of hormones occurs in a certain
order, we may not be fully aware yet of all the consequences of, for instance, the
activation of receptors of a certain hormone by a hormone secreted earlier in time.
Timing of endogenous functions is critical in a changing environment and if a
predator is active when its’ pray is hiding in a safe place, most probably he will
stay hungry and will not compensate for the energy spent during foraging. Or, if a
pollinator is active at the time when the flowers pollinated by it are closed, it will
not be able to pollinate and will also have no nectar which is its energy main
source.

If timing is so important, how comes that we, humans, underestimate the
importance of natural illumination for entraining our biological clock and keeping
us in harmony with temporal and spatial variables of our environment, which, in
many cases, are separated from us artificially?

Humans have tried to extend light hours by various ways throughout the entire
history of mankind (see Chap. 7). Beyond any doubt, humans’ ‘‘victory’’ over
‘‘nighttime darkness’’ came about with the discovery of the incandesced bulb in
which electrical energy is transferred into illumination and reaches light intensities
which humans had never faced before during nighttime, thus losing an important
natural signal for the entrainment of our biological clock and as a consequence the
adjusted functions of physiological and immune systems.
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The increased light intensity seems to become a recently recognized source of
pollution and the American Medical Association (AMA), the largest association of
medical doctors worldwide, which has recently passed a resolution stipulating that
LAN is a source of environmental pollution which interferes with our daily
rhythms. This is a very important decision coming after that of the subcommittee
of the World Health Organization (WHO) which declared that night shift work is
potentially carcinogenic for humans (Straif et al. 2007). In both cases, it seems that
the disruption of our temporal organization is considered as an event with negative
outcomes for our health.

Seasonal Acclimatization in Animal Models:
The Importance of Photoperiod

As a reflection of seasonality in winter mammals, facing low ambient tempera-
tures, increase minimal heat production and decrease heat dissipation in order to
avoid hypothermia, while in summer they decrease minimal resting heat produc-
tion and dissipate heat more efficiently, to avoid hyperthermia. Results of many
studies carried out on various rodent species revealed that acclimation to short day
(SD) photoperiod is an initial cue for winter acclimatization of the thermoregu-
latory system (see inter alia Haim and Zisapel 1995).

Some aspects of the thermoregulatory system, based on morphological data of
the South African striped mouse Rhabdomys pomilio, were studied by Coetzee
(1970). This mouse is a diurnal and crepuscular species, widely distributed in
Southern Africa and, in an experiment carried out on this species it was shown that
moving 12L:12D acclimated mice from 25 to 6 �C, resulted in the death of most
subjects with no acquired resistance to low ambient temperatures. However,
moving of mice first to a photoperiod regime of a short day, 8L:16D under 25 �C
for 2 weeks (that is, to decreasing photoperiod hours) resulted in increased
resistance of all individuals to low ambient temperatures (Haim and Fourie
1980b). Therefore, it was concluded that for R. pomilio, changes in photoperiod,
are the initial environmental cue for seasonal acclimatization of the thermoregu-
latory system which takes place before the decrease in ambient temperature.

A MLT treatment of 12L:12D-acclimated R. pumilio kept at 25 �C also resulted
in increasing resistance upon exposure to cold and they did not become hypo-
thermic (Haim and Fourie 1982). Therefore, it could be assumed that acclimation
to short photoperiod results in an increase in pineal MLT production due to an
extension of the dark period.

The social vole Microtus socialis is a pest rodent, common to agricultural fields
in Israel. Various aspects of its physiology were studied, including its reproduction
patterns, where its main breeding activity takes place under short days and long
nights (Brandes et al. 2004). Bearing in mind that the Levant is the most southern
part of its geographical distribution, the agricultural fields in Israel are the
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southernmost border of its distribution. However, this species is abundant in the
steppe ecosystems on the Golan Heights from where breakouts were described.

Reproducing during the short photoperiod when temperatures are cool but fresh
food and water are plenty can be an advantage. The question the researchers asked
many years ago was as follows: Do the voles use photoperiod changes as a cue for
seasonal acclimatization of their thermoregulatory and reproductive systems
activation?

Results of a study carried out under laboratory conditions revealed that SD-
acclimations of the voles improved their resistance to low ambient temperatures
helping to maintain their Tb relatively high with a lower increase in metabolic
rates. The results suggest that an increase in insulation properties, compared to
LD-acclimated voles which upon exposure to cold could not maintain Tb to the
same levels as SD-mice and exhibit relatively high metabolic rates. However,
under LD-acclimation voles could cope better with high ambient temperatures
compared to SD-acclimated ones (Banin et al. 1994).

The 1977 autumn vole breakout in alfalfa fields, in the northern parts of the
Jordan Rift Valley, brought us to suggest the use of photoperiod disruption by
LAN to control vole population size. If most of the breeding takes place under
short days, LAN should disrupt reproduction. In a field experiment carried out
using specially delineated enclosures, LAN resulted not only in reducing repro-
duction but also in the death of the LAN exposed voles, while in the control
enclosure the vole population almost tripled in size (Haim et al. 2001, 2004).

The results of laboratory studies further revealed that SD-voles acclimated to
LAN could not maintain their heat production abilities upon exposure to cold.
Under acclimation of SD-voles to LAN, not only daily rhythms and reproduction
were disrupted, but so was the seasonality of their thermoregulatory mechanisms.
In both cases, the daily rhythms and seasonal acclimatization could thus be con-
nected to the suppression of MLT production upon exposure to LAN.

An important mechanism for heat production in small mammals, such as
rodents, is non-shivering thermo-genesis (NST), when heat is produced by
catabolism which does not involve muscle contraction (shivering). This mecha-
nism was found to be effective and responding quickly in cold acclimated rodents
compared with normo-thermal acclimated ones. It was noted that a sympathetic
stimulus activates different tissues by releasing noradrenalin (NA). In laboratory
experiments, exogenous NA was used for activating NST and the response was
detected in order of minutes (Jansky 1973). As the NA dose is mass-depended,
different results obtained under different acclimation conditions may hint on the
role of NA receptors. Bob Lynch was the first who showed that acclimation of
Peromyscus leucopus to short day resulted in an increase of NST levels, as if the
SD-individuals of P. leucopus were cold acclimated (Lynch 1970). Similar results
were obtained latter on for different rodent species (Haim 1982; Haim and Yahav
1982) and an interesting question asked in regards to this response was: What is the
mechanism behind the NST response to the increase in the dark hours?

One possibility could be that the extended secretion of MLT may affect the
receptors to noradrenalin in brown adipose tissue (BAT) or other heat producing
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tissues as the stratified muscles. This change can be in number of receptors or their
affinity to NA and these topics to the best of our knowledge were not studied in
relation to LAN. Although results of a NST study in which M. socialis were SD or
LD-acclimated revealed high and low NST capacity respectively and are consid-
ered as the initial environmental cue for seasonal acclimatization, indicating that
LAN can interfere with seasonality of physiological mechanisms presumably
among others by affecting affinity of receptors.

An early study by Haim et al. (1983) on the thermoregulatory abilities of the
‘‘Blind’’ mole rat Spalax eherenbergi to respond to photoperiod changes indicated
the existence of a more complicated retina and this finding led to the discovery of
the non-image forming photoreceptors (NIFP) which are essential for the
entrainment of the circadian rhythm. Results from a recent study carried out in the
Chronobiology research center at the University of Haifa revealed that the ‘‘Blind’’
mole rat responds to LAN (Zubidat et al. 2011). The results of this study revealed
that exposure to short wave length (blue) or long wave length (red) illumination for
half an hour close to mid night, of SD-acclimated ‘‘blind’’ mole rats acclimated to
one or three weeks of LAN exposure, resulted in a suppression of MLT produc-
tion, thus supporting the idea that LAN suppresses MLT production and that this
species is red-shifted.

Seasonality in the Functioning of the Immune System

As LAN is associated with the suppression of pineal MLT production, this asso-
ciation may affect the immune system. The fact that lymphocytes contain MLT
receptors (Nelson and Drazen 1999) puts the immune system on the ‘‘same page’’
with other systems that show seasonality which may be explained by levels and
duration of circulating MLT in the plasma. Syrian hamsters treated with MLT, or
hamsters acclimated to SD-conditions were found to increase MLT levels as well
as total splenic lymphocyte counts, mass and numbers of macrophage (Vaughan
et al. 1987). Day–night variations in MLT binding to spleen membrane were
reported and MLT suppression by exposure to LAN could suppress immuno-
stimulatory properties, while L:L conditions inhibits T cell autoimmunity as a
result of MLT suppression (Refii-El-Idrissi et al. 1996).

Results of a study on humans kept for 40 h awake revealed significant changes
in various variables of the immune system functions, including a decrease in
natural killer cell activity (Moldofsky et al. 1989). As Navara and Nelson (2007)
concluded, exposure to LAN can significantly modulate immune function, leading
to large-scale medical implications. Thus, the response of a mammal to LAN can
be a direct result of MLT suppression or an indirect result stemming from a
malfunctioning of the immune system.

Results of another recent study carried out in the Chronobiology research center
at the University of Haifa on the golden spiny mouse Acomys russatus as an animal
model, revealed differences in the immune response to KLH injection. While in
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SD-acclimated mice the response was fast, it was found to be slower in
LD-acclimated mice. However, SD-mice exposed to LAN showed a response
similar to that of LD-mice. A major difference among the groups was in regards to
the atypical white blood cells (that is, cells which are not differentiated). While
these cell counts were high in LD-acclimated mice they were low in SD-mice.
Acclimation of the latter to LAN resulted in an increase in atypical cells similar to
those of LD-mice. MLT treatment to SD+LAN acclimated-mice increased dif-
ferentiation, thus reducing values of atypical white cells. These results are in
agreement with those reported in the literature and suggesting an adverse effect of
LAN on the immune system.
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Chapter 6
Melatonin: ‘‘Hormone of Darkness’’
and a ‘‘Jack of all Traits’’

Abstract The pineal neuro-hormone Melatonin (MLT) is involved in the regu-
lation and functioning of various processes in the human body. Among other
functions it plays a significant role in the transferring of the dark period signal on a
daily basis while its levels and duration of its secretion are the basis for season-
ality. As a result the suppression of MLT production by LAN exposure affects not
only various daily rhythms but also seasonality of our thermoregulatory system
being responsible for heat production on the one hand for heat dissipation on the
other. The disruption of the MLT production also affects our immune system due
to the fact that receptors of this hormone are distributed on white blood cell.
Because MLT is an anti-oxidant and anti-oncogenic agent its reduction from
exposure to LAN can result in increased breast prostate cancer (BC&PC) risks
through a more rapid proliferation of cancerous cells or/and in an indirect way by a
mal-functioning of the immune system. As MLT suppression depends not only on
light intensity but also on light wavelength with short wavelength illumination
being very effective in MLT suppression. The increase of such illumination
worldwide under the ‘‘environmentally friendly illumination’’ paradigm should
thus become a concern for health authorities worldwide.

Keywords Pineal � LAN � MLT suppression � Breast and prostate cancers
(BC&PC) � Thermoregulatory function � Immune system

No matter how fast light travels, it finds the darkness has
always got there first, and is waiting for it.

Terry Pratchett

Melatonin Hormone: Discovery and Chemical Properties

MLT (N-acetyl-methoxytryptamine) is a pleiotropic neuro-hormone produced and
secreted by the pineal gland during the dark phase of the 24 h cycle, mostly under
dark conditions (Reiter and Fraschini 1969; Blask et al. 2005). MLT secretion is
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inhibited by light, even when the duration of light interference is short and of
relatively low intensity (Brainard et al. 1997). Moreover, MLT inhibition in
humans by light was demonstrated to be wavelength dependent, with shorter
wavelength (greener and bluer) illumination being more effective in MLT sup-
pression than yellow–red illumination of longer wavelengths (Cajochen et al.
2005).

Altogether, the exposure to LAN through the disruption of MLT production
(affecting daily rhythms thereby), interferes with our temporal organization, pos-
sibly resulting in cellular malfunction, and promoting the abnormal proliferation of
modified cells.

MLT was first discovered by McCord and Allen (1917) who showed that an
extract of bovine pineal gland given to frogs resulted in the bleaching of their
integument. Some 40 years later, Aaron Lerner, a dermatologist from the Uni-
versity of Minnesota, together with his coworkers from Yale University, succeeded
to identify the chemical extracted from the pineal gland and named it melatonin
(Lerner et al. 1958). Since its discovery, MLT existence was noted in all studied
organisms, ranging from unicellular (such as algae), to all plants, and invertebrates
and all vertebrates in the animal kingdom (Reiter et al. 2003; Hardeland and
Poeggeler 2003; Kohidai et al. 2002).

Results of many studies carried out to date allow us to conclude that MLT plays
a major role in many processes and functions of living organisms, and, therefore,
can be considered as a ‘‘jack of all traits’’ being, among others, a very effective
anti-oxidant and anti-oncogenic agent (Kolar 1997; Poeggeler et al. 2002; Tan
et al. 2002; Garicia et al. 2010).

MLT is produced from serotonin, which procurers the amino-acid tryptophan.
Serotonin is accumulated during the light hours (photophase) in the pineal gland
(pinealocytes) and is transformed into MLT during scotophase in two steps, where,
in the first step, the enzyme arylalkylamine N-acetyltransferase (AA-NAT) is
involved, while, in the second step, Hydroxyindole-O-methyltransferase (HOMT)
is involved. The former enzyme is under control of the Suprachiasmatic nucleus
(SCN) and is produced at night, under dark conditions.

MLT is a very lipid-soluble small indole molecule possessing empathetic
characteristics to the others. As a result, it can pass very easily through the cell
membrane and its receptors are identified on the nucleolus membrane MT1 and
MT2 from the G protein-coupled receptor group as well as receptors from the
RZRa and RZR/RORbeta family (Hardeland et al. 2006).

Pineal MLT production and secretion increases after dusk and, in human, it
picks up between 2:00 and 4:00 h in the morning, while after this period of time,
its production slows down and stops about 3 h after sunrise (Reiter 1993).

As we also know today, light interference (LI) disrupt MLT production and
secretion. The results of a classical experiment carried out by Cajochen and
coauthors (2005) revealed that exposure to LAN of short wavelength 460 nm is
highly effective in suppressing pineal MLT production, while under the same
intensity and for the same exposure duration, but under the wavelength of 550 nm,
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such an effect does not occur (see Fig. 6.1). Therefore, for artificial suppression of
MLT, such as in Seasonal Affective Disorder (SAD), the use of high intensity short
wave length illumination is very efficient (Nelson 2005).

MLT Functions

As we already mentioned, the immune system shows daily rhythms and season-
ality. An increase in the mass of the thymus gland was noted in short day-accli-
mated young voles (Vaughan et al. 1973). Moreover, a correlation was noted
between levels of serum MLT and phagocyte activity. The existence of MLT
receptors on lymphocytes is another important indicator for interaction between
MLT, which directly responds to the temporal changes in our environment (by its
levels and secretion duration at night), and the immune system (Guerrero and
Reiter 2002). MLT is involved in many other functions in the human body.

Among its other functions, MLT transfers the dark signal to all body cells and
tissues maintaining the original primary function of a photoreceptor production,
distinguishing between photophase and scotophase, while the relations between
them (photoperiod) is also transferred by MLT thus signaling seasonality to the
cells and tissues.

MLT also regulates the activity of the reproductive system in seasonal breeders,
a function which is well documented in many mammal species. For instance, in
long day breeders, it suppresses reproduction, while in short day breeders, such as
the social vole (Microtus socialis) and the mole rat (Spalax ehernbergii), it acti-
vates the reproductive system. In sheep MLT treatment is used in a commercial

Fig. 6.1 Effects of a 2-h
light exposure at 460 and
550 nm on salivary MLT
levels (diagrammed using
data from Cajochen et al.
2005)
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way for breeding twice a year where sheep are treated with MLT administrated
under increasing photoperiod after natural delivery. In young humans MLT is
known to suppress the development and activation of the reproductive system thus
delaying sexual maturity.

In addition, MLT is an efficient anti-oxidant not only in the animal kingdom but
also in plants including algae. In plants MLT main role is of a scavenger of free
radicals produced in photo-oxidative processes. In mammals, MLT is produced
also in the retina, thus acting as an anti-oxidant removing free radicals produced as
a result of photo-oxidative processes taking place in the retina upon exposure to
light at day time, which can be looked at as a parallel function to photo-oxidation
taking place in plants during photosynthesis.

MLT is also known as a direct anti-oncogenic agent for two types of cancers:
BC in females and PC in males. In regards to BC, several mechanisms are sug-
gested for its role, including modification of estrogen receptors. MLT treatment to
BC cells increases methylation to levels observed before exposure to LAN.

MLT and its Links to BC&PC

In an in vivo experiment carried out by Haim and his colleagues (Haim et al. 2010)
Balb male mice were inoculated s.c. with mice prostate cells (TRAMP) and after
inoculation they were kept under two different photoperiod regimes namely short
and long days (SD-8L:16D and LD-16L:8D respectively). Half of the SD-mice
group was interfered with light (450 lux, with a dominant wave length at 469 nm)
for 30 min, 7 h after lights went off, while another half of the LD-mice were
treated with MLT first by injection and then by adding it to the drinking water
given during the dark phase. Under LD-condition tumors were significantly bigger
with a higher growth rate comparing with SD-mice thus, suggesting that lower
MLT levels in LD-mice relatively to SD-mice. Indeed the results of the MLT
treatment to LD-mice and LI to SD-mice support this idea, as growth rates and
final tumor size in the former were similar to the values of SD-mice, while LI to
the latter increased growth rates and final tumor size were increased significantly
compared with SD-mice.

High MLT levels during scotophase are important for regulation of pituitary
and ovarian hormones such as estradiol, and also for increasing DNA-repair
mechanisms, enhancing thereby the function of pathways which may prevent the
development of cancer (Blask et al. 2005; Cos et al. 2000). Furthermore, results of
clinical studies revealed an association between MLT levels and metastatic-BC,
where a decrease in MLT peak amounts were noted in BC-patients, as compared to
healthy women. Studies also showed that larger tumors are associated with lower
MLT levels (Cos et al. 2000). These results support the idea that MLT is an anti-
oncogenic agent, as known from animal models.
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LAN?Pineal MLT Suppression?BC&PC Cells Increased
Proliferation Rates

According to Brzezinski (1997) and Brzezinski et al. (2005), MLT synthesis and
release occurs in a dose–response-like manner stimulated by darkness and inhib-
ited by light. MLT peak levels normally occur during sleep after midnight. These
levels decrease and become minimal when we are exposed to day light. In his
paper on LAN, shift-work and BC risk, Hansen (2001b) calls for further explo-
ration of the relationship between exposure to LAN and shift-work, including
timing during the night, and cancers that may be MLT depended. Today, some 10
years later, this call is relevant not only for shift workers but also for large urban
populations exposed to LAN indoors and outdoors as well as for residents of rural
areas, where home illumination, including electronic devices with LED lights
become a source of light pollution.

It has been also revealed that high MLT levels at day time result in Seasonal
Affective Disorder (SAD) relatively common in human populations of northern
America and in northern Europe. This issue is dealt mainly by psychologists and
psychiatric physicians, but also by chronobiologists, as a common cure for SAD is
exposing the subjects to short wave length illumination which suppresses MLT
(Nelson 2005). Once again showing the importance of timing, the reduction of
MLT secretion at day time is crucial for our health, while disruption that may
emerge from an insufficient amount of light at day time will also have negative
health effects.

The importance of exposure to natural day illumination is of great importance
for the resetting of MLT production. The short wavelength illumination suppresses
MLT production and at the same time our skin produces vitamin D. If increase in
MLT levels is a signal transferred to cells and tissues during the dark period, may
high levels of vitamin D become a signal for the light period in addition to the
marginal levels of MLT?

Our modern life can be complicated, as in lower latitudes (for instance, in the
Mediterranean basin) we prefer not to be exposed to solar radiation from 10:00 to
16:00 h in summer in order to avoid melanoma. However, many people are not
exposed to natural illumination as they leave home for work and come back after
sunset. Such behavioral patterns result in the fact that MLT production is not
completely suppressed, while vitamin D production is suppressed. As a result of
LAN exposure, environmental temporal cues are not transferred correctly to the
body cells or to the master clock for adjusting our temporal organization.

Furthermore, the dramatic increase in short wave length illumination under the
term of ‘‘environmentally friendly illumination’’ does not result only in the
increase of light intensity in general but specifically in the increase of short
wavelength illumination, which efficiently suppresses MLT production (Feleci
et al. 2011). LED illumination in electronic devices surrounds us and accompanies
us even in our sleeping habitat. As a result, children are exposed to such illumi-
nation for many hours during the dark period, when they sleep, that is, during the
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time when MLT is to be produced under dark conditions. As MLT levels are not
measured on a regular basis, most of us are unaware of the risks involved.

The existence of the ‘‘immune-pineal’’ axis was recently suggested by several
authors (Markus et al. 2007; Markus and Ferreira 2011). As the pineal was dis-
covered to be a target for molecules signaling immune response, it was proposed
that mediators of inflammation modulate the synthesis of MLT, where pro-
inflammatory mediators inhibit while anti-inflammatory mediate potentiate MLT
production. This novel view of interaction between the immune response and the
pineal gland may explain various diseases. As Markus and Ferreira (2011, p. 102)
conclude, ‘‘the pineal gland is not only a transducer of photoperiodic information,
but is also a constitutive player in the innate immune response’’. As we suggest,
further research on this potential axis should include BC, PC and other cancer
types and their response to LAN.

Finally, in regards to MLT production the following questions are to be asked:
How will the pineal respond to a dark cue at day time? Will MLT be still pro-
duced? Is there any threshold in regards to the time of darkness and how will it
affect our daily rhythms?

Answers to these questions will help us to develop a holistic approach helping
to facilitate the relations between our biological temporal organization and envi-
ronmental Zeitgeber, namely photoperiod.
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Chapter 7
Introduction and Spread of Artificial
Illumination: A Human History
Retrospective

Abstract People knew about electricity for centuries. However the first successful
attempt to use electricity for lighting can be credited to Sir Humphrey Davy who
discovered in 1801 the incandescence of an energized conductor. Yet the idea of
using electricity for lighting ‘‘took off’’ only after the American inventor Thomas
Alva Edison developed his deep vacuum incandescent lamp with a carbon cotton
filament. Thomas Alva Edison also contributed to the practical use of electricity by
installing the first electrical lightning system at Pearl Street in NYC in 1882. Since
then both light bulbs electricity production have become relatively cheap and more
reliable. As a result of rapid electricity proliferation electric lighting has substi-
tuted most traditional lighting sources making human population virtually inde-
pendent of natural L/D cycles. The full range of implications of this transition for
human health are yet to be determined.

Keywords Electricity � Lighting � Incandescence � Light bulbs � Electricity
timeline � Electrification rates � Light/dark (L/D) cycles � Health effects

We will make electricity so cheap that only the rich will burn
candles.

Thomas Edison, Dec. 1879

The Hanukkah Story

The ancient Jewish historian Josephus Flavius wrote about an early light miracle.
According to his narrative, in the year 175 B.C.E., Syrian (Greek) armies invaded
Judea. Several years later, in 167 B.C.E., the Second Temple in Jerusalem was
looted, cleared of all Jewish artifacts and dedicated to Zeus. Jews were forced to pray
to idols and eat pig flesh, both practices explicitly forbidden by the Jewish faith.
Traditional Jewish worshipping and ritual sacrifices were also forbidden. Popular
discontent was not long to come. It reached its climax in Mod’iin, a small village

A. Haim and B. A. Portnov, Light Pollution as a New Risk Factor
for Human Breast and Prostate Cancers, DOI: 10.1007/978-94-007-6220-6_7,
� Springer Science+Business Media Dordrecht 2013

49



located a few kilometers west of Jerusalem. The residents of the village were known
for their restiveness and often disobeyed the authorities. Eventually, the patience of
the Greeks was exhausted and they sent a small group of soldiers to teach the
villagers a lesson of obedience.

As the story goes, the soldiers gathered the villagers in the central square, where
the villagers were forced to bow to an idol and eat pork. Most of them refused, and
only one agreed. Mattathias the Hasmonean, the local priest, grabbed a sword and
killed the traitor. Then he turned his wrath on the commanding officer of the Greek
contingent and killed him as well. Following Mattathias’s lead, the villagers drew
off their swords and knives and quickly killed the rest of the Greeks. The revolt
spread quickly across the land, led by Mattathias and his five sons—Yochanan,
Shimon, Elazar, Jonathan, and Judah,—who later became known as the Maccabees
(or Maccabim), the name used until today for various Israeli sport teams and for
Jewish Olympic games known as ‘‘Macabia’’.

The uprising was successful, and in 165 B.C.E. the Temple in Jerusalem was
liberated. Since the Temple was used by the Greeks for idol worshipping, it needed
to be purified by cleaning of all foreign artifacts and burning sacrificial oil for
8 days. However, to everyone’s dismay, only a small jug of uncontaminated oil
was found, which could last for 1 day only.

The Maccabees lit the ritual lamp anyway, and, much to everyone’s surprise,
the small jug of oil lasted for full 8 days. Jews around the world celebrate the event
to this very day. Remembering the miracle, they light up a special lamp, known as
the Hanukkiyah, for 8 nights and days, adding every night an additional candle
(Fig. 7.1).

Fig. 7.1 The Menorah lamp and other articles from the Jewish Temple in Jerusalem in a public
display after the destruction of the Second Temple, depicted on the Titus Arch in Rome (ca. 82
C.E)
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Discovery of Electricity

Another remarkable event in the ancient history also related to light happened
some 435 years before the Maccabee rebellion. Around 600 B.C.E., the Greek
philosopher, Thales of Miletus made a remarkable discovery. He observed that an
amber stone, when rubbed, attracted small light objects. In the present-day terms,
the phenomenon discovered by Thales is known as static electricity.

However, it took another 300 years to find out that other substances possess
similar electro-static properties. This discovery belongs to another Greek philos-
opher, Theophrastus of Lesbos (371–287 B.C.E.). Yet, the very word ‘‘electricity’’
was coined by the English astronomer William Gilbert some 2200 years later. The
term was derived from ‘‘electron,’’ the Greek word for amber.

For centuries, no particular attention was paid to Thales’s and Theophrastus’s
discoveries, which were perceived as artifacts having little practical value. For
centuries, studies of static electricity and magnetism were mainly limited by the
improvement of compasses used for maritime navigation (Fig. 7.2).

Only in 1657, the British scientist Robert Boyle discovered that electric force
can be transmitted through vacuum. Several years later, in 1663, Otto von Guerick
built the first electrostatic generator, or an electrostatic machine that produced
static electricity by friction. This machine had no practical use, and no explanation
was offered to explain its operation. It was demonstrated solely as a curious objet
d’art.

No application of electricity for lighting was sought then. In the absence of
other options for prolonging daylight and enabling various activities after sunset
and during dark overcast days, people lit their houses with various primitive
means, such as oil lamps, candles, burning wood, coal and kerosene lanterns,
whenever available (Fig. 7.3).

Further Developments

It took another 70 years to discover that an electric discharge results from the
proximity of positive and negative charges. This remarkable discovery was made
in 1733 by the French scientist Francois de Cisternay Du Fay. One decade later,
Ewald Georg von Kleist and Pieter van Musschenbroeck from the Leiden Uni-
versity in the Netherlands demonstrated that electricity can be stored. They created
the first electric condenser known as the Leiden Jar.

Inspired by these discoveries, Jean-Antoine Nollet built in 1748 the first elec-
troscope, and in 1752, Benjamin Franklin, Thomas-François Dalibard and DeLors
published their pioneering studies on electrical properties of lightening. As a
practical application of his research, Benjamin Franklin invented in 1753 the
lightening rod.
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600BCE
• Thales of Miletus: static electricity by amber rubbing

300 
BCE

• Theophrastus of Lesbos: discovery of magnetic properties of several substances

1100
CE

• Shen Kua: first detailed description of a magnetic compass

1200
• Pierre de Maricourt: first systematic study of magnets' properties

1581
• Robert Norman: improvement of magnetic compasses

1600

• William Gilbert: coined the word "electricity" and studied magnetic properties 
of various substances

1657
• Robert Boyle: discovery that electric force is transmitted through a vacuum

1663
• Otto Von Guerick: first electrostatic machine for electro-charge

1733

• Francois de Cisternay Du Fay: identification of positive and negative electrical 
charges

1744

• E.G.Von Kleist and Pieter Van Musschenbroeck: first electric condenser (the 
Leyden Jar)

1748
• Jean-Antoine Nollet: first electroscope

1752

• Benjamin Franklin, Thomas-François Dalibard and DeLors: first studies of 
electrical properties of lightening

1752
• Benjamin Franklin: invention of the lightening rode

1764
• Johannes Wilcke: invention of the electrophorus

1769
• James Watt: first steam condensing engine

1775
• Alexander Volta: first machine for generating static electricity

1785
• Martin Van Marum: invention of a powerful electrostatic machine

Fig. 7.2 Timeline of major inventions and discoveries related to electricity and artificial
lighting. Note Assembled from NHMFL (2011) and NYT (2011)
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1800

• Alexander Volta: invention of the first electrostatic cell and battery, discovery 
of electricity travelling by wires

1801
• Humphrey Davy: discovery of incandescence of an energized conductor  

1803
• Johann Wilhelm Ritter: improved electric storage battery

1815
• Humphry Davy: invention of the safety lamp for miners

1819
• Hans Christian Oersted: discovery of electromagnetism

1821

• Michael Faraday: production of electricity by rotary motion, invention of the 
first electric motor

1823
• William Sturgeon: first electromagnet

1831
• Michael Faraday: first electric generator

1832
• Hyppolyte Pixii: invention of a machine for producing alternating current

1838
• Moritz von Jacobi: first electricity powered boat

1841
• Frederick de Moleyns: first patent for  an incandescent lamp

1847
• William Staite: invention of the arc lamp

1854
• William Thomson: invention of a cable for electricity transmission 

1860
• Joseph Swan: invention of the electric light bulb

1868
• Zenobe-Théophile Gramme: first dynamo machine

1878

• Foundation of Edison Electric Light Co. (US) and American Electric and 
Illuminating (Canada) 

1879

• Joseph Swan: demonstration of practical use of the incandescent light bulb 
in the U.K.

Fig. 7.2 (continued)
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1879

• Thomas Alva Edison: demonstration of a deep vacuum incandescent lamp with 
carbon filament

1881
• First dynamo-powered turbine in Niagra Falls

1882
• First hydroelectric power station in Appleton, Wisconsin

1882

• Thomas Alva Edison: first electrical system for incandescent lightning at the Pearl 
Street in NY

1883
• Thomas Alva Edison: Invention of the "three-wire" transmission system

1885
• Niagara Falls power station begins operation

1886
• William Stanley: Invention of the first alternating current (AC) and transformer

1888
• Nikola Tesla: Invention of the induction motor

1889
• First AC hydroelectric plant in Oregon

1901
• First High Density Discharge (HDD) lamp

1904
• Thomas Alva Edison: incandescent lamp with tungsten filament  

1927
• Friedrich Meyer and Hans Spanner: the first high-pressure vapor lamp

1933
• First use of sodium vapor lamps for lighting highways

1934
• Fluorescent lamps are introduced in Europe

1934
• Coiled-coil filament is invented

1956
• First commercial nuclear power station, Calder Hall, is established in England.

1959
• Invention of the dichroic (reflector) lamp

Fig. 7.2 (continued)
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It appears, however, that electrical properties of lightening had been known to
the Chinese for centuries. Thus, the ancient Chinese character [diàn] stands for
both electricity and lightening and means a struck of lightning from rain clouds,
to the crop field, .

Two other major breakthroughs in electricity research were achieved in 1769,
when James Watt invented the first steam condensing engine, and in 1775, when
Alexander Volta developed the first machine for generating static electricity.

Twenty-five years later, Alexander Volta made another ground-breaking dis-
covery, demonstrating that electricity can travel between places along a metal wire.

Discovery of Artificial Illumination

The first known attempt to use the newly discovered electricity force for artificial
illumination was made only in 1801, when the British chemist and inventor Sir
Humphrey Davy discovered the incandescence of an energized conductor. Later

1962
• First  visible-spectrum light-emitting diode (LED) lamp is produced 

1965
• The Northeast Blackout occurs

1968
• Beginning of the mass production of LED lamps

1973
• First oil crisis

1976
• Edward Hammer invented the compact fluorescent lamp (CFL)

1977
• The New York City blackout occurs 

1980
• Openning of the first U.S. windfarm

1984
• Openning of the first tidal power plant

1986
• Halogen lamp is invented

1995
• First helical lamps became commercially available

2002
• Invention of the reflectorized incandescent light bulb

Fig. 7.2 (continued)
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Davy developed the first arc lamp, in which charcoal sticks and a 2000-cell battery
were used to create a light arc across a 4-inch gap.

Some 30 years later, using the electric generator invented by Michael Faraday
in 1831 and known as Faraday’s dynamo, William Staite improved Davy’s design
making the arc lamp more efficient and reliable.

In 1841, Frederick de Moleyns registered the first patent for an incandescent
bulb, in which light was generated by glowing of an energized conductor. Four
decades later, Joseph Swan demonstrated the first practical incandescent light bulb
in the U.K. In the same year, the American inventor Thomas Alva Edison per-
formed his famous demonstration of his deep vacuum incandescent lamp with a
carbon cotton filament, which lit for 40 straight hours.

Although Thomas Alva Edison did not invent the incandescent bulb per se, he
greatly improved its design and made it more efficient, reliable and affordable.
Thus, according to Edison’s 1880 U.S. Patent No 223,898 ‘‘Electric Lamp,’’ his
intention was designed ‘‘to produce electrical lamps giving light by incandescence,
which lamps shall have high resistance, so as to allow of the practical subdivision
of the electric light (Fig. 7.4).’’

As Thomas Alva Edison promised in his 1879 interview during the first public
demonstration of his incandescent lamp, ‘‘We will make electricity so cheap that
only the rich will burn candles.’’ He made good on his promise. Several years
later, Edison developed and installed the first electrical system for incandescent
lightning at the Pearl Street in NYC, thus demonstrating, for the first time, that
electric lighting can be used on a wide scale for illumination of public spaces.

As a major step towards achieving his goal, in 1883, Thomas Alva Edison
developed the ‘‘three-wire’’ electricity transmission system similar to that used today.

Introduction of Artificial Lighting on an Industrial Scale

Two years later, in 1885, the first major Niagara Falls power station began
operation followed by other major power stations in the USA and Europe. In 1904,
Thomas Alva Edison developed the first incandescent lamp with a tungsten fila-
ment, making the electric lamp design much more reliable and efficient.

Fig. 7.3 A burning Roman
period oil lamp,
second century C.E. (from
the B.A. Portnov collection)
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In 1927, Friedrich Meyer and Hans Spanner patented the first high-pressure
vapor lamp and already in 1934 fluorescent lamps were introduced in Europe. In
line with improvements in the durability and efficacy of electric lamps, the costs of
electricity had also declined, in both real and relative terms, i.e., compared to
present-day prices and relative to the population’s disposable income (see
Fig. 7.5).

If in 1886, 1 kWh of electricity was worth US$ 1.32 (in 2000 prices), 120 years
after, in 2007, its average price for consumers in the USA dropped to less than 8
cents per 1 kWh, that is nearly 20-fold.

This price drop was attributed to two main trends. First, electricity production
facilities have become larger and more efficient, and, second, transportation costs

Fig. 7.4 Incandescence
electric lamp (T.A. Edison’s
1880 U.S. Patent No 223,898,
‘‘Electric Lamp’’)
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of fuels used for electricity production have been constantly dropping, at least until
recently.

Although the costs of fossil fuels has increased in recent decades, this process
was offset, at least in part, by introduction of energy alternative sources for
electricity production, such as nuclear energy and other renewable energy sources,
such as wind and solar energy. The use of these alternative energy sources made it
possible to keep the costs of electricity at their present-day relatively low levels.

In parallel, over the past decades, population incomes increased in real terms, in
many countries across the globe, making electricity for lighting even more
affordable. Thus, according to the US Census Bureau, only during the past
40 years, real per capita income in the USA increased nearly threefold: from
$8,980 in 1959 to $21,587 in 1999 (in 1999 prices). According to the US
Economic Research Service (USERS) International Macroeconomic Database,
real per capita incomes in the rest of the world also increased, albeit at a slower
rate: from $3,138 in 1969 to $5,675 in 2010.

Dropping prices (relatively to disposable incomes) made electricity more
affordable. Combined with considerable improvements in electricity infrastruc-
tures, electrification rates have increased rapidly, reaching impressive levels in
both developed and developing countries alike, especially in urban areas. As
Table 7.1 shows, in the world as a whole, electrification rates worldwide reached
nearly 79 % and nearly 94 % in urban areas, where most population resides today.

In 1920, advocating his ‘‘State Plan for Electrification of Russia’’ (GOELRO),
Vladimir Uliyanov-Lenin, the supreme leader of the Russian Bolsheviks, stated:
‘‘Communism is Soviet power plus the electrification of the whole country.’’

Fig. 7.5 Changes in the real prices of electricity since the 1880s (US cents per kWh in 2000
prices; left axis) and efficiency of electricity production from coal (right axis). Note Calculated
and diagrammed using the Santa Fe Institute’s electricity database (McNerney et al. 2011)
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Under Lenin’s successors the GOELRO plan was implemented in full, but, evi-
dently, Lenin’s promise of communism has never materialized. Nevertheless, both
workers in cities and peasants in remote Russian villages are no longer confined to
their traditional luchinas (long and narrow splinters of wood burnt for lighting) and
can now light up their houses at night and enjoy full advantages of nighttime
activities, such as shiftwork and entertainment, wherever available.

Concluding Remarks

As a result of a rapid electricity proliferation, human population has become
virtually independent of natural L/D cycles. In fact, our homes and work places are
lit today to the levels comparable to day-time natural illumination (see Fig. 7.6).
As a result, humans do not have dark nights per se, unless they choose so.

Rather few people sleep nowadays in complete darkness, and many are active
well after the dusk, sleeping late in the morning and during daytime. Even low
intensity light levels might be a problem as their effects can accumulate and in
such a case it is completely different from moon and sun light (Haim et al. 2011).
Light pollution at this time is defined mainly by astronomers and appears to be
increasing (see Chap. 8). As we note elsewhere in this book, this process is mainly
due to a massive increase in short wavelength illumination, emitted by modern

Table 7.1 Electricity access today—regional aggregates

Region Population without
electricity (millions)

Electrification
rate (%)

Urban
electrification
rate (%)

Rural
electrification
rate (%)

Africa 587 41.9 68.9 25.0
North Africa 2 99.0 99.6 98.4
Sub-Saharan

Africa
585 30.5 59.9 14.3

Developing Asia 799 78.1 93.9 68.8
China and East

Asia
186 90.8 96.4 86.5

South Asia 612 62.2 89.1 51.2
Latin America 31 93.4 98.8 74.0
Middle East 22 89.5 98.6 72.2
Developing

countries
1,438 73.0 90.7 60.2

Transition
economies and
OECD

3 99.8 100.0 99.5

World 1,441 78.9 93.6 65.1

Source Compiled from the IEA World Energy Outlook 2010
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light bulbs considered to be energy-saving and thus ‘‘environmentally friendly.’’ A
full range of implications of this change, which has happened over a relatively
short period of some 120–130 years, for human evolution in general and human
health in particular is yet to be determined. We shall attempt to discuss these
implications in the following chapters.
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Fig. 7.6 Illumination levels in today’s homes and work places compared to different natural
lighting conditions (Lux). Source Diagrammed using data from the Engineering toolbox (http://
www.engineeringtoolbox.com/)

60 7 Introduction and Spread of Artificial Illumination

http://www.engineeringtoolbox.com/
http://www.engineeringtoolbox.com/


Chapter 8
Biological Definition of Light Pollution

Abstract Whereas light pollution is well defined by the astronomers, no biological
definition of this phenomenon has been given so far. In giving such a definition,
various variables of nighttime illumination, such as intensity, wavelength, duration
of exposure, frequency of exposure and timing within the dark period, should be
considered. A critical point is that light pollution suppresses MLT production and
disrupts daily rhythms entrained by photoperiod and thus initiates a stress response,
all of which are biological consequences of exposure to LAN.

Keywords Light pollution � Light at Night (LAN) � Continuous exposure � Non-
image forming photoreceptors � Bipolar cells �Melanopsin �MLT � Shift-workers

The shepherd drives the wolf from the sheep for which the
sheep thanks the shepherd as his liberator, while the wolf
denounces him for the same act as the destroyer of liberty.
Plainly, the sheep and the wolf are not agreed upon a definition
of liberty.

Abraham Lincoln

Light Pollution: Definition by Astronomers

Increasing urbanization worldwide, on the one hand, and more efficient transfor-
mation of electrical energy into illumination, on the other, brought about a new
situation, which was first known as LAN and is now considered ‘‘light pollution’’
and even ‘‘light toxicity’’. Astronomers were the first who paid attention to this
phenomenon, by pointing out that dark nights are disappearing. The international
meeting that took place in April 2007 in La Palma, Canary Islands, Spain resulted
in a document known today as the ‘‘La Palma Declaration.’’ The main aim of this
declaration was to draw attention to the fact that artificial illumination today
interferes with our ability to observe the stars. The declaration called for the
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defense of the dark night sky so as to continue to see the starlight. In the decla-
ration, light pollution was defined as follows:

(1) Environmental pollution consisting of the excess of harmful or annoying light.
(2) Wasted light from city and outdoor lights that makes it hard to see the stars at

night, and
(3) Misdirected, unshielded, excessive and/or unnecessary night lighting aimed

upwards or sideways, scattering light across the atmosphere, brightening the
night sky, while diminishing the view of it.

Another definition of light pollution given by astronomers is that light pollution
is the introduction by humans, directly or indirectly, of artificial light into the
environment (Blask et al. 2005). The astronomers thus emphasized the main direct
result of light pollution from their point of view, which is the excessive illumi-
nation of night-sky by artificial light.

Definitions of Light Pollution in Biomedical
and Chronobiological Terms

It took a little longer for the life and biomedical sciences to realize that LAN
coming from artificial sources is environmental pollution. During the 1980s and
1990s, empirical evidence about negative effects of LAN exposure was accumu-
lated mainly from laboratory experiments and from studies of specific population
cohorts professionally exposed to LAN, such as shift workers. Therefore, during
that period, light pollution, was considered mainly as a professional problem, a
sort of occupational risk, specifically in flight attendants and nurses (for a detailed
review of the evolution of studies on the topic, see Chap. 11).

The exposure to LAN of shift-working nurses and its negative health conse-
quences (specifically in relationship to BC) were investigated in several cohort
studies, carried out, nearly simultaneously, in the USA and in Europe. These
studies revealed strong relations between shift-working and BC risks, with women
working for more years in nighttime shifts being at higher risk of developing BC
than those working for short periods (see Chap. 11).

As a result of these studies, a subcommittee of the World Health Organization
during a meeting that took place in Leon, France in 2007 decided that shift work is
a 2A risk factor for cancer in humans, that is, a ‘‘potential human carcinogen’’
(Straif et al. 2007). While cancer-related risks associated with shift-working (often
taken place at night in brightly lit environments) were thereby acknowledged, light
pollution per se was not mentioned in this decision as a potential cancer risk factor.

Biologists studying animal ecology using animals from different taxonomic
groups published the first edited book, entitled ‘‘Ecological Consequences of
Artificial Night Lighting’’ (Rich and Longcore 2005). Summarizing results of
previous studies on the topic, they stated that artificial ‘‘lighting probably sup-
presses pineal MLT production and disrupts circadian rhythms in mammals.’’
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As various effects of LAN on different animals are described in the literature
(and discussed elsewhere in this book), many of these studies lead us to a con-
clusion that LAN is involved in suppression of pineal MLT production, one of
which main roles is to transfer the light and dark signals to the cells, tissues and
organs in mammals. High levels of MLT means dark phase (night) while marginal
values means light phase (daytime).

Thus, according to the mammalian model, the dark signal transformation from
the environment to the pineal gland contains interaction with melanopsin, the
photo-protein existing in the bipolar ganglions of our retina, and discovered only
about one decade ago (see Chap. 6 for more detail). The separation of the pho-
toreceptors to image and non-image forming photoreceptors (IFP and NIFP
respectively) could make chronobiologists focus on NIFP and their response.
Furthermore, as the latter are sensitive to short wave length illumination, it was
concluded that the vertebrate major oscillator works blue (Erren et al. 2008).

Illumination Characteristics that may be Useful
for a Definition of Light Pollution

As discussed in Chap. 2, light can be characterized by several properties (such as
intensity, wavelength, duration of exposure, frequency of exposure and timing),
and understanding of the role of each one of them may help us to find an
appropriate biological definition for light pollution. The results of Cajochen and
coworkers, discussed in Chap. 6, revealed the importance of wavelength on MLT
suppression, with the exposure to short wave length of 450 nm being most
effective. Given to humans, such exposure suppressed MLT production, increased
alertness, limited body temperature and decreased heart rate. Exposure to the same
light intensity at the same time and for the same duration but at a wave length of
550 nm did not result in a similar response as MLT was not suppressed, alertness
decreased, while heart rate and thermoregulatory system behaved in a similar way
to the control group that was kept under dark conditions without light interference
(Cajochen et al. 2005).

These results can be attributed to the fact that the bipolar cells (NIFP) contain
melanopsin which is sensitive to short wave length illumination and controls the
circadian functions of the humans. The suppression of pineal MLT production
should, therefore, be included in the definition of light pollution as the results of
various experiments show that short wave length illumination rather than medium
or long wave length is effective.

The duration of exposure and its timing should also be considered in giving a
biological definition of light pollution. As Hoffmann’s (1979) study revealed, the
exposure of short day (SD) acclimated Siberian hamsters (Phodopus sungorus)
males for one or five minutes to white light in the middle of scotophase resulted in
increase of testis mass and of accessory glands and values were similar to those of
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long day (LD) acclimated hamsters, conditions in which this species reproduces.
As P. sungorus is a long day breeder SD-acclimation through increased levels and
secretion duration of MLT suppressed the testis and accessory glands’ size and
function, while the suppression of MLT production through exposure to LAN
removed the suppression effect and an increase in both variables was noted.
Therefore, LAN can be treated as a factor that through its suppression of MLT
changes seasonality (Haim et al. 2005) as shown in Fig. 8.1.

A question we need to ask is as follows: Will the same exposure duration at the
same light intensity have a similar effect on humans in regards to MLT production
and secretion? Another question is: Will or will not such an exposure be time
dependent?

To the best of our knowledge, no experiments have been carried out on humans.
The results of such experiments will further strengthen the LAN exposure and the
MLT suppression nexus.

In animal models, the results of various studies were quite definite, showing
that suppression of MLT by LAN increased proliferation of BC and PC cells
in vivo. In one of such studies (Haim et al. 2010), prostate TRAMP cells inoculated
to mice were used as a model for understanding such relations. Inoculated mice
were exposed to short day (SD) and long day (LD) conditions. Under the LD
conditions the tumor rate of growth was significantly higher than under SD-con-
ditions. However, MLT treatment to LD mice significantly decreased rate of
growth while exposure of SD-mice to 30 min of florescent white cold light at an
intensity of 450 lux and a dominant wave length of 470 nm increased tumor size.

In another experiment carried out in the Laboratory of Chronobiology at the
University of Haifa, SD-female mice were inoculated with 4T1 mice BC cells.
After inoculation mice were divided to three groups: (1) SD-acclimated used as
control; (2) SD-acclimated with light interference of 30 min seven hours after
lights went off (LI-mice) and (3) LI-mice treated with MLT given in the drinking
water one hour before lights went off till the end of the dark phase (LI ? MLT).
After 21 days a significant difference was noted in the tumor volume of the three
groups where it was the largest in LI-mice and smallest in LI ? MLT treated mice.
In SD- mice it was intermediate larger than in LI ? MLT group. The results
published in scientific literature, together with ours emphasizes the major role
MLT has as a hormone produced at night under dark condition. Disruption of its
secretion by short wave length illumination suggests that such a type of

Fig. 8.1 The effects of LAN
on seasonal acclimatization.
SD = short day; LD = long
day; L = light phase;
D = dark phase
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illumination is a source of pollution or of toxicity. Therefore, in any definition of
light pollution MLT suppression should thus be a part of the definition.

The total duration of exposure to LAN (frequency of exposure events and the
duration of exposure in each event) should also be considered in the definition of
light pollution. Data to support this claim come from studies of shift workers. The
results of such studies revealed that in nurses whom worked for longer periods on
night duties were in a higher risk group relatively to those who worked for several
years only.

Another piece of evidence comes from laboratory experiments. Thus, yet
unpublished results from research carried out in the Israel Center for Interdisci-
plinary Research in Chronobiology (ICIRC) show that exposure of mice inocu-
lated with BC cells to LAN results in hypomethylation of the global DNA in the
BC cells. The results also suggest that MLT can increase methylation and therefore
it seems to reverse the negative effect of LAN. If we knew more about such
processes in humans we could have scheduled shift workers into a more sophis-
ticated timetable, thus minimizing the negative effects of LAN.

Switching on the ‘‘cold’’ white light, such as florescent, even for a very short
time (in order of several minutes or less) may also act as a stressor, as the results of
a study carried out on the social vole Microtus socialis by Zubidat et al. (2007)
revealed. Cold white light at an intensity of 450 lux with a dominant wave length
at 470 nm for 15 m, every four hours, resulted in a significant increase of hypo-
thalamus-adrenal medulla axis as assessed from adrenaline levels. A significant
increase was also noted in the hypothalamus–pituitary–adrenal cortex axis asses-
sed by the levels of plasma cortisol. Results of a recent study (Ashkenazy and
Haim 2012) which detected an increase in HSP70 as a result of LAN also supports
the idea that LAN, especially short wavelength LAN may acts as a stressor (for
more studies see Chap. 9), thus suggesting that a potential stress effect of LAN
should be added to the definition of light pollution.

Therefore, the tentative biological definition of light pollution we suggest is as
follows:

Light pollution is light emission from artificial sources given in the dark phase of the 24 h
cycle which wavelength and/or intensity can suppress pineal MLT production, disrupt
daily rhythms and initiate a stress response.
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Chapter 9
Light-at-Night (LAN) as a General
Stressor

Abstract The suppression of MLT by exposure to Light at Night (LAN) and its
effects on daily rhythms are well documented in the literature. Throughout the
years of research it has been noted that MLT treatment could not compensate for
all the effects of LAN exposure and, therefore, we can conclude that other
responses may result from the exposure to LAN. The idea that LAN is a general
stressor was tested in the social vole Microtus socialis and an increase in adren-
aline and cortisol production was detected. Recently it was also shown that LAN
increases the expression of the gene hsp70 and the protein HSP70 in the brain and
liver of golden spiny mice Acomys russatus, with the response levels in both
tissues decreasing with the duration of acclimation. However, in the same animals,
the response of the cardiocytes increased with the duration of acclimation thus
indicating that different tissues respond to LAN in different ways. The fact that
MLT treatment attenuates the response to LAN points to the fact that MLT may
reduce negative impacts of LAN as a general stressor.

Keywords Stressor � HA-axis � HPA-axis � Adrenaline � Corticosteroid �MLT �
HSP70

Stress is a non-specific body response to environmental
changes that endangers life.

Selye (1950)

LAN and Stress Response

The results of an experiment carried out on the social vole (Microtus socialis)
revealed that food and energy intake did not differ between individuals exposed to
light interference (LI) and LI treated with melatonin (MLT) (Haim et al. 2004).
This result showed that LI is not only a signal that affects daily rhythms season-
ality response by suppressing pineal MLT production, and, therefore, the study
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raised the following question: Are other systems, apart from the pineal gland and
MLT suppression, affected by LI?

One possibility could be that LI is a stressor and it can activate stress response
by increasing the activity of the hypothalamus–adrenal medulla (HA) axis or
hypothalamus–pituitary–adrenal cortex (HPA) axis or both of them. In a follow up
study, short day (8L:16D) acclimated M. socialis, were exposed every four hours
to 15 min of florescent light (with a dominant wave length of 470 nm) at an
intensity of 450lux. Urine samples were collected in order to assess daily rhythms
of adrenaline (using the analysis of its urine metabolite) and HA activity while
plasma samples from blood collected at 14:00 h were analyzed for cortisol levels
in SD-voles and SD ? LI voles.

The results reported by Zubidat et al. (2007) and Zubidat et al. (2011) showed
that activation of both HA and HPA resulted from exposure to LI thus supporting
the idea that LI is a stressor and as such it may have an impact on the survival of
M. socialis under natural conditions in the enclosures, where the voles were
exposed to cold nights in winter. Assuming that produced energy had to be allo-
cated to compensate for adjusting the homeostasis heat production for thermo-
genesis could not increase to the levels required for compensating heat loss.

An early field study using enclosures, in one which voles were exposed to LI
while another was used as a control, it was noted that under LI of 15 min given
once every hour, once every 2 h and once every 4 h, voles did not survive winter
conditions not only because of being exposed to ‘‘seasons out of time’’ (Haim et al.
2005) but also because of exposure to a stressor.

Selye (1950) defined stress as ‘‘a nonspecific body response to environmental
changes which endanger life’’. Individuals may elicit the appropriate response
bringing themselves back to the state of homeostasis. More recent literature sug-
gests that stress response is activated by sudden unanticipated and unpredicted
events (Koolhaas et al. 2011). A question that can be asked in regards to stressors
and stress response is: Will repeated exposure to a stressor result in a decrease of
response or, in other words, can a subject be acclimated to stressful conditions?

Stress Response to LAN on a Cellular Level

On the cellular level the impact of light pulses was assessed by the expression of
transcripts in the mouse brain using microarray technology in more than 200
different transcripts (Ben Shlomo and Kyriacou 2010). In another study, a light
pulse given to the chicken pineal at the end of the subjective night caused, among
other, the activation of genes responsive to heat shock stress in the pinealocytes.
Expression of regulatory transcription factors, heat shock factors one and two hsf 1
and 2 (Hatori et al. 2011). The results of physiological studies on the one hand and
those of cellular studies on the other showed that LI causes changes which can be
considered as response to a stressor.
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Are there other cellular mechanisms which can express stress respond to LI?
A cellular stress response is activation of heat shock proteins (HSP) so far an

activation of HSP according to Kregel (2002) was noted as a response to various
stressors such as thermal (hyperthermia), acidosis, energy depletion and an
increase in free radicals. Therefore, it seemed logic to test the following hypoth-
esis: If LI is a stressor, exposure to LI should result in increased levels of HSP.

This hypothesis was tested in golden spiny mice Acomys russatus, exposed to
acute, medium and chronic periods of LI. Short day (SD, 8L:16D, lights on
between 08:00 and 16:00 h). The acclimated mice were kept in a climatic chamber
where during day time, cool florescent light at an intensity of 450lux and a
dominant wavelength at 470 nm while a dim light of 25lux at a wavelength of
679 nm was kept constantly. For LI, day light was on for 30 min 6 h after darkness
onset. Four groups of mice were sampled by removing organs as brain, liver and
heart. The groups included: (1) control–SD, (2) SD ? LI for two nights (acute),
(3) SD ? LI for seven nights (medium) and (4) SD ? LI for 21 nights chronic.
Levels of protein HSP70 and expression of hsp70 were measured. The results
showed a significant protein increase in both brain and liver tissues after an acute
exposure followed by a decrease in the duration of medium and chronic exposures.

The gene expression increased significantly in the brain tissue of mice exposed
to acute LI and decreased in medium and chronically acclimated mice. However,
in the liver tissue no gene expression was noted in any of the tested groups
(Ashkenazi and Haim 2012). These results indicate that LI is a stressor that
activates the production of HSP70, but these results also suggest that the brain
tissue can be acclimated to such interference and the response decreases with the
duration of acclimation. In a follow up study we measured HSP70 and the hsp70
gene expression in cardiocytes and interestingly the results showed an increase in
protein levels and gene expression under chronic exposure relatively to acute
exposure (Ashekenazi et al. unpublished data). This result raises the question in
regards to the stress response of different tissues and in future studies protein levels
and gene expression levels should be measured in more tissues. Furthermore,
results of exposure of pregnant mothers and after birth of the young to LI may be
of great importance to understand the possible damages caused in different stages
of development (ontogenesis). The following question can thus be asked: Does LI
have an impact on longevity and on general health?

Further research of these topics is of great importance and should thus be
supported by national and international funds.

Oxidative stress in general increases reactive oxygen species (ROS). ROS have a
negative impact on the cellular level as they alter protein and DNA molecules
(Cerutti et al. 1994), and therefore play a significant role in disease and aging (Kregel
and Zhang 2007). In response to increased oxidative stress organism will increase
production of anti-oxidant compounds as enzymes including superoxide dismutase
(SOD), glutathione peroxidase (Gpx) and catalase (CAT); the non-enzymatic anti-
oxidant defenders include MLT among other molecules and is known as an effective
anti-oxidant (Matés et al. 1999; Reiter et al. 2003; Garcia et al. 2010) and in
stressed algae it was shown to be the first line defender in response to stress effect
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(Tal et al. 2011). Results from A. russatus exposed to LAN increased Gpx and SDO
activity thus supporting our hypothesis that LAN is a general stressor. However,
MLT attenuated the response (Ashkenazi and Haim, in prep.)

The association between stress and the immune system is well established
reflecting the fact that energetic resources are directed to reestablish homeostasis
which is changed as a response to a stressor. In the case of limited resources
energy supply may emerge from reduced energy supply to the immune system thus
affecting its normal function. Future experiments in regards to LAN and our
understanding of its negative impact on our health should include such topics as
our knowledge on these topics is quite limited. Bearing in mind that exposure to
LAN of high illumination intensity can occur in a very short time (magnitude of
parts of a second) and therefore in many ways it is similar in nature to the
lightening which can be considered as a stressor.

Changes from scotophase to photophase, under natural conditions are gradual
in respect to light intensity. Today the most common way for controlling illumi-
nation is using on/off switchers. Instead of such switchers, the use of computerized
dimmers, for controlling illumination operation, may reduce the stress effect of
LAN. Further studies should thus be carried out on this topic because it should be
realized that LAN is not only a source of pollution suppressing MLT production
but it also affects our daily rhythms, which should jointly be considered in the
definition of light pollution.
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Chapter 10
Effects of Light Pollution on Animal Daily
Rhythms and Seasonality: Ecological
Consequences

Abstract The ongoing increase in light pollution and, mainly, that of short
wavelength light emission, results not only in the human pineal MLT suppression,
but also affects that of animals in their ‘‘natural’’ ecosystems. It also affects ani-
mals’ daily rhythms, seasonality and behavioral patterns such as foraging (aerial,
aquatic, and terrestrial) due to changes in the distribution patterns of their prey.
The disruption of navigation by animals, such as young sea turtles’ navigation into
sea-water, is also affected by urban illumination and sky glowing around cities at
night. As LAN has an effect on the entrainment of our biological clock, by dis-
rupting daily rhythms, it results in mal-functioning of the immune and physio-
logical systems. Because these features are common to humans and animals, their
similarity makes it possible to use animals for testing and developing models for
sustainable nighttime illumination.

Keywords Prey � Predator � Aggregation � Foraging � Aerial � Plankton �
Behavioral patterns � Navigation � Animal models � Sustainable illumination

Our diurnal bias has allowed us to ignore the obvious, that the
world is different at night and that natural patterns of darkness
are as important as the light of day to the functioning of
ecosystem.

Rich and Longcore (2005)

Effects of LAN on Ecosystems

The fact that LAN, as a source of environmental pollution, may have a negative
impact on natural ecosystems is noted by Longcore and Rich. In their compre-
hensive review, entitled ‘‘Ecological Light Pollution’’ published in Frontiers in
Ecology and the Environment in 2004, the authors drew our attention to the
following facts about such pollution: (1) LAN includes increased illumination that
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can be chronic or periodical, causing unpredicted changes in illumination and
direct glare. (2) Animals can be disorientated by additional illumination as we
know from the case of young sea turtles, hutching from their eggs, and navigating
their way to the sea; apart from navigation, night illumination may affect foraging,
reproduction and communication. (3) LAN has an impact on inter-relations
between organisms which may have significant implications on the ecology of
communities.

Although our book deals mainly with human health models in regards to
BC&PC, understanding what happens to other species as a result of LAN expo-
sure, may help to understand the full extent of LAN effect on humans.

In this chapter we deal with negative impacts of LAN on the ecology of
organisms in their natural ecosystems. As well known, the effects of LAN on the
entrainment of biological clock and its effects on daily rhythms and seasonality are
common to humans and diurnal mammals that show daily rhythms similar to those
of humans, where the acrophase of motor activity and body temperature occur
during the photophase while that of pineal MLT secretion occurs during the
scotophase.

LAN and Interrelations Between Predators and Prey

In their review entitled the ‘‘Dark Side of Light at Night’’, Navara and Nelson
(2007) deal with the ecological consequences of the LAN phenomena. One of the
studies cited in this review was carried out in the open desert terrain and reported
by Clarke (1983). As this study showed, during bright moon nights, the deer mice
Peomyscus maniculatus, and the short-eared owls, Asio flammeus, behave differ-
ently. While the former, the prey, decreases its activity on full moon nights, the
owl, the predator, increases its activity. The behavioral changes indicate that
animals from different trophic levels behave differently upon exposure to the very
same environmental conditions. Full moonlight is a natural event which happens
every lunar month. Therefore, these behavioral differences are a natural response
which has been presumably developed under natural selection and can be con-
sidered as adaptation.

However, we must keep in mind that under full moonlight, illumination
intensity is much lower than sky brightness emerging from city-sky glowing
(Cinzano et al. 2001). Another difference is that moonlight does not contain short
wavelength illumination, a type of illumination which is often dominant in cities’
glow. It is also important that full moon nights are anticipated by the animals and
occur for few nights every month, while LAN is constant and even increase in
intensity over time. Therefore, the effects of LAN on the predator-prey relationship
are likely to be more pronounced than the effects of moonlight.
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Insectivore Bats and Changes in Prey Distribution

In regards to foraging, a mammalian group strongly affected by LAN is the
insectivorous bats (or Microchiroptera). The short wavelength illumination which
is used in many public places attracts insects which aggregate close to sources of
such illumination. Some bat species follow these aggregation sites and they prey
on insects (Rydell 2005). Beyond doubt the change in the spatial distribution of the
prey has an effect on the bat species with specialized sonar apparatus, which have
an advantage when foraging in open areas under dark conditions, but becomes less
advantageous when preying on insects concentrated close to blue light sources. As
a result, we may end up by losing insectivore bat species, which have an important
role in pest control and great efforts are being made in regards to their
conservation.

Aquatic Ecosystems: Plankton Migration and LAN

Aquatic pelagic organisms in fresh and sea water are sensitive to light, where
zooplankton demonstrates vertical migration in response to light intensity. Under
high light intensities, the zooplankton sinks in the direction of the benthos.
However, when light intensity is low, it moves in the direction of the upper
pelagic. This is a daily movement initiated by the differences between light
intensities penetrating the water. Under natural conditions the highest light
intensities during nighttime are close to those of a full moon (Haney 1993; Gal
et al. 1999).

The daily plankton movement is important for fish foraging. Within the zoo-
plankton we can distinguish between grazing species which are smaller, relatively
to the carnivore plankton species, which are larger and avoid exposure to light.
This is a natural response to avoid predation by fish. Therefore, even under a dim
light zooplankton will not show a vertical migration in order to avoid predation by
fish, but at the same time they are depriving themselves from foraging. Fish show a
vertical daily migration. For instance, in Patagonia, Rechencq et al. (2011) showed
that fish use the lower darker part of the lake at day time when they are inactive
while in the dark phase they migrate vertically for foraging.

As Moore et al. (2001) noted, in most lakes located near cities, zooplankton of
different systematical groups do not exhibit a vertical migration, which can be
explained by exposure to LAN that suppresses migration towards upper layers,
where water is warmer and has more food compared to lower layers. The removal
of LAN is therefore accompanied by vertical migration.

Does zooplankton responds to night with full moon light in the same way it does
to LAN? The answer to this question is no because full moon nights occur only for
a few nights while exposure to LAN is every night. In the Lake of Galilee, for
instance, a decrease in fish populations has been noted in the last 20 years. Among
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the commercial fish which population decreased significantly, is the bleak fish,
Acanthobrama terraesanctae. These fish are known to forage on zooplankton at
night and breeds under short days. As a result, LAN has a negative impact on both
foraging and reproduction of this fish species. Because the lake is a touristic
attraction, it is illuminated by high intensity illumination which could be a reason
for the reduction in the fish population. However, this phenomenon should be
studied further in order to understand the mechanism by which LAN may affect
fish reproduction.

In regards to four different aquatic species, the implications of LAN were
studied by Bruning et al. (2011). The authors of this study concluded that LAN has
an effect on hatching and initial swim bladder filling by masking the day–night-
change. The study also revealed that the reactions were specific for different
species and the increase in variation indicated a lack of diurnal triggering, although
harmful effects of LAN were not identified on early life stages.

The Black Bird and Pigeons’ Responses to LAN

The black bird, Turdus merula, is a common species in the Mediterranean eco-
systems of Israel. Its populations are seen all around the year and they breed under
increasing photoperiod. These birds live in our gardens, waking people up in the
morning when the male birds start singing. In past years, many black birds became
nocturnal, as they sing and forage under short or long days at the first part of the
dark phase and even at midnight or later. Several questions can be asked in regards
to the described phenomenon:

Are diurnal birds active at night time more vulnerable in regards to predation?
Why is it so common in the black bird to extend its activity into the dark phase of
the 24 h cycle under artificial illumination and not for other song birds as the Jay
for instance that did not change its daily activity patterns? Do the black birds show
more elasticity in regards to daily rhythms? As now black birds sing and forage at
midnight which means they changed their daily patterns of activity, or changed
their daily rhythms, is it an advantage? Although, this change may be considered a
great success for the black birds, is it really a success? May the change in their
temporal organization lead to breeding out of season? Are they (not only the adults
but also the young) exposed to predators they cannot cope with? Can this new
phenomenon be considered as an adaptation?

It is difficult to tell for sure what will happen to this species (as to other species
who shifted activity in a similar way) but they are definitely facing an environ-
mental challenge which is an outcome of human activity. We do believe that
ornithologists studying bird behavior will try to understand the consequences of
these temporal modifications.

There is another interesting example of behavioral change in birds, presumably
attributed to increased light pollution. Cities in Europe and around the Mediterra-
nean Basin are inhabited by pigeons and, in Scandinavian cities, in the northern
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latitudes, their populations have been moving to the north in the past decades without
migrating in winter. As food is not a limiting factor and photoperiod is longer due to
LAN, pigeons can exist and reproduce throughout the year, thus becoming pests with
increasing damages to buildings in urban areas (Haim et al. 1979).

New Food-Webs as a Result of LAN

As many insect species are attracted by LAN (mainly blue short wavelength light)
they aggregate around sources of such illumination, many of which are connected
to walls, and places that insectivore bats cannot reach. The aggregations of these
insects near light sources attract geckoes who prey on them. If illumination
releases much heat (such as e.g., incandesced bulbs), ectothermic geckoes effi-
ciently prey on the insects. The third animal that joins such a food chain is the cat
that preys on the geckoes, thus creating artificially a new food chain nonexistent in
nature. We can ask how sustainable are these human made food-webs?

In order to establish sustainable illumination we need to look for technologies
which we can use for producing light that will be ‘‘environmental friendly’’ in the
sense that it will have minimal negative effects on the environment including both
humans and animals. Our efforts to increase the photophase have had a negative
impact on our surrounding but also economic implications, such as in the case of
decreased fish crop. Therefore, ignoring LAN as a source of pollution on the
natural ecosystems may not be a clever step, and, therefore, sustainable illumi-
nation policies should be sought and implemented to provide reasonable levels of
nighttime illumination required by human activities, but with minimal damages to
the natural ecosystems.
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Chapter 11
Light Pollution and Hormone-Dependent
Cancers: A Summary of Accumulated
Empirical Evidence

Abstract A possibility that human body may be affected by ambient light was
raised, apparently for the first time, by the Israeli physician Dr. Phillip Cohen in
1970. Since then the circadian rhythm theory (CRT) has received considerable
support, from both animal models and human studies. As we know today, the link
between artificial light and its potential health effects may be attributed to two
interdependent mechanisms—inhibition of melatonin (MLT) secretion from the
pineal gland by direct exposure of human vision system to LAN and daily rhythm
disruption. Although these effects are discussed in detail in separate chapters of
this book, in this chapter, we review, in brief, supporting empirical evidence
accumulated to date.

Keywords Light pollution � Daily Rhythm Disruption � MLT � Light At Night
(Lan) �Hormone Dependent Cancers �Empirical Studies �High-Low Risk Groups �
Light–Dark (L–D) Cycle � General Surveys � Specific Group Studies � Population
Level Studies � Laboratory Experiments � Accumulated Evidence

Daylight changes, which influenced the organism during the
millions of years of evolution, may have had its reflection in an
endogenous year rhythm, the environmental daylight changes
working as a time-keeper only

Phillip Cohen (1970)

Introduction

As we previously discussed elsewhere in this book, the link between LAN and
BC&PC may be explained by two interdependent mechanisms. Although it may be
difficult to separate them, for simplicity’s sake, we should term them the ‘‘LAN-
MLT path’’ and ‘‘LAN-Daily Rhythm Disruption’’ (LAN-DRD) path. The former
mechanism is well researched and better understood. It is discussed elsewhere in

A. Haim and B. A. Portnov, Light Pollution as a New Risk Factor
for Human Breast and Prostate Cancers, DOI: 10.1007/978-94-007-6220-6_11,
� Springer Science+Business Media Dordrecht 2013
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this book and can be summarized as follows. Artificial light which reaches human
eye retina during nighttime reduces the nocturnal production of the pineal mela-
tonin (MLT) hormone. Blue short-wave illumination, commonly used today for
both indoor and outdoor lighting, is most effective in MLT suppression. Impaired
secretion of MLT (a hormone with tumor inhibiting properties) may result in
estrogen receptor affinity and thus increase the susceptibility of humans to
BC&PC.

If the ‘‘LAN-MLT’’ hypothesis is correct, then any person exposed to high
intensity of artificial light during nighttime (when MLT is chiefly produced) is
likely to be in a high risk group for BC&PC. First and foremost, such population
cohorts include nighttime shift workers (that is, hospital physicians, nurses, bus
drivers, undertakers, cashiers and shop assistants, flight attendants, etc.). This
‘‘high risk’’ group may also include any person who works, studies, or regularly
attends places of entertainment late at night, as well as people suffering from
insomnia or sleep disturbance, and/or persons sleeping with full lights on during
nighttime.

By the same logic, the group of people in a relatively low BC&PC risk group,
according to the LAN-BC&PC hypothesis, includes the totally or partially blind;
residents of extreme latitudes with long ‘‘polar’’ nights; long sleepers; people with
high sensitivity to light and thus spending most of their time in the dusk; people
working in dark environments (e.g., miners, infrastructure maintenance workers,
etc.), and residents of remote rural areas, especially in low resource countries with
underdeveloped electricity networks (see Fig. 11.1).

The second mechanism of LAN influence (that is, the LAN-DRD path) is less
well researched and understood. According to its simplified interpretation, even if
a person is totally blind or keeps eyes closed at all times, but is active at night and
sleeps during daytime, his or her circadian gene clock function, formed during the
millions of years of evolution, may be disrupted. This would stress the immune
function and thus increase the susceptibility of such a person to various diseases,
including BC&PC.

If this hypothesis is correct, then any person, who regularly works, drive a car,
ride a bus or regularly attends places of entertainment late at night and sleeps
during daytime, is at high risk of developing BC&PC, no matter whether such a
person is directly exposed to high intensity LAN or not.

As we previously noted, the above mechanisms of LAN influence are not
independent though. Indeed, any person who works or attends places of enter-
tainment at night must be exposed to LAN, unless he or she is doing so in complete
darkness which is highly unlikely. Likewise, a person who is exposed to LAN,
either from indoor or outdoor sources, might have trouble sleeping, and that
person’s normal daily cycles would be disrupted. As a result, the above mecha-
nisms are likely be interrelated, enhancing and sustaining each other, with LAN
being necessary for activation of the other (that is, of nighttime activities) and vice
versa. In this dichotomy, MLT may potentially act as a mediator, helping to
translate photoperiodic information into immune responses, as studies reviewed
below suggest.
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Summary of Accumulated Empirical Evidence

Although we discuss each of the above mechanisms of LAN-BC&PC association
in some detail in separate chapters of this book, in this chapter, we shall sum-
marize the most important, in our view, studies which have led to the development
of the present day ‘‘state-of-the-art’’ knowledge about the LAN- BC&PC associ-
ation (see Table 11.1). In doing so, we shall divide our discussion onto four
separate topics: (a) general surveys; (b) studies of specific population cohorts,
(c) population level studies, and, finally, (d) animal and laboratory tests.

General Surveys

The main credit for proposing the first scientific hypothesis which has subse-
quently led to the development of the modern LAN-BC&PC association theory,
should apparently be given to Dr. Phillip Cohen from Kiryat Tivon, a small town
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in Northern Israel, who published in 1970 the paper, entitled: Comparison of
Seasonal Influence on Pregnancy Duration in Man and Domestic Animals.

The paper was published in the December (1970) issue of the International
Journal of Biometeorology and has been largely unnoticed by the scientific
community. It got only five cites in scientific papers over 40+ years, with four of
them in Dr. Cohen’s own publications.

Using empirical examples derived from different empirical studies (such as the
observed durations of pregnancy of different animal species), and comparing these
data to humans, Dr. Cohen noticed a strong correlation between the duration of
pregnancy and the month of birth.

According to his observation, the observed duration of pregnancies was shortest
in summer and fall and longest—in the winter months, between December and
January. He attributed this association to the duration of daylight during different
seasons of the year, to which both humans and animals are exposed. Based on this
observation, Dr. Cohen suggested that seasonal patterns may, in fact, be linked not
only to the duration of pregnancy, but also to the reproductive function in general,
including menarche, reproductive activity, and the total number of births and
stillbirths.

Eight years later, in 1978, Dr. Michael Cohen (apparently Phillip Cohen’s son)
published together with his colleagues, Marc Lippman and Bruce Chabner of the
National Cancer Institute in Maryland another short paper in the ‘‘Hypotheses’’
section of the Lancet. As the authors acknowledged, their paper was inspired by
Dr. Phillip Cohen’s 1970 study and hypothesized, apparently for the first time, that
increased BC risk in modern societies may be attributed to ambient lighting and
potentially inhibiting effect of artificial light on MLT secretion. In particular, as
Cohen et al. (1978) suggested, impaired pineal MLT secretion (attributed e.g.,
exposure to environmental lighting) may result in unopposed estrogen secretion
and an increased susceptibility to BC.

As supporting evidence for their hypothesis, Cohen et al. (1978) cited several
observations derived from previous studies, viz.: (1) Pineal calcification is com-
monest in countries with high rates of BC and lowest in areas with a low inci-
dence; (2) Chlorpromazine raises serum-MLT with several studies reporting that
psychiatric patients taking chlorpromazine have a lower incidence of BC; (3)
Laboratory studies reported that the pineal and MLT may influence tumor
induction and growth in experimental animals; (4) There are several studies
suggesting a direct influence of the MLT hormone on the ovarian function, and
possibly on estrogen production, and that (5) Impaired pineal secretion is believed
to be an important factor triggering puberty (with early menarche being a risk
factor for BC).

Nearly 15 years later, Stevens et al. (1992) published the first comprehensive
review of MLT-BC studies. However, the authors of this critical survey considered
two potential causes of increased BC incidence in industrialized societies: light-at-
night (LAN) and electromagnetic fields (EMF)—two products of electric power,
not only LAN, both of which, in their view, can potentially suppress pineal
function and increase BC risk.
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However, the former possibility (that MLT secretion can be influenced by
EMF) was later on ‘‘dropped’’ as a viable cause of BC in another critical survey
published 9 years later by Stevens and Rea (2001). According to the results of that
survey, based on empirical evidence accumulated since the early 1970s till late
1990s, only the interaction between LAN and MLT secretion can be uphold as the
only viable link, leading to the increased risk of BC ogenesis. The authors of this
survey (ibid.) also emphasized that electric lighting is different in its spectral
properties from natural light and may contribute substantially to ‘‘circadian dis-
ruption,’’ thus becoming a major cause of ‘‘endocrine disruption’’ and thus
increase BC incidence in industrialized countries. Another important contribution
of Stevens and Rea’s (2001) survey to the existing then body of literature was their
hypothesis that electrical light may have adverse effects not only on MLT release
but also on other physiological rhythms, including the sleep/wake cycle. This
suggestion ‘‘widened’’ the ‘‘MLT-BC,’’ being prevalent in earlier studies.

In a separate study published 3 years later, Nelson (2004) also raised a possi-
bility that stress attributed to LAN can impair immune function and thus increase
disease susceptibility. He also suggested that photoperiodic information, mediated
by MLT, may influence immune responses.

In another survey, Reiter et al. (2007) came to a similar conclusion, citing
increasing empirical evidence, from both epidemiological studies and laboratory
research, that LAN has the direct capability of elevating cancer risk. As the authors
of this survey acknowledged, the actual mechanism of this association is not
totally clear: it may result from disruption of circadian rhythms and/or from a
suppression of MLT due to LAN exposure, with both of these elements potentially
contributing to cancer onset and/or progression.

Studies of Specific Population Cohorts

As we already noted, the MLT-BC&PC hypothesis puts a particular emphasis on
the direct effect of LAN on human eye which transmits LAN signals to the pineal
gland throng and thus inhibits MLT secretion. As a result, any person who is
exposed to high LAN intensities is expected to exhibit elevated BC&PC risks,
while persons less exposed to LAN are expected to be at lower BC&PC risk. This
simple logic has generally been upheld by several case–control studies, published
since the early 1980s to date. In particular, such studies compared cancer risks in
LAN exposed individuals with those in less exposed ones. In the first population
group (that is, high LAN-exposed individuals) were nighttime shift-workers, such
as nurses, flight attendants and telegraph operators, while unexposed controls or
the totally or partially blind were assigned to the second (that is, expectedly low
BC&PC risk) group.

Thus, in an early study carried out in this domain, Hahn (1991) analyzed
hospital discharge records of 11,769 women obtained from the 1979–1987 U.S.
National Hospital Discharge Survey, excluding women with diabetes. The
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researcher compared the odds of profound binocular blindness among BC diag-
nosed women with the odds of profound binocular blindness among women
diagnosed with coronary heart disease or stroke. As the study revealed, profoundly
blind women were half as likely to have BC as women who were not profoundly
blind. This effect diminished substantially with increasing age.

Several years later, Verkasalo et al. (1999) analyzed medical records of some
10,935 women with visual impairment identified from the Finnish Register of
Visual Impairment and followed up for cancer through the Finnish Cancer Reg-
istry for years 1983–1996. Standardized incidence ratios (SIR) of BC for subgroup
of women with different degrees of visual impairment were then calculated. As the
study revealed, BC risk decreased by degree of visual impairment (P \ 0.04), thus
suggesting a dose–response relationship between visible light and BC risk.

The studies of high LAN-exposure groups are more numerous but apparently
started only in the early 1990s. In one of the first studies of this type, Suvanto et al.
(1993) examined 40 Finnish female flight attendants working on transcontinental
flights. Measurements of oral temperature, alertness, and visual search were per-
formed at 2 h intervals 2 days before the flight from Helsinki to Los Angeles,
during the second and the fourth day in the USA and during the second and fourth
day after the return flight to Finland. The study revealed the de-synchronization of
the body temperature and the phases of the alertness and visual search rhythms
shifting. A delay of the acrophases of the circadian rhythms was observed during
the second and fourth day after the return flight. The acrophase of alertness was
still delayed after the fourth day for 35 min and the acrophases of body temper-
ature and visual search were 2 h 2 min and 3 h 8 min delayed, respectively. The
dysfunctions were attributed to the disruption of daily rhythms.

Several years later, Pukkala et al. (1995) analyzed a larger cohort of Finnish
flight attendants, which included 1,577 female and 187 male cabin attendants who
worked for various Finnish airline companies. The authors of this survey compared
standardized incidence ratio of several tumors with the expected number of cases
based on national cancer incidences. Significant excess of BC (OR = 1.87; 95 %
CI 1.15, 2.23) and bone cancer (OR = 15.10; 95 % CI = 1.82, 54.40) was found
among female workers.1 The risk of BC was most prominent in 15 years after
recruitment. The authors attributed such access in morbidity to the adverse effects
of ionizing radiation during flights.

In 2001, two other studies dealing with BC risks in high LAN exposure
groups—by Hansen (2001) and Schernhammer et al. (2001)—were published. In
the former study, Hansen (ibid.) analyzed 7,035 Danish women diagnosed with
BC, of whom 497 worked at night, comparing them with individually matched
controls. Employment records obtained form from pension funds, and BC odds
ratios were calculated using conditional logistic regressions, adjusted for

1 OR is an Odds Ratio, which is the ratio of the odds of a given health effect to occur in the
exposed (case) group to the odds of the said effect to occur in the unexposed (or control) group.
The OR of 1.87 thus implies that flight attendants covered by the study were 87 % more likely to
develop BC than people in the general population used as controls.
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socio-economic status, age at the birth of first and last child and the number of
children. As the analysis indicated, the odds ratio for BC among women who
worked at night at least half of a year was 1.5 (95 % confidence interval, 1.2–1.7).
The study also revealed a tendency to increasing odds ratio by increasing duration
of nighttime employment. The author of this study attributed these effects to
adverse psychological and physiological effects associated with irregular working
hours and specifically working at night.

In a separate study of 78,562 women participating in the U.S. Nurses’ Health
Study with 2,441 documented incidences of BC, Schernhammer et al. (2001)
found a moderate increase in BC risk among women who worked on night shifts
for 1–14 years (RR = 1.08; 95 % CI = 0.99, 1.18) and 15–29 years (RR = 1.08;
95 % CI = 0.90, 1.30), respectively), and higher risk among women who worked
30 or more years on the night shift (RR = 1.36; 95 % CI = 1.04–1.78). The
revealed effect was attributed to the suppression of production of MLT with its
potential oncostatic action due to LAN exposure.

Population Level Studies

Apparently the first known attempt to test the LAN-BC association against general
population data (as opposed to data for specific population groups, singled out by
its professional occupation or health status, e.g., nighttime shift workers or the
visually impaired), belongs to the same person who set forward the ‘‘light cycle’’
hypothesis—Dr. Phillip Cohen. In 1983, he and his colleagues published an
empirical paper that analyzed the time of diagnosis of 3183 female patients
diagnosed between 1960 and 1966 with BC in Israel (Cohen et al. 1983). A general
conclusion stemming for the results of this study was that the peaks in BC
detection tend to occur during spring and autumn, leading the authors to suggest
that this pattern may be of hormonal nature. No link of BC incidence to LAN was
hypothesized and investigated in this study though.

Eighteen years later, Davis et al. (2001) carried out a case control study of 813
cancer patients aged 20–74 years and 793 control subjects of comparable age.
Personal interviews were conducted on sleep habits and the bedroom-light envi-
ronment 10 years before diagnosis and lifetime occupational history. Conditional
logistic regressions were used to adjust for other potential risk factors, such as
family history of cancer, parity, oral-contraceptive use, and hormone-replacement
therapy. The analysis revealed that BC risk was significantly higher among sub-
jects with sleep disturbance (OR = 1.1, 95 % CI = 1.0–1.3), but no clear asso-
ciation between bedroom-light intensity and BC was found (OR = 1.4; 95 %
CI = 0.8–2.6).

In another population-based study published by O’Leary et al. (2006), known as
the ‘‘Long Island study’’, the researchers investigated 576 women—residents of
Nassau and Suffolk counties on Long Island, NY, who lived in the same home for
more than 15 years and diagnosed with BC in 1996–1997. The BC cases were
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matched with 585 population-based controls. Personal interviews about LAN-
exposure histories at work and home were also conducted. The questionnaire
included questions about shift working, income, ethnicity, family health history
and the number of sleep hours, frequency of turning lights-on during the night, and
the length of time the light was on during the nighttime. According to the results of
this study, BC risk was not found to be associated with either bedroom intensity
bedroom light intensity (OR = 1.4; 95 % CI = 0.8–2.6) or shift work (P [ 0.1).
However, women who frequently turned on lights at home during sleep hours
exhibited increased BC risks (OR = 1.65, 95 % CI: 1.02–2.69).

Several years later, Kloog et al. (2009a), investigated the association between
bedroom light levels and BC in Israel, using a similar questionnaire such as that
which was used by O’Leary et al. (2006). Kloog et al.’s study covered 1,679
women, including 794 BC diagnosed women and 885 population-based controls.
The study was performed using questionnaires and self-reported LAN exposure
levels—ranging from 0 (absolutely dark) to 4 (highly illuminated). Bedroom LAN
was found to be significantly associated with BC risk (OR = 1.2, 1.1–1.3), con-
trolling for education, ethnicity, fertility, and alcohol consumption. Yet, stronger
LAN effects on cancer risk were found among Jewish women (OR = 1.3, 95 %
CI = 1.1–1.4), than among the rest of the study cohort.

Kloog et al. (2009a) study was thus the first large scale case–control study of
the general population that identified a significant positive association between
bedroom light levels with BC risk, providing evidence that the relative risk of BC
appears to increase significantly in more illuminated sleeping environments. The
main conclusion the authors drew from their study was that only the working
environment, as noted in shift workers studies, should be considered a potential
BC risk factor, but also the modern human ‘‘sleeping habitat’’ with often high
LAN levels should be considered as a BC risk factor as well.

Kloog et al. (ibid.) also discussed differences in their results with those obtained
in previous population level studies which did not identify the link between BC
risk and LAN in the sleeping habitat (cf., e.g., Davis et al. (2001) and O’Leary
et al. (2006)). In particular, two explanations were proposed. First, the former’s
study population was relatively homogenous, with a separate analysis performed
for Jewish women, while in the study by Davis et al. (2001) involved a more
heterogeneous general population of diverse ethnic background. Second, the
authors of the former survey drew attention to the fact that the studies under
comparison were conducted some 15 years apart, with the study by Davis and co-
authors (ibid.) was conducted in 1992–1995 and the study of Kloog et al. in
2008–2009. Since the early 1990s, light pollution has increased, and women are
currently exposed to higher light intensity levels. Lastly, in the past decade, light
bulbs emitting bluer light waves (*460 gm) have been widely introduced, to save
energy consumption and reduce CO2 emission. The introduction of these new
artificial light sources may have had adverse health effects. This conclusion
coincides with the results of a study carried out by Cajochen and colleagues (2005)
and another study by Wright et al. (2004) which revealed that short wave length
light (of 470–525 gm wave length) tend to decrease MLT production while
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increasing alertness, body temperature, and heart rate. Concurrently, exposure to a
wave length of 550 gm for the same duration of time and intensity level did not
cause such effects, as discussed elsewhere in this book.

During the short period of 2008–2010, three more large-scale population-based
studies were published (Kloog et al. 2008, 2009b, 2010). These studies, headed by
the authors of this book, will be discussed in some detail, in the next chapter.

In a separate study, published 1 year later, Borisenkov and Anisimov (2011)
used general data on cancer morbidity in 35 countries worldwide (1985–2007)
applying to them cross-sectional multivariate analysis of factors potentially
affecting cancer rates. The analysis revealed that morbidity attributed to breast,
endometrial, colonic and lung cancer tended to increase north of the equator, while
cervical, gastric and hepatic cancer incidence rates were found to be relatively
higher in circum-equatorial populations. The study also revealed that in the 2000s,
climate-related risks of hormone-dependent tumors slumped down while those of
economic and social factors increased, which is generally in line with Kloog
et al.’s (2009a) findings.

Laboratory Experiments and Animal Models

The (apparently) earliest study dealing with the LAN-BC association was carried
out by Hrushesky and colleagues and published in 1979 (Hrushesky et al. 1979).
According to the results of this study, circannual rhythm was found in the level of
estrogen receptors of BC-diagnosed women, with higher values in late autumn and
lower values in the spring. This study was followed by another landmark study
published by Lewy et al. 1980, who investigated six human subjects exposed to
different light intensities and tested for blood plasma MLT levels. According to the
results of this study, bright artificial light suppressed MLT nocturnal secretion in
human subjects. In particular, MLT concentrations decreased 10–20 min after the
subjects were exposed to 2500-lux incandescent light and reached near-daytime
levels within 1 h. However, room light of less intensity, which is sufficient to
suppress MLT secretion in other mammals, failed to do so in humans. This study
thus showed for the first time that very bright light could suppress MLT in humans,
while until the publication of this paper it was thought that humans were refractory
to any light-induced MLT suppression.

Another study by McIntyre and colleagues (1989) confirmed Lewy et al.’s
(1980) results and helped to gain additional insights on the phenomenon of MLT
suppression by artificial light. The authors of this research exposed 13 human
subjects to five different light intensities and subsequently tested them for blood
plasma MLT levels. Maximum suppression of MLT following 1 h of light at
midnight was 71, 67, 44, 38, and 16 % with intensities of 3,000, 1,000, 500, 350,
and 200 lux (lx), respectively. The study not only confirmed the phenomenon of
direct MLT suppression by light, but also indicated that bluer light length waves
are capable of suppressing MLT more than longer light waves.
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In a separate study by Tamarkin et al. (1982) tested plasma MLT concentrations
in 20 human subjects over a 24 h period. Night-time plasma MLT levels were
found to be lower in women with estrogen receptor positive (ER+) BC than in ER
negative (-) BC and in healthy control women, thus demonstrating that low
nocturnal MLT concentrations are associated with the presence of estrogen
receptor positive BC.

Several years later, Anisimov et al. (1997) carried out another important study
on laboratory rats. In this case–control study one group of rats was administrated
with MLT 5 days a week during the night-time, and another group was not.
Incidence of carcinomas in the ascending colon in rats received MLT was sig-
nificantly reduced (P \ 0.01). This study thus demonstrated, for the first time, the
inhibitory effect of MLT on intestinal carcinogenesis.

Two years later, Van den Heiligenberg et al. (1999) reported the results of a
similar experiment, in which laboratory rats were randomized into 3 groups. While
rats from group 1 received DEN only, the rats from group 2 also received Pheno-
barbital for 4 weeks as a promoting agent, and rats from group 3 were exposed to
continuous light. Three months after starting DEN treatment, urinary 6-sulfatoxy
MLT (aMT6s) excretion, a marker of circadian clock function, was tested and
laparotomy was performed. The proportion of rats with macroscopic nodules on
liver surface was 72 % (LD group), 89 % (LD pheno group) and 95 % (LL group)
(p = 0.1). Nodules were more numerous and larger both in the LL group and in the
LD pheno one as compared to the LD group. The results of this study thus dem-
onstrated that light-induced circadian clock suppression exerted a cancer promoting
effect, thus completing another missing link in the LAN-BC relationship.

The work of Brainard et al. (2001) shed more light on human response to LAN,
by demonstrating the effects of exposure to monochromatic light between 2:00 and
3:30 A.M. with subsequent testing of blood samples for MLT levels. The study
included 72 human subjects with the mean age of 24.5 years. The results of this
study were consistent with those of McIntyre et al. (1989) who also demonstrated
that light of different wavelength had different effect on MLT suppression. In
particular, as Brainard et al. (2001) found, 446–477 gm was the most potent
wavelength region providing circadian input for suppressing MLT secretion. In a
later study, Wright et al. 2004 also found that the shorter wavelengths of 470, 495
and 525 gm showed the greatest delays in MLT secretion, ranging from approx-
imately 40–65 min, while the longer wavelengths produced no significant phase
advance.

In another pioneering study by Blask et al. (2005), venous blood samples were
collected from healthy, premenopausal female volunteers during either the day-
time, nighttime, or nighttime following 90 min of ocular bright, white fluorescent
light. The blood samples were then perfused in rats. Tumors perfused with MLT-
deficient blood collected following ocular exposure to LAN exhibited the daytime
pattern of high tumor proliferative activity. Tumor growth response to light
exposure during darkness appears to be intensity dependent and circadian MLT
signal inhibits human BC growth but this effect is extinguished by short-term
ocular exposure to bright, white LAN.
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In Summary

The 30 years of research thus helped to build the following causality chain: LAN
(and especially its short-length frequencies) has a suppressive effect on MLT
secession (Lewy et al. 1980; McIntyre et al. 1989; Brainard et al. 2001), while
MLT was demonstrated to have an inhibitory effect on carcinogenesis (Anisimov
et al. 1997; Heiligenberg et al. 1999; Blask et al. 2005; Haim et al. 2010). In
parallel, epidemiological level studies demonstrated the existence of the LAN-
BC&PC link for both population subgroups, stratified by their occupation and/or
health status (Hahn 1991; Verkasalo et al. 1999; Suvanto et al. 1993; Hansen 2001;
Schernhammer et al. 2001), for sub-groups of general population (Davis et al.
2001; O’Leary et al. 2006; Kloog et al. 2009a) and for general population at large
(Kloog et al. 2008, 2009b, 2010).
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Part III
Light Pollution and its Potential Links to

Breast and Prostate Cancers (BC&PC)



Chapter 12
Geographic Patterns of Breast
and Prostate Cancers (BC&PC)
Worldwide

Abstract Geographic patterns of BC&PC worldwide are surprisingly similar,
with higher rates of both cancers observed in developed countries and lower rates
elsewhere. The incidence rates of these cancers are also higher in more extreme
latitudes, suggesting a possibility that they are related, among other factors, to
LAN, considering that in extreme latitudes artificial light is often used to com-
pensate for a shortage of natural illumination. Our analysis supports such a pos-
sibility, especially for PC.

Keywords Geographic pattern � BC&PC � Incidence rates � LAN � Vitamin D
hypothesis � Electricity consumption

Geographic patterns of different diseases tend to be similar if
these diseases share similar environmental risk factors and
etiology.

Research hypothesis (Portnov et al. 2008)

Introduction

Although breast cancer (BC) and prostate cancer (PC) incidence rates vary con-
siderably by country, their geographic patterns are essentially similar, as Figs. 12.1
and 12.2 demonstrate. In particular, the highest rates of both cancers are found in
developed countries—North America, Western Europe and Australia,—and lower
rates elsewhere, especially in Africa and most of Asia.

The association between incidence rates of these cancers and the countries’
development levels, as measured by their per capita incomes, is indeed positive
and highly significant, being especially strong for BC (see Fig. 12.3). In particular,
as Fig. 12.3 shows, the rates of both cancers increase with local incomes, indi-
cating that as a country develops its population tends to exhibit higher rates of
these malignancies.
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Notably, per capita gross domestic product (GDP) alone explains the lion share
of worldwide variations of country-specific rates of BC&PC—that is, about 66 %
of variance in BC rates (R2 = 0.656), and nearly 40 % of worldwide variance in
PC rates (R2 = 0.398; see Fig. 12.3). Such a strong association is almost pro-
verbial: tell me how wealthy the country you live in is, and I will tell how big your
chances to get sick are.

Yet, we should acknowledge that per capita GDP is a very general measure of
population welfare. As any good indicator, it reflects many more aspects of
development than it actually measures. For instance, high per capita GDP is likely
to be associated with higher quality of medical services and thus with a greater
possibility of early detection of various malignancies.

The very quality and completeness of national cancer registries may also
depend on a country’s welfare levels and resources it may devote to maintaining
cancer registries. As a result, per capita GDP is likely to act as a proxy for such
registries’ completeness and reliability. In particular, in a developing country, with

Fig. 12.1 Breast cancer (BC) rates worldwide (per 100,000). Note mapped using data from
Globocan (2008)

Fig. 12.2 Prostate cancer (PC) rates worldwide (per 100,000). Note mapped using data from
Globocan (2008)
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meager resources it is likely to possess, maintaining a good cancer registry may be
not the top priority, compared to more urgent needs, such as security, housing,
clean water and food, and provision of basic health services and vaccination. In
addition, even if we assume that reported cancer rates are reasonably accurate, per
capita GDP is likely to be strongly and positively associated with well-known risk
factors of BC&PC, including local reproductive patterns, the use of oral contra-
ceptives, hormone therapy, breast-feeding, alcohol consumption, prevalence of
obesity, and a lack of physical activity. In other words, per capita GDP may act as
a proxy for some or most of them.

Lastly, the increased use of artificial illumination in the past decades, with its
suppression effect on pineal MLT production and daily rhythm disruption, which,
as we hypothesize, are largely responsible for rising rates of hormone-dependent
cancers worldwide, may also be positively associated with local development
levels, measured by national GDPs. Indeed, in high resource countries, electricity
networks are more developed than in the developing world (see e.g., Chap. 7), and
electricity costs are more affordable for local residents, relative to their disposable
incomes. The lower relative costs of electricity, the less restricted its use is likely
to be, especially for lighting, which is less costly, compared to e.g., space heating
and cooling.

In developed countries, artificial illumination is also used more widely for
lighting public spaces, traffic nodes (including intercity and inner-city roads),
commercial areas and sport facilities, which networks are also more dense and
developed than in the less developed world. All this may thus contribute to a
strong association between per capita GDP and artificial light.
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Fig. 12.3 The association between prostate cancer (PC) and breast cancer (BC) incidence rates
and per capita GDP ($US) in 164 countries worldwide. Note Diagrammed using data from
Globocan 2008 and World Bank (2010)
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The question thus becomes whether will the spread of artificial illumination
(which we can, for the sake of simplicity, approximate by per capita electricity
consumption) contribute to explaining the variation of observed BC&PC rates, in
addition to the variability of their incidence rates already ‘‘captured’’ by per
capita GDP of nations?

To answer this question empirically, we shall undertake a simple econometric
test. First, we introduce each of these factors (that is, per capita GDP and per capita
electricity consumption) in the models separately as explanatory variables for
country-specific BC&PC rates. This test can help us to determine which of these
factors tends to explain the variations of the aforementioned cancer rates better.
Next, we introduce these explanatory variables in the same models simultaneously,
to determine whether per capita electricity consumption helps to explain any
additional variation of BC&PC rates, not captured by national per capita GDPs.

The results of the analysis are reported in Table 12.1.
Characteristically, per capita GDP and electricity consumption explain the

variation of BC&PC nearly equally well when introduced in the models separately
(Models B-1 and B-2, and Models P-1 and P-2; P \ 0.01). In general, this is not
surprising, considering that both factors may function as proxies for development
levels of nations overall, thus being associated with other cancer risk factors,
associated with economic development, such as obesity, lack of physical
activity, etc.

However, when introduced together in the same models (Models B-3 and P-3;
see Table 12.2), per capita GDP emerges as the strongest determinant of both
cancers, while electricity consumption retains its significance in the BC model
only (P \ 0.01). This indicates that, national per capita electricity consumption
helps to explain an additional variation of country-specific cancer rates, not cap-
tured by per capita GDP.

Table 12.1 Relative contributions of per capita GDP and electricity consumption to explaining
the variation of country-specific BC&PC rates (Dependent variables—cancer rates per 100,000;
method—OLS regressions)

Variable Breast cancer (2008) Prostate cancer (2008)

B-1 B-2 B-3 P-1 P-2 P-3

(Constant) 22.497 41.904 26.768 15.145 34.406 18.382
(15.581**) (31.451**) (14.519**) (6.202**) (17.009**) (5.720**)

GDP pc 0.003 – 0.002 0.003 – 0.002
(17.562**) – (9.988**) (10.355**) – (6.066**)

Electricity pc – 8.358 2.751 – 8.021 2.084
– (12.293**) (3.544**) – (7.770**) (1.540)

No of cases 164 164 164 164 164 164
R2 0.656 0.483 0.681 0.398 0.271 0.407
R2-adjusted 0.654 0.479 0.677 0.395 0.267 0.400

Note t-values are in the parentheses; ** indicates a two-tailed 0.01 significance level
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Sunlight: Vitamin D Hypothesis

In several epidemiological studies, the deficit of sunlight was implicated in
increasing BC&PC incidence rates, especially in northern countries, which is
consistent with the ‘‘vitamin D’’ hypothesis (see inter alia Gorham et al. 1990;
Colli et al. 2006). According to this hypothesis, vitamin D may play a pivotal role
in reducing the risk of both BC&PC, while the lack of exposure to ultraviolet
sunlight can increase the prevalence of vitamin D deficiency, and may thus place
predisposed populations at higher risk of developing BC&PC.

Indeed, when we take a close look at the geographic patterns of BC&PC
worldwide (see Figs. 12.1, 12.2), it appears that countries in both hemispheres,
located closer to the poles and farther from the equator, tend to exhibit higher rates
of both cancers, as compared with countries located near the equator and in more
temperate latitudes. Indeed, many countries which exhibit the highest incidence
rates of these cancers are located in northern and southern latitudes (e.g., Ireland,
Canada, Scandinavian countries, Australia, New Zealand and the UK), whereas
countries with relatively low BC&PC rates are mostly positioned between the
Tropic of Capricorn and the Tropic of Cancer, on the both sides of the equator (see
Fig. 12.1, 12.2).

Such a pattern indeed appears to be fully consistent with the ‘‘vitamin D’’
hypothesis. However, this geographic pattern does not reject the ‘‘artificial light’’
hypothesis either, according to which the widespread use of artificial illumination
(with its adverse effects on human daily rhythms and immune system) may
become a significant risk factor for BC&PC. The matter is that that the amount of
solar radiation and the amount of artificial light (LAN) are likely to be inversely
related. In particular, in extreme latitudes artificial light is likely to be used more
often than in more temperate climates, helping to compensate for a shortage of
natural illumination during long nights and seasons of the year when days are

Table 12.2 Latitude and per capita electricity consumption as explanatory variables for BC&PC
rates worldwide (dependent variables—country-specific cancer rates per 100,000; method—OLS
regressions)

Variable BC (2008) PC (2008)

B-2 B-4 B-5 P-2 P-4 P-5

(Constant) 41.904 16.972 30.791 34.406 14.256 31.108
(31.451**) (6.482**) (10.014**) (17.009**) (3.598**) (6.370**)

Latitude (abs) – 0.845 0.392 – 0.669 0.116
– (10.232**) (3.972**) – (5.352**) (0.742)

Electricity pc (ln) 8.358 – 6.005 8.021 – 7.322
(12.293**) – (6.822**) (7.770**) – (5.238**)

No of cases 164 164 164 164 164 164
R2 0.483 0.393 0.529 0.271 0.150 0.274
R2-adjusted 0.479 0.389 0.523 0.267 0.145 0.265

Note t-values are in the parentheses; ** indicates a two-tailed 0.01 significance level
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short, sky is overcast and natural light is unavailable. Even though people in such
extreme latitudes may not necessarily be exposed to a short wavelength artificial
illumination which suppresses MLT directly, they may produce less MLT at night
because serotonin, from which MLT is produced, is not accumulated during the
light phase.

So which of these two factors—natural light or LAN,—may provide a better
explanation for the geographic variation in the country-specific rates of the two
cancers under study?

To answer this question (or at least to get some indications about how it can be
answered) we run another empirical test. In particular, we analyze the association
between the rates of these cancers and two simple measures, linked to the avail-
ability of natural light (vitamin D hypothesis) and artificial light (LAN hypothesis;
see Chap. 5 and 11), respectively. These simple measures are, country’s latitude
and per capita electricity consumption, respectively.

Both measures are, of course, relatively crude. Although latitude is directly
related to the amount of sunlight available, some ‘‘representative’’ latitude taken
for a country as whole and estimated for the center of its land mass (i.e., its
geographic centroid) may be only a rough approximation of the country’s geo-
graphic location, especially for large countries, such as Russia, USA., Canada or
China. Yet, it may be more accurate for smaller countries though.

By the same token, per capita electricity consumption is not a perfect measure
of LAN either. The matter is that the amount of electricity used for illumination of
homes and workplaces is not identical, by any means, to the total electricity
consumption in the nation, considering that large shares of electricity consumption
are used for industrial production, transportation, cooling and heating of indoor
spaces.

Nevertheless, if we assume that the amount of electricity used for artificial
lighting is fairly proportional to the total domestic electricity consumption, the
latter measure, albeit relatively crude, may be used, at least as indications, for our
hypothesis’s testing.

As previously, we perform out empirical test in two stages: first, we introduced
the latitude and electricity consumption in the regression models separately, so as
to see which of them tends to explain the variations of the cancer rates under study
better. Next, we introduce the above factors in the models simultaneously, so as to
determine whether per capita electricity consumption (the LAN hypothesis) may
explain the variations of BC&PC rates better than latitude (i.e., the vitamin D
hypothesis).1

The results of the analysis are reported in Table 12.2.
As Table 12.2 shows, both latitude and per capita electricity consumption are

positively and significantly associated with BC&PC rates when introduced in the

1 It is to be noted that in the modeling we tested different functional forms of the models and
opted to use the absolute values of latitudes instead of actual (positive and negative) values, so as
to represent equally extreme latitudes in both hemispheres. However, for brevity’s sake we skip
these technical trials and will report only the models providing the best fits and generality.
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models separately (P \ 0.01; Models B-2,4 and P-2,4). However, when introduced
simultaneously, the electricity consumption emerges as the strongest predictor in
both BC and PC models. Characteristically, in the PC model (Model P-5;
Table 12.2), latitude is statistically insignificant (P [ 0.5), implying that it con-
tributes little as an explanatory variable for the variation of PC rates worldwide.
Electricity consumption also emerges as a stronger predictor in the BC model
(Model B-5), albeit both predictors (that is, per capita electricity consumption and
latitude) are statistically significant in this model (P \ 0.01) and, expectedly,
exhibit positive associations with country-specific BC rates.

Concluding Remarks

In a recent study of spatial patterns of several malignancies in Israel, Portnov et al.
(2008) hypothesized that geographic patterns of different diseases tend to be
similar if these diseases share similar environmental risk factors and etiology. This
hypothesis appears to be validated, when worldwide geographies of BC&PC are
examined. While both of these cancers appear to be strongly and positively linked
to population welfare of local residents, per capita electricity consumption
(directly related to the amount of artificial illumination locally available) helps to
explain an additional variation of the observed rates of these cancers, not explained
by local welfare levels.

The effect of environmental variables on BC and PC is a well-known phe-
nomenon. Thus, for instance, the rates of BC are quite low in Japan (Bray et al.
2004), apparently due to the local diet being rich in anti-oxidants. However, in
Japanese women living in the USA, BC rates are quite similar, or even higher, than
among other population groups (Miller et al. 2008), thus indicating that environ-
mental variables, food habits and/or exposure to LAN may play a major role in
increasing BC risks.

Yet, the question is what environmental attributes may affect BC&PC risk
stronger—those related to natural conditions(e.g., latitude) or those attributed to
development, viz. electricity consumption?

As the present analysis indicates, per capita electricity consumption performs
better than latitude in explaining the cross-country variation of BC&PC rates. This
observation is fully in line with our initial research hypothesis, according to which
LAN, which is often used to compensate for a shortage of natural illumination in
extreme latitudes, may increase cancer risks in some populations, due to MLT
suppression and daily rhythm disruption causality chains, discussed elsewhere in
this book.
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Chapter 13
Light Pollution and its Associations
with BC&PC in Population-Level Studies

Abstract Due to the rapid spread of electric illumination, our world is not as dim
at night as it was 130 or even 70 years ago. Nightlights of constantly increasing
intensity and bluer in color, which illuminate our streets and public spaces today,
are captured by satellite sensors and transmitted to the earth as digital images. In
this chapter we discuss two case studies, which attempted to link the above digital
maps of nighttime illumination with BC&PC incidence rates, thus helping to
demonstrate a potential association between them.

Keywords Nighttime illumination � Light pollution �Breast and prostate cancers �
Satellite images � Inter-country differences � Multivariate analysis � Geographic
information systems (GIS) � Population-weighted LAN exposure � Effect estimates

Lighten the darkness of the night with the light of day. The day
is approaching that is neither day nor night.

Passover song

Dark-Less World

500, 200, 130 and even 70 years ago, the whole world was almost totally dark at
night. Only major cities, such as Paris and London, were dimly lit by whatever
meager means available—oil lamps, torches, and, more recently, by kerosene
lamps and gas-burning lanterns. The situation has changed dramatically with a
wide and rapid spread of electricity for lighting, the process which we discuss in
Chap. 7 of this book.

Nighttime satellite photometry, collected in the framework of the U.S. Air
Force Defense Meteorological Satellite Program—Operational Linescan System
(DMSP-OLS), has been in place for more than a decade, although the quality and
resolution of satellite images have been constantly improving (Cinzano et al. 1999;
Elvidge et al. 2009a, b, c; Baugh et al. 2011). The DMSP-OLS was designed to
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collect global LAN imagery using a broad spectral band of both visible and
thermal lights. The radiance calibrated maps of nighttime illumination with a
resolution of about 2.7 km2(1.64 9 1.64 km) per one digital pixel are available to
researchers.

Over the years, DMSP-OLS nighttime satellite imagery has been used for
mapping sky brightness and built surfaces, construction of global ‘‘poverty maps’’,
estimation of ecological footprints of different countries and country-specific
electrification rates, spectral identification of lights, monitoring forest fires, and for
many other studies and development tasks (cf. inter alia Cinzano et al. 1999;
Elvidge et al. 2009, 2010a, b; Doll, 2011; Baugh et al. 2011; Small et al. 2011).

However, the idea to link the digital satellite maps of nighttime illumination
(such as that featured in Fig. 13.1) with place specific incidence rates of BC&PC
was originated in the research headed by the authors of this book and published in
several scientific papers.

In this chapter, two of these studies (Kloog et al. 2009b, 2010), their results and
interpretations are discussed in turn, first, the study of LAN-PC association in men,
and then, LAN-BC association in women.

Our research hypothesis was relatively simple: If there is a significant rela-
tionship between population LAN exposure and BC&PC incidence rates, then
there should be a significantly strong association between LAN intensities and
BC&PC, but not with other cancers, such as colon, larynx, lung, etc.

Fig. 13.1 LAN intensity in Europe and the north of Middle East (Note The map features
polygons of relative light intensity constructed using 1997/98 DMSP-OLS nighttime satellite
imagery)
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Case Study 1: Global Co-distribution of LAN with Prostate
Cancer in Men1

According to the World Health Organization, PC is the most common cancer in
men, with some 245,000 new cases added annually worldwide (ACS 2007). In
Bangladesh, its age standardized rate (ASR) does not exceed 0.3 per 100,000,
while in the U.S.A., it reaches as many as 124.8 cases per 100,000. Although
several population-level studies of cancer risk factors have been carried out, most
of these studies were focused on specific, such as breast and liver cancers) and
mainly among women (Bray et al. 2004; Althuis et al. 2005; Bonner et al. 2005;
Brody et al. 2007; Kloog et al. 2008).

The data on cancer ASRs in men were obtained from the GLOBOCAN 2002
database, maintained by the IARC (Parkin et al. 2001a, b, c; 2005). ASR is a
summary measure of a rate that a world population would have if it had a standard
age structure (Parkin et al. 2005) and is calculated per 100,000 per year. The data
were also obtained from the same source for the other common cancers in men—
lung, and colon,—in order to serve as negative controls.

Explanatory Variables for Country-Specific Cancer Rates

LAN emission. As discussed elsewhere in this book, the LAN variable was used to
explore whether country-specific cancer rates tend to increase with increase in
LAN levels. Using simple average country LAN exposure estimates may bias the
results, due to countries’ differences in geography and population structure. For
instance, if simple country-wide LAN averages are calculated, large and unevenly
populated countries, such as Canada and Australia, are likely to exhibit very low
average levels of LAN. To minimize this bias, we used a novel method of cal-
culating LAN exposure, which took into account both a country’s geographic
distribution of population and its local LAN intensities (see the subsection on GIS
analysis for more detail).

GDP per capita ($US) is a commonly used measure of population welfare
which reflects differences in the diet and life-styles of different socio-economic
strata (Hulshof et al. 1991, 2003). As several previous studies indicated, cancer
rates tend to be higher among high income than across low income strata and are
significantly higher in the developed than in developing countries (Bray et al.
2004; ACS 2007).

Percent of urban population. Living in cities is often associated with a con-
siderable amount of physiological stress as a consequence of high residential
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densities, traffic congestion, and air pollution, which may increase cancer risk
(Han and Naeher 2006). In addition, residents of urban areas are exposed to more
environmental, second-hand smoking, due to high residential densities, which is
another cause of e.g., lung cancer (Volzke et al. 2006). Dietary differences and
reduced physical activities associated with urban living may also play a role in the
development of cancer.

Electricity consumption (kWh per capita). Electricity consumption may be an
indicator of socio-economic development and industrial emission of gaseous
substances associated with electricity production (Gram-Hansenn and Petersen
2004; Jumbe 2004). Per capita electricity consumption may also serve as a proxy
for electromagnetic field exposure (EMF) exposure, which although controversial
as a causal agent, could be a possible risk factor for the development of cancer
(Demers et al. 1991; Davis et al. 2006; Roosli et al. 2007).

Regional indicators. PC distribution map (see e.g., Fig. 12.2 in Chap. 12)
reveals clusters of countries with similar PC rates (e.g., Western Europe, East Asia
and Middle East are clear example of such clustering). In order to take this
clustering into account, several dichotomous variables (termed ‘‘regional indica-
tors’’) were included in the analysis as additional predictors: Middle East, Africa,
East Europe, Asia, South America, and Middle Asia. Each indicator takes on value
1 if a country is located in a particular geographic region and zero otherwise (such
as in North America, Australia, and Western Europe).

Data for the present analysis were obtained from the two main sources:

• Country-level data on per capita GDP, percent urban population, and per capita
electricity consumption for 1998–1999 were obtained from the ESRI ArcGIS
database and the CIA World Fact Book (CIA 2006; ESRI 2007);

• Data on nighttime illumination (LAN) were obtained from the U.S. Defense
Meteorological Satellite Program (DMSP 2004). The DMSP satellite provides
continuous reading of the entire Earth surface during the nighttime as it cycles
around the globe. The satellite image for 1996/97, used in the analysis, was
generated by DMSP by averaging daily readings of the satellite sensors and
removing cloud cover.

GIS Analysis

In recent years, Geographic Information Systems (GIS) have become an important
research tool for cancer-related studies (Krieger et al. 2002; Maheswaran et al.
2002; Scott et al. 2002; Banerjee et al. 2003; O’Leary et al. 2004; Kloog et al.
2008). In these studies, GIS is used to calculate the distance between residences
and hazardous waste sites, as well as to account for the spatial clustering and
variation of cancer cases and to capture the spatial and temporal heterogeneity in
survival patterns. In the study reported in this chapter, GIS technology was used
for matching country-specific cancer rates with the LAN levels obtained from
satellite images. The task was performed using the ‘‘spatial join’’ tool in the
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ArcGISTM software, which combines data from two geographic layers by
appending attributes from one layer to another, based on the relative location of
features in the layers (Minami and ESRI 2000).

The ‘‘spatial join’’ was performed in two steps. In the first step, a worldwide
radiance-calibrated satellite image of nighttime illumination, which reports aver-
age nightlight intensity in 1996/97 measured in light radiance units (i.e., nW/cm2/
sr), was imported to the ArcGISTM software. The image reflects a fraction of light
escaped into the space and detected by the satellite’s sensors. Although these
satellite measurements are magnitude lower than actual LAN levels detected on
the ground, they represent accurately the relative levels of nightlight intensity
observed in the localities (DMSP 2004). The original image size was about 43,200
by 21,600 pixels.

It should be noted that geo-statistical tools available in GIS for working with
raster (pixel) images are rather limited. Therefore, for the consequent analysis the
original nighttime illumination image were converted into a vector map using the
ArcGISTM ‘‘raster-to-feature’’ conversion tool. The conversion resulted in a vec-
torized map containing approximately 3,800,000 polygons characterized by vari-
ous LAN intensities (with a minimum LAN value of 0, no illumination, and a
maximum value of 255 nW/cm2/sr, which is maximum illumination).

The polygon layer (map) obtained thereby was then overlapped with a map
showing the location of all major populated places ([1,000 residents) of the world
obtained from the Geonames database (Geonames 2008). At the next step, average
LAN values were calculated for each populated place i, by obtaining LAN values
from the LAN intensity polygon into which the populated place falls. The locality-
specific LAN values (LANi) obtained thereby were then multiplied by the popu-
lation size of localities (POPi) and summed for each country j under study. Next,
these summary values were divided by the total population size of the country’s
populated places (RPOPij) to obtain the average LAN exposure estimate per person
LANj

� �
in each country (j) under study:

LANj ¼
Pn

i¼0

LANij�POPij
,
Pn
i¼0

POPij

where n is the total number of populated places in country j.

Statistical Analysis

To identify and measure the significance of factors affecting the selected cancer
rates, the following linear regression model was used:

Cancer incidence rate = B0 (constant) ? B1* (Electricity consumption) ?

B2*(GDP per capita) ? B3*(LAN) ? B4*(Percent of Urban population) ?

B5*(Middle East) ? B6*(Africa) ? B7*(East Europe) ? B8*(Asia) ? B9*
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(South America) ? 10*(Middle Asia) and +e (random error term), where B0, …,
B10 are regression coefficients. [During the analysis several other functional forms
of the model (e.g., log-linear and double-log forms) were tested, and only the results
of the best performing (linear) model are discussed below].

The residuals of the OLS model were tested for the presence of spatial auto-
correlation using the Moran’s I test statistic. The test showed significant clustering
of residuals (Moran’s Indicator: 0.270–4.372, P \ 0.001) which necessitated the use
of spatial dependency (SD) models to take the spatial dependency of residuals into
account and improve the robustness of regression estimates (Anselin 1999). The
Spatial error regression analysis was performed using the GeoDaTM spatial analysis
software. However, the resulting models were found to be essentially similar to OLS
results and, therefore, are not reported in the following discussion for brevity’s sake.

Factors Influencing PC Rates

Figure 13.2 reports statistical significance of selected variables affecting male
cancers’ rates (as estimated by t-statistics from multivariate regression models).
Interpretation of this graph is fairly straightforward: Absolute values of t-statistic
greater than 1.98 indicate a 0.05 (two-tailed) significance level, while values[2.61
indicate a 0.01 (two-tailed) significance level (that is, a probability of error in the
estimate, 0.01 = 1 %).

As expected, per capita GDP is positively associated with ASRs in all the
models (P \ 0.01). Only lung cancer appears to exhibit a significantly positive
association between ASR and percent country’s urban population. Concurrently,
among the three cancers analyzed, only PC exhibits a significant positive corre-
lation with both LAN exposure (t = 2.92; P \ 0.01) and per capita electricity
consumption (t = 3.68; P \ 0.01).

Fig. 13.2 t-statistics of selected variables affecting country-specific male cancers’ rates (Note
Full-fledged model specifications can be found in Kloog et al. 2009)
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Sensitivity Test

To estimate the relative contribution of LAN to PC ASRs, we split all the countries
in our sample into three groups—countries with minimal LAN exposure (\15 nW/
cm2/sr), countries with average LAN exposure (15–57 nW/cm2/sr), and countries
with the highest LAN exposure ([57 nW/cm2/sr). The Jenks ‘‘natural breaks’’
method of the ArcGISTM software was used to classify countries into the groups.
This method determines the best arrangement of values into classes by comparing
the sum of squared differences of values from the means of their classes and thus
identifies ‘‘break points’’ in the data values by picking the class breaks that best
group similar values and maximize the differences between classes (Minami and
ESRI 2000). Next, the values of all other variables (apart from LAN) were set
constant to the average values observed in each group, and a sensitivity test of PC
ASRs to changes in LAN values was run, using the multivariate model discussed
in the previous subsection. The results of the sensitivity test are reported in
Table 13.1.

As Table 13.1 shows, with the values of all other variables kept constant, the
increase of LAN from 8.60 nW/cm2/sr (the average LAN value in the group of
countries with minimal LAN exposure) to 28.95 nW/cm2/sr (countries with
average LAN exposure) corresponds to an increase of 30.5 % in PC ASR. A
further increase in LAN value to 99.21 (the maximum average LAN exposure)
corresponds to an increase of 80.2 % in PC ASR.

Case Study 2: Ambient LAN and Breast Cancer in Women

BC is a leading cause of cancer death in women2 (after lung cancer) and is the
most common cancer among women worldwide, excluding non-melanoma skin

Table 13.1 Sensitivity test of PC ASR to plausible changes in the ground LAN intensity

LAN level Average LAN value
(nW/cm2/sr)

Estimated ACR
(per 100,000 residents)

Percent change

Low 8.60 66.77 –
Medium 28.95 87.11 30.5 %
High 99.21 157.01 80.2 %

Notes (1) The values of the fixed variables were fixed as follows: GDP per capita = $US 9,000
(the average value for the ‘‘high resource’’ countries under study); Urban population = 65.3 %,
Electricity consumption per capita = 131.870 kWh. In addition, all regional indicators were set
to 0 (that is, ASRs are estimated for the ‘‘high resource’’ (i.e., developed) countries)

2 The subsection is based on: Kloog I., Stevens R.G., Haim, A. and B.A. Portnov, Nighttime
light level co-distributes with breast cancer incidence worldwide, Cancer Causes & Control,
2010, 21: 2059–68.
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cancers. According to the World Health Organization (WHO), 1,300,000 women
are diagnosed with BC annually and about 465,000 die from this disease every
year (ACS 2007).

Parkin and colleagues (Parkin et al. 2001a, b, c; 2005) conducted several
comprehensive studies of worldwide differences in cancer rates. During this
research, the estimates of prevalence, mortality and incidence of 26 most common
cancers were collected for 20 geographic regions of the world. The rates of BC in
women appear to differ widely across the globe, being generally higher in
developed countries than in developing ones. Thus, in North America age stan-
dardized rates (ASR) of BC incidence stand around 92.7 per 100,000, compared to
Africa where BC ASR is 21.5 per 100,000 (see Fig. 12.1). Global variation of lung
cancer is also large with ASR reaching 33.85 per 100,000 in North America versus
1.61 per 100,000 in Africa.

In the present subsection, we report results of the study which investigated the
association between LAN and BC in women, using ASR of common cancers in
women available for 164 world countries worldwide. If LAN is significantly
associated with BC, as we hypothesized from the outset of the analysis, then an
elevated incidence of BC with elevated levels of LAN can be expected, but not
elevated risk of colorectal, larynx, liver and lung cancer, the cancers which are not
hormone dependent and thus included in the present analysis as negative controls.

Cancer Data

As in our first case study (cancers in men), data on cancer ASR in women for the
present analysis were obtained from the GLOBOCAN 2002 database, maintained by
the IARC (Parkin et al. 2005). The IARC cancer data are reported for individual
countries of the world for the period of 1998–2002. This data source has been
previously used widely in epidemiological research (cf. e.g., Boyle and Ferlay 2005).

The data were obtained for breast, lung and colorectal cancers (three of the
most common cancers in women) as well as for larynx cancer and liver cancer, the
main risk factors for which are relatively well known (smoking for larynx cancer
and hepatitis B virus (HBV) or hepatitis C virus (HCV) for liver cancer).

Explanatory Variables

Several development indicators of the world countries were included in the present
analysis—population-weighted LAN, GDP per capita ($US), Percent urban pop-
ulation, Electricity consumption (kWh per capita)—as potential predictors of
country-specific cancer incidence rates and perhaps as confounders of any possible
LAN effect (see the discussion of the potential importance of these factors else-
where in this chapter).
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Fertility rate (average number of births per woman), was also included in the
analysis as an additional explanatory variable for country-specific BC rates. As
demonstrated by several empirical studies, fertility is negatively associated with
BC risk (e.g., Kelsey and Gammon 1990). Fertility rates used in the analysis, to
account for this effect, are total fertility rate (TFR), which is a more accurate
measure of fertility than crude birth rates, since they refer to the average number of
births per woman, rather than to average natural growth for population as a whole.
In the present analysis, TFRs are used as an explanatory variable for BC only,
since we have no a priori evidence that they may be associated with other cancer
types under analysis.

Statistical Analysis

As in the previously discussed case study, the analysis was performed separately
for each cancer type using the following linear model:

Cancer incidence rate = B0 (constant) ? B1* (Electricity consumption)
? B2*(GDP per capita) ? B3*(LAN) ? B4*(Percent of Urban population)
? B5*(fertility rate) + e (random error term), where B0, …,B5 are regression
coefficients.

Factors Influencing BC Rates

Figure 13.3 reports the statistical significance of selected variables affecting
female cancers’ rates (as estimated by t-statistics from multivariate regression
models). As in the previously discussed (‘‘Cancers in Men’’) study, absolute values
of t-statistic greater than 1.98 indicate a 0.05 (two-tailed) significance level, while
t-statistic values above 2.61 indicate a 0.01 (two-tailed) significance level.

The models reported in Fig. 13.3 are estimated separately for the following five
cancer types: breast, colorectal, larynx, liver and lung. Two regression models
(1 and 2) are reported separately for BC incidence rates. These models differ in
that Model 2 omits the five ‘‘outlier’’ Gulf States, which are present in Model 1.

The models for breast, lung and colorectal cancers provide good fit
(R2 = 0.571–0.648) and have a high degree of generality (F = 41.975–59.893,
P \ 0.01), while the liver and larynx models have poor fits (0.018–0.125), thus
implying that predictors included in these models do not explain well the vari-
ability of these cancers across the globe.

Notably, among all the cancer types analyzed, only BC exhibited a significant
positive association with LAN exposure (Breast (1): t = 2.37; P \ 0.05; Breast (2):
t = 4.33; P \ 0.01). For all other cancer types LAN exposure was found to be
statistically insignificant. Per capita GDP (ln) is also positively associated with
ASRs of breast, lung and colorectal cancer (P \ 0.01) while it is inversely
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associated with liver cancer, albeit the association is not significant (P [ 0.05).
Fertility rates are negatively associated with BC as well as lung and colorectal
cancer (P \ 0.01), but not with larynx and liver cancer (P [ 0.3), as could be
expected.

Sensitivity Test

To estimate the relative contribution of LAN to BC calculated for ASRs, we split
all the countries in our sample into three groups—countries with minimal LAN
exposure (less than 15 nW/cm2/sr); countries with medium LAN exposure (15–57
nW/cm2/sr), and countries with the highest LAN exposure (greater than 57 nW/
cm2/sr). The Jenks ‘‘natural breaks’’ method was used to classify countries into the
groups. Next, the values of all other variables from the second model (apart from
LAN) were set constant to the average values observed in each group, and a
sensitivity test of BC calculated for ASRs to changes in LAN values was run,
using the BC models reported in Kloog et al. (2010). The results of the sensitivity
test are reported in Table 13.2.

As Table 13.2 shows, when the values of all other variables are kept constant,
the increase of LAN from 8.60 nW/cm2/sr (the average LAN value in the group of
countries with minimal LAN exposure) to 28.95 nW/cm2/sr (countries with
average LAN exposure) corresponds to an increase of 7.2 % in BC ASR. A further
increase in LAN value to 99.21 (the maximum LAN exposure) corresponds to an
increase of 23.25 % in BC ASR. There were five countries that had high fertility
but also very high LAN exposure; these were all five Persian Gulf states (Saudi
Arabia, Oman, United Arab Emirates, Qatar, and Kuwait). When these five

Fig. 13.3 Statistical significance (t-statistics) of selected variables affecting country-specific
cancer rates in men (Note Full-fledged model specifications can be found in Kloog et al. 2010)
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‘‘outlier’’ Gulf States are omitted (Breast (2) model), the estimated BC as ASRs
rises by about 50 % from the highest to the lowest LAN countries.

We also fitted the model to the 80 countries with a per capita GDP of [$3000
in order to partially control for a possible bias in the quality of the registries in the
GLOBOCAN database. Parameter estimates were virtually unchanged compared
with the full analysis of all 164 countries.

Interpretation of Results

There are considerable regional differences in PC ASRs in men and BC ASRs in
women. While countries in Asia, Middle East, Africa, and Eastern Europe (often
considered ‘‘low resource’’ areas) exhibit relatively low rates of these cancers,
most developed countries exhibit very high cancer rates. These differences may be
due to a variety of factors, including genetic background (explaining about 5 % of
cancer incidence), economic status, differences in diets, amount of physical
activities, obesity, exposure to environmental pollutants, and differences in med-
ical care, among others.

As our analysis indicates, the relative risk of contracting cancer is positively
associated with average income of local residents (Bray et al. 2004; ACS 2006). In
part, but not in all, this excess is probably due to better access to medical and
diagnostic procedures in the ‘‘high resource’’ societies (Wells and Horm 1992;
Bradley et al. 2002; Madison et al. 2004). In addition, there appears to be a positive
association between income, urban population, and ASRs of lung cancer. This
association may be attributed to the fact that people living in urban areas are more
exposed to air pollution emanating from industries and motor vehicles as well and
to environmental (second-hand) smoking, due to high residential densities.

Table 13.2 Sensitivity test of breast cancer ASR to plausible changes in the ground LAN
intensity

LAN level Average LAN value
(nW/cm2/sr)

Estimated ASR
(per 100,000 residents)

Percent change

BC (1) Model (see Fig. 13.3)
Low 8.60 40.47 –
Medium 28.95 43.39 7.20
High 99.21 53.43 23.25

BC (2) Model (see Fig. 13.3)
Low 8.60 44.45 –
Medium 28.95 50.08 12.70
High 99.21 69.54 38.85

Notes ASR-Age Standardized Rates per 100,000 residents. The values of the fixed variables were
set constant as follows: GDP per capita = $US 9,000 (the average value for the ‘‘high resource’’
countries under study); Urban population = 65.3 %, Electricity consumption per capita =

131.870 kWh, fertility rate = 3.4 per 1,000 births
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We found a significant positive association between exposure to LAN, elec-
tricity consumption, and PC in men and BC in women. There is of course the
potential for confounding by known and unknown factors for which we could not
adjust. However, for this to have occurred, the relative risk associated with the
confounder would have to be very high, and the confounder would also have to be
tightly correlated with LAN exposure in the localities studied (Blair et al. 2007).

The estimate of per capita LAN exposure was a novel aspect of the two case
studies discussed in this chapter. This estimate was calculated as the average LAN
exposure per person in each country under study. If there is no considerable
misbalance between proportional shares of male and female populations in
localities, the index in question provides a fairly unbiased LAN exposure estimate
for both men and women.

Due to limitations on data availability, other risk factors, including occupation,
alcohol consumption, smoking, or other factors could not be addressed by the
analysis, though the per capita income variable may capture some of their effects.
In addition, it should be noted that dynamics in population movement as well as
behavioral patterns that limit exposure to LAN were also not covered by the study
due to unavailable data. Such information can be obtained by studies carried out on
a smaller scale, such as localities within an urban space, but not on a global level.
Another potential limitation is in the completeness of cancer detection and reg-
istration in developing countries where LAN exposure is low. Parkin et al. (2001c)
conducted a detailed analysis of cancer registration in Kampala, Uganda over the
period 1994–1996 and concluded that ‘‘…it gives reassurance that published
incidence rates are reasonably accurate.’’

In many cases, environmental health problems are better addressed by large-
scale population level studies than by individual-level investigations, due to the
occurrence of a large number of low-level exposures (Pekkanen and Pearce 2001).
However, a substantial drawback of population-level studies is those associations
that occur at an aggregated level may be subject to ecological confounding or
fallacy (Robinson 1958; Selvin 1958). Several techniques were used to reduce the
possibility of ecological confounding including grouping by geographic areas and
adjusting for some potential confounders, such as income levels (GDP per capita)
and percent urban population, which, among others, reflects population density
(Morgenstern and Thomas 1993; Elliot 1996).

Finally, we should note that the associations between the DMSP measurements
and BC&PC incidence discussed in this chapter do not necessarily lead to a
conclusion that even very low light penetrating our homes from outside spaces,
when we sleep, can increase BC&PC risks. However, people who live in com-
munities which, according to Stevens (2011), ‘‘shine brightly to a satellite at
night,’’ are exposed to LAN not only in their bedrooms. The residents of such
communities are also likely to be exposed to LAN in other places, and from a
variety of other light sources, such as public transportation, shopping centers and
various places of sports and entertainment as well as from advertising lighted
advertisement boards, which residents of smaller towns and rural areas do not
have, at least on such a scale. The circadian rhythms of the residents of such
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population hubs may also be disrupted by various nighttime activities, enabled by
LAN, such as leisure and entertainment, and employment in businesses working
after dusk. In this sense, nighttime satellite photometry, serving as a proxy for
LAN-enabled daily rhythm disruption and a direct measure of ambient LAN
pollution, helps to capture these additional LAN-associated risks (Haim and
Portnov 2011).
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Chapter 14
Selected Methodological Issues
of LAN-BC&PC Research

Abstract Several methodological flaws may bias the results of a study of the
LAN-BC&PC association. In this chapter we shall deal in brief with three such
issues being in our view especially relevant to population-level studies—ecological
fallacy, recall bias and eyelid effect.

Keywords Population-level studies � Methodological issues � LAN � Breast and
prostate cancers (BC&PC) � Ecological fallacy � Recall bias � Eyelid effect � Bias
preconditions � Potential remedies

If the doors of perception were cleansed everything would
appear to man as it is, infinite.

William Blake

Ecological Fallacy

In social and environmental sciences, ecological fallacy is known as an incorrect
assumption about individuals based on aggregate data for a group (Selvin 1958;
Rothman et al. 2008). In other words, ‘‘ecological fallacy’’ (or ‘‘ecological bias’’)
refers to differences in conclusions which may be drawn from group-level data, as
opposed to data obtained for individuals.

Since population–level studies of the LAN-BC&PC association (such as, for
instance, Kloog et al. 2008, 2009b, 2010) use country-level or regional estimates
of LAN as surrogate measure for individual exposure, the following questions may
arise:

Do the exposure metrics, used in population-level studies of the LAN-BC&PC association,
reflect, with sufficient accuracy, the LAN exposures of individuals and what solutions can
minimize the risk of detecting spurious relationships attributed to ecological fallacy?

A. Haim and B. A. Portnov, Light Pollution as a New Risk Factor
for Human Breast and Prostate Cancers, DOI: 10.1007/978-94-007-6220-6_14,
� Springer Science+Business Media Dordrecht 2013
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In his seminal paper, Robinson (1950) distinguished between two types of
correlation—ecological and individual. The former is obtained for a group of
people, while the latter is estimated for indivisible units, such as individuals.
According to Robinson’s line of argument, ecological and individual correlations
tend to be dissimilar. As a result, any assumption about an individual based on
average data obtained for a group to which the individual belongs may result in an
assessment error, known as ‘‘ecological fallacy’’ or ‘‘ecological bias’’ (Selvin
1958; Rothman et al. 2008; Greenland and Morgenstern 1989; Elliott et al. 1992;
Morgenstern and Thomas 1993).

The awareness about ecological fallacy has not affected geographic research at
any considerable extent, where aggregate data are used widely for both empirical
analysis and forecasting (see, for example, Glaeser et al. 1992; Felsenstein and
Portnov 2005). However, in social and epidemiological studies, the situation is
different. Due to the ‘‘ecological fallacy’’ concern, the use of aggregate data in
these studies is being treated with caution (Openshaw 1984; Elliott and Warten-
berg 2004; Greenland and Robins 1994; Greenland 2001).

Characteristically, the most striking example Robinson (1950) drew from the
US 1930 Census of Population and Housing to substantiate his findings—illiteracy
versus percent of foreign born,—had relatively little to do with ‘‘ecological fal-
lacy’’ per se, but rather with the choice of input variables. While at the individual
level, foreign immigrants in 1930 were generally less educated than ‘‘veteran’’
Americans, the aggregate data in Robinson’s study (ibid., p. 354) seemed to
indicate otherwise: the correlation between percent illiterate (in a region’s total
population) and percent foreign born was found to be negative, implying that
immigrants were more literate than the ‘‘natives.’’ However, if average illiteracy
rates were estimated for the foreign born (as opposed to the total population of
regions, calculated by Robinson), the above spurious correlation between immi-
grant shares and illiteracy rates would have been avoided.

Sources of Ecological Bias

Greenland and Morgenstern (1989) single out two main Ecological Bias (EB)
sources: omitted intra-group confounders, and effect modification. The former
(i.e., omitted viable bias) refers to ‘‘the failure of a crude (or partially adjusted)
association to properly reflect the magnitude of the exposure effect, due to dif-
ferences in the distribution of extraneous risk factors among exposed and unex-
posed individuals’’ (ibid., p. 269). As the authors of this review note, ‘‘there will be
no ecological bias if both the background (unexposed) rate of disease and the
exposure effect do not vary across groups, and there is no confounding within
group.’’ (ibid., p. 273). Environmental smoking and nutrition deficiency are two
examples of the most important ecological confounders which levels may vary
across groups or regions, causing biased estimates of health effects attributed to
exogenous environmental risk factors (Morgenstern and Thomas 1993).
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However, as Portnov et al. (2007) demonstrate, ecological bias may arise even
though none of the above conditions is violated. According to the results of this
study, even though background health status and exposure effect are held constant,
and no confounding at the individual level is present, the way in which the exposed
and unexposed individuals are distributed across regional subdivisions may affect
results. For instance, if the residents of each geographic region under study are
equally affected by an environmental factor (that is, there is no significant variation
in either interregional or intraregional exposure rates), then, indeed, the aggre-
gation of data may lead to biased effect estimates. However, if substantially dif-
ferent levels of exposure are found among geographic regions, no ecological
fallacy in data interpretation should presumably occur, and the linkages identified
for areal aggregates are likely to emerge at the individual level as well (ibid.).

Ecological bias, analogical to confounding, may also occur when the back-
ground rate of a disease varies across unexposed populations or due to the presence
of an ‘‘effect modifier’’ or a factor which is not necessarily a risk factor by itself
(e.g., nutritional deficiency), but may modify the effect of the risk factor under
study (e.g., smoking), due to a covariance between the two (Greenland and
Morgenstern 1989; Greenland and Robins 1994) (ibid., p.270).

Morgenstern and Thomas (1993) define two additional sources of ecological
bias, viz. selection bias and information bias. While the former (i.e., selection bias)
refers to the way in which research subjects are selected from the studied popu-
lation, i.e., lost subjects or missing data. Concurrently, the latter type of ecological
bias refers to ‘‘information loss’’ due to aggregation or measurement inaccuracy
which may distort the effect estimates (Greenland 2001; Gotway and Young 2002).

Ecological bias may also occur due to non-linearity of relationships between
individual risk factors. Hence the nonlinearity of relationship is not easily to detect
in individual level data, it may lead to erroneous estimates, if a standard linear
ecological model is used to approximate the relationships between covariates which
actual association is non-linear and non-additive (Greenland and Robins 1994).

Recent epidemiological studies, specifically those using geographic information
systems (GIS) technology (see inter alia Gotway and Young 2002; Elliott and
Wartenberg 2004; Wakefield and Shaddick 2005; Bell 2006), highlighted another
possible source of EB, known as ‘‘error propagation’’ (Goodchild et al. 1992;
Heuvelink and Burrough 1989). The major cause of this sort of information bias
emanates from the use of interpolation models converting data available for
irregularly-spaced points (e.g., air monitoring stations) into regular grids or local
exposure estimates at places were study subjects reside. Upon such interpolation,
any error (e.g., attributed to faulty measurements), potentially occurring at original
observation points, propagates into all output layers of data created by interpo-
lation (Gotway and Young 2002; Bell 2006).

Furthermore, the outcome of interpolation can also be sensitive to the inter-
polation method used, i.e., nearest monitor, spline, inverse distance weighted
(IDW), or kriging (McCoy and Johnston 2001). The choice of an interpolator and
its specific quantitative parameters (such as power, search radius, etc.) may result
in fairly different exposure estimates at the ‘‘target points’’ and, ultimately, in
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erroneous associations between exposure to an environmental risk factor and its
health effects (Gotway and Young 2002; Elliott and Wartenberg 2004; Wakefield
and Shaddick 2005).

Summing up, the following five criteria can thus be singled out as essential
preconditions for minimizing the probability of EB in population-level studies:

• Securing the invariability of background rates of a disease and of exposure
effect;

• Absence of significant confounding within the groups;
• Correct model specification accounting for a potential non-linearity of rela-

tionships between research variables;
• Minimizing the error propagation due to faulty measurements, missing data and/

or errors attributed to interpolation, and,
• Detecting significant differences in both interregional and intraregional exposure

rates prior to analysis.

Ways of Minimizing a Possibility of EB in Population Level Studies
of the LAN–BC&PC Association

As we already mentioned elsewhere in this book, population-based and individual
level studies have their own advantages and disadvantages. Global studies of large
populations may provide a high degree of generality and thus help to capture the
effects of low exposures by comparing a wide range of differently exposed sub-
jects. However, population-level studies are generally considered weak in sup-
porting causality (Kloog et al. 2010). If traditional case–control and cohort studies
point one direction, but ecological studies point the other way, then there is a lack
of coherence in the total body of evidence, which needs to exist at multiple
resolution levels according to Hill’s (1965) causality criteria (Stevens 2011).

Population-levels studies also often overlook detailed characteristics, such as
hereditary factors, residential history and occupational risks. Yet, the results of such
studies can be followed up by individual level studies in humans and by using animal
models to understand mechanisms down to the cellular level (Haim et al. 2011).

The results of population studies are thus important in providing context for
studies in subpopulations of people using case–control and cohort designs. If no
association is revealed at the population level in a study with good statistical power,
then that would be evidence against a strong effect of a putative risk factor.
A significant association is thus a necessary, but not sufficient condition for a sig-
nificant effect of a common exposure on risk in society at large (Kloog et al. 2010).

In Table 14.1 we suggest several empirical solutions aimed at minimizing a
possibility of ecological bias (EB) in population-level studies of the LAN-BC&PC
association, according to the EB criteria specified at the end of the previous
subsection.
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Recall Bias

As Rafael (1987) suggests, any research which relies on questionnaires and
self-assessments of past exposures may be a subject to the so called ‘‘recall bias’’
(RB). Such bias may occur when ‘‘cases’’ and ‘‘controls’’ recall their past

Table 14.1 Criteria for minimizing the possibility of EB in population-level studies of the
LAN-BC&PC association and possible solutions

Criteria Possible solutions

Securing the invariability of background rates
of a disease and of exposure effects

Comparing disease rates across geographic
units of the analysis (e.g., countries or
regions) exhibiting comparable LAN levels:
low variability of such rates will be
indicative that the ‘‘invariability’’ criterion
is not violated

Absence of significant confounding within
groups

Accounting in the analysis for most known BC
and/or PC risk factors, viz., age; ethnicity;
reproductive history; oral contraceptive use;
hormone therapy; alcohol consumption,
obesity; physical activity; diet and vitamin
intake; exposure to environmental
chemicals; tobacco smoking, and nightshift
working. Potential population-level proxies
for factors which cannot be estimated
directly at a general population level may
include: population age structure (unless
ASRs are used); local fertility rates; local
per capita incomes (as proxies for obesity,
physical activity, diet and vitamin intake);
population densities and/or urbanization
rates (as proxies for physical activity and
smoking rates, environmental pollution and
overall stress); percent of shift-workers
(whenever available)

Correct model specifications accounting for
non-linearity of relationships between
research variables

Testing several functional forms (logistic,
exponential etc.) with a subsequent
comparison of model fits in respect to the
variability explained

Minimizing error propagation due to faulty
measurements, missing data and/or errors
attributed to interpolation

Reliance on in situ measurements, rather than
on self-reported exposure histories;
comparing results of alternative
interpolation techniques according to
standard errors of the estimate, using GIS
tools such as geo-statistical analysis

Detecting significant differences in both
interregional and intraregional LAN
exposure rates prior to analysis

Comparing intraregional and intraregional
variations of LAN exposure and verifying
that minimal variability exists (e.g.,
Mean ± SD)
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exposures with different accuracy (ibid.). RB is thus a sort of more general
‘‘information bias’’ which is well known to researchers (Copeland et al. 1977).

The distinction should, however, be made between RB and simple ‘‘recall
error.’’ ‘‘Recall error’’ (or ‘‘non-differential recall’’) is an inaccurate assessment of
past experiences or/and past exposures, attributed to age, education, and time
period involved. In contrast, RB reflects significant differences between ‘‘cases’’
and ‘‘controls’’ in remembering past exposures and/or events.

According to Coughlin (1990), RB tends to be greater when recall is poor in
general. In other words, ‘‘recall error’’ can simply be interpreted as a ‘‘memory
failure’’, which may occur among both ‘‘cases’’ and ‘‘controls’’ but not necessarily
leads to measurement errors, but only to a ‘‘loss of statistical power with a bias
toward the null’’.

In contrast, consequences of RB, reflecting differential ‘‘memory failure’’
among ‘‘cases’’ and ‘‘controls’’ may be more severe, by effectively biasing
‘‘hypothesis tests away from the null’’ and potentially leading to incorrect effect
estimates (Rafael 1987).

What Do We Know About RB and Its Potential Causes?

It should be acknowledged that empirical studies of RB are scarce, and, their
estimates, in most part, are not always consistent. Some of these studies (mostly
pertinent to cancer research) are summarized in Table 14.2 and discussed, in more
detail, in the subsection below.

In an early survey, Stott (1958) reports a ‘‘classical’’ example of RB drawn
from a post-WWII study carried out in Germany. In this study, 100 pregnancies
resulting in major malformations were compared with 100 control pregnancies,
with mothers, in both the case and control groups, being offered the same ques-
tionnaire after the birth. Emotional distress during pregnancies was mentioned by
mothers of children with malformations more frequently than by mothers in the
control group. However, a possibility that ‘‘emotional distress’’ per se was
responsible for severe health effects reported in the study was ruled out by later
studies, leading to a possibility that mothers of children with malformations tended
to recall their ‘‘worries’’ and ‘‘emotional distresses’’ more often than mothers of
the health born, simply because the former were apparently ‘‘looking harder’’ for
feasible explanations for the negative birth outcomes (Geffeler 2008).

In another early study, Friedenreich et al. (1991) investigated a cohort of 325
BC cases and 628 matched controls that were offered the same self-administered
questionnaire about dietary food habits, and distributed several years apart. The
comparison of the results of both questionnaires, filled out by the same people but
during different time periods, yielded little difference in the results, thus providing
no evidence for any significant retrospective RB.

However, in another study of 491 children with acute lymphoblastic leukemia,
compared with the same numbers of healthy population controls and the identical

132 14 Selected Methodological Issues of LAN in BC & PC Research



Table 14.2 Summary of selected RB studies

Study Research type or
contingent

Methodology Main findings

Friedenreich
et al.
1991

A nested case–control
study with 325 cases
and matched 628
controls

Repeated self-
administered
questionnaire

Little difference was found
in answering the
questionnaires between
‘‘cases’’ and
‘‘controls’’, providing
no evidence for a
retrospective recall bias

Infante-
Rivard
and
Jacques
2000

Children diagnosed with
leukemia versus
healthy children and
hospital controls

Telephone interviews
with children’s
parents carried out
several years apart

Parents of children with
leukemia neither
provided more correct
answers about location
of power lines, than
parents of healthy
children and parents of
hospital controls nor
affected by leukemia

De Vries
et al.
2005

Case control study of
melanoma patients and
population based
controls

Calculation of crude
odds ratios

Protective effect was found
between sun exposure
and melanoma risk and
between sun exposure
and naevus count recall

Boffetta et al.
2008

Critical survey Critical survey and
meta- analysis of
published data

On the general, disease
patients may have a
greater motivation to
explain their disease
and thus are more
likely to recall past
exposures than healthy
individuals

Vrijheid
et al.
2009

Mobile phone records of
breast tumor patients
and healthy controls
collected over a two
year period

The ratio of reported to
recorded phone use
was analyzed as the
measure of
agreement

Mean ratios were found to
be nearly identical for
cases and controls, with
both groups
underestimated the
number of calls and
overestimated call
duration

Parr et al.
2009

Melanoma patients and
population-drawn
controls with similar
rates of response

Comparison of self-
reported melanoma
risk factors

Shifts in responses were
observed among both
cases and controls, but
a shift in cases was
observed only for skin
color after chronic sun
exposure, and a larger
shift in cases was
observed for nevi
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number of hospital controls with severe hematologic diseases, carried out by
Infante-Rivard and Jacques (2000), RB was found to be present. In particular, the
research revealed that, in recalling the distance to power lines from their homes,
the parents of children with leukemia provided 62 % correct answers, as opposed
to only 22 % correct answers among population controls and 36 % among hospital
controls.

de Vries et al.’s (2005) study of 597 melanoma cases and 622 population based
controls also found some indirect evidence about potential RB. In this study, a
negative association was found between sun exposure and melanoma risk
(OR = 0.87; 95 % CI: 0.65–1.18) and between sun exposure and naevus count
recall, raising a possibility that cases may have underreported their sun exposure,
potentially resulting in RB.

In another study, Fransson et al. (2008) compared answers recorded in 2005 to
those recorded in 1992–1998 (regarding past leisure time, occupational, and
physical activity levels) by 78 patients with a myocardial infarction and 243
control subjects in Sweden, also found some (albeit statistically weak) support for
RB presence. In particular, people who recalled the same activity level as origi-
nally reported was nearly identical ranging from 69 to 96 % among cases and from
69 to 89 % among controls. However, the perceived physical workload in the
household was found to match retrospective records better among controls, indi-
cating the presence of potential RB in recalling past household physical activity
levels.

Yet, in a separate study, Vrijheid et al. (2009) analyzed mobile phone records of
212 cases and 296 controls collected from network operators over a 2 year period,
and compared these actual data with mobile phone use reported during an inter-
view. The ratio of reported to recorded phone use was used in the study as the
measure of agreement. Mean ratios were found to be nearly identical for both cases
and controls. Both groups underestimated number of calls by a factor of 0.81 and
overestimated call duration by a factor of 1.4. However, for cases, but not controls,
ratios increased with increasing time before the interview, leading to a possibility
that RB may be present in the data, especially regarding earlier time periods.

Essential Preconditions for RB

Based on the above studies of the RB phenomenon, four possible preconditions for
its occurrence can thus be singled out:

• Prior knowledge of a potential health risk. People affected by a disease are more
likely to remember and/or report past exposures to certain factors (which
harmful effects they may be aware of) than are healthy individuals, creating
difference in assessment which may result in over-reporting of past exposures by
research subjects, compared with controls;
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• Guilt or remorse. People unaffected by a disease may be less likely to recall a
true exposure to a certain risk factor to which they were exposed voluntarily
(e.g., drug use or alcohol consumption during pregnancy);

• Debilitating effect of a disease on the memory function. A disease may have a
debilitating effect on human memory (e.g., causing memory loss), preventing
people affected by it from recalling accurate actual past events and exposures;

• Memory substitution. Live styles and daily habits of a person can change after a
disease’s diagnosis. As a result, questions about ‘‘exposures in general’’ may not
accurately represent past exposures in the ‘‘case’’ group, that is, exposures
which are more relevant for risk assessment, due to a latency period, than
present-day exposures.

Likelihood of RB in LAN-BC&PC Studies

Considering these conditions, should RB become a point of concern for studies of
the LAN-BC&PC association?

In several publications, such a possibility had indeed been raised (cf. e.g., Davis
et al. 2001; Shernhammer and Stone 2011).

The first three abovementioned RB criteria can, apparently, be dismissed out-
right in the case of the LAN-BC&PC association, on several grounds. First, we can
confidently assume that most people are rather unaware of potentially harmful
health effects of LAN and are thus not expected to ‘‘overestimate’’ this potential
risk factor. Despite several publications in mass media on the topic, these studies
have not yet generated, in our view, a wide-range concern about LAN effects
among the general public, as it happened with e.g., microwave radiation, smoking,
and cellular phone use.

Second, people are unlikely to feel any remorse about LAN exposure (apart
from costs involved) and nighttime activities enabled by LAN. We can thus safely
reject the second (that is ‘‘guilt and remorse’’) criterion as well. BC&PC are not
known to have a ‘‘debilitating’’ effect on human memory either.

However, the fourth RB criterion—i.e., memory substitution—should not be
taken lightly. As Davis et al. (2001), justly noted, ‘‘it is possible that a woman’s
recall of prior sleep habits could be affected by her more recent disease experience,
resulting in differential recall for case patients relative to control subjects.’’
However, the authors of this paper also remarked that such an effect is highly
unlikely if questions in a LAN-related questionnaire are professionally formulated,
for instance, if the subjects are not asked about ‘‘restlessness or sleeplessness’’ but
about sleeping or not sleeping during particular hours during nighttime.

Optimally, LAN exposure metrics should be estimated by actual measurements,
as it was done, for instance, in Rea et al. (2011) study, rather than by question-
naires. However, such an approach would not always be practicable when hun-
dreds or thousands of subjects and controls are involved. In situ measurements
cannot account for past exposure either.
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In the absence of in situ measurements, the researcher can formulate LAN
related questions twice: first related to present day exposures and, for the second
time, elsewhere in the questionnaire, as related to past exposures, which occurred
before the disease’s diagnosis. Questions about life-style variables and daily habits
before and after the disease’s detection can also be included, so as to indicate the
magnitude of changes and estimate the strength of potential RB.

Lastly, we should note that we are unaware of any study that investigated the
presence of RB in relationship to LAN exposure. Only such studies, if carried out
in the future, will tell us with certainty whether self-reported LAN exposures are
consistent with actual LAN levels, but, more importantly, whether such recalls do
differ between ‘‘cases’’ and ‘‘controls’’ in recalling bedroom and outdoor light
levels, which is a necessary precondition for RB to occur.

Eyelid Effect as an Additional Potential Source
of LAN Exposure Bias

Most people sleep with their eyelids closed. Since, according to one of the pro-
posed mechanisms of the LAN-BC&PC association, the direct exposure of human
eyes to LAN tends to reduce pineal MLT secretion, the question thus becomes: Is
LAN capable of penetrating eyelids during the sleep time, even if eyelids are
tightly closed?

There is evidence that bright light can lower MLT in some persons even
through closed eyelids (Hätönen et al. 1999). However, in another study, no
reduction of MLT secession was found by exposure to light when eyelids were
kept closed (Jean-Louis et al. 2000). Yet, Czeisler et al. (1995) reported that
plasma MLT concentrations decreased during exposure to bright light in blind
patients by an average of 69 %. However, when blind patients were tested with
their eyes covered during their exposure to light, plasma MLT did not decrease.

In interpreting these results it is important to keep in mind several consider-
ations. The eyelids are not closed immediately after a person goes to sleep, and nor
do they remain tightly closed throughout the entire nighttime period (Haim et al.
2011). Exposure to bright light even in people, sleeping with closed eyelids may
raise body core temperature (thus meaning that pineal MLT production is sup-
pressed), increase the ‘‘latency to sleep onset’’ and shorten the normal sleep period
(Dijk et al. 1987, 1991).

It should also be kept in mind that most people are awake for brief periods
during the night, which is normal and healthy (Wehr 1992), and sometimes one
awakens to empty the bladder, and with increasing frequency with each passing
year (Haim et al. 2011). Moreover, as we already mentioned elsewhere in this
book, LAN is often characterized by a short wavelength (that is, emitted as green
and blue lights), which is especially effective in pineal MLT suppression.
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Another evidence about a possibility that eyelids are not ‘‘impassible barriers to
LAN’’ comes from a recent study by Kloog et al. (2010), which indicated that
bedroom light levels were significantly associated with BC risk (P \ 0.01).

It should not also be overlooked that population studies normally deal with a
‘‘chronic exposure’’ to LAN, that is exposure which occurs for several hours each
night, for many nights, and not with an ‘‘acute’’ exposure to relatively short light
‘‘episodes,’’ which are usually used in laboratory experiments. Such exposures
effectively minimize the ‘‘eyelid effect’’ by accounting for accumulated light-sleep
interferences. As a result, we should not, in our view, be overly concerned about
this sort of bias in population-level LAN-BC&PC studies.

Finally, we should emphasize that the direct exposure of eye retina to LAN
when we sleep and the resulting suppression of MLT production is only one
possible venue of LAN effect. Other possible venues, discussed elsewhere in this
book, are daily rhythm disruption, and the role of LAN as a general stressor. Since
most nighttime activities, enabled by LAN (such as working at brightly lit envi-
ronments, TV watching, attending places of entertainment after natural dusk, etc.),
are performed with eyelids open, the latter have little effect on preventing the
adverse effects of LAN exposure and associated BC&PC risks.
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Chapter 15
Dark-Less World: What is Next?
(Conclusions and Prospects for Future
Research)

Keywords Conclusions � Sustainable illumination policy � Health effects �
Behavioral changes � Future research

A scientific truth does not triumph by convincing its opponents
and making them see the light, but rather because its opponents
eventually die and a new generation grows up that is familiar
with it.

Max Planck

In past decades, humans have effectively defeated the ‘‘nighttime darkness’’ by
‘‘chasing it away’’ from our homes, streets, highways and public-spaces, both in
western countries and in many countries of the developing world. LAN has spread
rapidly due to relatively easy accesses to electricity and rapidly developing infra-
structures, and seems to have penetrated even the most remote corners of our Planet.
Indeed, nighttime illumination today is present not only in urban areas, but also in
rural communities. In addition, we commonly use today, what we call the ‘‘envi-
ronmental friendly illumination,’’ which converts electrical energy more efficiently
into short wavelength (bluer) illumination replacing more traditional incandescence
bulbs, which were closer, in their spectral properties, to natural daylight.

Beyond doubts, the proliferation of artificial illumination has changed our life
dramatically. Thanks to it we can work after the natural dusk, and extend our free
time available for entertainment, sports and leisure. This is a welcome change in
our lives, but, as we saw elsewhere in this book, we may well pay a high price for
this change. So what should we do in order to mitigate potential health risks
associated with rapid LAN proliferation?

Today, we pay much attention to global climate change, although even in the
past, our Planet had gone through cycles of warmer and cooler periods. Yet, we do
not pay enough attention to potential consequences of the change that LAN
introduced into our lives, although never before (that is, beyond the most recent
130–140 year period) our Planet and its inhabitants had been exposed to LAN of
such intensities and wavelength throughout the year.

If, in the relatively recent past, shift-workers were a special population group
almost solely exposed to LAN, the situation today has changed dramatically.
When we attend places of entertainment late at night or seat in front of our
computers communicating with our friends over the Internet after midnight or
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write an assignment for tomorrow’s class, we become, even without realizing it,
‘‘shift-workers’’, suffering, from the same problems that shift-workers suffer from,
namely, MLT suppression due to short wavelength LAN exposure and daily
rhythm disruption, with all potential health risks such an exposure may entail.

Humans, in developed and less developed countries alike, are consumers of
natural resources, one of which is electrical energy converted into illumination.
Increasing electricity production is beneficial for economic development and,
presumably, for societal security, but it also brings negative consequences for the
environment, by increasing the CO2 emission, which has become a major concern
over past decades. Making artificial illumination more efficient by introducing
energy-saving light sources, such as LED and florescent light tubes, helps to
reduce CO2 emission.

However, by introducing these light sources into our lives, we should be aware
of potential negative impacts they may have on our health. Today if we put
together chronobiological evidence about negative effects of short wavelength
illumination and suppressing of MLT production at night, we may regret this step
due to health hazards as well as economic and social costs associated with it, and,
therefore, it should be considered unsustainable.

However, as we do not want to return to pre-Edison days of ‘‘nighttime dark-
ness’’, the following question should be answered: What should we do in order to
enjoy LAN while reducing its negative effects on our health and wellbeing?

The general knowledge and scientific evidence accumulated in past decades,
and summarized in this book, may help to find some relatively simple answers to
this question. First and foremost, we need to keep in mind how LAN may affect
our health. Such potential causality pathways are featured in Fig. 15.1 and dis-
cussed, in more detail, in separate chapters of this book. Let us summarize them in
brief. According to the rapidly increasing body of scientific evidence, LAN may
reduce pineal MLT production levels directly by reaching the non-image forming
photoreceptors of our retina. In Fig. 15.1 this ‘‘simplest’’ pathway is marked as the
‘‘LAN-MLT path.’’

Due to nighttime activities which LAN enables, it may also affect our health
indirectly, by introducing behavioral changes. By skewing our daily schedule
towards nighttime activities, we effectively alter our ‘‘diurnal nature’’ established
by thousands of years of evolution and thus interfere with the normal functioning
of our biological clock entrained by exogenous photic changes. In Fig. 15.1, this
indirect pathway is marked as the ‘‘LAN-DRD [Daily Rhythm Disruption] path.’’
According to scientific evidence provided by controlled laboratory experiments
(Monteleone et al. 1992; Zisapel et al. 2005), physical activities during nighttime,
even carried out in complete darkness, tend to reduce pineal MLT production.

Furthermore, since light is not anticipated during the dark phase, LAN may play
a role of a general stressor. The stress response induces processes which are aimed
to maintain homeostasis and involves increased levels of stress hormones and
energy expenditure. As additional energy is allocated to maintain homeostasis, it
may weaken the response of the immune system thus, increasing vulnerability to
pathogens and carcinogens (the ‘‘LAN-SR [Stress Response] path’’; see Fig. 15.1).
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Keeping this in mind, we should thus try to adhere to the ‘‘traditional’’ 12L:12D
cycle, by avoiding, whenever possible, nighttime activities, including TV watching
and computer gaming, especially for children. Considering that not too many of us
have to work nightshifts, for the majority of us, giving preference to late night
activities over daytime ones becomes the matter of choice, and we should be aware
of potential consequences.

Second, when we rest, bright lights in our bedrooms should be avoided, both
lights coming from indoor and outdoor light sources. Low intensity (yellow and
red non-LED) lights may, in most cases, satisfy our needs in the nighttime illu-
mination, mainly for the elderly, to find their way to the bathroom at night, and for
children, to feel secured.

Preventing LAN penetration from outdoor sources (such as e.g., street lights,
illumination of public buildings, and lights from moving vehicles) may also be
relatively easy in most temperate climates, in which constant cross ventilation of
indoor spaces by keeping windows open at night is not as necessary as in tropical
climates. Even if we want to keep windows open during nighttime, the penetration
of outdoor LAN can be reduced by closing curtains and shades.

Fig. 15.1 Potential effects of LAN and causality pathways discussed in the book
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Third, local authorities may contribute to the reduction of light pollution by
implementing more sustainable nighttime illumination policies, such as, lowering
illumination intensities in public places to minimally acceptable levels, by sur-
veying actual needs and caring to provide minimal light levels required by certain
activities (e.g., walking, driving, etc.) without over-illumination. In addition to
health benefits, additional energy savings from such policy can naturally be
expected.

As electricity becomes more accessible, more places are illuminated, especially
(but not only) in urban areas. Nighttime illumination is commonly used for
advertising and illuminating buildings, such as art monuments and public buildings
being cultural landmarks all over the world. This source of light pollution, cannot,
in our view, be avoided completely. However, it can (and should) be restricted to
certain hours in the early dark period, using long wavelength illumination which
has a minimal effect on reducing pineal MLT production, where after which the
illumination should be switched off.

As we developed devices for tracking air pollutions, devices for tracking light
pollution should also be developed, and light intensity above a certain threshold
should be dimed. Such LAN-tracking devices should be able to distinguish
between different wave lengths thus helping to avoid an extensive use of short
wavelength illumination. In addition, street lights should not be directed at homes
but rather be focused on pavements and road surfaces, in order to decrease light
pollution in sleeping habitats.

Regulations on nighttime advertising (which is virtually non-existent today)
should also be implemented and switching off such illumination can contribute to
the most important aims of decreasing light pollution and energy-saving. Unfor-
tunately, we are used to the fact that huge areas are lit at night without any actual
need. This attitude should change and the light needs to be pointed at the objects it
is meant to illuminate. For example, lampposts of 15 m above the road surface
become a strong source of light pollution due to higher light intensity such
lampposts emit.

Public policy makers should also be convinced to curb the wide scale intro-
duction of short wave length illumination, which is potentially the most dangerous
component of light pollution.

Education of consumers may also play a role, helping them to make informed
choices. As we mark today alcohol and tobacco products, which have negative
effects on our health that we are well aware of, we should also consider marking
packages of short wavelength light bulbs with a consumer warning, such as, for
instance: ‘‘This bulb emits light of short wavelength of less than 530 nm, and such
illumination effectively suppresses pineal MLT production, when used at nighttime,
and may thus endanger your health.’’ After reading this warning we can decide
whether we want to buy this product or not. Although such a consumer warning
may sound ‘‘overreacting’’ at this point of time, it may eventually come into
practice, as the authors of this book believe, as research develops and new evidence
about light pollution as a source of toxicity and its adverse health effects becomes
available to the public.
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More information about negative consequences of suppressing pineal MLT at
night can be obtained from the internet and scientific publication, including this
book, helping to learn about negative consequences of suppressing pineal MLT at
night time.

Unfortunately, we are still lacking basic research in regards to light pollution
and its various impacts on human and animal health on the one hand and stability
of natural ecosystems on the other, albeit research from the epidemiological level
down to the cellular level has been carried out by different research teams on
BC&PC and their links to light pollution. From the literature we have strong
evidence that in BC patients MLT levels are low. Bearing in mind BC latency
period is of about 10 years, people with low levels of MLT which are not at the
stage of cancer patients can be treated with MLT to prevent the BC or PC
development. Therefore, the question is whether earlier tests of MLT levels can be
used as an indicator for a higher risk of developing BC or PC?

A common technology for detecting BC these days is the use of mammography
scanning. However, a positive result means the tested woman is already a BC
patient. If we think of the results of our 2011 study in which we can assume that at list
40 % of BC cases are due to exposure to LAN in their sleeping habitat, many cases of
BC can be prevented, if MLT levels are timely tested. If this hypothesis is correct, it
will definitely help to formulate informed health policy, and the amount of funds
devoted to BC treatment can be reduced. Scientific evidence accumulated to date
and summarized in this book definitely lead us to believe that with right measures in
regards to light pollution we can significantly reduce the incidence of BC and PC.

Unpublished results from the Israeli Center for Interdisciplinary Research in
Chronobiology at the University of Haifa (Schwimmer et al. in preparation)
revealed in DNA extracted from mice BC cells, where the mice were exposed for
30 min each night to light (about 470 nm, and at an intensity of 450 lux), a loss of
methyl groups (hypo-methylation) were noted when testing DNA global methyl-
ation. However, mice treated with MLT showed similar levels to those of the
control group that was not interfered with LAN. Therefore, a combination of MLT
levels (measured from salvia together with levels of DNA global methylation from
white blood cells for instance can be used as biomarkers. MLT treatment and
avoidance of exposure to short wave length illumination by using appropriate
illumination can be used as means for prevention. However, these ideas should be
transferred to medical protocols after wide scale surveys and experiments.

Blue wavelength blocker glasses that help to avoid MLT suppression (Sasse-
ville et al. 2006) may also be a reasonable solution for home use and for shift
workers who have sleep breaks during their night shifts. Of course, it is better to
focus on sustainable illumination than to produce unsustainable illumination and
then look for ways to overcome it. However, such glasses and other gadgets can be
a temporary solution until more sustainable illumination are implemented, just like
swallowing MLT pills before going to sleep at night.

As we have discussed elsewhere in this book, LAN can be a general stressor. To
avoid its negative effect, on/off switches should be replaced by dimmers, which
can increase light intensity gradually, in the way it happens under natural
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conditions, for instance, during sunrise, and darken the room, like at the sunset
when we are indoors. By not moving to the abrupt darkness at once, we can adjust
our vision system to the changing illumination.

We should also not to ignore the fact that the circadian system in mammals
starts developing in the late stages of the embryonic development but begins to
function only after birth. This actually means that the only MLT source at night for
the developing embryo is his mother’s pineal gland. Bearing in mind the important
role of MLT in the cell function as an anti-oxidant thus raises a question about
what happens if MLT in the mother is suppressed due to her LAN exposure. Can
such MLT suppression explain, at least in part, an increase in the number of health
disorders in the young generation we do not know how to explain today?

LED illumination (for instance, stand-by and control lights in various devises
and equipment) is considered to be most energy saving. However, its introduction
into our homes in so many forms should worry us the most. Although each one of
them maybe of low intensity but when they are lit together, they may suppress
nighttime MLT production. These devices should therefore be removed from our
sleeping habitat and kept in a separate room. This is a simple solution that can
reduce our exposure to LAN.

Some 50 or even 40 years ago measures which we implement today to mini-
mize direct health damage from air pollution or cigarette smoking would have
seemed unrealistic. But the situation has changed drastically in the past 50 years
and we uphold today strict regulations and laws helping to avoid the damage
caused by cigarette smoking and passive exposure to smoking and thus managed to
decrease lung cancer incidence rates drastically in most western societies. Why
should not we try to do the same with light pollution? Economic considerations are
very strongly involved in the tobacco industry, as well as sale taxes, but social and
environmental issues cannot be underestimated either.

The future illumination should be based on wave length, intensity, duration and
frequency of exposure that do not put our health at risk and can be even used during
night time in bedrooms mainly for the elderly and children. No doubt that the
resolution recently passed by the American Medical Association (AMA) is an
important step in the right direction. Even more medical organizations around the
world should adopt such resolutions. If it happens, it will be much easier for decision
makers to embrace the idea of sustainable illumination and act in an appropriate way.

Considering LAN as a source of environmental pollution and a source of toxicity
is a challenge to our way of thinking. As we stated already in this chapter, we do not
want to live in the dark ‘‘pre-Edison’’ world. Therefore, we need to implement
dramatic changes in thinking paradigms. Realizing the negative effects of LAN
should help decision-makers to support the development of a holistic approach
helping to deal with the problem at large. Therefore, environmental considerations,
together with economic and sociological factors, should be considered before
introducing new technologies, which, at first glance, may sound environmentally
friendly, but, at the end of the road, may be proved hazardous to the environment
and to human health, with a wide range of negative socio-economic implications
such hazards may entail.
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