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Abstract

Visible light of sufficient intensity and duration inhibits melatonin biosynthesis, and experimental
studies suggest that melatonin may protect against cancer. From a public health point of view it is impor-
tant to verify or falsify the hypothesis that artificial light — or even sunlight itself — suppresses melatonin
production sufficiently to increase the risk of developing cancers of internal organs in man. Epidemiol-
ogy is a discipline that can contribute to in-vivo verification of experimental findings. But when attempt-
ing to study the effects of light on man, epidemiologists are faced with a major problem: the ubiquitous
nature of natural and anthropogenic light, which renders everyone, everywhere exposed. The challenge
is to identify populations with demonstrable varying exposures to light.

This paper summarizes how recent epidemiological investigations have sought to tackle the problem
by studying shift-workers, blind people and Arctic residents. It is suggested that future studies should
test the underlying assumptions regarding endocrine responses to light, i.e., that melatonin levels are
reduced among shift-workers, and that they are increased among the blind and those who live in the
Arctic. A systematic investigation of exposure-response relationships could be based on “light dosimetry
by geography”. Such a study is envisaged by European researchers who aim to study melatonin and
other hormones in samples from healthy general populations that are differentially exposed to light by
virtue of varying ambient photoperiods. Further methodologic options for prospective and retrospective
epidemiologic studies are suggested.

It is concluded that the biologically plausible link between ubiquitous light, hormones and the devel-
opment of very frequent malignancies such as breast cancer and prostate cancer should be investigated
rigorously by additional well-designed epidemiological research.
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Introduction

Man is exposed to the sun’s light everywhere, and
anthropogenic light sources constitute further univer-
sal exposures to visible electromagnetic radiation. Breast
cancer is the leading cause of cancer morbidity and mor-
tality among women in many countries, and prostate
cancer is the most common non-cutaneous cancer in men
[1]. Large differences in rates of hormone-related can-
cers internationally suggest that environmental factors
play an etiologic role, and since the development of both
malignancies involve hormones it seems likely that mod-
ulation of endocrine systems is relevant [2, 3]. Light is
an ubiquitous environmental factor which does just that.
An abundance of experimental and clinical evidence indi-
cates a very robust relationship between visible light,
at intensities that we experience regularly, and endo-
crine systems. Light entering the eyes powerfully con-
trols and modifies circadian and neuroendocrine systems.
Melatonin is the key biologic intermediary. Light inhib-
its [4] and darkness stimulates synthesis of melatonin
[5] in the pineal gland in the center of the brain as a
product of the tryptophan-serotonin metabolism. A dose-
response relationship between light and melatonin sup-
pression has been confirmed in human studies [6-8], and
there is some evidence which suggests that the blue-
green spectrum (~500 nm) is most effective in reducing
melatonin production [6]. It is important to note that
considerably more light is needed for melatonin suppres-
sion than for vision [9]. Research is under way to clarify
how the phototransduction of non-visually mediated phe-
nomena on endocrine systems operates [10].

The experimental, and limited epidemiological evi-
dence available in 1987 was used to formulate the so-
called melatonin hypothesis. This posited a link between
light-at-night (LAN), and extremely low frequency elec-
tric and/or magnetic fields (ELF-EMF), to increased
breast cancer risks via impaired pineal secretion of mela-
tonin [11]. The idea was that low melatonin levels were
expected to result in increased levels of gonadal steroids
(e.g., testosterone in males, and estrogens in females,
respectively) by specific actions on the pituitary, and
would thus eventually promote cancer growth. Empiri-
cally, these relations between melatonin secretion and
gonadotropins levels have been suggested in men [12],
but ELF-EMF have not been shown convincingly to
inhibit melatonin secretion [13]. Exposure to light, how-
ever, has been linked consistently with impaired mela-
tonin secretion in humans, and experimental evidence
suggests that melatonin can suppress mammary tumori-
genesis in animals [14] and possibly in humans [15].
Furthermore, a number of clinical studies indicate that
low melatonin levels are associated with certain types of
hormone-dependent cancers, including breast [3], endo-
metrial [16], and prostate cancer [17]. To date, exten-
sive research over many years has identified some of the
mechanisms by which melatonin can reduce cancer inci-
dence and/or growth [3,18].

The melatonin hypothesis is biologically plausible and
is testable in principle. It remains then to transform the
“biological plausibility” into a convincing mapping of a
biological pathway that occurs in real life. Laboratory
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studies are being pursued intensively in an effort to pro-
vide direct evidence that supports or refutes the hypoth-
esized causal link between light, melatonin and cancer.
But epidemiological studies of light and hormone-depen-
dent cancers are difficult and still very rare. This paper
discusses current strategies and viable additional options
for epidemiological studies of the issue. Such research
may provide in vivo verification of the suggestion that
the intriguing experimental and clinical findings sum-
marised above impact importantly on public health.

Problem and challenge

Epidemiology is based primarily on non-experimen-
tal or “observational” data, as distinct from controlled
experiments in biomedical studies. One consequence, and
in contrast to biomedical studies, is that epidemiology
is unlikely to unravel mechanisms from an exposure to
effects on health. However, epidemiology “has the tre-
mendous advantage that it focuses on the diseases and
the deaths that actually occur, and experience has shown
that it continues to be second to none as a means of
discovering links in the chain of causation that are capa-
ble of being broken” [19]. Importantly, epidemiology can
identify factors that influence the frequency of disease
in humans “without concern about dose-extrapolation or
species variability and with built-in accounting for poten-
tial modifiers” of human health and disease [20]. In gen-
eral, epidemiology relies on comparisons of disease rates
in different groups of individuals who have been exposed
to varying levels of exposure to an hypothesised causal
factor. Therefore, epidemiologists seeking to study expo-
sures to light and their effects on health are faced with
a major dilemma: the ubiquitous light sources at home
and at work may well result in more or less homogenous
patterns of exposure across different study populations.
If everyone is exposed [21], then risk ratios purporting
to reflect the effect of an exposure on human health will
tend to be underestimates; the effect may even be unde-
tectable. For example, “if everyone smoked 20 cigarettes
a day, then clinical, case-control and cohort studies alike
would lead us to conclude that lung cancer was a genetic
disease” [22]. The challenge for cancer epidemiology is
thus to identify population groups that are differentially
exposed to light, i.e., to compare groups for whom levels
of the putative risk factor differ appreciably.

Predictions

Current epidemiological efforts to interpret appar-
ently different responses to variations in exposures to
natural and artificial light focus on three predictions (P)
that either follow directly from the melatonin hypoth-
esis (H), or from a corollary (C) which states that deficits
of light enhance melatonin secretion and thus decrease
cancer risks. P given H (P, |H) anticipates that female
night-shift workers will have elevated breast cancer
risks. (Py|C) holds that blind persons have lower hor-
mone-dependent cancer risks than the sighted. (P5]|C)
asserts that residents in the Arctic have relatively low
hormone dependent cancer risks.
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blind individuals, with intact light-melatonin regulation,
are likely to have been exposed to less light than the
sighted controls (“no sight — why light?”), so that the
hypothesised contrast between the cancer risk may not
have been compromised.

- PyC

It has been suggested that if the melatonin hypoth-
esis is valid, then winter darkness in the Arctic should
increase residents’ melatonin levels, per diem and per
annum. Thus the prediction is that hormone-dependent
cancers should occur less frequently in people living north
of the Arctic circle than in those who live south of this
boundary [37].

Complementary excess light during summer nights
should not interfere with this reasoning for two rea-
sons. First, net melatonin secretions over any one year
should exhibit the hypothesised difference because resi-
dents north of the boundary, who experience extensive
light during summer months, will be expected to protect
themselves from light for bed rest during the summer
(“anthropogenic shield”). Moreover, evidence from labo-
ratory studies in humans indicates that closed eyelids
shield against light and thus prevent melatonin sup-
pression (“natural shield”) [38, 39]. Second, the patterns
of melatonin secretion (be they nocturnal, diurnal, sea-
sonal and annual) will differ between residents north and
south of the border, and this difference in patterns can
itself be very relevant to carcinogenesis [3].

Empirical data — although limited in scope and meth-
odological weight — support the validity of P5|C: Nine
studies in the peer-reviewed literature have examined
melatonin levels among healthy individuals living at or
north of 602N latitude (Table 3). Findings in all these
studies are compatible with the assumption that shorter
photoperiods in winter, i.e. decreased ratios between the
day‘s and night‘s length, significantly increase yearly
averages of melatonin levels [40].

Furthermore, large population-group (“ecologic”) data
from the Arctic (Table 4) are strikingly consistent with
the prediction of reduced risks of hormone-dependent
cancers [37].

It is well known, however, that ecologic data in gen-
eral, and cancer data in particular, may invite inappro-
priate inferences because observed associations between
variables on an aggregate level may not represent bio-
logic effects at the individual level. On their own, such
“ecologic” observations are not sufficient for secure infer-
ences about causality.

Moreover, none of the nine studies actually measured
natural and anthropogenic light exposures, and there
were important differences between the studies with
regard to the measurements of melatonin (sample media,
sampling times and frequency, the number of individ-
uals studied, and the age distribution of participants.)
Overall, therefore, the nine studies provide only circum-
stantial evidence that variations of ambient light signif-
icantly affect endocrine systems in man. Explanations
other than possibly higher melatonin levels must be con-
sidered when trying to explain the low risks of hormone-
dependent cancers in the Arctic.

. e

The reasoning leading to P3|C, namely that there is a
cancer risk gradient for humans from North to South,
may suggest yet another set of predictions. As indicated
above, ecologic data are compatible with the notion that,
at least for Arctic residents, hormone-dependent cancer
risks are substantially lower than for reference popu-
lations in the USA, Canada and Denmark. Conversely,
therefore, if there are diseases other than cancer that are
more likely to occur when melatonin levels are relatively
high, then the prediction would be that the risk of these
diseases (e.g., depression [54]) should be demonstrably
higher in the Arctic than in lower latitudes. But such
predictions are not likely to be verifiable easily. In the
first place, a real effect will not be detectable if the higher
exposure being considered (in the north) does not exceed
what may be a threshold below which the biologic effect
does not occur. A more general difficulty, common to all
epidemiological research, is that factors other than that
under study, which also influence health and disease, may
be distributed in the study populations in a way that
obscures the hypothesised relationship.

Table 3. Melatonin in healthy residents living at latitudes at or north of 60°N

1st author Number of study Sample
(vear of publication) participants medium Melatonin measurements
Men Women
Beck-Friis (1984) [41] 14 19 serum higher daytime levels during winter
Martikainen (1985) [42] 11 - serum daytime levels peaked in December and May
Kauppila (1987) [43] - 11 serum, urine  daytime serum and urinary excretion higher during winter
Kiveld (1988) [44] - 12 serum nighttime levels higher in winter
Levine (1994) [45] 34 - serum daytime levels higher in winter
Stokkan (1994) [46] 11 6 saliva daily elevated in January
Laakso (1994) [47] 2 7 saliva daytime levels higher in winter
Weydahl (1998) [48] 10 19 saliva levels higher in winter
Wetterberg (1993; 1999)* [49] 50 53 urine increased yearly nighttime levels when compared with

populations at lower latitudes

* In this data set (explored in three publications), yearly means of nighttime melatonin were calculated and compared
between populations at different latitudes in the northern hemisphere.
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Table 4. Hormone-dependent cancer risks in the Arctic

1st author location Period Cancer Number Relative Risk estimate
(vear of publication) endpoint of cases (95% CI)
Blot (1975) Alaska [50] 1960 - 1969 Breast 92 SMR = 0.4 (0.3, 0.5)t
Miller (1996) Alaska [51] 1969 - 1988 78 SIR=0.5 (0.4, 0.6)
Greenland 1969 - 1988 98 SIR =0.5 (0.4, 0.6)
Canada 1969 - 1988 17 SIR=0.2 (0.1, 0.3)
Circumpolar* 1969 - 1988 193 SIR=0.4 (0.3, 0.4)
Kjaer (1996) Alaska [52] 1969 - 1988 Ovary 15 SIR =0.6 (0.3, 0.9)
Greenland 1969 - 1988 39 SIR=0.9 (0.6, 1,2)
Canada 1969 - 1988 7 SIR=0.5 (0.2, 1.1)
Circumpolar 1969 - 1988 61 SIR =0.8 (0.6, 1.0)
Blot (1975) Alaska [50] 1960 - 1969 Prostate 54 SMR =0.7t (0.5, 0.9)
Prener (1996) Alaska [53] 1969 - 1988 26 SIR=0.3 (0.2, 0.4)
Greenland 1969 - 1988 4 SIR=0.1 (0.0, 0.2)
Canada 1969 - 1988 7 SIR=0.2 (0.1, 0.4)
Circumpolar 1969 - 1988 37 SIR=0.2 (0.1, 0.2)
*: Alaska, Greenland and Canada combined
t: 95 % (I calculated by Erren and Piekarski [37]
CI: Confidence interval
SMR: Standardized mortality ratio
SIR: Standardized incidence ratio

Study options Some European researchers recently outlined a pro-

Prospective studies

Prospective cohort studies measure the incidence of
new cases of disease during a defined period of time. In
principle, such a study could determine unequivocally
whether there is a significant exposure-response rela-
tionship between measured exposures to light and cancer
incidence in humans, and the prospective capture of data
on relevant covariates could also be arranged by design, a
priori. For cancer end-points, however, such studies may
require decades of research before a sufficient number of
cases have accumulated to permit sensible conclusions.

Yet prospective biomarker studies could well be appro-
priate to examine critical assumptions that underpin the
epidemiological arguments outlined above. The assump-
tions are that excessive exposures to light among shift
workers do indeed reduce their melatonin levels, and
that deficits of exposures to light among the blind and
among residents in the Arctic do indeed result in rela-
tively high melatonin levels. A series of surveys of mela-
tonin levels and of other hormones could be accompa-
nied by rigorous prospective assessments of exposures
to light and of endocrine responses. Melatonin, gonadal
steroids and cortisol or their metabolites might be ana-
lyzed in saliva, serum and urine for such studies. A fea-
sible and cost-effective alternative to invasive serum and
sometimes irritating saliva tests might be to use morn-
ing urine to assess both total nocturnal plasma melato-
nin output and peak nocturnal melatonin values [55].
If such studies do not identify significant correlations
between measurements of light and the selected bio-
markers, then this would effectively negate the hypoth-
esized link between light and hormones in shift-work-
ers, blind people and Arctic residents. If, on the other
hand, any one the assumptions underlying the melatonin
hypothesis and its corollaries were verified in these study
populations, then further epidemiological studies would
be required to determine whether the relationships are
reflected in the hypothesised effects on cancer risks.

posal for such a biomarker study of “healthy general
populations” that are differentially exposed to light [40].
Residents in Greenland, Finland, Sweden, Germany and
Italy are exposed to different light intensities per day,
per season and per year by virtue of pronounced geo-
graphically determined variations in ambient photoperi-
ods. The idea is to measure levels and rhythms of mela-
tonin, of gonadal steroids, and of cortisol in saliva and
urine of healthy people residing at or near 70, 60, 50, and
400°N latitude, i.e., from the Arctic to the Mediterranean.
These measurements would then be compared with esti-
mates of the same individuals’ exposures to natural and
artificial light during significant seasonal periods. The
results should make it possible to identify associations,
and to estimate relations between, temporal rhythms of
melatonin and other hormones on the one hand and (a)
exposure to natural light, (b) exposure to artificial light,
and (c) total exposure, i.e., (a) + (b). Successful comple-
tion of this study would constitute a prudent prelude to
any more extensive (and probably more expensive) direct
examination of the hypothesised effect on health risks in
humans implied by P3| C and P,|C.

Retrospective studies

Epidemiological strategies that might be considered
for the latter purpose include “historical” cohort stud-
ies, requiring a retrospective enumeration of cancer inci-
dence in a well-defined group known to be without the
disease at a designated previous point in time. This
design, as well as the classical case-control approach,
which involves recruitment of cases with the disease and
controls without, would only be viable if it is possible
to make realistic estimates retrospectively of past expo-
sures to light, and of levels of biomarkers that character-
ise the suspected continuum between exposure and dis-
ease.
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Measurement of variables

Reliable determination of cancer incidence in selected
study groups is not trivial, but relatively easy, given
the sophistication of modern diagnostic tools and the
availability of well-established cancer registries in many
developed countries. More troublesome are the practical
constraints on procuring reproducible and valid (i.e., rel-
evant) measurements of the various quantities thought
to influence the cancer end-point.

Light

Records of individuals’ durations of exposures to mea-
sured intensities of light will not be available normally
for retrospective epidemiological studies. Plausible sur-
rogate measures of exposure are required. Tables 1 and
2 indicate the kind of approximations that have been
used in the past for shift workers (job histories, employ-
ment records, questionnaires and interviews with par-
ticipants), and for the blind or partially sighted (medical
records of the degree of visual impairment). The “eco-
logic” review of hormone-dependent cancer risks in the
Arctic (Table 4) appealed simply to latitude as a likely
indicator of differential exposure to light. Perkowitz [56]
draws attention at this symposium [57] to a further dif-
ficulty that would be relevant even in prospective inci-
dence studies. He notes that there may be important
variations in biologic effects of light depending on the
varying spectral distributions and intensities of the many
types of artificial indoor and outdoor lighting common
nowadays. Surrogate measures of exposures to light-at-
night of the kind used in earlier studies may be over-
simplistic, in that real effects associated with particular
types of lighting may be underestimated or obscured.

Biomarkers

Direct measurement of biological markers in retro-
spective studies presents further problems. If stored
serum banks are available for the populations of inter-
est then it may be possible to use them for laboratory
analyses of various hormones. Stevens et al. [68] have
argued that melatonin levels in stored sera would be vir-
tually useless because the blood samples will normally
have been taken during the day, when melatonin levels
are relatively low. However, any stored serum samples
that may be available in the Arctic or in Nordic countries
are likely to have been obtained during both ‘dark’ and
‘light’ daytime periods. Since empirical data suggest that
melatonin is also produced during days that are ‘dark’
(Table 3), stored serum samples may nevertheless pro-
vide a useful basis for estimating varying levels of expo-
sure to melatonin, both for case-control studies and for
retrospectively defined cohort studies of predictions 3
and 4. Similarly, stored sera of shift-workers and of
blind people could be analyzed to examine the melatonin
assumptions of predictions 1 and 2.

An alternative indirect measure of “exposure”

It is clear that there are formidable difficulties in an
epidemiological setting in measuring variables that rep-
resent both the first and the second elements in the
hypothesised causal chain of events ending in hormonal

68

cancers. There may be merit, therefore, in considering a
possible alternative index of melatonin levels that does
not require measurement of biomarkers. The available
clinical and experimental laboratory evidence suggests
that this could be individuals’ cumulative time at sleep.
These quantities could be estimated in all kinds of epi-
demiological studies by using structured interviews with
participants or their relatives. The interviews would
seek information on average hours of sleep during rel-
evant periods of time. Cumulative time at sleep would be
expected to correlate positively with individuals’ cumula-
tive melatonin levels, and given the anthropogenic and
natural tendencies to reduce exposure to light during
sleep mentioned above, might also reflect individuals’
cumulative exposures to all kinds of light. If true, then
this would justify consideration of individuals‘ cumula-
tive time at sleep even in studies which contrast groups
with assumed major differences in their average expo-
sures to light (e.g., night shift workers versus other
workers; the blind and visually impaired versus others).
Individuals‘ cumulative time at sleep would then be a
covariate which might help to explain within-group vari-
ations of the selected morbid end-point.

One possible way in which cumulative time spent at
sleep might be parameterised for use in both retrospec-
tive cohort and case-control studies is suggested by recall-
ing research from the late 1940s. At that time, American
and British researchers independently investigated the
suspected relationship between smoking and lung can-
cer [59, 60]. In retrospect, two “favorable facts facili-
tated” the studies: the association between smoking and
lung cancer was strong (i.e., the relative risk of lung can-
cer among smokers was high), and it was easy to obtain
information about exposure [61]. Smokers were simply
asked when and how much they had smoked, so that
exposure gradients could be based on the number of
cigarettes smoked per day and the number of years
smoked. In occupational medicine, we recognize indices
such as WLM (working level months) to assess exposure
to radon progeny, and in Germany fiber years are used
to assess cumulative asbestos exposure for compensation
purposes. Analogously, cumulative hours at sleep might
be expressed in terms of ‘sleep-years’. An average num-
ber of 6, 9 and 12 hours of sleep per day and year might
correspond to 1, 1.5 and 2 sleep-years during any sensible
time-window before manifestation of the disease of inter-
est. Appropriate refinements of such dosimetry could be
based on neuro-physiologic data (empirically, 6, 9 and
12 hours of sleep may more appropriately correspond to
cumulative melatonin factors of 1, 1.25 and 1.5).

Advantages of the proposed index are that it is appli-
cable in practice and that gradients are likely to be
observed. Admittedly, the absence of an association
between an index of sleep-years or some other measure
of cumulative time spent in sleep on the one hand and
disease incidence on the other would not constitute con-
vincing falsification of the predictions (because the indi-
ces may not be sufficiently sensitive to real variations in
melatonin production). But if cumulative time at sleep
were to correlate significantly with disease then this
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would suggest that there is a real effect with possibly
important implications for public health.

Perspectives

Experimental research on relationships between light,
hormones and cancer dates back many decades, but tar-
geted epidemiological studies of the validity of the mela-
tonin hypothesis and its corollaries are relatively recent.
More such research is needed.

Further studies of the first two predictions (P;|H and
P,|C) will involve shift-workers and blind people. These
groups, and the chosen reference populations, may differ
not only in their exposures to light but also with respect
to other determinants of health and disease. Therefore,
even if additional studies continue to point to a link
between light, melatonin and cancer, interpretation of
those results as indicative of a causal chain of events
can remain problematical. Moreover, in view of the
rather special life conditions of shift-workers and of blind
people, findings in these groups may not be generalis-
able securely to wider populations. On the other hand,
soundly designed studies of healthy individuals at dif-
ferent latitudes, to test P3|C and P,4|C, would have the
advantage that findings could be regarded as applicable
to the general populations from which the study subjects
are sampled.

A widely discussed article in Science has stated that
“epidemiologists have succeeded in identifying the more
conspicuous determinants of noninfectious diseases —
smoking, for instance, which can increase the risk of
developing cancer by as much as 3000%"“. Epidemiol-
ogy, it was said, was now “left to search for subtler links
between diseases and environmental causes or lifestyles”
[62]. The implicit assumption, that all the important risk
factors have now been identified and studied, may be
wrong. In principle, difficult-to-study ubiquitous expo-
sures could have major, but as yet unquantified, impacts
on health and disease in human populations. Until rig-
orously proven otherwise, the electromagnetic radiation
which humans see may seriously amplify risks of inter-
nal cancers such as cancer of the breast and prostate,
and this could be true for both natural and anthropo-
genic light. With regard to man-made electromagnetic
radiation alone it was suggested recently that “if physi-
cal forces introduced to society by industrialisation have
biomedical [effects], ... the consequences would be liter-
ally incalculable® [63]. For the time being, however, com-
ments on possible public health implications of the exist-
ing experimental and limited epidemiological data must
be tempered with caution because of the considerable
remaining gaps in knowledge.
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